
i 

 

THE INVESTIGATION OF NOVEL NICKEL 

CATALYSTS AND THEIR APPLICATION TO 

ORGANIC SYNTHESIS 

 

 

 

 

 

 

 

 

 

Jeremy Duczynski, BSc (Hons) 

 

 

This thesis is presented for the degree of Doctor of Philosophy of The University of 

Western Australia 

 

School of Molecular Sciences 

Chemistry 

2021 



ii 

 

 



iii 

 

Thesis Declaration 

I, Jeremy Duczynski, certify that this thesis has been substantially accomplished 

during enrolment in this degree. This thesis does not contain material which has been 

submitted for the award of any other degree or diploma in my name, in any university or 

other tertiary institution. In the future, no part of this thesis will be used in a submission 

in my name, for any other degree or diploma in any university or other tertiary institution 

without the prior approval of The University of Western Australia and where applicable, 

any partner institution responsible for the joint-award of this degree. This thesis does not 

contain any material previously published or written by another person, except where due 

reference has been made in the text and, where relevant, in the Authorship Declaration 

that follows. This thesis does not violate or infringe any copyright, trademark, patent, or 

other rights whatsoever of any person. This thesis contains published work and/or work 

prepared for publication, some of which has been co-authored.  

 

 

 

Jeremy A. Duczynski 

2021 

 

 

  



iv 

 

Authorship Declaration 

This thesis contains work that has been published.  

 

Details of the work: Duczynski, J. A.; Fuller, R.; Stewart, S. G. Tert-

Butyldimethylsilyl Amine (TBDMS-NH2): A Mild and Green Reagent for the 

Protection of Benzyl Alcohols, Phenols, and Carboxylic Acids under Solvent-Free 

Conditions. Aust. J. Chem. 2016, 69 (10), 1172–1179. 
Location in thesis: Chapter 2 

Student contribution to work: All experimentation and data collection was conducted by 

JAD, additionally he also prepared the supporting information. 

 

 

Details of the work: Duczynski, J. A.; Sobolev, A. N.; Moggach, S. A.; Dorta, R.; 

Stewart, S. G. The Synthesis and Catalytic Activity of New Mixed NHC-Phosphite 

Nickel(0) Complexes. Organometallics 2020, 39 (1), 105–115. 
Location in thesis: Chapters 3 and 4 

Student contribution to work: All experimentation and data collection was conducted by 

JAD except for X-ray crystallography. JAD prepared the supporting information and 

assisted in the writing of the manuscript. 

 

 

Student signature:  

Date: 22/09/2020 

 

I, Dr. Scott G. Stewart certify that the student’s statements regarding their contribution to 

each of the works listed above are correct.  

 

As all co-authors’ signatures could not be obtained, I hereby authorise inclusion of the co-

authored work in the thesis. 

 

Coordinating supervisor signature:  

Date: 23/09/2020 

 

 

  



v 

 

Abstract 

Chapter 1 provides a brief general introduction into the need for modern and 

efficient synthetic chemistry with a specific focus on catalysis as a means for achieving 

these goals. 

Chapter 2 describes the synthesis and development of a silylating agent, tert-

butyldimethylsilyl amine (TBDMSNH2), and its novel application towards the protection 

of phenols, benzyl alcohols and carboxylic acids under mild and solvent-free conditions. 

Also explored in this chapter is the possible application of this compound as an ammonia 

surrogate in C-N coupling reactions. 

 

Chapter 3 describes the synthesis and characterisation of a series of new three-

coordinate nickel(0) complexes containing both N-heterocyclic carbene and phosphite 

ligands of the general formula Ni(NHC)[P(OAr)3]2. These complexes were synthesised 

in moderate to good yields from simple homoleptic nickel phosphite precursors. 

Furthermore, ligand substitution reactions of these complexes were investigated.  
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Chapter 4 describes the catalytic application of three-coordinate nickel(0) 

complexes reported in Chapter 3 to a Suzuki-Miyaura cross-coupling reaction of aryl 

tosylates. Comprehensive NMR studies of these reactions were used to investigate 

reaction kinetics. Also reported is the isolation of a well-defined oxidative addition 

product which provided evidence towards the mechanism of the reaction. 

 

Chapter 5 describes the synthesis of a series of new nickel(II) complexes 

containing an N-heterocyclic carbene and phosphite ligand as potential precatalysts. Four 

examples of these complexes were readily prepared from a nickel phosphite dihalide 

precursor in good yield. Investigation revealed that each of these complexes display good 

air-stability. 
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CHAPTER 1 

General Introduction 
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1.1  The evolution of organic synthesis 

 Organic synthesis is critical to modern society as it provides access to a myriad of 

chemical compounds from which we derive substances that are of importance to our well-

being and facilitate our everyday life. These include, but are not limited to, 

pharmaceuticals, food additives, textiles, dyes, polymers, plastics, cosmetics, and 

agricultural compounds such as pesticides and insecticides. Thus, organic synthesis plays 

a vital role in industry, manufacturing, medicine, science, agriculture, and food security, 

among other fields. 

At the heart of organic synthesis is the development of synthetic routes to target 

molecules. Paul Wender succinctly surmised the challenges in the field of organic 

synthesis as being “not whether a molecule can be made, but whether it can be made in 

a practical fashion, in sufficient quantities for the needs of research and society in a way 

that is environmentally friendly, if not ideal”.1 Thus, the ongoing challenge for synthetic 

chemists has been to develop synthetic methodologies and reagents which lead to more 

efficient syntheses, shorter synthetic sequences, and more robust reaction protocols. 

While the development of new synthetic methodologies and reagents has driven the 

complexity of accessible products and improved the efficiency of their synthesis, in turn, 

the synthesis of complex molecules has driven the search for new methodologies and 

reagents. 

Following a brief history of organic synthesis, a few landmarks in the history of 

organic synthesis will be discussed below to demonstrate how research efforts into 

complex total synthesis have often led to many fundamental insights into reactivity and 

the discovery of novel synthetic transformations. In addition, a few examples of how 

developments in synthetic methodology have led to more concise and scalable syntheses 

will also be discussed. These processes highlight the symbiotic nature of organic 

synthesis and reaction development. 

Organic synthesis is a relatively young science, generally considered to have its 

beginnings in the first (albeit unintentional) synthesis of an organic compound, urea, by 

Friedrich Wӧhler in 1828 (Scheme 1-1).2 This discovery was then followed by the 

synthesis of another simple organic compound, acetic acid, from carbon disulfide by 

Hermann Kolbe, a student of Wӧhler’s, in 1845.3 The synthesis of these two compounds 

provided crucial evidence against the widely accepted theory of vitalism, the concept that 

organic compounds could not be synthesised from inorganic molecules, but instead could 

only be produced by living organisms because they possessed a “vital” force that made 
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their synthesis without biological starting materials impossible. Adolph Strecker 

synthesised the amino acid alanine by the condensation of acetaldehyde with ammonia 

and hydrogen cyanide (Scheme 1-1).4 A variation of this synthesis, called the Strecker 

synthesis, using the more practical potassium cyanide and ammonium chloride reagents 

is still used today to synthesise amino acids. Thus, began the field of organic synthesis. 

 

Scheme 1-1. Earliest examples of organic synthesis.2,4 

After these early syntheses, chemists began looking towards the synthesis of more 

complex and challenging compounds. William Henry Perkin attempted to synthesise the 

important antimalarial quinine, by reacting N-allyltoluidine (C10H13N) with potassium 

chromate as an oxygen source to achieve the hypothesised molecular composition of 

quinine (C20H24N2O2).
5 The reaction was unsuccessful in providing the desired 

compound, but serendipitously yielded a bright purple compound, mauveine (Scheme 1-

2), the world’s first synthetic dye. Perkin then went on to synthesise the natural dye 

alizarin, which was independently synthesised around the same time by BASF chemists, 

Carl Graebe and Carl Liebermann (Scheme 1-2).6,7 Adolf Baeyer then synthesised the 

popular natural dye indigo from 2-nitrobenzaldehyde and acetone under basic conditions, 

utilising the recently developed, at the time, aldol condensation reaction (Scheme 1-2).8 

These discoveries helped fuel the burgeoning dye industry by providing new synthetic 

dyes and access to larger amounts of natural dyes via synthetic methods. 



4 

 

 

Scheme 1-2. Early syntheses of synthetic and natural dye compounds.6,7 

Another landmark milestone in organic synthesis was the synthesis of (+)-glucose 

by Emil Fischer in 1890,9 the first synthesised compound to contain multiple 

stereocentres. Fischer went on to synthesise several other sugars and importantly, was 

also able to determine the relative stereochemistry of glucose using simple degradation 

and derivatisation reactions, which was not able to be confirmed until 1951 with the 

advent of X-ray crystallography as a structural elucidation technique for organic 

compounds.10 Fischer also later developed the Fischer-Speier esterification reaction with 

Arthur Speier in 1895.11 Soon after, in what was one of the earliest attempts at drug 

discovery, acetylsalicylic acid (aspirin) was able to be synthesised by the Fischer 

esterification of salicylic acid (1) with acetic acid by Felix Hoffmann (Scheme 1-3).  

 

Scheme 1-3. Synthesis of acetylsalicylic acid by Fischer esterification of salicylic acid 

by Hoffmann.  
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In 1944, Robert Burns Woodward and William Doering were able to successfully 

complete a formal synthesis of quinine (Figure 1-1), relying on a previously reported 

synthesis for the final step.12–14 This formal synthesis included N-heterocycle annulation, 

catalytic hydrogenations and employed protecting group chemistry, showing how 

structural complexity could be developed in a step-wise process making use of known 

chemistry. But due to the lack of reactions with control over stereochemistry at the time, 

a mixture of isomers was obtained.* The following period came to be known as the 

“Woodwardian era”, defined by the multistep synthesis of a variety of complex 

compounds including morphine and strychnine among others (Figure 1-1).  

 

Figure 1-1. Examples of complex compounds synthesised during the Woodwardian era 

of organic synthesis. 

The synthesis of strychnine presents itself as a particularly good case study 

demonstrating how improvements and new developments in reaction methodology over 

time have led to improvements in synthetic efficiency. Strychnine was considered a 

particularly formidable synthetic target, being incredibly complex for its size, comprising 

seven rings with 24 skeletal atoms and six stereogenic centres. The original synthesis of 

strychnine by Woodward in 1954 was developed before the advent of important 

transition-metal catalysed bond forming reactions and is considered a milestone 

achievement in organic synthesis. This synthesis, using synthetic transformations 

available at the time, such as Fischer indole synthesis, condensations and Michael 

addition provided (±)-strychnine in 0.0002% overall yield in 29 steps from 

phenylhydrazine (2) and ketone 3 (Scheme 1-4).15  

 
* A stereoselective total synthesis of quinine was not reported until 2001.384 
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Scheme 1-4. Woodward’s synthesis of (±)-strychnine.15 

 It was not until nearly 40 years later that an enantioselective synthesis of 

strychnine was reported, by Overman et al. Although this synthesis was only marginally 

shorter (25 steps), it was enantioselective and provided (-)-strychnine in 3% overall yield, 

several orders of magnitude more efficient than the previous synthesis reported by 

Woodward (Scheme 1-5).16,17 As Overman remarked, the synthesis was only made 

possible due to the development of new methodologies, less than half of which were 

available to Woodward in 1954. Of importance was the use of palladium catalysis for 

selective C-C bond forming reactions, which were employed in three different steps. This 

included a stereoselective Tsuji-Trost palladium catalysed cross-coupling of 

cyclopentene 5 with ketone 6, which retained the enantiomeric purity of the starting 

material. A second palladium cross-coupling step was also used to form the Stille 

coupling partner 9, before undergoing a subsequent palladium catalysed carbonylative 

Stille coupling with the iodide substrate 10. 
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Scheme 1-5. The Overman synthesis of (-)-strychnine highlighting the key palladium-

catalysed transformations.16 

Soon after the Overman synthesis, the Rawal group reported their own synthesis 

of (±)-strychnine. This synthesis is one of the most efficient to date, providing racemic 

strychnine in 10% yield in only 12 steps (Scheme 1-6).18 As with the Overman synthesis, 

it relies on the use of organopalladium chemistry, in this case an intramolecular Heck 

cross-coupling reaction of iodide 12 to form the key compound isostrychnine (13). Also 

important to this synthesis was the use of a Diels-Alder reaction to form a six-membered 

ring which subsequently underwent a regiospecific intramolecular Heck reaction, a tactic 

that would be used in later syntheses. 
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Scheme 1-6. Rawal’s synthesis of (±)-strychnine highlighting the key intramolecular 

Heck transformation.18 

Relatively recently, the MacMillan group has reported the most efficient route to 

(-)-strychnine to date. The MacMillan group’s synthesis incorporates reactions using 

modern chiral organocatalysts, part of a growing field of enantioselective reactions, and 

both rhodium and palladium catalysis to achieve (-)-strychnine in an overall yield of 6% 

in 12 steps (Scheme 1-7).19 The aldehyde intermediate 15 in the synthesis was formed by 

an enantioselective organocatalytic cascade reaction involving the formation of a Diels-

Alder adduct which undergoes an intramolecular 1,4-addition and subsequent hydrolysis 

of the iminium ion. Aldehyde 15 was then treated with Wilkinson’s catalyst 

[RhCl(PPh3)3] to accomplish a deformylation to diene 16. An intramolecular Heck cross-

coupling reaction of iodide 17, similar to Rawal’s, with palladium acetate provided 18, 

which could be converted to (-)-strychnine in two steps. 
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Scheme 1-7. The MacMillan synthesis of (-)-strychnine highlighting key 

transformations.19 

The synthesis of strychnine has evolved over more than 60 years. During this time, 

the efficiency of the synthesis has improved remarkably. Woodward’s original synthesis 

afforded (±)-strychnine in an overall yield of 0.0002% over 29 steps with no 

stereoselectivity. Marked improvements to the synthesis have been observed since this 

time with Rawal’s racemic synthesis of (±)-strychnine in 10% yield and MacMillan’s 

stereoselective synthesis of (-)-strychnine in 6% yield, both over 12 steps each. What is 

constantly driving these improvements is the ever-expanding toolbox of synthetic 

methodologies, catalysts, and reagents that have been developed, allowing access to new 

compounds with greater control of chemoselectivity and stereoselectivity. Of importance 

to the synthesis of strychnine has been the development of highly selective C-C bond 

forming reactions, which will be discussed more in-depth later in this thesis. 

Just these few select examples from the early history of organic syntheses through 

to more modern syntheses have shown how organic synthesis has driven and been driven 

by the development of new reactions and reagents that have allowed for the synthesis of 

more complex and challenging molecules. Beyond this time period came the advent of 

transition metal catalysis, which provided new gateways to carbon-carbon and carbon-
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heteroatom bond formation. The tools of organic chemists are such that natural products 

can be discovered and isolated and a total synthesis devised and sometimes completed 

within the same year. None of these syntheses would be possible without the underlying 

methodologies that they make use of. 

As mentioned previously, due to the sheer number and advances in organic 

methods in synthesis, the challenge is not only in making molecules, but to make them in 

a practical and economical manner with a minimum impact on the environment where 

possible. Thus, the field of organic chemistry has seen further advances regarding more 

concise and scalable strategies which rely heavily on ideas such as atom and step 

economy.  
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1.2 Efficiency in organic synthesis 

As alluded to earlier, there exists a growing desire for improved efficiency in 

organic synthesis beyond just a measurement of product yield. More overarching and 

significant factors such as improving atom utilisation and reducing waste production are 

important considerations in the field of synthetic chemistry, especially on an industrial 

scale. The idea of atom utilisation or atom economy was first introduced by Barry Trost 

in 1991 and was defined as the molecular weight of the desired product of a reaction, 

divided by the sum molecular weights of all reactants, as a percentage.20 This method 

provided a simple measurement of efficiency that could be applied to any chemical 

reaction. Another measurement of efficiency, devised by Roger Sheldon in 1992, was the 

Environmental factor or E factor, defined as the mass ratio of waste to product.21,22 The 

E factor differed from atom economy by taking into account all waste produced per 

kilogram of desired product, including solvent loss and separation aids used in product 

isolation procedures in the calculation of total waste produced. Sheldon highlighted the 

importance of E factor as a complementary measurement to yield with the industrial 

synthesis of phloroglucinol (21) from 2,4,6-trinitrotoluene (TNT).23,24 Phloroglucinol is 

synthesised by the oxidation of TNT (18) with a chromium oxidant, followed by reduction 

with iron and subsequent hydrolysis to yield phloroglucinol in approximately 90% overall 

yield (Scheme 1-8). From the yield alone one would assume this is an efficient synthesis, 

meanwhile, the synthesis has an E factor of 40, meaning 40 kilograms of waste is 

produced for every kilogram of phloroglucinol. The manufacturing plant synthesising 

phloroglucinol eventually closed as the cost of properly disposing the waste approached 

the selling price of the product.  

 

Scheme 1-8. Industrial synthesis of phloroglucinol.  

An E factor of 40 or greater was found to not be uncommon in many established 

industrial synthetic processes. Analysis of other processes in the fine chemical industry 

showed E factors between 5 and 50 while the pharmaceutical industry fared worse with 

E factors of 25 to 100, mainly due to the increased complexity of chemical 
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transformations.25 Both Trost and Sheldon proposed the increased implementation and 

utilisation of catalysts as a possible solution to improve reaction efficiency. 

1.3 Catalysis 

A catalyst is defined as a substance that increases the rate of a chemical reaction, 

it does so by lowering activation energy and providing alternate pathways from reactants 

to products (Figure 1-2). In addition to this benefit, catalysts can allow for milder reaction 

conditions, increased efficiency, increased yield, increased selectivity including chemo-, 

regio- and stereoselectivity, and reduced waste. For these reasons catalysis has been 

labelled as one of the twelve principles of green chemistry as outlined by Anastas and 

Warner.26 The increasing pressure to reduce our environmental impact and conserve 

natural resources is challenging synthetic chemists more than ever to design synthetic 

processes that are as close to ideal, providing the desired products in 100% yield with 

100% selectivity in an economical and sustainable way. The use of catalysis is a possible 

means to this end. 

 

Figure 1-2. Energy profile comparing an uncatalysed and catalysed reaction. 

The importance of catalysts to modern life cannot be overstated, it is estimated 

that catalysts are involved in at least one step in the production of 90% of manufactured 

chemicals and directly contribute to 35% of the world’s Gross Domestic Product 

(GDP).27,28 The importance of catalysis has also been demonstrated by the numerous 

Nobel Prizes in chemistry awarded for research on catalysis: 

• 1909: Wilhelm Ostwald for his work on catalysis and chemical equilibria. 

• 1912: Paul Sabatier for the development of catalytic hydrogenation with finely 

divided metals. 
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• 1918: Fritz Haber for the development of a process for the catalytic formation of 

ammonia from atmospheric nitrogen and hydrogen. 

• 1963: Karl Ziegler and Giulio Natta for discovering organometallic 

polymerisation catalysts. 

• 1973: Ernst Otto Fischer and Geoffrey Wilkinson for their pioneering work on 

organometallic sandwich complexes. 

• 1975: John Warcup Cornforth for his work on the stereochemistry of enzyme-

related reactions. 

• 2001: William S. Knowles, Ryoji Noyori for their work on chirally catalysed 

hydrogenation reactions and K. Barry Sharpless for his work on chirally 

catalysed oxidation reactions. 

• 2005: Yves Chauvin, Robert H. Grubbs and Richard R. Schrock for the 

development of the metathesis reaction. 

• 2010: Richard F. Heck, Ei-ichi Negishi and Akira Suzuki for the development 

of palladium-catalysed cross-couplings. 

1.3.1  Catalysis in industry 

The advent and development of catalysis has had a major impact on industry, 

particularly in the synthesis of large-scale bulk chemicals where it has allowed production 

to keep up with ever growing demand. One such example is the industrial synthesis of 

ammonia via the Haber-Bosch process, one of the earliest applications of heterogeneous 

catalysts to an industrial scale synthesis. In the Haber-Bosch process nitrogen is converted 

to ammonia by a reaction with hydrogen in the presence of a catalyst, typically iron, under 

high temperatures and pressures to force reaction equilibrium towards the formation of 

ammonia (Scheme 1-9).29 Through the Haber-Bosch process, approximately 150,000 

tonnes of ammonia are produced annually, primarily used to produce artificial 

fertilisers.30  

 

Scheme 1-9. Synthesis of ammonia via the Haber-Bosch process. 

The application of catalysis has also had an impact on the smaller-scale fine 

chemical and pharmaceutical industries. The synthesis of ibuprofen is a particularly good 

example of the reaction improvements achievable with the implementation of catalysts. 

Ibuprofen is a nonsteroidal anti-inflammatory drug (NSAID) that was the 34th most 

prescribed medicine in the US in 2017 and is included in the World Health Organisation’s 
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(WHO) List of Essential Medicines.31,32 The estimated global production of ibuprofen is 

44,347 tonnes per year.33 The traditional multi-step synthesis developed and patented by 

the Boots Pure Drug Company, starting from isobutylbenzene (22), required large 

amounts of solvents and stoichiometric reagents and had an atom economy of only 40% 

(Scheme 1-10).34–36 An improved synthesis, developed by the Boots Pure Drug Company 

in conjunction with Hoechst-Celanese, reduced the total steps to three by the 

incorporation of two catalytic steps. Accordingly, these processes involved a 

hydrogenation and carbonylation with either nickel and/or palladium catalysts and had an 

improved atom efficiency of 80%, drastically reducing waste (Scheme 1-10).37,38 While 

this new synthesis required the use of hazardous anhydrous hydrofluoric acid, this played 

a dual role of solvent and reagent and is importantly recovered and recycled with 99.9% 

efficiency.  

 

Scheme 1-10. Synthesis of ibuprofen via the traditional and improved routes from 

isobutylbenzene. 

1.3.2  Transition metal catalysis  

Transition metals or d-block elements decorated with ligands to form 

organometallic complexes have been found to efficiently catalyse a staggering amount of 

different reactions and have grown to be the most actively studied form of homogeneous 

catalysis.39 This quality is attributed to the ability of d orbitals of transition metals to 
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coordinate to reactant molecules, accepting or donating electron density to achieve 

multiple oxidation states and undergo a wide variety of bond forming or cleaving 

reactions. The electronic and steric properties, and thus reactivity, of these transition 

metals can be further modified by coordination of appropriate ligands, allowing the ability 

to tailor a catalyst for a specific application. Second and third row transition metals, such 

as palladium, platinum and rhodium among others, have been a major focus of catalytic 

research due to their high catalytic activity and capacity to coordinate, and subsequently 

react with, a wide range of reactant molecules, providing broad substrate scope. From a 

sustainability perspective, the climate impact of these “precious metals” is three orders of 

magnitude higher than first row metals.40 Earth abundant metals such as iron, cobalt, 

nickel and copper have the potential to be more sustainable catalytic alternatives to the 

previously mentioned precious metals.  
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1.4  Stewart group nickel catalysts 

 One of the main  foci of the Stewart group lies in the design of new nickel catalysts 

as alternatives to palladium for a variety of reactions, particularly cross-coupling 

reactions.41–45 These new catalysts have been based around 

tetrakis(triphenylphosphite)nickel(0) as an air-stable nickel(0) precursor, with the 

addition of another ligand to modulate activity towards a specific reaction. C-N couplings 

of a variety of amines (ammonia, alkyl amines, aryl amines) with aryl halides and 

pseudohalides were found to be achievable with the use of a bidentate ligand, either dppf 

or binap (Scheme 1-11).41,43 The same dppf catalyst was also able to catalyse the coupling 

of aryl halides with imines (Scheme 1-12), which could then undergo a subsequent 

reaction with a reducing agent or organolithium to yield amines, or with a ketene to form 

β-lactam structures. The addition of Xantphos to Ni[P(OPh)3]4 was found to generate a 

highly effective catalyst system for the C-S coupling of challenging (hetero)aryl chlorides 

with thiols (Scheme 1-13). While these complexes have been shown to be competent 

catalysts for C-heteroatom cross-couplings, they did not yield satisfactory results in 

similar nickel catalysed C-C cross-coupling reactions.42 

 

Scheme 1-11. C-N couplings of ammonia and amines.41,43 

 

Scheme 1-12. C-N coupling of imines.44 
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Scheme 1-13. C-S coupling of (hetero)aryl chlorides with thiols.45 
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1.5  Research Aims  

The broad aims of this research were to develop and/or improve on existing 

methodologies by increasing reaction efficiency, primarily (although not exclusively) 

through the development of new nickel catalysts and applying them to challenging cross-

coupling reactions. We focussed on the synthesis and isolation of these catalysts rather 

than the in-situ formation of a catalyst system, in the hopes of obtaining a better 

understanding of how different metal/ligand combinations affected the catalytic 

performance and how this could inform and guide further developments. 
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CHAPTER 2 

Investigations into the 

Silylation of Alcohols 

with TBDSMNH2 
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2.1 Introduction 

2.1.1 Protecting groups 

 A protecting group is a chemical moiety that can be temporarily installed to 

“block” the reactivity of a specific functional group. Protecting groups are generally used 

to limit side reactions and direct reactivity towards a specific, usually less reactive, 

functional group. A common example of a protecting group taught in undergraduate 

chemistry is the conversion of a carbonyl group to an acetal (Scheme 2-1). The acetal 32 

can be formed simply by treating a ketone 31 with ethylene glycol in the presence of an 

acid catalyst, typically an organic acid. As highlighted in Scheme 2-1, the acetal acts to 

mask the electrophilic nature of the ketonic carbon to allow the Grignard reagent to react 

at the less reactive ester functionality. Following this process, the protecting group can 

then simply be removed by an acidic work-up. Although current literature is trending 

away from the use of protecting groups in favour of atom and reaction economy,46–48 

protecting groups are still an invaluable, and often unavoidable, tool in synthesis. 

 

Scheme 2-1. Protection of a ketone group with ethylene glycol to direct reactivity towards 

the less reactive ester. 

2.1.2  Silicon protecting groups 

 Silicon-based protecting groups have been successfully used for various 

functional groups including amines,49 thiols,50,51 alkynes,52,53 and carboxylic acids,54 but 

most notably for alcohols. The protection of alcohols through the formation of silyl ethers 

has historically been an important tool in organic chemistry since the discovery of tert-

butyldimethylsilyl (TBDMS) ethers in 1972 by Corey and Venkateswarlu.55 While this 

publication was not the first reported use of silyl groups for the protection of alcohols, 

several examples of trimethylsilyl (TMS) ethers having been previously reported to 

improve resolution in gas chromatography (GC),56,57 it was one of the earliest examples 

that displayed synthetic utility. Many different silicon protecting groups have since been 

developed with a variety of substituents on the silicon atom. A few of the most commonly 
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synthesised silyl ethers are shown below (Figure 2-1). Importantly, by altering the steric 

and electronic properties of the substituents the reactivity and stability of the silyl ether 

in terms of both installation and removal can be controlled. It has been found that 

increasing the steric bulk around the silicon atom increases the stability of the resulting 

silyl ether to acid hydrolysis (TMS < TES < TBDMS < TIPS < TBDPS), while a similar 

trend is also observed with base-catalysed hydrolysis (TMS < TES < TBDMS< TBDPS 

< TIPS).58 It has also been shown that electron-withdrawing substituents on the silicon 

atom can accelerate base-catalysed hydrolysis, conversely electron-donating groups 

accelerate acid-catalysed hydrolysis.59 

 

Figure 2-1. Common silyl ether protecting groups. 

2.1.3 Silicon protecting agents and introducing protecting groups 

Just like many different silicon protecting groups have been developed, so have 

different methods to introduce them efficiently and chemoselectively. The initial 

discovery by Corey utilised TBDMSCl as the silylating reagent with imidazole acting as 

both the base and catalyst in DMF to protect a secondary alcohol 35 (Scheme 2-2).55 It 

was found that in the absence of imidazole this reaction proceeded very slowly, even with 

forcing conditions of excess TBDMSCl, pyridine or elevated temperatures. It was 

proposed that the reaction proceeded via an N-tert-butyldimethylsilylimidazole species 

39 formed in situ (Scheme 2-3) and that this was a more reactive silylating agent than 

TBDMSCl. This paper also developed the most commonly used method of deprotection, 

a fluoride source, typically tetra-n-butylammonium fluoride (TBAF), which is still used 

today as a highly selective deprotection reagent for silicon protecting groups. 

 

Scheme 2-2. Silylation of a secondary alcohol with TBDMSCl by Corey and 

Venkateswarlu.55  
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Scheme 2-3. Proposed intermediate in the imidazole catalysed silylation with TBDMSCl. 

While the procedure developed by Corey has remained one of the most frequently 

used methods for the installation of a TBDMS group due to its generality, many variations 

of this protocol have been devised. Different combinations of solvents and bases such as 

NEt3/DBU60 and NEt3/DMAP61 have been reported. In subsequent studies, the addition 

of I2 has been found to accelerate the reaction when the reagent TBDMSCl is used.62 

Patschinski and Zipse have also recently revisited the role of different Lewis bases in 

various solvents along with reactions using DMF alone.63,64  

Other silylating agents such as trialkylsilyltriflates and trialkylsilanes have also 

been applied successfully to the silylation of alcohols. Trialkylsilyltriflates are considered 

a more reactive silylating agent than trialkylsilylchlorides and can be applied in a similar 

manner, often using a nitrogen base such as 2,6-lutidine or pyridine in CH2Cl2.
65 

Meanwhile, silanes can be used to form silyl ethers via alcoholysis. tert-Butyldimethyl 

silane (TBDMSiH) was able to convert tetrahydropyranyl (THP) ethers into trialkylsilyl 

ethers with TIPSiH and TBDMSiH with the use of Sn(OTf)2 as catalyst.66 Yamamoto and 

Takamae showed that treating an alcohol with TBDMSiH in the presence of Pd/C as 

catalyst gave silyl ethers in satisfactory yields.54 Ruthenium catalysts have also been 

shown to effectively catalyse the formation of silyl ethers from silanes and alcohols.67–69 

The strong Lewis acid, B(C6F5)3, has also been found to be an effective catalyst with 

silane reagents where secondary and tertiary alcohols reacted more rapidly than primary 

alcohols.70 Simple metal alkoxides have also very recently been shown to effectively 

catalyse the synthesis of silyl ethers from silanes and alcohols.71 Mitsunobu-type 

conditions have also been used with silanols to promote the formation of previously 

challenging silyl ethers.72 

2.1.4 tert-Butyldimethylsilylamine as a silylating reagent 

 Prior to our investigations, tert-butyldimethylsilylamine (TBDMSNH2) had been 

used quite extensively as a ligand for group 4 metals to form metal amide complexes.73–

78 TBDMSNH2 has also been used as a substrate in the formation of more complex silicon 

compounds, often containing multiple Si–N bonds.79–81 This interesting semi-volatile 

amine has seen much less use as a reagent for organic synthesis. Such rare examples 
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include the use of TBDMSNH2 in combination with a strong base to provide the amide 

nucleophilic reagent 41 for the preparation of TBDMS-sulfinamides 42 (Scheme 2-

4).79,82 The reagent has also been used in SnCl4-promoted amidation reactions as an 

ammonia equivalent (Scheme 2-5).83  

 

Scheme 2-4. Synthesis of a primary sulfinamide using TBDMSNH2 as the nitrogen 

source.79  

 

Scheme 2-5. Synthesis of 2-amino-3-hydroxy-indoles with TBDMSNH2 as an ammonia 

surrogate.83 
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2.2 Project Aims 

Silyl protecting groups have proven to be an important tool in organic synthesis, 

particularly in complex natural product synthesis.84–86 Having a wide array of different 

silylating reagents with different reactivity and selectivity is beneficial for orthogonal 

synthesis.  

The aim of this project was to develop a novel silylating reagent that could avoid 

the use of solvents such as DMF, a solvent that is typically undesirable in industry,87 and 

avoid additives like DMAP, NEt3 or imidazole to activate the reagent. TBDMSNH2 was 

of interest to us for this application due to its basicity and ability to evolve ammonia rather 

than HCl compared to TBDMSCl. We had specific interest in the behaviour of this 

reagent, particularly under solvent-free conditions, a reaction parameter that also fits well 

within green chemistry guidelines, where it has been outlined that solvents account for 

50 – 80 % of the mass in standard batch chemical operations.88 A solvent-free system 

would also simplify workup as theoretically the only by-product is the volatile gas 

ammonia.89,90 
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2.3 Silylation of phenols, benzyl alcohols and carboxylic acids 

Results presented in this section were published in the journal ‘Australian Journal of 

Chemistry’ in 2016, and co-authored by the candidate.91 

2.3.1 Synthesis of the TBDMSNH2 reagent 

 TBDMSNH2 could be simply synthesised by treating TBDMSCl with ammonia 

gas, bubbled through pentane, using a dry ice/acetone cooling bath according to a 

literature procedure (Scheme 2-6).92 The reaction is allowed to warm to room 

temperature, while stirring, during which time the NH3 evaporates (bubbling subsides). 

The reaction is then quickly filtered through a glass sintered funnel to remove NH4Cl 

solids and the flask and solids washed with pentane. Care was taken when concentrating 

the solution under reduced pressure as TBDMSNH2 can readily sublime. Through this 

method large quantities, up to 10 grams, of the reagent can be easily synthesised, and the 

purity is generally high. The reagent appears to be hygroscopic, as also reported for 

TBDMSCl, so storage under inert conditions was necessary. 

 

Scheme 2-6. Synthesis of TBDMSNH2 from TBDMSCl. 

2.3.2 Optimisation of the catalyst free silylation reaction 

 Initially, we investigated the protection of phenol with TBDMSNH2 under 

solvent-free conditions (Scheme 2-7). Pleasingly, it was found that the two solids formed 

a homogenous liquid in contact and after stirring for 30 minutes in an open flask the 

TBDMS ether 47 was obtained in 89% yield. During this process, it was also discovered 

that the reaction could easily be monitored by simply placing pH indicator paper over the 

neck of the flask which caused an intense colour change due to the evolution of ammonia. 

Once this colour change was no longer observed the reaction was close to completion. 

 

Scheme 2-7. Protection of phenol under solvent-free conditions with TBDMSNH2. 

To determine if the solvent-free conditions were the most efficient, a series of 

solvents were also tested using the protection of 4-tert-butylphenol (48) as the model 



27 

 

reaction (Table 2-1). In THF, a common solvent for the formation of silyl ethers, the 

reaction conversion was poor. This result was also mirrored using the environmentally 

friendly 2-MeTHF* and the other solvents tested (DCM and diethyl ether). In order to 

determine the efficacy of the reagent in an environmentally benign and polar solvent, a 

reaction in water was conducted. Unfortunately, this reaction only resulted in a 6% yield 

of silyl ether 49 under the described conditions. Neat conditions proved to give the highest 

yield of 85%. 

Table 2-1. Optimisation of solvent for the silyl protection of 4-tert-butylphenol (48).[a] 

 

Entry Solvent Yield (%)[b] 

1 

2 

3 

4 

5 

6 

THF 

2-MeTHF 

CH2Cl2 

Diethyl ether 

Water 

Neat 

11 

4 

13 

2 

6 

85 
[a] Reactions conditions: alcohol (1.0 mmol), silylamine (1.0 mmol), catalyst free, at rt. [b] GC conversions. 

2.3.3 Scope of the silylation reaction 

Given the success of the solvent-free reaction conducted at room temperature, a 

subsequent series of reactions involving other phenols were conducted to determine 

substrate scope. Generally, the reported conversion of the phenols, based on consumption 

of the starting material, was excellent as monitored by gas chromatography-mass 

spectrometry (GC-MS) analysis (Table 2-2). Importantly, the GC-MS conversion also 

coincided with the isolated yield (within minor error), suggesting that products were 

stable to the prescribed workup conditions and that GC-MS was a valid and transferrable 

technique for measuring conversions in these systems.  

In this reaction study, under a short period of time, phenols bearing electron-

donating groups in the para-position were readily converted into their corresponding silyl 

ethers 49 and 52 in very good yields. Likewise, electron-poor phenols, such as 4-

 
* 2-MeTHF can be synthesised from 2-furaldehyde via a series of hydrogenation reactions. 2-furaldehyde 

is produced from sugars present in agricultural waste by-products. 
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chlorophenol and 3-trifluoromethylphenol, were also effectively converted into the 

corresponding silyl ether compounds 53 and 54. The electron-withdrawing aldehyde 

functional group was well tolerated in the para- and meta-positions (>99%), while a lower 

yield was observed when in the ortho position (61%) leading to silyl ethers 55, 56 and 

57, respectively. As reported by Liu et al., the protection of the meta-

hydroxybenzaldehyde was more facile than the ortho-analogue, possibly due to 

intramolecular hydrogen bonding hindering reactivity of the substrate.93 The bicyclic 

systems 8-hydroxyquinoline and 1-naphthol (giving 64 and 65) afforded a lower yield 

after 30 minutes; however, over longer reaction times, the yields were good-to-excellent. 

Nitro functionality was also tolerated in any ring position with very little change in yield 

leading to silyl ethers 58, 59 and 60 in excellent yields. The diphenyl ether system (66) 

was also high yielding. However, the more sterically encumbered ortho, ortho-

dimethoxy-substituted phenol produced only moderate amounts of silyl ether 67 after an 

extended reaction time of 3 hours. This result is in agreement with the literature, which 

indicates a low conversion associated with sterically encumbered  ortho, ortho di-

substituted phenols (2,6-dimethylphenol) and the need for more forcing Mitsunobu-type 

conditions for efficient formation of the silyl ether.72 The limitations of TBDMSNH2 were 

realised when the hindered ortho, ortho-bisisopropyl phenol (63) was determined to be 

unreactive. Finally, to determine if the solvent-free reaction was still feasible in larger 

scales, the phenol reaction was also carried out on a 2 mmol scale, in this example no 

change in yield was observed. The silyl ether 62 of 2-iodophenol was also able to be 

obtained in excellent yields (96%) on a 10 mmol scale. 
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Table 2-2. Scope of the silylation reaction with phenols[a][b] 

 

 
[a] All reactions were conducted on a 0.5 mmol scale with 1.2 eq TBDMSNH2. Isolated yields are indicated. 
[b] GC conversions shown in brackets. [c] Conducted on a 2 mmol scale with 1.2 eq TBDMSNH2. [d] THF 

(0.2 mL) added as solvent. [e] 180 mins reaction time. [f] Conducted on a 10 mmol scale with 1.2 eq 

TBDMSNH2. 

A short investigation involving the protection of benzyl alcohols was also 

conducted (Table 2-3). It was clear that this reaction required much longer reaction times 

(20 hours) and an excess of silylating reagent (1.5 equivalents), possibly due to the less 

acidic nature of the alcohol functional group in comparison with phenols. Unlike the 

reaction with phenols, benzyl alcohols required a small amount of THF to initiate the 

reaction as the two solids did not form a homogeneous liquid as previously observed with 

phenols, except in the case of benzyl alcohol (73) which is a liquid at room temperature. 

In the two cases where electron-donating groups adorned the aromatic ring system, the 

conversion was excellent (70 and 71). However, the ortho-halide-substituted benzyl 

alcohol (72) was less reactive during this timeframe under the same reaction conditions.  
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Table 2-3. Protection of benzyl alcohols with TBDMSNH2.
[a][b] 

 

 
[a] Reactions conditions: substrate (0.5 mmol), TBDMSNH2 (0.75 mmol), THF (0.2 mL) at rt. [b] GC 

conversions in brackets. [c] Solvent free. 

In addition to the phenol and benzyl alcohol protection methodology study, 

carboxylic acids were also investigated for their ability to undergo silylation under 

solvent-free conditions. The protection of carboxylic acids as silyl esters has been 

investigated by several groups54,55,94 sometimes under catalytic conditions such as 

Ru3(CO)12/EtI with silanes.95 This reaction is normally achieved using standard 

conditions using TBDMSCl but can include additives such as N-methylmorpholine. Also, 

TBDMSH has been used by Yamamoto and Takemae54 with a Pd/C catalyst and 

Thiemann et al.96 with the use of triphenylphosphine as catalyst; both reactions required 

elevated temperatures. A solvent-free route to silyl esters has been reported by Ojima et 

al. using (p-cymene)ruthenium dichloride as catalyst and a silane as the silylating agent.69 

The development of a generalised procedure that circumvents the use of catalysts would 

be worthwhile.  

In this study (Table 2-4), benzoic acids bearing different functional groups were 

rapidly and quantitatively converted into their corresponding silyl esters 76, 77 and 78, 

again under solvent-free conditions at room temperature with only ammonia as the by-

product. An alkyl carboxylic acid, hexanoic acid, also gave silyl ester 79 in quantitative 

yield. Because of the instability of silyl esters, these products were characterised with 

NMR analysis after subjecting the crude reaction mixture to vacuum to remove excess 

TBDMSNH2. These crude reaction mixtures were found to be of high purity, further 

displaying the benefits of these solvent- and catalyst-free conditions. Unfortunately, the 

amino acid serine did not react under our standard conditions, although this is possibly 
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due to solubility issues. Importantly, for silyl esters, this protection procedure does not 

involve the formation of HCl which can lead to deprotection, instead relying on ammonia 

as the leaving group.  

Table 2-4. Protection of carboxylic acids with TBDMSNH2.
[a][b] 

 

 
[a] Reactions conditions: substrate (1.0 mmol), TBDMSNH2 (1.2 mmol), rt. [b] GC conversions in brackets.  

