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ABSTRACT 

 
A series of 2-(arylamino)-5-methylcyclopent-2-en-1-one proligands, derived from the 

condensation of maple lactone with aryl amines, were developed.  Using these [N,O] 

proligands, complexation experiments were carried out by deprotonation with NaH and 

reaction with Ni and Pd precursors to yield square planar complexes containing 

5-membered [N,O] chelates.  The Ni complexes featuring PPh3 and aryl (phenyl and 

ortho-tolyl) coligands were trialled for the polymerisation of ethene.  Precatalysts with 

N-Dipp (Dipp = 2,6-diisopropylphenyl) substituents were found to exhibit moderate 

activity when activated with Ni(cod)2 or B(C6F5)3.  The catalytic activity was highly 

dependent on temperature, with the catalysts most active at 80 °C.  Significant differences 

in the nature of the polymer were also found when changing the activator, with polymers 

using Ni(cod)2 as the activator producing a highly branched viscous polymer, compared 

to colourless, solid polyethene with a lower number of branches produced with B(C6F5)3.  

The most active nickel precatalyst, featuring the N-Dipp substituent, was trialled for the 

copolymerisation of ethene and CO, the polymerisation of 1-hexene, and the 

polymerisation of methyl acrylate; no copolymerisation or polymerisation was observed.   

A palladium complex bearing the Dipp-substituted [N,O] ligand with PPh3 and Cl 

coligands was tested as a catalyst for the Suzuki-Miyaura cross-coupling.  The complex 

was found to be highly active under mild conditions and under air.  The scope and 

tolerance of this reaction was then investigated which showed good conversion for all 

aryl bromides tested that featured electron-withdrawing groups.  More electron-rich 

substituents could be reacted successfully by increasing the temperature of the reaction 

and increasing the reaction time.  Only boronic acids featuring strongly 

electron-withdrawing groups showed limited activity.  Pinacol esters also showed good 

activity towards the Suzuki-Miyaura cross-coupling.  The cross-coupling reaction of aryl 

chlorides with phenyl boronic acid was also achieved in mild conditions but required an 

elevated temperature of 40 °C for 24 hours.  
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Chapter 1:  Introduction 

 

1.1 Introduction to Plastics 

With global production reaching 335 million tonnes in 2016, plastics have become the 

third most common anthropogenic material after steel and concrete.1  This is due to the 

many desirable qualities exhibited by plastics, such as flexibility, strength, 

impermeability and stability.2  The first fully synthetic polymer was discovered by Leo 

Baekeland in 1907, when he coined the term plastic.3  Bakelite was developed from the 

condensation of phenols with formaldehyde, in the presence of a base, to form a highly 

cross-linked structure.  

Plastics can be grouped into two main polymer families, thermoplastics and thermosets.  

These are based on the characteristics of the polymer formed.  Thermoplastics are the 

main family, with around 80% of the market demand.2  They can be melted when heated 

and subsequently harden when cooled, allowing for easy moulding and processing.  This 

melting and hardening cycle can be repeated multiple times, allowing for reuse of these 

plastics, and occurs between the glass transition point, Tg, and the melting point, Tm, of 

the polymer.  The glass transition point and melting point are described and explained in 

more detail below.  Common examples of thermoplastics are polyethene, polystyrene and 

polycarbonates.  Among the many uses for these plastics include plastic bags, food pots 

and alternatives to glass. 

The second class of polymers are thermosets.  These are polymers in which a 

three-dimensional network of chemical bonds are formed through an irreversible curing 

process.  Once these polymers are set, the polymers can’t be reshaped.  Common 

examples of this family of polymers include epoxy resins and unsaturated polyesters.  

These are employed in situations where a hard, inflexible plastic is required, such as 

reinforcement fibres, pipes and sealing of panels within the marine and transport 

industries.  The main focus of this thesis, however, is the development of catalysts for the 

production of polyolefins, so thermosets won’t be discussed further.  
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The main characteristics which determine the polymer’s properties are the molecular 

weight, polydispersity index (PDI), glass transition temperature and melting temperature.   

The molecular weight of a polymer and PDI are intrinsically linked, with the PDI 

corresponding to the ratio between the mass average molar mass, 𝑀𝑤, and the number 

average molar mass, 𝑀𝑛, according to equation (1.1): 

 

𝑃𝐷𝐼 =  
𝑀𝑤

𝑀𝑛

    (1.1) 

 

The mass average molar mass is derived from the total mass of all the chains multiplied 

by the number of chains with that mass, all divided by the total mass to give the average 

molar mass as seen in equation (1.2), where Wi is the mass of polymer chains with a 

relative molar mass of Mi. 

 

𝑀𝑤 =  
∑ 𝑊𝑖 x 𝑀𝑖  

∑ 𝑊𝑖
     (1.2) 

 

Similarly, the number average molar mass is derived from the average number of chains 

of a particular mass over the total number of chains, as outlined in equation (1.3), where 

Ni is the number of polymer chains with a relative molar mass of Mi. 

 

𝑀𝑛 =  
∑ 𝑁𝑖 x 𝑀𝑖  

∑ 𝑁𝑖
     (1.3) 

 

Since the mass of the chains (Mi) and the number of the chains (Ni) can be related to the 

number of moles, these equations can be rewritten as demonstrated below: 

 

𝑀𝑤 =  
∑ 𝑊𝑖 x 𝑀𝑖 

∑ 𝑊𝑖
 =  

∑ 𝑁𝑖  x 𝑀𝑖
2 

∑ 𝑁𝑖 x 𝑀𝑖
      (1.4) 

 

𝑀𝑛 =  
∑ 𝑁𝑖  x 𝑀𝑖  

∑ 𝑁𝑖
 =  

∑ 𝑊𝑖 

∑ 𝑊𝑖/𝑀𝑖
           (1.5) 
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These properties affect the characteristics of the polymer, with a higher 𝑀𝑤 resulting in 

an increase in strength and resistance to deformation.  This is a result of the longer 

polymer chains becoming more entangled, making them more resistant to chain slippage 

and movement.  A low 𝑀𝑛, however, is desirable for ease of flow of the polymer during 

the manufacturing process through injection moulding or extrusion, leading to a balance 

between these factors being desirable.4  

Glass transition behaviour exists in amorphous polymers, or the amorphous portion of 

semi-crystalline polymers, when the polymer is cooled without crystallisation occurring.  

At the glass transition point the viscosity of the polymer, equal to the shear stress/velocity 

gradient, changes at a high rate over a small temperature change as the material changes 

from a liquid polymer melt to a rigid solid or glass.  During this change the polymer also 

undergoes a sudden increase in specific heat capacity along with other properties.5, 6  

As a result of the large effects that the glass transition temperature has on the properties 

of the polymer there are many techniques which have been developed for its 

determination.  The technique used in this work is differential scanning calorimetry 

(DSC).  This technique works by heating a sample and a reference whilst measuring the 

differences in temperature.  This difference in temperature between the sample and the 

reference can be used to calculate the change in heat flow, from which properties 

including the Tg, Tm and temperature of crystallisation (Tc) can be determined.  

The Tg of a polymer can also be calculated theoretically using molecular dynamics 

simulation methods.  The modelling can be carried out to a high degree of accuracy, with 

the glass transition point of polyethene (the polymer produced in this work) predicted to 

be around 200 K by Yang et al., compared to an experimental value of 195 K for the same 

polymer system.7  The Tg is affected to a large degree by the chain flexibility and steric 

bulk of the polymer side chains.  A decrease in chain flexibility caused by the introduction 

of side groups increases the Tg of the polymer.  This increase is due to the side groups 

limiting the ability of the polymer backbone to rotate, resulting in the polymer remaining 

in a rigid solid or glass state until higher temperatures are experienced.  An example of 

this is the difference between polyethene with a Tg typically around 195 K and 

polypropene, with regularly-spaced methyl side groups, which has a Tg typically around 

250 K.4  There is, however, a secondary effect with large flexible side chains lowering 

the Tg.  This effect is due to the increase of the free volume around the polymer chain, 

resulting in a more flexible polymer.  This can be seen with the Tg of poly(methylacrylate) 

of around 275 K compared to poly(ethylacrylate) with a Tg of 250 K.  Similar trends to 
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those observed for the glass transition temperature also apply for the melting temperature, 

with a decrease in chain flexibility increasing the melting temperature.   
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1.2 Polyolefins 

 

Polyolefins are the major class of thermoplastics, accounting for 65% of produced 

thermoplastics.  This is due to the wide versatility that these polymers offer, with a wide 

variety of usages depending on the type of polymer produced.2  Of these, polyethene is 

the most produced, followed by polypropene, with low-density (LDPE), linear 

low-density (LLDPE), high-density (HDPE) and ultrahigh molecular weight polyethene 

(UHMWPE) available.  LDPE has a highly branched structure due to the free radical 

nature of its formation, which will be discussed in greater detail in a later section.  The 

highly branched polymer structure results in a large free volume, causing a low Tg.  

In contrast to this, HDPE is formed using catalysts which promote a migratory insertion 

mechanism.  This mechanism promotes ordered insertion of sequential monomeric units, 

allowing for reduced side chain formation and a harder plastic is formed (Figure 1). 

 

 

Figure 1. Migratory insertion polymerisation and chain-walking mechanisms. 

 

This migratory insertion polymerisation and chain-walking mechanism is common with 

late transition metals (TMs) such as nickel and palladium.  These catalysts will be 

discussed in a later section.  The overall balance of propagation, chain transfer and chain 

walking will dictate the properties of the resultant polymer formed and is heavily 

dependent on the catalyst used.  Additional differences between late TM catalysts are also 

observed, such as nickel and palladium catalysts typically having different resting states 

in their catalytic cycles.8  Palladium complexes usually have the ethene π-complex as the 

resting state, with the insertion step rate limiting.  This causes the rate of polymerisation 
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and degree of branching to be largely independent of the pressure of ethene used.  In 

contrast, with nickel the resting state is typically the β-agostic complex implying that 

monomer binding is rate limiting.  Because of this, the chain growth rate and degree of 

branching can be controlled by temperature and pressure of ethene.8  Higher ethene 

pressure should result in less branching, due to interception of intermediates.9 

UHMWPE is formed in a similar process to that of HDPE using a transition metal 

catalyst.  This catalyst can be Ziegler-Natta type catalysts similar to those for HDPE, 

metallocene catalysts or the use of post-metallocene single-site catalysts similar to those 

developed initially by Brookhart.10  These will be discussed in more detail in section 1.6. 

The final type of polyethene is LLDPE, which is synthesised through the 

co-polymerisation of ethene with an α-olefin such as 1-butene. The co-polymerisation can 

be achieved through a variety of methods, such as using Ziegler-Natta, metallocene and 

tailored late transition metal catalysts.11-13 

Whilst polyolefins have become part of everyday life due to their excellent physical and 

mechanical properties, these same properties can be detrimental due to the persistent 

nature of these plastics in the environment.  With polyolefins this longevity is due to the 

strength of the carbon-carbon bonds on the backbone combined with the non-polar nature 

of these bonds.  The environmental impact of these plastics is a concern due to the 

longevity of these carbon-carbon bonds.  This environmental impact can be reduced 

through the recyclability of thermoplastics, but studies in 2015 estimated that of all plastic 

waste produced only 9% was recycled, 79% accumulated in landfills or was released into 

the natural environment, with the remaining percentage going to incineration.14  
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1.3  Biodegradable polymers 

 

With such a large percentage of plastic ending up in landfills and the natural environment, 

there is a large scope and drive for research into the development of biodegradable 

polymers to replace the conventional plastics of polyethene and polypropene, amongst 

others.15-19  A biodegradable polymer is a compound which is capable of undergoing 

decomposition into carbon dioxide, methane, water, inorganic compounds and biomass.20   

The wide variety of biodegradable polymers have been categorised into four distinctive 

categories by Avérous and co-workers.21  These categories are based on their synthetic 

routes and are:  

i) polymers from biomass (such as starch or cellulose) 

ii) microbial production (such as polyhydroxyalkanoates) 

iii) chemically synthesised from agro-resources (such as polylactic acid) 

iv) chemically synthesised from fossil resources 

 

The first three of these categories follows a drive to avoid petroleum-based raw materials.  

This move to renewable sources is important to improve the long-term sustainability of 

the plastics sector.22  Polymers produced from biomass and microbial production are 

outside the scope of this thesis, which focuses on chemically-synthesised polymers.  

There is some overlap within these final two categories with monomers such as ethene, 

which is typically produced from petroleum-based sources, but can be derived by 

elimination reactions of ethanol, which itself can be produced by fermentation of 

agricultural feedstocks.23  Examples of common bio-renewable resources are shown 

below, of which polylactide is currently the most produced biodegradable polyester due 

to its wide range of applications and relative low cost (Figure 2).24 

 

 

Figure 2. Examples of common bio-renewable resources for polymerisation. 
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To maximise market impact, the growing trend is to copolymerise bio-based monomers, 

often polar in nature, with oil-based monomers, such as ethene, to extend bioplastics’ 

reach into markets for durable products in cars and cell phones etc. amongst other 

applications, thereby retaining advantageous polymer properties, but reducing the 

reliance on oil-based monomers.15  Another advantage is that through the inclusion of 

other polar monomers into an olefin polymer, biodegradation can be improved.16  

Therefore, the inclusion of polar monomers can be used to aid the degradation of the 

polymer, either through the hydrolysis of ester groups or photodegradation aided by 

carbonyl groups.  Photodegradation can occur through Norrish type 1 reactions to yield 

an acyl radical (I) and a terminal alkyl radical (II) (Scheme 1).  The acyl free-radical (I) 

dissociates to give another alkyl radical (II) and CO, and the alkyl radicals undergo 

further degradation.  Radical II then combines with free O2, forming a peroxide radical, 

which then isomerises to the more thermodynamically stable hydroperoxide radical.  

These then combine with another polymer chain to form a terminal alkene, hydrogen 

peroxide and a new radical polymer.  The formation of these radicals has been confirmed 

by electron spin resonance spectroscopy (ESR).25   

 

 

Scheme 1. Photodegradation of polyketone through Norrish type 1 reactions, with P 

signifying the growing polymer chain. 
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Carbonyl groups can also be introduced to the polymer backbone through the formation 

of an alternating copolymer between ethene and carbon monoxide, commonly known as 

polyketone.  This polymer has been shown to undergo photooxidation at an increased rate 

compared to incorporation of random side chain carbonyl groups on polyethene.26   

Polyketone is a high-performance engineering plastic with good chemical resistance, 

mechanical properties and super-low gas permeability.27  Despite this performance, 

polyketone holds a minor market share, with only one commercial producer since 2015.  

This highlights the major issue for new plastics as they are competing against the extreme 

loss cost of polyolefins which are often formed as a secondary product during the 

vast-scale processing of oil into fuel.  Since polyolefin production accounts for 4-6% of 

global oil production, the by-product nature of these compounds results in a low cost 

product which is hard to compete with.1  The copolymerisation of ethene and carbon 

monoxide was first observed by Bayer and co-workers in 1941 using harsh conditions of 

230 °C and 2027 barg.28  This reaction was further investigated by Reppe who 

demonstrated that it could be carried out at milder pressures of 203 barg using nickel 

cyanide complexes.29  Similar work was also undertaken by Brubaker who carried out the 

polymerisation at 507 barg and 115 °C using benzoyl peroxide as an initiator.30  The key 

difference between the work carried out by Reppe and Brubaker is the nature of the 

polymer produced, with a strictly alternating co-polymer produced by Reppe, compared 

to a poorly controlled co-polymer produced by Brubaker.  This difference is due to the 

catalytic mechanism, with alternating addition of monomers resulting in an alternating 

co-polymer, compared to the free radical mechanism seen when using benzoyl peroxide 

as catalyst, resulting in a poorly controlled copolymer.  Significant work developing these 

catalysts has been carried out by Drent and co-workers investigating the mechanism 

through end-group analysis.31  These studies have also focused on the copolymerisation 

between other α-olefins with carbon monoxide with the regio- and stereoselective 

properties investigated.32  As polymers such as polyketone are based on the 

copolymerisation of ethene with a polar component, it is necessary to understand the 

catalytic systems that are capable of the polymerisation of ethene. 
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1.4  Introduction to Polyethene 

 

Polyethene was first synthesised by van Pechmann in 1898 and later identified by 

Bamberger and Tschirner as polymethylene ([CH2]n).
33  The first practical synthesis of 

polyethene occurred in 1939 at Imperial Chemical Industries (ICI) using free radical chain 

polymerisation with oxygen as the initiator.  This is typically carried out at very high 

pressures (2,400 barg) and between 90 °C to 110 °C to produce LDPE.34  The free radical 

polymerisation occurs through three stages: initiation, propagation and termination.  

Initiation can be caused by a reactive species, such as peroxide or oxygen, which attacks 

the first monomer unit, starting the polymerisation.  The propagation steps then occur as 

this radical monomer reacts with further monomers, retaining the radical end-group.  

Eventually the growing polymer chain will be terminated, which can occur through 

several different pathways.  The result of this radical process creates an irregular branched 

polymer, as backbiting of the polymer chain is possible, causing the plastic produced to 

be of low density.   

In 1953 Karl Ziegler and co-workers made a spectacular breakthrough in the 

oligomerisation of ethene through the use of aluminium reagents (the Aufbau 

reaction).35-37  This process was further developed to yield low molecular weight 

polyethene, but unlike the previous oxygen initiated radical method, produced a linear 

polymer.  This catalytic system was improved upon with the use titanium chloride/triethyl 

aluminium as the catalyst, which was capable of operating at low temperatures and 

atmospheric pressures.  The development of Ziegler-type catalysts was later harnessed by 

Guilio Natta for the stereospecific polymerisation of propylene using crystalline violet 

titanium trichloride, rather than brown titanium chloride as used by Ziegler.38, 39  Brown 

titanium chloride consists of chains of TiCl6 octahedra with bridging chlorides and was 

formed by Ziegler through in situ reduction between titanium tetrachloride and triethyl 

aluminium.  In contrast to this, crystalline α-titanium trichloride exists as a hexagonally 

close packed structure formed by Natta through reduction of titanium tetrachloride with 

hydrogen at 500 °C – 800 °C prior to addition of the triethyl aluminium co-catalyst.  This 

method of producing the titanium trichloride allowed the production of a more ordered 

surface.40  Crystalline α-titanium chloride produced polypropene with an isotactic 

percentage of between 80% and 92%.  This can be compared to brown titanium chloride 

as used by Ziegler, which gave between 40% and 50% isotacticity.38  The polypropene 

produced is typically highly linear with less than 5 side chains per 1000 carbons, but 

exhibits an unusually broad molecular weight distribution.41  For these developments, 
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both Ziegler and Natta were awarded the Nobel prize in 1963.  These catalysts have been 

further developed with several new generations, as summarised by Lloyd.38  There are a 

number of mechanisms proposed for transition metal catalysed olefin polymerisation, but 

the most commonly accepted one is the Cossee-Arlman mechanism for polyolefins 

(Scheme 2).42   

 

 

Scheme 2. Cossee-Arlman mechanism for polymerisation of ethene 

 

At a similar time to Ziegler’s development of aluminium / group 4 systems, chromium 

catalysts were being developed by Phillips Petroleum company, referred to as Phillips 

catalysts.43  These chromium catalysts used medium pressures of ethene of around 

35 barg and produce high-density crystalline polyethene.  Phillips catalysts are 

heterogeneous systems mounted on a solid support such as silica or magnesium 

ethoxide.38, 44  
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1.5  Metallocenes and use of MAO 

 

First used as a homogeneous catalyst for modelling Ziegler-Natta catalysts, Cp2TiCl2 

displayed poor activity using an alkyl aluminium chloride co-catalyst.45  However, work 

by Kaminsky et al. found that using methyl aluminoxane (MAO) (formed from the careful 

hydrolysis of trimethylaluminum) as a co-catalyst gave a highly active catalyst capable 

of producing polyethene with a high 𝑀𝑤.46  Despite the similarities in the mechanism 

between metallocene catalysts and the Ziegler-Natta system, the PDI of the produced 

polymer varied significantly.  With metallocene catalysts a polymer with a PDI of 2 was 

produced compared to that of the Ziegler-Natta catalysts where the polymer displayed a 

PDI around 5-10.47, 48  In 1984, Ewen demonstrated that stereochemical control could be 

achieved in the polymerisation of propene through the use of linked indenyl ligands.49  

Through the generation of ansa-metallocenes, an additional catalytic control method was 

present.  This was named the coordination gap aperture and allowed further catalytic 

control through the alteration of this gap (Figure 3).50-52 

 

 

Figure 3. Example of an ansa-metallocene with the co-ordination gap aperture 

highlighted. 

 

Despite these advances in metallocene development, industrial production of polyethene 

has mostly adhered to Ziegler-Natta type catalytic systems, mainly due to a mismatch in 

the conditions required for conventional Ziegler-Natta systems compared to those 

required for metallocenes.53  Single-site catalysts are still of importance, however, as they 

demonstrate several advantages over the multi-site heterogenous Ziegler-Natta catalysts.  

These advantages include the production of polymers with a more controlled molecular 

weight, better molecular weight distribution and better co-monomer content and 

distribution.53   
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1.6  Neutral Ni and Pd Catalysts –SHOP and further developments 

 

Traditional Ziegler-Natta catalysts and homogeneous early transition-metal catalysts are 

highly oxophilic.  This oxophilicity results in chelation of polar monomers (Scheme 3).54   

 

 

Scheme 3. Chelation of polar monomers to transition-metal catalysts. 

 

Through the use of late transition metals, such as nickel and palladium, the binding 

strength of the O donor is lessened, allowing for the use of these metals in the 

copolymerisation of ethene with polar monomers (see section 1.8).54, 55  Late TM 

catalysts, however, were originally investigated for the dimerisation and oligomerisation 

of ethene due to an increase in β-hydride elimination, as seen in the chain-walking 

mechanism, and loss of the resulting alkene.56, 57  Comparing Ni to Pd, the use of nickel 

is advantageous due to its high abundancy compared to palladium.  This increased 

abundancy results in a lower cost which is beneficial for the replacement of current 

industrial catalysts.58   

An early example of the use of a nickel catalyst for olefin polymerisation is the widely 

used industrial oligomerisation process called the Shell Higher Olefin Process (SHOP).59  

This process uses a Ni2+ salt with a chelating [P,O] ligand and follows a mechanistic cycle 

as outlined below (Scheme 4).  This cycle continues to produce a range of short-chained 

oligomers between C4 and C20 (α-olefins) following the Schulz-Flory distribution.60, 61   
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Scheme 4. Mechanistic cycle from SHOP type catalysts. 

 

From this distribution, the α-olefins within the saleable bracket (C6 – C20) are removed, 

with the heavier and lighter fractions sent to a new reactor for isomerisation and 

metathesis, whilst the C11 – C14 monoolefins are separated by distillation for commercial 

use.  The outer factions from this process, < C10 and > C14, are further recycled back for 

isomerisation and metathesis again.  These recycling steps allow for a very high plant 

efficiency to be obtained.62 

A new family of catalysts were developed in 1995 when seminal work by Brookhart 

investigated the synthesis of α-diimine complexes (Figure 4).57  These nickel precatalysts 

were capable of producing LDPE with an activity of 6.57 g mmol-1 h-1 bar-1.  This activity 

is defined as low catalytic activity, as will be discussed later in the chapter.  
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Figure 4. α-Diimine Ni precatalyst developed by Brookhart.57 

 

This family of catalysts suffered from poor thermal stability with fast decomposition 

occurring above 50 °C.63  The decomposition is attributed to the C-H activation of the 

ligand, with subsequent decomposition to a bis chelate ligand nickel species formed via 

a metal hydride intermediate (Scheme 5).64, 65   

 

 

Scheme 5. Decomposition of α-diimine Ni catalysts through C-H activation of the ligand. 

 

Modifications have been made to improve the stability of these catalysts, with recent work 

improving stability through modification of the acenaphthene-derived backbone to reduce 

distortion at the metal centre.66  Another example of a way to increase stability was 

described by Chen et al. who synthesised ligands with a large amount of steric bulk at the 

ortho- position of the N-aryl substituents (Figure 5).67  The use of 

2,6-dibenzhydryl-derived aniline substituents resulted in an increased stability of the 

catalysts at temperatures of around 100 °C.  Along with this high temperature stability 

came high activity, with an activity of 287 g mmol-1 h-1 bar-1 for compound 1.II (X = CH3) 
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at 100 °C using MAO as the co-catalyst.  This is a large improvement on the 

6.57 g mmol-1 h-1 bar-1 first achieved by Brookhart.  This family of α-diimine catalysts 

has been recently reviewed by Antonov and co-workers53 and Guo et al.68   

 

 

Figure 5. α-Diimine Ni catalyst developed by Chen and co-workers with increased steric 

bulk. 
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1.7  Group 10 [N,O] systems in polymerisation 

 

In 1998, Grubbs and co-workers developed a nickel catalyst bearing an [N,O]-type ligand 

for the polymerisation of ethene (Figure 6).69, 70  These catalysts were tolerant of both 

heteroatoms and less pure starting materials, displaying polymerisation activity in the 

presence of a range of polar additives.  The catalysts were also capable of producing high 

molecular weight polymer with no need for a cocatalyst.  

 

 

Figure 6. Salicylaldiminato Ni catalyst developed by Grubbs and co-workers. 

 

These catalysts utilised a mono anionic bidentate ligand that rendered the overall catalyst 

neutral as opposed to the previously described cationic catalysts with neutral ligands as 

seen with compound 1.II.  No cocatalyst was required for the polymerisation, with the 

steric bulk in the ortho-position of the salicylaldimine ligand aiding phosphine 

dissociation.  It was observed that further addition of phosphine ligand decreased the rate 

of polymerisation.  These salicylaldiminato Ni catalysts were highly active towards 

polymerisation due to a slower rate of β-hydride elimination, resulting in fewer chain 

termination steps, and therefore a greater Mw.  The rate of β-hydride elimination could be 

controlled with an increase in temperature yielding a polymer with a lower Mw with a 

higher branched structure.  This family of catalysts were coined salicylaldiminato 

complexes by Grubbs.  At a similar time, the Fujita group in Japan developed 

phenoxy-imine (FI) catalysts (Compound 1.III, Figure 7).71  Whilst this catalytic system 

is heavily focused on early TMs, the similarity in the ligand design shows promise for 

this class of ligand.72-74  
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Figure 7. Phenoxy-imine (FI) Ti catalysts as developed by the Fujita group. 

 

There has been much work reported in the development of [N,O] ligated catalysts, with 

neutral nickel(II) catalysts bearing [N,O] ligands used for ethene polymerisation and 

copolymerisation; related catalysts are also used for a wide range of olefins.  Propene and 

norbornene polymerisation and copolymerisation has been recently reviewed by Guo68 

and Song.75  The criteria used for defining catalyst activity towards the polymerisation of 

ethene are taken from a review by Britovsek, Gibson and Wass (Table 1).76  

 

Table 1. Criteria used for defining catalyst activity towards the polymerisation of ethene. 