2.3.4 Competition experiments of the silylation reaction 

A study involving a series of functional group competition experiments was also 

conducted. Two substrates containing different functional groups were treated under the 

solvent-free conditions with TBDMSNH2 (Scheme 2-8). The GC-MS conversion to both 

the silyl ether(s) and/or silyl ester was determined after 30 minutes. Interestingly, when 

phenol and benzyl alcohol were treated with 1.2 equivalents of the silylating agent 

roughly a ratio of 2:1 protection of the benzyl alcohol in favour of the phenol resulted 

(Scheme 2-8a). The selectivity between a simple primary alcohol, heptanol, and phenol 

was also examined which resulted in roughly equal protection of each of these moieties 

(Scheme 2-8b). Competition between phenol and benzoic acid was also conducted, 

resulting in selectivity for the carboxylic acid over the phenol in a ratio of roughly 2:1 

(Scheme 2-8c). Given these results, particularly the protection of benzyl alcohol (81) in 

preference to phenol (46), it would appear there may be a synergistic effect where a more 

acidic proton may be helping to initiate and accelerate the reaction of a less reactive 

alcohol. 
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Scheme 2-8. Competitive protection experiments of two substrates.[a][b] 

 

[a]Reactions conditions: i) substrate 1 (0.5 mmol), substrate 2 (0.5 mmol), TBDMSNH2 (1.2 eq), rt, 30 mins. 
[b] GC conversion ratios are shown.  

Intramolecular selectivity was explored with a reaction involving three 

equivalents of the TBDMSNH2 reagent, to allow for protection of both the phenol and 

benzyl alcohol of 3-hydroxybenzyl alcohol (85), which led to the bis-protected product 

86 in 76% yield (Scheme 2-9a). When the reagent stoichiometry was reduced to 1.2 

equivalents (Scheme 2-9b), again selectivity for the benzyl alcohol (43%) over the phenol 

(11%) was observed with the bis-protected product 86 (28%) also isolated. This poor 

chemoselectivity limits the use of the reagent in these scenarios, however other groups 

have shown that studious choice of base with other protecting reagents can lead to 

improved protection selectivity.63,64 
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Scheme 2-9. Intramolecular competitive protection of 3-hydroxybenzyl alcohol (85).  

 

Reaction conditions i) 3-hydroxybenzyl alcohol (0.5 mmol), TBDMSNH2 (1.5 mmol), rt, 30 mins. ii)  3-

hydroxybenzyl alcohol (0.5 mmol), TBDMSNH2 (0.6 mmol), rt, 30 mins. GC conversions are shown. 
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2.4  Exploratory work with TBDMSNH2 

 After the successful application of TBDMSNH2 for the protection of phenols, 

benzyl alcohols and carboxylic acids, exploratory work was undertaken to find other 

possible novel applications of this reagent. In addition to C-N coupling, most of this work 

encompassed reacting the TBDMSNH2 reagent with a variety of functional groups in the 

hopes of achieving addition-type reactions exploiting the reagents polarised Si-N bond. 

The vast majority of these reactions were unsuccessful so descriptions will be kept brief. 

2.4.1 Buchwald-Hartwig coupling with TBDMSNH2 as ammonia equivalent 

 The Buchwald-Hartwig amination is a reaction used for the formation of new C-

N bonds via the coupling of amines with aryl halides, typically catalysed by palladium or 

nickel.97 Ammonia has proven to be a particularly difficult amine to couple historically. 

Ammonia is a strong σ-donor lignad and can bind strongly to metals, several times over, 

leading to catalyst deactivation through the formation of stable Werner-type ammine 

complexes. Ammonia also has a relatively high basicity and strong N-H bonds (107 

kcal/mol) makes breakage of the bond challenging.98 Additionally, aniline products from 

its coupling with an aryl-(pseudo)halide compete with ammonia for coordination to the 

metal centre. Due to these challenges, ammonia surrogates have been developed to 

circumvent the difficulties associated with using ammonia. Buchwald et al. developed 

the use of benzophenone imine as an ammonia equivalent (Scheme 2-10a).99 

Benzophenone imine (89) was successfully coupled with aryl halides and triflates using 

a palladium catalyst and ligand and the resulting imine could be conveniently hydrolysed 

to give the desired anilines. This reaction was also carried out within our group using 

nickel catalysis.43 Buchwald also explored the use of LiHMDS and triphenylsilylamine 

as possible ammonia equivalents (Scheme 2-10b).100 The Hartwig group developed the 

use of ammonium salts with palladium catalysts to provide anilines from aryl halides.101 

This group later showed this reaction could also be catalysed by a nickel catalyst.102 

Copper is also an effective catalyst for this reaction with ammonium salts and aryl iodides 

and bromides (Scheme 2-10c).103  
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Scheme 2-10. Examples of Buchwald-Hartwig amination with ammonia equivalent to 

produce anilines.  

Despite the challenges of coupling ammonia, it is necessary to highlight the 

examples of groups that have found conditions that achieve this coupling (Scheme 2-11). 

Early examples of palladium-catalysed coupling of ammonia were from Hartwig et al., 

who reported the coupling with aryl chlorides, bromides, iodides and sulfonates, although 

high pressures (80 psi) of ammonia were required to achieve high yields.104 Later reports 

involving the use of nickel catalysts have been reported by Stradiotto,105 Hartwig,102 and 

our group,42 in 2015. Each of these reports utilises a solution of NH3 in 1,4-dioxane 

instead of pressurised ammonia, improving on the practicality of this reaction. Although 

such examples exist, excess equivalents of ammonia are required to promote 

monoarylation rather than polyarylation. 
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Scheme 2-11. Select examples of Buchwald-Hartwig coupling of ammonia.43,102,104,105 

The applicability of the TBDMSNH2 reagent was tested with conditions 

developed within the group previously for C-N coupling using bromobenzene (91) as the 

model substrate (Scheme 2-12).41 Only trace amounts of the desired product 92 or the 

unprotected aniline were observed in GC-MS or NMR analysis of the crude reaction 

mixture. 

 

Scheme 2-12. Initial testing of TBDMSNH2 for C-N coupling of aryl bromides. 
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Due to the low yields resulting from the nickel catalysed reaction, this reaction was 

also explored with a Pd(0) catalyst, Pd2(dba)3, with commonly used phosphine ligands 

for C-N coupling, this time using chlorobenzene (93) as the model substrate (Table 2-5). 

The reactions were analysed by NMR after 18 hours to determine yield of the silylated 

aniline product. The ligands XPhos, DavePhos and t-BuPhos all gave poor yields of the 

desired product while JohnPhos (Entry 3) gave a promising conversion (62%) according 

to NMR analysis of the crude reaction mixture. 

Table 2-5. Exploration of Buchwald-Hartwig amination with Pd(0) catalysts. 

 

Entry Ligand NMR yield[a] 

1 XPhos 36% 

2 DavePhos 33% 

3 JohnPhos 62% 

4 t-BuXPhos 40% 

 

[a]NMR yields calculated by comparison of product integration to a mesitylene internal standard. 

Deprotection of the silyl protected compound 92 and similar compounds has been 

shown to occur very readily. Typically, a simple aqueous workup or subjecting the 

reaction mixture to silica gel chromatography is enough to remove the silyl group in high 

yield to produce the corresponding aniline.106 

2.4.2  Reaction of TBDMSNH2 with alkynes  

In order to further expand the reaction scope of TBDMSNH2, a series of reactions 

with alkynes were explored (Table 2-6). Treating TBDMSNH2 with diphenylacetylene 

(94), in the presence of different catalysts, was attempted to elicit an addition reaction 

across the alkyne functionality to yield disubstituted alkene 95. It was expected a pre-

coordination of a Lewis acid through a η2-complexation would suitably activate the 
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alkyne to addition. Simple Lewis acid catalysts AlCl3 and FeCl3 lead to no conversion of 

the starting material (Entry 1 and 2). AlCl3 has previously been shown to activate alkynes 

for hydrosilylation with silanes.107 Pd(0) and Pd(II) catalysts were tested which also 

yielded no conversion. Copper is well known to coordinate to and activate π-systems such 

as alkynes and alkenes. A copper catalyst system with a BINAP ligand (Entry 6) as well 

as a co-catalyst system of gold and silver catalysts (Entry 7) did not result in any 

measurable conversion of the starting material.  

Table 2-6. Attempts toward the aminosilylation of diphenylacetylene (94) with 

TBDMSNH2.
[a] 

 

Entry Catalyst Yield 

1 AlCl3 (20 mol%) NR 

2 FeCl3 (20 mol%) NR 

3 Pd2(dba)3 (2 mol%) NR 

4 Pd(OAc)2 (10 mol%) NR 

5 PdCl2 (20 mol%) NR 

6 
Cu(OAc)2 (10 mol%) 

BINAP (10 mol%) 
NR 

7 
AuPPh3Cl (2 mol%) 

AgOTf (2 mol%) 
NR 

[a]Reaction conditions: Alkyne (0.28 mmol), TBDMSNH2 (0.3 mmol), toluene (0.5 mL). 

Due to the lack of reactivity of TBDMSNH2 with a simple alkyne system our 

focus moved towards more reactive alkynes, particularly ring-strained alkynes. To this 

end, cyclooctyne (96) was synthesised according to literature procedures. Yoshida et al. 

have previously reported a similar aminosilylation reaction of benzynes with 

aminosilanes.108,109 Following these findings, cyclooctyne was then reacted with 

TBDMSNH2 with and without catalysts to potentially yield cyclooctene product 97 with 

addition of the amine and silicon group across the alkyne (Table 2-7). Unfortunately, 

each of the reactions tested gave complex mixtures with no major isolable components.  
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Table 2-7. Attempted optimisation of the aminosilylation reaction of cyclooctyne with 

TBDMSNH2.
[a] 

 

Entry Catalyst Yield 

1 None Complex mixture 

2 AlCl3 (20 mol%) Complex mixture 

3 Ag2CO3 (20 mol%) Complex mixture 
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2.5 Conclusions and future directions 

A new silylation reagent was developed, tert-butyldimethylsilyl amine, and was 

successfully applied to the protection of a range of phenols, benzylic alcohols, and 

carboxylic acids. This development provides a solvent-free silylation reaction that avoids 

the generation of HCl as a by-product and does not require the use of transition-metal 

catalysts as with silanes. As such, it is a valuable addition to the field of silyl protections. 

Instead of HCl, NH3 is the only by-product of the reaction, which hypothetically could be 

captured and recycled in the process reducing the waste produced in this reaction. The 

synthesis being typically solvent-free removes the waste encountered from the use of 

solvents such as DMF and from the separations required to extract the desired product 

from the solvents. Typical E values for the synthesis of TBDMS-protected phenols using 

this procedure were below 1, while the more standard procedure utilising solvents, 

TBDMSCl, imidazole and DMAP, typically give E values upwards of 10. 

Future work is planned within the group to find conditions that would expand the 

scope of this reaction beyond phenols, benzylic alcohols, and carboxylic acids to a wider 

range of synthetically useful alcohols. It was also found that this reagent had a potential 

application in cross-coupling as an ammonia surrogate, although further work will need 

to be done to explore the viability of this avenue. 
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CHAPTER 3 

Synthesis of Coordinatively 

Unsaturated Nickel(0) 

Complexes 
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3.1 Introduction 

3.1.1 Nickel and its properties 

Nickel is an earth abundant group 10 transition metal sitting above palladium and 

platinum on the periodic table. While there are some similarities between these transition 

metals there are a number of important differences to note. Firstly, when the prices of 

each of these group 10 metals are compared there is a large disparity, nickel being far less 

expensive, with a price of 0.82 US$/mol compared to palladium (5107 US$/mol) and 

platinum (5267 US$/mol).110 This difference in prices is a result of their earth abundance, 

nickel is estimated to comprise 0.009% of the Earth’s crust, several orders of magnitude 

more than palladium (6.3 x 10-7%) and platinum (3.7 x 10-6%), also making this metal 

less likely to be affected by supply problems and market fluctuations.111 In reactions, like 

palladium, nickel is commonly found in the 0 and +2 oxidation states but can more readily 

access the +1 and +3 oxidation states. Because of the ability of nickel to attain these +1 

and +3 oxidation states, it has become an attractive catalyst for single electron transfer 

(SET) and other radical reactions, particularly when coupled with photoredox 

catalysts.112–114 Nickel is relatively electropositive (1.91 compared to Pd and Pt with 2.20 

and 2.28 respectively) and due to this property, nickel is able to undergo oxidative 

addition, which results in loss of electron density, more readily than palladium. 

Conversely, reductive elimination is more difficult for nickel than palladium.115  

Due to the fact that most nickel catalytic cycles are based around Ni(0)/Ni(II) 

transition states, research has been primarily focussed on the development of Ni(0) and 

Ni(II) complexes, while Ni(I) and Ni(III) complexes are far less commonly researched.116 

Compared to its Pd(0) congeners, Ni(0) complexes that might be used as catalyst 

precursors generally possess poor stability, are air-sensitive or can be toxic. One such 

example is the first organometallic nickel complex, Ni(CO)4, which is an air-sensitive 

liquid that is also extremely toxic. Another such example is one of the most commonly 

used Ni(0) catalyst precursors, Ni(COD)2 (Figure 3-1), which readily decomposes within 

minutes when exposed to air.117,118 Other examples of common Ni(0) complexes are those 

containing phosphine ligands, such as in tetrakis(triphenylphosphine)nickel(0), or 

phosphite ligands, like tetrakis(triphenylphosphite)nickel(0), both being commercially 

available nickel complexes that display much better air-stability than Ni(COD)2. While 

some research has been conducted into the development of alternative, air-stable Ni(0) 

catalysts, development appears to be more focussed towards the development of air-stable 
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Ni(II) complexes that can readily reduce to a Ni(0) source to initiate the catalytic cycle 

(explored further in chapter 5).119–122  

 

Figure 3-1. Some commonly used Ni(0) complexes. 

3.1.2  Coordinatively unsaturated nickel complexes 

 Nickel(0) complexes generally have a coordination number of four (as seen in 

examples in Figure 3-1), this being its coordinatively saturated state. In the 1970s 

Chadwick Tolman synthesised one of the earliest examples of a coordinatively 

unsaturated nickel(0) complex using bulky tri(o-tolyl)phosphite ligands.123,124 Since then, 

several coordinatively unsaturated nickel complexes with a coordination number of three 

and an electron count of 16 have been synthesised (Figure 3-2).125–130 These complexes 

rely on the use of one bulky and electron-donating ligand, that in combination with good 

electron-accepting ligands results in complexes showing sufficient stability to be used as 

catalyst precursors. The combination of one NHC ligand with olefins or carbon monoxide 

has been found to be particularly effective in stabilising such low coordinate complexes. 

For example, Ni(NHC)(CO)2
 complexes have been synthesised to study the steric and 

electronic properties of these NHC ligands on the Ni(0) metal centre experimentally.131 

Some of these unsaturated complexes have been found to possess remarkable air-stability 

for unsaturated Ni(0) complexes. Ni(NHC)(DMFU)2 (DMFU = dimethyl fumurate) 

complexes described by Cavell et al. in particular were found to be stable for up to six 

weeks in the solid state while exposed to air,125 an observation that was further supported 

by the work of Montgomery et al., who showed that other fumurate derived olefin ligands 

were also able to provide surprising air-stability.130 
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Figure 3-2. Examples of coordinatively unsaturated Ni(0) complexes.124–128,130 

 Except for the synthesis of Ni[P(Oo-tol)3]3, which is prepared from 

Ni(NO3)2·6H2O, each of the three-coordinate nickel complexes in Figure 3-2 is reliant 

on the use of air-sensitive and expensive Ni(COD)2 as the Ni(0) precursor, possibly 

creating a barrier of entry to these unsaturated complexes.124 Also to note is the currently 

limited research into the catalytic applications for this class of three-coordinate nickel 

complexes. The Ni(IPr)(styrene)2 complex described by Nicasio and co-workers as well 

as the Ni(NHC)(acrylate/fumurate)2 by Montgomery et al. were found to effectively 

catalyse a Buchwald-Hartwig cross-coupling reaction of aryl tosylates or aryl chlorides. 

In addition to this, the Ni(NHC)(acrylate/fumurate)2 complexes were also used for a 

silane-mediated reductive coupling of aldehydes with alkynes.127,130 Whittlesey et al. 

demonstrated that Ni(6-Mes)(PPh3)2 undergoes simple stoichiometric ligand exchange 

reactions with aldehydes, ketones, alkynes and alkenes, displacing a single phosphine 

ligand, as well as effectively catalysing a transfer hydrogenation reaction with ketones.126 
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Another interesting example of coordinatively unsaturated nickel complexes are 

those with a coordination number of two. These complexes generally incorporate one or 

two NHC ligands and due to their bulkiness and strongly donating characteristics, the 

stabilisation of these low-coordinate complexes is possible. Multiple groups have 

developed these Ni(NHC)2 complexes, starting with Arduengo’s first report on the 

synthesis of Ni(IMes)2.
132–135 Strangely, these bis(NHC) complexes have been rarely used 

in catalysis possibly due to the strong binding of the NHC ligands, thus limiting catalytic 

activity. One rare example can be found in the C-S coupling of aryl iodides and bromides 

to provide thioethers 30 (Scheme 3-1).136 

 

Scheme 3-1. C-S coupling with a bis(NHC)Ni complex.136 

3.1.3  Phosphorous ligands 

 Phosphorous based ligands are among the most commonly used ligands in 

transition metal complexes for catalysis.137 They are a neutral two electron donor (Lewis 

base) that binds to transition metals (Lewis acid) through their lone pairs. The primary 

component of donation is σ-donation to an empty p or d orbital on the metal with a 

secondary component being π-backbonding from a filled metal orbital to an empty orbital 

on the phosphorous ligand (Figure 3-3).  

 

Figure 3-3. Phosphorous ligand-metal bonding modes. 

The most commonly used phosphorus ligands are tertiary phosphines, of the form 

PR3, where variation of the R group can allow for essential fine-tuning of steric and 

electronic properties of the ligand. Tolman conducted extensive studies on the electronic 

and steric properties of phosphorous ligands, developing the seminal Tolman Electronic 

Parameter (TEP) as a measurement of electron donating or withdrawing ability of a ligand 

and the Tolman cone angle as a measurement of steric bulk.138 TEP can be measured 

experimentally via IR analysis of the CO stretching in a Ni(L)(CO)3 complex where L is 
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the ligand of interest. The stretching frequency of CO will correspond to the σ-donating 

ability of ligand L, as L becomes more σ-donating (less π-accepting ability) the IR 

absorbance of the stretching frequency of CO will decrease, and vice versa. More modern 

techniques have been devised to replace the TEP with computational methods that are 

better able to relate electronic parameters to metal ligand bond strengths.139–142 Cone 

angle is simply determined by measuring angle of a cone (θ) originating at the metal 

centre and encompasses the van der Waals spheres, representing carbon based R groups 

substituted around a phosphorous atom situated 2.28 Å from the metal centre (Figure 3-

4). Obviously, the larger the phosphine R groups are, the greater the cone angle. The 

results obtained by Tolman using this simple method are generally accurate for simple 

phosphines but becomes less accurate when moving towards more complex systems with 

bulkier substituents and groups with greater degrees of flexibility such as alkyl chains. In 

these cases, other methods, described later, need to be used. 

 

Figure 3-4. Calculation of Tolman cone angle, θ. 

 Another important class of phosphorous ligands are phosphites, of the form 

P(OR)3. Phosphites are more stable and less prone to decomposition via oxidation when 

compared to their phosphine counterparts, although they still can decompose by 

hydrolysis or alcoholysis. Phosphite ligands can be prepared simply by treating 

phosphorous trichloride with an alcohol, containing the desired R group, in the presence 

of an appropriate base, typically triethylamine, allowing access to a wide variety of 

phosphites from relatively cheap and available starting materials (Scheme 3-2).143 

 

Scheme 3-2. Synthesis of phosphites from phosphorous trichloride.  

 Tolman cone angle calculations of phosphites generally underestimate their bulk. 

This is due to the “folding” back of the R substituents into the smallest cone with little 

consideration for flexibility or stability of such conformational changes.138 Alternative, 
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more modern methods, have shown that phosphites are generally bulkier than their 

phosphine analogues, a result that is contradictory to Tolman’s original calculations.144  

Due to the electron withdrawing properties of the oxygen atom, phosphites are 

generally poorer σ-donors and better π-acceptors than phosphines such that the order of 

σ-donation decreases from PCy3 > PEt3 > PMe3 > PPh3 > P(OMe)3 > P(OPh)3 > PCl3 > 

PF3. 

3.1.4  N-Heterocyclic carbene ligands 

N-heterocyclic carbenes (NHC) are singlet carbenes with a neutral divalent carbon 

atom attached to at least one nitrogen within a heterocyclic scaffold. Like phosphorous 

ligands, they are considered neutral, two-electron donors, however with a stronger σ-

donation component. For a time, carbenes were considered too unstable to be isolated and 

would only exist as a transient species in chemical reactions. The concept of NHCs was 

originally explored by Wanzlick and co-workers in the early 1960s where it was 

discovered that the dimer bis(1,3-diphenyl-2-imidazolidinylidene) was able to dissociate 

into two carbenes and could take part in reactions as nucleophiles.145 Wanzlick later went 

on to synthesise the first NHC-metal complex by successfully coordinating an imidazole-

based carbene 98 to mercury to form mercury salt complex 99 (Scheme 3-3).146  

 

Scheme 3-3. Synthesis of a bis(1,3-diphenylimidazolio)mercury diperchlorate by 

Wanzlick et al.146 

It was not until 1991 when the first stable NHC was isolated by Arduengo and co-

workers, who prepared and isolated 1,3-di(adamantyl)imidazol-2-ylidene (IAd).147 The 

free carbene 101 was first prepared by treating imidazolium salt 100 with a base, 

potassium tert-butoxide, in THF (Scheme 3-4). This procedure has been found to be 

general and today many NHC salts are commercially available as a precursor for this 

transformation. 
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Scheme 3-4. Synthesis of the first isolable N-heterocyclic carbene, IAd.147 

It was another landmark finding from Arduengo that the C4-C5 double bond of 

the imidazole-2-ylidene ring was not a necessary functionality for the stability of the NHC 

with the isolation of the first saturated NHC SIMes.148 Since these early discoveries, the 

number of isolable NHCs has exploded, with a large variety of N-substituents, heterocycle 

ring sizes and C4 and C5 substituents. Possibly one of the most notable applications of 

an NHC is as a ligand in Grubbs second-generation catalyst as well as the Hoveyda-

Grubbs catalyst (Figure 3-5), which both incorporate a SIMes ligand and are used very 

successfully in olefin metathesis reactions.149,150 

 

Figure 3-5. Olefin metathesis catalysts incorporating NHC ligands.149,150 

Unlike phosphorous ligands, the steric properties of NHCs cannot be measured 

with simple cone angle calculations. Several different computational and experimental 

methods have been developed, with the first and most established method being percent 

buried volume, or %Vbur.
151 This method creates a sphere around the metal centre and 

measures how much of this volume is occupied by the ligand of interest, generally 

calculated from a crystal structure or a space-filling model. The size of the sphere will 

affect the result and needs to be tailored to the metal centre as larger atoms will require a 

larger sphere of influence. This method has been used to also determine catalytic pockets 

with the help of steric maps and help to guide rational ligand design for specific reaction 

types.152,153  

Electronically, NHCs are better σ-donors than even the most donating phosphines, 

causing them to form particularly strong metal-ligand bonds (Figure 3-6). Nevertheless, 



50 

 

when compared to phosphorous ligands and the modification of R groups (PR3) there is 

generally a much narrower window to tune their electronic properties.154  

 

Figure 3-6. Comparison of electronic parameters (TEP) and steric parameters (%Vbur) of 

some common NHC and phosphorous ligands. %Vbur values from Nolan et al.151 TEP 

values based from Ni(L)(CO)3 complexes.138,154 
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3.2  Project aims 

 Nickel provides a cheap alternative to palladium catalysis and coordinatively-

unsaturated nickel complexes are a class of potentially highly active nickel complexes 

that have not yet been extensively explored for their catalytic activity. The synthesis of 

these three-coordinate complexes from air-stable nickel precursors would provide a 

useful alternative to the traditionally used Ni(COD)2. NHC ligands have shown to be 

uniquely suited to the synthesis of isolable low-coordinate nickel complexes that display 

desirable stability. 

The aim of this project was to develop a new class of Ni(0) complexes 

incorporating both NHC and phosphite ligands, chosen for steric and electronic properties 

desirable for stabilising low-coordinate complexes as discussed previously, from 

relatively stable nickel phosphite starting materials. Once isolated, we intended to explore 

their reactivity via simple ligand exchange reactions. The end goal being to develop a 

new, hopefully air-stable, class of coordinatively-unsaturated nickel(0) complexes.  
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3.3 Synthesis of unsaturated nickel(0) complexes 

Results presented in this section were published in the journal ‘Organometallics’ in 2019, 

and co-authored by the candidate (first author).155 

3.3.1 Synthesis of nickel(0) phosphite starting materials 

 Due to the weaker binding ability of phosphites, when compared to NHC ligands, 

it was determined that a possible synthetic pathway to mixed NHC/phosphite complexes 

could result from treating simple, homoleptic nickel phosphites with NHC ligands, 

displacing and substituting some of the more weakly bound phosphite ligands with the 

chosen NHC. 

 Tetrakis(triethylphosphite)nickel(0) (102), tetrakis(triphenylphosphite)nickel(0) 

(103) and tris(tri-o-tolylphosphite)nickel(0) (104) were chosen as candidates to have a 

diversity of a four-coordinate alkyl phosphite, a four-coordinate aryl phosphite and a 

three-coordinate aryl phosphite complex. Each of these complexes were synthesised 

following literature procedures from Ni(II) salts and the required phosphite (Scheme 3-

5).124,156–158 

 

Scheme 3-5. Synthesis of homoleptic nickel phosphites from simple nickel(II) sources. 

3.3.2  Synthesis of nickel(0) NHC/phosphite complexes 

 The synthesis of new NHC/phosphite complexes was initially attempted by 

treating the homoleptic complex Ni[P(OPh)3]4 (103) with the previously formed free 

carbene IMes. These reactions were initially conducted on a small scale in an NMR tube 

and monitored at intervals via 31P NMR to determine optimum conditions for the 

formation of the new complexes. As no NMR internal standard was present in these 

reactions the progress was monitored by the ratio of the integrals of a newly formed 

unassigned resonance observed at 120.9 ppm in relation to the Ni[P(OPh)3]4 resonance at 

130.4 ppm. The results of these studies are tabulated below (Table 3-1).  
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Table 3-1. Optimisation of conditions for the synthesis of Ni(IMes)[P(OPh)3]2.
[a] 

 

Entry 
NHC 

(eq) 
Temperature Solvent 

Time 

(mins) 

Ratio 

120.9/130.4 

ppm 

1 1 50 °C Benzene 1680 0.13 

2 1 80 °C Toluene 120 0.27 

1080 0.5 

3 2 80 °C Toluene 90 0.64 

360 1 

4 2 100 °C Xylene 45 1.63 

105 1.78 

5 2 120 °C Xylene 45 2.03 

95 0.62 

6 1.5 120 °C Xylene 30 1.86 

45 1.65 
[a]Reactions conducted in a sealed NMR tube, Ni[P(OPh)3]4 (0.02 mmol), solvent (0.8 mL + 0.1 mL C6D6). 

When this reaction was conducted with only one equivalent of IMes at 50 °C in 

benzene a very low conversion was observed, even when left to react for 28 hours (Entry 

1). Changing the solvent to toluene and increasing the temperature to 80 °C led to an 

increased conversion (Entry 2). Importantly, when the molar equivalents of NHC were 

increased to two the conversion greatly increased, even over a shorter reaction time 

(Entry 3). It was observed that increasing the reaction temperature further to 100 °C or 

120 °C appeared to increase the ratio of product to starting material (Entries 4 and 5). 

Unfortunately, this higher reaction temperature also led to decomposition of the product 

after an hour at that temperature. Reducing the equivalents of NHC to 1.5 was attempted 

(Entry 6), although this proved to be less effective for conversion than the reaction with 

two equivalents. This 31P NMR monitoring also suggested the formation of three-

coordinate complexes, evidenced by the 1:1 ratio of integrals of the putative new complex 

at 120.9 ppm and free triphenylphosphite at 127.6 ppm. 

After monitoring and optimising the reaction conditions with these small-scale 

experiments, the reaction scale was increased to obtain sufficient quantities for further 

analysis and testing. Conditions were slightly altered from those obtained from small-

scale optimisation for best results at this larger scale. The optimum temperature and time 

found for this scale involved refluxing toluene for 50 minutes, giving the desired complex 

105 in a moderate yield of 54% (Scheme 3-6). Problems were experienced in the isolation 

of pure complex, both complex 105 and unreacted starting complex 103 would both 

crystallise out in any attempted recrystallisation methods in a range of solvents. It was 
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found that simply stirring the mixture after recrystallisation suspended the finer powder 

of starting complex 103 which could be simply decanted off, after multiple repetitions of 

this suspending and decanting procedure, sufficiently pure samples of complex 105 were 

obtained.  

 

Scheme 3-6. Synthesis of Ni(IMes)[P(OPh)3]2 (105). 

1H NMR analysis indicated that this new complex was likely a three-coordinate 

nickel complex containing a single NHC ligand and two of its original phosphite ligands 

from Ni[P(OPh)3]4 (103). The o-methyl resonances on the mesityl groups were all 

equivalent, appearing as a singlet at 2.30 ppm, shifted downfield upon coordination (free 

IMes δ = 2.15 ppm). 31P NMR of this complex showed a singlet at 120.9 ppm, a shift 

upfield from the phosphorous resonances in both the free phosphite (δ = 127.6 ppm) and 

Ni[P(OPh)3]4 complex (δ = 130.4 ppm). 13C NMR also provided evidence of a newly 

formed bond to the NHC ligand, with a triplet at 198.4 ppm (J = 32.0 Hz) attributed to 

the carbenic carbon, a shift upfield from the free carbene (δ = 219.7 ppm), split into a 

triplet due to 31P-13C coupling with two phosphite ligands.  

Single crystals obtained from slow diffusion of pentane into a concentrated 

solution of 105 in benzene at -28 °C were suitable for X-ray crystallographic analysis. 

The crystal structure (Figure 3-7) was consistent with the structure proposed from 

analysis of the 1H, 13C and 31P NMR spectra. The structure displayed a slightly distorted 

trigonal planar geometry about the nickel centre, consistent with other three-coordinate 

nickel(0) complexes described earlier (Figure 3-2).125–128,130 The interligand angles had 

only a slight variation from the expected 120°. The C1-Ni1-P1 angle saw the largest 

deviation from 120° with an  interligand angle of 112.54(5)°. The Ni1-C1 bond length 

was 1.9184(18) Å, shorter than the equivalent Ni-C bond length observed by Cavell in a 

Ni(SIMes)(DMFU)2 complex (1.955 Å).125 The Ni-P bond lengths (2.0807(5) Å, Ni-P1), 

(2.0793(5) Å, Ni-P2) were found to be longer than the Ni-P bond lengths in a Ni(6-

Mes)(PPh3)2 complex (1.905 Å).126 No torsion angle was observed in the NHC backbone 

(N2-C3-C4-N5), which was expected for an unsaturated NHC. The plane of the NHC 

ligand is almost perpendicular to the plane set by the two phosphite ligands, measured by 
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the torsion angles between the NHC ligand and phosphite through the metal centre 

(87.871°, N2-C1-Ni1-P2) (Figure 3-8), the slight tilt of the heterocycle of the NHC can 

also be observed from this orientation. 

 

Figure 3-7. X-ray crystal structure of Ni(IMes)[P(OPh)3]2 (105). Ellipsoids have been 

drawn at the 50% probability level. Hydrogen atoms except those attached to C3 and C4 

have been omitted for clarity. Selected bond lengths (Å): Ni1 – C1 = 1.9184(18); Ni1 – 

P1 = 2.0793(5); Ni1 – P2 = 2.0807(5). Selected bond angles (°): C1 – Ni1 – P1 = 

112.54(5); P1 – Ni1 – P2 = 123.67(2); P2 – Ni1 – C1 = 123.47(5). Further crystallographic 

details of compound 105 are presented in Appendix A. 

 

Figure 3-8. Wireframe model of 105 viewed along the C1 – Ni1 bond showing near 

perpendicular orientation of the NHC and phosphite ligands. 

The same general reaction procedure was performed again with the SIMes NHC 

ligand instead of IMes. After a series of small-scale reaction optimisations, the best 

conditions were found to be slightly different (heating in toluene at 110 °C for 40 
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minutes), after recrystallisation the resulting red crystals of complex 106 were obtained 

in 79% yield (Scheme 3-7). 

 

Scheme 3-7. Synthesis of Ni(SIMes)[P(OPh)3]2 (106). 

An NMR spectroscopic analysis of complex 106 suggested a coordination 

compound similar in structure to 105. Some differences of note are the carbenic carbon 

in the 13C NMR was found as a triplet at 222.2 ppm (J = 32.0 Hz), further downfield than 

the unsaturated NHC equivalent, consistent with the literature and again upfield compared 

to the free NHC SIMes (243.8 ppm).128,159 The 31P NMR phosphorous chemical shift was 

similar to complex 105 with a resonance of 121.6 ppm. 

Crystals suitable for X-ray crystallographic analysis were obtained by slow 

diffusion of pentane into a concentrated solution of 106 in benzene at -28 °C. This 

complex also displayed a trigonal planar geometry about the nickel centre (Figure 3-9), 

isostructural to complex 105. Only small deviations in bond lengths and angles were 

observed (Summary of all bond lengths and angles in Table 3-2). Unlike complex 105, 

there is a notable torsion angle of 10.16(18)° in the backbone of the NHC (N2-C3-C4-

N5), which is to be expected for a saturated NHC with formally sp3-hybridised C atoms, 

but is not always observed.128 
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Figure 3-9. X-ray crystal structure of Ni(SIMes)[P(OPh)3]2 (106). Ellipsoids have been 

drawn at the 50% probability level. Hydrogen atoms except those attached to C3 and C4 

have been omitted for clarity. Selected bond lengths (Å): Ni1 – C1 = 1.9065(15); Ni1 – 

P1 = 2.0798(4); Ni1 – P2 = 2.0820(4). Selected bond angles (°): C1 – Ni1 – P1 = 

112.68(4); P1 – Ni1 – P2 = 122.802(16); P2 – Ni1 – C1 = 124.25(4). Further 

crystallographic details of compound 106 are presented in Appendix A. 

 In addition to the complexes formed from Ni[P(OPh)3]4 (103), analogous 

complexes were synthesised from Ni[P(Oo-tol)3]3 (104) as the starting material to yield 

complexes of the form Ni(NHC)[P(Oo-tol)3]2. It was found that this starting material 

underwent the reaction to form the desired complexes much more readily, likely due to 

the much greater lability of the tri-o-tolylphosphite ligand and the fact the starting 

complex is already unsaturated so only requires loss of a single ligand for dissociative 

substitution, so reaction times and temperature were both lowered to reduce possible 

decomposition.160 

 Ni(SIMes)[P(Oo-tol)3]2 (107) was synthesised by treating Ni[P(Oo-tol)3]3 (104) 

with 2 equivalents of SIMes (Scheme 3-8). A short reaction time of 15 minutes was found 

to provide good conversion of the starting materials. Subsequent recrystallisation from 

benzene/pentane provided a pure sample of complex 107 as red crystals in 67% yield. 

 

Scheme 3-8. Synthesis of Ni(SIMes)[P(Oo-tol)3]2 (107). 
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 An NMR spectroscopic analysis of complex 107 suggested a structure similar to 

the previous two complexes (105 and 106). Incorporation of the phosphite ligands was 

confirmed through 31P NMR where the phosphorous resonance was found at a similar 

chemical shift, 120.9 ppm, to complexes 105 and 106. The resonance assigned to the 

carbenic carbon was observed as a triplet at 222.4 ppm (J = 32.9 Hz), consistent with the 

previous SIMes complex 106. 

 An X-ray crystal structure of complex 107 was obtained which was consistent 

with the NMR analysis (Figure 3-10). The Ni1-C1 bond length was 1.9196(17) Å, longer 

when compared to the P(OPh)3 complexes 105  and 106, possibly due to the larger bulk 

of the o-tolyl components of the P(Oo-tol)3 ligands imparting a steric repulsion on the 

NHC ligand. Both Ni-P1 (2.0876(5) Å) and Ni-P2 (2.0914(5) Å) bond distances were 

also elongated when compared with the triphenylphosphite complexes 105 and 106 but 

consistent with Ni-P bond distances in the starting material complex 104.158 A torsion 

angle in the NHC backbone similar to complex 106 was observed with an angle of 

9.39(18)° (N2-C3-C4-N5). The two aryl substituents of the NHC ligand were found to be 

twisted out of plane with each other. Unlike the previous complexes with P(OPh)3, there 

was no longer a perpendicular orientation of the NHC with respect to the phosphite 

ligands, measured by the inter-ligand torsion angles (N2-C1-Ni1-P2, 109.726°) (Figure 

3-11). 

 

Figure 3-10. X-ray crystal structure of Ni(SIMes)[P(Oo-tol)3]2 (107). Ellipsoids have 

been drawn at the 50% probability level. Hydrogen atoms except those attached to C3 

and C4 have been omitted for clarity. Selected bond lengths (Å): Ni1 – C1 = 1.9196(17); 

Ni1 – P1 = 2.0876(5); Ni1 – P2 = 2.0914(5). Selected bond angles (°): C1 – Ni1 – P1 = 

118.57(5); P1 – Ni1 – P2 = 123.40(2); P2 – Ni1 – C1 = 117.84(5). Further crystallographic 

details of compound 107 are presented in Appendix A. 
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Figure 3-11. Wireframe model of 107 viewed along the C1 – Ni1 bond showing the 

skewed orientation of the NHC and phosphite ligands. 

The IMes variant of complex 107 was also synthesised. This reaction was found 

to be more sluggish than with SIMes, so a longer reaction time of 30 minutes was used to 

provide the desired Ni(IMes)[P(Oo-tol)3]2 complex 108 in 57% yield after 

recrystallisation from benzene/pentane (Scheme 3-9). 

 

Scheme 3-9. Synthesis of Ni(IMes)[P(Oo-tol)3]2 (108). 

 The NMR spectroscopic analysis of complex 108 suggested a coordination 

compound similar in structure to complex 107. The carbenic signal was observed as a 

triplet at 198.7 ppm (J = 33.2 Hz), consistent with the previous IMes complex 105, as was 

expected. The phosphorous resonance observed in the 31P NMR (120.2 ppm) was also 

similar to the previous complexes 105, 106 and 107. 

The X-ray crystal structure of this complex was found to be isostructural to 

complex 107 with only slight variations in bond lengths and angles (Figure 3-12). The 

Ni1-C1 bond length (1.9256(3) Å) was found to be slightly longer than in SIMes complex 

107, an observation also observed in the triphenylphosphite complexes. The Ni-P bond 

lengths were also slightly shorter than in the related SIMes complex 107. 
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Figure 3-12. X-ray crystal structure of Ni(IMes)[P(Oo-tol)3]2 (108). Ellipsoids have been 

drawn at the 50% probability level. Hydrogen atoms except those attached to C3 and C4 

have been omitted for clarity. Selected bond lengths (Å): Ni1 – C1 = 1.9256(13); Ni1 – 

P1 = 2.0830(4); Ni1 – P2 = 2.0869(4). Selected bond angles (°): C1 – Ni1 – P1 = 

117.52(4); P1 – Ni1 – P2 = 124.196(16); P2 – Ni1 – C1 = 118.04(4). Further 

crystallographic details of compound 108 are presented in Appendix A. 

 A summary of important bond lengths and angles for each of these complexes is 

shown below (Table 3-2) with comparison to the bond lengths and angles of the most 

similar complex found in literature Ni(6-Mes)(PPh3)2 from Whittlesey et al.126 

Table 3-2. Summary of bond lengths and bond angles for each of the nickel complexes 

with comparison to Ni(6-Mes)(PPh3)2.
126 

 105 106 107 108 Ni(6-Mes)(PPh3)2 

Ni-C1 (Å) 1.9184(18) 1.9065(15) 1.9196(17) 1.9256(13) 1.905(6) 

Ni-P1 (Å) 2.0793(5) 2.0798(4) 2.0876(5) 2.0830(4) 2.1477(18) 

Ni-P2 (Å) 2.0807(5) 2.0820(4) 2.0914(5) 2.0869(4) 2.1607(17) 

C1-Ni-P1 (°) 112.54(5) 112.68(4) 118.57(5) 117.52(4) 130.30(16) 

C1-Ni-P2 (°) 123.47(5) 124.25(4) 117.84(5) 118.04(4) 121.85(16) 

P1-Ni-P2 (°) 123.67(2) 122.802(16) 123.40(2) 124.196(16) 107.94(7) 

 

 A selection of bulkier NHC ligands (Figure 3-13), ItBu, IAd, IPr and SIPr (%Vbur 

= 37, 37, 29 and 30 respectively),154 were also tested using the synthetic protocol 

developed for the previously described complexes (Scheme 3-10). Monitoring the 

reaction of these NHCs with Ni[P(OPh)3]4 (103) using 31P NMR indicated that there were 

no clear resonances that would suggest formation of a new phosphite containing complex, 

instead only decomposition of the Ni[P(OPh)3]4 (103) starting material was observed. 
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This result possibly suggests that these ligands are either too bulky compared to IMes and 

SIMes (%Vbur = 26 and 27 respectively),154 and are not able to approach the nickel centre 

after the presumed loss of at least one triphenylphosphite ligand from the nickel starting 

material, or engage in destructive reactivity once bound to the metal (C-H activation of 

pendant N-substituents).  