Rating Activity (g mmol-1 h-1 bar-1) 

Very low <1 

Low 1-10 

Moderate 10-100 

High 100-1000 

Very high >1000 

 

Ligand design is a key part of controlling reactivity and hence changing the ligand can 

alter the required polymerisation conditions, with both steric and electronic influences 

affecting the molecular weight, degree of branching of the polymer, activity of the catalyst 

and thermal/moisture sensitivity.   

Wang et al. developed a series of Ni salicylaldiminato catalysts for the polymerisation of 

ethene (1.V, Figure 8), and investigated the effect of sterically bulky R substituents and 

electron-withdrawing groups at X.69  These catalysts required the use of a cocatalyst with 

Ni(cod)2 and B(C6F5)3 both used.  Similar results were also demonstrated by Lee et al. 

(1.VI, Figure 8) who showed that hindering the axial sites on the metal with increased 
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steric bulk produced polyethene with a higher molecular weight (Mw) and with a greater 

frequency of branching.77   

 

 

Figure 8. [N,O]-type catalysts by Wang et al. and Lee et al. with varying bulk and electron 

withdrawing substituents. 

 

Electronic effects were investigated further by Li et al. using chelating β-ketoiminato 

ligands with 6-membered chelate rings (1.VII, Figure 9).78  In these complexes, the 

triphenyl phosphine group was bound too strongly to Ni to dissociate, so a phosphine 

scavenger was added to initiate ethene polymerisation.  Common scavengers include 

Ni(cod)2, MAO and B(C6F5)3.  As well as determining the electronic effects on the 

polymerisation, they also observed that when stronger electron-withdrawing groups 

(EWGs) were present on the [N,O] ligand, dissociation of PPh3 was harder to achieve.  

When EWGs were used at the R2 position, the catalyst formed highly branched low Mw 

(3,400 gmol-1) polymers with high activity.  When EWGs were then used at the 

R1 position, the catalyst formed moderately branched polymer with a fairly low Mw of 

5,800 gmol-1.  This is in contrast to when no EWGs were used where low activity was 

observed but a high Mw (130,000 gmol-1) polymer was produced.78  Azoulay et al. 

increased the bulk on the 5-membered chelate ring of the ligand by altering the R group 

to create a more crowded coordination sphere around the nickel centre (1.VIII, Figure 

9).79  They found that this increased both activity of the catalyst and Mw of the polymer 

obtained.  They also investigated how the electronic properties of this R group affected 

polymerisation and found, in contrast to Li et al.,78 that EWGs at this position increased 

both catalytic activity and Mw of polymer.   
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β-Ketoiminato chelating ligands (1.IX, Figure 9) were then used by Song et al. to further 

investigate the steric properties of the system.80  They found that through increasing the 

steric hindrance at R, the Mw greatly decreased and branching increased.  This was 

explained by suppression of chain transfer reactions along with a decrease in the ethene 

insertion rate, with the Mw decrease due to a reduced rate of chain propagation versus 

chain walking rate.80   

 

 

Figure 9. Catalysts from Li et al., Azoulay et al. and Song et al. with comparison between 

the electronics and steric properties. 

 

A recent development that has improved the polymerisation activity in this system is the 

addition of remote CF3 moieties on the ligand that can interact with the growing polymer 

chain.  This was observed initially by Weberski et al. (1.X, Figure 10),9 and then 
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developed further by Wang et al.9, 81  Through the addition of CF3 groups, the stability 

and activity of the catalyst increased.  Rather than inductive effects, which was previously 

used as an explanation, they proposed a C-F…H-C intramolecular interaction involving 

the growing polymer chain, destabilising the syn-periplanar conformation, which favours 

β-hydride elimination (Figure 11).   

 

 

Figure 10. Fluorocarbon ligand from Weberski et al. suppressing branching. 

 

 

 

Figure 11. Proposed C-F--H-C interaction which causes a higher molecular weight 

polymer to form due to limiting β-hydride elimination. 

 

With the potential for CF3 groups to influence the catalyst activity now recognised, 

Hu et al. revisited work with salicylaldimine ligands to investigate the electronic effects 

of the ligand, but, unlike previous work, excluded fluorine groups in the ortho- position 

as potential EWGs due to their activity-enhancing properties (Figure 11).82  The catalysts 
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prepared (compound 1.XI, Figure 12) showed high activity, up to 165 g mmol-1h-1bar-1 

when CF3 was present in the para- position, and were thermally stable up to 80 °C.  They 

also found that steric bulk was crucial to slow down catalyst decomposition and achieve 

high activity.  Hu et al. also discovered that the usual effects of EWGs or 

electron-donating groups (EDGs) were still observed, with EWGs on the ligand causing 

a faster rate of polymerisation compared to when EDGs were used, but with a smaller 

difference than expected.  1.XI catalysts were also active when 1000 eq. of a polar 

additive, such as acetone or diethyl ether, were added.82  Recent work to improve the 

polar-monomer tolerance of the catalyst further includes work done by Delferro et al. 

where a pendent OH arm adjacent to the catalytic site was investigated (1.XII, Figure 

12).83  This was postulated to allow preferential binding of any polar additive to the OH 

group, rather than to the metal centre, and incorporation of a pendent OH group allowed 

high activity, even in the presence of 1500 eq. of polar additive, including water.   

 

 

Figure 12. Catalysts by Hu et al. and Delferro et al. tolerant of polar additives. 

 

The final ligand consideration is the size of the chelating ring.  As seen in this section, 

the most common size of chelate is a 6-membered ring.  This is surprising, because 

research performed by Brookhart and co-workers in 2001 found that a 5-membered 

chelate ring can have a higher activity (1.XIV, Figure 13).84  Compound 1.XIV was 

shown to be highly active without the need for a cocatalyst to be added.  The catalyst was 

also very stable with polymerisation trialled at 100 °C with an activity of 
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19.3 g mmol-1h-1bar-1 recorded.  Stability towards polar functional groups was also 

observed with the catalysts demonstrating good tolerance towards a range of functional 

groups and addition of up to approximately 15,000 equivalents of THF or EtOAc.  The 

use of H2O or NEt3 displayed a 3.5 – 4-fold decrease in activity with the greatest decrease 

seen with the addition of EtOH, which caused a 20-fold decrease.  Unlike the catalyst 

developed by Grubbs (Figure 6, Compound 1.III) catalyst 1.XIV was less sensitive to the 

addition of PPh3 with the addition of five equivalents of PPh3 having essentially no effect 

on the activity of the catalyst over the duration of 10 and 30 minute polymerisation 

reactions.  To date, very few [N,O]-type Ni(II) catalysts incorporate a 5-membered 

chelate.  Added to the many other variations at different sites on the ligands as well as 

different polymerisation conditions and times, the direct comparison between 5- and 

6-membered chelates is difficult.  One close comparison that can be made is shown below 

(Figure 13).   

 

 

Figure 13. Activity comparison between a 5-membered and 6-membered chelating ligand. 

 

When a complex with a six-membered chelate ring with a bite angle of 95.5 ° was used 

as the catalyst, 1.XIII showed moderate catalytic activity for ethene polymerisation 

giving a polymer of low molecular weight.  In contrast to this, 1.XIV, with the decreased 

bite angle of 82.6 ° observed with the five-membered chelate, showed an increased 

activity and polymer molecular weight.84  Notably, catalyst 1.XIV also displayed 

conjugation through the [N,O] chelation.  Whilst this conjugation is common with 

six-membered chelation, it is less common with five-membered chelates.  A serious 
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limitation to catalyst 1.XIV, however, is the short lifetime of the catalyst, with a TOF of 

1.34x106 over an hour, compared to a TON of 3.7x106 achieved by Grubbs catalyst, 

compound 1.III. 
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1.8  Co-polymerisations using Ni[N,O] catalysts 

 

As previously discussed, the inclusion of polar components into the polymerisation of 

ethene can be beneficial for the improved biodegradation of the polymer.  In addition to 

this, the inclusion of polar components changes the properties of the plastic, affecting 

surface properties, solvent resistance and crystallinity.85-88  While polymerisations with 

polar components can be carried out using group 4 metals, these pose a number of 

problems (outlined in Figure 14),89 so the use of late group TMs with lower oxophilicity 

are commonly used.90  

 

 

Figure 14. Common issues with the copolymerisation of polar components with transition 

metal catalysts. 
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The first issue is the preferential binding of the polar monomer through the functional 

group over the -olefin.  An example of this is work done by Williams et al. investigating 

the copolymerisation of vinyl acetate with ethene.  In this work, the palladium analogue 

of the catalytic species binds to vinyl acetate through the double bond whereas the nickel 

variant binds through the acetate group (Figure 15).91  

 

 

Figure 15. Difference in binding between palladium and nickel with acetate. 

 

The second issue is the competitive binding between the polar monomer and the -olefin.  

This competitive binding can also be related with issue five, that of differing rates of 

insertion.  The next issue is the potential -elimination of the heteroatom.  This has been 

investigated by Kang et al. which focused on the different rates of migratory insertion for 

a variety of polar components.92  The final consideration that will be discussed is the 

formation of a chelating complex of the polar component.  This chelate is favoured over 

the open-chain alkene complex, so reduces the rate of polymerisation compared to ethene 

homo-polymerisation.  Most of the catalysts in this field are palladium catalysts with only 

a few examples of the nickel analogues functioning successfully.54, 93, 94 

The first copolymer to be discussed is polyketone, synthesised through the alternating 

polymerisation of CO and ethene.  Mechanistic investigation by Sen have determined that 

the mechanism for CO incorporation forms an alternating copolymer.95  The formation of 

the perfectly alternating copolymer was ascribed to two main reasons; the greater 

tendency for CO insertion into a TM-alkyl bond compared to olefin insertion, thus 

generating an acyl group, and the greater binding affinity for CO to bind compared to 

ethene, resulting in an increased local concentration and preventing double ethene 

insertion (double CO insertion is thermodynamically unfavourable).95, 96  This has been 

further shown with work by Green et al. who were able to isolate various stages of the 

catalytic cycle.97  Whilst the use of palladium for these cross-couplings is more 

widespread, as with ethene polymerisation catalysts there is an incentive to switch 

towards cheaper nickel catalysts.  With this consideration, nickel catalysts containing an 

[N,O] ligand system are reviewed here.   
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The first catalytic system was produced by Desjardins et al. (Figure 16).94  In this work 

the basicity of the ligand system was adjusted through changing the X group and was 

shown to affect strongly the rate of polymerisation and the incorporation of CO into the 

polymer chain.  Thus it was seen that with an NO2 group present para to the N-donor, 

there was 100% CO incorporation into the polymer with a turnover number (TON) of 

170.  However, when this group was replaced with an OMe group, the incorporation of 

CO decreases to 10-20%, with the polymer consisting mainly of polyethene, resulting in 

a high catalytic TON of 360 but poor CO incorporation.  It was also observed that the 

concentration of CO has a major impact on catalyst activity.  The catalyst only showed 

activity between two barg and five barg of pressure.  Below two barg was insufficient 

pressure for polymerisation to occur, whilst a CO concentration above five barg 

deactivated the catalyst.94  

 

 

Figure 16. Catalyst developed by Desjardins et al. capable of the copolymerisation of CO 

with ethene. 

 

 

Figure 17. Catalyst developed by Klaui et al. for ethene/CO co-polymerisation. 

 

Another family of active catalysts for ethene/CO co-polymerisation was designed by 

Klaui et al. (Figure 17).98  In this work, they determined that the electronic effects are of 

great importance, with best results obtained using electron-withdrawing groups.  The use 
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of a perfluorinated substituent also exhibited an increase in polymer yield.  Whilst this 

effect was not discussed in detail in the paper, it could be due to C-F--H-C interactions as 

previously discussed (Figure 11).  The use of the perfluorinated substituent had the 

additional effect of solubilising the catalyst in scCO2, allowing for the first synthesis of 

polyketone in scCO2.
98  It was also found that this catalytic system was active with the 

use of BPh3 or B(C6F5)3; one third of the final polymer yield was obtained after 

45 minutes.  The catalyst was also active with no co-catalyst present, but no 

polymerisation was observed for the initial few hours of the catalytic process until the 

active species was formed.99  

This work was then followed by Beckmann who took this catalytic system and adjusted 

the ring size of the heterocyclic ligand (Figure 18).  Complexes with a heterocyclic ring 

size greater than 5 (n = 2, 3) were inactive for the copolymerisation of CO and ethene, 

and were only capable of the polymerisation of ethene in the absence of CO.100  This work 

showed that whilst Ni[N,O] catalysts are capable of the copolymerisation of CO and 

ethene, the properties required at the metal centre are yet to be fully understood. 

 

 

Figure 18. Family of catalysts developed by Beckmann and co-workers with varying ring 

size in the heterocyclic ligand. 

 

Another copolymer of interest is that between acrylates and ethene.  As with the 

copolymerisation of CO and ethene, a large number of these catalysts are based on 

palladium systems, with few nickel analogues.  Studies by Michalak et al. investigated 

the difference in reactivity between palladium and nickel diimine complexes for the 

binding of methyl acrylate through dynamic density functional theory (DFT) studies.  In 

this study, they found that the cause for this difference in reactivity can be related back 

to previously discussed issues, including the monomer binding through the functional 

group (Figure 19).   
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Figure 19. Differences in monomer binding of the polar monomer to a transition metal 

catalyst. 

 

It was found that with the palladium species the π-complex was energetically favoured 

by 3.0 – 3.6 kcalmol-1.  In contrast, with the nickel species containing the same ligand 

system, the O-complex was energetically favoured by 3.0-4.0 kcalmol-1.  The result of 

this was that the nickel diimine complex is ‘poisoned’ by the formation of the inactive 

O-complex, which is not the case for the palladium-diimine catalyst.101  A similar 

deactivation pathway for a nickel complex was also studied by Grubbs and co-workers 

using a variation from the same family of ethene catalysts previously discussed 

(Compound 1.XVIII, Figure 20).  In this work, they hypothesised that deactivation of the 

catalyst was proceeding through hydrogen transfer from the substrate to the catalyst 

through β-hydride elimination (Scheme 6).102  After this hydrogen transfer and reductive 

elimination, the acidic nature of the protonated ligand species was sufficient to cleave the 

nickel-carbon bond of another active catalytic species, forming the bis-ligated nickel 

complex.   

 

 

Figure 20. Catalyst 1.XVII developed by Grubbs whilst investigating the deactivation of 

catalysts in the presence of methyl acrylate. 
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Scheme 6. Deactivation of Compound 1.XVIII through hydrogen transfer from the 

substrate to the catalyst through β-hydride elimination, hypothesised by Grubbs and 

co-workers. 

 

Work by Campora et al. investigated the use of N-oxide donors as ligands for the 

polymerisation of methyl acrylate and ethene (Figure 21).103  The catalysts where R = H 

would become inactive upon addition of methyl acrylate, suggesting that a similar catalyst 

poisoning as discussed above was occurring.  When a methyl group was included on the 

ligand backbone, the increase in steric bulk resulted in the catalyst producing a small 

amount of polymer.  This low activity shows some promise for future catalyst design for 

copolymerisation through improved electronic and steric effects. 

 

 

Figure 21. N-oxide ligated catalyst developed by Campora et al. capable of low activity 

towards the copolymerisation of methyl acrylate with ethene. 
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This work has also been investigated by Ramos et al. who carried out DFT studies on this 

catalytic system which showed that the addition of the methyl group introduces sufficient 

steric hindrance and causes a change in catalyst conformation, better suited to polar 

monomer incorporation.104 

Co-polymerisations between methyl methacrylate (MMA) and ethene have been more 

common than other acrylates within the literature for Ni[N,O] catalysts.  The first of these 

catalysts to be highly active was developed by Li et al. using asymmetric β-ketoiminato 

[N,O] ligands (Figure 22).78 

 

 

Figure 22. Catalyst for the co-polymerisation of methyl methacrylate and ethene 

developed by Li et al. using asymmetric β-ketoiminato [N,O] ligands. 

 

With this family of catalyst, however, the percentage incorporation of MMA and catalyst 

activity were inversely proportional, with the highest activity of 53.1 g mmol-1 h-1 seen 

for R1 = Ph, R2 = CH3.  With this catalyst, however, the MMA incorporation was 0.9%.  

In contrast to this, when R1 = CF3, R2 = CH3, the MMA incorporation was up to 16.7%, 

but this decreased the catalytic activity to 2.8 g mmol-1 h-1.   

Carlini et al. utilised a bis-chelated catalyst which could be activated towards 

co-polymerisation using MAO as a co-catalyst.105  Whilst this species displayed no 

activity for the polymerisation of ethene without an activator, when an excess of greater 

than 100 molar equivalents of MAO was added, a highly active catalytic species was 

formed.  This was postulated by the authors to have the structure as shown in Scheme 7.  
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Scheme 7. Bis-chelated catalyst developed by Carlini et al. requiring MAO as a 

co-catalyst. 

 

Whilst these catalysts showed activity with productivities of 130 – 410 gpolymer gnickel
-1 h-1, 

the polymers produced showed a low molecular weight between 6,900 and 27,700 gmol-1 

with a high PDI of 33 – 60.  These polymers did show high MMA incorporation, however, 

with 61.0% – 81.0% mol% of MMA units, depending on the feedstock.  Work carried out 

by Leblanc also used Ni[N,O] catalysts for the copolymerisation of methyl methacrylate 

and ethene (Figure 23).106  These catalysts were active without the need for the addition 

of an activator.  

 

 

Figure 23. Ni[N,O] catalyst developed by Leblanc for the copolymerisation of methyl 

methacrylate and ethene. 

 

In this work, however, it was found that a nickel(I) species was forming within the 

reaction mixture, catalysing the polymerisation of methyl methacrylate through a radical 

mechanism as opposed to the insertion mechanism for the polymerisation of ethene.  This 

resulted in a block co-polymer formed, as opposed to the desired statistical copolymer.106  

More recently, promising work has been published by Fu et al. with an 

anilinonaphthoquinone ligand system which proved to be a highly effective and tolerant 

catalyst for the copolymerisation of ethene and 5-hexene-1-yl acetate (Scheme 8).107   
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Scheme 8. A highly active catalyst developed by Fu et al. for the co-polymerisation of 

ethene with 5-hexene-1-yl acetate. 

 

This catalyst was highly active despite the presence of the polar monomer, with an activity 

of 3,000 g mmol-1 h-1 over a 15 minute catalytic run.  This high activity, however, only 

yielded a 0.76% polar monomer incorporation. 
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1.9  Cross-coupling catalysts 

 

Cross-coupling reactions are an important C-C bond method, which earned Heck, Negishi 

and Suzuki the Nobel Prize in Chemistry in 2010.108  Of the several cross-coupling 

variants, the Suzuki-Miyaura reaction is particularly important with the use of 

organoboron coupling partners with aryl halides (Scheme 9).  This is due to organoboron 

reagents typically being air and moisture stable, formation of less toxic inorganic 

by-products and mild, convenient reaction conditions.109-111  These reactions typically use 

a palladium catalyst and follow a catalytic cycle as outlined in Scheme 10.112 

 

 

Scheme 9. Typical Suzuki-Miyaura reaction between aryl halides and organoboron 

coupling partners with the use of palladium catalysts in the presence of a base. 

 

 

 

Scheme 10. Typical catalytic cycle of the Suzuki-Miyaura cross-coupling reaction 

through Pd(0)/Pd(II) catalysis. 
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This reaction has been heavily used to provide rapid entry to biaryl frameworks though 

sp2-sp2 couplings.  While these reactions typically look at carbon-carbon bond formation 

between the coupling of an organoboron reagent with an aryl halide, a wider range of 

coupling partners have been developed with advances in acyl cross-coupling and 

C-O bond activation.113, 114  

There is a large drive within the field of chemistry to work towards ‘greener’ reactions.  

These are summarised as the twelve principles of green chemistry introduced by Anastas 

and Warner in 1998.115  One of these principles is the choice of safer solvents and 

auxiliaries.116  With many cross-coupling reactions requiring refluxing DMF, DMA or 

toluene, there is space here to improve these conditions, with these solvents classified by 

several companies as undesirable or in need of substitution where available following 

environmental, health and safety property analysis.117, 118  The use of eco-friendly media 

for Suzuki-Miyaura reactions have been recently reviewed across a range of solvents and 

catalyst type.119, 120  The switch away from solvents such as DMF is also beneficial when 

solvents such as methanol are used, as a simple extraction is required rather than a lengthy 

aqueous workup.  An example of the move towards greener solvents has been seen in 

work by Mondal.121  They generated in situ water-soluble catalysts through the use of 

PdCl2 with an 8% FeCl3 additive.  A similar effect was also observed with different ferric 

salts such as Fe2(SO4)3.10H2O reaching a 98% yield after three hours.  Without the use 

of these additives, however, limited reactivity was observed with a 20% yield after ten 

hours.  
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1.10  Use of Pd species 

 

The main choice of metal for catalytic cross coupling is palladium.  This is due to the 

propensity of palladium to undergo two-electron processes, tolerance to a wide range of 

functional groups and the good stability of palladium(II) species.122, 123  Early catalysts 

for the Suzuki-Miyaura coupling reactions were based on phosphorous ligands, with 

Pd(PPh3)4 a common choice, but other palladium salts such as PdCl2(PPh3)2 or Pd(OAc)2 

are also used widely.  The choice of these pre-catalysts is based on their air stability and 

their ready reduction to form the active Pd(0) species.109, 110, 124  

The choice of ligand was also observed to have a major effect.  This has led to much work 

being carried out into monoligated species through the development of bulky, 

electron-rich phosphines and sterically demanding N-Heterocyclic carbene (NHC) 

ligands.125  With phosphine ligands, altering the cone angle, bite angle and basicity of the 

ligand was observed to affect catalytic activity.126, 127  An important advance in 

Suzuki-Miyaura cross-coupling reactions is the activation of aryl chlorides due to their 

decreased cost compared to aryl bromides.  The coupling of chlorobenzene through a 

Suzuki-Miyaura reaction was first achieved in 1997 by Shen utilising a Pd(OAc)2 catalyst 

with 1,3-bis(diphenylphosphino)propane (dppp) as the added ligand (Scheme 11).128  This 

reaction required temperatures of over 100 °C for 10 hours with yields up to 94% when 

10% dppp and 5% Pd(OAc)2 was used.  

 

 

Scheme 11. Reaction between 4-chloroacetophenone with phenyl boronic acid using 

Pd(OAC2) as a catalyst with dppp as the ligand. 

 

Through tuning the phosphorus ligands, it has been possible to cross-couple a wide 

variety of coupling partners with aryl chlorides.129  Whilst the yields for aryl chlorides 

can be high, the reaction conditions used involve high temperatures, such as refluxing 

ortho-xylene for 5-20 hours.130  The choice or tailoring of ligands is beneficial for 
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multiple reasons.  These include the selectivity of the reaction, solubility in a range of 

solvents, and activity of the catalyst.112  

The second main class of ligands in this field are NHCs, first utilised for Suzuki-Miyaura 

coupling of 4-chloroacetophenone with arylboronic acid by Herrmann and co-workers 

(Scheme 12, Compound 1.XXIV).131 

 

 

Scheme 12. Coupling reaction of 4-chloroacetophenone with phenyl boronic acid 

utilising a Pd catalyst with a NHC ligand. 

 

This class of ligands has been subsequently improved upon, through increased steric bulk 

and electron-donating character, with the use of mesityl groups (Figure 24).132  With this 

improved ligand, Nolan and co-workers were able to carry out the same cross-coupling 

reaction of 4-chloroacetophenone with phenyl boronic acid as shown in Scheme 12 at 

similar yields, but with a reduced temperature of 80 °C and reduced time of 90 minutes.   

 

 

Figure 24. NHC ligand utilised by Nolan and co-workers to carry out the cross-coupling 

of 4-chloroacetophenone with phenyl boronic acid at a reduced temperature of 80 °C in 

90 minutes. 

 

Following this work, a wide range of NHCs have been utilised as ligands for cataytic 

cross-coupling reactions owing to the strong σ-donating properties and steric shielding.133 
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A recent development in cross-coupling catalysis is the utilisation of well-defined 

pre-catalysts which do not require the addition of ancillary ligands to metal salts.  These 

catalysts can allow for transformations under milder conditions or lower catalytic 

loadings.122  These preformed catalysts are typically based on NHC ligands.134  Studies 

by Beller and co-workers showed that a pre-formed catalyst composing of PCy3 ligands 

gave superior results compared to the in situ catalyst formed through the addition of PCy3 

to Pd(OAc)2.
135  There were several issues with these early L2Pd0 pre-catalysts, such as 

unstable or highly volatile precursors or impractical purification.   

An alternative class of L2PdX2 catalysts were then developed, which displayed an 

increased stability within atmospheric conditions whilst still capable of producing L2Pd0 

in situ.  An example of this class of catalyst can be seen in work by Colacot et al. which 

was able to catalyse the reaction of 4-chlorotoluene with phenyl boronic acid with yields 

of 98% (Scheme 13).136 

 

 

Scheme 13. Cross-coupling of 4-chlorotoluene with phenyl boronic acid by Colacot et al. 

utilising a metallocene ligand to form a catalyst stable in atmospheric conditions. 

 

Whilst these pre-catalysts form thermodynamically stable 14-electron L2Pd0, 12-electron 

LPd0 species, while less stable, are kinetically more active.137  The first Pd(0) was 

achieved from dimeric Pd(I) species, and were able to carry out the cross-coupling of 

4-bromotoluene with phenyl boronic acid in high yields of over 84% in 15 minutes at 

room temperature (Scheme 14).138 
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Scheme 14. Cross-coupling of 4-bromotoluene with phenyl boronic acid utilising a 

dimeric Pd(I) species to form an active Pd(0) catalyst. 

 

Work by Hartwig and co-workers investigated this mechanism further to identify the 

active LPd0 catalytic species.  This was proposed to occur through the opening of the 

palladacycle with an amine followed by deprotonation, β-hydride elimination and 

reductive elimination in the presence of a base (Scheme 15).139 

 

 

Scheme 15. Formation of a LPd0 catalytic species through deprotonation, β-hydride 

elimination and reductive elimination in the presence of a base investigated by Hartwig 

and co-workers. 

 

This process does not always require the prescence of an amine, with the same precatalyst 

capable of cross-coupling 4-bromoacetophenone with phenyl boronic acid in a yield of 

92% with 0.05 mol% catalytic loading in xylene at 130 °C with K2CO3 as the base.140  A 

similar pathway was also observed by Herrmann et al. for palladacycle catalysts for the 
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Heck reaction, with removal of the chloride, followed by reductive elimination of the 

ligand.141  This family of catalysts has then subsequently been used for Suzuki-Miyaura 

cross-couplings.142  An analogous family of catalysts has also been developed using NHC 

ligands in place of phosphines, with work by Viciu et al. utilising these catalysts to 

cross-couple aryl chlorides with amines.143 
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1.11  Use of Pd [N,O] catalysts 

 

Compared to phosphines, there has been a more limited amount of research into the use 

of Schiff based ligands for Suzuki-Miyaura cross-coupling catalysts.  Both pre-formed 

catalysts and in situ generated species, from combining ligands with metal precursors to 

form active species in solution, have been utilised.144-147  One catalyst design of note was 

developed by Liu et al. using salicylaldimine ligands.148  In this work, they used [N,O] 

ligands with PdCl2, forming catalytic species in situ which were capable of cross-coupling 

4-chlorobenzaldehyde with phenyl boronic acid.  This ligand system was also capable of 

coupling a wide range of aryl bromides between room temperature and 60 °C under six 

hours (Scheme 16).148   

 

 

Scheme 16. Cross-coupling reaction of 4-chloroacetophenone with phenyl boronic acid 

utilising a catalyst formed in situ from PdCl2 with a neutral [N,O] ligand. 

 

Following this work, Tao et al. developed a mixed ligand system by introducing a 

salicylaldimide ligand to the pre-catalyst PdCl2(PPh3)2.  Whilst requiring forcing 

conditions of 145 °C for 12 hours with a 3% catalytic loading, this catalyst was capable 

of coupling aryl chlorides with anilines.149 

These catalysts are formed in situ, with the ligand found to increase the rate of reaction 

compared to that of PdCl2 alone.  Research has also been carried out into the use of 

pre-formed catalysts, however, these are through L2 binding, as opposed to the XL type 

normally ascribed to salicylaldimine ligands.  The mechanistic understanding for these 
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pre-catalysts is limited.  Work by Cui et al. describes the synthesis of an 

amino-salicylaldimine palladium(II) complex capable of the cross-coupling of 

4-chloroacetophenone with phenyl boronic acid to high yields of 95% (Scheme 17).150  

This reaction was carried out in DMF at 110 °C for four hours.  For this reaction, no 

mechanistic studies were undertaken despite the good conversion of aryl chlorides. 

 

 

Scheme 17. Cross-coupling reaction of 4-chloroacetophenone with phenyl boronic acid 

utilising an amino-salicylaldimine palladium(II) complex. 

 

In similar work by Tang et al., α-hydroxyimine palladium complexes were employed 

(Scheme 18).151  In this family of catalysts, the [N,O] chelating ligand to a PdCl2 centre 

is neutral with the oxygen donor protonated.  Whilst this catalytic system showed very 

little activity towards aryl chlorides, it was able of catalysing the cross-coupling reaction 

between 4-bromoacetophenone and phenylboronic acid at very low catalytic loadings.  It 

was observed with these reactions, however, that complexation of a second ligand would 

restrict the transmetallation step of the cross-coupling.  Studies were also undertaken to 

investigate the active catalytic species, and it was found that whilst using a EtOH:H2O 

solvent mixture, palladium nanoparticles measuring 20 – 30 nm were formed after heating 

for two hours at 60 °C.151 
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Scheme 18. Cross-coupling reaction between 4-bromoacetophenone with phenyl boronic 

acid utilising Pd complexes developed by Tang et al. with a chelating [N,O] ligand. 

 

Neutral [N,O] complexes have also been employed through the use of a bis-ligated 

species as demonstrated in work by Westcott and co-workers (Scheme 19).152  In contrast 

to the work reported by Tang et al. where the bis-ligated species showed no catalytic 

activity, these catalysts were capable of the coupling of aryl bromides and iodides with 

phenyl boronic acid, but showed no reaction towards aryl chlorides.  The yields for these 

reactions were low with 60% obtained after 4 hours.  This catalyst, however, displayed 

high stability and turn-over number, with no significant loss in catalytic activity after six 

recycles. 

 

 

Scheme 19. Cross-coupling reaction between 4-bromotoluene with phenyl boronic acid 

by Westcott and co-workers with a bis-[N,O] ligated Pd species as the catalyst. 
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Of interest due to the use of pre-formed neutral [N,O] catalysts in green solvents is recent 

work utilising hydrazone-based ligands by Muthumari et al. in 2016 

(Compound 1.XXIX, Figure 25).153  Included in this catalyst design was a pendent 

thiophene arm to improve water solubility.  This catalyst was able to carry out the 

coupling of alkyl bromides with a range of boronic acids in yields of around 90% after 

three hours at 100 °C in water.  The catalyst was also capable of coupling 

4-chloroacetophenone to phenyl boronic acid, but this required eight hours at 100 °C.153  

Similar work was also undertaken by Baruah et al. which instead utilised a [N,S] chelate 

instead (Compound 1.XXX, Figure 25).154  This catalyst was capable of the 

cross-coupling of several aryl bromides with phenyl boronic acid at room temperature in 

ethanol to high yields within six hours.  Aryl chlorides could also be coupled with an 

extended reaction time and elevated temperature.154 

 

 

Figure 25. Catalysts 1.XXIX and 1.XXX developed by Muthumari et al. and Baruah et al. 

accordingly capable of the cross-coupling of boronic acids with aryl bromides. 
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1.12  Conclusions 

Following reviews on these two research topics, it can be seen that [N,O] ligand systems 

with nickel and palladium have great potential within the field of polymerisation and 

cross-coupling catalysis.  Within the field of polymerisation, there is much interest in the 

development of biodegradable polymers.  These biodegradable polymers can be 

synthesised through co-polymerisation of polar components with oil-based monomers, 

such as ethene.  This can extend bioplastics’ reach into markets where durable products 

are required, retaining advantageous polymer properties whilst reducing reliance on 

oil-based monomers and including a biodegradation pathway.  These catalysts must be 

economically viable to replace existing polymers due to the low manufacturing cost of 

current polymers.  With that in mind, the work presented here will investigate the use of 

nickel catalysts due to its reduced cost compared to palladium for the polymerisation of 

ethene and the co-polymerisation of ethene with polar components.  
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1.13 Project Aims 

As has been discussed, Ni [N,O] complexes that are capable of ethene polymerisation 

have shown only limited results in the co-polymerisation between ethene and CO.  It was 

seen that the steric bulk present at the metal centre is important to generate catalytic 

activity, with an increase in steric bulk generally showing an increase in activity.  Also 

observed is that the bite-angle of the ligand can have an effect on catalytic performance, 

with differences seen between catalysts with 5- and 6-membered rings.  The work 

described in this thesis will utilise five-membered chelating [N,O] ligands with a range 

of steric properties complexed to a nickel metal centre to polymerise ethene.  The aim is 

to determine whether maple lactone can be used to generate a new class of [N,O] ligands 

that have 5-membered chelate rings.  These observations will facilitate comparisons to 

Brookhart’s 5-membered ring system and Grubbs’ 6-membered ring system, with the aim 

to identify what effect bite angle plays in the activity of Ni [N,O] catalysts.  Ethene was 

chosen for initial homopolymerisation studies to allow for design and improvement to the 

catalytic system prior to the introduction of polar components which may poison the 

catalytic system.  Following this, the catalysts formed will be trialled for 

co-polymerisation between α-olefins and polar monomers.  

As studied in section 1.11, [N,O]-type ligand systems have also been employed in the 

field of Suzuki-Miyaura cross-couplings.  With comparatively limited work into the use 

of this family of catalysts, the work in this thesis investigated the activity of the catalyst 

systems developed towards this catalytic reaction.  With many of the catalytic systems 

shown here carried out in ‘green’ solvents and mild conditions, these were the target 

conditions for the catalysis presented here.  
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Chapter 2:  Synthesis of Five-Membered [N,O]-Type Ligands Derived 

from Maple Lactone 

2.1 Introduction 

 

This chapter describes the synthesis and characterisation of 5-membered cyclic 

α-eneaminoketone proligands derived from maple lactone, and their subsequent 

application as chelating [N,O]-type ligands.  This includes the synthetic routes taken and 

subsequent characterisation, including investigation into the tautomers formed.  

Similar types of ligands have been used in the development of Ni and Pd alkene 

polymerisation catalysts, as discussed in Chapter 1, particularly with the development of 

[N,N] and [N,O]-type catalysts.  Research into diimine ligands by Brookhart and 

co-workers was able to determine that steric bulk has a great effect.  This is due to 

blocking axial approach to the metal centre, resulting in an increase in chain propagation 

and reducing chain transfer.  This in turn leads to a higher molecular weight polymer 

being produced.  The influence of bite angle on [N,O]-type ligands has also been reported 

by Brookhart.1  In this work a 5-membered chelating ligand was utilised.  This catalyst 

showed improved activity for the polymerisation of ethene compared to previous work 

that had used 6-membered chelates for the same purpose.1   

As a result of this previous work, the target ligands chosen for this work were designed 

to form 5-membered chelates.  This follows previous work in the Mansell group which 

focused on small bite-angle ligands and investigation of their excellent catalytic 

properties.2, 3  Preliminary work in this field had been performed by previous MChem 

students Martyn Henry and Paul Ewing, but the work carried out was not suitable for 

publication by itself, so the aim of this project was to resynthesise and characterise all the 

required proligands and complexes, and increase the size of the ligand library.  The target 

ligands were also chosen to investigate the effects of steric bulk on the catalytic activity 

for the polymerisation of ethene incorporating catalysts with smaller bite angles.  This 

catalytic activity will be discussed in Chapter 4.   

To this end, an initial proligand with Dipp substitution (2.1) was synthesised to provide a 

benchmark for the catalytic activity of the system.  This was then followed by the 

synthesis of a family of ligands with varying steric bulk at different positions.  

Deprotonation of compound 2.1 was then carried out with a variety of bases before the 

chosen approach was used for the synthesis of a library of [N,O] ligands.  
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2.2 Maple lactone 

 

Maple lactone was chosen for the backbone of the ligand as it is a readily available and 

non-toxic compound containing a 5-membered ring that features two adjacent functional 

groups.  Maple lactone is a biosourced compound, extracted primarily from coffee, tea 

and cocoa.4  This is beneficial for this work as a reduced cost in ligand synthesis will 

make catalysts more economically viable, essential in making alternative polymers to 

polyethene, a very low cost product.  The compound itself can exist in multiple tautomers 

due to the keto-enol nature of the compound.  Of these tautomers, DFT calculations 

performed at the B3LYP 6-311++G level of theory by Figueroa et al. have shown that 

the preferred configuration is the keto-enol II, which they ascribe to the stabilisation at 

the C1 position (Scheme 20), compared to the diketone tautomer I.5  Also computed are 

the energies for the di-enol tautomer and a zwitterionic tautomer, but with relative 

energies of +84 kJmol-1 and +107 kJmol-1 respectively, these won’t be considered further. 

 

 

Scheme 20. DFT calculation studies on the relative stabilities of tautomers of maple 

lactone using B3LYP 6-311++G level of theory.5 

 

To confirm this, nuclear magnetic resonance (NMR) spectroscopic studies were carried 

out on maple lactone.  The 1H NMR spectrum of maple lactone in deuterated chloroform 

confirmed that tautomer II was the only tautomer visible on the NMR timescale at room 

temperature as deduced by the resonance for the C6 methyl group appearing as a singlet 

at 2.01 ppm, as opposed to a doublet which would be expected for tautomers I and III.  

This tautomer was also observed in the solid state, as shown by single crystal X-ray 

diffraction (SCXRD) experiments grown from ethyl acetate/petroleum ether 40-60 

(Figure 26).  In this structure, a C1-C5 bond length of 1.344 (2) Å was observed, 

indicative of a C-C double bond.  The rest of the ring showed C-C bond lengths which 

vary from 1.452 (2) Å to 1.536 (2) Å indicative of single bonding.  Tautomer II was also 

identified through the difference in carbon-oxygen bond lengths, with C1-O1 measuring 
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1.359 (2) Å, compared to the C2-O2 distance of 1.231 (2) Å, indicating single and double 

bonds respectively.   

 

 

Figure 26. Molecular structure of maple lactone (II) from SCXRD data. 
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2.3 Proligand synthesis 

 

In order to develop new [N,O] ligands, maple lactone was condensed with 

2,6-diisopropylaniline (H2NDipp).  This is a common aniline derivative used in the field 

of polymerisation catalysis, so was a good starting point for these investigations.  

Compound 2.1 was first synthesised through the acid-catalysed condensation of H2NDipp 

with maple lactone using p-toluenesulfonic acid (p-TSA) (0.2 mol%).  This reaction was 

carried out initially in toluene and heated to reflux using a Dean-Stark trap to remove 

water and thus drive the reaction to completion (Scheme 21).  These conditions produced 

2.1 in an isolated yield of 32%, but through changing the solvent from toluene to xylene 

and increasing the catalytic loading of p-TSA to 0.4 mol%, improvements in the yield 

were made reaching a 63% yield.  Previous work by undergraduate students in the group 

had found that only the mono-substituted product could be formed in significant yields in 

this reaction (i.e. a second reaction does not easily take place at the remaining C=O of 

compound 2.1), however, the formation of a by-product was observed (see below for 

details).   

 

 

Scheme 21. Reaction scheme for the reaction of II with H2NDipp to form compound 2.1. 

 

Purification of H2NDipp was also found to be necessary to improve yields.  Vacuum 

distillation was carried out with a still head temperature of 95 °C at 0.2 mbar, where a 

colourless liquid corresponding to H2NDipp was obtained, leaving behind a thick dark 

red tar-like liquid.  The distilled H2NDipp was also observed to slowly discolour back to 

dark red from the colourless oil obtained after a month, so in all subsequent reactions, 

H2NDipp was distilled prior to use, further improving the yield to 72%.   

Analysis of the 1H NMR spectrum shows a pair of closely spaced doublets between 

1.15-1.20 ppm with an integration of 12H (Figure 27).  This relates to the isopropyl 

methyl groups of the Dipp substituent. 
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Figure 27. 1H NMR spectrum of compound 2.1 carried out in CDCl3 at 25°C. 

 

The next signal is a doublet at 1.23 ppm with an integration of 3H and a coupling constant 

of 7.4 Hz.  This signal is from the C6 methyl group, with the increase in multiplicity from 

a singlet in maple lactone showing the loss of the C1-C5 double bond.  Distinctive 

doublets-of-doublets-of-doublets are seen at 2.02 ppm and 2.71 ppm (Figure 28).  These 

correspond to Ha-C4 at 2.71 ppm (ddd, J = 17.6, 6.3, 3.2 Hz, 1H) and Hb-C4 at 2.02 ppm 

(ddd, J = 17.6, 3.1, 2.0 Hz, 1H).  This splitting is caused by the diastereotopic nature of 

the iPr protons resulting from the stereocentre at C5.  The signal at 2.48 ppm is a multiplet 

with an integration of 1H and is assigned to H-C5.  The next signal is a pseudo-septet at 

3.11 ppm with an integration of 2H.  This signal is assigned to the isopropyl CHs in the 

Dipp groups.  The broad singlet with an integration of 1H at 5.41 ppm is assigned to the 

NH, whilst the pseudo-triplet at 5.56 ppm with an integration of 1H relates to H-C3.  This 

pseudo-triplet is caused by overlapping doublets of doublets from coupling to H-C4.  The 

shift to 5.56 ppm also confirms the tautomerisation change to form the double bond 

between C2-C3.  The remaining signal is a multiplet between 7.15 and 7.26 ppm with an 

integration of 3H which relates to the aromatic protons on the Dipp group.   
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Figure 28. Selected section from 1H NMR spectra showing several distinct characteristic 

signals of compound 2.1. 

 

The tautomerisation was also confirmed through SCXRD with a decrease in bond length 

of C2-C3 observed, from 1.509(3) Å in II to 1.345(3) Å in 2.1, indicative of the change 

from a single to a double bond (Figure 29).  Likewise, an increase of bond length was 

seen for C1-C5 from 1.344(2) Å to 1.522(3) Å along with a shortening of the C-O bond 

from 1.359(2) Å to 1.219(2) Å, again confirming that the keto-enamine has formed.  

Similar results have been observed in the synthetic pathways to imino-enamido ligands 

that have been used in group 4 complexes for the production of polyethene.6, 7   
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Figure 29. Molecular structure of compound 2.1 derived from SCXRD data, with two 

molecules in the asymmetric unit. H-bonding is highlighted in green. Selected hydrogen 

atoms are hidden for clarity. 

 

The SCXRD structure was then used to help fully assign the 1H NMR spectrum for Ha-C4 

and Hb-C4.  This is done through investigation of the torsion angles between H4a/b and 

H5 along the C4-C5 bond (Figure 30).   
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Figure 30. View along C4-C5 bond in compound 2.1 with relevant torsion angles for the 

Karplus equation shown. 

 

From this, the torsion angles of H4b-C4-C5-H5 (115.64°) and H4a-C4-C5-H5 (5.39°) 

were obtained.  The Karplus equation can then be used to predict the 3J coupling which 

should be observed.  Using formula (2.1): 

 

3JHH = Acos2Φ + BcosΦ + C     (2.1) 

 

along with the empirical parameters determined for sp3-sp3 H-H interactions, as 

determined by Haasnoot,8 where A = 7.76, B = -1.10 and C = 1.40, we arrive at values of 

3.3 Hz and 8.0 Hz for the angles of 5.39 ° and 115.64 ° accordingly.  The Karplus 

equation can also be used to determine the theoretical coupling between H4a/b with H3.  

In this instance, however, there may be increased error as the empirical parameters used 

are derived for sp3-sp3 coupling, rather than sp3-sp2.  For H4a/b coupling with H3, a 

3J coupling between 2.4 Hz and 3.1 Hz is expected.   

If we compare these theoretical values with the actual coupling constants seen in the 

1H NMR spectrum, we can initially ascribe the coupling of 17.6 Hz as the coupling 

between H4a and H4b.  This is because the 17.6 Hz coupling is present in both signals 
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and is of a magnitude indicative of a 2J coupling.  Similarly, both H4a and H4b have a 

coupling of around 3.2 Hz (3.2 Hz and 3.1 Hz).  As this is also present for both protons 

and is in the region predicted for H4a/b-H3 coupling, this can be ascribed to that 

interaction. 

The remaining coupling assignments are 6.3 Hz for the peak at 2.71 ppm and 2.0 Hz for 

2.02 ppm.  By comparing these to the theoretical coupling values of 8.0 Hz for H4a-H5 

and 3.3 Hz for H4b-H5, we can ascribe the peak at 2.71 ppm as H4a and 2.02 ppm as 

H4b.   

 

Through column chromatography, a minor component of the reaction mixture was also 

isolated.  This was identified as the doubly substituted product (Scheme 22) due to the 

following observations which were found in the 1H NMR spectra.   

 

 

Scheme 22. Synthetic pathway to form the doubly-substituted compound 2.2. 

 

Firstly, two distinct pseudo-septets were observed at 3.27 and 3.01 ppm along with two 

resonances from the Dipp methyl groups (two doublets at 1.16 ppm and 1.05 ppm) 

integrating to 24 H atoms.  These signals relate to four freely rotating Dipp groups in two 

different chemical environments, caused by the imine and amine functionality present in 

the compound.  There are also four resonances in the aromatic region: two resonances 

integrating to two H atoms and two resonances integrating to one H atom.  This fits 

exactly to the presence of two different Dipp groups (Figure 31).   
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Figure 31. Stacked plot of 1H NMR spectra to show the differences between compound 

2.1 (blue) and compound 2.2 (red). Both 1H NMR spectra were recorded in CDCl3 at 

25°C.  

 

From the maple-lactone-derived 5-membered ring, there are two methylene resonances 

(corroborated by HSQC and DEPT experiments) at 2.32 ppm and 2.24 ppm, as well as a 

broad resonance at 1.21 ppm for the C6 CH3 group, which was shown to being coupling 

to the methylene resonance at 15.7 ppm by HSQC experiments with a small and 

unresolved 4J coupling constant.  This means that an asymmetric carbon atom (C5) is no 

longer present in compound 2.2, and is now part of an enamine functional group.  Finally, 

there is a singlet resonance at 5.1 ppm for the NH integrating to 1H.  The broad resonance 

at 3.63 ppm appears to be from an impurity.  Thus, it can be assumed that there has been 

a second substitution reaction of the aniline group at the free carbonyl, followed by 

tautomerisation yielding an imino-enamine product.  Electron-impact mass spectrometry 

was carried out on this product and a molecular ion peak of 430.3 m/z was observed, 

corresponding to a doubly substituted product (Figure 32).  D2O addition studies were 

carried out to gather further information about the nature of product.  These showed a 

small decrease in intensity for the NH peak at 5.09 ppm along with the appearance of a 

new peak at 4.66 ppm, relating to HDO.  
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Figure 32. Mass Spectrum (EI) of the crude product 2.1 (C18H25NO): m/z = 271.2 gmol-1. 

2.2 (C30H42N2): m/z = 430.3 gmol-1. 
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2.4 Synthesis of less sterically bulky ligands. 

 

Following the synthesis of compound 2.1, three further proligands were synthesised with 

decreasing steric bulk.  Compound 2.3, a 1,3,5-trimethylaniline derivative, was chosen as 

possessing an intermediate steric bulk, with some bulk still present at the ortho- position 

(Scheme 23).  Compound 2.4, a 3,5-dimethylaniline derivative, was chosen to limit the 

influence of steric bulk from the ortho- position but include a mild inductive electronic 

effect at the meta position (Scheme 23).  Compound 2.5, a para-toluidine derivative, was 

chosen to observe the difference between itself and compound 2.3, probing any 

differences from removing the methyl groups at the ortho positions, but retaining any 

electronic effects from the para position (Scheme 23).   

 

 

Scheme 23. Reaction pathway for compound II to compounds 2.3-2.5. 

 

The same initial conditions as previously described (toluene heated to reflux overnight 

with 0.2 mol% p-TSA) to react II with H2N-Mes yielded compound 2.3 in 50% yield.  

This was improved with an increased p-TSA loading of 0.4%, which increased the yield 

to 68%.  This was viewed as a sufficient yield to avoid the longer, higher temperature 

reactions which were used for compound 2.1.  Compounds 2.4 and 2.5 were synthesised 

using the same conditions as used for compound 2.3 of 0.4 mol% p-TSA in toluene heated 

to reflux overnight.  These reactions were seen to be lower yielding, with 34% and 50% 

obtained for compounds 2.4 and 2.5 accordingly.  This low yield was mainly due to 

unreacted starting material, which could have been improved using more harsh 

conditions, similar to compound 2.1.  However, no further optimisation or change to 

conditions was attempted for these reactions as the material obtained was sufficient for 

subsequent reactions.  

Similar to that observed for compound 2.1, 1H NMR spectroscopy showed that 

tautomerisation had occurred for compounds 2.3 – 2.5 (Figure 33).  This was again visible 
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with the appearance of a pseudo-triplet relating to H-C3 in the region of 5.6 ppm for 

compound 2.3, or 6.7 ppm for compounds 2.4 and 2.5.  There was also a clear doublet 

present in the region of 1.3 ppm for all compounds which relates to the C6 methyl group, 

again confirming the tautomeric shift.  In all of these compounds, the same distinctive 

doublet-of-doublets-of-doublets were present.  Assignment of these signals was 

accomplished by comparison to compound 2.1.   

 

 

Figure 33. Stacked 1H NMR spectra of compounds 2.3, 2.4 and 2.5 showing the similarity 

across the ligand set. All 1H NMR spectroscopy carried out in CDCl3 at 25 °C. 

 

Similar trends in all three compounds were also seen using SCXRD (Figure 34).  In 

compound 2.3 a decrease in bond length of C2-C3 was observed, from 1.509(3) Å in II 

to 1.350(2) Å in 2.3, indicative of the change from a single to a double bond.  Likewise, 

an increase of bond length was seen for C1-C5 from 1.344(2) Å to 1.530(3) Å along with 

a shortening of the C-O bond from 1.359(2) Å to 1.225(2) Å, confirming that the 

keto-enamine has formed.  In contrast to 2.1, however, 2.3 showed disorder over the 

maple lactone ring, specifically over the C5 and C6 positions.  The major enantiomer has 

been labelled in Figure 34 with a relative occupation of 86%.   

(2.3) 

(2.4) 

(2.5) 
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Figure 34. SCXRD of compounds 2.3, 2.4 and 2.5 with the minor component in the 

disorder shown as thin bonds. All hydrogen atoms are hidden for clarity.  Both 

components of compound 2.4 are of equal occupancy.   
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Similarly, SCXRD of compounds 2.4 and 2.5 (Figure 34) showed disorder across the 

maple lactone ring.  In compound 2.3, this was seen over positions C1, C3-C6. The 

relative occupancies of these are similar, with occupations of 55% and 45% refined, but 

these occupations were fixed at 0.5 as would be expected from a racemic mixture.  The 

disorder in compound 2.5 is only over positions C5 and C6, like that observed in 2.3.  The 

relative occupations as well were split more similarly to compound 2.3, with a 70% 

relative occupation of C5A and C6A.  In all of these crystal structures evidence of 

tautomerisation was observed.  
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2.5 Increase of the steric bulk at the ortho position. 

 

Work was then carried out to increase the steric bulk of the amine group at the 

ortho-position because steric bulk around the metal centre of various catalysts has been 

shown to be beneficial for catalysis.9  In order to achieve this, 

2,6-dibenzhydryl-4-methylaniline was targeted, inspired by work initially carried out by 

Dai et. al who showed that this aniline derivative resulted in a large increase in catalyst 

performance for [N,N]-type ligands.10  2,6-Dibenzhydryl-4-methylaniline was 

synthesised (Scheme 24) following methods previously published to form an off-white 

solid in adequate yields (65%).11  This was achieved through the reaction of p-toluidine 

with diphenylmethanol which, when heated in a sealed Schlenk to approximately 150 °C, 

formed a brown eutectic melt.  This was followed by addition of HCl/ZnCl2, otherwise 

known as Lucas’ reagent, and heated to 160 °C.  Following work-up, the reaction yielded 

a white crystalline solid, which was readily recrystallised from ethyl acetate/petroleum 

ether 40-60, (5/95).   

 

 

Scheme 24. Reaction pathway for the synthesis of the bulky aniline compound 2.6. 

 

Using compound 2.6 and maple lactone, it was then attempted to form an [N,O]-type 

ligand as previously described.  This yielded no desired product with no reaction 

observed, and when left for longer at higher temperatures of 139 °C, degradation was 

seen before any product formation.  In order to circumvent these problems, different 

conditions were trialled using different acid catalysts along with the inclusion of 

anhydrous MgSO4.  Through variation of the acid catalyst, it was hoped to find a viable 

route.  The inclusion of anhydrous MgSO4 or molecular sieves could also be beneficial 

for the reaction as it will help drive the reaction through the removal of water. 

Formic acid was trialled following work done Berthon-Gelloz et al.11 as well as other 

examples in the literature.  This acid is a weaker organic acid with a pKa of 3.75 compared 

to a pKa of - 2.8 from p-TSA.  The reaction was carried out along with the addition of 

anhydrous MgSO4 in conjunction with a Dean-Stark trap.  After several recrystallisations 
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removing unreacted starting materials, signs of the desired product were observed through 

1H NMR spectroscopy, although in low concentration compared to the starting materials.  