 

Figure 3-13. Bulkier NHCs tested to form a three-coordinate nickel complex. 

 

Scheme 3-10. Attempted synthesis of Ni(NHC)[P(OPh)3]2 complexes with bulkier NHC 

ligands. 

 Conversely to these bulkier ligands, less bulky ligands (Figure 3-14), ICy (%Vbur 

= 23)154 and SICy, were also tested under the reported previously successful reaction 

conditions (Scheme 3-11). Initial reactions attempted on a small-scale were promising; 

monitoring by 31P NMR suggested high conversion of the Ni[P(OPh)3]4 (103) starting 

material resulting in phosphorous resonances in the expected region (31P: δ = 124.5 ppm) 

assigned to new nickel complexes after only two minutes. Unfortunately, neither of the 

ICy or SICy derived nickel complexes were able to be isolated. In this process of 

attempted isolation, no solids were obtained when the concentrated reaction mixture was 

diluted in pentane and cooled to -30 °C. Furthermore, no other solvents tested (heptane, 

cyclohexane, toluene, MeCN, MeOH, EtOH) led to precipitation of the complex. Trying 

to separate phosphite and new nickel complex in highly polar solvents such as MeCN, 

EtOH and MeOH caused decomposition of the nickel complex as observed by the 

formation of a myriad of new phosphorous resonances. 
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Figure 3-14. Less bulky NHC’s that were tested to obtain a three-coordinate nickel 

complex.  

 

Scheme 3-11. Attempted synthesis of Ni(NHC)[P(OPh)3]2 complexes with less bulky 

NHC ligands. 

Interestingly, it was observed that the reaction mixture with ICy would change 

colour upon heating. When heated, the reaction mixture was a dark brown colour (Figure 

3-15a) and when cooled would return to a pale-yellow starting point (Figure 3-15b), 

interestingly this colour change appeared to be fully reversible. These properties were 

further explored with Variable Temperature (VT) NMR (Figure 3-16), heating the 

reaction in 10 K intervals from 298 K (25 °C) to 368 K (95 °C) before cooling back down 

to 298 K, allowing a few minutes at each temperature to equilibrate the reaction mixture 

before collecting a spectrum. The evolution of new resonances was observed on the VT 

NMR and the changes, as in the case of the colour, were found to be reversed upon 

cooling. Unfortunately, without the isolation of any of the complexes relating to these 

new resonances it is difficult to suggest what species could be produced. It is possible 

that with these smaller NHC ligands the formation of complexes multiply substituted with 

NHC ligands, such as Ni(NHC)2[P(OPh)3]n complexes incorporating one or two 

triphenylphosphite ligands, is more amenable than with bulkier NHCs. 
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Figure 3-15. A) Reaction colour when heating above 50 °C B) Reaction colour upon 

cooling with an ice bath. 

 

Figure 3-16. VT 31P NMR of the crude reaction mixture of ICy with Ni[P(OPh)3]4 (103). 

 Interestingly, after leaving an NMR sample obtained from the reaction of SICy 

with Ni[P(OPh)3]4 (103) to sit for approximately a week, a small amount of bright red 

crystals was observed to have formed. Single crystal X-ray crystallography was used to 

determine the structure (Figure 3-17). This complex turned out to be a Ni(II) square 

planar complex 109 with two SICy ligands trans to each other and two phenoxide ligands. 

The nickel precursor was apparently oxidised, while the phenoxide ligands presumably 

originate from decomposition of the triphenylphosphite ligand (Scheme 3-12). The Ni1-
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C1 bond length was slightly longer (1.9235(14) Å) than the previous IMes and SIMes 

complexes. Unfortunately, not enough material was able to be obtained from this reaction 

for further NMR characterisation of this complex. 

 

Figure 3-17. X-crystal structure of Ni(OPh)2(SICy)2 (109). Ellipsoids have been drawn 

at the 50% probability level. Hydrogen atoms except those attached to C3 and C4 have 

been omitted for clarity. Selected bond lengths (Å): Ni1 – C1 = 1.9235(14); Ni1 – O1 = 

1.8762(11). Selected bond angles (°): C1 – Ni1 – O1 = 91.13(5). Further crystallographic 

details of compound 109 are presented in Appendix A. 

 

Scheme 3-12. Reaction of Ni[P(OPh)3]4 with SICy. 

 In addition to the complexes prepared from Ni[P(OPh)3]4 (103) and Ni[P(Oo-

tol)3]3 (104), attempts were made to use Ni[P(OEt)3]4 (102) as the precursor phosphite 

complex (Scheme 3-12). It was found that this starting complex was not converted to the 

desired Ni(NHC)[P(OEt)3]2 complexes with any of NHCs tested, likely due to the low 

level of dissociation of the triethylphosphite ligand. Alkyl phosphites bind much more 

strongly than aryl phosphites as is evidenced by their lower TEP values (2076.3 cm-1 for 

P(OEt)3 vs. 2085.3 cm-1 for P(OPh)3) and equilibrium constants.138,160 
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Scheme 3-12. Attempted synthesis of Ni(NHC)[P(OEt)3]2 complexes using Ni[P(OEt)3]4 

and a variety of NHCs. 

3.4 Substitution chemistry of three-coordinate nickel complexes 

 With this newly prepared class of nickel complexes (105, 106, 107 and 108) in 

hand, we proceeded to investigate the physical properties, stability, and reactivity of these 

species with the aim of better understanding what further chemistry could be possible. 

Three-coordinate complexes were initially subjected to reactions with a variety of 

reagents all containing functional groups that are known to coordinate to nickel centres. 

This would help us understand how easily these complexes lose a ligand and become 

further unsaturated, an integral step in catalysis. Extensive substitution studies of a single 

phosphine ligand in a three-coordinate Ni(NHC)(PPh3)2 complex have been conducted 

and found that successful ligand exchange reactions occurred with alkenes, alkynes, 

aldehydes and ketones.126 

 Nickel is well known to coordinate to π-donor ligands such as olefins and alkynes, 

at least when in the Ni(0) oxidation state. Initially, nickel complex 106 was treated with 

both styrene and phenylacetylene to test if such substitution reactions would occur. 

Unfortunately, neither of these reactions resulted in a new nickel complex under the 

conditions tested and only starting material was observed by NMR analysis (Scheme 3-

13).  
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Scheme 3-13. Attempts towards ligand substitution reactions with styrene and 

phenylacetylene. 

Fortuitously, nickel complex 106 did undergo a ligand exchange reaction of a 

phosphite upon treatment with 2.5 equivalents of benzonitrile (Scheme 3-14). 

Unfortunately, attempts at isolating a pure complex proved unsuccessful. However, NMR 

analysis of the reaction mixture during several reaction time points provided useful 

structural information. Immediately following the addition of benzonitrile, a resonance at 

149.8 ppm was observed in the 31P spectrum, in tandem with a resonance at 128.0 ppm 

assigned to free triphenylphosphite. These two signals integrated at a 1:1 ratio indicating 

the loss of a single phosphite, forming a complex likely similar in structure to complex 

113 with η1-coordination of the benzonitrile or 112 with η2-coordination of the 

benzonitrile. Unfortunately, a pure complex could not be isolated from this reaction 

mixture. Instead, an oil containing a mixture of nickel complexes, uncoordinated 

phosphite ligands and benzonitrile was obtained. 

Nevertheless, a downfield doublet in the 13C spectrum of this mixture was 

observed at 159.9 ppm, suggesting coordination of the nitrile in an η2-configuration, with 

an apparent 13C−31P coupling (J = 17.3 Hz) between the nitrile carbon and phosphite 

ligand. Such significant downfield shifts (Δ = 41 ppm compared to free benzonitrile) are 

expected and have been reported in other η2-bound benzonitrile nickel complexes, 

suggesting η2-bonding in our case.161–163 In addition to the doublet at 159.9 ppm a further 

downfield doublet at 226.5 ppm was also observed, attributed to the carbenic carbon, with 

a smaller coupling constant (J = 8.6 Hz) than in the starting complex 106. High conversion 
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of Ni(SIMes)[P(OPh)3]2 106 required extended reaction times of approximately four days 

at room temperature. Under more forcing conditions, 70 °C for one hour, a near complete 

conversion to the benzonitrile complex 112 or 113 could be achieved (Scheme 3-14). 

 

Scheme 3-14. Ligand substitution reaction of complex 106 with benzonitrile. 

 Treating complex 106 with 3,4,5-trifluorobenzaldehyde in THF led to the rapid 

colour change of the solution from red to bright yellow (Scheme 3-15). The resulting 

complex 114, again formed through phosphite ligand displacement, retained the original 

trigonal planar geometry. The X-ray crystal structure of complex 114 (Figure 3-18) 

revealed the expected η2-coordination of the aldehyde with elongation of the Ni-C1 bond 

from 1.918 Å to 1.927 Å and shortening of the Ni-P bond from 2.079 Å to 2.058 Å when 

compared to complex 106. The carbonyl C=O bond was found to be elongated 

considerably upon coordination to nickel, with a bond length of 1.330(2) Å compared to 

the standard length of 1.21 Å for an uncoordinated carbonyl C=O bond (1.205 Å for 

uncoordinated pentafluorobenzaldehyde),164 closer to that of a single C-O bond length 

(1.43 Å). As such, the bond length is consistent with a very similar nickel-aldehyde η2-

coordination complex,126 formed through a ligand substitution as well as an isolated 

reaction intermediate,165 in a nickel-catalysed alkene hydroacylation reaction. This 

elongation can be explained by strong back-donation from the nickel atom to the π* 

orbital of the C=O group.166 
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Scheme 3-15. Ligand substitution reaction of nickel complex 106 with 3,4,5-

trifluorobenzaldehyde. 

 

Figure 3-18. X-ray crystallographic structure of Ni(SIMes)[P(OPh)3](C6H2F3CHO) 

(114). Ellipsoids have been drawn at the 50% probability level. Hydrogen atoms except 

those attached to C13, C14 and C140 have been omitted for clarity. The asymmetric unit 

contains two independent molecules, only one is shown. Selected bond lengths (Å): Ni1 

– C11 = 1.9271(17); Ni1 – P1 = 2.0667(5); Ni1 – C140 = 1.9482(17); Ni1 – O14 = 

1.8730(12); O14 – C140 = 1.330(2). Selected bond angles (°): C11 – Ni1 – P1 = 

108.09(5); P1 – Ni1 – C140 = 106.57(5); O14 – Ni1 – C11 = 104.62(6). Further 

crystallographic details of compound 114 are presented in Appendix A. 

The 1H NMR spectrum of complex 114 revealed a typical resonance at 2.5 ppm 

corresponding to the IMes o-methyl groups. The signal was now split into two 

overlapping resonances and was broadened when compared to starting complex 106. This 

indicates that the two sets correspond to different environments of the methyl groups due 

to the unsymmetrical nature of this complex. Broadening may be explained by a restricted 

rotation of the NHC-Ni bond in the complex. The carbenic carbon was evident as a 

doublet at 222.7 (J = 4.6 Hz), like the benzonitrile complex 112, the coupling constant 

was much smaller than in the starting complex 106. The aldehydic proton resonance was 

observed as a doublet at 4.21 ppm (J = 8.0 Hz) consistent with other nickel aldehyde 
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complexes.126 The phosphite resonance in the 31P NMR spectra was shifted downfield 

considerably when compared to the starting Ni(SIMes)[P(OPh)3]2 106 complex, from 

121.6 to 141.3 ppm.  
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3.5 Conclusions and future directions 

In summary, four new NHC/phosphite nickel(0) three-coordinate complexes were 

synthesised, Ni(IMes)[P(OPh)3]2 (105), Ni(SIMes)[P(OPh)3]2 (106), Ni(IMes)[P(Oo-

tol)3]2 (107) and Ni(SIMes)[P(Oo-tol)3]2 (108). These complexes were obtained in 

moderate to good yields from simple homoleptic nickel phosphite precursors. X-ray 

crystallographic analysis showed that each complex displayed a trigonal planar structure 

with complexes 105 and 106 containing triphenylphosphite ligands being isostructural to 

each other as well as complexes 107 and 108 containing tri-o-tolylphosphite ligands being 

isostructural to each other. Unfortunately, these complexes were not stable to air and 

required storage in a glovebox, though they were found to be thermally stable when stored 

in an inert atmosphere. Ni(SIMes)[P(OPh)3]2 106 underwent ligand substitution reactions 

with benzonitrile, which was unable to be isolated, and an aldehyde to form the fully 

characterised, η2-coordinated aldehyde complex Ni(SIMes)[P(OPh)3](C6H2F3CHO) 

(114). 

Further work should be done towards exploiting the ability of nickel complex 106 

and presumably other complexes of this class to rapidly bind to aldehydes through an η2-

coordination mode, which has seen relatively few examples of its application in 

transition-metal catalysis. Lewis acidic metals generally bind via η1-coordination of the 

carbonyl oxygen which leads to enhanced electrophilicity of the carbonyl carbon, 

promoting the addition of nucleophiles at the carbon site.167 Conversely, with η2-

coordination both the carbonyl carbon and oxygen display nucleophilic reactivity with 

the contribution of a oxanickelacycle resonance form 116 (Scheme 3-16). These 

oxanickelacycles have been utilised as intermediates to form benzoxasiloles 119 (Scheme 

3-17),168 for the synthesis of five- and six-membered benzocyclic ketones 123 (Scheme 

3-18)165 and for the synthesis of six- and seven-membered benzocycloalkanols,169 among 

other applications.170–173 

 

Scheme 3-16. Resonance forms of η2-coordinated aldehyde and oxanickelacycle. 
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Scheme 3-17. Synthesis of benzoxasiloles via a three-membered oxanickelacycle 

intermediate.168 

 

Scheme 3-18.  Synthesis of benzocyclic ketones via an oxanickelacycle intermediate.165 
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CHAPTER 4 

Cross-Coupling reactions with 

Unsaturated Nickel(0) Catalysts  
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4.1 Introduction 

4.1.1  Cross-coupling reactions 

 Cross-coupling reactions comprise some of the most commonly used reactions in 

an organic chemist’s repertoire. Cross-coupling reactions cover a wide range of bond 

forming reactions including C-C, C-N, C-O, C-S, C-H bond formations with a huge 

variety of metal catalysts, electrophiles and nucleophiles. This overview will largely 

focus on the formation of new C-C bonds with cross-coupling methodologies. 

 The early history of coupling reactions was dominated by reactions which involve 

stoichiometric amounts of reagents and reactive substrates. One of the earliest examples 

was reported by Wurtz in 1855, with the homocoupling of alkyl halides 124 in the 

presence of stoichiometric sodium metal to produce simple linear alkyl chains (Scheme 

4-1).174 This work was later expanded by Fittig in 1862 to the homocoupling of aryl 

halides 91, under similar conditions, to produce biaryl species.175  

 

Scheme 4-1. Early coupling reactions of halides promoted with sodium.174,175 

 Concurrently with the development of these alkali metal promoted couplings was 

the development of copper-mediated coupling reactions (Scheme 4-2). Glaser 

demonstrated the oxidative coupling of alkynes via a copper acetylide intermediate 127 

to synthesise conjugated dialkynes 128.176 Ullmann developed what is now known as the 

“classic” Ullmann reaction which involves the copper promoted homocoupling of aryl 

halides to synthesize biaryls 130, only electron deficient halides were found to be reactive 

under these conditions.177 Both methods require the use of stoichiometric or excess 

copper for efficient coupling. 
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Scheme 4-2. Early examples of copper-mediated coupling reactions.176,177 

4.1.2 Transition metal-catalysed cross-coupling 

 A large step forward in coupling reactions was the application of transition metal-

catalysts, as opposed to using stoichiometric amounts of metals. Ullmann demonstrated 

in 1905 that catalytic amounts of copper were able to promote a C-O coupling reaction 

between phenols 46 and aryl halides 91 (Scheme 4-3).178  

 

Scheme 4-3. The first catalytic C-O cross-coupling reaction.178 

The first example of a catalytic C-C cross-coupling reaction was not reported until 

1924 when Job employed catalytic quantities of NiCl2 to synthesise carboxylic acids from 

phenylmagnesium bromide (132) and ethylene, in the presence of carbon dioxide 

(Scheme 4-4).179 

 

Scheme 4-4. The first catalytic C-C cross-coupling reaction.179 

Meerwein reported the first example of aryldiazonium salts as effective 

electrophilic coupling partners with olefinic sp2-hybridised carbons in the form of 

coumarins (136) and cinnamic acids (139) using a CuCl2 catalyst (Scheme 4-5).180 In 

1941, Kharasch reported the cobalt catalyzed coupling of aryl Grignard reagents with aryl 
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bromides and later, in 1943, alkenyl bromides.181,182 These few publications reported the 

earliest examples of catalytic C-C cross-coupling reactions as opposed to the previously 

reported homocoupling reactions and would heavily  influence later work in this field. 

 

Scheme 4-5. Early examples of C-C catalytic cross-coupling reactions.180–182 

The 1970’s culminated in a breakthrough period for research in cross-coupling 

reactions, particularly with the use of palladium catalysts, the utility of which was 

displayed earlier in the Wacker process in 1959, which used Na2PdCl4 for the oxidative 

conversion of ethylene to acetaldehyde.183 The first examples of Mizoroki-Heck, Corriu-

Kumada, Sonogashira, Negishi, Stille and Suzuki-Miyaura reactions were all published 

during this 10-year period. 

The Mizoroki-Heck reaction was the first to be developed, initially by Richard F. 

Heck, with the coupling of an arylmercuric chloride (143) with methyl acrylate in the 

presence of catalytic amounts of Li2PdCl4 (Scheme 4-6). Following this discovery, a 

further six articles were published displaying the reaction utility and substrate versatility 

of this reaction.184–190 It was later discovered independently by Mizoroki and Heck that 

organohalides (146) could be used in place of toxic organomercury compounds as 

coupling partners, inspired by the work of Fitton and co-workers, who importantly 

discovered the first oxidative addition product from the reaction of Pd(PPh3)4 with an aryl 

halide.191–194 
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Scheme 4-6. Landmark papers of the Mizoroki-Heck cross-coupling reaction.184–192 

 Corriu195 and Kumada196 both published coupling reactions involving 

organomagnesium coupling partners (149 and 151) and alkenyl and aryl halides with 

organonickel catalysts (Scheme 4-7). This was another big step forward in the formation 

of aryl-aryl bonds, as the use of an organomagnesium as the nucleophile provided further 

chemoselectivity, promoting the formation of cross-coupled products rather than 

homocoupled products as described earlier by Fittig.175 The use of a phosphine ligand 

(dppe = 1,2-Bis(diphenylphosphino)ethane) by Kumada to modulate the reactivity of 

nickel would also prove to be a defining feature of future research. 

 

Scheme 4-7. Development of the Corriu-Kumada cross-coupling reaction.195,196 

 Kenkichi Sonogashira developed the cross-coupling of an aryl halide with a 

terminal alkyne using a Pd(II)/Cu(I)  co-catalyst system to synthesise substituted alkynes 

(Scheme 4-8).197 This was an advancement on the previously reported Castro-Stephens 

coupling of alkynes which required stoichiometric copper for the formation of copper 

acetylides and harsh conditions which greatly limited substrate scope.198 The same year 
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Heck199 and Cassar200 reported similar alkynylation reactions that did not incorporate a 

copper co-catalyst, and thus required harsher conditions than those described by 

Sonogashira.  

 

Scheme 4-8. Coupling of an aryl iodide and alkyne catalysed by a palladium/copper 

system.197 

 Ei-ichi Negishi found an alternative nucleophile to the organomagnesium 

coupling partners used in the Corriu-Kumada coupling reaction with the development of 

organozinc reagents for C-C cross-coupling reactions (Scheme 4-9).201 These organozinc 

reagents (154) could be readily synthesised from their halide counterparts and were much 

more benign and functional group compatible than the Grignard equivalents allowing for 

a greater substrate scope. 

 

Scheme 4-9. Coupling of an organozinc with activated aryl iodides by Negishi et al.201 

 The Migita-Stille reaction was then developed, initially by Migita202 and 

expanded by Stille203 in subsequent publications (Scheme 4-10). The reaction 

demonstrated the use of another metal, in this case tin, as useful partners for cross-

coupling. Due to the toxicity of organotin reagents, this reaction has been largely replaced 

by the soon to be developed Suzuki-Miyaura cross-coupling reaction. 
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Scheme 4-10. Use of organostannanes as coupling partners in the Migita-Stille cross-

coupling reaction.202,203 

4.1.3  Early history of Suzuki-Miyaura cross-coupling 

The Suzuki-Miyaura cross-coupling reaction was first published by Akira Suzuki 

and Norio Miyaura in 1979. This first example of the reaction involved the cross-coupling 

of an alkenyl borane (162) with an aryl halide utilising a palladium catalyst (Scheme 4-

11).204 For this and subsequent work Akira Suzuki was awarded the Nobel Prize in 

Chemistry in 2010 along with Richard F. Heck and Ei-ichi Negishi for combined research 

in “palladium-catalyzed cross-couplings in organic synthesis”. 

 

Scheme 4-11. The initial Suzuki-Miyaura cross-coupling reaction.204 

The Suzuki-Miyaura cross-coupling displays several advantages over the 

previously described cross-coupling methods. Organoboron compounds are more air- and 

moisture-stable than organozinc, organotin and organomagnesium coupling partners, 

produce less toxic by-products that are easier to remove and also display better functional 

group tolerance.205  

Since this initial discovery, research on this coupling reaction has exploded, with 

new catalysts being developed, new, more diverse and challenging substrates being 

coupled, and reaction conditions being improved. In the time since its initial discovery, 

the reaction has also found widespread use in both research laboratories as well as the 

fine chemical and pharmaceutical industry where it has become the second most used 

reaction in medicinal chemistry, after amide formation.206,207 
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4.1.4  Mechanism of the Suzuki-Miyaura cross-coupling reaction 

 The mechanism of the Suzuki-Miyaura cross-coupling reaction follows the three-

stage process of oxidative addition, base-promoted transmetallation and finally reductive 

elimination, shown in Figure 4-1 with a generic Pd(0) catalyst. The first step in the 

catalytic cycle involves the oxidative addition of an electrophile, typically an aryl halide 

or pseudohalide, into the metal centre to form a Pd(II) species 166, typically with loss of 

a single ancillary ligand, dependent on the catalytically active species. This oxidised 

species then undergoes base-promoted transmetallation with the nucleophile, a base-

activated boronate species, to form the biaryl Pd(II) species 169, this step of the 

mechanism, while heavily researched, is far less understood than oxidative addition and 

reductive elimination and is likely to be highly dependent on the specific reaction 

conditions.208–213 Finally, this reductive elimination process provides the desired product 

and regenerate the active Pd(0) catalyst. This catalytic cycle or some variation of this 

mechanistic pathway has been found to be applicable to a great variety of catalysts, 

boronates and bases.  

 

Figure 4-1. Generalised catalytic cycle of palladium catalysed Suzuki-Miyaura cross-

coupling.  

4.1.5  Advances in electrophile scope with nickel catalysts 

When considering the Suzuki-Miyaura reaction, although palladium catalysts are 

used more extensively, nickel has recently had a resurgence due to a number of 
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advantages over palladium (discussed in further detail in Chapter 3). One pertinent 

advantage for cross-coupling is the ability for nickel to undergo oxidative addition with 

a greater variety of substrates and those which are normally considered inert. Whilst 

palladium has been shown to be a capable catalyst for the coupling of iodides, bromides, 

triflates and chlorides under relatively mild reaction conditions,214,215 the use of nickel 

catalysts has expanded this scope even further into a wider array of phenol derivatives, 

among others. These phenol derivatives are naturally abundant, non-toxic and can be 

efficiently prepared, making them particularly attractive coupling partners.216 

It has been known since the late 70s, in work by Swierczewski and co-workers, 

that nickel is able to activate C-O bonds.217 Nevertheless, it was not until 1995 that Percec 

and co-workers applied this C-O bond activation to a Suzuki-Miyaura reaction. In their 

example, the cross-coupling of aryl mesylates (171), among other sulfonates, were 

successfully coupled with arylboronic acids and provided the desired biaryl products 

(Scheme 4-12).218,219 Pd(II) catalysts were also explored in this publication providing 

early insight into the differences between nickel and palladium towards the coupling of 

sulfonates, it was observed that Ni(II) consistently gave much higher yields under milder 

conditions than the Pd(II) catalyst. The downside to this approach was the requirement of 

zinc to reduce the Ni(II) precatalyst to the active Ni(0) and the high loadings required of 

the nickel precatalyst. Monteiro and co-workers revisited this reaction and found that 

tosylates (174) were a good leaving group and could be coupled with low catalyst loading 

in good yields without the use of zinc, proposing the transmetallation and reductive 

elimination of a boronic acid provided the active Ni(0) catalyst.220  

 

Scheme 4-12. Initial Suzuki-Miyaura cross-coupling of sulfonates substrates.218–220 

Garg and Shi published the first examples of coupling aryl esters (175) using 

nickel catalysts (Scheme 4-13).221,222 Shi used the NiCl2(PCy3)2 catalyst and boroxines 
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and found that the addition of water was necessary to promote the reaction. Garg et al. 

also utilised the NiCl2(PCy3)2 catalyst with aryl pivalates and boronic acids. Interestingly, 

non-fused aryl species required higher catalyst loadings and additional equivalents of 

boronic acid.  

 

Scheme 4-13. Coupling of aryl esters with boronic acids or boroxines.221,222 

Garg and co-workers also published the first examples of Suzuki-Miyaura cross-

coupling with aryl carbamates, carbonates and sulfamates 175 (Scheme 4-14).223 

Although carbonates and carbamates were restricted to the more activated naphthalene 

substrates. Garg also demonstrated the synthesis of flurbiprofen using orthogonal cross-

couplings (Scheme 4-15), highlighting the benefit of having a variety of electrophiles 

each with varying reactivities. Snieckus and co-workers also provided conditions for the 

coupling of carbamates 178 with a mixture of boronic acid and boroxine (Scheme 4-14) 

and highlighted that this protocol was not limited to naphthalene substrates.224  
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Scheme 4-14. Coupling of carbonates, carbamates and sulfamates.223,224 

 

Scheme 4-15. Orthogonal cross-coupling steps in the synthesis of flurbiprofen.223 

Chatani and co-workers were the first to transfer this reactivity to the Suzuki-

Miyaura cross-coupling reaction in the form of coupling aryl ethers (183) (specifically, 

OMe) with boronic esters (Scheme 4-16).225 Previous to this discovery C-O bond 

activation of ethers had only been achieved with the Kumada cross-coupling reaction. 

Chatani’s initial work was limited by what is now termed the “naphthalene problem”, in 

that the coupling is limited to naphthalene substrates. Subsequent publications have 

reported nickel systems which are able to couple a wider variety of aryl ethers. NHC 

ligands have played an important role in solving the so-called “naphthalene problem”. 

Chatani later revisited this reaction and found that the use of an NHC, 1,3-

dicyclohexylimidazole-2-ylidene (ICy), allowed for coupling of non-naphthalene 

substrates (186) that were unreactive with the previously reported Ni/PCy3 system.226 

 

Scheme 4-16. Coupling of aryl ethers with boronic esters.225,226 

Although fluoride is considered a halide, when combined as a substrate as in aryl 

fluorides, their reactivity is vastly different to aryl chlorides, bromides and iodides. This 

difference in reactivity can be attributed to the particularly strong C-F bond. Because of 

this difficulty in activation of the C-F bond, limited examples have been reported and 

these examples generally have poor substrate scope. The first of these nickel catalyzed 
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Suzuki-Miyaura cross-coupling of aryl fluorides with boronic acids was reported by 

Radius in 2006, where only highly electron deficient substrates such as polyfluorinated 

derivatives (187) were able to be coupled with a Ni-NHC catalyst (Scheme 4-17).227 

Radius later expanded this work to include a variety of boronic esters.228 This approach 

was later improved by the Chatani group, which were able to couple simpler aryl fluorides 

(189) bearing one or more electron-withdrawing groups, such as ketones and esters.229 

 

Scheme 4-17. Suzuki-Miyaura cross-coupling of aryl-fluorides.227,229 

Studies have been conducted exploring the reactivity of different electrophiles 

towards oxidative addition. Schoenebeck and co-workers conducted a computational 

study to identify suitable leaving groups for a trifluoromethylthiolation reaction.230 They 

found that the activation barrier for oxidative addition increases on the order of triflates, 

mesylates, tosylates, esters and ethers (ΔG of 14.4, 24.5, 24.9, 29.8 and 45.5 kcal/mol 

respectively).  An in-depth study has also been experimentally conducted by Nelson and 

co-workers into the oxidative addition of electrophiles, including halides and 

pseudohalides, into a representative Ni(0) complex, Ni(COD)(dppf) (Figure 4-2).231 The 

following trend was observed in terms of rate of oxidative addition of the substrate. 

Iodides, bromides, and chlorides undergo oxidative addition the most rapidly, followed 

by the phenol derivatives; tosylates, carbonates, triflates, carbamates, sulfonamides, 

esters, ethers and finally fluorides as the least reactive substrates towards oxidative 

addition.  



85 

 

 

Figure 4-2. Electrophiles for cross-coupling ranked by rate of oxidative addition into a 

Ni(0) complex.231 

Further computational studies of nickel catalysed Suzuki-Miyaura cross-coupling 

reactions of these phenol derived substrates have found that for the coupling of aryl esters, 

sulfamates and carbamates, transmetallation has the highest activation barrier and is 

therefore the rate determining step in the catalytic cycle.232,233 
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4.2  Project aims 

 Nickel is not only a cheap alternative to palladium for use in catalysis but also 

displays unique properties which allows for transformations not yet possible with 

palladium catalysts. One such property is nickel’s ability to activate C-O bonds which 

allows for the coupling of phenol derivatives which are more desirable substrates in some 

circumstances than traditional halides. 

The aim of this project was to utilise the coordinatively unsaturated 

NHC/phosphite nickel(0) complexes described in Chapter 3 to cross-coupling reactions 

and in doing so, better understand the reactivity of these novel three-coordinate 

complexes which, as a class of catalyst, had not yet been applied to the Suzuki-Miyaura 

cross-coupling reaction. If catalytically successful, a further aim was to investigate the 

mechanistic features of these complexes by the isolation of reaction intermediates. 

  



87 

 

4.3 Suzuki-Miyaura cross-coupling with unsaturated Ni(0) complexes 

Results presented in this section were published in the journal ‘Organometallics’ in 2019, 

and co-authored by the candidate.155 

4.3.1 Initial catalytic testing 

The new NHC/phosphite nickel complexes described in the previous chapter were 

subjected to a series of different reaction types to determine possible catalytic 

applications.  

Initially, a C-N coupling (Buchwald-Hartwig amination) was tested as our group 

had great success with this coupling with previous nickel phosphite/phosphine catalysts 

(Scheme 4-18).41,43 Both of the different phosphite/SIMes complexes 106 and 107 were 

tested with conditions adapted from previous group work. Unfortunately, none of these 

reaction attempts provided any product according to NMR analysis of the crude reaction 

mixture.  

 

Scheme 4-18. Attempts towards C-N coupling with Ni(SIMes)(phosphite) complexes 

106 or 107. 

Mizoroki-Heck cross-coupling was also attempted with butyl acrylate (194) and 

styrene (142) coupling partners, two common substrates for this reaction (Scheme 4-19), 

unfortunately again none of the cinnamate or stilbene products, 195 and 147, were 

observed from NMR analysis of crude reaction mixtures. 



88 

 

 

Scheme 4-19. Attempts towards Mizoroki-Heck cross-coupling reactions with 

Ni(SIMes)[P(OPh)3]2 (106). 

4.3.2 Exploration of Suzuki-Miyaura leaving groups 

Initially, Ni(SIMes)[P(OPh)3]2 (106) was surveyed with various aryl-based 

substrates bearing an array of leaving groups  as electrophiles for a Suzuki-Miyaura cross-

coupling reaction (Table 4-1). The simple and commonly used 4-methoxyphenylboronic 

acid (197) was used as the nucleophile in this model reaction. Under relatively mild 

conditions Ni(SIMes)[P(OPh)3]2 (106), with K3PO4 (3 equivalents) as a base in THF at 

70 °C,234,235 was able to couple the aryl chloride (Entry 2) and tosylate (Entry 3) coupling 

partners exceptionally well, both providing the desired biaryl products in >99% yield. 

Unfortunately, other less traditional and more challenging pseudohalides,232 sulfonamide 

and t-butylcarbonate substrates were not compatible under these conditions (Entries 4 

and 5). Interestingly, using bromobenzene as the substrate resulted in slightly lower yields 

(70%) of the biaryl product (Entry 1), an observation also seen in corresponding Suzuki-

Miyaura reactions by Fu et al.215 This result suggests that the reaction is not limited by 

the rate of oxidative addition, instead being limited by a different step in the catalytic 

cycle. For the broader substrate and coupling partner methodological studies, aryl 

tosylates were employed as they provided good yields in the leaving group scope and are 

attractive substrates that can be readily prepared from commercially available phenols.  
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Table 4-1. Scope of the leaving group in the Suzuki-Miyaura cross-coupling reaction 

with 4-methoxyphenylboronic acid (197)[a] 

 

Entry X Yield (%)[b] 

1 Br 70 

2 Cl >99 

3 OTs >99 

4 OSO2NMe2 2 

5 OCO2
tBu 0 

[a]All reactions were conducted on a 0.25 mmol scale using 1.5 equivalents of 4-methoxyphenylboronic 

acid (197). [b]Isolated yields. 

4.3.3  Optimisation of the Suzuki-Miyaura with aryl tosylate 

Given this early successful Suzuki-Miyaura coupling, a small optimization study 

was conducted utilising phenyltosylate (199) and 4-methoxyphenylboronic acid (197) as 

the model substrates in the reaction (Table 4-2). Conducting the reaction at room 

temperature had a deleterious effect on the reaction outcome, lowering the yield to a poor 

26% after 18 hours (Entry 2). Lowering catalyst loading to 2 mol% still provided 

reasonable yields, when the reaction was heated to reflux in toluene (89% yield, Entry 

4). The reaction also could be conducted in both the green solvent 2-MeTHF236 and 1,4-

dioxane with good to excellent yields. The reactivity of Ni(SIMes)[P(OPh)3]2 (106) was 

further examined by lowering the stoichiometry of the coupling partner or the base 

additive (Entries 9 and 10). Gratifyingly, both these modifications resulted in only 

slightly reduced reaction yields. Nickel NHC-phosphite complexes 105, 107 and 108 also 

performed well under the optimum conditions with Ni(SIMes)[P(Oo-tol)3]2  being equally 

as effective as Ni(SIMes)[P(OPh)3]2. These conditions were also tested with 

Ni(dppf)[P(OPh)3]2 and Ni(binap)[P(OPh)3]2 (Entries 14 and 15), catalysts previously 

developed within the group for C-N coupling and  Mizoroki-Heck coupling.41,42 

Interestingly, both of these catalysts gave poor yields, indicating the importance of the σ-

donating NHC ligand for effective Suzuki-Miyaura cross-coupling. 
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Table 4-2. Optimization of conditions and catalyst screening[a] 

 

Entry Deviation from above Yield (%)[b] 

1 None >99 

2 25 °C 26 

3 2 mol% 70 

4 Toluene, 2 mol%, 110 °C 89 

5 2-MeTHF, 5 mol% 94 

6 1,4-dioxane, 5 mol%, 110 °C 99 

7 1,4-dioxane, 2 mol%, 110 °C 60 

9 RB(OH)2 (1.1 eq) 79 

10 K3PO4 (1.5 eq) 90 

11 Ni(IMes)[P(OPh)3]2 (105) 89 

12 Ni(SIMes)[P(Oo-tol)3]2 (107) 99 

13 Ni(IMes)[P(Oo-tol)3]2 (108) 88 

14 Ni(dppf)[P(OPh)3]2 44 

15 Ni(binap)[P(OPh)3]2 33 
[a]All reactions were conducted on a 0.25 mmol scale using 1.5 equivalents of 4-methoxyphenylboronic 

acid (197). [b]Isolated yields. 

4.3.4  Scope of the aryl tosylate coupling partners using nickel complex 106 

A series of aryl tosylates were synthesised by simply treating the equivalent 

phenol with p-toluenesulfonyl chloride in DCM/NEt3 according to an established 

literature procedure.237 These synthesised substrates were then subjected to the optimised 

conditions to determine the scope of the tosylate partners (Table 4-3).  

Reactions with aryl tosylate substrates bearing electron-donating groups, such as 

toluene derived substrates performed well (202, 203 and 204), and resulted in yields of 

84-93%, even when the methyl substituent was in the sterically encumbered ortho-

position. However, when both ortho-positions were substituted, in the case of the 2,6-

dimethoxy substrate (205), a considerable drop in yield to 20% was observed. This is not 

uncommon with di-ortho-substituted substrates and nickel.238,239 Although, a number of 

palladium systems have been developed that are able to overcome the challenges of 

coupling highly sterically encumbered substrates.240,241 The electron-rich anisole derived 

aryl tosylate afforded the biaryl 198 in a good yield of 72%. Aryl tosylates containing an 

electron-withdrawing substituent also resulted in good to excellent yields of the biaryl 

products including the carbonyl containing aryl tosylates affording biaryls 208 and 210. 

Aldehyde 109 was produced in moderate yields (~75% conversion by NMR analysis of 

the crude mixture) according to analysis of the crude reaction mixture, but unfortunately 

decomposed during the purification process on silica gel. It is possible that the lower yield 
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in this case arises from unwanted interactions with the nickel complex during catalysis as 

seen in nickel aldehyde complex 114, which has been observed in other nickel catalyst 

systems.242 The para-substituted fluorinated aryl tosylate also coupled efficiently under 

these conditions (leading to 206) with no coupling from the activation of the C-F bond 

was observed. The p-nitrile compound was perfectly amenable to our cross-coupling 

protocol using both tosyl- or chloro-substituted species to afford 207. Unfortunately, 

nitro-, amide- and quinoline-derived substrates did not result in appreciable formation of 

the coupled products (156, 211 and 212). The nitrogen functionality of each of these 

substrates could possibly be acting as a Lewis base and ligate with nickel, preventing 

successful coupling through poisoning of the catalyst. The difficulties in coupling nitro-

containing substrates with nickel catalysts is well reported in the literature, commonly 

attributed to the formation of stable nickel nitro complexes.41,243–247  

Table 4-3. Scope of the tosylate coupling partner with phenylboronic acid (200)[a]   

 

 
[a]All reactions were conducted on a 0.25 mmol reaction scale using 1.5 equivalents of boronic acid coupling 

partner. Isolated yields are indicated. 
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4.3.5  Scope of the boronic acid coupling partners using nickel complex 106 

After establishing the scope of tosylates, a range of aryl and heterocyclic boronic 

acids was investigated (Table 4-4). Reactions involving electron-rich para-substituted 

boronic acids afforded their corresponding biaryl products 202, 203 and 204 in good to 

excellent yields. The electron-poor trifluoromethyl boronic acid was also coupled 

effectively (leading to 213). Importantly, the heterocyclic coupling partners, thiophenyl 

and furanyl boronic acids readily underwent coupling under our conditions resulting in 

moderate to excellent yields (producing 214, 215 and 216). Unfortunately, 3-

cyanophenylboronic acid only resulted in trace amount of the desired biaryl product 218. 

The larger naphthalene coupling partner was successful, providing the corresponding 1-

phenylnaphthalene (219) in 80% yield. Amine substrates, including the pyridine 

heterocycle (217), were again problematic as observed in the scope of aryl tosylates, even 

when this functionality was protected to reduce the ligating ability of the nitrogen lone 

pair (220 and 211). Cylcohexylboronic acid was not tolerated with these conditions. The 

indole- and isoxazole-based boronic acids (222 and 224) were also found to be 

incompatible coupling partners, again possibly due to the presence of the nitrogen atom. 
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Table 4-4. Scope of the boronic acid coupling partner with phenyltosylate (199)[a] 

 

 
[a] All reactions were conducted on a 0.25 mmol reaction scale using 1.5 equivalents of boronic acid 

coupling partner. Isolated yields are indicated.  
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4.4 Kinetic and mechanistic studies 

4.4.1  Kinetic studies of the Suzuki-Miyaura cross-coupling reaction 

NMR studies were conducted to compare the kinetics of each of these catalysts 

(105 – 108) and to better elucidate a ligand/reactivity relationship beyond simple reaction 

yields. Reactions were conducted on a 0.25 mmol scale in an NMR tube sealed with a 

rubber septum. It should be noted that for this investigation, the reaction conditions were 

slightly different to those presented in the methodology tables, namely that 1,4-dioxane 

was used in place of THF as the solvent so that a temperature of 70 °C could be achieved 

without causing the solvent to reflux inside the NMR tube environment. Additionally, it 

was thought that the lack of stirring in this setting and the use of an insoluble base, K3PO4, 

could be expected to have a limiting effect on the observed yields when compared to a 

standard reaction with stirring. With these noted changes, each of the catalysts were 

trialled under identical conditions to note differences in reactivity. 