A strong Lewis acid catalyst, TiCl4, was then used, but this showed degradation of the 

maple lactone with only the amine starting material recovered.  Following the trace 

amount of product seen by 1H NMR spectroscopy when formic acid and anhydrous 

MgSO4 were used as reagents, molecular sieves were trialled as a drying agent to further 

drive the condensation reaction, but this showed no evidence of the expected product.  

From this, it can be concluded that whilst this reaction seemed to work best with weaker 

Brønsted acids, the reaction is far from optimised and did not yield a significant amount 

of any product.  This could be due to protonation of the amine reducing the rate of 

reaction, or due to the large steric bulk around the aniline hindering the reaction.  

Finally, this reaction was attempted in a bomb reactor using a combination of a minimum 

quantity of solvent and the addition of anhydrous MgSO4 (Scheme 25).  

 

 

Scheme 25. Reaction scheme for the synthesis of 2.7 using forcing conditions. 

 

This showed a trace amount of product by 1H NMR spectroscopy after multiple 

recrystallisations to remove unreacted starting material and purification using preparative 

thin-layer chromatography.  The trace product was sufficient for characterisation using 

mass spectrometry (atmospheric solids analysis probe, ASAP), which showed a 

molecular ion peak at 534.2791 gmol-1 present.  The observed molecular mass peak 

corresponds to the successful synthesis of compound 2.7. 

Despite these forcing conditions and multiple purification stages, only a small trace 

amount of ligand was able to be obtained, so it was decided that this coupling reagent was 

sterically too large for the initial condensation reaction and no further work was done in 

this area. 
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2.6 Deprotonation of the proligands. 

 

Deprotonation of these four keto-enamines was then carried out to enable subsequent 

complexation with a variety of metal precursors.  This was done by trialling a variety of 

methods with compound 2.1 before deciding on the optimum approach to be taken for the 

remaining proligands.  The first of these methods trialled was the use of the soluble base 

lithium bis(trimethylsilyl)amide (LiN′′) (Scheme 26).  This reaction was carried out using 

one equivalent of base in toluene solution which formed an off-white precipitate.  

Analysis of this product confirmed the desired compound in moderate yields of 35%.   

 

 

Scheme 26. Reaction scheme for the deprotonation of compound 2.1 using LiN′′. 

 

1H NMR spectroscopic analysis clearly showed that a tautomerisation had occurred, due 

to the loss of the pseudo-triplet at 5.5 ppm relating to H-C3, as well as the successful 

deprotonation of the compound from loss of the broad singlet at 5.4 ppm from the NH 

(Figure 35).  Along with this clear change, the doublet-of-doublet-of-doublet resonances 

seen in compounds 2.1, 2.3 – 2.5 was also no longer present.  Instead, the maple lactone 

backbone was seen as two broad multiplet resonances around 2.00 ppm with an 

integration of 4H.  Another difference in the 1H NMR spectra is the singlet at 1.68 ppm 

in compound 2.8.  This relates to C6 methyl group, another sign of the tautomeric change.  

The single tautomer was also confirmed with DEPT-135 analysis, which showed the 

presence of two CH2 peaks at 24.05 ppm and 33.34 ppm.  
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Figure 35. Stacked 1H NMR spectra comparing compound 2.1 (red) with the 

deprotonated variant, compound 2.8 (blue). 

 

Mass spectrometry was carried out which showed that compound 2.8 existed as a 

tetrameric cluster of Li4L4 (M
+1: 1109.81 gmol-1) , where L is the imino-enolate ligand, 

along with a range of smaller clusters such as Li4L3 (M+1: 839.95 gmol-1) and Li3L3 

(M+1: 832.6 gmol-1), along with significant fragmentation (Figure 36). 

 

 

Figure 36. Mass spectrometry results obtained from compound 2.8 showing the 

compound existing as a tetrameric cluster of Li4L4. 

(2.8) 

(2.1) 
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This aggregation was initially thought to be driven by the use of a non-coordinating 

solvent, such as toluene, but was still observed when tetrahydrofuran (THF) was used as 

the reaction solvent.  This tetramer was also observed through SCXRD (Figure 37) as a 

distorted cube with the ligand chelating the lithium cations (Li-N dative bonds of 

2.091(5) Å and a chelating bite angle of the ligand of 85.0(2)°), but with the O atom 

bridging two further lithium cations.  These distorted cubes have been observed 

previously in the literature, and this structure follows previous trends seen with Li-N 

dative bonds in the order of 2.063 Å - 2.160 Å.12, 13  This crystal structure confirms the 

tautomerisation change with a C2-C3 bond length of 1.487(4) Å compared to that of the 

protonated structure of 1.345 (3) Å.   

 

.  

Figure 37. SCXRD structure of compound 2.8 existing as a tetrameric species. Colour 

scheme: Li = pale blue, O = red, N = dark blue and C = grey. 

 

A series of other bases were then trialled.  The first of these was the use of 

triethylamine (NEt3).  This base was used in the presence of a suitable Ni precursor for 

in situ deprotonation and coordination (Scheme 27).  The choice and development of the 

Ni precursors are discussed in the subsequent chapter.   
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Scheme 27. Envisaged pathway for the conversion of compound 2.1 with the metal 

precursor to form a Ni species. 

 

In this reaction, the 1H NMR spectrum showed the loss of the Ni-Ph group, whilst the 

PPh3 group remained, but at a lower integration.  New peaks were also seen in the alkyl 

range, but these did not correspond to those expected by the ligand.  A crystal structure 

was isolated through SCXRD which corresponded to a [NiCl3PPh3]
- salt with an Et3NH+ 

counter-cation (Figure 38).  This species showed that whilst Et3N may be effective at 

deprotonation of the ligand, the resultant species is undesirable for any future 

complexation.   

 

 

Figure 38. SCXRD structure obtained from the reaction between compound 2.1 and a 

metal precursor in the presence of triethylamine. Nickel; dark blue, chlorine; pale green, 

phosphorus; orange.  All hydrogen atoms except the NH are hidden for clarity. 

 

The use of NaH was then investigated using varying stoichiometries.  These reactions 

were carried out through addition of the reagents at -78 °C and allowing the reaction to 

warm to room temperature before leaving to react overnight (Scheme 28).   
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Scheme 28. Deprotonation of compound 2.1 using NaH. 

 

Initially, using a stoichiometric amount of NaH, a low yielding reaction occurred, so the 

stoichiometry of NaH was increased to 1.5 equivalents.  After 4 days this showed an 

improved reaction yield of 68%, but as a long reaction times were still required, the 

number of equivalents was increased to 5 equivalents of NaH.  This reaction was carried 

out initially for a three day stir, before the THF solution of the product was filtered away 

from any unreacted NaH.  The solvent was then removed under reduced pressure and 

petroleum ether (40-60) was added.  This was to dissolve any unreacted organic starting 

material.  This solution in turn was then filtered back onto the NaH, allowing for further 

reaction of the unreacted ligand.  This allowed us to reach quantitative yields for these 

salts which were used without further analysis.  A single crystal of compound 2.9 was 

grown from a saturated toluene solution, which was shown by X-ray diffraction 

experiments to consist of a hexameric complex with the formula Na6L6.  Similar binding 

to that observed in compound 2.8 was seen through SCXRD (Figure 39), with oxygen 

bound to three surrounding sodium atoms, and nitrogen datively bound to each of the 

sodium cations.  The M-O bond lengths are longer than those seen with lithium, as could 

be expected due to the relative sizes of the metal cations, with a Na-N bond length of 

2.356 Å and a smaller bite angle of between 74.62 ° – 76.46 °.  This change in bite angle 

may be due to the Na-O bond length lengthening to 2.290 Å compared to that of Li-O of 

2.072 Å, resulting in the smaller bite-angle.   
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Figure 39. SCXRD structure of compound 2.9 existing as a hexameric species. Colour 

code: Na = lilac, O = red, N = blue, C = grey. 

 

IR spectroscopic data was collected to investigate the presence of a C=N stretch, but was 

not conclusive due to the similarity in values between the double bond and ketone 

stretches in the starting material compared to the double bond and imine stretches in the 

product.   

From these initial experiments, reactions with 5 equivalents of NaH in toluene were 

chosen for the other proligands (Scheme 29).  These reactions worked well with 

quantitative yields obtained using the separation/transfer of starting materials as described 

above.  

 

 

Scheme 29. Deprotonation of compounds 2.3, 2.4 and 2.5 using 5 equivalents of NaH in 

toluene. 
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Unfortunately, it proved difficult to characterise these compounds using 1H NMR 

spectroscopy due to poor solubility resulting in poor shimming, and a potential mixture 

of clusters, as seen for compound 2.8.  No definitive cluster was identifiable through mass 

spectroscopy, with electron spray ionisation showing the ligand without the Na ion.  

Similarly, MALDI analysis showed a mixture of signals with no identifiable cluster.  The 

reaction was still able to be monitored through 1H NMR spectroscopy, however, due to 

the clear disappearance of the alkene pseudo-triplet between 5 – 7 ppm and broad 

NH signal, as previously discussed within this chapter.  This allowed these deprotonated 

salts to be used in further reactions with the metal complexes, which will be discussed in 

Chapter 3. 
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2.7 Conclusions 

 

A set of new keto-enamine proligands were successfully formed from the condensation 

of maple lactone with various anilines.  By changing the substitution on the aniline, 

proligands with varying steric bulk were synthesised, initially in low yields but following 

an optimisation study, in yields reaching 72 %.  Attempts to increase the steric bulk at the 

ortho- position beyond isopropyl groups were unsuccessful, with the aniline bearing 

ortho-diphenylmethyl substituents showing limited reactivity in the condensation 

reaction.  The keto-enamine with Dipp substitution was then deprotonated using a variety 

of methods.  Successfully deprotonation and metalation was achieved with LiN′′, with a 

tetramer characterised by X-ray diffraction (compound 2.7), whereas a hexamer was 

achieved with NaH (compound 2.9).  Et3N was also trialled for an in situ deprotonation, 

but this showed the formation of an undesirable Ni species, so efforts were focused on 

the use of alkali metal bases.  NaH was chosen as the optimum base, which was used on 

the remaining ligands, compounds 2.3 - 2.5.  These deprotonated ligands, compounds 

2.10 – 2.12, were then able to be carried forward in the project for use in complexation 

with metals.   
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Chapter 3: Synthesis of Nickel and Palladium Complexes bearing 

[N,O]-Type Ligands 

 

3.1  Introduction 

 

Using the anionic [N,O]-type ligands developed in the preceding chapter, several 

complexes with group 10 metals were targeted that feature PPh3 as a co-ligand.  For 

polymerisation reactions, an initiating group is required, and this was either a phenyl, 

o-tolyl group or Me substituent; analogous chloride complexes were also targeted for 

synthetic utility and comparisons.  These studies will be discussed within this chapter.  

The development of late transition-metal catalysts for the polymerisation of ethene is 

important as late transition-metal catalysts tend to be much more tolerant of polar 

functional groups, which will facilitate the incorporation of polar monomers due to the 

lower oxophilicity that these metals possess.  This low oxophilicity allows for polar 

components to be present in the system and not irreversibly poison the catalytic centre.  

This has been discussed in greater detail in Chapter 1.  

In this chapter, the synthesis of these metal precursors will be discussed, along with the 

complexation of the deprotonated ligands to form the desired metal complexes.  The 

properties and structural characteristics of these complexes will then be discussed along 

with additional studies to further characterise the reactivity of these species.  
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3.2  Synthesis of Ni precursors 

 

The first metal precursor to be synthesised was trans-[Ni(Cl)(Ph)(PPh3)2].  This was 

carried out using an adapted literature procedure developed by Standley as outlined in 

Scheme 30.1  It is noteworthy that although several different aryl Grignard reagents were 

used successfully, PhMgX (X = any halide) was not reported. 

 

 

Scheme 30. Reaction scheme for the formation of compounds 3.1 and 3.2. 

 

The first step of this reaction proceded well, with compound 3.1 obtained in a 82% yield.  

There was a noticible colour change with this reaction, from a bright-green starting 

material to an intense dark green/blue product, allowing for confirmation that the reaction 

had occurred.  This was also confirmed through 1H NMR spectroscopic analysis of the 

product with signals seen at 7.64 ppm with an integration of 9H and 7.33 ppm with an 

integration of 6H relating to the PPh3 ligands now present.  This 1H NMR spectrum was 

very broad, however, due to the paramagnetic nature of the compound, so no further NMR 

analysis was carried out.  Compound 3.1 was then reacted with phenylmagnesium 

bromide in THF at 0 °C.  A reaction was observed in the formation of a red solution, a 

colour change that is indicative of a change of geometry to square planar from the 

tetrahedral geometry of 3.1.  Through 1H and 31P NMR spectroscopic analysis of the 

reaction mixture, it was observed that compound 3.2 had been formed with a 31P signal 

at 21.1 ppm, compared with a literature value of  21.6 ppm.1  There was, however, a series 

of other resonances, including free PPh3 at -5.3 ppm.  Purification was then attempted 

through recrystalisation with toluene/petroleum ether 40-60, where decomposition was 

observed forming a dark green solution and broad 1H NMR spectra.  This decomposition 

reaction has been described in the literature by Budzelaar and co-workers who carried out 

investigative studies on the cross-couping of aryl halides with [Ni(PPh3)4].
2  In this work, 

it was found that whilst phenyl chloride would add across the nickel centre generating 

trans-[Ni(Ph)(Cl)(PPh3)2], displacing two PPh3 ligands, it could readily decompose in 

solution in the absense of PPh3 to form biaryls (Scheme 31).  This final step could occur 
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either through direct reductive elimination, or a combination of metathesis, reductive 

elimination and comproportionation.   

 

 

Scheme 31. Decomposition pathway of compound 3.2, as described by Budzelaar. 

 

It was noted as well that this decomposition would only occur once the final product was 

purified, the remaining PPh3 from the reaction inhibiting the PPh3 dissociation 

equilibrium from the metal centre.  This could explain why degradation was observed 

after the initial observation of a red solid forming.  Subsequent NMR spectroscopic 

studies also showed significant broadening, similar to that observed by Budzelaar, also 

indicative of this degradation cycle occuring.  

In order to work around this, an alternative pathway was taken where the product was 

able to be obtained in a cleaner fashion.  This followed work by Hidai who prepared these 

species through oxidative addition from a Ni(0) precursor.3  This reaction was performed 

using zinc dust to generate [Ni(PPh3)4] in situ before the oxidative addition of 

chlorobenzene (Scheme 32). 

 

 

Scheme 32. Alternative synthetic pathway to compound 3.2 through oxidative addition. 
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Here, two equivalent of PPh3 are formed in the reaction, aiding the stability of 3.2 in 

solution.  This alternative route was beneficial as the facile purification allowed for clean 

isolation of compound 3.2 with a yield of 72%.  Compound 3.2 was characterised using 

1H NMR and 31P{1H} NMR spectroscopy, with a single resonance observed in the 

31P NMR spectrum at 21.3 ppm.  
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3.3  Complexation studies  

 

With this metal precursor synthesised sucessfully, complexation with the deprotonated 

ligands was then trialled.  Sodium salts are commonly used to generate similar nickel 

compounds throughout the literature.4-6  Complexation was first trialled in the reaction 

between compound 2.9 and compound 3.2.  The reaction was carried out through the 

addition of the deprotonated ligand to the nickel precursor in toluene and stirring for 

16 hours (Scheme 33).  

 

 

Scheme 33. Complexation between nickel precursor 3.2 with compound 2.9. 

 

Compound 3.3 was recrystalised from hexane which afforded red/orange crystals.  The 

structure of compound 3.3 was confirmed through 1H NMR spectroscopy with resonances 

relating to the [N,O]-ligand, Ph group and the PPh3 ligand observed (Figure 40).  From 

the [N,O]-ligand, the Dipp group was observed as doublets at 1.29 ppm and 1.15 ppm, 

each with an integration of 6H, and a septet at 3.82 ppm with an integration of 2H.  The 

multiplet at 7.77 ppm relates to the ortho-position on the PPh3 group, and the total 

integration for the aromatic region is equivalent to both one PPh3 group and the 

Ni-Ph group. 
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Figure 40. 1H NMR spectrum of compound 3.3 in C6D6 at 400 MHz and 298 K. 

 

Compound 3.3 was also observed through 31P NMR spectroscopy as a single resonance 

at 25.2 ppm.  The molecular ion was confirmed through ASAP mass spectrometry, with 

a molecular ion of 668.2602 gmol-1 compared to the theoretical value of 668.2592 gmol-1.  

The molecular structure was also determined using SCXRD using a crystal grown from 

a chilled saturated hexane solution (Figure 41). 

 

 

Figure 41. Molecular structure of compound 3.3 determined using SCXRD revealing a 

square planar structure (hydrogen atoms omitted for clarity). 

The molecular structure of 3.3 showed a 4-coordinate Ni centre with a square planar 

geometry, as expected, with the L-type ligands PPh3 and the imine donor trans to each 

other.  The Ni-N bond length is 1.9546 (13) Å and Ni-O bond length is 1.9447 (11) Å, 
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both of which are typical compared to similar structures published in the Cambridge 

Structural Database (CSD).  Specific comparisons to be drawn are between Grubbs and 

co-workers salicylaldimine complex, compound 1.III and Brookhart and co-workers 

complex, compound 1.XIV (Figure 13, Page 23).  In comparison with the 6-membered 

chelating salicylaldimine ligand, 1.III, both the Ni-N and Ni-O bond lengths are longer 

in compound 3.3, with compound 1.III exhibiting a Ni-N bond length of 1.937 (4) Å and 

Ni-O bond length of 1.910 (3) Å.4  Through comparison with compound 1.XIV, both 

Ni-N and Ni-O are longer in compound 3.3, with compound 1.XIV exhibiting a Ni-N 

bond length of 1.921 (4) Å and a Ni-O bond length of 1.906 (4) Å.  These comparisons 

are summaried in Table 2. 

 

Table 2. Comparison of bond lengths around the central metal atom in compound 3.3 

with other key literature catalysts. 

 Ni-N 

(Å) 

Ni-O 

(Å) 

Ni-C19 

(Å) 

Ni-P 

(Å) 

3.3 1.955 (1) 1.945 (1) 1.890 (2) 2.150 (4) 

1.III 1.937 (4) 1.910 (3) 1.895 (5) 2.172 (2) 

1.XIV 1.921 (4) 1.906 (4)  1.911 (6) 2.184 (2) 

 

Similar to that observed with compound 2.9, the bond length for C2-N1 in 3.3 is 

1.294 (2) Å, compared to 1.277(5) Å in compound 2.9.  The C1-C5 (1.358(2) Å) and 

C3-C4 bond lengths (1.538(3) Å) in 3.3 are similar to those in 2.9 (1.367(5) Å and 

1.532(6) Å, respectively), indicating the same tautomer of the ligand in the sodium salt 

and the nickel complex.  A N1-Ni1-O1 bond angle in the 5-membered chelate of 

85.59(5)° was observed for compound 3.3.  This angle is significantly decreased 

compared to other neutral [N,O] precatalysts of this nature.  In most literature examples 

of neutral nickel catalytic systems, the [N,O] ligand is a six-membered chelate and bound 

to the metal with a bite angle between 90-95°.5, 6  A decreased bite angle has been shown 

to affect the activity of various homogeneous catalysts,7, 8 although the concept is less 

well-developed than the concept of large bite-angle ligands.  As discussed in Chapter 1, 

Brookhart observed an increased catalytic activity and polymer molecular weight when 

the bite angle of the [N,O] ligand system was decreased from 95.5° to 82.6° by changing 

to a five-membered chelate.8  This idea of increased activity relating to the decreased 

bond angle was targetted in this work with the aim that similar catalytic performance 

could be obtained. 
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Complexation was also trialled through the use of a lithium salt with the same metal 

precursor (Scheme 34).  

 

 

Scheme 34. Attempted complexation of 3.2 with lithium salt 2.8. 

 

This reaction was carried out by stirring 3.2 in an equimolar ratio with 2.8 in dry toluene 

for five hours.  Initial attempts to wash with dry diethyl ether to remove the displaced 

PPh3 was unsuccesful due to the additional disolution of the product.  As a result, a 

recrystalisation from toluene/petroleum ether 40 - 60 was carried out instead.  Initial 

NMR spectroscopic analysis showed a product had been formed similar to compound 3.3, 

with 31P{1H} NMR spectra of the crude product showing signals at 25.4 ppm, relating to 

phosphorus bound to a metal centre, and -5.3 ppm, relating to displaced free PPh3.  After 

recrystalisation to remove the PPh3 impurity, 1H NMR spectroscopy was then used to 

determined the nature of the product formed. (Figure 42). 
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Figure 42. 1H NMR spectrum of the complexation product from the reaction of compound 

3.2 with compound 2.8 in C6D6 at 400 MHz and 298 K. 

 

Through comparison of this spectra with the 1H NMR spectra obtained with the sodium 

salt 2.9, it can be seen that the reaction had been unsuccesful and instead a different, albeit 

similar, product had been formed.  Due to this, an investigation was then carried out to 

determine the nature of the obtained product. 

The most downfield of these signals is a multiplet at 7.75 ppm, with an integration of 6H.  

This signal relates to the meta-position of the PPh3 ligands.  Also present were doublets 

at 1.97 ppm and 1.35 ppm with an integration of 6H and a septet at 4.46 ppm with an 

integration of 2H.  These sets of signals are indicative of the Dipp group being present.  

The five-membered ring backbone signals (broad singlets at 2.18 ppm and 1.51 ppm) 

could also be seen.  These  two sets of signals confirm the ligand was present in the 

compound as the imino-enolate tautomer.  These assignments were also confirmed 

through 1H - 1H Correlated Spectroscopy (COSY) (Figure 43). 
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Figure 43. COSY NMR experiment showing 1H - 1H correlations in 3.4 focusing on the 

low chemical shift region. 

 

In this correlation experiment at low chemical shift (Figure 43), an interaction can be seen 

between the septet at 4.46 ppm and the two doublets at 1.97 ppm and 1.35 ppm.  This 

corroborates with the assignment of the Dipp protons.  Similarly, the ligand backbone 

protons are also showing correlations. 

Similarly at high chemical shifts (Figure 44), a correlation can be seen between the PPh3 

signals at 7.75 ppm, 7.40 ppm and 7.00 ppm.   
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Figure 44. COSY NMR experiment showing 1H - 1H interaction within complex 3.4 

formed focusing on the high chemical shift region. 

 

SCXRD cast some light on the potential issues found when using the lithium salt of the 

imno-enolate.  A crystal suitable for SCXRD was grown from the reaction solution 

(Scheme 35, the ligand structure is simplified as a curved line to allow for easier viewing 

of the coordination sphere) which revealed a by-product in the reaction (Figure 45). 

 

 

Scheme 35. Complexation between 3.2 and 2.8 forming a nickel-lithium cluster. 
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Figure 45. Molecular structure of compound 3.4 with H atoms omitted for clarity. 

 

Figure 45 shows a Ni complex with a square-based pyramidal geometry.  Two 

[N,O]-ligands were coordinated to the nickel centre, with a chloride anion briding 

between the Ni atom and a lithium cation, and another chloride bridging two Li cations.  

The coordiantion sphere of each lithium is then satisfied with a triphenylphosphine oxide 

ligand.  There is a limited number of recorded crystal structures of this nature, but one 

example is work done by Pascualini et al. who synthesised a family of M2+ complexes 

with pincer ligands.9  Pascualini et al. determiend the structure of a compound that 

featured  square planar geometry due to the trianionic pincer ligand employed, in contrast 

to the square-based pyramidal structure observed here, which could be due to the 

bidentate ligand used in this work.   

The structure of 3.4 corroborates with the NMR spectroscopy data, due to the same 

integration ratio between the PPh3 units and the ligand backbone.  Of note is the 

diamagnetic nature of the 5-coordinated species.  This is due to the d-orbital splitting 

pattern obtained through crystal field theory (Figure 46).  A square pyramidal geometry 

can be considered as a transition between an octahedral species and a square planar 

species, with the elongation or dissociation of bonds along the z-axis.  For a d8 Ni2+ 

species, as is the case with compound 3.4, this results in a diamagnetic species.  
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Figure 46. Crystal field theory orbital energy diagram to explain the diamagnetic species 

observed with a square pyramidal structure. 

 

With the formation of a lithium-nickel multimetallic species pointing to reasons behind 

the difficult purification of 3.4, it was decided to focus on the use of sodium salts of the 

deprotonated ligands.   Altering the steric bulk on the metal centre 

 

An investigation was also carried out on the effect of changing the aryl group on the metal 

centre.  For this, an ortho-tolyl group was chosen to replace the phenyl ligand.  This is 

due to the air stability of compound 3.5, which contains an ortho-tolyl group as compared 

to the air sensitive precursor 3.2.  This stability was hypothesized by Standley as being 

due to the increased steric bulk of the aryl group shielding the metal centre from further 

associative substitution reactions.1  Compound 3.5 was synthesised successfully using 

ortho-tolylmagnesium bromide, as shown in Scheme 36. 

 

 

Scheme 36. Reaction pathway for the formation of compound 3.5. 

 

This provided a clean route to compound 3.5, with 31P{1H} NMR spectroscopy showing 

a resonance at 21.3 ppm.  This is in fair agreement with the literature value of compound 
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3.5 of 22.0 ppm.1  From this precursor, which is air stable, it was possible to synthesise 

compound 3.6 through the same reaction pathway as used for 3.3 (Scheme 37). 

 

 

Scheme 37. Reaction pathway for the synthesis of compound 3.6. 

Compound 3.6 exhibited partial solubility in petroleum ether 40-60.  Because of this, 

purification was carried out through repeated extractions with petroleum ether 40 - 60 and 

recrystallisation from a toluene/petroleum ether 40-60 mixture at -25°C.  From this, the 

pure product was obtained as red crystals in a 41% yield.  This was confirmed through 

multinuclear NMR spectroscopy; the 31P NMR spectrum showed a single resonance at 

23.5 ppm and 1H NMR spectroscopy revealed a similar set of signals to that observed for 

compound 3.3, but with a distinct difference in the doubling of the isopropyl resonances 

(Figure 47). 

 

Figure 47. Stacked 1H NMR plot showing compound 3.3 (blue) and compound 3.6 (red).  

Data recorded using a 400 MHz spectrometer at 298K in C6D6. 
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Figure 47 shows similar resonances for the PPh3 ligands, as also for the multiplets at 

2 - 2.3 ppm relating to the C4-C5 protons.  The Ni-Ar signals at 6.3-6.5 have split from 

the multiplet resonance seen in compound 3.4, as would be expected from substitution of 

the aromatic ring.  The biggest two differences are seen in the split in environment for the 

Dipp groups on the ligand, resulting in two septets for C13 and C16, and four doublets 

for the iPr CH3 groups (C14, C15, C17, C18).  There is also the additional singlet at 

3.16 ppm assigned to the o-tolyl CH3 group (C25).  A SCXRD structure was also obtained 

for this species (Figure 48).  

 

Figure 48. SCXRD diagram of compound 3.6 exhibiting a square planar geometry. 

 

Comparison of this SCXRD structure with that obtained for compound 3.3 showed many 

similarities as summarised in Table 3. 

 

Table 3. Table comparing key bond lengths and angles around the nickel metal centres 

in compounds 3.4 and 3.6. 

 Ni-N 

(Å) 

Ni-O 

(Å) 

Ni-C19 

(Å) 

Ni-P 

(Å) 

N-Ni-O 

(°) 

C19-Ni-N 

(°) 

3.3 1.955 (1) 1.945 (1) 1.890 (2) 2.150 (4)   

3.6 1.978 (2) 1.918 (2)  1.890 (3) 2.1614 (8) 85.76 (9) 96.17 (11) 
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This comparison shows that the bond lengths for both the Ni-Ar and Ni-PPh3 groups 

remain similar, as does the bite angle of the ligand.  The Ni-N bond length has increased 

slightly by 0.023 Å and the Ni-O bond length has contracted by 0.027 Å upon 

ortho-methyl substitution of the phenyl group.  This could be due to the increased bulk 

of the ortho-tolyl group cis- to N1 distorting the N,O ligand through extension of the Ni-N 

bond and compression of the Ni-O bond.  This is further evidenced by measurement of 

the C-Ni-N bond angle, which is 95.09 (6) ° for compound 3.4, but has slightly increased 

to 96.17 (11) ° for compound 3.6. 

The inclusion of the ortho-tolyl group also explains the appearance of the four doublets 

in the 1H NMR spectrum of compound 3.6, compared to the two doublets seen in 

compound 3.3.  The pattern arises from hindered rotation on the NMR timescale of the 

N1-C7 bond.  This causes each isopropyl CH3 group to be in a unique chemical 

environment, with a different chemical environment present on each side of the square 

plane of the metal centre caused by loss of symmetry from the presence of the ortho-tolyl 

methyl group.  Steric interaction is highlighted in Figure 49 with a distance of 2.716 Å 

between the ortho-tolyl group and the Dipp group (the PPh3 ligand is displayed as a 

wireframe and the molecule is cropped to allow for a clearer view).  

 

 

Figure 49. Molecular structure for compound 3.6. PPh3 displayed as wire frame and 

distance between H17c and H25c highlighted to show steric interaction. 

 

From the SCXRD structure, it can be seen that C14/C15 are one side of the plane of the 

complex with C17/C18 on the other.  There is also inequivalence between C17 and C18.  

2.716 Å 
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Because of this complexity, 2D NMR experiments were required to allow for a complete 

assignment.  Correlation spectroscopy (COSY) allowed the Dipp CH3 groups coupling to 

the corresponding CH group to be linked (C13 with C14 and C15, and C16 with C17 and 

C18), as seen in Figure 50, visualised by red circles.  Also visible in this upfield view of 

the COSY spectrum are the 4J correlations between H-C6 and H-C4 (green circle), 

allowing assignment of the multiplet at 2.22 ppm as C4, and therefore the resonance at 

2.00 ppm as C5.   

 

 

Figure 50. 1H - 1H COSY NMR experiment on compound 3.6.  Interactions between the 

Dipp protons are shown through the red circles, with the 4J correlation between H-C6 

and H-C4 shown in the green circle. 

 

From the downfield area between 3.15 ppm to 8.00 ppm (Figure 51), correlations can be 

seen within the ortho-tolyl ring, including a weak correlation between the methyl signal 

and the proton in the meta position.  From this proton, the other protons around the ring 

can also be identified.  The ortho-CH of the PPh3 ligand at 7.70 ppm can be used to 

identify the other PPh3 protons from interactions between the signals at 7.70 ppm and 

7.00 ppm, however, this exact peak is coincident with others resonances, apart as a 

multiplet, along with some of the aromatic signals belonging to the aromatic ring on the 

N,O ligand. 
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Figure 51. 1H - 1H COSY NMR experiment on compound 3.6, high frequency correlations. 

 

Through the use of Nuclear Overhauser Effect spectroscopy (NOESY), it was possible to 

further probe the observed steric bulk effects which caused the splitting of the CH3 Dipp 

signals (Figure 52) and assign the iPr Me groups in proximity to the ortho-tolyl Me group. 

 

 

Figure 52. 1H - 1H NOESY correlation experiment on compound 3.6, focusing between 

0.8 ppm and 4.8 ppm.  Highlighted in ring is interaction between H-C25 and H-C17. 
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As can be seen in Figure 52, the interaction within the Dipp groups between each pair of 

doublets to one of the septets is corroborated with the data seen in the COSY experiment.  

In addition to this, there is a further correlation between the doublet signal at 0.87 ppm 

and the singlet at 3.16 ppm.  This definitively assigns the isopropyl group sitting near the 

ortho-tolyl Me group in space.  This interaction also explains why there is hindered 

rotation of the ligand aromatic ring, causing the splitting observed. 

This hindered rotation was then probed through variable temperature 1H NMR 

spectroscopy to attempt to measure the energy barrier to rotation.  Variable temperature 

NMR consists of recording multiple NMR spectra at a range of temperatures.  This can 

be a useful technique as it would allow for the barrier for rotation to be observed through 

observation of the coalescence temperature.  The technique arises from the fact NMR 

spectroscopy occurs on a comparatively slow timescale compared to bond rotation.  

Because of this, two limiting exchange regimes can exist: slow exchange and fast 

exchange.  In the slow exchange regime, signals appear at separate resonances at the 

characteristic position observed for each site, such as observed in compound 3.6.  In this 

regime, the linewidth, Δυ, depends inversely on the relaxation lifetime, τ, as outlined in 

equation 3.1.  This results in increased line broadening with increased temperature, as the 

exchange rate increases. 

 

Δυ =  
1

𝜋𝜏
      (3.1) 

 

In the fast exchange regime, a single resonance is observed at the weighted average 

resonance frequency.  In this regime, the linewidth narrows as the exchange rate 

increases, as outlined in equation 3.2, where δυ relates to the difference in resonance 

frequencies in the absence of exchange.  This results in the linewidth narrowing as the 

rate of exchange increases. 

 

Δυ =  
1

2
(𝛿𝜐)2𝜏      (3.2) 

 

With both of these regimes, it can be summarised that at low temperature where the 

exchange rate is slower than the NMR timescale, a signal at each site is observed.  These 

signals then broaden and overlap as the temperature increases from increasing the rate of 
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exchange within the molecule.  These signals then coalesce to form a broad singlet, which 

then sharpens with increasing temperature.  

Variable temperature 1H NMR spectroscopy was carried out on compound 3.6, to try to 

determine the barrier of rotation, to allow for an estimation of steric interaction.  These 

experiments were carried out in d8-toluene, rather than d6-benzene to increase the 

potential temperature range.  This was initially at 25 °C, increasing to 30 °C and then 

through increasing the temperature in 10 °C intervals until 80 °C to try to observe any 

linewidth increase in the spectra (Figure 53).  

 

 

Figure 53. Stacked 1H NMR plot of compound 3.6.  Blue; 25 °C, Red; 30 °C, 

Dark green; 40 °C, Purple; 50 °C, Yellow; 60 °C, Dark red; 70 °C, Pale green; 80 °C. 

 

As can be seen in this stacked plot, the only noticeable difference between the spectra is 

the appearance of a broad signal growing in at 7.27 ppm at 70 °C.  The broad singlet is 

likely to be due to partial decomposition or the dissociation of PPh3 from the metal centre, 

rather than the fluxionality of the Dipp group.  At the high field part of the spectra, it can 

be seen that the doublets corresponding to the Dipp groups remain unchanged.  In these 

spectra, the overlay between the doublet at 1.5 ppm and the singlet corresponding to 

H3-C6 start to separate due to subtle changes in chemical shift, but no line broadening or 

coalescence was observed. 

The compound was then observed through 31P{1H} NMR spectroscopy at 80 °C, to 

investigate whether the new broad peak at 7.27 ppm was due to dissociation of the PPh3 

ligand.  Comparison between these spectra showed no difference between room 

25 °C 

30 °C 

40 °C 

50 °C 

60 °C 

70 °C 

80 °C 
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temperature and 80 °C.  If the peak were due to the dissociation of PPh3, the signal for 

unbound PPh3 would be expected to appear at around -5 ppm.  As this signal was not 

observed, it would suggest that the broad peak in the 1H NMR spectra was instead due to 

a degradation process starting to occur at 70 °C. 
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3.5  Altering the steric bulk on the ligand 

 

Following on from the synthesis using the Dipp substituted ligand, a series of other 

complexes were synthesised through changing the N-substituent.  All of these were 

carried out using the o-tolyl group as the Ni-Ar ligand, as in compound 3.6, in order to 

maximise the steric effects present at the metal centre and improve stability.  Similar to 

the preparation of compound 3.6, this was carried out through a complexation reaction 

with the deprotonated sodium salt in toluene (Scheme 38).  

 

 

Scheme 38. Reaction scheme for the synthesis of compounds 3.7-3.9. 

 

These reactions afforded the desired products (compounds 3.7 – 3.9) as yellow to 

orange/red crystals after recrystallisation from toluene/petroleum ether 40-60 in similar 

yields to those previously obtained for compound 3.6.  These compounds were analysed 

through NMR spectroscopy, and each showed a single resonance in their 31P NMR 

spectrum in the region of 25 - 27 ppm (Figure 54). 
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Figure 54. Stacked plot of 31P NMR spectrums for compounds 3.7 - 3.9.  Blue: 3.7, 

Red: 3.8, Green: 3.9. 

 

Similar observations were also observed in the 1H NMR spectra, with several key regions 

identifiable in each similar to that previously seen in compound 3.6 (Figure 55).   

 

 

Figure 55. Stacked plot of 1H NMR spectrums for compounds 3.7 - 3.9.  Blue: 3.7, 

Red: 3.8, Green: 3.9. 
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From this, similar assumptions can be carried across from the two-dimensional NMR 

studies previously carried out.  The multiplet at 7.75 - 7.80 ppm is assigned to the 

ortho-position in the PPh3 ligand.  The other characteristic peaks in the aromatic region 

are between 6.25 - 6.65 ppm which relate to the ortho-tolyl group bound to the nickel, 

which is present in each compound.  This o-tolyl group can also be seen in all spectra 

through the singlet at 2.7 - 2.94 ppm.  The other resonances that are present in 3.7 – 3.9 

relate to the N,O-ligand backbone, with two multiplets each integrating to 2H, at around 

1.8 ppm and 2.2 ppm, and the sharp singlet at around 1.8 ppm.  These multiplets 

correspond to the CH2 groups on the five-membered ring, while the singlet relates to the 

CH3 group.  Aside from these resonances, differences can be observed through the 

varying number of CH3 groups for the mesityl, 3,5-dimethyl and para-tolyl groups.  

Single crystal X-ray diffraction experiments were also carried out on compounds 3.7 

(Figure 56) and 3.8 (Figure 57).  These exhibited similar square planar geometries to that 

previously observed.  Compound 3.8 showed disorder on the o-tolyl group, with this 

group observed on both sides of the square plane (Figure 57). 

 

 

Figure 56. Molecular structure of compound 3.7 evidenced by SCXRD. 
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Figure 57. Molecular structure of compound 3.8.  The o-tolyl group is disordered over 

two positions, with the second position shown in capped-stick format. 

 

The disorder of the ortho-tolyl group results in the methyl group overlaying with the 

aromatic ring of the other position.  These ortho-tolyl groups are distorted away from the 

N1, O1, Ni1, P1 plane with a Plane-Ni1-C15 angle of 164.90 (19) °, and the second 

ortho-tolyl group at 172.72 (18) °.  This distortion away from the plane is seen in 

compounds 3.3 and 3.6 as well, with Plane – Ni1-C angles of 166.21 ° and 170.11 ° 

accordingly, showing that this effect is not a sign of steric interaction at the metal centre 

to cause this distortion.  Interestingly, compound 3.7 shows very little distortion, with an 

O-Ni-C angle of 178.52 (7) °.  As the mesitylene group would be expected to offer an 

intermediate steric bulk compared to the Dipp and the 3,5-dimethyl groups, this is a 

further indication that steric interaction is not responsible for this disorder.  

Comparison of the bond lengths and bite angles between the complexes formed can be 

seen below (Table 4).  
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Table 4. Comparison of key bond lengths and angles around the nickel metal centre in 

the range of metal complexes formed. 

 Ni-N (Å) Ni-O (Å) Ni-P (Å) Ni-C (Å) N-Ni-O (°) 

Compound 3.3 1.955 (1) 1.945 (1) 2.150 (4) 1.890 (2)  

Compound 3.6 1.978 (2) 1.918 (2) 2.1614 (8) 1.890 (3) 85.76 (9) 

Compound 3.7 1.9554 (15) 1.9406 (12) 2.1408 (5) 1.9096 (18) 85.43 (6) 

Compound 3.8 1.963 (2) 1.936 (2) 2.1506 (8) 1.926 (7)  

1.881 (7) 

85.27 (9) 

 

With these complexes, the bite angle is seen to stay nearly constant in a narrow range 

between 85.27 (9) ° and 85.76 (9) °.  Other key bond lengths have more variance, but are 

all similar, excluding the Ni-N and Ni-O bond lengths for compound 3.6, as earlier 

discussed.  This implies that the steric interaction between the N,O-ligand and the o-tolyl 

ligand observed in compound 3.6 is not present in compounds 3.7 and 3.8, with those 

complexes showing bond lengths more comparable to compound 3.4. 

The o-tolyl complexes 3.6 – 3.9 were observed to be relatively stable to air in the solid 

phase, with 3.6 remaining unchanged by 1H and 31P NMR spectroscopy after a period of 

four months.  Degradation was observed in solution phase over a four-month period for 

3.8, with the formation of a Ni3L6 species identified.  SCXRD showed that that the oxygen 

atoms in the [N,O]-ligands all bridge to a Ni atom at the centre which is completely 

surrounded by O donors (Figure 58).  
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Figure 58. SCXRD data for nickel trimer formed from the degradation of compound 3.8.  

A symmetrical structure is formed with three nickel metals and six ligands.  These ligands 

are bound through nitrogen on the terminal nickel centres and through bridging oxygen 

ligands. 

 

In this structure all nickel centres display octahedral geometry with a crystallographic 

inversion centre around Ni2.  The terminal nickel atoms, Ni1, have a structure Ni[L4X2] 

with the three nitrogen atoms acting as L-type donors through the lone pair, with one 

bridging oxygen acting as an L-type ligand and the other two oxygen atoms as X-type 

ligands.  These are averaged over the crystal structure.  The middle nickel, Ni2, is bound 

in the similar manner of Ni[L4X2], with four bridging oxygen atoms acting as L-type 

donors with two oxygen atoms acting as X-type donors.  The Ni1-Ni2 distance is 2.826 Å 

and the structure is symmetrical around the middle nickel.   This route of decomposition 

(formation of NiL2 complexes) is in agreement with similar compounds previously 

synthesised in the literature.10  The formation of this complex could be postulated to 

follow a similar pathway to that described in Scheme 31, with the dissociation of PPh3 in 

solution, followed by homocoupling of the o-tolyl group.  Further studies into this 

degradation pathway, however, were not pursued.  

  



 

106 

3.6  Attempted synthesis of a nickel(II) chloride complex 

 

As discussed in Chapter 1, Ni diimine catalysts with halogen ligands can be used in 

polymerisation catalysis as very convenient precatalysts.  This occurs through the 

replacement of a chloride ligand with an alkyl group using an activator, such as modified 

methyl aluminoxane (MMAO).  With this in mind, compound 3.10 was targeted through 

the reaction of 2.9 and PPh3 with NiCl2 (Scheme 39).  

 

 

Scheme 39. Reaction scheme for the complexation of 2.9 with NiCl2 to form 3.10. 

 

After precipitation from the reaction mixture with petroleum ether 40-60 and a 

toluene/petroleum ether 40-60 recrystalisation, a pure product was obtained, which was 

characterised through 1H and 31P NMR spectroscopy (Figure 59). 
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Figure 59. 1H NMR spectrum for 3.10, recorded on a 400 MHz NMR spectrometer in 

C6D6 at 298 K.  Asterisked peaks correspond to residual solvent toluene. 

 

This 1H NMR spectrum shows metal-bound triphenylphosphine resonances between 

7 – 8 ppm, and a corresponding 31P{1H} NMR signal was seen at 26.0 ppm.  A septet was 

observed at 3.70 ppm, with two doublets at 1.66 and 1.20 ppm.  These peaks relate to the 

Dipp group present.  The remaining multiplets at 2.17 and 1.84 ppm, and the singlet at 

1.61 ppm correspond to the rest of the backbone of the ligand.  The additional sharp peak 

at 2.11 ppm is from residual toluene.  Signals from the N-aromatic systems relating to 1H 

can be observed 7.19 ppm, with the remaining aryl resonances overlayed with additional 

PPh3 resonances.  

Mass spectrometry was carried out on this sample, however, the main product observed 

was the bisligated nickel species, with no indication of compound 3.10.  Observations 

made by Foley et al. during their studies when reacting a compound similar to compound 

3.3 with vinyl chloride to exchange the phenyl group with Cl saw facile 

disproportionation of the chloride species into the bisligated species (Scheme 40).11  They 

also observed that through targetted synthesis of the chloride species with addition of one 

equivilent of ligand from (PPh3)2NiCl2 produced mixtures of both the chloride and the 

bis-ligated species, with disproportionation happening over the course of the reaction. 

* 

* 
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Scheme 40. Degradation of [N,O]NiPhCl compound described by Foley et al. resulting 

in the formation of a bisligated species.11 

 

Repeated reactions to form compound 3.10 were tried, but isolation of the targetted 

compound was not possible. 
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3.7  Synthesis and characterisation of a palladium chloride complex 

 

A palladium analogue of compound 3.10 was then synthesised from [Pd(cod)Cl2].  This 

complex was first synthesised from PdCl2 (Scheme 41).12  From [Pd(cod)Cl2], the 

mono-ligated species could then be formed through complexation with the deprotonated 

sodium ligand compound 2.9 and PPh3 (Scheme 42). 

 

 

Scheme 41. Formation of compound 3.11 following literature procedures. 

 

 

Scheme 42. Formation of 3.12 through complexation of palladium precursor with the 

deprotonated ligand and PPh3. 

 

The product was recrystalised from toluene/petroleum ether 40-60 at -25 °C to yield red 

crystals.  When dissolved in deuterated benzene, 3.12 exhibited 1H NMR spectroscopic 

resonances typical of the Dipp-substituted [N,O] ligand bound to a metal with a pair of 

doublets at 1.20 ppm and 1.44 ppm, each with an integration equivalent to 6H, and a 

septet at 3.46 ppm with an integration of 2H.  Alongside this, signals corresponding to 

the PPh3 group were also seen, and in the 31P{1H} NMR spectrum, a singlet at 26.6 ppm.  

Compound 3.12 was also characterised through SCXRD (Figure 60).  
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Figure 60. Molecular structure for 3.12 (all H atoms are omitted for clarity). 

 

The molecular structure obtained from SCXRD showed a square planar geometry with a 

N-Pd-O bite angle of 82.75(5) °.  This is a smaller bite angle than that observed with 

complexes 3.5 – 3.9, which displayed bite angles of around 85 °.  The bond lengths around 

the metal centre are comparable with other complexes seen in literature (Figure 61).13, 14   

 

 

Figure 61. Relevant compounds similar to compound 3.12 included for comparison. 
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Table 5. Comparative bond lengths for compound 3.12 with relevant similar compounds 

reported in literature. 

 Pd-N (Å) Pd-O (Å) Pd-P (Å) Pd-Cl (Å) 

3.12 2.0986 (19) 2.0185 (17) 2.2530 (6) 2.2905 (6) 

1.XXIXa13 2.054 1.992 2.2631 2.2913 

1.XXIXb13 2.0566 2.0153 2.2773 2.2667 

3.I14 2.074 2.005 2.251 2.267 

 

A palladium variant of compound 3.3 was also targeted, to allow for a comparison 

between a Ni and Pd catalyst for the polymerisation of ethene.  This was to allow for a 

comparison between the ligand system developed in this work with a wider body of work, 

as most group 10 catalysts for ethene polymerisation use a palladium catalyst.  

This was first tried through the reaction of compound 3.12 with MeLi (Scheme 43) 

following procedures adapted from literature.15  The reaction, however, resulted in a black 

solid forming and 31P{1H} NMR spectroscopy showed multiple signals present.  Because 

of this, an alternative reaction pathway was trialled instead.  

 

 

Scheme 43. Attempted synthetic route to compound 3.13 through the reaction of 

compound 3.12 with MeLi. 

 

The alternative synthetic route involves the reaction of compound 2.9 and PPh3 with the 

commercial palladium precursor [Pd(Me)(Cl)(cod)] (Scheme 44).  This was using an 

adapted typical procedure as outlined by Murata et al. in the synthesis of palladium(II) 

complexes bearing salicylaldiminato ligands.14 
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Scheme 44. Attempted synthetic route towards compound 3.13, forming a complex 

mixture of products. 

 

This synthesis also didn’t proceed as expected.  Following a DCM/Petroleum 

ether (40-60) crystalisation, no signals relating to the [N,O] ligand were observed in the 

precipitate, despite two signals showing in the 31P NMR spectrum.  In the mother liquour, 

however, six signals were present in the 31P NMR spectrum.  From this it is clear that the 

reaction hadn’t proceeded as expected.  Further recrystalisations were carried out using 

toluene/petroleum ether (40-60) to try to further understand how the reaction had 

proceeded.  This recrystalisation also failed to isolate a single species with seven signals 

showing in the precipitate and five signals showing in the mother liquor, with the greatest 

integration of 35%.  Because of this, it was decided that this reaction pathway wouldn’t 

be pursued any further.  
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3.8  Conclusions 

 

A set of neutral Ni(II) complexes based on maple-lactone-derived imino-enolate ligands 

were successfully formed through reaction with suitable nickel precursors in yields 

between 40% and 56%.  Of these complexes, compound 3.6 showed hindered rotation 

due to steric interactions between the ligands, resulting in variable temperature NMR 

studies being carried out.  However, at 80 °C, no coalescence of signals was observed, 

indicating a significant barrier to rotation.  Attempts were made to synthesis a variant of 

the nickel catalysts with a Cl ligand instead of an aryl group, but this species could not be 

isolated and definitively characterised.  A palladium analogue was synthesised with a Cl 

ligand in high yields (94%).  However, this species could not be cleanly converted to a 

methyl-substituted analogue and more work is required to optimise this reaction. 
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Chapter 4: Polymerisation using Nickel [N,O] Catalysts 

 

4.1 Introduction 

Following on from the synthesis of the complexes described in Chapter 3, compounds 

3.3 – 3.6 were trialled in a series of polymerisations.  As discussed in Chapter 1, a central 

theme of this project was to find species that i) could polymerise ethene under mild 

conditions, and ii) were capable of copolymerising of ethene and polar monomers, such 

as carbon monoxide.  Therefore, the compounds were first optimised for the catalytic 

homo-polymerisation of ethene before investigating the copolymerisation through the 

addition of CO (or another polar co-monomer).  

Within the optimisation process a range of activators were trialled.  In cases where the 

precatalyst is relatively inert to phosphine dissociation, activators are often required to 

create a vacant site on the metal centre and facilitate the initial binding of the olefin 

(Scheme 45).  These activators are commonly transition metal complexes that can 

preferably bind to the PPh3 group, sequestering it from the catalyst, or main group Lewis 

acids.  Commonly used activators include [Ni(cod)2], BPh3 and B(C6F5)3.   

 

 

Scheme 45. Removal of PPh3 through the use of B(C6F5)3 to form the active catalytic 

species. 

 

Once the active catalyst has been formed by insertion of ethene into the Ni-Ar bond, 

polymerisation can occur following the mechanism shown below (Scheme 46) and 

described in Chapter 1.2.  Scheme 46 shows that in the polymerisation mechanism, the 

resting state for nickel catalysts is typically a β-agostic complex.  We would therefore 

expect that increasing the ethene pressure will result in an increase in the rate of 

polymerisation and a concomitant decrease in the degree of branching.1, 2 The effect of 

altering the reaction temperature and pressure of ethene will therefore be investigated to 

examine this hypothesis to determine whether there is an optimum for catalytic activity 

and polymer properties.   
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Scheme 46. Polymerisation mechanism with group 10 metals with chain-walking. 

 

Following these optimisation studies of the activity of the catalyst towards the 

polymerisation of ethene, studies will then be extended into the co-polymerisation of 

ethene with polar monomers and investigations into the tolerance of the catalysts to polar 

components.  The first of the targeted copolymers will be the polyketone formed through 

the copolymerisation of ethene with CO.  Mechanistic investigation by Sen have 

determined that the mechanism for CO incorporation forms a perfectly alternating 

copolymer (Scheme 47).3   

 

 

Scheme 47. Copolymerisation between CO and ethene to form alternating polyketone. 
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The formation of the perfectly alternating copolymer was ascribed to two main reasons; 

the greater tendency for CO insertion into a TM-alkyl bond compared to olefin insertion, 

thus generating an acyl group, and the greater binding affinity for CO to bind compared 

to ethene, resulting in an increased local concentration and preventing double ethene 

insertion (double CO insertion is not thermodynamically favoured).3-6  

Following studies with compound 3.6 towards CO binding and insertion, other 

copolymers and polar components were to be investigated focusing on methyl acrylate.  

For these purposes the homopolymerisation of 1-hexene was attempted, owing to 

limitations in experimental set-up hindering the copolymerisation between gases and 

liquids.  These limitations arose from the need for the reactor to be loaded in the glovebox 

as there was no injection port on the reactor allowing liquid monomer or catalyst solution 

to be loaded using a Schlenk line.  Therefore, any copolymerisations between a liquid 

monomer and a gaseous monomer would not be possible if homopolymerisation occurred 

prior to addition of the gaseous monomer.  
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4.2 Initial Polymerisation 

Song et al. and Azoulay et al., among others, showed that steric bulk at the nickel centre 

led to an increase in catalytic activity, as discussed in Chapter 1.7.7, 8 Therefore 

compounds 3.3 and 3.6 (Figure 62) were chosen for initial catalytic trials. 

 

 

Figure 62. Compounds 3.3 and 3.6, previously described in Chapter 3. 

 

Compound 3.3 and compound 3.6 were first trialled in a high-pressure system at Leibniz 

Institute for Catalysis (LIKAT) without the addition of an activator, but no reactivity with 

ethene was observed for either compound.  The work at LIKAT was carried out by 

Dr Stephen Mansell, however, the subsequent analysis of the polymers produced was 

carried out at Heriot-Watt University by the author.  The addition of the activator, 

bis(cyclooctadiene) nickel(0) ([Ni(cod)2]) to compound 3.3 resulted in low catalytic 

performance at 60 °C (Scheme 48), and the slow consumption of ethene was observed 

over time. 