Catalyst kinetics were explored by monitoring the reaction between  

4-fluorophenyltosylate (225) and phenylboronic acid (200) via 19F NMR (Figure 4-3). 

Monitoring the integration of the 19F nuclei of product 206 at -116.4 ppm and comparing 

to the integration of the 4-fluorophenyltosylate (225) resonance at -115.7 ppm provided 

information for a precise reaction curve. The plot showing the conversion over time 

(Figure 4-3, top) indicates that each of these complexes have a short induction period. 

This induction period is possibly the time needed for the precatalyst to lose one of its 

phosphite ligands and form the presumed catalytically active species 

Ni(NHC)(phosphite) before oxidative addition. Not surprisingly then, complexes 107 and 

108, that contain the sterically more encumbered, and more labile, tri-o-tolylphosphite 

ligand had the fastest initial reaction rate with kobs of 28.2 (x10-2) min-1 and 15.7 (x10-2) 

min-1, respectively. Complexes 105 and 106 containing the simpler triphenylphosphite 

were found to be slower with kobs of 8.9 (x10-2) min-1 and 3.4 (x10-2) min-1, respectively.  

TOF50 (turnover frequency) values for complexes 106, 105, 107 and 108 were 

calculated to be 50.4 h-1, 46.8 h-1, 133.2 h-1 and 255.6 h-1 respectively (Table 4-5). 

Ni(SIMes)[P(OPh)3]2 106 was found to give the highest reaction conversion (90%), while 

the other three complexes achieved conversions between 60 and 75%. These differences 

in conversion are likely due to catalyst decomposition and nickel complexes featuring the 

saturated SIMes ligand (106 and 107) seem less prone to decomposition than their IMes 

counterparts (105 and 108), possibly due to the more donating nature of IMes,248 at the 

same time displaying slower initial reaction rates.  
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The addition of 5 mol% of P(OPh)3 was also investigated in the case of 

Ni(SIMes)[P(OPh)3]2 (106) (5 mol%). It was found that excess phosphite ligand greatly 

reduced reaction rates, indicating that phosphite dissociation is an integral step in the 

catalytic cycle and that re-association of this ligand could be in competition with oxidative 

addition process. 

 

 

Figure 4-3. Top: Reaction conversion over time for complexes 105-108. Bottom: 

Natural log of starting material concentration t time t0 over starting material concentration 

at tx for complex 105-108. 
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Table 4-5. Tabulated summary of results from kinetic experiments 

Complex kobs (x10-2) min-1
 TOF50 h

-1 Yield % 

Ni(IMes)[P(OPh)3]2 (105) 8.9 46.8 75 

Ni(SIMes)[P(OPh)3]2 (106) 3.4 50.4 90 

Ni(SIMes)[P(Oo-tol)3]2 (107) 15.7 133.2 65 

Ni(IMes)[P(Oo-tol)3]2 (108) 28.2 255.6 60 

 

4.4.2  Isolation of a potential reaction intermediate  

Further NMR studies were conducted to understand the catalytic cycle of this 

reaction and potentially elucidate the structure of the complex formed upon oxidative 

addition. According to analysis of the 31P NMR spectrum, no new product was formed 

from a reaction of Ni(SIMes)[P(OPh)3]2 (106) in C6D6 with chlorobenzene or phenyl 

tosylate at room temperature, even after extended reaction times. Previous work 

investigating the oxidative addition with a Ni(R-BINAP)(COD) catalyst, conducted by 

Hartwig et al., suggested that a benzonitrile substituted substrate is able to provide the 

oxidative addition complex when other substrates failed. This is achieved via the 

formation of an ƞ2-bound nitrile intermediate prior to the oxidative addition pathway.249 

Pleasingly, stirring 4-chlorobenzonitrile with Ni(SIMes)[P(OPh)3]2 (106) provided new 

resonances in the 31P NMR with a major signal at 150.4 ppm and a minor signal at 95.1 

ppm after two hours at room temperature. Given our results on substitution reactions with 

benzonitrile (cf. complex 112 or 113), it was deduced that the signal at 150.4 ppm was 

likely the nitrile coordinated complex similar to that observed by Hartwig et al., 

suggesting that the signal at 95.1 ppm could possibly correspond to the oxidative addition 

product 226. Heating this solution at 70 °C in benzene indeed proved to yield near 

complete conversion of complex 106 to this new complex (31P NMR at 95.1 ppm) within 

one hour (Scheme 4-20). Recrystallization of the reaction mixture with DCM/pentane at 

-30 °C provided pale yellow crystals of oxidative addition complex 226 in 59% yield. 

 

Scheme 4-20. Oxidative addition of 4-chlorobenzonitrile with complex 106. 
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 Further NMR analysis of the isolated complex provided more evidence 

confirming the formation of an oxidative addition complex, with coordination of both the 

aryl and halide ligands, rather than simple ligand exchange and ƞ2-bonding of the nitrile 

as previously seen in chapter 3. Notably, the 1H NMR resonances corresponding to the 

NHC backbone were split into two separate triplets (J = 9.5 and 9.6 Hz), indicating the 

unsymmetrical nature of the new complex. The o-methyl signals of the N-aryl substituents 

were also now inequivalent and observed as two separate singlets integrating to six 

protons each. The 31P NMR resonance is considerably shifted upfield from the starting 

complex 106 (121.6 ppm) to 95.1 ppm. The triplet assigned to the carbenic carbon in the 

13C NMR spectra in the starting complex 106 (222.2 ppm) was now observed as a doublet 

at 206.3 ppm with a large coupling constant (JCP = 151.9 Hz), suggesting a trans 

arrangement of the NHC and phosphite ligand rather than cis which would display a 

smaller coupling constant.250 A doublet at ~160 ppm with a smaller coupling constant 

(JCP = 45.6 Hz) was assigned to the ipso-carbon of the aryl ligand, suggesting it is cis to 

the phosphite.  

To unequivocally assign the structure of complex 226, X-ray quality crystals were 

obtained via slow diffusion of pentane into a concentrated solution of 226 in DCM 

(Figure 4-4). As expected with a Ni(II) species, complex 226 was found to have a square 

planar geometry with the aryl ligand trans to the halide ligand, consistent with the NMR 

analysis. Complexes similar to 226, formed via oxidative addition of an aryl halide into a 

Ni(0) or transmetallation of a Grignard reagent into Ni(II), have found increasing use as 

air-stable Ni(II) precatalysts.119,249,251–253 The Ni–Cll bond length of 2.2114(7) Å is 

consistent with Ni-Cl distances observed in other Ni(II) trans-complexes.119 The nickel 

carbene bond distance of 1.934(2) Å was also found to be similar to another Ni(II) 

complex consisting of an IPr ligand and a branched phosphite.254 The Ni-P bond length 

was elongated when compared to starting complex 106. The bond angles between the 

ligands only deviated by 5° from the ideal square planar angle of 90°. The saturated NHC 

backbone became flat with a minimal 1.1° torsion angle (N2–C3–C4–N5). 
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Figure 4-4. X-ray crystallographic structure of NiCl(C6H4CN)(SIMes)[P(OPh)3] (226) 

CCDC 1958531. Ellipsoids are presented at 50% probability. Hydrogen atoms except 

those attached to C3 and C4 have been omitted for clarity. Selected bond lengths (Å): Ni1 

– C1 = 1.934(2); Ni1 – P1 = 2.1479(7); Ni1 – Cl1 = 2.2114(7); Ni1 – C104 = 1.898(3). 

Selected bond angles (°): C1 – Ni1 – C104 = 94.05(10); C104 – Ni1 – P1 = 85.76(8); P1 

– Ni1 – Cl1 = 92.95(3); Cl1 – Ni1 – C1 = 88.40(8); C1 – Ni1 – P1 = 177.82(8); C104 – 

Ni1 – Cl1 = 174.57(8). Further crystallographic details of compound 226 are presented 

in Appendix A. 

The effect of the nitrile group in facilitating the formation of an oxidative addition 

complex was also observed when complex 106 was treated with 4-

trifluoromethylchlorobenzene and a catalytic amount of benzonitrile (Scheme 4-21). This 

reaction produced the oxidative addition complex 227 in good conversion while the same 

result was not observed without the addition of benzonitrile. A full NMR analysis of the 

isolated Ni(II) complex 227 displayed similar characteristics to complex 226. The 

carbenic carbon was observed as a doublet at 205.8 ppm, again with a large coupling 

constant (J = 151.7 Hz) suggesting trans-configuration of the NHC and phosphite ligands. 

A doublet at 154.8 ppm with a smaller coupling constant (J = 45.8 Hz) was assigned to 

the ipso-carbon of the aryl group, this smaller coupling constant suggesting cis 

configuration to the phosphite. The phosphite ligand was observed at 95.6 ppm in the 31P 

NMR, consistent with complex 226. 
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Scheme 4-21. Oxidative addition of 4-trifluoromethylchlorobenzene catalysed with 

benzonitrile. 
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4.5 Conclusions and future directions 

The research reported in this chapter explored the catalytic application of four new 

nickel(0) NHC/phosphite complexes, Ni(IMes)[P(OPh)3]2 (105), Ni(SIMes)[P(OPh)3]2 

(106), Ni(SIMes)[P(Oo-tol)3]2 (107) and Ni(IMes)[P(Oo-tol)3]2 (108). Several reactions 

were trialled, and it was discovered that all four of the complexes were able to effectively 

catalyse a Suzuki-Miyaura cross-coupling of aryl halides and aryl tosylates with 

arylboronic acids and heterocyclic boronic acids. This study includes a methodological 

investigation of a range of aryl tosylates and aryl boronic acids with the most effective 

catalyst, Ni(SIMes)[P(OPh)3]2 (106). The study revealed both electron-withdrawing and 

electron-donating substrates and some heterocyclic boronic acids could be successfully 

coupled with this catalyst. Amine containing compounds proved to be problematic, likely 

due to unproductive coordination of the substrates to the catalyst. Each catalyst was 

applied in a model reaction with a fluorine containing substrate to determine reaction 

kinetics using 19F NMR, it was found that the tri-o-tolylphosphite containing catalysts 

107 and 108 displayed the fastest initial reaction rates while leading to lower yields, 

possibly due to instability of these complexes resulting in decomposition before 

completion of the reaction. Some aspects of the reaction mechanism were elucidated by 

isolation and characterisation of oxidative addition intermediates 226 and 227, these 

results suggested the formation of a four-coordinate intermediate with loss of a phosphite 

ligand occurring in conjunction with oxidative addition of a substrate. The development 

of these new catalysts represents a significant improvement on previous Stewart group 

catalysts towards C-C cross-coupling reactions. 

Further work should be done investigating the exact cause of the inability for these 

catalysts to couple nitrogen-containing substrates. Nitrogen-containing functional groups 

are frequently present in medicinal chemistry compounds and natural products,255 so it is 

particularly important to develop methods that are tolerable of substrates containing these 

groups. Understanding why these substrates were not able to couple could inform how to 

better design a new generation of this class of catalysts that allow for a greater substrate 

scope.  

Interestingly, it was found in the early stages of catalytic testing that complex 106 

was able to catalyse an acyl Suzuki-Miyaura cross-coupling of aryl ester 228 with 4-

methoxyphenylboronic acid (197) (Scheme 4-22), although in poor yield. Surprisingly, 

no other side-products were observed from addition into other bonds of the aryl ester 
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substrate. At this early stage, this result was not pursued further due to the success of the 

standard Suzuki-Miyaura cross-coupling reaction and establishing reaction scope. 

 

Scheme 4-22. Acyl Suzuki-Miyaura cross-coupling of an aryl ester with complex 106. 

Acyl electrophiles have been researched fairly extensively for their applications 

in Suzuki-Miyaura cross-coupling reactions.256 Electrophiles such as acyl chlorides257–260 

and fluorides,261 anhydrides,262–264 and carboxylic acids,265–270 have been shown to 

undergo the acyl Suzuki-Miyaura cross-coupling reaction to form ketones. In spite of this, 

there are very limited examples of couplings of this type with aryl esters, the first of which 

was only reported in 2017 with a palladium catalyst (Scheme 4-23).271 Since then, a 

number of other palladium catalysed acyl Suzuki-Miyaura cross-couplings have also been 

reported.272–277 More recently in 2018, this reaction was shown to be catalysed with a 

nickel catalyst where it was observed that the choice of ligand, either a mondentate (PCy3) 

or bidentate phosphine (dcype, 1,2-bis(dicyclohexylphosphino)ethane), determined metal 

bond insertion into the aryl ester C(aryl)-C bond or C(acyl)-O bond and hence the product 

of the reaction (Scheme 4-24).278 Traditionally, with aryl esters nickel will insert into a 

C(aryl)-O bond leading to loss of the carbonyl functionality. This contrasts with the lesser 

known C(acyl)-O cleavage leading to retention of the carbonyl functionality in the 

products (Figure 4-5). Further work could be done on the optimisation of this reaction 

and would be a worthwhile exploration. 

 

Scheme 4-23. Synthesis of ketones via acyl Suzuki-Miyaura cross-coupling of aryl 

esters.271 
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Scheme 4-24. Divergent acyl coupling with nickel catalyst.278 

 

Figure 4-5. Possible sites of insertion and coupling with an aryl ester leading to simple 

biaryl or ketone products. 
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CHAPTER 5 

Synthesis of Nickel(II) NHC/Phosphite 

Complexes 
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5.1  Introduction 

5.1.1  Nickel(II) vs. Nickel(0) 

As previously discussed in Chapters 3 and 4, recent research emphasises an 

increasing interest in developing catalysts from earth abundant metals, such as nickel, as 

economical and sustainable alternatives to expensive precious metals like palladium. 

Nickel is not only economically preferable to palladium; it also possesses unique 

properties that make it particularly desirable in some catalytic applications and unique 

catalytic steps.279 Furthermore, due to its versatility in the catalysis of organic 

transformations useful to industry, a variety of nickel catalysts and precatalysts have been 

made commercially available, most commonly in the Ni(0) and Ni(II) oxidation states. 

In general, the consensus is that low valent nickel(0) species often are the active 

catalytic species, especially in nickel catalysed cross-coupling reactions and other 

reactions that begin with oxidative addition of a substrate. For this reason, nickel(0) 

complexes are routinely applied as they are already in the desired oxidation state and thus 

do not require a pre-catalytic reduction step for activation. Ni(COD)2 is one such example 

of a popular nickel(0) complex used as a precatalyst, where the COD ligands can readily 

dissociate and be exchanged for more strongly electron donating ligands or undergo direct 

reaction with a substrate.280–283 Despite this benefit, Ni(COD)2 has some major 

disadvantages: It is expensive, difficult to prepare,* possesses poor air-stability requiring 

glovebox storage and COD ligands have been found to participate in unwanted side-

reactions.252   

Due to the inherent instability of most nickel(0) species to oxygen and water, the 

development and use of more accessible and practical nickel(II) complexes as 

precatalysts has recently been an attractive alternative that has become a growing area of 

research. While these nickel(II) complexes are able to provide an air-stable alternative to 

nickel(0), they may require reduction to the zero oxidation state to form the active 

catalyst. This reduction or “activation” of a nickel(II) precatalyst to an active nickel(0) 

catalyst is an important consideration when designing nickel(II) complexes for their 

desired applications.  

 
* Ni(COD)2 has conventionally been prepared by reducing a Ni(II) salt, Ni(acac)2, in the presence of COD 

ligands. The reduction is typically conducted using harsh reductants such as DIBAL-H,385 Et3Al386,387 or 

sodium,388 recently the Murakami group has reported a much more convenient preparation using light.389 
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5.1.2  Activation of nickel(II) precatalysts 

 The activation of a nickel(II) precatalyst via reduction to the active nickel(0) form 

has been achieved through a variety of methods.252,284 There are four common methods 

generally used to achieve this.  

1. Addition of an exogenous reductant in the form of low valent metals such as zinc, 

magnesium, or manganese to the reaction mixture has proven to be effective.218,245,285 

Nevertheless, the use of these metal reductants is generally undesirable due to their high 

reactivity with certain functional groups leading to problems with substrate scope.  

2. Addition of an organometallic reagent such as AlMe3, n-BuLi, MeMgBr or Et2Zn to the 

reaction mixture.286–291 These organometallics activate nickel(II) by undergoing 

transmetallation and reductive elimination or β-hydride elimination to yield alkanes or 

alkenes and the active nickel(0) species. These reagents are strong bases or nucleophiles 

and can therefore readily participate in side-reactions, again limiting substrate scope in 

catalysis.  

3. Addition of hydride donors such as MeOH, iPrOH, DIBAL-H, NaH or silanes whereby 

a nickel hydride species is formed and eliminates hydrogen to yield nickel(0).292–294 The 

introduction of these hydride donors may lead to the formation of unwanted reduced 

products. 

4. Consumption of an organometallic reagent already present in the reaction, for example 

the nucleophilic transmetallation partner in a cross-coupling reaction, starting the 

catalytic cycle at the transmetallation step.196  

The method required for the activation of the nickel(II) precatalyst can have a major effect 

on the applicability of the catalyst and can be a significant determining factor on reaction 

conditions. Thus, it is important to design complexes that ideally are activated under mild 

conditions to have good functional group tolerance and to facilitate activity over a wide 

range of reactions.  

5.1.3  Nickel(II) precatalysts  

 A multitude of different nickel(II) precatalysts have been reported in the literature. 

This introduction section is by no means exhaustive but instead will focus on three 

different classes of precatalysts as they are highly relevant to the research contained 

within Chapter 5.  The nickel(II) precatalysts discussed in this section will be separated 

into three categories, NiX2Ln, NiX(Ar)Ln and NiX(allyl)Ln (where L is any type of 

ancillary ligand and X denotes a halide), according to their structure.295  
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5.1.4  Nickel(II) precatalysts: NiX2Ln 

The most common examples of NiX2Ln type complexes present in the literature  

are nickel phosphine dihalides containing different mono- and bis-phosphine ligands such 

as NiCl2(PPh3)2,
296,297 NiCl2(PCy3)2,

220 NiCl2(dppe),298 and NiCl2(dppf)286 (Figure 5-1). 

These complexes generally display good air-stability and can be prepared in excellent 

yields by simply treating inexpensive NiCl2 salts with the desired ligand in an ethanol 

solution (Scheme 5-1).299,300 While these complexes are air-stable, when used as catalysts 

they can, in some cases, require harsh conditions, such as high temperatures or the 

addition of extra or excess reagents to activate to their nickel(0) form.  

 

Figure 5-1. Common examples of NiX2Ln complexes with phosphine ligands. 

 

 

Scheme 5-1. Synthesis of NiCl2Ln complexes with phosphines from a simple nickel 

precursor.300 

Early examples of catalytic applications of NiX2Ln type complexes were their 

application in the Kumada-Corriu reaction (Scheme 5-2).196,301 Due to the reactive nature 

of the nucleophiles in this reaction, the nickel(II) precatalyst can be activated under mild 

reaction conditions without the need for exogenous reductants, instead activating through 

transmetallation of the Grignard reagent.  

 

Scheme 5-2. Early catalytic applications of NiX2Ln type complexes in the Kumada-

Corriu reaction.196 

Later work by Percec and co-workers described the application of NiCl2(PPh3)2 

or NiCl2(dppf) in the homocoupling of aryl mesylates (235) (Scheme 5-3), and the cross-

coupling of aryl mesylates with organometallic nucleophiles as well as the cyanation of 
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phenyl mesylates.219,285 In contrast to the previous Kumada-Corriu example, the addition 

of a zinc reductant was required to produce the active nickel(0) catalyst because of the 

absence of a suitably strong nucleophilic organomagnesium reagent. The Percec group 

also later reported the first Suzuki-Miyaura cross-coupling of aryl sulfonates with aryl 

boronic acids using NiCl2(dppf), again requiring zinc metal to activate the precatalyst.218 

NiCl2(PPh3)2 was also shown by Hu and co-workers to catalyse the Suzuki-Miyaura 

cross-coupling of aryl chlorides at room temperature with the addition of n-BuLi as the 

activating agent (Scheme 5-3).291   

 

Scheme 5-3. Couplings catalysed with NiCl2(PPh3)2 involving external reductants.285,291 

Indolese reported the first Suzuki-Miyaura cross-coupling utilising a NiX2Ln 

catalyst that proceeded without the addition of a reductant. In this example, NiCl2(dppf) 

was shown to catalyse the cross-coupling of aryl chlorides and aryl boronic acids under 

relatively mild conditions (Scheme 5-4).302 Monteiro and co-workers also applied 

NiCl2(PCy3)2 for the Suzuki-Miyaura cross-coupling of aryl tosylates (174) without the 

addition of an external reductant, although high temperatures (130 °C) were required to 

promote the reaction (Scheme 5-4).220 Monteiro proposed a mechanism for the activation 

of the nickel(II) precatalyst involving two successive transmetallations of the boronic acid 

and subsequent reductive elimination of the homocoupled product, presumably yielding 

the active Ni(0) species required for initiation of the catalytic reaction (Scheme 5-5).298  
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Scheme 5-4. Suzuki-Miyaura cross-coupling without the addition of external reductants. 

 

Scheme 5-5. Mechanism of activation of NiCl2(PCy3)2 proposed by Monteiro and co-

workers.298 

Even when activation of a Ni(II) precatalyst can be achieved without the addition 

of a reductant, reactions conditions may still be harsher than an approach where a Ni(0) 

catalyst is used. Percec et al. have highlighted the different conditions in Ni(0) and Ni(II) 

by comparing the cross-coupling of aryl neopentylglycolboronates and phenol derived 

electrophiles (236) with both a nickel(II) precatalyst, NiCl2(PCy3)2, and the analogous 

nickel(0) catalyst system, Ni(COD)2/PCy3 (Scheme 5-6).303 Through this study, it was 

discovered that activation of the nickel(II) precatalyst could again be achieved without an 

added  reductant, although more equivalents of the base and boronate coupling partner 

were required for efficient coupling with the Ni(II) precatalyst and room temperature 

reactions were only possible with the Ni(COD)2 system. This publication highlights the 

concern that the most difficult step in a reaction utilising a nickel(II) precatalyst can be 

the activation step and that this will determine possible reaction conditions. 
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Scheme 5-6. Comparison of a NiCl2(PCy3)2 precatalyst system with a Ni(COD)2/PCy3 

system.303 

Recently, NiX2Ln complexes with both NHC and phosphine or phosphite ligands 

have also been reported (Figure 5-2). Matsubara and co-workers reported the synthesis 

of the first mixed NHC/phosphine Ni(II) complex, NiCl2(IPr)(PPh3), by simple 

substitution of a single phosphine from NiCl2(PPh3)2 with the more strongly σ-donating 

NHC ligand.250 This complex was found to be air-stable in the solid state, and was an 

effective catalyst for Kumada coupling,250 amination of haloarenes304 and α-arylation of 

ketones304. The Sun group expanded on this work, introducing other phosphine and NHC 

ligands in an alternative synthetic route. These mixed NHC/phosphine complexes were 

synthesised by treating [NEt4][NiX3(PPh3)] with an NHC ligand to form 

NiX2(NHC)(PPh3), then treating these resulting complexes with PCy3 to yield 

NiX2(NHC)(PCy3) complexes. These complexes were shown to be air- and moisture-

stable in the solid state, but in solution would degrade within minutes when exposed to 

air. Mixed NHC/phosphite complexes* have also been recently reported by the Sun 

group.305 These complexes were synthesised by treating NiBr2[P(OEt)3]2 with an NHC, 

substituting a single phosphite for an NHC ligand. These mixed ligand complexes were 

also shown to be air-stable in the solid state and more notably, no decomposition was 

observed in an air-exposed solution after two days. The choice of NHC ligand was also 

shown to influence the outcome of a hydroarylation reaction of vinylarenes (239) with 

 
* This work was published shortly after the commencement of our own work towards these complexes. 
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benzothiazoles (238) (Scheme 5-7). The bulkier IPr*OMe ligand provided linear products 

(241) while the less bulky IMes promoted the formation of branched products (240). 

 

Figure 5-2. NiX2Ln complexes with NHC and phosphine or phosphite ligands. 

 

Scheme 5-7. Ligand-controlled hydroarylation of vinylarenes and benzothiazoles.305 

5.1.5  Nickel(II) precatalysts: NiX(Ar)Ln 

Another relevant class of nickel(II) precatalyst are those of the form NiX(Ar)Ln. 

These complexes can be synthesised via two different routes; transmetallation of a 

nickel(II), generally a NiX(Ar)Ln complex, with an organometallic nucleophile; or 

oxidative addition of an aryl halide into a Ni(0) complex (Scheme 5-8). Although these 

complexes require more steps for their synthesis than the NiX2Ln complexes, they can be 

more readily activated under standard cross-coupling reaction conditions through the 

usual transmetallation and reductive elimination processes because they are functionally 

oxidative addition products.306 

 

Scheme 5-8. Synthesis of NiX(Ar)Ln complexes via transmetallation or oxidative 

addition. 
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The first of such NiX(Ar)Ln type complexes were reported in 1960 by Chatt and 

Shaw, who found that treating NiBr2(PR3)2 complexes with Grignard reagents or 

organolithiums (RMgX or RLi) provided NiX(R)(PR3) species.307 This simple method 

was found to be tolerable of a wide range of different phosphines and R groups. 

Additionally, it was observed that when the R substituent was bulkier aryl groups, such 

as naphthyl and o-tolyl substituents, provided profound stability to these complexes by 

protecting the metal centre, whereas alkyl groups, and less bulky aryl groups provided 

complexes that were not isolable or decomposed readily upon isolation.  

Yang and co-workers reported the first example of a Suzuki-Miyaura coupling of 

aryl chlorides utilising a NiX(Ar)Ln type complex, NiCl(1-naph)(PPh3)2.
308 These 

reactions proceeded without the addition of an external reducing agent and under more 

mild conditions than could be achieved with NiCl2(PPh)3 or NiCl2(dppe) (Scheme 5-9). 

The same NiCl(1-naph)(PPh3)2 complex, with the addition of  the NHC ligand IPr, has 

also been found to be an effective catalyst for the Buchwald-Hartwig amination of aryl 

chlorides,309 as well as aryl tosylates,310 in the absence of a reductant. 

 

Scheme 5-9. Suzuki-Miyaura cross-coupling with an NiX(Ar)Ln type catalyst.308 

The Jamison group has since developed a series of NiCl(Ar)Ln type air-stable 

catalysts that are now commercially available from Sigma-Aldrich (Figure 5-3). These 

catalysts can be synthesised by a general method that uses low-cost and air-stable 

NiCl2·6H2O or NiBr2·3H2O, the desired phosphine ligand and one equivalent of a 

Grignard reagent.300 Some of these catalysts have been shown to catalyse the benzylation 

of terminal alkenes252 as well as a carbonyl-ene reaction of aldehydes and alkenes300. 

Activation of these complexes in these reactions was achieved through a novel activation 

method utilising R3SiOTf.311 This activation method was effective within minutes at room 

temperature even in the absence of a reaction substrate. A mechanism was proposed 

which involved chloride abstraction from NiCl(o-tol)(PCy2Ph)2 (242) with R3SiOTf and 

then transmetallation with another molecule of  NiCl(o-tol)(PCy2Ph)2to give a biaryl 

nickel complex 244 that can undergo reductive elimination (Scheme 5-10). R3SiOTf was 

again shown to activate an NHC containing nickel(II) precatalyst (247) developed by the 
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Jamison group via an intramolecular Heck-type mechanism (Scheme 5-11).253 This 

precatalyst was shown to catalyse a carbonyl-ene reaction, a hydrovinylation and a three-

component coupling of aldehydes, olefins and silyl triflates. 

 

Figure 5-3. Commercially available NiX(Ar)Ln type complexes developed by the 

Jamison group. 

 

Scheme 5-10. Proposed mechanism of activation using R3SiOTf.252 

 

Scheme 5-11. Proposed mechanism of activation of a NHC containing NiCl(Ar)Ln type 

complex from Jamison.253  

NiX(Ar)Ln type complexes have been shown, in select cases, to be highly active 

species that are able to catalyse challenging reactions. The Stradiotto group has reported 

the use of NiCl(o-tol)L catalysts (where L = Pad-DalPhos or CyPAd-DalPhos) for the 
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room temperature Buchwald-Hartwig amination of challenging nucleophiles including 

primary alkylamines and ammonia with a wide array of electrophiles including 

(hetero)aryl mesylates (250) , a substrate class that has eluded successful coupling with 

any other catalytic systems (Scheme 5-12).312 In addition to the Buchwald-Hartwig 

amination, this catalyst precursor was also shown to enable the remarkable C(sp2)-O 

cross-coupling of primary, secondary and tertiary aliphatic alcohols with hetero(aryl) 

electrophiles (Scheme 5-13), a feat normally not seen with nickel catalysts without the 

use of an iridium photo-activatable co-catalyst.313 The Hazari group has recently reported 

the Suzuki-Miyaura cross-coupling of challenging aryl carbonate substrates with NiBr(2-

ethylPh)(dcypf) (dcypf = 1,1-bis-(dicyclohexylphosphino)ferrocene) under mild 

conditions, highlighting the high activity achievable with NiX(Ar)Ln type precatalysts 

(Scheme 5-14).251 

 

Scheme 5-12. Challenging Buchwald-Hartwig amination reactions reported by the 

Stradiotto group.312 

 

Scheme 5-13. C(sp2)-O cross-coupling reported by the Stradiotto group.313 

 

Scheme 5-14. Suzuki-Miyaura cross-coupling of aryl carbonates reported by the Hazari 

group.251 
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5.1.6  Nickel(II) precatalysts: NiX(allyl)Ln 

NiX(allyl)Ln complexes are another class of Ni(II) precatalyst (Figure 5-4), 

similar to NiX(Ar)Ln complexes. Although more difficult to prepare, they are generally 

air-stable and can be readily activated.295 These complexes are more commonly 

synthesised from Ni(COD)2 rather than the nickel halide precursors used in the synthesis 

of NiX2Ln and NiX(Ar)Ln type complexes. While their preparation is not as simple as the 

previously discussed nickel precatalysts, they have displayed good activity in a variety of 

reactions. 

 

Figure 5-4. Select examples of NiX(allyl)Ln complexes. 

The synthesis of NiX(allyl)(NHC) complexes was originally reported by the 

Sigman group.314,315 Both the allyl and cinnamyl variants were synthesised by treatment 

of Ni(COD)2 with allyl or cinnamyl chloride followed by treatment with an NHC ligand 

(Scheme 5-15). This synthesis proved to be tolerable of a wide variety of NHC ligands.  

 

Scheme 5-15. Synthesis of NiX(allyl)(NHC) complexes by the Sigman group. 

Later, the Nicasio group revealed the true catalytic potential of these 

complexes.316 NiCl(allyl)(IPr) was able to catalyse the room temperature Buchwald-

Hartwig amination of aryl and heteroaryl chlorides as well as a C-S coupling reaction 

(Scheme 5-16). The Nolan group extended this work by replacing IPr in the Nicasio 

NiCl(allyl)(IPr) catalyst with more bulky and flexible IPr* and IPr*OMe ligands, which 

allowed for C-N couplings with catalyst loadings of 1 mol% and C-S couplings with 

catalyst loadings of 0.5 mol% under similar conditions to the ones used by Nicasio.317 
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Scheme 5-16. NiCl(allyl)(IPr) catalysed C-N and C-S coupling reactions reported by the 

Nicasio group.316 

Another particularly noteworthy NiX(allyl)Ln type complex is 

NiCl(cinnamyl)(dppf), which was synthesised from oxidative addition of cinnamyl 

chloride with a complex formed in situ from Ni(COD)2 and dppf (Scheme 5-17).120 This 

complex displayed reasonable air-stability, showing no decomposition after two weeks 

when stored under air at 0 °C. In addition to its air-stability, it was shown to catalyse a 

challenging Suzuki-Miyaura cross-coupling of heteroaryl boronic acids and pyridine and 

pyrimidine derived heteroaryl halides with exceptionally low catalyst loadings for a 

nickel complex (Scheme 5-18).120 Good to excellent yields of the cross-coupled products 

were achieved with a catalyst loading of 0.5 mol%, with very mild reaction conditions 

for the activation of the precatalyst. 

 

Scheme 5-17. Synthesis of NiCl(cinnamyl)(dppf).120 

 

Scheme 5-18. Suzuki-Miyaura cross-coupling of heteroarylboronic acids and heteroaryl 

halides with NiCl(cinnamyl)(dppf).120 
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5.2  Project aims 

 While nickel(0) is generally considered the active species in catalysis, a wide 

variety of nickel(II) complexes have been shown, under the right conditions, to form 

active nickel(0) species in situ. This provides a desirable alternative to nickel(0) in the 

form of  nickel(II) precatalysts which have the benefits of being air-stable providing the 

catalyst longer shelf life, simpler reaction setup and avoiding the use of glovebox 

techniques.  

In Chapters 3 and 4, we reported the synthesis of mixed NHC/phosphite nickel(0) 

complexes (Figure 5-5), which were shown to be capable catalysts for the Suzuki-

Miyaura cross-coupling of aryl tosylates. While these complexes had desirable catalytic 

properties, they unfortunately displayed poor air-stability, potentially reducing their 

practicality and limiting their use. During this research, oxidative addition products 226 

and 227 (Figure 5-5) were isolated which were of the form NiX(Ar)Ln, a common class 

of nickel(II) precatalyst, which have been shown to possess good air-stability. Although 

we were able to synthesise these complexes, the procedure was not necessarily the most 

ideal procedure and only small quantities were obtained, limiting our catalytic 

exploration.  

  

Figure 5-5. Air-sensitive Ni(0) complex 106 isolated in Chapter 3 and the equivalent air-

stable oxidative addition products 226 and 227 isolated in Chapter 4. 

The primary aim of this chapter was to synthesise Ni(II) NHC/phosphite 

complexes in a practical manner, ideally from readily available and cheap nickel halides. 

These complexes would be NiX2Ln type complexes, which could then be converted into 

the more readily activated NiX(Ar)Ln form via transmetallation with a Grignard reagent. 

Additionally, if these complexes could be isolated, we aimed to explore their catalytic 

properties. 
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5.3  Synthesis of nickel(II) complexes 

5.3.1  Synthesis of nickel(II) dichloride phosphite precursors 

 A nickel dichloride phosphite precursor was desired to emulate the synthesis of 

the Ni(NHC)(phosphite)2 complexes in place of the homoleptic nickel phosphite 

complexes, Ni[P(OPh)3]4 (103) and Ni[P(Oo-tol)3]3 (104). There also exists literature 

precedent for this synthesis by the Matsubara group using nickel phosphine dichlorides 

and treating them with NHC ligands and by the Sun group with nickel phosphite 

dibromides.250,305 

The desired nickel(II) precursor, NiCl2[P(OEt)3]2 (265), was initially synthesised 

using an established literature procedure (Scheme 5-19).318 This method involved treating 

nickel chloride hexahydrate with triethylphosphite under neat conditions to yield a dark 

violet oil of 265 after extracting with hexanes and filtering through celite to remove 

unreacted nickel chloride. The product 265 was used without further purification. 

 

Scheme 5-19. Synthesis of NiCl2[P(OEt)3]2 (265). 

Although 265 has previously been synthesised, no NMR characterisation has been 

reported for this complex. Analysis of the 1H NMR spectrum of 265 displayed a broad 

triplet at 1.22 ppm (J = 6.7 Hz), attributed to the CH3 protons of the ligands, and a broad 

resonance at 4.33 ppm attributed to CH2 protons. The CH2 protons of the triethylphosphite 

ligand experienced a much larger shift upon coordination (Δ = 0.45 ppm) than the CH3 

protons (Δ = 0.05 ppm) with respect to the free ligand. Similar broadening was also 

observed in the 13C NMR, a broad low intensity resonance was observed at 64.2 ppm for 

the CH2 while the CH3 was observed at 16.7 ppm, again a larger shift observed for the 

CH2 carbons. 31P NMR analysis of this isolated complex routinely gave little to no signal 

or a very broad, low intensity resonance after many scans that was highly dependent on 

phasing. This phenomenon was also observed in the case of a square-planar complex, 

trans-(PCy2Ph)2NiCl2, by Jamison and co-workers, where it was proposed that the Ni(II) 

is causing rapid relaxation of proximal atoms leading to the observed signal 

broadening.252 To determine if this broadening in our case was instead evidence of a 

dynamic system, for example cis/trans isomerisation, NMR experiments were conducted 

at low temperature (-30 °C) to possibly slow the isomerisation rate and observe both 

species. Upon cooling the NMR sample to -30 °C in the NMR sample chamber, two 

signals in the 31P spectrum (δ = 100.4 and 92.2 ppm) could be observed. This 
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phenomenon, indicated that the broadening is likely due to cis/trans isomerisation rather 

than Ni(II) relaxation as proposed by the Jamison group. 

Attempts at repeating this reaction showed its sensitivity to the reaction 

conditions. When left to stir for too long, the reaction was apparently reversible, yielding 

a green precipitate and a solution containing free triethylphosphite. It was discovered that 

cooling the reaction mixture allowed for a longer period of time to isolate the product, 

while heating (50 °C) led to very rapid (<30 seconds) reversion of the reaction back to 

the starting materials. It was thought that residual water from the NiCl2·6H2O in the 

starting material was the cause, so the reaction was then conducted with 

triethylorthoformate as a drying agent or in a Dean Stark apparatus, although neither of 

these methods yielded satisfactory results. 

 Later, it was established that changing the nickel precursor to NiCl2(DME) in 

place of NiCl2·6H2O gave reliable and consistent results (Scheme 5-20). NiCl2(DME) 

has been previously used for the synthesis of LnNiCl2 type complexes with good 

success.312 The desired complex NiCl2[P(OEt)3]2 (265a) could be extracted from the 

reaction mixture with hexanes and filtering through celite, obtaining a dark purple solid 

in 96% yield. The melting point recorded for this complex was only slightly above room 

temperature. The compound obtained from this reaction will be referred to as 265a to 

differentiate with the previous synthesis of the complex (265). Analysis of the 1H NMR 

spectrum for this complex showed similar spectra to the previous synthesis starting with 

NiCl2·6H2O, indicating the same product was obtained. The 31P NMR spectrum for this 

complex at room temperature was uncharacteristic, requiring cooling to observe the 31P 

resonances. Complex 265a was not air-stable; decomposition was noticeable from NMR 

analysis of a sample in the solid-state after being exposed to air for 24 hours. 

 

Scheme 5-20. Synthesis of nickel precursor 265a from NiCl2(DME). 

Crystals suitable for X-ray crystallographic analysis were grown from slow 

evaporation of a saturated solution of 265a in pentane. Curiously, the crystals obtained 

were not of the expected NiCl2[P(OEt)3]2 structure, but of a complex composed of an 

anionic Ni(II) and cationic Ni(II) pair, {NiCl[P(OEt)3]4}
+{NiCl3[P(OEt)3]}

-. This is 

proposed to have formed via a disproportionation-like reaction (Scheme 5-21). 

Interestingly, there is one extra triethylphosphite present in the structure when compared 

to the number of phosphites expected from the reaction stoichiometry shown in Scheme 
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5-20. A similar salt complex has been reported in the literature before with an iridium 

complex, forming a anion-cation pair of Ir(I) and Ir(III) after an oxidative addition event 

had taken place.319 The cationic Ni(II) was a five-coordinate complex possessing a 

slightly distorted trigonal bipyramidal geometry with phosphite ligands at the apical 

positions, with the formula {NiCl[P(OEt)3]4}
+, a relatively uncommon geometry for 

Ni(II) complexes, although previously observed in the similar cationic nickel species in 

{NiBr[P(OMe)3]4}
+BF4

- and {NiBr[PMe3]4}
+BF4

-
 complexes.320–326 While the anionic 

Ni(II) was a distorted tetrahedral four-coordinate complex, with the formula 

{NiCl3[P(OEt)3]}
- (Figure 5-6). The anionic {NiCl3[P(OEt)3]}

-
 part of the complex 

displayed a similar geometry to other trihalide anionic nickel(II) complexes such as 

[NEt4]
+[NiCl3(PPh3)]

- and [ClPPh3]
+[NiCl3(PPh3)]

- among others.327–333 The Ni-P bond 

lengths were found to be shorter for the cationic Ni(II) (average of 2.194 Å) when 

compared to the anionic Ni(II) (2.262 Å), while the Ni-Cl bond lengths were shorter for 

the anionic Ni(II) (average of 2.226 Å) than the cationic Ni(II) (2.331 Å). It is uncertain 

whether this nickel salt species exists in solution or is instead only formed upon 

crystallisation, it is known that tetrahedral or near tetrahedral nickel(II) species are 

frequently paramagnetic and thus are generally not observed in NMR studies, further 

complicating the characterisation.334 

 

Scheme 5-21. Possible mechanism for the disproportionation of nickel complex 265a. 
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Figure 5-6. X-ray crystallographic structure of crystallisation attempt of complex (265a). 

Ellipsoids are presented at 50% probability. Hydrogen atoms have been omitted for 

clarity. Selected bond lengths (Å): Ni1 – P10 = 2.262(5); Ni1 – Cl10 = 2.229(4); Ni1 – 

Cl11 = 2.218(4); Ni1 – Cl12 = 2.229(4); Ni2 – Cl20 = 2.331(3); Ni2 – P20 = 2.176(3); 

Ni2 – P21 = 2.180(3); Ni2 – P22 = 2.243(3); Ni2 – P23 = 2.177(3). Selected bond angles 

(°): P10 – Ni1 – Cl10 = 100.2(2); Cl10 – Ni1 – Cl11 = 109.7(2); Cl11 – Ni1 – Cl12 = 

113.52(16); Cl12 – Ni1 – P10 = 107.79(17); P10 – Ni1 – Cl11 = 100.8(2); Cl10 – Ni1 – 

Cl12 = 121.8(2); Cl20 – Ni2 – P20 = 129.58(12); P20 – Ni2 – P22 = 122.84(13); P22 – 

Ni2 – Cl20 = 107.57(11); P21 – Ni2 – P23 = 172.60(14). Further crystallographic details 

of this compound are presented in Appendix A. 

The synthesis was also attempted using an aryl phosphite, triphenylphosphite, to 

obtain NiCl2[P(OPh)3]2 (Scheme 5-22), although no colour change was observed, 

suggesting coordination of the phosphite was unsuccessful. This was further confirmed 

by NMR analysis of the reaction solution after filtering off unreacted nickel chloride 

solids. Heating the reaction using ethanol as a solvent proved unsuccessful in promoting 

the reaction. The same reaction conditions with triphenylphosphine in place of 

triphenylphosphite is known to provide the desired NiCl2(PPh)2 product in excellent 

yield,300 indicating that the ligand electronics is an important factor dictating successful 

coordination. Ni(II) is relatively electron poor so is expected to bind more strongly and 

readily with electron rich ligands, such as phosphines and alkyl phosphites, and less 

strongly to aryl phosphites.  
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Scheme 5-22. Attempted synthesis of NiCl2[P(OPh3)]2 from NiCl2(DME). 

5.3.2  Synthesis of NiCl2(NHC)(phosphite) complexes  

The reaction of one equivalent of the free carbene IMes with NiCl2[P(OEt)3]2 

(265, from NiCl2·6H2O) provided the bis(NHC) complex, NiCl2(IMes)2 (266), rather than 

the desired mixed NHC/phosphite complex (Scheme 5-23). NiCl2(IMes)2 is not a novel 

complex and has been previously synthesised by Matsubara and co-workers,335 from the 

similar  phosphine complex, NiCl2(PPh3)2, this was the sole product formed even when 

less than two equivalents of IMes were used.250 The NMR data for 266 matched the one 

seen in the previous literature synthesis with the carbenic carbon showing successful 

coordination with a signal at 167.8 ppm, shifted upfield from the same resonance in IMes 

containing Ni(0) complexes 105 (198.4 ppm) and 108 (198.7 ppm). A crystal structure 

was also obtained, which only showed small variation from the published structure 

(Figure 5-7).335 

 

Scheme 5-23. Synthesis of NiCl2(IMes)2 (266) complex.  
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Figure 5-7. X-ray crystallographic structure of NiCl2(IMes)2 complex (266). Ellipsoids 

are presented at 50% probability. Hydrogen atoms have been omitted for clarity. The 

asymmetric unit contains two independent molecules, only one is shown here. Selected 

bond lengths (Å): Ni1 – C1 = 1.930(5); Ni1 – Cl1 = 2.191(2); Ni1 – Cl2 = 2.202(2). 

Selected bond angles (°): C1 – Ni1 – Cl1 = 89.55(16). Further crystallographic details of 

compound 266 are presented in Appendix A. 

 Fortunately, when repeating the attempted synthesis of the IMes complex using 

NiCl2[P(OEt)3]2 (265a, derived from NiCl2(DME)), the desired NHC/phosphite complex, 

NiCl2(IMes)[P(OEt)3] (267), was obtained in 74% yield after recrystallisation from THF 

and pentane at -30 °C (Scheme 5-24). In this instance, no evidence was found for the 

formation of the bis(NHC)Ni complex 266. 

 

Scheme 5-24. Synthesis of NiCl2(IMes)[P(OEt)3] (267) from complex 265a. 

 1H NMR analysis of the product obtained from this reaction provided evidence 

for the presence of both the IMes and triethylphosphite ligand. The CH3 and CH2 protons 

of the phosphite ligand were observed as a triplet at 1.04 ppm (J = 7.0 Hz) and a quartet 

at 4.09 ppm (J = 7.0 Hz), respectively. Protons attributed to the bound IMes ligand were 

present as singlet resonances at 6.89 ppm for the aromatic protons, 6.13 ppm for the 

imidazole protons, 2.42 ppm for the o-methyl protons and 2.16 ppm for the p-methyl 

protons. Coordination of the carbene to nickel was evidenced by a low intensity resonance 

at 170.1 ppm, similar to other Ni(II) complexes with IMes.250 No multiplicity indicating 

13C-31P coupling was observed, which would indicate the dynamic process being present 
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at room temperature in the complex. In line with that and as previously observed with 

complex 265a, the 31P NMR showed poor resolution with a very broad resonance at room 

temperature. Conducting the NMR experiments at -30 °C provided two resonances at 91.0 

and 86.3 ppm in a ratio of 1:0.7 respectively, which we tentatively attribute to trans and 

cis stereoisomers (Scheme 5-25), the trans-species being the predominant species in 

solution. This phenomenon was also observed in the similar NiBr2(IMes)[P(OEt)3] 

complex prepared by the Sun group.305 Complex 267 displayed good air-stability in the 

solid form, with no decomposition observed in an air exposed sample after a week, while 

an air exposed solution of 267 in benzene showed decomposition after three days, as 

evidenced by the precipitation of green solids.  

 

Scheme 5-25. Possible cis/trans isomerisation of complex 267. 

 Crystals of 267 suitable for X-ray crystallographic analysis were grown via slow 

diffusion of pentane into a saturated solution of 267 in THF at -30 °C. Complex 267 was 

found to possess a slightly distorted square planar geometry with trans coordination of 

the NHC relative to the phosphite ligands, as predicted from NMR analysis (Figure 5-8). 

Although there is evidence suggesting cis/trans isomerisation of this complex in solution, 

only crystals of the trans-isomer were obtained, likely due to minimisation of steric 

interactions and more favourable packing between the two bulky ligands during 

crystallisation. The trans inter-ligand angles vary slightly from the expected 180°, with a 

C1-Ni1-P1 angle of 172.47(6)° and a Cl1-Ni1-Cl2 and of 177.53(3)°. The nickel carbene, 

Ni1-C1, bond length was found to be 1.930(2) Å, slightly longer than the same bond in 

the nickel(0) Ni(IMes)[P(OPh)3]2 (105) complex, but consistent with NiCl2(IMes)2 (266) 

and other similar Ni(II) IMes complexes.250 The Ni1-P1 bond length was 2.2122(6) Å, 

consistent with the closely related NiBr2(IMes)[P(OEt)3] complex.305 
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Figure 5-8. X-ray crystallographic structure of NiCl2(IMes)[P(OEt)3] complex (267). 

Ellipsoids are presented at 50% probability. Hydrogen atoms except those attached to C3 

and C4 have been omitted for clarity. Selected bond lengths (Å): Ni1 – C1 = 1.930(2); 

Ni1 – Cl1 = 2.1616(6); Ni1 – Cl2 = 2.1744(6); Ni1 – P1 = 2.2122(6). Selected bond angles 

(°): C1 – Ni1 – Cl1 = 90.57(6); Cl1 – Ni1 – P1 = 93.80(2); P1 – Ni1 – Cl2 = 85.15(2); 

Cl2 – Ni1 – C1 = 90.71(6); C1 – Ni1 – P1 = 172.47(6); Cl1 – Ni1 – Cl2 = 177.53(3). 

Further crystallographic details of compound 267 are presented in Appendix A.  

The related nickel(II) SIMes complex 268 was synthesised using the same 

procedure, initially obtained in 24% yield as bright red crystals when synthesised from 

the NiCl2[P(OEt)3]2 (265) precursor that was derived from NiCl2·6H2O. When repeating 

the reaction with NiCl2[P(OEt)3]2 (265a), an improved yield of 74% was obtained after 

recrystallisation (Scheme 5-26), with no evidence of the formation of any bis(NHC) 

complex, NiCl2(SIMes)2.  

 

Scheme 5-26. Synthesis of NiCl2(SIMes)[P(OEt)3] (268).  

A more comprehensive NMR study was conducted on this complex to determine 

the identity of the possible cis and trans-isomers. Again, the 31P NMR displayed an 
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extremely broad, weak resonance, which split into two distinct resonances upon cooling 

from room temperature to -30 °C (δ: 94.2 and 89.4 ppm) (Figure 5-9). The protons of the 

phosphite were present as a quartet at 4.02 ppm (J = 7.0 Hz) for the CH2 and a triplet at 

1.02 ppm (J = 7.0 Hz) for the CH3, consistent with the previous complex 267. Upon 

cooling to -30 °C, a portion of the o-methyl protons of SIMes was observed to split into 

two separate resonances, presumably from interaction of the phosphite ligand in the cis 

isomer with the bulky side chain(s) of the NHC, thus preventing rotation around the Ni-

carbene axis, essentially locking the NHC into adopting one orientation with respect to 

the phosphite. Analysis of the 13C NMR spectrum carried out at room temperature 

provided evidence for the coordination of the NHC ligand as a weak doublet at 198.8 ppm 

(JCP = 173.5 Hz), attributed to the carbenic carbon. When run at -30 °C a 13C{1H,31P} 

NMR revealed two singlet resonances at 194.2 and 194.6 ppm, when 31P decoupling was 

turned off, these singlets split into two sets of doublets with vastly different coupling 

constants (JCP = 180 Hz and 49 Hz) (Figure 5-10). It was observed that in previous nickel 

complexes 226 and 227, the coupling constants between an NHC and phosphorous ligand 

were much larger for a trans-stereoisomer than cis, consistent with literature.250  A 31P-

13C Heteronuclear Multiple Quantum Coherence (HMQC) experiment optimised for a 

180 Hz coupling was conducted to determine the phosphorous signal attributed to the 

trans isomer (δ = 94.2 ppm). Another experiment optimised for a 49 Hz coupling was 

conducted to determine the phosphorous resonance attributed to the cis-isomer (δ = 89.4 

ppm) (Figure 5-11). Integration of the phosphorous spectrum showed that the trans 

isomer was the predominant species in solution (2:1 trans:cis). Like complex 267, this 

complex was air-stable in the solid form for at least a week, as determined by NMR 

analysis, while decomposition was observed in solution after 3 days. 
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Figure 5-9. 31P NMR spectrum of complex 268 at variable temperatures. 

 

Figure 5-10. Bottom: 13C{1H,
31P} NMR spectrum of complex 268 at -30 °C, only two 

carbenic resonances are observed. Top: 13C{1H} spectrum of complex 268 at -30 °C, the 

two resonances have now split into two doublets due to 13C-31P coupling with the 

phosphite. 
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Figure 5-11. Left: 31P-13C HMQC NMR spectrum of complex 268 at -30 °C, optimised 

for 180 Hz displaying the resonances corresponding to the trans-conformer. Right: 31P-
13C HMQC NMR spectrum of complex 268 at -30 °C, optimised for 49 Hz displaying the 

resonances corresponding to the cis-conformer. 

Single crystals suitable for X-ray crystallographic analysis were grown by 

diffusion of pentane into a concentrated solution of 268 in THF at -30 °C. Again, only 

the trans-isomer of complex 268 was observed, possessing a slightly distorted square 

planar geometry as was seen in NiCl2(IMes)[P(OEt)3] (267) (Figure 5-12). The Ni1-P1 

bond length of 2.1799(14) Å was slightly shorter than the same bond in the IMes complex 

267. The Ni1-C1 bond length of 1.915(5) Å was longer than the equivalent bond length 

in the Ni(0) complex 106, consistent with literature data and generally attributed to 

reduced π-backbonding from the higher valence metal centre.336 The trans inter-ligand 

angles deviated only slightly from the expected 180° for a square planar complex, with 

angles for C1-Ni1-P1 of 178.01(14)° and Cl1-Ni1-Cl2 of 176.94(6)°. 
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Figure 5-12. X-ray crystallographic structure of NiCl2(SIMes)[P(OEt)3] complex (268), 

asymmetric unit contains four complexes, only one is shown for clarity. Ellipsoids are 

presented at 50% probability. Hydrogen atoms except those attached to C3 and C4 have 

been omitted for clarity.  Selected bond lengths (Å): (average of all four units): Ni1–P1 

= 2.1799(14); Ni1–C1 = 1.915(5); Ni1 – Cl1 = 2.1497(13); Ni1 – Cl2 = 2.1810(13). 

Selected bond angles (°): C1 – Ni1 – Cl1 = 86.96(13); Cl1 – Ni1 – P1 = 92.03(5); P1 – 

Ni1 – Cl2 = 85.06(5); Cl2 – Ni1 – C1 = 95.92(13); C1 – Ni1 – P1 = 178.01(14); Cl1 – 

Ni1 – Cl2 = 176.94(6). Further crystallographic details of compound 268 are presented 

in Appendix A. 

 The next NHC tested was 2-SICyNap, which belongs to a class of NHCs 

possessing naphthyl sidechains and has previously been used in a PdCl(cinnamyl)(NHC) 

precatalyst for Buchwald-Hartwig amination as well as a variety of iridium 

complexes.337–339 2-SICyNap exists in two distinct configurations due to the large steric 

bulk of the N-substituents, blocking rotation about the C-N bond (Figure 5-13). The syn-

configuration with both cyclohexyl substituents facing the same direction and an anti-

configuration with cyclohexyl substituents facing opposing directions, with a respective 

ratio of approximately 1:3 (syn:anti).337,340 

 

Figure 5-13. Syn- and anti-conformers of 2-SICyNap. 

 The free carbene of 2-SICyNap was reacted with NiCl2[P(OEt)3]2 (265) under 

identical conditions to the previous IMes and SIMes complexes 267 and 268 (Scheme 5-

27), yielding a red crystalline solid in 10% yield after crystallisation from THF/pentane. 
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Repeating this reaction with NiCl2[P(OEt)3]2 (265a) provided a much-improved 

conversion of 93%, again highlighting the importance of using the correct, water free 

precursor nickel complex for synthesis of these complexes. In this case, nickel complex 

269 was able to be isolated in 56% yield from recrystallisation from THF and pentane. 

Unfortunately, nickel complex 270 was unable to be isolated in a pure manner on a 

reasonable scale for characterisation from recrystallisation, all attempts toward 

purification yielded complex 270 with a considerable amount of complex 269 (see 

Appendix A). 

 

Scheme 5-27. Synthesis of NiCl2(2-SICyNap)[P(OEt)3] complexes 269 and 270.  

In-depth NMR analysis was only able to be conducted on nickel complex 269. 

Analysis of the 1H NMR provided evidence for the presence of both the NHC and 

phosphite ligand. Bound triethylphosphite was evident from the presence of a triplet at 

0.79 ppm with the expected coupling constant (J = 7.0Hz), integrating to 9 protons 

attributed to the CH3, while the CH2 was less obvious as it overlapped with the cyclohexyl 

protons of the NHC ligand (3.77 – 3.61 ppm). The resonance attributed to the protons of 

the imidazolinium ring of the NHC was no longer observed as a singlet, as was seen in 

earlier SIMes complexes, instead being observed as a multiplet centred at 3.52 ppm, 

indicating inequivalence and diastereotopicity, consistent with literature characterisation 

of this NHC.341 Coordination of the NHC was evidenced by a downfield doublet at 200.3 

ppm (J = 182.6 Hz) attributed to the carbenic carbon, the large 31P-13C coupling constant 

suggesting trans-orientation of the NHC with respect to the phosphite ligand. The 

phosphorous resonance in the 31P NMR was again seen as a broad signal at 93.8 ppm, 

although much less broad when compared to complexes 267 and 268, possibly due to the 

larger steric bulk of the NHC hindering cis/trans isomerisation. As appears to be 

consistent for this class of complexes, complex 269 was found to be air-stable in the solid 
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form for at least a week, while decomposition was observed in an air exposed solution 

within 3 days. 

 Upon recrystallisation from THF and pentane at -30 °C, two different crystal types 

were observed, large red crystals and a small amount of finer yellow crystals. Both crystal 

types were subjected to X-ray crystallographic studies; the red crystals were found to be 

a structure with the NHC and phosphite trans to each other, formed from coordination of 

anti-2-SICyNap (Figure 5-14), while the yellow crystals exhibited a cis structure with 

phosphite and NHC with syn-2-SICyNap (Figure 5-15). Both isomeric structures possess 

a square planar geometry. The Ni1-C1 bond for each of these complexes was similar in 

length (1.900(5) Å for the trans complex 269 and 1.888(3) Å for the cis complex 270), 

while the Ni-Cl bonds were longer for the cis complex (2.1924(10) Å, 2.2096(6) Å) than 

the trans complex (2.1618(13) Å, 2.1534(13) Å). There was a large difference observed 

in the Ni1-P1 bond length, interestingly the cis complex possessed the shorter bond length 

of 2.1469(12) Å, when compared to the trans complex with a bond length of 2.1896(15) 

Å. A comparison of the notable bond lengths and angles of these two isomers is given in 

Table 5-1. 

 

Figure 5-14. X-ray crystallographic structure of NiCl2(anti-2-SICyNap)[P(OEt)3] 

complex (269). Ellipsoids are presented at 50% probability. Hydrogen atoms except those 

attached to C3 and C4 have been omitted for clarity. The asymmetric unit contains two 

independent molecules, only one is shown here. Selected bond lengths (Å): Ni1 – C1 = 

1.900(5); Ni1 – P1 = 2.1896(15); Ni1 – Cl1 = 2.1618(13); Ni1 – Cl2 = 2.1534(13). 

Selected bond angles (°): C1 – Ni1 – Cl1 = 90.15(13); Cl1 – Ni1 – P1 = 89.35(5); P1 – 

Ni1 – Cl2 = 91.73(5); Cl2 – Ni1 – C1 = 90.28(13); C1 – Ni1 – P1 = 170.78(17); Cl1 – 

Ni1 – Cl2 = 170.46(6). Further crystallographic details of compound 269 are presented 

in Appendix A. 
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Figure 5-15. X-ray crystallographic structure of NiCl2(syn-2-SICyNap)[P(OEt)3] 

complex (270), the ethoxy groups were modelled as being disordered over two sites, only 

the major contribution is shown. Ellipsoids are presented at 50% probability. Hydrogen 

atoms except those attached to C3 and C4 have been omitted for clarity. Selected bond 

lengths (Å): Ni1 – C1 = 1.888(3); Ni1 – Cl1 = 2.1924(10); Ni1 – Cl2 = 2.2096(9); Ni1 – 

P1 = 2.1469(12). Selected bond angles (°): C1 – Ni1 – P1 = 94.31(10); P1 – Ni1 – Cl2 = 

87.09(4); Cl2 – Ni1 – Cl1 = 91.48(4); Cl1 – Ni1 – C1 = 87.19(10); C1 – Ni1 – Cl2 = 

178.43(11); P1 – Ni1 – Cl1 174.83(4). Further crystallographic details of compound 270 

are presented in Appendix A.  

Table 5-1. Comparison of select bond lengths and angles of complexes 269 and 270. 

 trans-269 cis-270 

Ni1 – C1 1.900(5) Å 1.888(3) Å 

Ni1 – P1 2.1896(15) Å 2.1469(12) Å 

Ni1 – Cl1 2.1618(13) Å 2.1924(10) Å 

Ni1 – Cl2 2.1534(13) Å 2.2096(9) Å 

C1 – Ni1 – P1 170.78(17)° 94.31(10)° 

Cl1 – Ni1 – Cl2 170.46(6)° 91.48(4)° 

C1 – Ni1 – Cl2 90.28(13)° 178.43(11)° 

P1 – Ni1 – Cl1 89.35(5)° 174.83(4)° 

 

A VT NMR analysis of the isolated trans-isomer 269 (Figure 5-16) showed that 

this complex was stable to heating up to 65 °C with no indication of conversion to the cis 

isomer, nor was any conversion of the anti-NHC to syn configuration observed, consistent 

with earlier findings.341 These results rather convincingly demonstrate that the cis/trans 

isomers are selectively synthesised, meaning that trans-isomer 269 originates from initial 
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coordination of anti-2-SICyNap, whereas the syn-2-SICyNap ligand prefers formation of 

cis-isomer 270.  

 

Figure 5-16. VT 1H NMR from 25 to 65 °C of NiCl2(anti-2-SICyNap)[P(OEt)3] (269). 

The synthesis of NiCl2(NHC)[P(OEt)3] complexes with other NHC ligands was 

also attempted. The following NHCs: IPr, SIPr, ItBu, IAd, ICy and SICy were all applied 

to the synthesis from NiCl2[(POEt)3]2 (265 or 265a) under identical conditions to the 

successful syntheses of complexes 267, 268, 269 and 270. Unfortunately, none of the 

desired products were isolated as pure compounds, these synthetic attempts invariably led 

to complex mixtures from which no pure products could be crystallised. At this stage of 

exploration, it is uncertain whether appropriate changes to reaction conditions might lead 

to the synthesis of clean compounds. 

5.3.3  Attempts towards the synthesis of NiX(Ar)Ln nickel(II) precatalysts 

 With the NiCl2(NHC)[P(OEt)] complexes in hand, the next step was to convert 

these NiCl2Ln type complexes into their NiX(Ar)Ln counterparts. The most common 

approach for the synthesis of these complexes is via the treatment of the nickel(II) halide 

precursor with a Grignard reagent, typically containing a bulky aryl group. The 

organomagnesium, o-tolylmagnesium chloride, was chosen as a good first candidate as 

there existed a large literature precedence for its use in the preparation of stable NiCl(o-

tolyl)L complexes with a variety of ligands.251,252,300,312,313  
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To this end, complex 268 was treated with one equivalent of o-tolylmagnesium 

chloride at -30 °C in THF, warming to room temperature (Scheme 5-28). Unfortunately, 

analysis of the crude reaction by NMR showed a complex mixture that could not be 

purified further, indicating possible decomposition of complex 268 in the presence of o-

tolylmagnesium chloride. Unfortunately, due to time constraints, the synthesis of 

NiX(Ar)Ln complexes was not investigated further. 

 

Scheme 5-28. Attempted synthesis of NiCl(o-tolyl)(SIMes)[P(OEt)3] from complex 268. 
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5.4  Conclusions and future directions 

 The use of NiCl2[P(OEt)3]2 as a precursor complex has proven to be effective for 

the synthesis of NiCl2(NHC)[P(OEt)3] complexes. Contrary to the literature synthesis of 

NiCl2[P(OEt)3]2 from NiCl2·6H2O,  results in this chapter suggested that subsequent 

reaction chemistry is greatly facilitated when NiCl2[P(OEt)3]2 is synthesised from the 

water free precursor NiCl2(DME) instead. However, the use of this precursor limited the 

applicable phosphites to triethylphosphite and potentially other alkyl phosphites, while 

less electron rich phosphites, such as triphenylphosphite, were unable to coordinate to the 

nickel(II) under the conditions trialled. The NHC ligands, SIMes, IMes and 2-SICyNap 

were all shown to react with NiCl2[P(OEt)3]2, forming the novel complexes 267, 268, 269 

and 270. 2-SICyNap formed two complexes from the different syn- and anti-conformers 

of the ligand, with the syn-conformer selectively forming a cis complex, while the anti-

conformer exclusively producing a trans complex, opening an interesting avenue of 

research into the differences in stoichiometric reactivity and catalytic ability of these two 

distinct structures. To the best of our knowledge, this is a unique example whereby the 

cis and trans-isomers of a complex can be isolated and appear to be stable to 

isomerisation. 

 Future work within the group will focus on applying these complexes as novel 

precatalysts to determine what conditions are amenable to their activation to a 

catalytically active Ni(0) species. It would also be particularly interesting to explore the 

catalytic potential of the 2-SICyNap complexes 269 and 270 in asymmetric catalysis, as 

this has been the primary application for these NHC ligands, and having both cis- and 

trans-isomers of the same complex provides a novel system to study.342 Determining an 

effective set of conditions for the conversion of the NiCl2(NHC)[(P(OEt)3] complexes to 

their NiX(Ar)(NHC)[(P(OEt)3] forms is paramount, as the latter family of complexes 

have been extremely efficient precatalysts. Although Grignard reagents, such as o-

tolylmagnesium chloride, have been shown to provide the desired NiX(Ar)Ln for a large 

variety of different ligands, in particular phosphines, this reagent has not been specifically 

used to form these complexes with any NHC containing nickel complexes. Exploration 

beyond Grignard reagents may be necessary to develop an effective synthesis of the 

NiX(Ar)Ln complexes where Ln is an NHC.  
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CHAPTER 6 

Experimental  
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6.1 General Experimental 

 All reactions were performed under an argon gas atmosphere in flame-dried 

glassware with magnetic stirring with a polytetrafluoroethylene (PTFE) coated magnetic 

stirrer bar, unless otherwise stated. All reactions involving heating were placed in a 

preheated oil bath at the specified temperature, unless otherwise stated. All non-aqueous 

solvents used in reactions were anhydrous unless noted otherwise. Anhydrous solvents 

were distilled over the appropriate drying agent according to the methods described by 

Armarego and Chai,343 acquired from a Pure Solv 5-Mid Solvent Purification System 

(Innovative Technology Inc.) or degassed (argon) and stored over molecular sieves. Free 

N-heterocyclic carbenes were prepared from the corresponding BF4 or HCl salts 

according to established literature methods.344 All reagents were purchased from Sigma-

Aldrich, Fluka, Merck, TCI, Alfa Aesar, Acros Organics, Precious Metals Online, Boron 

Molecular, Strem Chemicals, Fluorochem or Oakwood Chemical and used without 

further purification unless otherwise stated. All molarity (M) and normality (N) solutions 

are aqueous unless otherwise stated. 

6.2  Instruments and Materials 

1H, 13C, 19F, 29Si and 31P Nuclear Magnetic Resonance (NMR) spectra were 

acquired on a Varian 300, Varian 400, Bruker AV400, Bruker AV500 or a Bruker AV600 

spectrometer at 25 °C, unless otherwise stated. All chemical shifts (δ) were referenced to 

the residual partially non-deuterated solvents and reported in parts per million (ppm).  

Infrared spectra were measured directly with an attenuated total reflectance (ATR) 

adaptor and acquired on a PerkinElmer Spectrum One spectrometer at 2 cm-1 resolution.  

Mass spectrometry (MS) was performed on a Waters GCT Premier XE instrument 

coupled to an Agilent GC 7890A gas chromatograph (equipped with an Agilent Db-5MS 

column; 30 m, 0.25 mm x df = 0.25 µm) for high-resolution electron ionization (EI), 

Waters LCT Premier for atmospheric pressure chemical ionization (APCI), or a Shimadzu 

GCMS QP2010 (equipped with a Rtx 5MS column; 30 m, 0.25 mm x df = 0.1 µm) for 

low-resolution reaction monitoring using the following GC method: Oven: 60 °C; Inlet: 

250 °C; Gradient 60 °C 10 °C/min → 250 °C (5 min hold).  

Preparative TLC (PTLC) was performed with in-house prepared plates, using 

silica gel 60 (0.04–0.063) supplied by Merck. The visualisation of the developed plates 

was achieved using a 254 nm or 365 nm UV lamp. Column chromatography was 

performed using silica gel 60 (0.063 – 0.200 nm) as supplied by Merck. 
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Elemental analysis was performed externally by the Elemental Analysis Service 

at London Metropolitan University, UK. Melting points were recorded on a Reichart 

heated-stage microscope. 
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6.3  Experimental Procedures - Chapter 2 

6.3.1 Synthesis of silylating agent 

tert-Butyldimethylsilyl amine (45) 

 

TBDMSNH2 was prepared according to an existing procedure.92 Tert-

butyldimethylsilyl chloride (15.0 g, 100 mmol) was dissolved in pentane (20 mL) and the 

resulting mixture was cooled to -78 °C. Anhydrous ammonia was bubbled through this 

solution for 1 hour resulting in the formation of a white precipitate. The mixture was 

warmed to room temperature and refluxed for 2 hours to remove excess ammonia. The 

precipitate was removed by filtration under nitrogen and the solution concentrated under 

reduced pressure to afford tert-butyldimethylsilyl amine (45) as a colourless solid (10.0 

g, 76 mmol, 76%). The spectral data were in accordance with those reported in the 

literature.92 Note: TBDMSNH2 is a volatile solid and care should be taken when 

concentrating under reduced pressure. 

1H NMR (500 MHz, CDCl3): δ = 1.00 (s, 9H, SiC(CH3)3), 0.09 (s, 6H, Si(CH3)2) ppm.  

29Si NMR (100 MHz, CDCl3): δ = 9.8 ppm. 

6.3.2 General procedure for the protection of alcohols 

The protection of phenols was carried out by addition of starting alcohol (0.5 

mmol) to magnetically stirred tert-butyldimethylsilyl amine (45) (0.6 mmol, 1.2 eq) in an 

open 3 mL reaction vial. Reaction progress was monitored at various time points by GC-

MS analysis. After the reaction was complete the mixture was immediately concentrated 

under reduced pressure and subjected to purification by preparative TLC. 

tert-Butyldimethyl(phenoxy)silane (47) 

 

Following the general procedure, using phenol (188 mg, 2 mmol) and tert-

butyldimethylsilylamine (45) (315 mg, 2.4 mmol). The resulting solution was stirred for 

30 minutes at room temperature. After completion of the reaction, the crude reaction 

mixture was purified by preparative TLC with hexanes/ethyl acetate 90:10 (v/v) to afford 
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the corresponding silyl ether 47 as a colourless oil (371 mg, 1.78 mmol, 89%). The 

spectroscopic data were in accordance with those reported in the literature.345 

1H NMR (500 MHz, CDCl3) δ = 7.22 (2H, t, J = 7.8, 2 x ArH), 6.94 (1H, t, J = 7.3, ArH), 

6.84 (2H, d, J = 8.0, 2 x ArH), 0.98 (9H, s, SiC(CH3)3), 0.19 (6H, s, Si(CH3)2) ppm. 

tert-Butyl(4-(tert-butyl)phenoxy)dimethylsilane (49) 

 

Following the general procedure, using 4-tert-butylphenol (75 mg, 0.5 mmol) and 

tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) to afford silyl ether 49 in 86% yield 

as determined by GC-MS analysis after 30 minutes. The spectral data were in accordance 

with those reported in the literature.346 

1H NMR (500 MHz, CDCl3): δ = 7.22 (d, J = 8.4 Hz, 2H, 2 x ArH), 6.75 (d, J = 7.6 Hz, 

2H, 2 x ArH), 1.29 (s, 9H, C(CH3)3), 0.98 (s, 9H, SiC(CH3)3), 0.19 (s, 6H, Si(CH3)2) ppm. 

tert-Butyl(4-methoxyphenoxy)dimethylsilane (52) 

 

 Following the general procedure, using 4-hydroxyanisole (62 mg, 0.5 mmol) and 

tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol). The resulting solution was stirred 

for 30 minutes at room temperature. The crude reaction mixture was purified by PTLC 

with hexanes/ethyl acetate 90:10 (v/v) to afford 52 as a colourless oil (103 mg, 0.43 mmol, 

86%). The spectroscopic data were in accordance with those reported in the literature.347 

1H NMR (500 MHz, CDCl3): δ = 6.76 (m, 4H, 4 x ArH), 3.76 (s, 3H, OCH3), 0.97 (s, 

9H, SiC(CH3)3), 0.16 (s, 6H, Si(CH3)2) ppm.  

tert-Butyl(4-chlorophenoxy)dimethylsilane (53) 
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 Following the general procedure, using 4-chlorophenol (64 mg, 0.5 mmol) and 

tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol). The resulting solution was stirred 

for 30 minutes at room temperature. The crude reaction mixture was purified by PTLC 

with hexanes/ethyl acetate 90:10 (v/v) to afford 53 as a pale-yellow oil (120 mg, 0.5 

mmol, 99%). The spectroscopic data were in accordance with those reported in the 

literature.348 

1H NMR (500 MHz, CDCl3): δ = 7.17 (d, J = 8.5 Hz, 2H, 2 x ArH), 6.76 (d, J = 8.5 Hz, 

2H, 2 x ArH), 0.97 (s, 9H, SiC(CH3)3), 0.18 (s, 6H, Si(CH3)2) ppm. 

tert-Butyldimethyl(3-(trifluoromethyl)phenoxy)silane (54) 

 

Following the general procedure, using 3-(trifluoromethyl)phenol (62 µL, 0.5 

mmol) and tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol). The resulting solution 

was stirred for 30 minutes at room temperature. After completion of the reaction, the 

crude reaction mixture was purified by PTLC with hexanes/ethyl acetate 90:10 (v/v) to 

afford 54 as a yellow oil (134 mg, 0.49 mmol, 97%).  

1H NMR (600 MHz, CDCl3): δ = 7.34 (t, J = 7.9 Hz, 1H, ArH), 7.24 – 7.19 (m, 1H, ArH), 

7.08 (t, J = 1.7 Hz, 1H, ArH), 7.00 (dd, J = 8.2, 2.4 Hz, 1H, ArH), 1.00 (s, 9H, SiC(CH3)3), 

0.22 (s, 6H, Si(CH3)2) ppm.  

13C NMR (151 MHz, CDCl3): δ = 156.0 (ArC), 132.0 (q, 2JC-F = 32.3 Hz, ArC), 130.1 

(ArCH), 124.1 (q, 1JC-F = 272.3 Hz, CF3), 123.5 (ArCH), 118.1 (q, 3JC-F = 3.9 Hz, ArCH), 

117.2 (q, 3JC-F = 3.8 Hz, ArCH), 25.7 (SiC(CH3)3), 18.3 (SiC), -4.4 (Si(CH3)2) ppm. 

IR (ATR): ν = 2933 (C-H), 1491, 1448, 1328 (C-F), 1125, 942 cm-1.  

HRMS (EI): Calc for C13H19OF3Si 276.1157, found m/z 276.1155. 

4-((tert-Butyldimethylsilyl)oxy)benzaldehyde (55) 
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 Following the general procedure, using 4-hydroxybenzaldehyde (61 mg, 0.5 

mmol) and tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol). The resulting solution 

was stirred for 30 minutes at room temperature. After completion of the reaction, the 

crude reaction mixture was purified by PTLC with hexanes/ethyl acetate 90:10 (v/v) to 

afford 55 as a colourless oil (118 mg, 0.5 mmol, 100%). The spectroscopic data were in 

accordance with those reported in literature.349 

1H NMR (500 MHz, CDCl3): δ = 9.87 (s, 1H), 7.79 (d, J = 8.4 Hz, 2H), 6.94 (d, J = 8.4, 

2H), 0.99 (s, 9H, SiC(CH3)3), 0.25 (s, 6H, Si(CH3)2) ppm. 

3-((tert-Butyldimethylsilyl)oxy)benzaldehyde (56) 

 

 Following the general procedure, using 3-hydroxybenzaldehyde (61 mg, 0.5 

mmol) and tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol). The resulting solution 

was stirred for 30 minutes at room temperature. After completion of the reaction, the 

crude reaction mixture was purified by PTLC with hexanes/ethyl acetate 90:10 (v/v) to 

afford 56 as a pale-yellow oil (108 mg, 0.46 mmol, 91%). The spectroscopic data were in 

accordance with those reported in literature.350 

1H NMR (500 MHz, CDCl3): δ = 9.95 (s, 1H, CHO), 7.43 (dt, J = 27.3, 7.6 Hz, 2H, 2 x 

ArH), 7.33 (s, 1H, ArH), 7.11 (d, J = 6.2 Hz, 1H, ArH) 1.00 (s, 9H, SiC(CH3)3), 0.22 (s, 

6H, Si(CH3)2) ppm. 

2-((tert-Butyldimethylsilyl)oxy)benzaldehyde (57) 

 

Following the general procedure, using with 2-hydroxybenzaldehyde (61 mg, 0.5 

mmol), tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) and the addition of THF 
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(0.2 mL) to afford silyl ether 57 as determined by GC analysis after 3 hours, 61%. The 

spectroscopic data were in accordance with those reported in literature.351 

1H NMR (500 MHz, CDCl3): δ = 10.37 (s, 1H, CHO), 7.71 (dd, J = 9.3 Hz, 1.5 Hz, 1H, 

ArH), 7.36 (dt, J = 8.1 Hz, 1.9 Hz, 1H, ArH), 6.93 (t, J = 7.7 Hz, 1H, ArH), 6.78 (d, J = 

8.3 Hz, 1H, ArH), 0.92 (s, 9H, SiC(CH3)3), 0.18 (s, 6H, Si(CH3)2) ppm. 

tert-Butyldimethyl(4-nitrophenoxy)silane (58) 

  

 Following the general procedure, using 4-nitrophenol (64 mg, 0.5 mmol) and tert-

butyldimethylsilyl amine (45) (80 mg, 0.6 mmol). The resulting solution was stirred for 

30 minutes at room temperature. After completion of the reaction, the crude reaction 

mixture was purified by preparative TLC with hexanes/ethyl acetate 90:10 (v/v) to afford 

58 as a yellow oil (125 mg, 0.49 mmol, 99%). The spectroscopic data were in accordance 

with those reported in literature.352 

1H NMR (500 MHz, CDCl3) δ = 8.15 (d, J = 9.0 Hz, 2H, 2 x ArH), 6.90 (d, J = 9.0 Hz, 

2H, 2 x ArH), 0.99 (s, 9H, SiC(CH3)3), 0.26 (s, 6H, Si(CH3)2) ppm. 

tert-Butyldimethyl(3-nitrophenoxy)silane (59) 

 

Following the general procedure, using 3-nitrophenol (70 mg, 0.5 mmol) and tert-

butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) to afford silyl ether 59 as determined 

by GC analysis after 30 minutes, 98%. The spectroscopic data were in accordance with 

those reported in literature.353 

1H NMR (500 MHz, CDCl3) δ = 7.79 (d, J = 8.1 Hz, 1H, ArH), 7.43 (t, J = 7.8 Hz, 1H, 

ArH), 7.06 – 6.95 (m, 2H, 2 x ArH), 1.01 (s, 9H, SiC(CH3)3), 0.26 (s, 6H, Si(CH3)2) ppm. 
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tert-Butyldimethyl(2-nitrophenoxy)silane (60) 

 

Following the general procedure, using 2-nitrophenol (70 mg, 0.5 mmol) and tert-

butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) to afford silyl ether 60 as determined 

by GC analysis, 96%. The spectroscopic data were in accordance with those reported in 

literature.354 

1H NMR (500 MHz, CDCl3) δ = 7.80 (d, J = 8.1 Hz, 1H, ArH), 7.43 (t, J = 7.8 Hz, 1H, 

ArH), 7.02 (t, J = 7.7 Hz, 1H, ArH), 6.98 (d, J = 8.3 Hz, 1H, ArH), 1.01 (s, 9H, 

SiC(CH3)3), 0.26 (s, 6H, Si(CH3)2) ppm. 

4-((tert-Butyldimethylsilyl)oxy)benzonitrile (61) 

 

Following the general procedure, using 4-cyanophenol (60 mg, 0.5 mmol) and 

tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) to afford silyl ether 61 as 

determined by GC analysis, 98%. The spectroscopic data were in accordance with those 

reported in literature.355 

1H NMR (500 MHz, CDCl3) δ = 7.54 (d, J = 8.6 Hz, 2H, 2 x ArH), 6.89 (d, J = 8.6 Hz, 

2H, 2 x ArH), 0.98 (s, 9H, SiC(CH3)3), 0.23 (s, 6H, Si(CH3)2) ppm. 

tert-Butyldimethyl(2-iodophenoxy)silane (62) 

 

Following the general procedure, using 2-iodophenol (2.2 g, 10 mmol) and tert-

butyldimethylsilyl amine (45) (1.6 g, 12 mmol). The resulting solution was stirred for 30 

minutes at room temperature. After completion of the reaction, the crude reaction mixture 
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was purified by PTLC with hexanes/ethyl acetate 99:1 (v/v) to afford 62 as a clear oil (3.2 

g, 9.6 mmol, 96%). The spectroscopic data were in accordance with those reported in 

literature.356 

1H NMR (400 MHz, CDCl3) δ = 7.76 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.20 (ddd, J = 8.1, 

7.3, 1.7 Hz, 1H, ArH), 6.83 (dd, J = 8.1, 1.4 Hz, 1H, ArH), 6.68 (ddd, J = 7.9, 7.3, 1.5 

Hz, 1H, ArH), 1.07 (s, 9H, SiC(CH3)3), 0.28 (s, 6H, Si(CH3)2) ppm. 

tert-Butyldimethyl(naphthalen-1-yloxy)silane (64) 

 

Following the general procedure, using 1-naphthol (72 mg, 0.5 mmol) and tert-

butyldimethylsilyl amine (45) (80 mg, 0.6 mmol). The resulting solution was stirred for 

30 minutes at room temperature. After completion of the reaction, the crude reaction 

mixture was purified by preparative TLC with hexanes/ethyl acetate 90:10 (v/v) to afford 

64 as a colourless oil (98 mg, 0.38 mmol, 76%). The spectroscopic data were in 

accordance with those reported in literature.357 

1H NMR (500 MHz, CDCl3) δ = 8.18 (m, 1H, ArH), 7.85 – 7.76 (m, 1H, ArH), 7.51 – 

7.42 (m, 3H, 3 x ArH), 7.32 (t, J = 7.8 Hz, 1H, ArH), 6.87 (d, J = 7.5 Hz, 1H, ArH), 1.10 

(s, 9H, SiC(CH3)3), 0.29 (s, 6H, Si(CH3)2) ppm. 