 

 

Scheme 48. Initial successful conditions for the polymerisation of ethene at LIKAT. 

 

The catalytic loading was then decreased from 30 μmol to 10 μmol, but this resulted in 

no observable catalytic activity therefore the original loading was retained in the 

following experiments.  Further studies showed that a decrease in temperature resulted in 

a decrease in the activity of the catalyst, with 25 °C showing very little activity (Table 

6, Entry 4).  The activity also decreased at 80 °C which is likely due to decomposition of 

the catalyst at the elevated temperatures.  This was evidenced by the formation of black 
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precipitate in the polymerisation reactions carried out at 80 °C (Table 6, Entry 1) as well 

as 1H NMR spectroscopic studies. 

 

Table 6. Polymer mass and catalytic activity observed at different temperatures using 

catalyst 3.3 (30 μmol), Ni(cod)2 (90 μmol) in toluene (100 mL) for 75 minutes at 

40.5 barg. 

Entry Temperature 

(°C) 

Polymer Mass 

(g) 

TON TOF 

(s-1) 

Activity 

(g mmol-1h-1bar-1) 

1 80 4.20 5,000 1.11 2.80 

2 60 5.92 7,035 1.56 3.95 

3 50 5.12 6,084 1.35 3.41 

4 25 0.299 355 0.08 0.20 

 

The thermal stability of compound 3.3 was probed by heating a benzene solution of 3.3 

to 80 °C for one hour before comparative multinuclear NMR experiments were carried 

out.  From these experiments, the 31P{1H} NMR spectrum showed little change, however, 

the 1H NMR spectrum showed significant broadening and the appearance of a new broad 

peak at 4.5 ppm (Figure 63).  This indicates some decomposition of the complex, probably 

to one or more paramagnetic Ni(I) species.  Such decomposition has previously been 

observed for related species (and coupled to a decrease in catalytic activity) at similar 

temperatures of 60 °C and 70 °C.9, 10 
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Figure 63. Comparative 1H NMR spectrum of compound 3.3 before (green trace) and 

after heating at 80 °C for one hour (red trace). 

 

Experiments were then carried out to study the effect of pressure on the activity of the 

system using a fixed temperature of 60 °C.  In these studies, it was observed that 

increasing the pressure of the system from 10 barg to 20 barg resulted in a greater mass 

of polymer produced.  This is to be expected with the resting state of the catalyst as the 

β-hydride complex, so a greater pressure of ethene results in a faster catalytic cycle.  A 

decrease in catalytic activity is still observed for these results since activity is dependent 

on the pressure of the system.  Further increase of ethene pressure to 40 barg shows no 

further increase in polymer yield.  This suggests that the catalyst has reached the 

maximum TOF possible, with the extra increase in pressure having no effect on the rate 

of polymerisation (Table 7). 
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Table 7. Effects of pressure on the catalytic system using compound 3.3 (30 μmol), 

Ni(cod)2 (90 μmol), toluene (100 mL) at 60 °C for 75 minutes. 

Entry Pressure  

(barg) 

Polymer Mass 

 (g) 

TON TOF 

(s-1) 

Activity 

(g mmol-1h-1bar-1) 

2 40 5.92 7,035 1.56 3.95 

5 20 6.30 7,490 1.66 8.40 

6 10 3.92 4,656 1.03 10.45 

7 1 Trace    

 

The final experiment carried out using the equipment at LIKAT was the direct comparison 

between compound 3.3 and 3.6 to determine the effect of the initiating group.  These 

reactions were carried out at 40 barg at 60 °C. 

 

Table 8. Comparative catalytic reactions between compound 3.3 and 3.6 using 30 µmol 

[Ni], 90 µmol Ni(cod)2, 100 mL toluene for 75 minutes at 60 °C. 

Entry Precatalyst Polymer Mass 

(g) 

TON TOF 

(s-1) 

Activity 

(g mmol-1h-1bar-1) 

2 Compound 3.3 5.92 7,035 1.56 3.95 

8 Compound 3.6 6.90 11,188 2.49 4.60 

 

Compound 3.6 showed a slightly higher activity of 4.60 g mmol-1h-1bar-1 (Table 

8, entry 8) over compound 3.3.  Compound 3.3 is less thermally stable than compound 

3.6, as evidenced through 1H NMR spectroscopy, resulting in increased degradation 

occurring at 80 °C for the Ni-Ph complex.  Thus, thermal stability could explain the better 

catalytic performance for 3.6 at elevated temperatures.  Compound 3.6 was also trialled 

using BPh3 as an activator, but this reaction ultimately displayed no activity towards 

ethene polymerisation.  
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4.3 Initial ethene polymerisation studies at Heriot-Watt University 

 

Polymerisation studies at Heriot-Watt University focussed on the use of compound 3.6 as 

catalyst.  This was due to the increased stability of the precatalyst and from the observed 

higher activity. 

Low pressure polymerisation reactions were carried out at 0.5 barg by bubbling ethene 

gas through a Schlenk flask containing 5 μmol of compound 3.6 at room temperature.  

After 30 mins, acidified methanol was added to terminate any of the growing polymer 

chains.  The Schlenk flask was then briefly placed under high vacuum to remove and 

capture volatile components in a cold trap, the contents of which were subsequently 

analysed via 1H NMR spectroscopy.  The spectra showed the presence of toluene, acetone 

and ethene, but there were no resonances corresponding to dimerisation or trimerization 

of ethene.  The residue from the terminated reaction mixture was then filtered but there 

was no evidence of polymer formation through either the presence of insoluble solid or 

NMR spectroscopy of the liquid.  Similar results were also obtained when [Ni(cod)2] 

(2 equivalents) or B(C6F5)3 (4 equivalents) were used as alternative activators, thus 

indicating no activity at low pressure and low temperature. 

Following these experiments, the pressure of ethene was increased to 10 barg as this had 

previously been observed to increase catalytic performance.  Despite the increase in 

pressure, no polymer or oligomer could be observed when using either no activator or 

Ni(cod)2.  When B(C6F5)3 was used, a small yield relating to a very low activity 

(0.013 g – mass measured after one day of drying at 80 °C in a vacuum oven) of polymer 

was produced at room temperature.  The success of B(C6F5)3 as the activator in this trial 

led to its continued use as the activator in subsequent trials.  
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4.4 Effect of temperature on catalyst activity 

 

A temperature screen for the reaction was carried out by loading the bomb reactor with 

compound 3.6, B(C6F5)3 and toluene in the glovebox (Scheme 49).  The stirred reactor 

was placed into an oil bath and heated until the desired temperature was registered 

internally.  The reactor was then pressurised with ethene and kept under a dynamic 

pressure for the duration of the reaction. 

 

 

Scheme 49. Temperature screen for the polymerisation of ethene at Heriot-Watt. 

 

Table 9. Polymer mass and catalytic activity across a range of temperatures at 10 barg 

ethene pressure with compound 3.6 (5 µmol) and B(C6F5)3 (20 µmol) in toluene (30 mL) 

over a 30 minute reaction with a fixed stir rate of 600 rpm. 

Entry Temperature 

(°C) 

Polymer Mass  

(g) 

TON TOF 

(s-1) 

Activity 

 (g mmol-1 h-1 bar-1) 

9 r.t. 0.013 93 0.05 0.52 

10 40 0.063 449 0.25 2.51 

11 50 0.112 798 0.44 4.48 

12 60 0.106 756 0.42 4.25 

13 70 0.318 2,267 1.26 12.7 

14 80 0.837 5,967 3.32 33.5 

15 90 0.505 3,600 2.00 20.2 

 

These studies showed that the very low activity observed at room temperature (r.t.) was 

dramatically improved by heating the reaction, with low activity at moderate temperatures 

of 40 °C – 60 °C.  Upon heating above 60 °C a significant increase in activity was 

observed with levels up to moderate activity noted at 80 °C.  Finally, catalytic activity 

decreases beyond 80 °C with a decrease observed at 90 °C (Figure 64).   
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Figure 64. Catalytic activity towards the polymerisation of ethene across a range of 

temperatures at 10 barg ethene pressure with compound 3.6 (5 µmol) and B(C6F5)3 

(20 µmol) in toluene (30 mL) over a 30 minute reaction with a fixed stir rate of 600 rpm. 

 

These activities are categorised as low to moderate following definitions outlined by 

Britovsek, Gibson and Wass,11  and are comparable to compounds 1.VII – 1.IX, as 

outlined in Chapter 1, which displayed activities between 0.13 – 38 g mmol-1h-1bar-1, with 

the exception of compound 1.VIII that featured increased steric bulk and displayed a 

higher activity of 78 g mmol-1h-1bar-1.7, 8, 12  The activity is lower than other [N,O] ligands 

with specialised pendant arms, such as CF3 groups in compound 1.X which has a greatly 

increased activity of 460 g mmol-1h-1bar-1.2  Despite the similarity in catalytic design, the 

catalytic performance of compound 3.6 is significantly lower than that observed using 

Brookhart’s 5-membered chelating catalyst, compound 1.XIV, which exhibited an 

activity of 223 g mmol-1h-1bar-1.13  A potential reason for this is the conjugation observed 

within the ligand system of compound 1.XIV which is absent in the catalysts developed 

in this work.  The decrease in catalytic activity observed for compound 3.6 above 80 °C 

could be due to either poor gas dissolution into the reaction solvent, or deactivation of the 

active species in solution at high temperatures as discussed previously.9, 10  The maximum 

catalytic activity at 80 °C was also observed for compound 1.XIV.  
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4.5 Determining molecular weight of polymers produced  

 

Analysis of the polymers formed was carried out using 1H NMR spectroscopy with the 

aim of estimating the molecular weight of the polymer through end group analysis.  This 

was not possible, however, with the signals corresponding to an alkene end group or the 

ortho-tolyl group within the noise of the baseline.  An example of 1H NMR analysis from 

a typical polymer sample is shown below (Figure 65).  Partial dissolution could only be 

obtained through prolonged heating in deuterated bromobenzene.  Four singlets were seen 

between 1 – 2 ppm.  These peaks relate to the polymer backbone and other solvent 

impurities.   

 

 

 

Figure 65. Example of a 1H NMR spectrum of a polymer from Table 4, entry 13, formed 

using 10 barg ethene pressure with compound 3.6 (5 µmol) loading with B(C6F5)3 

(20 µmol) in toluene (30 mL) at 70 °C over a 30 minute reaction with a fixed stir rate of 

600 rpm.  NMR carried out in deuterated bromobenzene at 25 °C at 400 MHz. 
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Figure 66. DOSY analysis of the polymer from Table 4, Entry 13, formed using 10 barg 

ethene pressure with compound 3.6 (5 µmol) loading with B(C6F5)3 (20 µmol) in toluene 

(30 mL) at 70 °C over a 30 minute reaction with a fixed stir rate of 600 rpm.  NMR carried 

out in deuterated bromobenzene at 25 °C at 400 MHz. 

 

The polymer NMR sample was subjected to diffusion order spectroscopy (DOSY) 

analysis for estimation of molecular weights corresponding to each of these signals 

(Figure 66).  The use of 1H DOSY NMR to determine molecular weight is possible 

following initial work by Johnson and co-workers,14 with later contributions by Grubbs 
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and co-workers.15  The diffusion coefficient (D) of a spherical particle of hydrodynamic 

radius RH follows the Stokes-Einstein equation, where k is the Boltzmann constant, T is 

absolute temperature and η is the solvent viscosity (Equation 4.1). 

 

𝐷 =  
𝑘𝑇

6𝜋𝜂𝑅𝐻
     (4.1) 

 

From this equation, Johnson and co-workers noted that for a monodispersed polymer 

system, the diffusion coefficient, D can be correlated to the molar mass of the polymer 

(M), as described in Equation 4.2.  For this correlation the scaling law must be established 

for each polymer system, with constants of A and α which correlate to different polymers.  

Equation 4.2 can then be linearised through logarithmic functions to yield Equation 4.3. 

 

𝐷 = 𝐴𝑀𝛼    (4.2) 

 

log(𝐷) =  𝛼 log(𝑀) + log(𝐴)   (4.3) 

 

By plotting a graph of log (D) against log (M), these constants can be determined from 

the linear fit for the polymer produced in this reaction.  From this, it is then possible to 

estimate the molecular weights from the diffusion coefficient.  Through observation of 

the diffusion value from the deuterated NMR solvent of 1.06 x10-9 m2s-1, other solvent 

impurities within the sample could be identified as these low molecular weight impurities 

would possess similar diffusion values.  The results of the report for the polymer produced 

at 70 °C are shown in Table 10.  
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Table 10. Tabulated results from 1H DOSY analysis listing selected signals and 

corresponding diffusion coefficients from the polymer formed using 10 barg ethene 

pressure with compound 3.6 (5 µmol) loading with B(C6F5)3 (20 µmol) in toluene (30 mL) 

at 70 °C over a 30 minute reaction with a fixed stir rate of 600 rpm. 

Signal (ppm) Diffusion coefficient (m2 s-1) 

7.22 1.06 x10-9 

1.99 1.38 x10-9 

1.51 2.38 x10-10 

1.47 2.86 x10-10 

1.29 3.16 x10-9 

1.11 2.66 x10-10 

 

Other signals with diffusion coefficients within the same order of magnitude of the NMR 

solvent are at 1.29 ppm and 1.99 ppm.  These signals therefore relate to residual solvents 

within the polymer, with toluene at 1.99 ppm and acetone at 1.29 ppm.  With toluene as 

the reaction solvent and acetone used in the work-up procedure, these residual solvents 

would be expected.  Whilst these solvent shifts are different to those reported in literature 

for CDCl3, this can be expected in deuterated bromobenzene used to solubilise 

polyethene.  Polymer samples were sent to analysed at the University of Warwick using 

specialist high temperature GPC analysis to determine the molecular weight of a 

representative selection of polymer samples.  The results are shown below (Table 11). 

 

Table 11. Tabulated results from GPC analysis of chosen polymers. 

Entry Catalyst Temperature 

(°C) 

Activity 

(g mmol-1h-1bar-1) 

Mn 

(g mol-1) 

Mw 

(g mol-1) 

PDI 

9 3.6 r.t 0.52 / / / 

10 3.6 40 2.51 / / / 

11 3.6 50 4.48 7,908 123,470 15.6 

12 3.6 60 4.25 13,437 50,750 3.78 

13 3.6 70 12.7 16,953 175,520 10.4 

14 3.6 80 33.5 6,399 250,698 39.2 

15 3.6 90 20.2 16,024 164,657 10.3 

2 3.3 60 3.95 37,756 87,334 2.31 
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Figure 67. Overlayed GPC traces from polymerisation at different temperatures. 

 

From this data, the polydispersity index (PDI) of these polymers are very high.  This is 

seen in the shoulders observed in the GPC traces for all temperatures apart from 60 °C 

(Figure 67).  These peaks were unable to be deconvoluted, resulting in the very high PDIs 

calculated for the polymers.  The GPC trace for the polymer produced at 60 °C displays 

no shoulder and has a PDI of 3.78.  This PDI is slightly higher than other [N,O] catalysts 

within the field, examples of which are included in Table 12 for comparison.  The 

1H DOSY data also supports these findings as the polymer produced at 70 °C has two 

close diffusion coefficients corresponding to the polymer backbone signal at 1.5 ppm of 

2.38 x10-10 m2 s-1 and 2.86 x10-10 m2 s-1.  

This high polydispersity is unusual for the type of catalyst utilised here.  The molecular 

weights and polydispersity produced by similar catalysts in comparative conditions are 

listed here for discussion.  
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Table 12. Molecular weights and PDI obtained from polyethene produced by different 

catalysts discussed in Chapter 1. 

Compound Molecular Weight PDI 

Compound 1.V16 49,500 gmol-1 6.8 

Compound 1.VII12 3,400 gmol-1 2.5 

Compound 1.XI17 16,100 gmol-1 2.5 

Compound 1.XII18 5,600 gmol-1 1.9 

Compound 1.XIV13 89,600 gmol-1 1.8 

 

Through comparison of these catalysts, the polymers produced by compound 3.6 show 

particularly high PDI, with the exception of the polymer produced at 60 °C, which display 

smaller, more typical polydispersity indexes of 3.78 and 2.31.  The molecular weights 

obtained are significantly higher than those previously reported in Table 12, with a Mw 

of 250,700 gmol-1 obtained at 80 °C.  This Mw is not completely indicative of the entire 

polymer sample with a shoulder in the GPC data present at higher molecular weight, 

indicative of multiple active catalytic centres.  The cause of these multiple active centres 

is unknown, as this phenomenon is more typically seen in Ziegler-Natta type catalysts19 

or multiple-site metallocene catalysts.20 
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4.6 Degree of branching of the polymer 

 

The degree of branching can be calculated using 1H NMR spectroscopy.10  This is 

typically reported as number of branches per 1000 carbons following the usual 

convention.  The number of methyl groups can be calculated through the relative 

integration of the CH2 polymer backbone signal (1.51 ppm) with the methyl signal 

(1.11 ppm) according to Equation 4.4, where IMe and Itotal correspond to the calculated 

integration of the methyl peak and integration of the polymer backbone peak respectively. 

 

𝑁𝑀𝑒 𝑔𝑟𝑜𝑢𝑝𝑠/1000𝐶 =  
2 x 𝐼𝑀𝑒

3 x 𝐼𝑡𝑜𝑡𝑎𝑙
 x 1000    (4.4) 

 

To factor in the methyl end groups in the chain with this calculation, a correction must be 

made in which it was assumed that each polymer chain had two methyl end groups.  This 

correction results in the modified equation below (Equation 4.5). 

 

𝑁𝑀𝑒 𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑠/1000𝐶 = [
𝑁

𝑀𝑒
𝑔𝑟𝑜𝑢𝑝𝑠
1000𝐶

1000
 x 

𝑀𝑛

14 𝑔 𝑚𝑜𝑙−1 − 2] x 
1000

𝑀𝑛
 x 14 𝑔 𝑚𝑜𝑙−1   (4.5) 

 

Using these equations, the number of branches for these polymers are summarised in the 

table below. 

 

Table 13. Methyl branches per 1000C from selected polymers. 

Entry Catalyst Temperature 

(°C) 

Polymer 

Backbone 

Integration 

Methyl 

Group 

Integration 

Methyl 

groups 

per 

1000C 

Methyl 

branches 

per 

1000C 

11 3.6 50 1.00 0.121 47.0 43.4 

12 3.6 60 8.44 0.742 53.9 51.8 

13 3.6 70 0.897 0.103 68.6 67.0 

14 3.6 80 91.1 8.94 59.6 55.2 

15 3.6 90 91.2 8.76 58.2 56.4 

2 3.3 60 100 12.3 73.0 72.3 
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The nature of these branches was then investigated through the use of 13C{1H} NMR 

spectroscopy.  This analysis follows other work, built on preliminary determination by 

Galland and co-workers.21-23  Whilst the NMR studies were hindered due to the polymers 

low solubility, prolonged 13C NMR spectroscopy studies were able to provide spectra 

with sufficient resolution to investigate the nature of branching (Figure 68).  These 

branches are also of very low intensity compared to the polymer backbone, within the 

baseline noise, which is an effect of a low degree of branching (cf. Figure 74 for a 

13C NMR spectrum of a more branched polymer).  

 

 

Figure 68. 13C NMR spectra showing minor branching of methyl groups.  The green 

diamond denotes the polymer methylene repeating unit, Red diamonds show resonances 

relating to methyl branching. Polymer from Table 4, entry 13, formed using 10 barg 

ethene pressure with compound 3.6 (5 µmol) loading with B(C6F5)3 (20 µmol) in toluene 

(30 mL) at 70 °C over a 30 minute reaction with a fixed stir rate of 600 rpm.  NMR carried 

out in deuterated bromobenzene at 25 °C at 100.6 MHz. 
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Table 14. Tabulated 13C NMR signals with corresponding inferences using nomenclature 

detailed in Figure 68. 

Chemical Shift (ppm)a Literature Value (ppm)b Inferences 

37.33 36.91 αB1 

32.93 32.52 brB1 

30.34 30.21 γB1 

30.00 30.00 Polyethene backbone 

27.38 27.27 βB1 

26.01 24.58 1,5-β’B1 

19.97 19.63 1B1 

a: 13C NMR (100.6 MHz) in bromobenzene-d6 at 25 °C.  b: 13C NMR (75 Hz) in 

ortho-dichlorobenzene and benzene-d6 20% v/v at 120 °C 

 

 

Figure 69. Example polymer chain to display nomenclature used for detailing polymer 

carbons. 

 

The chemical shifts observed, and their assignments are summarised in Table 14.  The 

nomenclature for these inferences is based upon previous work by Usami and Takayama 

for isolated branches.24  This nomenclature is based around branches denoted as xBn, 

where n signifies the length of branching, with one relating to a methyl branch, two an 

ethyl chain etc, and x signifying the position on the chain, where one is the terminating 

carbon group on the branch.  For the polymer backbone, the position along the polymer 

backbone is denoted by a Greek letter, which indicates how far away it is from a branch 

(of size n) as shown in Figure 69.  The final nomenclature is the prefix br which denotes 

the branch point on the polymer backbone.  Whilst the chemical shift observed for the 

methyl branches in this work differs slightly from the literature values shown in Table 

14, this can be expected due to experimental differences (bromobenzene-d5 at 25 °C used 

in this work opposed to ortho-dichlorobenzene and benzene-d6 20% v/v at 120 °C).  From 

the assignment of these signals in these spectra, it suggests that the branches observed are 

methyl groups, with other branches not visible.  
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4.7 DSC analysis on polymers 

 

The final characterisation of these polymers was undertaken using differential scanning 

calorimetry (DSC).  All polymers produced at Heriot-Watt University under the standard 

conditions as outlined in Scheme 49 showed very similar DSC traces regardless of the 

temperature of polymerisation (Table 15, Entries 10 - 15).  A typical example trace is 

shown below in Figure 70.  This DSC curve shows a clear melting transition point at 

118 °C, with no glass transition temperature or crystallisation observed within the 

temperature range measured.  

 

 

Figure 70. DSC curve of polymer formed using compound 3.6 (5 μmol) with B(C6F5)3 

(20 μmol) in toluene (100 mL) at 50 °C with ethene (10 barg) at Heriot-Watt University. 

 

Polymers produced under different conditions, however, produced significantly different 

traces.  The polymer produced at LIKAT using the same catalyst but a different activator 

(Ni(cod)2 instead of B(C6F5)3) at an increased pressure of 40 barg (compound 3.6, Table 

15, Entry 8) showed a less distinct, broad melting transition point.  The broad nature of 

Tm, with a smaller area underneath the trace, indicates a lower degree of crystallinity of 

the polymer.  The transition also occurred at a lower temperature, with a measured Tm of 

65 °C (Figure 71).  
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Figure 71. DSC curve of polymer formed using compound 3.6 (30 μmol) with Ni(cod)2 

(90 μmol) in toluene (100 mL) at 60 °C with 40 barg ethene at LIKAT. 

 

The final set of DSC traces are from those obtained from polymerisation at LIKAT using 

compound 3.3, but with the same pressure and activator (Table 15, entries 1 – 3, 5, 6).  

These traces show a more complex curve, with glass transition points, crystallisations and 

melting transition temperatures all visible (Figure 72).  In this polymer, a glass transition 

point is observed at -9 °C, with a Tc at 29 °C and a Tm at 46 °C.  This glass transition 

point is similar to that observed in polypropene.  The difference in polymer characteristics 

was also visible with the polymers produced at Heriot-Watt University under conditions 

outlined in Scheme 49 (Table 15, entries 10 - 15) being a white, rigid solid, unlike the 

polymers produced at LIKAT using compound 3.3 which were a translucent, pliable 

solid.  The transition points for all measured polymers are summarised in Table 15. 
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Figure 72. DSC curve of polymer formed using compound 3.3 (30 μmol) with Ni(cod)2 

(90 μmol) in toluene (100 mL) at 80 °C at LIKAT. 

 

Table 15. Summary of data collected from DSC analysis across a range of polymers 

produced at different temperatures and pressures with compounds 3.3 and 3.6. 

Entry Catalyst Temperature 

(°C) 

Pressure 

(barg) 

Ave. Tg 

(°C) 

Ave. Tc 

(°C) 

Ave. Tm 

(°C) 

10 3.6 40 10 / / 115 

11 3.6 50 10 / / 118 

12 3.6 60 10 / / 116 

13 3.6 70 10 / / 114 

14 3.6 80 10 / / 121 

15 3.6 90 10 / / 118 

8 3.6 60 40 / / 51 

3 3.3 50 40 / / 75 

2 3.3 60 40 / / 66 

1 3.3 80 40 -9 29 46 

5 3.3 60 20 -5 28 48 

6 3.3 60 10 -8 33 43 
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Within the polymers produced at Heriot-Watt University (Table 15, entries 10 - 15) there 

is little change of the Tm across the range of polymerisation temperatures studied.  In 

contrast to this, significant changes are observed when the catalysts were trialled at 

LIKAT (Table 15, entries 1 – 3, 5, 6, 8) across a similar range of temperatures.  Firstly, a 

lower Tm was observed for the polymers produced at LIKAT (entries 1 – 3, 5, 6, 8) 

compared to the polymers produced at Heriot-Watt University (entries 10 – 15), with a 

Tm drop from 115 – 121 °C to below 100 °C.   

The Tm observed with the polymers produced at LIKAT is further lowered through 

increasing the temperature of polymerisation with polymerisation at 50 °C exhibiting a 

Tm of 75 °C compared to a polymerisation at 80 °C exhibiting a Tm of 46 °C (Table 15, 

entries 1 - 3).  In addition to this, polymerisation at 80 °C also displayed a Tg and Tc 

(Table 15, entry 1).  Similar observations were also made at 60 °C with a decreased ethene 

pressure (Table 15, entries 2, 5, 6).  These findings can both be explained by examination 

of the catalytic cycle (Scheme 46) which shows that for nickel species the resting catalytic 

state is the β-agostic complex.  A decrease in ethene pressure results therefore decreases 

the rate of chain propagation and instead allows for more chain-walking to occur, 

increasing the degree of branching.1, 2  A polymer with a greater free volume, caused by 

larger flexible side chains, exhibits a lower Tm.  The changes caused by the increase of 

temperature could be due to an increase in the rate of chain-walking, resulting in a more 

heavily branched polymer with a greater free volume.  Whilst the polymer from 

entry 2 (Table 15) also displayed the highest degree of branching through 1H NMR 

spectroscopy, 13C NMR spectroscopic analysis was not possible for this compound, so 

the nature of these branches could not be determined due to poor signal to noise ratio 

from a three day NMR experiment. 

Looking at the main differences between the polymerisation experimental set-ups at 

Heriot-Watt University and LIKAT, we can see that the reaction pressures are higher at 

LIKAT (40.5 barg vs 10 barg) and a different catalyst activator was used (Ni(cod)2 vs 

B(C6F5)3).  To further understand the reasoning behind the different polymers formed, the 

effects of pressure at Heriot-Watt University was investigated (Scheme 50).  This was 

carried out between 10 barg increasing the pressure to 20 barg towards the conditions 

utilised at LIKAT.  The pressure was unable to be increased further to 40 barg due to 

limitations in the equipment at Heriot-Watt University.  Reactions were carried out at 

60 °C to mimic the scope carried out at LIKAT.  The results of these tests are summarised 

in Table 16.  
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Scheme 50. Reaction conditions for the pressure screen of ethene polymerisation with 

compound 3.6. 

 

Table 16. Effects of changing pressure on the activity of the catalyst and melting 

transition temperature with compound 3.6 (5 μmol) and B(C6F5)3 (20 μmol) in toluene 

(30 mL) at 60 °C for 30 minutes. 

Entry Pressure 

(barg) 

Polymer Mass 

(g) 

Activity 

 (g mmol-1 h-1 bar-1) 

TON TOF 

(s-1) 

Tm  

(°C) 

12 10 0.106 4.252 757 0.42 117 

17 15 0.187 4.987 1336 0.74 116 

18 20 0.211 4.228 1507 0.84 120 

 

This pressure screen showed a steady increase in polymer produced by the catalyst with 

increasing pressure leading to a concomitant increase in TON of the catalyst.  This 

increase in TON was the same as was observed previously in Table 7, however, the total 

TON of the catalyst is smaller, with a TON of 7,000 previously obtained.  The increase 

in TON of the catalyst is also in agreement with the polymerisation scheme previously 

outlined, where an increase in pressure causes a faster rate of polymerisation.  As 

previously mentioned, the activity of the catalyst remains similar owing to the 

dependence of pressure in the determination of the activity.  The polymer produced 

through this process displayed similar properties independent of the pressure of the 

system, with similar Tm observed for all polymers. 
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4.8 Effect of changing activator 

 

The final factor to reconsider was the choice of activator.  An initial screen of activators 

at 10 barg ethene pressure and room temperature had shown compound 3.6 to be active 

when B(C6F5)3 was used, but no activity was observed when Ni(cod)2 was used.  

However, when Ni(cod)2 was used under comparable conditions to those used at LIKAT 

(10 barg at 60 °C) activity was observed.  This led to a re-examination of Ni(cod)2 as an 

activator in conditions outlined in Scheme 51.  

 

 

Scheme 51. Ethene polymerisation using compound 3.6 with Ni(cod)2 as activator. 

 

The change in activator produced a significantly different polymer, with a viscous, 

translucent polymer formed with Ni(cod)2 in comparison to the white, rigid solid polymer 

formed when B(C6F5)3 was used as the activator.  This viscous, translucent polymer was 

easily soluble in CDCl3, allowing for NMR spectroscopic studies to be carried out.  These 

studies showed a high degree of branching (157 Me groups per 1000 carbons) (Figure 73) 

comparative to the polymers formed with B(C6F5)3 (52 Me groups per 1000 carbons).  

End group analysis was carried out to estimate the molecular weight (Mn) of the polymer.  

This was carried out through the integration of the alkene end group with the polymer 

backbone to determine the degree of polymerisation (DP) following the equation below 

(equation 4.6).  

 

𝐷𝑃 =  
𝑅𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛

𝑅𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 𝑝𝑟𝑜𝑡𝑜𝑛𝑠
 x 

𝐸𝑛𝑑 𝑔𝑟𝑜𝑢𝑝 𝑝𝑟𝑜𝑡𝑜𝑛𝑠

𝐸𝑛𝑑 𝑔𝑟𝑜𝑢𝑝 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑜𝑛
    (4.6) 
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From the degree of polymerisation, the Mn can then be calculated by multiplying the 

degree of polymerisation by the molecular weight of the individual monomeric unit 

(Equation 4.7). 

 

𝑀𝑛 =  𝐷𝑃 x 𝑀𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑖𝑐 𝑢𝑛𝑖𝑡    (4.7) 

 

Using these equations, the molecular weight of this polymer can be estimated as 

22,000 gmol-1.  This is a higher Mn than the polymers produced using B(C6F5)3 with 

compound 3.6 with a Mn determined through GPC analysis of between 

6,000 – 17,000 gmol-1.  The Mn is lower than observed from the polymer produced at 

40 barg using compound 3.3 and Ni(cod)2 as an activator which exhibited a Mn of 

38,000 gmol-1.  

 

 

Figure 73. 1H NMR spectrum (CDCl3, 400 MHz) of the polymer produced when using 

Ni(cod)2 (15 μmol) was used as an activator alongside compound 3.6 (5 μmol) at 60 °C 

in toluene (30 mL) for 30 minutes.  

 

Through analysis of 13C NMR spectra, these branches were identifiable as a combination 

of methyl, ethyl, propyl and butyl branches (Figure 74).  This contrasts with the previous 

polymers produced with B(C6F5)3 with a significantly more complex branched structure 

displayed here. 
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Figure 74. 13C NMR spectrum (CDCl3, 400 MHz) of the polymer produced using Ni(cod)2 

as the activator alongside compound 3.6 (5 μmol) at 60 °C in toluene (30 mL) for 

30 minutes, showing a highly-branched structure. 

 

The effect of changing the activator with this family of catalysts has been noted 

previously by Shan et al. detailing a neutral 6-membered [N,O] ligated nickel catalyst.  In 

this work the change of activator from Ni(cod)2 to Al(iBu)3 affected the stability of the 

metal centre.25  This change in stability affected the activity of the catalyst and Mw of the 

polymers formed, rather than a change in the degree of branching, which has been 

observed for 3.3 and 3.6.  Work by Zhang et al. investigated how the choice of activator 

influenced the polymerisation with neutral 5-membered [P,O] ligated nickel catalysts.26  

While this work is based on a different ligand system (with a range of activators), it also 

included comparative polymers produced from both B(C6F5)3 and Ni(cod)2.  They 

observed a key difference in activity of catalyst and molecular weight of polymer 

produced (Table 17).  However, the degree of branching and melting transition point were 

unaffected by the change.26 
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Table 17. Differences in catalytic activity and changes in produced polymer observed by 

Zhang and co-workers using 20 µmol [Ni] at 12 barg ethene in toluene (30 mL) at 

45 °C.25 

Entry Activator Activity  

(g mmol-1 h-1bar-1) 

Mw 

(g mol-1) 

PDI Branching 

(per 1000 C) 

Tm  

(°C) 

19 B(C6F5)3 603 194,700 2.9 <1 138 

20 Ni(cod)2 160 322,500 1.9 <1 138 

 

These results show that the choice of activator has an impact on the stability and activity 

of the metal centre and subsequent polymer produced, however, this effect requires more 

detailed studies to understand the significant increase in branching observed in this work.  
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4.9 Effects of steric bulk near the metal centre 

 

The effect of steric bulk present near the metal centre was then investigated through 

variation of the imine substituent.  This was carried out using compounds 3.6 - 3.9 (Figure 

75).  These reactions were carried out under the standard conditions outlined in Scheme 

52.  The results of these polymerisation reactions are summarised in Table 18.  

 

 

Figure 75. Compounds 3.6 - 3.9 with varying steric bulk on the imine substituent. 

 

 

 

Scheme 52. Effects on catalytic activity through changing the steric bulk present on the 

imine substituent. 

 

 

Table 18. Catalytic activity towards the polymerisation of ethene through varying the 

steric bulk on the imine substituent. 

Entry Catalyst Polymer Mass (g) Activity (g mmol-1 h-1 bar-1) 

12 3.6 0.106 4.25 

21 3.7 0.006 0.23 

22 3.8 0.002 0.08 

23 3.9 0.002 0.07 
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This study showed catalytic activity was strongly dependent on the steric bulk associated 

with the arene.  Compound 3.6, with a Dipp group present on the imine substituent, 

showed a significant activity of 4.25 g mmol-1h-1bar-1 compared to the other catalysts with 

less steric bulk.  The next most sterically bulky catalyst, featuring the Mes substituent 

(Table 18, entry 21) was comparatively deactivated, with a very low activity of 

0.23 g mmol-1h-1bar-1.  The trend of decreasing bulk resulting in decreased activity is 

continued with compounds 3.8 and 3.9.  With these compounds the steric bulk is further 

decreased by moving the methyl groups to the meta and para positions and the result on 

the catalytic activity is very noticeable with only trace amounts of polymer being formed.  

Similar trends to this dependence on steric bulk with catalytic activity has been previously 

observed.16, 27  
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4.10 Investigations into the Coordination of CO  

 

Initial studies towards the co-polymerisation of ethene and CO were carried out as a 

collaboration with Dr Richard Wingard at the University of Bristol.  This test reaction 

was done using their standard reaction conditions for trialling new catalysts (Scheme 53). 

 

 

Scheme 53. Conditions used by the Wingard group to trial the copolymerisation of ethene 

and CO using compound 3.6. 

 

Under these conditions, no copolymerisation or homopolymerisation was observed, with 

a small amount of black solid observed, which was assumed to be decomposed nickel 

complex.  This is of note due to previous experiments noting the stability of compound 

3.6 at temperatures higher than 70 °C.  Potential reasons for this could be the difference 

in solvent, with previous stability studies carried out in d8 toluene as opposed to DCM 

used for this copolymerisation.  The other potential reason could be reaction of the 

catalyst with the CO monomer.  The copolymerisation between CO and ethene relies on 

the initial binding of CO, and subsequent insertion, before the binding and insertion of 

ethene as outlined previously (Scheme 47).  Work by Green et al. isolated various stages 

of the catalytic cycle of a palladium complex (Scheme 54).28 
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Scheme 54. CO and ethene insertion into palladium [N,O] catalysts with structures 

determined by Green et al. using NMR spectroscopy and SCXRD to determine the 

structures.28
 

 

With this in mind, initial NMR spectroscopic studies were carried out to try to observe 

binding and migratory insertion of CO into the existing Ni-C bond (Scheme 55).  This 

was carried out by freeze-pump-thaw cycles on an NMR sample of compound 3.6, before 

the addition of CO to the evacuated Young’s NMR tube.  Upon addition and mixing, the 

solution instantly changed colour from red to colourless.  This sample was then subjected 

to 1H NMR spectroscopy (Figure 76). 

 

 

Scheme 55. Suggested migratory insertion of CO into the Ni-Ar bond of compound 3.6 to 

form a tentatively ascribed compound 4.1. 
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Figure 76. Comparative 1H NMR (400 MHz, C6D6, 298 K) spectra of compound 3.6 

before CO addition (blue trace) and compound 4.1 formed 2 minutes after CO addition 

(red trace). 

 

The 1H NMR spectrum of compound 4.1 (red spectra) showed significant changes 

compared to 3.6 indicating a chemical reaction had taken place.  The first of these 

differences can be observed in the signals associated with the Dipp group which change 

from four doublets between 0.86 - 1.64 ppm and two septets at 3.24 ppm and 4.50 ppm 

to a pair of doublets at 1.21 ppm and 1.28 ppm and a single septet at 3.18 ppm.  This 

coalescence infers fast rotation around the N-Ar bond caused by decreased steric 

interaction between the Dipp group and the Ni substituents as discussed in Chapter 3.4.   

The next observation is the shift of the o-tolyl group (proton 8) with an upfield shift of 

0.64 ppm from 3.16 ppm to 2.52 ppm.  Upfield shifts are indicative of an increase in 

shielding.  This shielding increase may be due to the increased electron density on the 

methyl group due to the increased distance from the metal centre as a result of CO 

insertion into the Ni-Ar bond.  This leads to the next observation which is the change in 

chemical shift from the resonances from the terminating aromatic group bound to the 

nickel (protons 4 - 6).  These have shifted downfield, from 6.24 – 6.75 ppm to 

7.02 – 7.21 ppm.  This shift downfield indicates a change in chemical environment, with 

similar shifts previously reported by Desjardins et al. and Fahey et al. for CO insertion 

into a Ni-aryl bond.5, 29 

4.1 

(t = 0 mins) 

4.1 

(t = 2 mins) 
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A new doublet was observed at 8.34 ppm with a 3J coupling of 7.9 Hz with an integration 

of 1 H, which is typical for an ortho H-H coupling in an aromatic ring (proton 7).  This 

dramatic shift downfield, by 1.6 ppm from 6.7 ppm, suggests a substantial change in 

chemical environment.  This chemical shift could relate to migratory insertion of the CO 

into the Ni-Ar bond, with the peak at 8.34 ppm relating to the ortho proton on the Ni-Ar 

ring (proton 7).  Similar results of migratory insertion supports this theory, with work by 

Desjardins et al. reporting a shift in the signal relating to the ortho protons on a Ni-Ar 

ring (proton 7) from 7.35 ppm to 9.86 ppm upon migratory insertion of CO into the Ni-Ar 

bond (Scheme 56).6  Similar spectral changes have also been reported by Fahey et al. who 

reported a downfield shift in the signal relating to the ortho protons from 7.23 ppm to 

8.44 ppm upon insertion of CO.5 

 

 

Scheme 56. The insertion of CO into a [N,O]Nickel complex as carried out by Desjardins 

and co-workers.6 
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Observation through 31P{1H} NMR spectroscopy also provided useful insights into the 

insertion of CO into the Ni-aryl bond in compound 3.6 (Figure 77). 

 

 

Figure 77. 31P NMR (162 MHz, C6D6, 298 K) spectra of compound 3.6 before CO addition 

(blue trace) and the compounds formed 2 minutes after CO addition (red trace) and 19 

hours after CO addition (green trace). 

 

A 31P{1H} NMR spectrum, collected two minutes after the CO addition showed complete 

consumption of the starting material evidenced by loss of the resonance at 23.4 ppm.  This 

is replaced with two signals at 33.0 and 31.4 ppm in a ratio of 30:70.  After 19 hours at 

room temperature, the resonance at 33.0 ppm has disappeared to show only the single 

resonance at 31.4 ppm.  Over a similar timeframe however, no change was observed in 

the 1H NMR spectra (Figure 78).  The absence of change in the 1H NMR spectrum is 

unusual as any change in the 31P NMR spectrum would be expected to have an 

accompanying change in the 1H NMR spectrum.  Therefore, this reaction and 

intermediate formation requires further investigation before it can be fully understood.  

4.1 

(t = 0 mins) 

4.1 

(t = 2 mins) 

4.1 

(t = 19 hrs) 
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Figure 78. Comparative 1H NMR (400 MHz, C6D6, 298 K) spectra of the compound 4.1 

between 2 minutes (blue trace) and 19 hours (red trace) showing no change.   

 

The addition of CO to compound 3.6 on a small scale (Scheme 55) was then repeated and 

similar observations were seen.  After one hour, 31P{1H} NMR spectroscopy showed 

complete conversion to a product with a single 31P signal at 31.4 ppm, as previously 

observed (Figure 77).  13C NMR spectroscopy was carried out on this sample.  Prior to 

reaction, a peak at 194.16 ppm was observed in compound 3.6.  In compound 4.1 an 

additional quaternary peak at high ppm was observed (184.49 ppm) (Figure 79).   

4.1 

(t = 2 mins) 

4.1 

(t = 19 hrs) 
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Figure 79. 13C{1H} NMR (100.6 MHz, C6D6, 298 K) spectrum of compound 4.1. 

 

Similar compounds previously reported in literature have exhibited a 13C NMR resonance 

of 181.96 ppm relating to the acyl N-C nucleus.30  The combination of observations from 

1H, 13C and 31P NMR spectroscopy has led to the tentative assignment of this compound 

as 4.1 as shown in Scheme 55.   

Compound 4.1 was then freeze-pump-thawed to remove CO and ethene was added.  The 

presence of ethene was observed through the appearance of a sharp large singlet in the 

1H NMR spectra at 5.23 ppm, indicative of free ethene in solution.   
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Figure 80. 1H NMR (400 MHz, C6D6, 298 K)  spectrum of compound 4.1 after ethene 

addition. 

 

The solution was then heated at 50 °C for three hours.  This reaction was to observe 

whether there was evidence of ethene binding or subsequent reaction which would be 

promising for the copolymerisation of ethene and CO.  After heating, however, no 

observable change was seen in either the 1H NMR or 31P{1H} NMR spectra.  Whilst this 

indicates no reaction between the ethene and compound 4.1 it should be noted, as 

discussed earlier in the chapter, that the required conditions for polymerisation with 

ethene was at a higher pressure of 10 barg which could not be replicated with the 

J. Young’s NMR tube.  

The synthesis of compound 4.1 (Scheme 55) was then repeated on a larger scale in a 

Schlenk flask to allow for sufficient material to be tested at higher pressures of ethene 

and more complete characterisation of compound 4.1 through SCXRD.  Compound 3.6 

was dissolved in toluene and CO bubbled through the solution for 5 minutes until it was 

observed to turn colourless.  The CO was then disconnected, and the solution placed under 

vacuum to remove unreacted CO and the solvent.  This was then analysed through 1H and 

31P NMR spectroscopy.  Similar to what was observed on the NMR scale reaction, the 

1H spectra showed similar changes as discussed above (Figure 81).  With the 31P{1H} 

NMR spectra, however, a similar intermediate was observed as previously seen, with 

signals at both 33.1 ppm and 31.4 ppm (Figure 82). 
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Figure 81. 1H NMR (400 MHz, C6D6, 298 K)  spectrum of compound 4.1 carried out on 

a larger scale. 

 

 

Figure 82. 31P{1H} NMR (162 MHz, C6D6, 298 K) spectrum of the compounds formed 

from compound 3.6 after CO addition carried out on a larger scale. 

 

The quantitative 31P{1H} NMR experiment (Figure 82) showed two signals at 33.0 ppm 

and 31.4 ppm with a relative integration of 44:57 accordingly.  These 31P NMR chemical 

shifts and integration indicate that a slower reaction is occurring than previously seen in 
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the NMR scale reactions.  This is likely due to the decreased pressure of CO used.  The 

larger scale reaction produced two products as seen on the NMR scale reactions, however 

no progression through to a single product was observed unlike the NMR scale reactions, 

which produced a single, well-defined product (assumed to be compound 4.1).  Instead, 

a relative integration shift from 44:57 to 50:50 was obtained over the course of 10 days.  

This reverse of reactivity could indicate that the peak at 31.4 ppm relates to a nickel 

complex with an additional CO bound, which slowly dissociates over time.  Another 

explanation could be decomposition of the product with a 31P signal at 31.4 ppm causing 

a loss of signal intensity, however, no other phosphorous signals are seen, ruling out the 

formation of free PPh3.  

 

Infra-red (IR) studies were carried out on this mixture of compounds (ca. 50:50 ratio by 

31P NMR spectroscopy) (Figure 83).  

 

 

Figure 83. Infra-red spectrum of mixture of products formed from the addition of CO to 

compound 3.6. 

 

This IR experiment showed characteristic stretches for metal-carbonyl bonds with three 

distinct and sharp signals at 2067 cm-1, 1986 cm-1 and 1939 cm-1.  None of these signals 

are present in the IR of compound 3.6 prior to the addition of the CO.  Also present are 

signals at 1743 cm-1, 1659 cm-1 and 1587 cm-1.  These signals are in the typical region for 



 

156 

C=C bonds, C=N bonds and Ni-acyl bonds, with a nickel acyl compound reported by 

Keim displaying a C=O stretch of 1615 cm-1.30  Whilst these experiments have confirmed 

the binding of CO to the metal centre and potential insertion into the Ni-aryl bond, more 

work is needed to definitively characterise the structures of the species and intermediates 

formed.   
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4.11 Polymerisation with 1-hexene and methyl acrylate 

 

The copolymerisation of α-olefins and acrylates was targeted next.  For this 

copolymerisation, methyl acrylate was chosen and due to the challenges associated with 

the contemporaneous addition of a liquid and gaseous monomer to the reactor vessel, 

1-hexene was chosen as the α-olefin.  Before undertaking this copolymerisation, each 

component was first trialled individually.  

 

The first monomer tested was 1-hexene using the conditions outlined in Scheme 57. 

 

 

Scheme 57. Initial polymerisation conditions chosen for the trial polymerisation of 

1-hexene. 

 

Under these conditions no polymerisation was observed.  The 1H NMR spectrum also 

indicated that there was no dimerisation or similar low activity.  The experiment was then 

repeated without toluene to increase the effective concentration of the monomer.  This 

likewise yielded no activity towards the polymerisation of 1-hexene.  A final reaction was 

tried using compound 3.9.  This was to investigate whether a decreased steric bulk on the 

metal centre might have an influence on the catalytic activity with a bulkier α-olefin.  This 

reaction also showed no activity, so no further attempts were made towards this 

polymerisation. 

 

The polymerisation of methyl acrylate with compound 3.6 was trialled on an NMR scale 

to allow for in situ monitoring.  The conditions for this reaction were taken from work 

carried out by Grubbs and co-workers in which methyl acrylate was seen to react with the 
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Ni–Ar group on the catalyst to form the products shown below (Scheme 58).31

 

Scheme 58. The reaction between an [N,O] ligated nickel complex and methyl acrylate 

to form a single addition into the terminating Ni - Ar group. 

 

The reaction between compound 3.6 with methyl acrylate showed a complex 1H NMR 

spectrum, indicating that multiple species have formed with no evidence towards 

polymerisation.  This is evidenced through multiple peaks in the 31P {1H} NMR spectrum, 

with the highest relative integration of 81% at -5.2 ppm, relating to free PPh3.  Similarly, 

the 1H NMR spectrum shows multiple sharp signals.  These signals are not related to 

polymethyl acrylate, with no broad signals, indicative of polymers, observed, or at the 

chemical shift expected.  Because of this, and owing to time constraints, no efforts were 

made to further understand the products formed from this reaction, and successful 

copolymerisations are still to be identified. 
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4.12 Conclusions 

 

Compounds 3.3 and 3.6 showed moderate activity towards the polymerisation of ethene 

with activities up to 35.5 g mmol-1h-1bar-1 observed.  Compound 3.7 showed low activity 

towards polymerisation, with compounds 3.8 and 3.9 showing very low catalytic activity.  

Initial studies, carried out at LIKAT, showed that an activator was needed to start the 

catalysis and that the temperature and pressure of the system had a large impact on the 

polymer produced.  These studies also determined that compound 3.6 had a greater 

activity than compound 3.3, which was ascribed to a greater stability at elevated 

temperatures.  Polymerisation studies at Heriot-Watt University showed that a minimum 

pressure was required for catalysis to occur in the presence of an activator.  Variable 

temperature studies showed maximum catalytic activity at 80 °C of 33.5 g mmol-1h-1bar-1, 

which corresponds to moderate activity compared to other catalysts in the literature.  

Little change was observed in the nature of the resultant polymer across the temperature 

range under the conditions employed at Heriot-Watt University.  The effects of pressure 

on the catalytic system were also investigated and showed an increase in catalytic 

turnover and frequency with pressure.  The polyethene produced was analysed using 1H, 

1H DOSY and 13C NMR spectroscopy, GPC and DSC analysis.  The effects of using 

differing activators was also trialled, with the use of [Ni(cod)2] producing a significantly 

different polymer to B(C6F5)3.  Varying the steric bulk was tested through changing the 

imine substituent on the ligand, which showed that increased steric bulk near to the metal 

centre increased catalytic activity, with compounds 3.8 and 3.9 showing very little 

catalytic activity.  Studies were then carried out on the copolymerisation of CO and 

ethene, which showed no activity.  This then led to studies on the binding of CO to 

compound 3.6.  These studies showed evidence for migratory insertion into the Ni – Ar 

bond, which have been tentatively ascribed to compound 4.1, however more studies to 

fully determine the nature of this compound would be ideal.  Addition of ethene to 

compound 4.1 showed no sign of subsequent reactivity.  Trials with different monomers 

were then tested, with 1-hexene and methyl acrylate trialled, however, these monomers 

underwent no polymerisation in the conditions used.  
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Chapter 5: Cross-Coupling Reactions with Palladium [N,O] Catalysts 

 

5.1 Introduction 

 

This chapter describes the development of palladium catalysts for the Suzuki-Miyaura 

cross-coupling reaction using [N,O] ligands.  As discussed in Chapter 1, whilst the main 

class of ligands for this reaction are phosphines, there is some precedent for the 

development of Schiff-base ligands for these reactions (Figure 84).1-5  

 

 

Figure 84. Examples of [N,O]-based ligands for cross-coupling reactions as discussed in 

Chapter 1.11. 
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Recent work by Muthumari et al. that utilised hydrazone-based ligands as an [N,O] 

chelating ligand combined with PPh3 and chloride ligands around a palladium metal 

centre (Figure 84, Compound 1.XXIX).6  With limited work into [N,O] complexes as 

catalysts for cross-coupling reactions, compound 3.12 was trialled for the 

Suzuki-Miyaura cross-coupling reaction.  The primary aim for this family of catalysts 

was to employ ‘green’ solvents such as H2O or EtOH:H2O mixed solvent systems, so that 

the continuation of green chemistry principles was targeted.7, 8  This is of particular note 

as there has been continued dominance of the use of solvents labelled ‘undesirable’ by 

industry for these reactions, such as DMF, DMA or toluene, often at refluxing 

temperatures.9, 10  Another principle of green chemistry is the reduction of reaction time 

and temperature, so these will also be targeted. 

Using compound 3.12, the initial catalytic results are presented along with optimisation 

and an assessment of the scope of the reaction.  Studies were also carried out into the 

reaction profile of the reaction on an NMR scale, along with preliminary tests to 

investigate the nature of the reaction mechanism.  
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5.2 Initial Optimisation Studies 

 

The initial reaction was carried out between 4-bromoacetophenone and phenylboronic 

acid using methanol as the solvent over a one- or two-hour reaction time under both 

atmospheric conditions and in an anaerobic N2 environment at either room 

temperature (r.t.) or 40 °C (Scheme 59, Table 19).  These substrates were chosen as they 

are a common reaction within the literature and the acetophenone group on the halogen 

coupling partner acts as an unambiguous NMR spectroscopic handle for reaction 

monitoring. 

 

 

Scheme 59. Initial optimisation studies carried out between 4-bromoacetophenone and 

phenylboronic acid. 

 

Table 19. Initial optimisation study following Scheme 1 with varied conditions. 

Entry Air/N2 Time (hr) Temperature 

(°C) 

Conversiona 

1 N2 2 r.t. 79 % 

2 Air 2 r.t. 90 % 

3 N2 1 r.t. 73 % 

4 Air 1 r.t. 85 % 

5 N2 1 40 83 % 

6 Air 1 40 99 % 

a Conversion was determined by 1H NMR spectroscopy via integration against starting 

material of the aryl halide and the product, as outlined below.  
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The success of the reaction was determined by measuring the conversion of starting 

material to product using 1H NMR spectroscopy of the final reaction mixture.  Example 

overlayed 1H NMR spectra are shown below to demonstrate this (Figure 85).  The red 

trace (1) displays the reaction progress at the beginning of the reaction, with the 

acetophenone group of the product already growing in at 2.50 ppm next to the starting 

material at 2.44 ppm.  The blue trace (2) shows the final 1H NMR spectrum, with only 

the desired product overserved at 2.50 ppm.  Differences can also be observed in the 

aromatic region of the spectra, but for clarity, the reaction completeness will be observed 

using these two signals.  