8-((tert-Butyldimethylsilyl)oxy)quinoline (65) 

 

Following the general procedure, using 8-hydroxyquinoline (73 mg, 0.5 mmol) 

and tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) to afford silyl ether 65 as 

determined by GC analysis after 3 hours, 81%.  

1H NMR (600 MHz, CDCl3) δ = 8.86 (dd, J = 4.1, 1.7 Hz, 1H, ArH), 8.09 (dd, J = 8.3, 

1.7 Hz, 1H, ArH), 7.42 – 7.39 (m, 2H, 2 x ArH), 7.36 (dd, J = 8.3, 4.1 Hz, 1H, ArH), 7.21 



148 

 

– 7.16 (m, 1H, ArH), 1.09 (s, 9H, SiC(CH3)3), 0.29 (s, 6H, Si(CH3)2) ppm.  

13C NMR (151 MHz, CDCl3) δ = 153.0 (ArC), 148.7 (ArCH), 142.3 (ArC), 135.8 

(ArCH), 129.8 (ArC), 127.0 (ArCH), 121.3 (ArCH), 120.5 (ArCH), 118.0 (ArCH), 26.1 

(SiC(CH3)3), 19.0 (SiC), -3.8 (Si(CH3)2) ppm.  

IR (ATR) ν = 3050 (C-H), 2928 (C-H), 1570, 1498, 1471, 1101, 824 cm-1.  

HRMS (APCI): Calc for C15H22NOSi [M+H] 260.1471, found m/z 260.1459. 

tert-Butyldimethyl(2-phenoxyphenoxy)silane (66) 

 

Following the general procedure, using 2-phenoxyphenol (93 mg, 0.5 mmol) and 

tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) with the addition of THF (0.2 mL) 

to afford silyl ether 66 as determined by GC analysis after 30 minutes, 85%. 

1H NMR (500 MHz, CDCl3): δ = 7.27 – 7.24 (m, 2H, 2 x ArH), 7.04 – 7.01 (m, 1H, ArH), 

6.99 – 6.95 (m, 2H, 2 x ArH), 6.94 – 6.92 (m, 2H, 2 x ArH), 6.89 – 6.87 (m, 2H, 2 x ArH), 

0.85 (s, 9H, SiC(CH3)3), 0.12 (s, 6H, Si(CH3)2) ppm.  
13C NMR (151 MHz, CDCl3): δ = 158.0 (ArC), 147.8 (ArC), 146.7 (ArC), 129.5 (2 x 

ArCH), 125.0 (ArCH), 122.1 (ArCH), 122.1 (ArCH), 122.0 (ArCH), 121.8 (ArCH), 116.8 

(2 x ArCH), 25.6 (SiC(CH3)3), 18.3 (SiC), -4.4 (Si(CH3)2) ppm.  

IR (ATR): ν = 3040 (C-H), 2930 (C-H), 1582, 1489, 1216, 919, 746 cm-1.  

HRMS (APCI): Calc for C18H25O2Si [M+H] 301.1624, found m/z 301.1632.  

tert-Butyl(2,6-dimethoxyphenoxy)dimethylsilane (67) 

 

Following the general procedure, using 2,6-dimethoxyphenol (77 mg, 0.5 mmol) 

and tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) with the addition of THF (0.2 

mL) to afford silyl ether 67 as determined by GC analysis after 3 hours, 51%. 

1H NMR (500 MHz, CDCl3): δ = 6.85 (t, 1H, J = 6.84 Hz, ArH), 6.55 (d, 2H, J = 6.55 

Hz, 2 x ArH), 3.79 (s, 6H, 2 x OCH3), 1.02 (s, 9H, SiC(CH3)3), 0.13 (s, 6H, Si(CH3)2) 

ppm. 

13C NMR (126 MHz, CDCl3): δ = 152.0 (2 x ArC), 134.6 (ArC), 120.7 (ArCH), 105.5 (2 
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x ArCH), 55.9 (2 x OCH3, 26.0 (SiC(CH3)3), 18.9 (SiC), -4.5 (Si(CH3)2) ppm.  

IR (ATR): ν = 2927 (C-H), 1595, 1501, 1476, 1251, 1110, 766 cm-1.  

HRMS (EI): Calc for C14H24O3Si 268.1495, found m/z 268.1507. 

((2-Bromo-3,4,5-trimethoxybenzyl)oxy)(tert-butyl)dimethylsilane (70) 

 

Following the general procedure, using (2-bromo-3,4,5-

trimethoxyphenyl)methanol (139 mg, 0.5 mmol) and tert-butyldimethylsilyl amine  (45)  

(80 mg, 0.6 mmol) to afford silyl ether 70 determined by GC analysis after 20 hours, 93%. 

The spectroscopic data were in accordance with those reported in literature.358 

1H NMR (500 MHz, CDCl3): δ = 7.01 (s, 1H, ArH), 4.68 (s, 2H, CH2), 3.89 (s, 3H, 

OCH3), 3.87 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 0.97 (s, 9H, SiC(CH3)3), 0.14 (s, 6H, 

Si(CH3)2) ppm. 

(Benzo[d][1,3]dioxol-5-ylmethoxy)(tert-butyl)dimethylsilane (71) 

 

Following the general procedure, using 1,3-benzodioxole-5-methanol (61 mg, 0.5 

mmol) and tert-butyldimethylsilyl amine (45) (98 mg, 0.75 mmol) with THF (0.2 mL). 

The resulting solution was stirred for 20 hours at room temperature. After completion of 

the reaction, the crude reaction mixture was purified by PTLC with hexanes/ethyl acetate 

90:10 (v/v) to afford 71 as a colourless oil (108 mg, 0.41 mmol, 81%). 

1H NMR (500 MHz, CDCl3): δ = 6.85 (s, 1H, ArH), 6.76 (d, J = 1.0 Hz, 2H, 2 x ArH), 

5.94 (s, 2H, OCH2O), 4.64 (s, 2H, CH2), 0.94 (s, 9H, SiC(CH3)3), 0.10 (s, 6H, Si(CH3)2) 

ppm.  

13C NMR (126 MHz, CDCl3): δ = 147.7 (ArC), 146.6 (ArC), 135.6 (ArC), 119.4 (ArCH), 

108.1 (ArCH), 107.2 (ArCH), 101.0 (OCH2O), 65.0 (CH2), 26.1 (SiC(CH3)3), 18.6 (SiC), 

-5.1 (Si(CH3)2) ppm.  
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IR (ATR): ν = 2856 (C-H), 1490, 1442, 1249, 1040, 830, 774 cm-1. 

HRMS (APCI): Calc for C14H23O3Si [M+H] 267.1416, found m/z 267.1414. 

tert-Butyl((2-iodobenzyl)oxy)dimethylsilane (72) 

 

Following the general procedure, using 2-iodobenzyl alcohol (117 mg, 0.5 mmol) 

and tert-butyldimethylsilyl amine (45) (98 mg, 0.75 mmol) to afford the corresponding 

silyl ether 72 as determined by GC analysis after 20 hours, 76%. The spectroscopic data 

were in accordance with those reported in literature.359 

1H NMR (500 MHz, CDCl3): δ = 7.77 (d, J = 7.8 Hz, 1H, ArH), 7.51 (d, J = 7.6 Hz, 1H, 

ArH), 7.36 (t, J = 6.3 Hz, 1H, ArH), 6.96 (t, J = 7.5 Hz, 1H, ArH), 4.62 (s, 2H, CH2), 0.97 

(s, 9H, SiC(CH3)3), 0.14 (s, 6H, Si(CH3)2) ppm.  

Benzyloxy(tert-butyl)dimethylsilane (73) 

 

Following the general procedure, using benzyl alcohol (54 mg, 0.5 mmol) and 

tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) to afford the corresponding silyl 

ether 73 as determined by GC analysis after 20 hours, 94%. The spectroscopic data were 

in accordance with those reported in literature.360 

1H NMR (500 MHz, CDCl3) δ = 7.34 – 7.30 (m, 2H, 2 x ArH), 7.25 – 7.22 (m, 3H, 3 x 

ArH), 4.75 (s, 2H, CH2), 0.95 (s, 9H, SiC(CH3)3), 0.10 (s, 6H, Si(CH3)2) ppm. 

tert-Butyldimethylsilyl benzoate (76) 
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Following the general procedure, using benzoic acid (61 mg, 0.5 mmol) and tert-

butyldimethylsilyl amine (45) (80 mg, 0.6 mmol), after stirring for 30 minutes the 

resulting solution was concentrated under reduced pressure to afford silyl ester 76 as a 

colourless oil (1118 mg, 0.5 mmol, 100%). The spectroscopic data were in accordance 

with those reported in literature.361 

1H NMR (600 MHz, CDCl3) δ = 8.04 (dd, J = 8.3, 1.4 Hz, 2H, 2 x ArH), 7.54 (dd, J = 

10.5, 4.4 Hz, 1H, ArH), 7.43 (dd, J = 10.9, 4.8 Hz, 2H, 2 x ArH), 1.03 (s, 9H, SiC(CH3)3), 

0.38 (s, 6H, Si(CH3)2) ppm. 

tert-Butyldimethylsilyl 4-methoxybenzoate (77) 

 

Following the general procedure, using 4-methoxybenzoic acid (76 mg, 0.5 

mmol) and tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol), after stirring for 30 

minutes the resulting solution was concentrated under reduced pressure to afford silyl 

ester 77 as a colourless oil (133 mg, 0.5 mmol, 100%). 

1H NMR (500 MHz, CDCl3): δ = 7.99 (d, J = 8.6 Hz, 2H, 2 x ArH), 6.91 (d, J = 8.6 Hz, 

2H, 2 x ArH), 3.86 (s, 3H, OCH3), 1.02 (s, 9H, SiC(CH3)3), 0.36 (s, 6H, Si(CH3)2) ppm. 

13C NMR (151 MHz, CDCl3): δ = 166.5 (C=O), 163.5 (ArC), 132.3 (ArCH), 124.2 

(ArC), 113.7 (ArCH), 55.6 (OCH3), 25.8 (SiC(CH3)3), 18.0 (SiC), -4.6 (Si(CH3)2) ppm. 

IR (ATR): ν = 2955, 2931, 2858, 1693, 1605, 1286, 1251 cm-1. 

HRMS (APCI): Calc for C14H23O3Si 267.1416, found m/z 267.1427. 

tert-Butyldimethylsilyl 2-acetoxybenzoate (78) 
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Following the general procedure, using 2-acetoxybenzoic acid (90 mg, 0.5 mmol) 

and tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol), after stirring for 30 minutes 

the resulting solution was concentrated under reduced pressure to afford silyl ester 78 as 

a colourless oil (147 mg, 0.5 mmol, 100%). 

1H NMR (600 MHz, CDCl3) δ = 8.00 (d, J = 7.8 Hz, 1H, ArH), 7.60 – 7.49 (m, 1H, 

ArH), 7.30 (t, J = 7.6 Hz, 1H, ArH), 7.09 (d, J = 8.0 Hz, 1H, ArH), 2.35 (s, 3H, CH3), 

1.00 (s, 9H, SiC(CH3)3), 0.35 (s, 6H, Si(CH3)2) ppm. 

13C NMR (151 MHz, CDCl3) δ = 169.9 (C=O), 164.1 (C=O), 151.3 (ArC), 133.9 

(ArCH), 132.3 (ArCH), 126.0 (ArCH), 124.6 (ArC), 123.9 (ArCH), 25.8 (SiC(CH3)3), 

21.3 (CH3), 18.0 (SiC), -4.6 (Si(CH3)2) ppm. 

IR (ATR) ν = 2957, 2930, 2858, 1759 (C=O), 1700 (C=O), 1270, 1078 cm-1. 

HRMS (APCI): Calc for C15H23O4Si 295.1366, found m/z 295.1352. 

tert-Butyldimethylsilyl hexanoate (79) 

 

Following the general procedure, using hexanoic acid (63 µL, 0.5 mmol) and tert-

butyldimethylsilyl amine (45) (80 mg, 0.6 mmol), after stirring for 30 minutes the 

resulting solution was concentrated under reduced pressure to afford silyl ester 79 as a 

colourless oil (115 mg, 0.5 mmol, 100%).  

1H NMR (500 MHz, CDCl3): δ = 2.30 (t, J = 7.5 Hz, 2H, CH2), 1.60 (dt, J = 14.7, 7.4 

Hz, 2H, CH2), 1.39 – 1.22 (m, 4H, 2 x CH2), 0.93 (s, 9H, SiC(CH3)3), 0.92 – 0.81 (m, 3H, 

CH3), 0.26 (s, 6H, Si(CH3)2) ppm.  

13C NMR (151 MHz, CDCl3): δ = 174.5 (C=O), 36.2 (CH2), 31.4 (CH2), 25.7 

(SiC(CH3)3), 24.9 (CH2), 22.5 (CH2), 17.7 (SiC), 14.1 (CH3), -4.7 (Si(CH3)2) ppm. 

IR (ATR): ν = 2956, 2931, 2859, 1720 (C=O), 1251, 825, 788 cm-1.  

HRMS (EI): Calc for C12H26O2Si 230.1702, found m/z 230.1708. 
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6.3.3  Silylation competition experiments 

Competition reaction between phenol (46) and benzyl alcohol (81) 

 

tert-Butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) was added to a 

magnetically stirred mixture of phenol (0.5 mmol) and benzyl alcohol (0.5 mmol). After 

30 minutes, an aliquot of the reaction mixture was analysed by GC-MS to determine the 

reaction selectivity (1:2, tert-butyldimethyl(phenoxy)silane (47)/benzyloxy(tert-

butyl)dimethylsilane (73)). 

Competition reaction between phenol (46) and alkyl alcohol (82) 

 

tert-Butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) was added to a 

magnetically stirred mixture of phenol (0.5 mmol) and heptanol (0.5 mmol). After 30 

minutes, an aliquot of the reaction mixture was analysed by GC-MS to determine the 

reaction selectivity (1:1, tert-butyl(heptyloxy)dimethylsilane (47)/tert-

butyldimethyl(phenoxy)silane (83)). 

Competition reaction between phenol (46) and benzoic acid (84) 

 

tert-Butyldimethylsilyl amine (45) (80 mg, 0.6 mmol) was added to a 

magnetically stirred mixture of phenol (0.5 mmol) and benzoic acid (0.5 mmol). After 30 
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minutes, an aliquot of the reaction mixture was analysed by GC-MS to determine the 

reaction selectivity (1:2, tert-butyldimethyl(phenoxy)silane (47)/tert-butyldimethylsilyl 

benzoate (76)). 

Intramolecular competition reactions of 3-hydroxybenzyl alcohol 

tert-Butyl((3-((tert-butyldimethylsilyl)oxy) benzyl)oxy)dimethylsilane (86) 

 

3-Hydroxybenzyl alcohol (62 mg, 0.5 mmol) was added to magnetically stirred 

tert-butyldimethylsilyl amine (45) (197 mg, 1.5 mmol). The resulting solution was stirred 

for 3 hours at room temperature. After completion of the reaction, the crude reaction 

mixture was purified by PTLC with hexanes/ethyl acetate 90:10 (v/v) to afford the 

corresponding silyl ether 86 as a colourless oil (134 mg, 0.38 mmol, 76 %). The 

spectroscopic data were in accordance with those reported in literature.362 

1H NMR (500 MHz, CDCl3) δ = 7.22 – 7.19 (m, 1H, ArH), 6.93 – 6.92 (m, 1H, ArH), 

6.84 (s, 1H, ArH), 6.75–6.67 (m, 1H, ArH), 4.69 (s, 2H, CH2), 0.99 (s, 9H, SiC(CH3)3), 

0.95 (s, 9H, SiC(CH3)3), 0.20 (s, 6H, Si(CH3)2), 0.10 (s, 6H, Si(CH3)2) ppm. 

tert-Butyl((3-((tert-butyldimethylsilyl)oxy)benzyl)oxy)dimethylsilane (86), (3-((tert-

Butyldimethylsilyl)oxy)phenyl)methanol (88) and  3-(((tert-

Butyldimethylsilyl)oxy)methyl)phenol (87) 

 

Following the general procedure, using 3-hydroxybenzyl alcohol (62 mg, 0.5 

mmol) and tert-butyldimethylsilyl amine (45) (80 mg, 0.6 mmol. The resulting solution 

was stirred for 30 minutes at room temperature. After completion of the reaction, the 

crude reaction mixture was purified by PTLC with hexanes/ethyl acetate 90:10 (v/v) to 
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afford tert-butyl((3-((tert-butyldimethylsilyl)oxy)benzyl)oxy)dimethylsilane (86) as a 

colourless oil (49 mg, 0.14 mmol, 28%), 3-(((tert-butyldimethylsilyl)oxy)methyl)phenol 

(87) as a colourless oil (51 mg, 0.21 mmol, 43%) and (3-((tert-

butyldimethylsilyl)oxy)phenyl)methanol) (88) as a colourless oil (13 mg, 0.06 mmol, 

11%). The spectroscopic data were in accordance with those reported in literature.350 

3-(((tert-Butyldimethylsilyl)oxy)methyl)phenol (87) 

1H NMR (500 MHz, CDCl3): δ = 7.20 – 7.18 (m, 1H, ArH), 6.92 – 6.87 (m, 2H, 2 x ArH), 

6.75 – 6.72 (m, 1H, ArH), 4.70 (s, 2H, CH2), 0.95 (s, 9H, SiC(CH3)3), 0.11 (s, 6H, 

Si(CH3)2) ppm.  

13C NMR (CDCl3, 151MHz): δ = 155.8 (ArC), 143.5 (ArC), 129.6 (ArCH), 118.4 

(ArCH), 113.9 (ArCH), 113.0 (ArCH), 64.8 (CH2, 26.1 (SiC(CH3)3), 18.6 (SiC), -5.1 

(Si(CH3)2) ppm.  

IR (ATR): ν = 3335 (O–H), 2954, 2929, 2856, 1592, 1459, 833 cm-1.  

HRMS (EI): m/z 238.1395; [M]+ requires 238.1389. 

(3-((tert-Butyldimethylsilyl)oxy)phenyl)methanol (88)  

1H NMR (500 MHz, CDCl3): δ = 7.22 – 7.20 (m, 1H, ArH), 6.95 – 6.93 (m, 1H, ArH), 

6.86 – 6.85 (m, 1H, ArH), 6.79 – 6.74 (m, 1H, ArH), 4.64 (s, 2H, CH2), 1.58 (s, 2H, 

CH2OH), 0.99 (s, 9H), 0.20 (s, 6H, Si(CH3)2) ppm. 

tert-Butyl((3-((tert-butyldimethylsilyl)oxy)benzyl)oxy)dimethylsilane (86) 

1H NMR (500 MHz, CDCl3): δ = 7.22 – 7.19 (m, 1H, ArH), 6.93 – 6.92 (m, 1H, ArH), 

6.84 (s, 1H, ArH), 6.75 – 6.67 (m, 1H, ArH), 4.69 (s, 2H, CH2), 0.99 (s, 9H, SiC(CH3)3), 

0.95 (s, 9H, SiC(CH3)3), 0.20 (s, 6H, Si(CH3)2), 0.10 (s, 6H, Si(CH3)2) ppm. 

6.3.4  General procedure of the Buchwald-Hartwig amination with TBDMSNH2 

 To a flame-dried flask under an inert atmosphere was added chlorobenzene (51 

µL, 0.5 mmol), tert-butyldimethylsilyl amine (45) (98 mg, 0.75 mmol), Pd2(dba)3 (54 mg, 

0.005 mmol), biaryl phosphine ligand (0.05 mmol), NaOtBu (62 mg, 0.65 mmol) and 

toluene (1 mL). The flask was placed in an oil bath and heated at 120 °C for 18 hours. 

The resulting mixture was brought to room temperature before mesitylene (14 µL, 0.1 

mmol) was added as internal standard, diluted with ethyl acetate, filtered through a plug 
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of celite (eluting with ethyl acetate), and concentrated under reduced pressure. The 

reaction mixture was then subjected to analysis via 1H NMR to determine NMR yield. 

6.3.5  Attempted aminosilylation of alkynes with TBDMSNH2 

 To a flame-dried flask under an inert atmosphere was added alkyne (0.28 mmol), 

tert-butyldimethylsilyl amine (45) (43 mg, 0.3 mmol), the specified catalyst and ligand, 

in toluene (0.5 mL). The flask was placed in an oil bath and heated at 60 °C for 18 hours. 

The resulting mixture was cooled to room temperature, diluted with ethyl acetate (1 mL), 

filtered through a plug of celite (eluting with ethyl acetate), and concentrated under 

reduced pressure. The reaction mixture was then subjected to analysis via GC-MS. 
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6.4  Experimental Procedures - Chapter 3 

6.4.1  Preparation of nickel phosphites 

Tetrakis(triethylphosphite)nickel(0) (102) 

 

 Following a procedure by Birdwhitsell et al.,156 nickel chloride hexahydrate (1.9 

g, 5 mmol) was dissolved in MeOH (20 mL) and cooled to 0 °C. Triethylphosphite (4.5 

mL, 26.5 mmol) was added dropwise to the solution to produce a dark red solution. 

Diethylamine (0.9 mL, 8.5 mmol) was added dropwise until the dark red colour had just 

disappeared. The solution was filtered washing the solids with cold MeOH (20 mL) and 

dried under high vacuum to yield the desired nickel complex 102 as a white powder (957 

mg, 1.32 mmol, 26%). The spectroscopic data were in accordance with those reported in 

the literature.160 

1H NMR (600 MHz, C6D6): δ = 4.15 (br s, 24H, 12 x CH2), 1.28 (t, J = 7.05 Hz, 36H, 12 

x CH3) ppm. 

13C NMR (151 MHz, C6D6): δ = 58.9 (12 x CH2), 17.5 (12 x CH3) ppm. 

31P NMR (243 MHz, C6D6): δ = 159.3 ppm. 

Tetrakis(triphenylphosphite)nickel(0) (103) 

 

 Following a modified procedure by Robinson et al.,157 nickel nitrate hexahydrate 

(582 mg, 2 mmol) and triphenylphosphite (2.6 mL, 10 mmol) were dissolved in dry 

ethanol (15 mL). A suspension of NaBH4 (190 mg, 5 mmol) in dry ethanol (15 mL) was 

added dropwise to the nickel solution while stirring. After complete addition of the 

NaBH4 solution, formation of a cream precipitate was observed, and the reaction stirred 

a further 15 minutes. The precipitate was collected by vacuum filtration in air, washing 

with EtOH (20 mL), water (20 mL) and MeOH (40 mL). The resulting solids were air-

dried for 30 minutes before drying under high vacuum overnight to yield the desired 

nickel complex 103 as a white solid (2.39 g, 1.8 mmol, 92%). The solids could be 
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recrystallised from DCM/MeOH. The spectroscopic data were in accordance with those 

reported in the literature.363 

1H NMR (600 MHz, C6D6): δ = 7.15 (br s, 24H, 24 x ArH), 6.93 (br s, 24H, 24 x ArH), 

6.79 (br s, 12H, 12 x ArH) ppm. 

13C NMR (151 MHz, C6D6): δ = 153.2 (12 x ArC), 129.2(24 x ArCH), 123.8 (12 x ArCH), 

121.7 (24 x ArCH) ppm. 

31P NMR (243 MHz, C6D6): δ = 130.4 ppm. 

Tris[tri(o-tolyl)phosphite]nickel(0) (104) 

 

Following a modified procedure by Tolman et al.,124 nickel nitrate hexahydrate 

(0.32 g, 1.11 mmol) and tri(o-tolyl)phosphite (1.11 g, 3.33 mmol) were dissolved in EtOH 

(20 mL). The green solution was cooled to -60 °C (dry ice, CHCl3), after which NaBH4 

(0.17 g, 4.40 mmol) suspended in EtOH (10 mL) was added dropwise. The dark red 

mixture was stirred for a further 5 minutes and then warmed to room temperature. The 

solids were allowed to settle before removing the solvent via a cannula. The residue was 

then dissolved in toluene (20 mL) and cannula filtered into a separate flask. The solvent 

was removed under vacuum (cold trap), the solids washed with hexane (3 x 5 mL), 

filtering under argon. The desired nickel complex 104 was obtained after drying under 

high vacuum as a bright red powder (0.67 g, 0.60 mmol, 54%).  The spectroscopic data 

were in accordance with those reported in the literature.124 

1H NMR (600 MHz, C6D6): δ = 7.51 (m, 9H, 9 x ArH), 6.88 (m, 18H, 18 x ArH), 6.79 

(td, J = 7.4, 1.2 Hz, 9H, 9 x ArH), 2.00 (s, 27H, 9 x CH3) ppm. 

13C NMR (151 MHz, C6D6): δ = 151.2 (9 x ArC), 131.3 (9 x ArCH), 129.9 (9 x ArC), 

126.8 (9 x ArCH), 123.7 (9 x ArCH), 120.4 (9 x ArCH), 16.8 (9 x CH3) ppm. 

31P NMR (243 MHz, C6D6): δ = 128.8 ppm. 
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6.4.2 Preparation of mixed NHC/phosphite nickel(0) complexes 

[1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]-bis(triphenylphosphite)nickel(0) 

(105) 

 

In a glovebox, nickel tetrakis(triphenylphosphite) (103) (244 mg, 0.19 mmol) and 

IMes (115 mg, 0.38 mmol) were placed into a Schlenk flask. Toluene (15 mL) was added 

and the vessel sealed and removed from the glovebox and heated at 120 °C for 50 minutes. 

The mixture was then cooled to room temperature and the solvent was completely 

removed under high vacuum (cold trap). The flask was then returned to the glove box and 

the red oil was dissolved in THF (2 mL), filtered through a short plug of celite and washed 

with THF (3 x 2 mL). The solution was concentrated to a minimal volume of THF (~1.5 

mL) and layered with pentane (10 mL) and allowed to recrystallise at -28 °C. A mixture 

of white powder and red crystals are obtained, the supernatant solution was decanted and 

pentane (3 mL) was added and swirled to suspend the white precipitate and then decanted. 

This process was repeated until the white precipitate is removed. Complex 105 was 

obtained as bright red crystals (100 mg, 0.1 mmol, 54%). Crystals suitable for X-ray 

diffraction were obtained by slow diffusion of pentane into a concentrated solution of 105 

in benzene at -28 °C.  

1H NMR (600 MHz, C6D6): δ = 6.97 – 6.88 (m, 24H, 24 x ArH), 6.85 – 6.77 (m, 6H, 6 x 

ArH), 6.73 (s, 4H, 4 x ArH), 6.33 (s, 2H, CHCH), 2.30 (s, 12H, 4 x CH3), 2.15 (s, 6H, 2 

x CH3) ppm.  

13C NMR (151 MHz, C6D6): δ = 198.9 (t, JCP = 32.0 Hz, NCN), 153.3 (6 x ArC), 137.9 

(2 x ArC), 137.6 (2 x ArC), 136.4 (4 x ArC), 129.5 (4 x ArCH), 129.0 (12 x ArCH), 122.5 

(6 x ArCH), 121.6 (NCHCH), 121.2 (12 x ArCH), 21.2 (2 x CH3), 18.1 (4 x CH3) ppm.  

31P NMR (243 MHz, C6D6): δ = 120.9 ppm.  

Anal. Calcd for C57H54N2O6P2Ni: C, 69.60; H, 5.53; N, 2.85. Found: C, 69.42; H, 5.42; 

N, 2.79. 
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[1,3-Bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene]-

bis(triphenylphosphite)nickel(0) (106)  

 

In a glovebox, nickel tetrakis(triphenylphosphite) (103) (429 mg, 0.33 mmol) and 

SIMes (204 mg, 0.66 mmol) were placed into a Schlenk flask. Toluene (20 mL) was added 

and the vessel sealed and removed from the glovebox and heated at 110 °C for 40 minutes. 

The mixture was then cooled to room temperature and the solvent was completely 

removed under high vacuum (cold trap). The flask was returned to the glove box and the 

red oil was dissolved in THF (2 mL), filtered through a short plug of celite and washed 

with THF (3 x 2 mL). The solution was concentrated to a minimal volume of THF (~1.5 

mL) and layered with pentane (10 mL) and allowed to crystallise at -28 °C. A mixture of 

white powder and red crystals was obtained, the supernatant solution was decanted and 

pentane (3 mL) was added and swirled to suspend the white precipitate that was then 

decanted off. This process was repeated until the white precipitate was removed. Complex 

106 was obtained as bright red crystals (256 mg, 0.3 mmol, 79%). Crystals suitable for 

X-ray diffraction were obtained by slow diffusion of pentane into a concentrated solution 

of 106 in benzene at -28 °C. 

1H NMR (600 MHz, C6D6): δ = 6.95 – 6.90 (m, 12H, 12 x ArH), 6.87 (d, J = 7.5 Hz, 

12H, 12 x ArH), 6.80 (t, J = 7.2 Hz, 6H, 6 x ArH), 6.76 (s, 4H, 4 x ArH), 3.33 (s, 4H, 

CH2CH2), 2.50 (s, 12H, 4 x CH3), 2.17 (s, 6H, 2 x CH3) ppm.  

13C NMR (151 MHz, C6D6): δ = 222.2 (t, JCP = 32.0 Hz, NCN), 153.3 (6 x ArC), 137.9 

(2 x ArC), 137.4 (4 x ArC), 137.0 (2 x ArC), 129.9 (4 x ArCH), 129.0 (12 x ArCH), 122.6 

(6 x ArCH), 121.3 (12 x ArCH), 50.9 (NCH2CH2), 21.2 (2 x CH3), 18.2 (4 x CH3) ppm.  

31P NMR (243 MHz, C6D6): δ = 121.6 ppm.  

Anal. Calcd for C57H56N2O6P2Ni: C, 69.45; H, 5.73; N, 2.84. Found: C, 69.30; H, 5.79; 

N, 2.77. 
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[1,3-Bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene]-bis(tri(o-

tolyl)phosphite)nickel(0) (107) 

 

In a glovebox, nickel tris(tri-o-tolylphosphite) (104) (200 mg, 0.18 mmol) and 

SIMes (110 mg, 0.36 mmol) were placed into a Schlenk flask. Toluene (15 mL) was added 

and the vessel sealed and removed from the glovebox and heated at 100 °C for 15 minutes. 

The mixture was cooled to room temperature and the solvent was completely removed 

under high vacuum (cold trap). The flask was then returned to the glove box and the red 

oil was dissolved in THF (2 mL), filtered through a short plug of celite and washed with 

THF (3 x 2 mL). The solution was concentrated to a minimal volume of THF (~1.5 mL) 

and layered with pentane (10 mL) and allowed to recrystallise at -28 °C. Complex 107 

was obtained as bright red crystals (130 mg, 0.12 mmol, 67%). Crystals suitable for X-

ray diffraction were obtained by slow diffusion of pentane into a concentrated solution of 

107 in benzene at -28 °C.  

1H NMR (600 MHz, C6D6): δ = 7.13 (d, J = 7.6 Hz, 6H, 6 x ArH), 6.90 – 6.84 (m, 6H, 6 

x ArH), 6.78 (d, J = 0.4 Hz, 4H, 4 x ArH), 6.74 (td, J = 7.3, 1.5 Hz, 6H, 6 x ArH), 6.72 – 

6.68 (m, 6H, 6 x ArH), 3.33 (s, 4H, CH2CH2), 2.53 (s, 12H, 4 x CH3), 2.17 (s, 6H, 2 x 

CH3), 1.96 (s, 18H, 6 x CH3) ppm.  

13C NMR (126 MHz, C6D6): δ = 222.4 (t, JCP = 32.9 Hz, NCN), 151.5 (6 x ArC), 137.9 

(2 x ArC), 136.9 (4 x ArC), 136.8 (2 x ArC), 130.3 (6 x ArCH), 129.6 (4 x ArCH), 128.8 

(6 x ArC), 126.1 (6 x ArCH), 122.0 (6 x ArCH), 120.1 (6 x ArCH), 50.7 (NCH2CH2), 20.9 

(2 x CH3), 18.3 (4 x CH3), 16.7 (6 x CH3) ppm.  

31P NMR (243 MHz, C6D6): δ = 120.9 ppm.  

Anal. Calcd for C63H68N2O6P2Ni: C, 70.73; H, 6.41; N, 2.62. Found: C, 70.84; H, 6.33; 

N, 2.65. 
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[1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]-bis(tri(o-

tolyl)phosphite)nickel(0) (108) 

 

In a glovebox, nickel tris(tri-o-tolylphosphite) (104) (200 mg, 0.18 mmol) and 

IMes (109 mg, 0.36 mmol) were placed into a Schlenk flask. Toluene (15 mL) was added 

and the vessel sealed and removed from the glovebox and heated at 100 °C for 30 minutes. 

The mixture was cooled to room temperature and the solvent was completely removed 

under high vacuum (cold trap). The flask was then returned to the glove box and the red 

oil was dissolved in THF (2 mL), filtered through a short plug of celite and washed with 

THF (3 x 2 mL). The solution was concentrated to a minimal volume of THF (~1.5 mL) 

and layered with pentane (10 mL) and allowed to recrystallise at -28 °C. Complex 108 

was obtained as bright red crystals (109 mg, 0.10 mmol, 57%). Crystals suitable for X-

ray diffraction were obtained by slow diffusion of pentane into a concentrated solution of 

108 in benzene at -28 °C.  

1H NMR (600 MHz, C6D6): δ = 7.27 – 7.19 (m, 6H, 6 x ArH), 6.91 – 6.84 (m, 6H, 6 x 

ArH), 6.78 – 6.67 (m, 16H, 16 x ArH), 6.33 (s, 2H, CHCH), 2.33 (s, 12H, 4 x CH3), 2.15 

(s, 6H, 2 x CH3), 1.94 (s, 18H, 6 x CH3).  

13C NMR (151 MHz, C6D6): δ = 198.7 (t, JCP = 33.2 Hz, NCN), 151.9 (6 x ArC), 138.1 

(2 x ArC), 137.9 (4 x ArC), 136.4 (2 x ArC), 130.7 (6 x ArCH), 129.6 (4 x ArCH), 129.2 

(4 x ArC), 128.4 (6 x ArC), 126.5 (6 x ArC), 122.3 (6 x ArCH), 121.9 (NCHCH), 120.4 

(6 x ArC), 21.2 (2 x CH3), 18.6 (4 x CH3), 17.0 (6 x CH3) ppm.  

31P NMR (243 MHz, C6D6): δ = 120.2 ppm.  

Anal. Calcd for C63H66N2O6P2Ni: C, 70.86; H, 6.23; N, 2.62. Found: C, 70.69; H, 6.46; 

N, 2.62. 
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[1,3-Bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene]-(3,4,5-

trifluorobenzaldehyde)-(triphenylphosphite)nickel(0)  (114) 

 

Ni(SIMes)[P(OPh)3]2 (106) (20 mg, 20 µmol) was dissolved in THF (0.5 mL) 

followed by addition of 3,4,5-trifluorobenzaldehyde (2.5 µL, 20 µmol). The solution 

turned from bright red to yellow within 2 minutes and the mixture was allowed to stir for 

a further 10 minutes. The mixture was concentrated under reduced pressure to afford a 

yellow solid which was dissolved in a small portion of benzene (~0.5 mL), layered with 

pentane and cooled to -28 °C. Filtration provided nickel complex 114 as yellow needles 

(49.6 mg, 0.06 mmol, 72%). Crystals suitable for X-ray diffraction were obtained by slow 

diffusion of pentane into a concentrated solution of 114 in benzene at -28 °C.  

1H NMR (600 MHz, C6D6): δ = 7.03 (br s, 2H, 2 x ArH), 6.97 (s, 2H, 2 x ArH), 6.95 – 

6.90 (m, 6H, 6 x ArH), 6.83 (t, J = 7.4 Hz, 3H, 3 x ArH), 6.76 (d, J = 8.1 Hz, 6H, 6 x 

ArH), 6.24 (t, JHF = 7.3 Hz, 2H, 2 x ArH), 4.21 (d, J = 8.0 Hz, 1H, CHO), 3.27 (s, 4H, 

CH2CH2), 2.57 (s, 6H, 2 x CH3), 2.54 (s, 6H, 2 x CH3), 2.30 (s, 6H, 2 x CH3) ppm.  

13C NMR (151 MHz, C6D6): δ = 222.7 (d, J = 4.6 Hz, NCN), 152.2 (d, JCF = 7.2 Hz, 2 x 

ArC), 152.0 (d, JCP = 5.9 Hz, 3 x ArC), 150.5 (d, JCF = 10.2 Hz, ArC), 145.8 (ArC), 138.2 

(2 x ArC), 137.7 (2 x ArC), 137.5 (4 x ArC), 129.8 (4 x ArCH), 129.3 (6 x ArCH), 124.1 

(3 x ArCH), 121.2 (d, JCP = 4.9 Hz, 6 x ArCH), 107.2 (d, JCF = 19.2 Hz, 2 x ArCH), 80.3 

(C=O), 50.9 (NCH2CH2), 21.2 (2 x CH3), 18.4 (2 x CH3), 18.3 (2 x CH3) ppm.  

31P NMR (243 MHz, C6D6): δ = 141.3 ppm.  

Anal. Calcd for C46H44N2O4PF3Ni: C, 66.13; H, 5.31; N, 3.35. Found: C, 65.90; H, 5.19; 

N, 3.24. 
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6.4.3  Synthesis of SICy  

N, N’-Bis(cyclohexyl)ethanediimine (271) 

 

Glyoxal (11.5 mL, 100 mmol) was added dropwise to a solution of 

cyclohexylamine (23 mL, 200 mmol) in MeOH (100 mL). A white precipitate rapidly 

formed, the reaction was cooled in an ice bath and filtered. The collected precipitate was 

recrystallised from hot MeOH, washed with Et2O and dried under vacuum to yield 

diimine 271 as a white crystalline powder (10.24 g, 46 mmol, 46%). The spectroscopic 

data were in accordance with those reported in literature.364 

1H NMR (600 MHz, CDCl3): δ = 7.93 (s, 2H, NCHCH), 3.16 – 3.14 (m, 2H, CH), 1.84 

– 1.77 (m, 4H, 2 x CH2), 1.75 – 1.62 (m, 6H, 3 x CH2), 1.53 – 1.49 (m, 4H, 2 x CH2), 

1.36 – 1.32 (m, 4H, 2 x CH2), 1.24 – 1.20 (m, 2H, CH2) ppm. 

13C NMR (151 MHz, CDCl3): δ = 161.2 (NCHCH), 69.5 (NCH), 34.3 (CH2), 25.2 (CH2), 

24.8 (CH2) ppm. 

N, N’-Bis(cyclohexyl)ethanediamine (272) 

 

NaBH4 (2.36g, 61.7 mmol) was added portion-wise to a solution of diimine 271 

(2.72g, 12.3 mmol) in THF (30 mL), and the solution heated to reflux. Subsequently, 

MeOH was added dropwise via a dropping funnel. The solution was refluxed for 3 hours 

then cooled to room temperature. The resulting solution was concentrated to dryness 

under reduced pressure, H2O (50 mL) was added and the compound extracted with CHCl3 

(3 x 50 mL). The combined organic extracts were dried (MgSO4) and concentrated to pale 

brown oil, which crystallised upon standing to yield diamine 272 as a white solid (2.53 g, 

11.28 mmol, 92%). The spectroscopic data were in accordance with those reported in 

literature.365 
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1H NMR (600 MHz, CDCl3): δ = 2.71 (s, 4H, 2 x NCH2), 2.42 – 2.34 (m, 2H, 2 x NCH), 

1.93 – 1.82 (m, 4H, 2 x CH2), 1.78 – 1.67 (m, 4H, 2 x CH2), 1.64 – 1.61 (m, 2H, CH2), 

1.30 – 1.01 (m, 10H, 5 x CH2) ppm. 

13C NMR (151 MHz, CDCl3): δ = 57.0 (2 x CH2), 47.2 (2 x CH), 33.8 (4 x CH2), 26.3 (2 

x CH2), 25.2 (4 x CH2) ppm. 

N, N’-Bis(cyclohexyl)ethanediamine hydrochloride (273) 

 

Diamine 272 (2.53 g, 11.28 mmol) was dissolved in MeOH (20 mL) and cooled 

in an ice bath. HCl (10.2 M, 2.2 mL, 24 mmol) was added dropwise, a white precipitate 

formed rapidly, after complete addition the solution was warmed to room temperature 

and allowed to stir for 1 hour before cooling in an ice bath and collecting the precipitate 

washing the solid with cold MeOH. The title compound 273 was obtained as a fluffy 

white solid (2.78g, 9.35 mmol, 83%). The product was used without further purification. 

1,3-Bis(cyclohexyl)imidazolinium chloride (274) 

 

Diamine hydrochloride 273 (15.55 g, 52.3 mmol) was suspended in 

triethylorthoformate (80 mL) to which a few drops of formic acid were added. The 

reaction was then refluxed overnight with a Dean Stark apparatus. White crystals formed 

upon cooling to room temperature and were collected by vacuum filtration, washing with 

cold MeOH (5 mL), Et2O (10 mL) and pentane (10 mL). The white solid was the dried in 

a vacuum oven to yield 274 (9.1g, 33.6 mmol, 64%). Crystals suitable for X-ray 

crystallographic analysis were grown from DCM/pentane vapour diffusion. The 

spectroscopic data was in accordance with literature.366  Note: This compound is highly 

hygroscopic. 

1H NMR (500 MHz, CDCl3): δ = 10.0 (s, 1H, NCHN), 3.89 (s, 4H, NCH2CH2), 3.89 – 

3.83 (m, 2H, 2 x NCH), 2.02 (br d, J = 12.0 Hz, 4H, 2 x CH2), 1.83 (br d, J = 13.8 Hz, 
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4H, 2 x CH2), 1.66 (br d, J = 13.1 Hz, 2H, CH2), 1.48 (qd, J = 12.1, 3.3 Hz, 4H, 2 x CH2), 

1.38 (qt, J = 13.1, 3.3 Hz, 4H, 2 x CH2), 1.13 (qt, J = 12.8, 3.7 Hz, 2H, CH2) ppm. 

13C NMR (126 MHz, CDCl3): δ = 157.0 (NCN), 57.6 (2 x NCH), 45.1 (NCH2CH2), 31.2 

(4 x CH2), 25.0 (2 x CH2), 24.8 (4 x CH2) ppm. 

mp: 173 - 178 °C. 
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6.5  Experimental Procedures - Chapter 4 

6.5.1  Synthesis of substrates for leaving group testing 

tert-Butyl phenyl carbonate (275) 

 

 Phenol (10 mmol) was dissolved in a mixture of DCM (25 mL) and NEt3
 (1.6 mL) 

to which DMAP (131.2 mg, 1 mmol) was added and the mixture stirred briefly. Boc2O 

(2.5 g, 11.6 mmol) was then added portion-wise to the stirred solution resulting in rapid 

bubbling and the reaction was left to stir for 30 minutes until the bubbling had subsided. 

The reaction mixture was extracted with DCM (3 x 10 mL) and the combined organic 

layers washed with a NaHSO4 solution (0.5 M, 2 x 20 mL) and dried over MgSO4. The 

solvent was removed under reduced pressure to give the title compound 275 as a 

colourless solid (2.02 g, 10.4 mmol, 98%). The spectroscopic data was in accordance with 

literature.367 

1H NMR (500 MHz, CDCl3): δ = 7.41 – 7.34 (m, 2H, 2 x ArH), 7.25 – 7.20 (m, 1H, 

ArH), 7.20 – 7.14 (m, 2H, 2 x ArH), 1.56 (s, 9H, C(CH3)3) ppm. 

Phenyl dimethylsulfamate (276) 

 

 Phenol (1.0 g, 10 mmol) was dissolved in DME (25 mL) and added dropwise to a 

suspension of NaH (510 mg, 13 mmol) in DME (5 mL) at 0 °C. The resulting solution 

was warmed to room temperature and kept there for 15 minutes before returning to 0 °C. 

Dimethylsulfamoyl chloride (1.4 mL, 13 mmol) was then added dropwise to the solution 

and left to stir overnight at room temperature. Water (2 mL) was added and the solution 

was concentrated under reduced pressure to a slurry and extracted with Et2O (20 mL), 

washed with water (2 x 15 mL) and brine (1 x 10 mL). The organic extract was dried with 

MgSO4. Compound 276 was obtained after column chromatography (ethyl 

acetate:hexane 10:90) as a white solid (1.8 g, 8.9 mmol, 89%). The spectroscopic data 

was in accordance with literature.223 
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1H NMR (500 MHz, CDCl3): δ = 7.41 – 7.35 (m, 2H, 2 x ArH), 7.31 – 7.25 (m, 3H, 3 x 

ArH), 2.97 (s, 6H, N(CH3)2) ppm. 

6.5.2  General procedure for the tosylation of phenols 

  Phenol (10 mmol) was dissolved in DCM (3 mL) and NEt3 (3 mL), p-

toluenesulfonyl chloride (10 mmol) in DCM (1 mL) was added dropwise with stirring. A 

precipitate rapidly formed, and the mixture stirred overnight. The reaction was then 

treated with water (5 mL) and extracted with DCM (3 x 5 mL). The combined organic 

extracts were washed with brine (5 mL) dried with MgSO4 and concentrated under 

reduced pressure. Purification by flash chromatography or recrystallisation gave the 

desired aryl tosylate. Note: This procedure has not been optimised. 

Phenyl tosylate (199) 

 

 Following the general procedure, using phenol (2.3 g, 25 mmol) the desired 

tosylate 199 was obtained after flash chromatography (10:90 ethyl acetate:hexanes) as a 

colourless solid (6.2 g, 24.9 mmol, 99%). The spectroscopic data were in accordance with 

literature.368 

1H NMR (500 MHz, CDCl3): δ = 7.70 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.32 – 7.26 (m, 4H, 

4 x ArH), 7.26 – 7.21 (m, 1H, ArH), 7.02 – 6.93 (m, 2H, 2 x ArH), 2.45 (s, 3H, CH3) 

ppm. 

13C NMR (126 MHz, CDCl3): δ = 149.7 (ArC), 145.3 (ArC), 132.5 (ArC), 129.8 (2 x 

ArCH), 129.6 (2 x ArCH), 128.6 (2 x ArCH), 127.1 (ArCH), 122.4 (2 x ArCH), 21.8 

(CH3) ppm. 

4-Methoxyphenyl p-toluenesulfonate (277) 

 

Following the general procedure, using 4-methoxyphenol (1.24 g, 10.00 mmol) 

the desired tosylate 277 was obtained after flash column chromatography (10:90 ethyl 

acetate:hexanes) as a colourless solid (1.82 g, 6.54 mmol, 65%). The spectroscopic data 

was in accordance with literature.368 
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1H NMR (500 MHz, CDCl3) δ = 7.68 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.30 (d, J = 8.6 Hz, 

2H, 2 x ArH), 6.87 (d, J = 9.2 Hz, 2H, 2 x ArH), 6.76 (d, J = 9.2 Hz, 2H, 2 x ArH), 3.76 

(s, 3H, OCH3), 2.44 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 158.3 (ArC), 145.4 (ArC), 143.2 (ArC), 132.4 (ArC), 

129.8 (2 x ArCH), 128.7 (2 x ArCH), 123.5 (2 x ArCH), 114.6 (2 x ArCH), 55.7 (OCH3), 

21.8 (CH3) ppm. 

4-Acetylphenyl p-toluenesulfonate (278) 

 

Following the general procedure, using 4-acetylphenol (1.36 g, 10.00 mmol) the 

desired tosylate 278 was obtained after flash column chromatography (10:90 ethyl 

acetate:hexanes) as a colourless solid (2.73 g, 9.40 mmol, 94%). The spectroscopic data 

was in accordance with literature.368 

1H NMR (500 MHz, CDCl3) δ = 7.89 (d, J = 8.9 Hz, 2H, 2 x ArH), 7.71 (d, J = 8.3 Hz, 

2H, 2 x ArH), 7.32 (d, J = 8.6 Hz, 2H, 2 x ArH), 7.08 (d, J = 8.9 Hz, 2H, 2 x ArH), 2.57 

(s, 3H, CH3), 2.45 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 196.8 (C=O), 153.1 (ArC), 145.9 (ArC), 135.8 (ArC), 

132.2 (ArC), 130.2 (2 x ArCH), 130.0 (2 x ArCH), 128.6 (2 x ArCH), 122.6 (2 x ArCH), 

26.8 (CH3), 21.9 (CH3) ppm. 

4-Methylphenyl p-toluenesulfonate (279) 

 

Following the general procedure, using p-cresol (1.15 g, 10.63 mmol) the desired 

tosylate 279 was obtained after flash column chromatography (5:95 ethyl 

acetate:hexanes) as a colourless solid (493 mg, 1.88 mmol, 18%). The spectroscopic data 

was in accordance with literature.368 

1H NMR (500 MHz, CDCl3) δ = 7.70 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.30 (d, J = 8.0 Hz, 

2H, 2 x ArH), 7.10 – 7.03 (m, 2H, 2 x ArH), 6.85 (d, J = 8.5 Hz, 2H, 2 x ArH), 2.44 (s, 

3H, CH3), 2.30 (s, 3H, CH3) ppm. 
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13C NMR (126 MHz, CDCl3) δ = 147.5 (ArC), 145.2 (ArC), 137.0 (ArC), 132.6 (ArC), 

130.1 (2 x ArCH), 129.7 (2 x ArCH), 128.6 (2 x ArCH), 122.1 (2 x ArCH), 21.7 (CH3), 

20.9 (CH3) ppm. 

2-Methylphenyl p-toluenesulfonate (280) 

 

Following the general procedure, using o-cresol (1.13 g, 10.45 mmol) the desired 

tosylate 280 was obtained after flash column chromatography (5:95 ethyl 

acetate:hexanes) as a colourless solid (1.23 g, 4.69 mmol, 45%). The spectroscopic data 

was in accordance with literature.368 

1H NMR (500 MHz, CDCl3) δ = 7.74 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.32 (d, J = 8.3 Hz, 

2H, 2 x ArH), 7.19 – 7.07 (m, 3H, 3 x ArH), 7.02 – 6.96 (m, 1H, ArH), 2.45 (s, 3H, CH3), 

2.08 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 148.4 (ArC), 145.3 (ArC), 133.2 (ArC), 131.6 (ArC), 

131.6 (ArCH), 129.8 (2 x ArCH), 128.4 (2 x ArCH), 127.0 (ArCH), 126.9 (ArCH), 122.3 

(ArCH), 21.7 (CH3), 16.3 (CH3) ppm. 

3-Methylphenyl p-toluenesulfonate (281) 

 

Following the general procedure, using m-cresol (1.11 g, 10.26 mmol) the desired 

tosylate 281 was obtained after flash column chromatography (5:95 ethyl 

acetate:hexanes) as a colourless solid (1.15 g, 4.38 mmol, 43%). The spectroscopic data 

was in accordance with literature.368 

1H NMR (500 MHz, CDCl3) δ = 7.74 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.32 (d, J = 8.3 Hz, 

2H, 2 x ArH), 7.14 (t, J = 7.8 Hz, 1H, ArH), 7.04 (d, J = 7.7 Hz, 1H, ArH), 6.96 (s, 1H 

ArH), 6.72 (d, J = 8.2 Hz, 1H, ArH), 2.45 (s, 3H, CH3), 2.08 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 149.6 (ArC), 145.3 (ArC), 133.2 (ArC), 131.6 (ArC), 

131.6 (2 x ArCH), 129.8 (ArCH), 128.4 (2 x ArCH), 127.0 (ArCH), 126.9 (ArCH), 122.3 

(ArCH), 21.7 (CH3), 16.3 (CH3) ppm. 
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4-Cyanophenyl p-toluenesulfonate (282) 

 

Following the general procedure, using 4-hydroxybenzonitrile (1.19 g, 10.00 

mmol) the desired tosylate 282 was obtained after flash column chromatography (5:95 

ethyl acetate:hexanes) as a colourless solid (626 mg, 2.29 mmol, 23%). The spectroscopic 

data was in accordance with literature.368 

1H NMR (500 MHz, CDCl3) δ = 7.71 (d, J = 8.4 Hz, 2H, 2 x ArH), 7.61 (d, J = 8.9 Hz, 

2H, 2 x ArH), 7.34 (d, J = 8.5, 2H, 2 x ArH), 7.13 (d, J = 8.9 Hz, 2H, 2 x ArH), 2.46 (s, 

3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 152.6 (ArC), 146.2 (ArC), 133.9 (2 x ArCH), 131.9 

(ArC), 130.1 (2 x ArCH), 128.5 (2 x ArCH), 123.5 (2 x ArCH), 117.8 (ArC), 111.2 (CN), 

21.8 (CH3) ppm. 

4-Nitrophenyl p-toluenesulfonate (283) 

 

Following the general procedure, using 4-nitrophenol (1.41 g, 10.14 mmol) the 

desired tosylate 283 was obtained after recrystallisation from DCM and hexanes as a 

colourless solid (1.13 g, 3.85 mmol, 38%). The spectroscopic data was in accordance with 

literature.368 

1H NMR (500 MHz, CDCl3) δ = 8.18 (d, J = 9.1 Hz, 2H, 2 x ArH), 7.73 (d, J = 8.3 Hz, 

2H, 2 x ArH), 7.35 (d, J = 8.1 Hz, 2H, 2 x ArH), 7.18 (d, J = 9.2 Hz, 1H, 2 x ArH), 2.45 

(s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 154.1 (ArC), 146.4 (ArC), 146.3 (ArC), 131.9 (ArC), 

130.2 (2 x ArCH), 128.6 (2 x ArCH), 125.5 (2 x ArCH), 123.4 (2 x ArCH), 21.9 (CH3) 

ppm. 
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4-Formylphenyl p-toluenesulfonate (284) 

 

Following the general procedure, using 4-hydroxybenzaldehyde (1.22 g, 9.99 

mmol) the desired tosylate 284 was obtained after recrystallisation from DCM and 

hexanes as a colourless solid (705 mg, 2.55 mmol, 26%). The spectroscopic data was in 

accordance with literature.368 

1H NMR (500 MHz, CDCl3) δ = 9.97 (s, 1H, CHO), 7.83 (d, J = 8.6 Hz, 2H, 2 x ArH), 

7.71 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.33 (d, J = 8.1 Hz, 2H, 2 x ArH), 7.17 (d, J = 8.6 Hz, 

2H, 2 x ArH), 2.45 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 190.8 (C=O), 154.0 (ArC), 146.0 (ArC), 135.0 (ArC), 

132.2 (ArC), 131.4 (2 x ArCH), 130.1 (2 x ArCH), 128.6 (2 x ArCH), 123.2 (2 x ArCH), 

21.9 (CH3) ppm. 

Quinolin-8-yl 4-methylbenzenesulfonate (285) 

 

Following the general procedure, using 8-hydroxyquinoline (1.42 g, 9.78 mmol) 

the desired tosylate 285 was obtained after flash column chromatography (5:95 ethyl 

acetate:hexanes) as a colourless solid (737 mg, 2.846 mmol, 25%).  

m.p = 114 – 116 °C. 

1H NMR (500 MHz, CDCl3) δ = 8.81 (d, J = 4.1 Hz, 1H, ArH), 8.12 (d, J = 8.3 Hz, 1H, 

ArH), 7.87 (d, J = 7.4 Hz, 2H, 2 x ArH), 7.74 (d, J = 8.2 Hz, 1H, ArH), 7.59 (d, J = 7.6 

Hz, 1H, ArH), 7.54 – 7.44 (m, 1H, ArH), 7.39 (dd, J = 8.3, 4.2 Hz, 1H, ArH), 7.25 (d, J 

= 6.6 Hz, 3H, 2 x ArH), 2.41 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 150.9 (ArC), 145.7 (ArC), 145.1 (ArCH), 141.8 (ArC), 

135.8 (ArCH), 133.4 (ArC), 129.8 (ArC), 129.6 (2 x ArCH), 128.9 (2 x ArCH), 127.1 

(ArCH), 126.1 (ArCH), 122.6 (ArCH), 122.0 (ArCH), 21.8 (CH3) ppm. 

IR (ATR) ν = 3065, 1596, 1494, 1370, 1176, 762, 544 cm-1. 
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HRMS (EI): Calc for C16H13NO3S 299.0616, found m/z 299.0619. 

2,6-Dimethoxyphenyl p-toluenesulfonate (286) 

 

Following the general procedure, using 2,6-dimethoxyphenol (1.56 g, 10.12 

mmol) the desired tosylate 286 was obtained after flash column chromatography (5:95 

ethyl acetate:hexanes) as a colourless solid (1.65 g, 5.35 mmol, 53%).  

m.p. = 102 – 104 °C. 

1H NMR (500 MHz, CDCl3) δ = 7.87 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.33 (d, J = 8.0 Hz, 

2H, 2 x ArH), 7.13 (t, J = 8.4 Hz, 1H, ArH), 6.55 (d, J = 8.5 Hz, 2H, 2 x ArH), 3.67 (s, 

6H, 2 x OCH3), 2.46 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 153.7 (2 x ArC), 144.5 (ArC), 135.2 (ArC), 129.3 (2 x 

ArCH), 128.6 (2 x ArCH), 128.4 (ArC), 127.5 (ArCH), 105.1 (2 x ArCH), 56.1 (2 x 

OCH3), 21.8 (CH3) ppm. 

IR (ATR) ν = 2966, 2838, 1604, 1483, 1368, 1109, 748, 546 cm-1. 

HRMS (EI): Calc for C15H16O5S 308.0718, found m/z 308.0718. 

4-Fluorophenyl p-toluenesulfonate (287) 

 

Following the general procedure, using 4-fluorophenol (1.1 g, 10 mmol), the 

desired tosylate 287 was obtained after flash column chromatography (5:95 ethyl 

acetate:hexanes) as a colourless solid (2.0 g,  mmol, 76%). The spectroscopic data was in 

accordance with literature.369 

1H NMR (600 MHz, CDCl3) δ = 7.69 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.32 (d, J = 8.1 Hz, 

2H, 2 x ArH), 7.01 – 6.89 (m, 4H, 4 x ArH), 2.45 (s, 3H, CH3) ppm. 

13C NMR (151 MHz, CDCl3) δ = 161.9 (ArCH), 160.2 (ArCH), 145.6 (ArCH), 132.1 

(ArCH), 129.9 (2 x ArCH), 128.6 (2 x ArCH), 124.1 (d, JCF = 8.7 Hz, 2 x ArCH), 116.5 

(d, JCF = 23.6 Hz, 2 x ArCH), 21.8 (CH3) ppm. 
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4-Acetamidophenyl p-toluenesulfonate (288) 

 

Following the general procedure with N-(4-hydroxyphenyl)acetamide (1.5g, 10 

mmol), the desired tosylate 288 was obtained after recrystallisation  from ethyl acetate 

and DCM as a white solid (1.9g, 6.2 mmol, 62%). The spectroscopic data were in 

accordance with literature.370 

1H NMR (600 MHz, CDCl3) δ = 7.69 (d, J = 8.3 Hz, 2H, 2 x ArH), 7.42 (d, J = 9.0 Hz, 

2H, 2 x ArH), 7.30 (d, J = 8.0 Hz, 2H, 2 x ArH), 7.20 (br s, 1H, NH), 6.91 (d, J = 9.0 Hz, 

2H, 2 x ArH), 2.45 (s, 3H, CH3), 2.16 (s, 3H, CH3) ppm. 

13C NMR (151 MHz, CDCl3) δ = 168.2 (C=O), 145.6 (ArC), 145.5 (ArC), 136.8 (ArC), 

132.3 (ArC), 129.8 (2 x ArCH), 128.6 (2 x ArCH), 123.0 (2 x ArCH), 120.5 (2 x ArCH), 

24.6 (CH3), 21.8 (CH3) ppm. 

Methyl 4-tosylbenzoate (289) 

 

 Following the general procedure, using methyl 4-hydroxybenzoate (1.5 g, 10 

mmol) the desired tosylate 289 was obtained after flash column chromatography (15:85 

ethyl acetate/hexanes) as a white solid (1.5 g, 0.5 mmol, 50%). The spectroscopic data 

were in accordance with literature.371 

1H NMR (600 MHz, CDCl3) δ = 7.96 (d, J = 8.7 Hz, 2H, 2 x ArH), 7.69 (d, J = 8.3 Hz, 

2H, 2 x ArH), 7.31 (d, J = 8.1 Hz, 2H, 2 x ArH), 7.05 (d, J = 8.7 Hz, 2H, 2 x ArH), 3.89 

(s, 3H, OCH3), 2.45 (s, 3H, CH3) ppm. 

13C NMR (151 MHz, CDCl3) δ = 166.1 (C=O), 153.1 (ArC), 145.9 (ArC), 132.2 (ArC), 

131.4 (2 x ArCH), 130.0 (2 x ArCH), 129.0 (ArC), 128.6 (2 x ArCH), 122.5 (2 x ArCH), 

52.4 (OCH3), 21.8 (CH3) ppm. 

6.5.3  General procedure for the Suzuki-Miyaura cross-coupling 

 An oven-dried 3 mL reaction vial equipped with a stir bar was charged with 

tosylate substrate (0.25 mmol), boronic acid (0.375 mmol), K3PO4 (0.75 mmol) and 

nickel catalyst 106 (0.0125 mmol) inside a glovebox. THF (1 mL) was added, the vial 
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sealed and removed from the glovebox and heated in an oil bath for 18 hours. After which 

the vial was removed from heating and allowed to cool to room temperature. Water (1 

mL) was added and the organics were extracted with ethyl acetate (5 x 1 mL) and filtered 

through celite. Purification by flash chromatography on silica gel or PTLC afforded the 

desired product. 

4-Methoxybiphenyl (198) 

 

 Following the general procedure with phenyltosylate (199) (62 mg, 0.25 mmol) 

and 4-methoxyphenylboronic acid (57 mg, 0.375 mmol), the desired compound 198 was 

obtained after purification by flash column chromatography (100% hexanes) as a white 

solid (45.6 mg, 0.25 mmol, 100%). The spectroscopic data was in accordance with 

literature.372 

Following the general procedure with 4-methoxyphenyl p-toluenesulfonate (277) 

(70 mg, 0.25 mmol) and phenylboronic acid (47 mg, 0.375 mmol), the desired compound 

198 was obtained after purification by flash column chromatography (100% hexanes) as 

a white solid (33 mg, 0.18 mmol, 72%). The spectroscopic data was in accordance with 

literature.372 

1H NMR (500 MHz, CDCl3): δ = 7.61 – 7.49 (m, 4H, 4 x ArH), 7.42 (t, J = 7.7 Hz, 2H, 

2 x ArH), 7.31 (t, J = 7.4 Hz, 1H, ArH), 6.99 (d, J = 8.7 Hz, 2H, 2 x ArH), 3.86 (s, 3H, 

OCH3) ppm. 

13C NMR (126 MHz, CDCl3) δ 159.3 (ArC), 141.0 (ArC), 134.0 (ArC), 128.9 (2 x 

ArCH), 128.3 (2 x ArCH), 126.9 (2 x ArCH), 126.8 (ArCH), 114.3 (2 x ArCH), 55.5 

(OCH3) ppm. 

2-Methylbiphenyl (202) 

 

Following the general procedure with 2-methylphenyl p-toluenesulfonate (280) 

(67 mg, 0.25 mmol) and phenylboronic acid (47 mg, 0.375 mmol), the desired compound 

202 was obtained after purification by flash column chromatography (100% hexanes) as 
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a white solid (36 mg, 0.21 mmol, 86%). The spectroscopic data was in accordance with 

literature.373 

1H NMR (500 MHz, CDCl3) δ (ppm): 7.42 (m, 2H, 2 x ArH), 7.38 – 7.29 (m, 3H, 3 x 

ArH), 7.30 – 7.18 (m, 4H, 4 x ArH), 2.28 (s, 3H, CH3) ppm.  

13C NMR (126 MHz, CDCl3) δ (ppm): 142.1 (ArC), 142.1 (ArC), 135.5 (ArC), 130.4 

(ArCH), 129.9 (ArCH), 129.3 (2 x ArCH), 128.2 (2 x ArCH), 127.4 (ArCH), 126.9 

(ArCH), 125.9 (ArCH), 20.6 (CH3) ppm. 

3-Methylbiphenyl (203) 

 

Following the general procedure with 3-methylphenyl p-toluenesulfonate (281) 

(66 mg, 0.25 mmol) and phenylboronic acid (47 mg, 0.375 mmol), the desired compound 

203 was obtained after purification by flash column chromatography (100% hexanes) as 

a white solid (35 mg, 0.21 mmol, 84%). The spectroscopic data was in accordance with 

literature.374 

1H NMR (500 MHz, CDCl3) δ (ppm): 7.60 – 7.56 (m, 2H, 2 x ArH), 7.52 – 7.48 (m, 2H, 

2 x ArH), 7.45 – 7.40 (m, 2H, 2 x ArH), 7.36 – 7.30 (m, 1H, 2 x ArH), 7.27 – 7.22 (m, 

2H, 2 x ArH), 2.40 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ (ppm): 141.5 (ArC), 141.4 (ArC), 138.5 (ArC), 128.8 (2 

x ArCH), 128.8 (ArCH), 128.1 (ArCH), 128.1 (ArCH), 127.3 (2 x ArCH), 127.3 (ArCH), 

124.4 (ArCH), 21.7 (CH3) ppm. 

4-Methylbiphenyl (204) 

 

Following the general procedure with phenyltosylate (199) (62 mg, 0.25 mmol) 

and p-tolylboronic acid (51 mg, 0.375 mmol), the desired compound 204 was obtained 

after purification by flash column chromatography (100% hexanes) as a white solid (35.7 

mg, 21.2 mmol, 84%).  

Following the general procedure with 4-methylphenyl p-toluenesulfonate (279) 

(66 mg, 0.25 mmol) and phenylboronic acid (47 mg, 0.375 mmol), the desired compound 
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204 was obtained after purification by flash column chromatography (100% hexanes) as 

a white solid (39.1 mg, 0.23 mmol, 93%). The spectroscopic data was in accordance with 

literature.375 

1H NMR (500 MHz, CDCl3) δ = 7.61 – 7.56 (m, 2H, 2 x ArH), 7.50 (d, J = 8.0 Hz, 2H, 

2 x ArH), 7.43 (t, J = 7.6 Hz, 2H, 2 x ArH), 7.32 (t, J = 7.4 Hz, 1H, ArH), 7.25 (d, J = 6.8 

Hz, 2H, 2 x ArH), 2.40 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 141.3 (ArC), 138.5 (ArC), 137.2 (2 x ArC), 129.6 (2 x 

ArCH), 128.9 (4 x ArCH), 127.1 (2 x ArCH), 21.7 (OCH3) ppm. 

2,6-Dimethoxybiphenyl (205)  

 

Following the general procedure with 2,6-dimethoxyphenyl p-toluenesulfonate 

(286) (78 mg, 0.25 mmol) and phenylboronic acid (47 mg, 0.375 mmol), the desired 

compound 205 was obtained after PTLC (10:90 ethyl acetate/hexanes) as a white solid 

(10.3 mg, 0.05 mmol, 20%). The spectroscopic data was in accordance with literature.376 

1H NMR (500 MHz, CDCl3): δ = 7.40 (dd, J = 10.2, 4.6 Hz, 2H, 2 x ArH), 7.36 – 7.24 

(m, 4H, 4 x ArH), 6.66 (d, J = 8.4 Hz, 2H, 2 x ArH), 3.73 (s, 6H, 2 x OCH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 157.8 (2 x ArC), 134.3 (ArC), 131.0 (2 x ArCH), 128.8 

(ArC), 127.8 (2 x ArCH), 126.9 (ArC), 119.7 (ArC), 104.4 (2 x ArCH), 56.1 (2 x OCH3) 

ppm. 

4-Fluorobiphenyl (206)  

 

Following the general procedure with 4-fluorophenyl p-toluenesulfonate (287) 

(68 mg, 0.25 mmol) and phenylboronic acid (47 mg, 0.375 mmol), the desired compound 

206 was obtained after PTLC (2:98 ethyl acetate/hexanes) as a white solid (41.4 mg, 0.24 

mmol, 95%). The spectroscopic data were in accordance with literature.377 

1H NMR (500 MHz, CDCl3): δ = 7.61 – 7.51 (m, 4H, 4 x ArH), 7.49 – 7.40 (m, 2H, 2 x 

ArH), 7.39 – 7.32 (m, 1H, ArH), 7.18 – 7.07 (m, 2H, 2 x ArH).  
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13C NMR (126 MHz, CDCl3): δ = 163.5 (ArC), 161.5 (ArC), 140.3 (ArC), 137.4 (d, JCF 

= 3.3 Hz), 128.9 (2 x ArCH), 128.8 (d, JCF = 8.0 Hz, 2 x ArCH), 127.3 (ArCH), 127.1 (2 

x ArCH), 115.6 (d, JCF = 21.5 Hz, 2 x ArCH) ppm.  

4-Cyanobiphenyl (207) 

 

Following the general procedure with 4-cyanophenyl p-toluenesulfonate (282) 

(68 mg, 0.25 mmol) and phenylboronic acid (47 mg, 0.375 mmol), the desired compound 

207 was obtained after flash column chromatography (2:98 ethyl acetate/hexanes) as a 

white solid (40 mg, 0.22 mmol, 89%). The spectroscopic data was in accordance with 

literature.375 

Following the general procedure with 4-chlorobenzonitrile (34 mg, 0.25 mmol) 

and phenylboronic acid (47 mg, 0.375 mmol), the desired compound 207 was obtained 

after flash column chromatography (2:98 ethyl acetate/hexanes) as a white solid (41 mg, 

0.22 mmol, 91%). The spectroscopic data was in accordance with literature.375 

1H NMR (600 MHz, CDCl3) δ = 7.73 (d, J = 8.5 Hz, 2H, 2 x ArH), 7.69 (d, J = 8.5 Hz, 

2H, 2 x ArH), 7.60 – 7.53 (m, 2H, 2 x ArH), 7.49 (t, J = 4.2 Hz, 2H, 2 x ArH), 7.43 (t, J 

= 7.3 Hz, 1H, ArH).   

13C NMR (151 MHz, CDCl3) δ = 145.9 (ArC), 139.3 (ArC), 132.8 (2 x ArCH), 129.3 (2 

x ArCH), 128.8 (ArCH), 127.9 (2 x ArCH), 127.4 (2 x ArCH), 119.0 (ArC), 111.1 (CN) 

ppm. 

4-Acetylbiphenyl (208) 

 

 Following the general procedure with 4-acetylphenyltosylate 278 (73 mg, 0.25 

mmol) and phenylboronic acid (46 mg, 0.375 mmol), the desired compound 208 was 

obtained after purification by flash column chromatography (2:98 ethyl acetate/hexanes) 

as a white solid (47.1 mg, 0.24 mmol, 96%). The spectroscopic data was in accordance 

with literature.375 
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 Following the general procedure with phenyltosylate (199) (62 mg, 0.25 mmol) 

and 4-acetylphenylboronic acid (63 mg, 0.375 mmol), the desired compound 208 was 

obtained after purification by flash column chromatography (2:98 ethyl acetate/hexanes) 

as a white solid (44 mg, 0.22 mmol, 90%). The spectroscopic data was in accordance with 

literature.375 

1H NMR (500 MHz, CDCl3): δ = 8.04 (d, J = 8.5 Hz, 2H, 2 x ArH), 7.69 (d, J = 8.6 Hz, 

2H, 2 x ArH), 7.63 (d, J = 7.1 Hz, 2H, 2 x ArH), 7.48 (t, J = 7.5 Hz, 2H, 2 x ArH), 7.45 

– 7.38 (m, 1H, ArH), 2.64 (s, 3H, CH3) ppm. 

13C NMR (126 MHz, CDCl3): δ = 197.9 (C=O), 145.9 (ArC), 140.0 (ArC), 136.0 (ArC), 

129.1 (ArC), 129.1 (2 x ArCH), 128.4 (2 x ArCH), 127.4 (2 x ArCH), 127.4 (2 x ArCH), 

26.8 (CH3) ppm. 

4-Formylbiphenyl (209) 

 

Following the general procedure with 4-formylphenyl p-toluenesulfonate (284) 

(69 mg, 0.25 mmol) and phenylboronic acid (46 mg, 0.375 mmol), the desired compound 

209 was obtained after flash column chromatography (5:95 ethyl acetate/hexanes) as a 

white solid (10 mg, 0.06 mmol, 22%). The spectroscopic data was in accordance with 

literature.378 

1H NMR (600 MHz, CDCl3) δ = 10.06 (s, 1H, CHO), 7.96 (d, J = 8.4 Hz, 2H, 2 x ArH), 

7.76 (d, J = 8.2 Hz, 2H, 2 x ArH), 7.64 (dd, J = 8.3, 1.3 Hz, 2H, 2 x ArH), 7.49 (dd, J = 

8.2, 6.7 Hz, 2H, 2 x ArH), 7.45 – 7.38 (m, 1H, ArH) ppm.  

13C NMR (151 MHz, CDCl3) δ = 192.1 (C=O), 147.4 (ArC), 139.9 (ArC), 135.4 (ArC), 

130.4 (ArCH), 129.2 (ArCH), 128.6 (ArC), 127.9 (ArCH), 127.5 (ArCH) ppm. 

Methyl [1,1'-biphenyl]-4-carboxylate (210) 

 

Following the general procedure with phenyltosylate (199) (62 mg, 0.25 mmol) 

and 4-(methoxycarbonyl)phenylboronic acid (61.3 mg, 0.375 mmol), the desired 
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compound 210 was obtained after flash column chromatography (10:90 ethyl 

acetate/hexanes) as a white solid (53.0 mg, 0.25 mmol, 100%). 

Following the general procedure with methyl 4-tosylbenzoate (289) (76 mg, 0.25 

mmol) and phenylboronic acid (46 mg, 0.375 mmol), the desired compound 210 was 

obtained after flash column chromatography (10:90 ethyl acetate/hexanes) as a white 

solid (50 mg, 0.24 mmol, 94%). The spectroscopic data was in accordance with 

literature.375 

1H NMR (600 MHz, CDCl3): δ = 8.11 (d, J = 8.5 Hz, 2H, 2 x ArH), 7.67 (d, J = 8.5 Hz, 

2H, 2 x ArH), 7.65 – 7.60 (m, 2H, 2 x ArH), 7.47 (t, J = 7.5 Hz, 2H, 2 x ArH), 7.42 – 

7.37 (m, 1H, ArH), 3.94 (s, 3H, OCH3) ppm. 

13C NMR (126 MHz, CDCl3) δ = 167.2 (C=O), 145.8 (ArC), 140.2 (ArC), 130.2 (2 x 

ArCH), 129.1 (2 x ArCH), 129.0 (ArC), 128.3 (ArCH), 127.4 (2 x ArCH), 127.2 (2 x 

ArCH), 52.3 (OCH3) ppm. 

4-Trifluoromethylbiphenyl (213) 

 

Following the general procedure with phenyltosylate (199) (63 mg, 0.25 mmol) 

and 4-(trifluoromethyl)phenylboronic acid (71 mg, 0.375 mmol), the desired compound 

213 was obtained after flash column chromatography (5:95 ethyl acetate/hexanes) as a 

white solid (50.6 mg, 0.23 mmol, 91%). The spectroscopic data was in accordance with 

literature.372 

1H NMR (500 MHz, CDCl3): δ = 7.70 (s, 4H, 4 x ArH), 7.60 (d, J = 7.2 Hz, 2H, 2 x 

ArH), 7.48 (t, J = 7.6 Hz, 2H, 2 x ArH), 7.41 (t, J = 7.4 Hz, 1H, ArH) ppm. 

13C NMR (126 MHz, CDCl3) δ = 144.9 (ArC), 139.9 (ArC), 129.1 (2 x ArCH), 129.0 (2 

x ArCH), 128.3 (ArCH), 127.6 (2 x ArCH), 127.4 (2 x ArCH), 125.8 (q, JCF = 3.7 Hz, 

CF3), 122.9 (ArC) ppm. 

3-Phenylthiophene (214) 
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Following the general procedure with phenyltosylate (199) (62 mg, 0.25 mmol) 

and 3-thienylboronic acid (49 mg, 0.375), the desired compound 214 was obtained after 

flash column chromatography (2:98 ethyl acetate /hexanes) as a white solid (39.7 mg, 

0.25 mmol, 99%). The spectroscopic data was in accordance with literature.374 

1H NMR (600 MHz, CDCl3): δ = 7.65 – 7.56 (m, J = 8.2, 1.0 Hz, 2H, 2 x ArH), 7.50 – 

7.44 (m, J = 2.5, 1.7 Hz, 1H, ArH), 7.44 – 7.37 (m, 4H, 4 x ArH), 7.30 (t, J = 7.4 Hz, 1H, 

ArH) ppm. 

13C NMR (151 MHz, CDCl3): δ = 142.5 (ArC), 136.0 (ArC), 129.0 (2 x ArCH), 127.2 

(ArCH), 126.6 (2 x ArCH), 126.5 (ArCH), 126.3 (ArCH), 120.4 (ArCH) ppm. 

3-Phenylfuran (215) 

 

Following the general procedure with phenyltoylsate (199) (62 mg, 0.25 mmol) 

and 3-furanylboronic acid (42 mg, 0.375 mmol), the desired compound 215 was obtained 

after flash column chromatography (2:98 ethyl acetate/hexanes) as a white solid. The 

spectroscopic data was in accordance with literature.372 

1H NMR (600 MHz, CDCl3): δ = 7.76 – 7.72 (m, 1H, CH), 7.50 – 7.47 (m, 3H, 3 x ArH), 

7.42 – 7.35 (m, 2H, 2 x ArH), 7.31 – 7.24 (m, 1H, CH), 6.72 (dd, J = 1.8 Hz, 0.9 Hz, 1H, 

CH) ppm. 

13C NMR (151 MHz, CDCl3) δ = 143.7 (ArCH), 138.5 (ArCH), 132.5 (ArC), 128.8 (2 x 

ArCH), 127.0 (ArCH), 126.5 (ArC), 125.9 (2 x ArCH), 108.9 (ArCH) ppm. 

2-Phenylfuran (216) 

 

Following the general procedure with phenyltosylate (199) (63 mg, 0.25 mmol) 

and 2-furanylboronic acid (43 mg, 0.375 mmol), the desired compound 216 was obtained 

after flash column chromatography (2:98 ethyl acetate/hexanes) as a volatile white solid 

(23 mg, 0.15 mmol, 61%). The spectroscopic data was in accordance with literature.377 
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1H NMR (500 MHz, CDCl3): δ = 7.68 (dd, J = 8.3, 1.1 Hz, 2H, 2 x ArH), 7.51 – 7.45 (m, 

1H, 2 x ArH), 7.39 (t, J = 7.8 Hz, 1H, ArH), 7.31 – 7.21 (m, 1H, CH), 6.66 (d, J = 3.3 

Hz, 1H, CH), 6.48 (dd, J = 3.3, 1.8 Hz, 1H, CH) ppm. 

13C NMR (126 MHz, CDCl3) δ = 154.2 (ArC), 142.2 (ArCH), 131.1 (ArC), 128.8 (2 x 

ArCH), 127.5 (ArCH), 123.9 (2 x ArCH), 111.8 (ArCH), 105.1 (ArCH) ppm. 

3-Cyanobiphenyl (218) 

 

Following the general procedure with phenyltosylate (199) (62 mg, 0.25 mmol) 

and 3-cyanophenylboronic acid (56 mg, 0.375 mmol), the desired compound 218 was 

obtained after flash column chromatography (2:98 ethyl acetate/hexanes) as a white solid 

(12 mg, 0.07 mmol, 27%). The spectroscopic data was in accordance with literature.379 

1H NMR (600 MHz, CDCl3): δ = 7.87 (t, J = 1.5 Hz, 1H, ArH), 7.82 (d, J = 7.9 Hz, 1H, 

ArH), 7.63 (dt, J = 7.7, 1.3 Hz, 1H, ArH), 7.58 – 7.53 (m, 3H, 3 x ArH), 7.50 – 7.46 (m, 

2H, 2 x ArH), 7.44 – 7.40 (m, 1H, ArH) ppm. 

13C NMR (151 MHz, CDCl3): δ = 142.6 (ArC), 139.0 (ArC), 131.6 (ArCH), 130.9 

(ArCH), 130.8 (ArCH), 129.7 (ArCH), 129.3 (2 x ArCH), 128.5 (ArCH), 127.2 (2 x 

ArCH), 119.0 (ArC), 113.1 (CN) ppm. 

1-Phenylnaphthalene (219) 

 

Following the general procedure with phenyltosylate (199) (63 mg, 0.25 mmol) 

and 1-naphthylboronic acid (65 mg, 0.375 mmol), the desired compound 219 was 

obtained after flash column chromatography (100% hexanes) as a white solid (40.9 mg, 

0.20 mmol, 80%). The spectroscopic data was in accordance with literature.374 

1H NMR (600 MHz, CDCl3): δ = 7.92 (d, J = 8.1 Hz, 2H, 2 x ArH), 7.87 (d, J = 8.2 Hz, 

1H, ArH), 7.58 – 7.47 (m, 6H, 6 x ArH), 7.47 – 7.40 (m, 3H, 3 x ArH) ppm. 
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13C NMR (151 MHz, CDCl3): δ = 140.9 (ArC), 140.4 (ArC), 133.9 (ArC), 131.8 (ArC), 

130.2 (2 x ArCH), 128.4 (ArCH), 128.4 (2 x ArCH), 127.8 (ArCH), 127.4 (ArCH), 127.1 

(ArCH), 126.2 (ArCH), 126.2 (ArCH), 125.9 (ArCH), 125.5 (ArCH) ppm. 

6.5.4  Reaction kinetic experiments 

 In a glovebox, 4-fluorophenyl p-toluenesulfonate (287) (67 mg, 0.25 mmol, 

phenylboronic acid (45 mg, 0.375 mmol), K3PO4 (160 mg, 0.75 mmol) and 1,4-dioxane 

(0.6 mL) were loaded into an NMR tube and sealed with a rubber septum cap. One of 

complexes 105, 106, 107 or 108 (0.0125 mmol) was dissolved in 1,4-dioxane (0.4 mL) 

in a GC vial sealed with a rubber septum. Both vessels were then removed from the 

glovebox. The NMR tube mixture was analysed by 1H and 19F NMR (unlocked) to check 

and modify shims. The catalyst solution was then injected into the NMR tube and agitated 

until dissolution, immediately this event was taken as time point t0. The NMR tube 

reaction was then analysed by 19F NMR using multi_zgvd. An acquisition and resulting 

spectrum was taken every 15 seconds and plotted as point tx. 

 The reaction conversion was then calculated from each 19F NMR spectrum by 

comparing the integration of the starting material (4-fluorophenyl p-toluenesulfonate 

287) to the integration of the product (4-fluorobiphenyl 206). 

6.5.5 Synthesis of oxidative addition intermediates 

[1,3-Bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene]-chloro-(4-cyanophenyl)-

(triphenylphosphite)-nickel(II) (226)  

 

Ni(SIMes)[P(OPh)3]2 (106) (113.3 mg, 0.12 mmol) in benzene (6 mL) was added 

4-chlorobenzonitrile (32.4 mg, 0.24 mmol). The resulting solution was heated at 70 °C 

for 1 hour. The solution was concentrated to dryness and the residue recrystallised from 

DCM/pentane (1/8 v/v) at -28 °C, washing the solids with cold pentane. Complex 226 

was obtained as pale-yellow crystals (51.6 mg, 0.068 mmol, 59%). Single crystals for X-

ray analysis were grown via slow diffusion of pentane into a saturated solution of 226 in 

DCM at -28 °C.  
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1H NMR (600 MHz, C6D6): δ = 7.08 (d, J = 8.2 Hz, 6H, 6 x ArH), 6.92 – 6.88 (m, 6H, 6 

x ArH), 6.83 – 6.78 (m, 5H, 5 x ArH), 6.76 (d, J = 7.9 Hz, 2H, 2 x ArH), 6.67 (br s, 2H, 

2 x ArH), 6.60 (d, J = 7.7 Hz, 2H, 2 x ArH), 3.08 (t, J = 9.5 Hz, 2H, NCH2), 2.83 (t, J = 

9.6 Hz, 2H, NCH2), 2.61 (s, 6H, 2 x CH3), 2.22 (s, 6H, 2 x CH3), 1.52 (s, 6H, 2 x CH3) 

ppm.  

13C NMR (151 MHz, C6D6): δ = 206.3 (d, J = 151.9 Hz, NCN), 151.6 (d, J = 5.5 Hz, 

ArC), 139.8 (d, JCP = 4.7 Hz, 2 x ArCH), 138.4 (ArC), 138.0, 136.8 (ArC), 136.0, 130.7, 

129.7 (6 x ArCH), 129.4 (4 x ArCH), 129.1 (4 x ArCH), 126.8 (2 x ArCH), 124.2, 123.5, 

122.0, 121.0 (d, JCP = 5.4 Hz, 6 x ArCH), 51.0 (d, JCP = 5.2 Hz, NCH2CH2), 21.2 (2 x 

CH3), 20.1 (2 x CH3), 18.8 (2 x CH3) ppm. 

31P NMR (243 MHz, C6D6): δ = 95.1 ppm.  

Anal. Calcd for C46H45N3O3PClNi: C, 67.96; H, 5.58; N, 5.17. Found: C, 67.93; H, 5.67; 

N, 4.97.  

HRMS-EI (m/z): Predicted: C46H45N3O3PNi+ [M-Cl]+ : 776.2552, found: 776.2551. 

[1,3-Bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene]-chloro-(4-

trifluoromethylphenyl)-(triphenylphosphite)-nickel(II) (227) 

 

Benzonitrile (2 µL, 0.01 mmol) and 1-chloro-4-(trifluoromethyl)benzene (15 µL, 

0.11 mmol) were added sequentially to a solution of Ni(SIMes)[P(OPh)3]2 (106) (69.4 

mg, 0.07 mmol) in benzene (5 mL).  The ensuing solution was heated at 70 °C for 1 hour. 

The resulting yellow solution was concentrated to dryness and the residue crystallised 

from DCM/pentane (1/8 v/v) at -28 °C, washing the solids with cold pentane. Complex 

227 was obtained as pale-yellow crystals (37.3 mg, 0.04 mmol, 62%).  

1H NMR (600 MHz, C6D6): δ 7.12 (d, J = 8.6 Hz, 6H, 6 x ArH), 7.03 (d, J = 7.7 Hz, 2H, 

2 x ArH), 6.94 – 6.88 (m, 6H, 6 x ArH), 6.86 – 6.79 (m, 5H, 5 x ArH), 6.73 (m, 4H, 4 x 

ArH), 3.09 (t, J = 9.5 Hz, 2H, NCH2), 2.84 (t, J = 9.7 Hz, 2H, NCH2), 2.65 (s, 6H, 2 x 

CH3), 2.23 (s, 6H, 2 x CH3), 1.60 (s, 6H, 2 x CH3) ppm. 
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13C NMR (150 MHz, CD2Cl2, due to C-P and C-F couplings the spectrum is complex for 

accurate assignments): δ = 205.3 (d, JCP = 151.8 Hz, NCN), 154.3 (d, J = 45.8 Hz), 152.5, 

150.91 (d, J = 5.5 Hz), 138.6 (d, JCF = 4.7 Hz, 2 x ArCH), 138.0 (d, J = 2.1 Hz), 136.9, 

135.8, 130.2, 129.4, 129.0, 128.9, 124.1, 120.3 (d, JCF = 5.3 Hz, 2 x ArCH), 51.3 (d, J = 

5.0 Hz, NCH2CH2), 20.9 (2 x CH3), 19.5 (2 x CH3), 18.5 (2 x CH3) ppm. 

31P NMR (243 MHz, C6D6): δ = 95.4 ppm.  

19F NMR (565 MHz): δ = -61.2 ppm. 
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6.6  Experimental procedures – Chapter 5 

6.6.1  Synthesis of nickel(II) precursor 

Dichlorobis(triphenylphosphite)nickel(II) (265a) 

 

 NiCl2(DME) (253 mg, 1.2 mmol) suspended in THF (5 mL) to which P(OEt)3 (0.4 

mL, 2.4 mmol) was added slowly. The resulting solution was stirred for 10 minutes before 

concentrating under reduced pressure. The residue was extracted with Et2O (3 x 2 mL) 

and filtered through celite before being concentrated under reduced pressure to afford 

nickel complex 265a as a dark purple solid (530 mg, 1.15, 96%). Single crystals for X-

ray analysis were grown from slow evaporation of a concentrated solution of 265a in 

pentane. 

1H NMR (600 MHz, C6D6): δ = 4.33 (br, 12H, 6 x CH2), 1.22 (br t, J = 6.7 Hz, 18H, 6 x 

CH3) ppm. 

31P NMR (121 MHz, C6D6): δ = 101.2, 92.3 ppm. 

13C NMR (151 MHz, C6D6): δ = 64.2 (CH2), 16.7 (CH3) ppm. 

6.6.2 Synthesis of nickel(II) precatalysts 

Dichloro-[1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene]-

(triphenylphosphite)nickel(II) (267) 

 

 A solution of IMes (164 mg, 0.54 mmol) in THF (1.5 mL) was added dropwise to 

a solution of NiCl2[P(OEt)3]2 (265a) (246 mg, 0.54 mmol) in THF (5 mL) while stirring. 

The reaction mixture changed from dark brown to bright red following complete addition 

and the resulting solution was stirred a further 30 minutes before concentrating under 

reduced pressure. The residue was extracted with THF (3 x 3 mL) filtering through celite. 
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The solution was concentrated to a minimal volume, pentane (3 mL) was added yielding 

a red precipitate. The red solids were washed with pentane (2 x 5 mL) and recrystallised 

from THF/pentane at -30 °C. 267 was obtained as bright red crystals (239 mg, 0.40 mmol, 

74%). Single crystals suitable for X-ray analysis were grown from slow diffusion of 

pentane into a concentrated solution of 267 in THF. 

1H NMR (600 MHz, C6D6): δ = 6.89 (s, 4H, 4 x ArH), 6.13 (s, 2H, NCHCH), 4.09 (q, J 

= 7.0 Hz, 6H, 3 x CH2CH3), 2.42 (s, 12H, 4 x CH3), 2.16 (d, J = 2.8 Hz, 6H, 2 x CH3), 

1.04 (t, J = 7.0 Hz, 9H, 3 x CH2CH3) ppm. 

31P NMR (121 MHz, C6D6): δ = 94.2, 89.4 ppm. 

13C NMR (151 MHz, C6D6): δ = 170.1 (NCN), 138.8 (2 x ArC), 137.2 (NCHCH), 136.5 

(2 x ArC), 129.4 (4 x ArCH), 123.4 (4 x ArC), 61.9 (CH2CH3), 21.2 (CH3), 19.5 (CH3), 

16.5 (CH2CH3) ppm. 

Dichloro-[1,3-bis(2,4,6-trimethylphenyl)imidazolidin-2-ylidene]-

(triphenylphosphite)nickel(II) (268) 

 

 A solution of SIMes (164 mg, 0.54 mmol) in THF (1.5 mL) was added dropwise 

to a solution of NiCl2[P(OEt)3]2 (265a) (246 mg, 0.54 mmol) in THF (5 mL) while 

stirring. The reaction mixture changed from dark brown to bright red following complete 

addition and the resulting solution was stirred a further 30 minutes before concentrating 

under reduced pressure. The residue was extracted with THF (3 x 3 mL) filtering through 

celite. The solution was concentrated to a minimal volume, pentane (ca. 3 mL) was added 

yielding red precipitate. The red solid was washed with pentane (2 x 5 mL) and 

recrystallised from THF/pentane at -30 °C. Nickel complex 268 was obtained as bright 

red crystals (239 mg, 0.40 mmol, 74%). Single crystals suitable for X-ray analysis were 

grown from slow diffusion of pentane into a concentrated solution of 268 in THF at -30 

°C. 



188 

 

1H NMR (600 MHz, C6D6): δ = 7.02 – 6.60 (m, 4H, 4 x ArH), 4.01 (q, J = 7.0 Hz, 6H, 3 

x CH2), 3.15 (s, 4H, NCH2CH2), 2.59 (s, 12H, 4 x CH3), 2.16 (s, 6H, 2 x CH3), 1.01 (t, J 

= 7.0 Hz, 9H, 3 x CH3) ppm. 

31P NMR (121 MHz, C6D6): δ = 94.2, 89.4 ppm 

13C NMR (151 MHz, C6D6): δ = 198.8 (d, J = 173.5 Hz, NCN), 138.1 (2 x ArC), 138.0 

(2 x ArC), 136.2 (4 x ArC), 129.7 (4 x ArCH), 61.7 (CH2CH3), 50.6 (NCH2CH2), 21.1 

(CH3), 19.7 (CH3), 16.5 (CH2CH3) ppm. 

trans-Dichloro-[1,3-bis(2-cyclohexylnaphthalene)imidazolidin-2-ylidene]-

(triethylphosphite)nickel(II) (269) and cis-Dichloro-[1,3-bis(2-

cyclohexylnaphthalene)imidazolidin-2-ylidene]-(triethylphosphite)nickel(II) (270) 

 

 A solution of 2-SICyNap (151 mg, 0.31 mmol) in THF (1.5 mL) was added 

dropwise to a solution of NiCl2[P(OEt)3]2 (265a) (142 mg, 0.31 mmol) in THF (5 mL) 

while stirring. After complete addition, the solution was stirred a further 2 hours before 

concentrating under reduced pressure. The residue was extracted with THF (3 x 3 mL), 

filtered through celite and the solvent removed under reduced pressure. The resulting 

material was recrystallised from THF (~1.5 mL), layered with pentane and cooled to -30 

°C to give nickel complex 269 as red plates (135 mg, 0.17 mmol, 56%), the mother liquor 

contained a mixture of 269 and 270. 

trans-Dichloro-[1,3-bis(2-cyclohexylnaphthalene)imidazolidin-2-ylidene]-

(triethylphosphite)nickel(II) (269) 

1H NMR (600 MHz, C6D6): δ = 8.40 (d, J = 8.5 Hz, 2H, 2 x ArH), 7.78 (d, J = 8.7 Hz, 

2H, 2 x ArH), 7.71 (d, J = 8.1 Hz, 2H, 2 x ArH), 7.64 – 7.55 (m, 4H, 4 x ArH), 7.37 – 

7.30 (m, 2H, 2 x ArH), 3.77 – 3.61 (m, 8H, 3 x CH2CH3 + 2 x CH), 3.61 – 3.44 (m, 4H, 

NCH2CH2), 2.95 (d, J = 12.0 Hz, 2H, CH2), 2.07 – 1.87 (m, 8H, 4 x CH2), 1.87 – 1.75 

(m, 4H, 2 x CH2), 1.74 – 1.52 (m, 4H, 2 x CH2), 1.52 – 1.37 (m, 2H, CH2), 0.79 (t, J = 

7.0 Hz, 9H, CH3) ppm. 
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13C NMR (151 MHz, C6D6): δ = 200.3 (d, J = 182.6 Hz, NCN), 144.7 (2 x ArC), 134.3 

(2 x ArC), 133.8 (2 x ArC), 131.8 (2 x ArC), 129.6 (ArCH), 127.8 (ArCH), 126.9 (ArCH), 

126.5 (ArCH), 126.1 (ArCH), 125.6 (ArCH), 61.4 (CH2CH3), 53.3 (NCH2CH2), 39.9 (2 

x CH), 36.9 (CH2), 33.1 (CH2), 28.1 (CH2), 27.0 (CH2), 26.9 (CH2), 16.3 (CH2CH3) ppm. 

31P NMR (121 MHz, C6D6): δ = 93.8 ppm.  
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Appendices 

Appendix A - Crystallographic data 

 Dr. Alexandre N. Sobolev and Assoc/Prof. Stephen Moggach collected all X-ray 

diffraction data on an Oxford Diffraction Xcalibur-S or an Oxford Diffraction Gemini-R 

Ultra with Mo Kα radiation or Cu Kα radiation. Following multi-scan absorption 

corrections and solution by direct methods, the structures were refined using the program 

SHELXL2018/3, solvent contributions were calculated using the PLATON SQUEEZE 

program.380–383 All non-hydrogen atoms were refined anisotropically. Hydrogen atom 

positions were calculated geometrically and refined using the riding model based on 

parent atom. 

A1 Ni(IMes)[P(OPh)3]2 (105) 

 

Crystals of 105 (red plates) suitable for X-ray studies were grown via solvent diffusion 

using benzene and pentane. 

Table A1. Crystal data and structure refinement for 105. 

Empirical formula C57H54N2NiO6P2 

Formula weight 983.67 

Temperature 100(2) 

Wavelength 0.71073 Å (Mo Kα) 

Crystal system Triclinic 

Space group P-1 (No. 2) 

Unit cell dimensions a = 11.0742(4) Å 

b = 12.6104(5) Å 

c = 19.5627(6) Å 

α = 95.946(3)°  

β = 96.044(3)° 

γ = 113.259(3)° 

Volume 2464.24(16) Å3 

Z 2 

Density (calculated) 1.326 g cm-3 

Absorption coefficient 0.51 mm-1 

F(000) 1032 

Crystal size 0.35 × 0.32 × 0.21 mm3 

θ range for data collection 2.2 to 31.4° 

Index ranges h = −16→16 

k = −18→18 

l = −29→28 

Reflections collected 29036 
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Independent reflections 16052 (Rint = 0.031) 

Completeness to θ = 32.294° 0.915 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.953 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 16052 / 0 / 619 

Goodness-of-fit on F2 1.00 

Final R indices [I>2σ(I)] R1 = 0.0491, wR2 = 0.1241 

Largest diff peak. and hole 0.74 and −0.38 e Å−3 

 

Figure A1. Structure of the molecule 105. Ellipsoids are drawn at the 50% probability 

level. 

 

A2 Ni(SIMes)[P(OPh)3]2 (106) 

 

Crystals of 106 (orange plates) suitable for X-ray studies were grown via solvent diffusion 

using benzene and pentane. 

Table A2. Crystal data and structure refinement for 106. 

Empirical formula C57H56N2NiO6P2 
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Formula weight 985.68 

Temperature 100(2) 

Wavelength 0.71073 Å (Mo Kα) 

Crystal system Triclinic 

Space group P-1 (No. 2) 

Unit cell dimensions a = 11.1106(2) Å 

b = 12.6106(4) Å 

c = 19.5070(4) Å 

α = 95.822(2)°  

β = 95.855(2)° 

γ = 113.276(2)° 

Volume 2467.38(11) Å3 

Z 2 

Density (calculated) 1.327 g cm-3 

Absorption coefficient 0.512 mm-1 

F(000) 1036 

Crystal size 0.30 × 0.22 × 0.12 mm3 

θ range for data collection 2.2 to 31.5° 

Index ranges h = −16→16 

k = −18→18 

l = −29→28 

Reflections collected 52898 

Independent reflections 16386 (Rint = 0.032) 

Completeness to θ = 32.366° 92.8% 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.906 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 16386 / 0 / 619 

Goodness-of-fit on F2 1.000 

Final R indices [I>2σ(I)] R1 = 0.0410, wR2 = 0.1061 

Largest diff peak. and hole 0.45 and −0.41 e Å−3 
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Figure A2. Structure of the molecule 106. Ellipsoids are drawn at the 50% probability 

level. 

 

A3 Ni(SIMes)[P(Oo-tol)3]2 (107) 

 

Crystals of 107 (red plates) suitable for X-ray studies were grown via solvent diffusion 

using benzene and pentane. 

Table A3. Crystal data and structure refinement for 107 

Empirical formula C63H68N2NiO6P2 

Formula weight 1069.84 

Temperature 100(2) 

Wavelength 0.71073 Å (Mo Kα) 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a = 11.5259(2) Å 

b = 20.9336(3) Å 

c = 22.6454(3) Å 

α = 90°  

β = 91.779(2)° 

γ = 90° 

Volume 5461.22(14) Å3 
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Z 4 

Density (calculated) 1.301 g cm-3 

Absorption coefficient 0.47 mm-1 

F(000) 2264 

Crystal size 0.28 × 0.17 × 0.14 mm3 

θ range for data collection 2.6 to 32.7° 

Index ranges h = −17→17 

k = −31→31 

l = −34→34 

Reflections collected 66253 

Independent reflections 18589 (Rint = 0.053) 

Completeness to θ = 32.693° 0.925 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.970 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 18589 / 24 / 679 

Goodness-of-fit on F2 1.00 

Final R indices [I>2σ(I)] R1 = 0.0507, wR2 = 0.1188 

R indices (all data)  

Largest diff peak. and hole 0.49 and −0.39 e Å−3 
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Figure A3. Structure of the molecule 107. Ellipsoids are drawn at the 50% probability 

level. 

 

A4 Ni(IMes)[P(OPh)3]2 (108) 

 

Crystals of 108 (red plates) suitable for X-ray studies were grown via solvent diffusion 

using benzene and pentane. 

Table A4. Crystal data and structure refinement for 108. 

Empirical formula C63H66N2NiO6P2 

Formula weight 1067.82 

Temperature 100(2) 

Wavelength 0.71073 Å (Mo Kα) 

Crystal system Monoclinic 

Space group P21/n 

Unit cell dimensions a = 11.4954(1) Å 

b = 20.7627(2) Å 

c = 22.8218(2) Å 

α = 90°  

β = 91.858(1)° 

γ = 90° 

Volume 5444.14(9) Å3 

Z 4 

Density (calculated) 1.327 g cm-3 

Absorption coefficient 0.47 mm-1 

F(000) 2256 

Crystal size 0.34 × 0.28 × 0.25 mm3 

θ range for data collection 2.6 to 32.8° 

Index ranges h = −17→16 

k = −30→31 

l = −34→34 

Reflections collected 115908 

Independent reflections 19039 

Completeness to θ = 32.803° 94.3% 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.975 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 19039 / 0 / 679 

Goodness-of-fit on F2 1.00 

Final R indices [I>2σ(I)] R1 = 0.0427, wR2 = 0.1163 

Largest diff peak. and hole 0.45 and −0.41 e Å−3 
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Figure A4. Structure of the molecule 108. Ellipsoids are drawn at the 50% probability 

level. 

A5 Ni(OPh)2(SICy)2 (109)  

 

Crystals of 109 (orange prisms) suitable for X-ray studies were grown from benzene. 

Table A5. Crystal data and structure refinement for 109. 

Empirical formula C42H62N4NiO2 

Formula weight 713.66 

Temperature 100(2) 

Wavelength 0.71073 Å (Mo Kα) 

Crystal system Triclinic 

Space group P-1 (No. 2) 

Unit cell dimensions a = 9.0226(4) Å 

b = 9.4805(4) Å 

c = 12.0735(5) Å 

α = 96.555(4)°  

β = 103.373(4)° 

γ = 104.821(4)° 

Volume 954.68(7) Å3 

Z 1 

Density (calculated) 1.241 g cm-3 
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Absorption coefficient 0.55 mm-1 

F(000) 386 

Crystal size 0.29 × 0.29 × 0.17 mm3 

θ range for data collection 2.4 to 32.3° 

Index ranges h = −13→13 

k = −14→13 

l = −17→17 

Reflections collected 19942 

Independent reflections 6290 

Completeness to θ = 32.258° 93% 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.970 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 6290 / 0 / 223 

Goodness-of-fit on F2 1.00 

Final R indices [I>2σ(I)] R1 = 0.0448, wR2 = 0.1113 

Largest diff peak. and hole 0.45 and −0.41 e Å−3 

 

Figure A5. Structure of the molecule 109. Ellipsoids are drawn at the 50% probability 

level. 
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A6 Ni(SIMes)[P(OPh)3](C6H2F3CHO) (114) 

 

Crystals of 114 (yellow needles) suitable for X-ray studies were grown via solvent 

diffusion using benzene and pentane. 

Table A6. Crystal data and structure refinement for 114. 

Empirical formula C46H44F3N2NiO4P 

Formula weight 835.51 

Temperature 100(2) 

Wavelength 0.71073 Å (Mo Kα) 

Crystal system Orthorhomic 

Space group Pbca 

Unit cell dimensions a = 21.4181(2) Å 

b = 20.5410(2) Å 

c = 37.1981(4) Å 

α = 90°  

β = 90° 

γ = 90° 

Volume 16365.3(3) Å3 

Z 16 

Density (calculated) 1.356 g cm-3 

Absorption coefficient 0.57 mm-1 

F(000) 6976 

Crystal size 0.28 × 0.27 × 0.20 mm3 

θ range for data collection 2.8 to 32.0° 

Index ranges h = −31→31 

k = −26→30 

l = −49→54 

Reflections collected 187153 

Independent reflections 27146 (Rint = 0.072) 

Completeness to θ = 31.997° 95.6% 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.973 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 27146 / 0 / 1077 

Goodness-of-fit on F2 1.00 

Final R indices [I>2σ(I)] R1 = 0.0443, wR2 = 0.1205 

Largest diff peak. and hole 0.51 and −0.39 e Å−3 
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Figure A6. Structure of the molecule 114. Ellipsoids are drawn at the 50% probability 

level. 

 

A7 NiCl(C6H4CN)(SIMes)[P(OPh)3] (226)  

 

Crystals of 226 (colourless needles) suitable for X-ray studies were grown via solvent 

diffusion using DCM and pentane. 

Table A7. Crystal data and structure refinement for 226. 

Empirical formula C46H45ClN3NiO3P, 2(CH2Cl2) 

Formula weight 982.87 

Temperature 100.3(3) 

Wavelength 1.54184 Å (Cu Kα) 

Crystal system Monoclinic 

Space group P2/c  

Unit cell dimensions a = 17.7409(1) Å 

b = 11.6364(1) Å 

c = 24.9652(2) Å 

α = 90°  

β = 105.9670(10)° 

γ = 90° 

Volume 4954.99(7) Å3 

Z 4 

Density (calculated) 1.317 g cm-3 

Absorption coefficient 3.683 mm-1 

F(000) 2041.4 

Crystal size 0.338 × 0.257 × 0.074 mm3 

θ range for data collection 3.683 to 67.337° 

Index ranges h = −20→21 



200 

 

k = −13→13 

l = −28→29 

Reflections collected 84637 

Independent reflections 8872 (Rint = 0.0665) 

Completeness to θ = 67.340° 99.7% 

Absorption correction Multi-scan 

Max./min. transmission 0.761 and 0.369 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 8872 / 33 / 566 

Goodness-of-fit on F2 1.123 

Final R indices [I>2σ(I)] R1 = 0.0512, wR2 = 0.1404 

Largest diff peak. and hole 2.00 and −1.43 e Å−3 

 

Figure A7. Structure of the molecule 226. Ellipsoids are drawn at the 50% probability 

level. 

 

A8 {NiCl[P(OEt)3]4}+{NiCl3[P(OEt)3] }- (265a) 

 

Crystals of 265a (violet needles) suitable for X-ray studies were grown from pentane. 

Table A8. Crystal data and structure refinement for 265a. 

Empirical formula C30H75Cl4Ni2O15P5 

Formula weight 1089.97 

Temperature 99.98(18) 

Wavelength 1.54184 Å (Cu Kα) 
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Crystal system Triclinic 

Space group P-1  

Unit cell dimensions a = 12.1927(9) Å 

b = 12.6707(6) Å 

c = 17.4877(7) Å 

α = 79.675(4)°  

β = 85.384(6)° 

γ = 82.360(5)° 

Volume 2629.9(3) Å3 

Z 2 

Density (calculated) 1.376 g cm-3 

Absorption coefficient 4.653 mm-1 

F(000) 1148 

Crystal size 0. × 0. × 0. mm3 

θ range for data collection 5.146 to 100.868° 

Index ranges h = −12→12 

k = −12→12 

l = −17→17 

Reflections collected 33878 

Independent reflections 5344 (Rint = 0.1338) 

Completeness to θ = 50.434° 97.0% 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.616 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 5344 / 27 / 520 

Goodness-of-fit on F2 1.408 

Final R indices [I>2σ(I)] R1 = 0.1071, wR2 = 0.2950 

R indices (all data) R1 = 0.1345, wR2 = 0.3447 

Largest diff peak. and hole 1.28 and −0.82 e Å-3 

 

Figure A8. Structure of the molecule 265a. Ellipsoids are drawn at the 50% probability 

level. 

 



202 

 

A9 NiCl2(IMes)2 (266)  

 

Crystals of 266 (yellow prisms) suitable for X-ray studies were grown from THF and 

pentane. 

Table A9. Crystal data and structure refinement for 266. 

Empirical formula C42H48Cl2N4Ni 

Formula weight 690.20 

Temperature 150(10) 

Wavelength 1.54184 Å (Cu Kα) 

Crystal system Monoclinic 

Space group C2/c 

Unit cell dimensions a = 20.9473(7)Å 

b = 20.9373(10) Å 

c = 18.8740(8) Å 

α = 90°  

β = 108.816(4)° 

γ = 90° 

Volume 7835.4(6) Å3 

Z 8 

Density (calculated) 1.170 g cm-3 

Absorption coefficient 2.216 mm-1 

F(000) 2737 

Crystal size 0.084 × 0.055 × 0.014 mm3 

θ range for data collection 6.14 to 153.436° 

Index ranges h = −26→25 

k = −19→26 

l = −23→23 

Reflections collected 33984 

Independent reflections 7715 (Rint = 0.0997) 

Completeness to θ = 76.718° 93.3% 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.365 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 7715 / 0 / 456 

Goodness-of-fit on F2 1.072 

Final R indices [I>2σ(I)] R1 = 0.0899, wR2 = 0.2404 

R indices (all data) R1 = 0.1317, wR2 = 0.2920 

Largest diff peak. and hole 1.38 and −1.02 e Å−3 
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Figure A9. Structure of the molecule 266. Ellipsoids are drawn at the 50% probability 

level. 

 

A10 NiCl2(IMes)[P(OEt)3] (267)  

 

Crystals of 267 (red prisms) suitable for X-ray studies were grown from THF and pentane. 

Table A10. Crystal data and structure refinement for 267 

Empirical formula C27H39Cl2N2NiO3P 

Formula weight 600.18 

Temperature 98(2) 

Wavelength 1.54184 Å (Cu Kα) 

Crystal system Orthorhombic 

Space group Pbca 

Unit cell dimensions a = 16.66490(10) Å 

b = 14.69380(10) Å 

c = 23.77980(10) Å 

α = 90°  

β = 90° 

γ = 90° 

Volume 5822.98(6) Å3 
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Z 8 

Density (calculated) 1.369 g cm-3 

Absorption coefficient 3.411 mm-1 

F(000) 2528 

Crystal size 0.293 × 0.106 × 0.083 mm3 

θ range for data collection 7.436 to 134.916° 

Index ranges h = −19→19 

k = −16→17 

l = −28→28 

Reflections collected 78317 

Independent reflections 5229 (Rint = 0.0649) 

Completeness to θ = 67.458 ° 99.7% 

Absorption correction Multi-scan 

Max./min. transmission 1.0 and 0.528 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 5229 / 0 /334 

Goodness-of-fit on F2 1.088 

Final R indices [I>2σ(I)] R1 = 0.0331, wR2 = 0.0805 

R indices (all data) R1 = 0.0413, wR2 = 0.0874 

Largest diff peak. and hole 0.37 and −0.25 e Å−3 

 

Figure A10. Structure of the molecule 267. Ellipsoids are drawn at the 50% probability 

level. 
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A11 NiCl2(SIMes)[P(OEt)3] (268)  

 

Crystals of 268 (red prisms) suitable for X-ray studies were grown via solvent diffusion 

using THF and pentane. 

Table A11. Crystal data and structure refinement for 268. 

Empirical formula C27H41N2O3PCl2Ni 

Formula weight 602.20 

Temperature 293(2) 

Wavelength 0.71073 Å (Mo Kα) 

Crystal system Triclinic 

Space group P-1 

Unit cell dimensions a = 16.0014(3) Å 

b = 19.6731(5) Å 

c = 19.7886(6) Å 

α = 109.017(2)°  

β = 94.223(2)° 

γ = 90.919(2)° 

Volume 5868.1(3) Å3 

Z 8 

Density (calculated) 1.363 g cm-3 

Absorption coefficient 0.928 mm-1 

F(000) 2544 

Crystal size 0. × 0. × 0. mm3 

θ range for data collection 6.4 to 56.362° 

Index ranges h = −19→19 

k = −26→25 

l = −26→25 

Reflections collected 44506 

Independent reflections 44506 

Completeness to θ = 28.181° 1.542 

Absorption correction Multi-scan 

Max./min. transmission 0.746 and 0.679 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 44506 / 0 / 1285 

Goodness-of-fit on F2 0.959 

Final R indices [I>2σ(I)] R1 = 0.0624, wR2 = 0.1466 

Largest diff peak. and hole 1.77 and −1.65 e Å−3 
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Figure A11. Structure of the molecule 268. Ellipsoids are drawn at the 50% probability 

level. 

 

A12 NiCl2(2-SICyNap)[P(OEt)3] (269)  

 

Crystals of 269 (red prisms) suitable for X-ray studies were grown via solvent diffusion 

using THF and pentane. 

Table A12. Crystal data and structure refinement for 269. 

Empirical formula C41H53Cl2N2NiO3P 

Formula weight 782.43 

Temperature 149.9(2) 

Wavelength 1.54184 Å (Mo Kα) 

Crystal system Triclinic 

Space group P-1 

Unit cell dimensions a = 13.5465(10) Å 

b = 14.5094(10) Å 

c = 21.1027(11) Å 

α = 83.035(5)°  

β = 81.735(5)° 

γ = 77.684(6)° 

Volume 3992.6(5) Å3 

Z 4 

Density (calculated) 1.327 g cm-3 

Absorption coefficient 0.512 mm-1 

F(000) 1656 

Crystal size 0.09 × 0.07 × 0.05 mm3 

θ range for data collection 3.364 to 51.385° 

Index ranges h = −13→13 

k = −14→14 

l = −-21→21 

Reflections collected 33447 
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Independent reflections 8627 

Completeness to θ = 51.385° 99.2% 

Absorption correction Analytical 

Max./min. transmission 0.892 and 0.790 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 8627 / 1 / 912 

Goodness-of-fit on F2 1.041 

Final R indices [I>2σ(I)] R1 = 0.0481, wR2 = 0.0880 

R indices (all data) R1 = 0.0881, wR2 = 0.1038 

Largest diff peak. and hole 0.386 and −0.245 e Å−3 

 

Figure A12. Structure of the molecule 269. Ellipsoids are drawn at the 50% probability 

level. 

 

A13 NiCl2(2-SICyNap)[P(OEt)3] (270) 

 

Crystals of 270 (yellow needles) suitable for X-ray studies were grown via solvent 

diffusion using THF and pentane. 

 

Table A13. Crystal data and structure refinement for 270. 

Empirical formula C41H53Cl2N2NiO3P 
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Formula weight 782.43 

Temperature 120.05(2) 

Wavelength 1.54184 Å (Cu Kα) 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a = 13.5100(3) Å 

b = 18.5816(5) Å 

c = 15.7709(3) Å 

α = 90°  

β = 103.093(2)° 

γ = 90° 

Volume 3856.16(16) Å3 

Z 4 

Density (calculated) 1.348 g cm-3 

Absorption coefficient 2.707 mm-1 

F(000)  

Crystal size 0.16 × 0.07 × 0.05 mm3 

θ range for data collection 3.733 to 67.428° 

Index ranges h = −16→15 

k = −20→22 

l = −18→18 

Reflections collected 26562 

Independent reflections 6859 (Rint = 0.0647) 

Completeness to θ = XX° 98.7% 

Absorption correction Analytical 

Max./min. transmission 0.912 and 0.793 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 6859 / 9 / 434 

Goodness-of-fit on F2 1.036 

Final R indices [I>2σ(I)] R1 = 0.0529, wR2 = 0.1194 

R indices (all data) R1 = 0.0795, wR2 = 0.1351 

Largest diff peak. and hole 0.698 and −1.041 e Å−3 
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Figure A13. Structure of the molecule 270. Ellipsoids are drawn at the 50% probability 

level. 

 

A14 1,3-Bis(cyclohexyl)imidazolinium chloride (274)  

 

Crystals of 274 (colourless plates) suitable for X-ray studies were grown from vapour 

diffusion of DCM and diethyl ether. 

Table A14. Crystal data and structure refinement for 274. 

Empirical formula C15H27N2Cl 

Formula weight 270.83 

Temperature 100(2) 

Wavelength 1.54178 Å (Cu Kα) 

Crystal system Orthorhombic 

Space group Cmcm 

Unit cell dimensions a = 6.6775(2) Å 

b = 8.6918(2) Å 

c = 25.8994(8) Å 

α = 90°  

β = 90° 

γ = 90° 

Volume 1503.19(7) Å3 

Z 4 

Density (calculated) 1.197 g cm-3 

Absorption coefficient 2.12 mm-1 

F(000) 592 

Crystal size 0.46 × 0.22 × 0.05 mm3 

θ range for data collection 3.4 to 67.1° 

Index ranges h = −6→7 

k = −8→10 

l = −30→26 

Reflections collected 2685 

Independent reflections 753 

Completeness to θ = 67.278° 99.3% 

Absorption correction Multi-scan 

Max./min. transmission 1.00 and 0.772 

Refinement method Refinement on F2  

Least-squares matrix: full 

Data / restraints / parameters 753 / 0 / 82 

Goodness-of-fit on F2 1.001 

Final R indices [I>2σ(I)] R1 = 0.0356, wR2 = 0.0974 

Largest diff peak. and hole 0.27 and −0.21 e Å−3 
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Figure A14. Structure of the molecule 274. Ellipsoids are drawn at the 50% probability 

level. 
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Appendix B - Selected NMR spectra 

Ni(IMes)[P(OPh)3]2 (105) 

 
Figure B1. 1H NMR spectrum (600 MHz, C6D6) of Ni(IMes)[P(OPh)3]2 (105). 

Figure B2. 31P NMR spectrum (243 MHz, C6D6) of Ni(IMes)[P(OPh)3]2 (105). 
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Figure B3. 13C NMR spectrum (151 MHz, C6D6) of Ni(IMes)[P(OPh)3]2 (105). 

Ni(SIMes)[P(OPh)3]2 (106) 

Figure B4. 1H NMR spectrum (600 MHz, C6D6) of Ni(SIMes)[P(OPh)3]2 (106). 
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Figure B5. 31P NMR spectrum (243 MHz, C6D6) of Ni(SIMes)[P(OPh)3]2 (106). 

 
Figure B6. 13C NMR spectrum (151 MHz, C6D6) of Ni(SIMes)[P(OPh)3]2 (106). 
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Ni(SIMes)[P(Oo-tol)3]2 (107) 

 
Figure B7. 1H NMR spectrum (600 MHz, C6D6) of Ni(SIMes)[P(Oo-tol)3]2 (107). 

 
Figure B8. 31P NMR spectrum (243 MHz, C6D6) of Ni(SIMes)[P(Oo-tol)3]2 (107). 
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Figure B9. 13C NMR spectrum (151 MHz, C6D6) of Ni(SIMes)[P(Oo-tol)3]2 (107). 

Ni(IMes)[P(Oo-tol)3]2 (108) 

Figure B10. 1H NMR spectrum (600 MHz, C6D6) of Ni(IMes)[P(Oo-tol)3]2 (108). 
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Figure B11. 31P NMR spectrum (243 MHz, C6D6) of Ni(IMes)[P(Oo-tol)3]2 (108) 

Figure B12. 13C NMR spectrum (151 MHz, C6D6) of Ni(IMes)[P(Oo-tol)3]2 (108). 
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Ni(SIMes)[P(OPh)3](C6H5CN) (112) from reaction of 106 with benzonitrile at 1 

hour. 

 
Figure B13. 31P NMR spectrum (243 MHz, C6D6). 

Ni(SIMes)[P(OPh)3](C6H2F3CHO) (114) 

Figure B14. 1H NMR spectrum (600 MHz, C6D6) of Ni(SIMes)[P(OPh)3](C6H2F3CHO) 

(114). 

P(OPh)3 
Ni(SIMes)[P(OPh)3]2 
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Figure B15. 31P NMR spectrum (243 MHz, C6D6) of Ni(SIMes)[P(OPh)3](C6H2F3CHO) 

(114). 

Figure B16. 13C NMR spectrum (151 MHz, C6D6) of Ni(SIMes)[P(OPh)3](C6H2F3CHO) 

(114) 
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NiCl(C6H4CN)(SIMes)[P(OPh)3] (226) 

Figure B17. 1H NMR spectrum (600 MHz, C6D6) of NiCl(C6H4CN)(SIMes)[P(OPh)3] 

(226). 

 

Figure B18. 31P NMR spectrum (243 MHz, C6D6) of NiCl(C6H4CN)(SIMes)[P(OPh)3]  

(226). 
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Figure B19. 13C NMR spectrum (151 MHz, C6D6) of NiCl(C6H4CN)(SIMes)[P(OPh)3] 

(226). 

NiCl2[P(OEt)3]2 (265a) 

 
Figure B20. 1H NMR spectrum (600 MHz, C6D6) of NiCl2[P(OEt)3]2 (265a). 
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Figure B21. 31P NMR spectrum (243 MHz, CDCl3) at -30 °C of NiCl2[P(OEt)3]2 (265a). 

 

 
Figure B22. 13C NMR spectrum (151 MHz, C6D6) of NiCl2[P(OEt)3]2 (265a). 
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NiCl2(IMes)[P(OEt)3] (267) 

 

Figure B23. 1H NMR spectrum (600 MHz, C6D6) of NiCl2(IMes)[P(OEt)3] (267). 

 

Figure B24. 13C NMR spectrum (151 MHz, C6D6) of NiCl2(IMes)[P(OEt)3] (267). 
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Figure B25. 31P NMR spectrum (243 MHz, CDCl3) at -30 °C of NiCl2(IMes)[P(OEt)3] 

(267). 

NiCl2(SIMes)[P(OEt)3] (268) 

 

Figure B26. 1H NMR spectrum (500 MHz, C6D6) of NiCl2(SIMes)[P(OEt)3] (268). 
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Figure B27. 13C NMR spectrum (151 MHz, C6D6) of NiCl2(SIMes)[P(OEt)3] (268). 

 

Figure B28. 31P NMR spectrum (243 MHz, C6D6) of NiCl2(SIMes)[P(OEt)3] (268). 
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Figure B29. 31P NMR spectrum (243 MHz, CDCl3) at -30 °C of NiCl2(SIMes)[P(OEt)3] 

(268). 

 
Figure B30. 31P-13C HMQC NMR spectrum (CDCl3) at -30 °C of NiCl2(SIMes)[P(OEt)3] 

(268) optimised for 49 Hz. 
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Figure B31. 31P-13C HMQC NMR spectrum (CDCl3) at -30 °C of NiCl2(SIMes)[P(OEt)3] 

(268) optimised for 180 Hz. 

NiCl2(2-SICyNap)[P(OEt)3] (269) 

 
Figure B32. 1H NMR spectrum (600 MHz, C6D6) of NiCl2(2-SICyNap)[P(OEt)3] (269). 
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Figure B33. 31P NMR spectrum (243 MHz, C6D6) of NiCl2(2-SICyNap)[P(OEt)3] 

(269). 

 

Figure B34. 13C NMR spectrum (151 MHz, C6D6) of NiCl2(2-SICyNap)[P(OEt)3] 

(269). 
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Figure B35. 1H NMR spectrum (600 MHz, C6D6) of mother liquor containing inseparable 

mixture of NiCl2(2-SICyNap)[P(OEt)3] (269) and NiCl2(2-SICyNap)[P(OEt)3] (270). 

 

Figure B36. 31P NMR spectrum (243 MHz, C6D6) of mother liquor containing 

inseparable mixture of NiCl2(2-SICyNap)[P(OEt)3] (269) and NiCl2(2-

SICyNap)[P(OEt)3] (270). 
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