  

 

Figure 85. Overlayed 1H NMR spectra of the reaction outlined in Scheme 1 at 40 °C over 

one hour.  The red trace (1) shows the start of the reaction while the blue trace (2) shows 

the end of the reaction.  1H NMR spectroscopy carried out at 25 °C in CDCl3.  

 

From these initial studies it was determined that carrying the reaction out in air was not 

detrimental to the yield, with a conversion of 90% compared to 79% obtained when the 

reaction was carried out in air (Table 19, entry 2) and N2 (Table 19, entry 1) respectively 

over a two hour period at room temperature.  The difference between a one-hour and 

two-hour reaction time was small, with an 85% completion over one hour in air (Table 

19, entry 4) compared to 90% completion after two hours in air at room temperature 

(Table 19, entry 2).  Increasing the temperature was seen to have an effect with the 

conversion of 85% at room temperature over an hour (Table 19, entry 4) increasing to 

99% conversion when heated at 40 °C (Table 19, entry 6).  The lower temperature was 

(1) 

(2) 
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chosen for further reactions for easier observation of the effects of different optimisations 

and to incorporate ‘green’ chemistry principles, as outlined in the introduction.   
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5.3 Optimisation of Base 

 

Following this initial screen, a base screen was carried out using standard conditions of 

one hour at room temperature with a 1 mol% catalytic loading in methanol.  The choice 

of base has been seen to have an important effect on the rate of reaction, with the base 

playing various roles within the catalytic cycle.11  The different bases screened can be 

seen in Table 20 and below in Scheme 60.  These bases were chosen to give a range of 

anions and cations.  

 

 

Scheme 60. Reaction conditions used for the base optimisation scope. 

 

Table 20. Base optimisation scope with the range of bases trialled and the NMR 

spectroscopic conversion obtained. 

 

Entry Base NMR Conversion 

7 Et3N No reaction observed 

8 NaOH 80 % 

9 K3PO4 65 % 

10 K(OAc) 45 % 

11 K2CO3 81 % 

12 Na2CO3 82 % 

13 Cs2CO3 71 % 

14 No base 2 % 
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When the neutral base Et3N (Table 20, entry 7) was used no reaction was observed.  

Classic ionic bases enabled the catalytic reaction to proceed, with acetates and phosphates 

displaying moderate conversions (Table 20, entries 9, 10) whilst hydroxides and 

carbonates showing good conversion (Table 20, entries 8, 11).  Following these 

experiments, carbonate anions were chosen, and through comparison of the 

cations (Table 20, entries 11-13), it was seen that sodium carbonate and potassium 

carbonate were similar in performance with sodium carbonate chosen for future reactions.  

For control studies, the reaction was also trialled with no base added, which showed very 

little reaction, with a conversion of 2% (Table 20, entry 14).   
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5.4 Solvent Screen 

 

A solvent screen was then carried out on this reaction with Na2CO3 used as the base and 

with the conditions outlined in Scheme 61.  

 

 

Scheme 61. Reaction conditions used for the solvent screen. 

 

Table 21. Solvent screen results with solvent used and NMR conversion. 

Entry Solvent NMR Conversion 

15 Acetone 23 % 

16 Dimethylcarbonate 4 % 

17 Toluene 2 % 

18 THF 7 % 

19 DCM 2 % 

20 DMF 4 % 

21 DMF/H2O (50:50) 14 % 

22 IPA 21 % 

23 EtOH 52 % 

24 MeOH 80 % 

25 MeOH/H2O (50:50) 88 % 

26 MeOH/H2O (75:25) 97 % 
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Table 21, entry 15 shows that acetone is a poor solvent for this reaction with a low NMR 

spectroscopic conversion of 23 %.  Dimethylcarbonate (Table 21, entry 16) was trialled 

due to its growing relevance as a green solvent, however, it showed a poor conversion of 

4%.  Other typical laboratory solvents including toluene, DCM and DMF also showed 

very poor conversion of below 8% (Table 21, entries 17-20).  Whilst surprising due to the 

common use of these solvents within literature,4, 12, 13 this could be due to the low 

solubility of Na2CO3 in these solvents at room temperature, with literature examples 

requiring refluxing conditions.  Further evidence of this low reactivity being caused by 

poor base solubility can be seen in entry 21, when a 50:50 DMF/H2O solvent mixture was 

utilised.  In this entry the NMR conversion has increased from 4% to 14% which is likely 

due to the increased solubility of the reagents.  Following the success seen with methanol 

in the initial reactions, a screen of common alcohols was then carried out (Table 

21, entries 22-24).  This showed an increase in catalytic activity with lower molecular 

weight alcohols, with methanol enabling the highest catalytic activity.  Methanol was then 

trialled with the addition of water (Table 21, entries 25-26).  Entry 25 shows that the 

addition of water was beneficial for an improved conversion, possibly due to the increased 

solubility of the reagents, with the NMR spectroscopic conversion increasing from 80% 

to 88%.  There is a balance with the number of equivalents of water though, as by 

decreasing the proportion of water to 25% (entry 26), a further increase in NMR 

conversion is seen to 97%.  Another consideration, with water included in the solvent 

mixture, could be the interconversion of boronic acids with boroxines (Scheme 62).  More 

water would lead to the preferential formation of the boronic acid. 

 

 

Scheme 62. Interconversion between boronic acids and boroxines through the 

addition/removal of water. 

 

From the solvent scope, a mixed solvent system of MeOH/H2O (75:25) was then chosen 

for further reactions.  This result contributes towards the initial aim towards improving 

the reaction with the use of ‘green’ solvents, with methanol having a low environment, 

health and safety (EHS) indicator of 2.67, so classified as a ‘green’ solvent alongside 

water.10, 14  
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5.5 Catalytic Loading 

 

Following these optimisations, the catalytic loading of the system was investigated to try 

to lower the catalytic loading from 1 mol% as outlined in Scheme 63, using sodium 

carbonate as the base, with a 75:25 MeOH:H2O solvent mixture at room temperature for 

an hour.  

 

 

Scheme 63. Reaction conditions used for catalytic loading screen. 

 

Table 22. Results from the catalytic loading screen with NMR conversion and calculated 

TON from the conversion. 

Entry Catalyst loading  NMR Conversion TON 

27 0.001 mol% 0.3 % 300 

28 0.01 mol% 2 % 200 

29 0.1 mol% 43 % 430 

30 1 mol% 97 % 97 

 

From these results it can be seen that a very low catalyst loading of 0.001 mol% results 

in very little conversion (Table 22, entry 27).  This also can act as a control run with very 

little catalyst effectively shutting off the reaction.  Increasing the catalytic loading can be 

seen to increase the NMR spectroscopic conversion.  This TON is lower than other 

catalysts reported in literature,6 and may be due to the mild conditions utilised in this 

screen.  The TON is higher than other reported catalysts in literature in mild conditions, 

however, with work by Wang et al. exhibiting a TON of 316.  This experiment was carried 

out over eight hours, however, with a more comparable TON calculated after one hour of 

160.15  Comparisons with phosphine complexes at room temperatures are still low, with 

a comparative TON calculated at 9,900 at room temperature, but this was again calculated 

over four hours.16 Compound 1.XXVII showed excellent catalytic activity at room 

temperature as well, with a 98% yield obtained after two hours with a 0.001 mol% 

loading, which relates to a TON of 9,800.17   
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5.6 Reaction Monitoring 

 

The rate of conversion over time was investigated through the use of an NMR scale 

reaction and monitored using the addition of mesitylene to act as an internal standard with 

MeOD as the select solvent (Scheme 64).   

 

 

Scheme 64. Reaction conditions for NMR scale reaction for monitoring over time. 

 

The NMR traces were standardised to the mesitylene peak at 2.25 ppm, with selected 

spectra shown below (Figure 86) and the respective conversions in Table 23.  From the 

stacked plot, it can be seen that the product at 2.65 ppm is growing in within five minutes 

and the reaction has reached around 50% conversion after 20 minutes.  The final spectra 

after 80 minutes show the reaction nearing full conversion with the starting 

4-bromoacetophenone peak at 2.59 ppm very small in comparison.  

 

 

Figure 86. Stacked 1H NMR spectra showing the progression of the reaction over time.  

Blue; t = 0 mins, Red; t = 5 mins, Pale green; t = 10 mins, Purple; t =20 mins, 

Yellow; t = 30 mins, Orange; t = 40 mins, Pale green; t = 60, Black; t = 80 mins. 

T
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Table 23. Selected time periods along the reaction profile with NMR spectroscopic 

conversion shown. 

Entry Time (min) NMR conv. 

31 0 0.4% 

32 5 22.5% 

33 10 34.0% 

34 20 51.6% 

35 30 64.8% 

36 40 72.4% 

37 60 82.2% 

38 80 86.8% 

 

Due to the changing nature of the sample within the NMR experiment, line broadening 

effects could come into play since each spectrum represents the average chemical 

composition over the period for each experiment over a number of scans.  The result of 

this effect was minimised by taking continual scans every 90 seconds.  From collection 

of this data over the reaction window, the reaction profile can be seen in Figure 87.  

 

 

Figure 87. Reaction profile for the NMR conversion of the cross-coupling reaction of 

4-bromoacetophenone with phenyl boronic acid against time. 
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This graph shows that no induction period was observed, with a fast rate of reaction 

occurring from the start of the experiment.  Attempts were made to determine the order 

of the reaction.  It would be expected that the reaction would follow a pseudo-1st order 

reaction, as the reagents are in very large excess compared to the catalytic species.  

However, through plotting a graph of the natural log of starting material (SM) 

consumption against time a straight-line plot was not achieved (Figure 88).  Similarly, a 

2nd order reaction was probed through the plotting of the inverse of the concentration of 

the starting material against time, but this also showed deviation from the line of best fit 

at the start of the reaction (Figure 89).  With both of these curves not showing a linear fit 

at places within the reaction, this suggests the reaction mechanism is more complicated 

than initially proposed, which would require further studies to fully determine. 

 

 

Figure 88. Plot of natural log of starting material concentration, [SM], against reaction 

time, with linear line of best fit added. 
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Figure 89. Plot of inverted starting material concentration, [SM], against reaction time, 

with a linear line of best fit added. 
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5.7 Temperature of Reaction 

 

The temperature of the reaction was then screened to investigate how this affected the 

NMR spectroscopic conversion.  Due to the high conversion obtained under 1 mol% 

loading in mild conditions and the relative short time scale of the reaction, these 

experiments were carried out using 0.01 mol% of catalyst to allow for effects to be seen 

(Scheme 65).  

 

 

Scheme 65. Reaction conditions used for the temperature screen. 

 

Table 24. Temperature and NMR conversion obtained from temperature screen. 

Entry Temperature (°C) NMR conv. 

39 20 2% 

40 40 10% 

41 60 99% 

42 Reflux 99% 

 

From this screen, a dramatic increase in reactivity is observed above 40 °C.  This increase 

could be due to catalyst degradation resulting in the formation of Pd(0) nanoparticles, 

changing, or in fact producing, the active catalytic species.  In order to test for the 

formation of Pd(0) nanoparticles, a mercury drop test was carried out.  The mercury drop 

test involves the addition of mercury to the catalytic reaction and observing any change 

in catalytic activity.18  Following interpretation by Jones and co-workers, if the catalytic 

activity is not affected it is indicative that the catalysis mechanism does not involve 

unprotected Pd(0) nanoparticulate species.  In contrast, if the addition of Hg(0) quenches 

the activity, this is consistent with an unprotected Pd(0) intermediate, such as palladium 

nanoparticles.19, 20  The results of this test showed a notable decrease in catalytic 

performance as outlined in Table 25.  This test was carried out at room temperature over 

one hour using 1 mol% catalyst loading with MeOH:H2O (75:25) as the solvent system.  
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Table 25. Mercury test carried out on the cross-coupling of 4-bromoacetophenone with 

phenyl boronic acid at room temperature over 1 hour with 1 mol% catalyst loading and 

MeOH:H2O (75:25) as the solvent system.  

Entry Description NMR conv. 

30 Control 97% 

43 Test 1 27% 

44 Test 2 52% 

 

The large decrease in catalytic performance suggests that the reaction proceeds via an 

unprotected Pd(0) species, which could be a result of nanoparticle formation, accelerating 

the rate of reaction.  

To further investigate the mechanism, stepwise addition of reagents in a stoichiometric 

reaction was trialled.  No change was observed in the chemical shifts relating to the Pd 

complex 3.12 in the 1H NMR or the 31P{1H} NMR spectra upon the addition of the aryl 

halide or the base.  Upon addition of the boronic acid, the catalytic reaction was observed.  

As time progressed, impurities were observed to grow in the 31P{1H} NMR spectra, with 

relative peak intensity of 3.12 at 25.8 ppm dropping from 100% to 68.8% over the 

210 minutes for which it was monitored for.  This was due to peaks appearing at 26.8 ppm 

and 32.4 ppm.  The peak at 32.4 ppm formed once all components were added but stayed 

constant at a relative integral percentage between 2.1% and 3.4%.  In contrast, the peak 

at 26.8 ppm increased up to 28.9%.  The nature of these species couldn’t be identified 

further due to the small-scale nature of the NMR experiment and the aromatic part of the 

1H NMR spectra offering no insight due to the complex nature of the mixture.  In addition, 

no signal around -5 ppm was observed, which would be indicative of free PPh3 in the 

solution.  Subtle changes were also visible in the 1H NMR spectra, with a new doublet 

relating to the Dipp group on the ligand system growing in once all components were 

added.  No change was observed for other signals within the ligand system, however, and 

no peaks corresponding to the free ligand were observed, suggesting that the changes are 

the result of a new metallic species forming in the reaction.    
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5.8 Substrate Scope 

 

With the catalytic conditions optimised, the study then progressed to a establishing the 

substrate scope.  This was first carried out across a range of aryl halides.  The conditions 

used were a 1 mol% [Pd] loading at room temperature for an hour utilising MeOH/H2O 

(75:25) as the solvent (Scheme 66).  These conditions were chosen to maintain the ‘green’ 

chemistry of the system and limit the possible catalyst degradation through heating of the 

system.  

 

 

Scheme 66. Reaction conditions used for the substrate scope. 

 

Table 26. Substrate scope investigating the effect of changing the aryl bromide used. 

Entry Aryl Bromide NMR conv. 

45 4-bromoacetophenone 96% 

46 4-nitrobromobenzene 97% 

47 4-bromotoluene 82% 

48 2-bromotoluene 75% 

49 3-bromotoluene 15% 

50 4-bromoaniline Trace 

511 4-bromoaniline 29%a 

522 4-bromoaniline 87%a 

1: Reaction carried out at 40 °C for 24 hours.  2: Reaction carried out at 60 °C for 

24 hours.  a: Isolated yield obtained. 

 

An initial screen of groups with varying electron donating/withdrawing properties 

showed that the cross-coupling reaction proceeded well when strong or moderate electron 

withdrawing groups (EWGs) were used (Table 26, entries 46 and 45 respectively).  When 

weak electron donating groups (EDGs) were used at the ortho- and para- positions (Table 

26, entries 47 and 48) the conversion decreased to 82% and 75% respectively.  Comparing 

the ortho- and para-bromotoluene to meta-bromotoluene (Table 26, entry 49) the 
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conversion dropped significantly to 15%.  This effect continued further when a strong 

EDG was used in entry 50, when only trace amounts of product were obtained.  Entry 45 

was subjected to column chromatography to check for homo-coupling of either partner.  

This resulted in an isolated yield of 70%, with all other components isolated relating to 

trace starting materials.   

These trends have been seen in literature, with the salicylaldimine ligated catalyst 

(compound 1.XXII) showing decreased activity with increasing electron-donating 

substituents.4  Electron-donating groups were also seen to slow the catalysis down in work 

by Borah and co-workers.21  

Additional studies were carried out on the 4-bromoaniline variant to investigate whether 

this partner could be coupled to phenyl boronic acid at higher temperatures in work 

carried out as a collaboration with another PhD student, Cameron Campbell, whose own 

PhD project required this product.  The reaction was carried out at increased temperatures 

over a longer reaction time with the isolated yield recorded for added clarity because no 

convenient characteristic signals were observed through 1H NMR spectroscopy.  In this 

work he found that by increasing the reaction temperature to 40 °C for a 24 hour reaction 

an isolated yield of 29% was obtained.  This was further improved by heating at 60 °C 

for 24 hours instead, resulting in an 87% isolated yield (Entries 51, 52, Table 26). 

A similar study was then carried out for the boronic acid scope with a range of electronic 

properties present on the aryl ring.  Phenylboronic acid pinacol ester was also included in 

this trial for tolerance of boronic acid derivatives.  

 

Table 27. Substrate scope investigating the effect of changing the boronic acid used. 

Entry R’ NMR conversion 

53 4-methoxybenzene boronic acid 99% 

54 4-tolylboronic acid 97% 

55 2-tolylboronic acid 94% 

56 3-tolylboronic acid 99% 

57 4-methoxycarbonylbenzene boronic acid Quant. 

58 4-nitrobenzene boronic acid 17% 

59 Phenylboronic acid pinacol ester Quant. 

 

The catalyst showed a broad reaction scope tolerating many substituents except for a 

para-nitro group (strongly electron-withdrawing), which displayed a low conversion of 

17% (Table 27, entry 58).  Phenylboronic acid pinacol ester (Table 27, entry 59) displayed 
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quantitative conversion, indicating that the catalyst is tolerant towards pinacol esters.  

This trend has also been seen in literature with electron deficient boronic acids showing 

reduced catalytic activity.6, 21 

There is an incentive to be able to use aryl chlorides as the coupling partner in these 

reactions due to their decreased cost compared to aryl bromides.  With that in mind, 

compound 3.12 was trialled for catalytic activity towards aryl chlorides using the 

conditions previously optimised (Scheme 67). 

 

 

Scheme 67. Reaction conditions used for the cross-coupling reaction of aryl chlorides 

with phenyl boronic acid. 

 

Table 28. Cross-coupling reaction between 4-chloroacetophenone with phenyl boronic 

acid in varying conditions. 

Entry Temperature Time (hr) NMR conversion 

60 Room temperature 1 hr trace 

61 40 °C 24 hr 62% 

 

The initial conditions of room temperature for an hour proved insufficient for the reaction 

to proceed, with only trace quantities of product observed.  Because of this, the 

temperature was increased to 40 °C for 24 hours (Table 28, entry 61).  This increase in 

temperature and prolonged reaction time was sufficient for the reaction to proceed, with 

an NMR spectroscopic conversion of 62% observed.  The temperature was chosen to keep 

the conditions as mild as possible.  Future work within this field would include raising 

the temperature further to 60 °C or higher to observe if a significant rate enhancement 

was also observed, similar to that seen in Table 24.  

Through comparison of these results to other [N,O] catalysts in the field, compound 3.12 

shows good catalytic activity.  Work by Muthumari et al. required high temperatures of 

100 °C for eight hours for the coupling of aryl chlorides when using 

4-methoxychlorobenzene with phenyl boronic acid with a comparative isolated yield of 

58%.6  Cui et al. utilised an [N,O] ligated palladium catalyst for the reaction of 

4-chloroacetophenone with phenyl boronic acid, offering a more direct comparison 
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between catalytic systems.22  These catalysts were capable of completing this reaction to 

high conversion (95%), with a lower catalytic loading of 0.5 mol%, but required DMF at 

110 °C for four hours.  Similar high conversions were also observed by Liu et al. with 

[N,O] catalysts generated in situ.4  These reaction conditions were also forcing, with a 

DMF:H2O (80:20) solvent heated to 110 °C for four hours.  Other [N,O] catalysts 

discussed in Chapter 1 reported no activity towards aryl chlorides.23 
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5.9 Conclusions 

 

From these experiments, it can be seen that Pd [N,O] complex 3.12 has good catalytic 

activity towards the Suzuki-Miyaura cross-coupling reaction.  This activity has been 

optimised through the choice of base, solvent, catalytic loading and temperature.  The 

conditions are mild, occurring at room temperature and over a short timescale (one hour) 

using solvents considered to be ‘green’.  Using these optimised conditions, a substrate 

scope was then carried out in which the catalyst showed good activity towards aryl 

bromides with electron-withdrawing groups.  This activity decreased with weak 

electron-donating groups, while trace quantities of products were observed with strongly 

electron-donating groups.  The catalyst also showed good activity across a range of 

boronic acids and pinacol esters, with only boronic acids featuring strongly 

electron-withdrawing groups showing limited activity.  Compound 3.12 was also a 

capable catalyst for the cross-coupling of aryl chlorides and phenylboronic acid.  This 

reaction, however, required slightly elevated temperatures of 40 °C over a longer 

timescale but is still considered mild compared to other examples of these compounds in 

literature.  
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Chapter 6: Conclusions and Future Work 

A series of 2-(arylamino)-5-methylcyclopent-2-en-1-one proligands derived from the 

condensation of maple lactone with aryl amines were synthesised.  In this family of 

ligands, the aryl group was altered with a variety of substituents present, changing the 

steric bulk of this group.  This included Dipp (2,6-diisopropylphenyl), Mes 

(2,4,6-trimethylphenyl), Dmp (3,5-dimethylphenyl) and para-tolyl (4-methylphenyl) 

substituents.  Reactions with Dipp-NH2 required very forcing conditions of xylene 

solutions heated under reflux together with a Dean-Stark apparatus indicating that 

condensation reactions of maple lactone can be difficult.  A route to further increase to 

the steric bulk of the proligand was trialled using 2,6-dibenzhydryl-4-methylaniline to 

attempt to install the extremely bulky 2,6-dibenzhydryl-4-methylphenyl group.  However, 

condensation reactions with maple lactone were not successful, with only traces of 

product observed.  This identifies the limit of steric bulk on aniline that can be tolerated 

in condensation reactions of maple lactone.  

 

The 2-(arylamino)-5-methylcyclopent-2-en-1-one proligands were successfully 

deprotonated using LiN(SiMe3)2 and NaH to yield their respective lithium or sodium 

imino-enolate salts, demonstrating a change in the electronic structure from keto-enamine 

to imino-enolate upon deprotonation.  Trialling both salts showed that the sodium salts 

were more amenable for complexation reactions with Ni and Pd metal salts. 

 

Complexation experiments were carried out with the Ni precursors 

trans-[NiPh(Cl)(PPh3)2] and trans-[Ni(o-tolyl)(Cl)(PPh3)2] to yield square planar 

complexes containing 5-membered [N,O] chelates in yields between 40% and 56%.  The 

ligand remained as the imino-enolate tautomer.  With the ortho-tolyl and [Dipp-N,O] 

ligands, hindered rotation around the N-Dipp bond was observed on an NMR timescale.  

This hindered rotation was investigated through variable temperature NMR studies, 

however, no coalescence of signals was observed.  Complexation of the [Dipp-N,O] 

proligand was also carried out with a palladium precursor to give the desired Pd complex 

in high yields of 94%.  Further reactions of this complex to convert the chloride ligand to 

a methyl group were unsuccessful. 

 

The Ni complexes were then trialled for catalysis of the homo-polymerisation of ethene.  

Precatalysts with N-Dipp substituents were found to exhibit moderate activity in the 
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polymerisation of ethene when an activator (B(C6F5)3 or [Ni(cod)2] 

(cod = 1,4-cyclooctadiene)) was used.  These polymers exhibited a high molecular 

weight, as determined through analysis using GPC, with a large variation of Tm and 

degree of branching depending on the conditions used.  The catalytic activity was highly 

dependent on temperature, with the catalysts most active at 80 °C.  Significant structural 

differences were found when changing the activator from B(C6F5)3 to [Ni(cod)2] as the 

activator, with [Ni(cod)2] producing a more highly branched polymer.  It was also 

observed that reducing the steric bulk at the N-substituent of the ligand led to an inactive 

species towards the polymerisation of ethene.  The most active nickel precatalyst (with 

the N-Dipp substituent) was then trialled for the copolymerisation of ethene and CO.  The 

trial was unsuccessful with no copolymerisation observed.  This then led to an 

investigation into the binding and migratory insertion of CO into the Ni complex, which 

showed a rapid reaction with CO.  The nickel complex with the N-Dipp substituent was 

then trialled for the polymerisation of 1-hexene and the polymerisation of methyl acrylate.  

Neither of these reactions displayed any sign of polymerisation indicating the specific 

activity of these complexes towards polymerisation of ethene. 

 

The Pd complex with the 5-membered [Dipp-N,O] chelating ligand was trialled for the 

Suzuki-Miyaura cross-coupling reaction between 4-bromoacetophenone and phenyl 

boronic acid.  This catalyst was highly active under mild conditions and achieved 

conversion over a short time scale.  From this initial trial, optimisation of temperature, 

base, catalytic loading and solvent was carried out.  This identified that the catalyst was 

tolerant to atmospheric conditions.  It was also observed that there was a large increase 

in catalytic activity above 60 °C, which could be due to the formation of nanoparticles, 

as demonstrated by a decrease in activity with the addition of Hg.  Na2CO3 and K2CO3 

were identified as bases showing excellent activity, with Na2CO3 chosen for future 

studies.  Catalytic loading studies showed a decrease in yield was obtained with 

decreasing catalytic loading, with effectively no reaction observed at 0.001 mol%.  

Solvent was found to have an important impact on the catalytic activity, with the best 

results obtained when a 75:25 MeOH:H2O mixture was used.  The scope and tolerance of 

this reaction was then investigated.  The optimised reaction conditions ([Pd] 1 mol%, 

Na2CO3 (2 eq), MeOH:H2O 75:25, 10 mL, r.t., 1 hr) showed good conversion (by 

1H NMR spectroscopy) for all aryl bromides with electron-withdrawing groups, with 

conversion decreasing when more electron-donating substituents were used, and only 

traces of the product were obtained with 4-bromoaniline.  This reaction was successful, 
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however, when the temperature of the reaction was increased to 60 °C and the reaction 

time to 24 hours.  Determining the scope of tolerated boronic acids was also carried out, 

with only the boronic acids featuring strongly electron-withdrawing groups showing 

limited activity.  Pinacol esters also showed good activity towards the Suzuki-Miyaura 

cross-coupling reactions.  The catalyst was also capable of the cross-coupling reaction 

between aryl chlorides and phenyl boronic acid, but these reactions required an elevated 

temperature of 40 °C for 24 hours.  These conditions are still mild compared to other 

examples of these compounds in literature.   

 

Future work 

 

Future work in this project could include trying to increase the steric bulk on the 

ortho-position of the amine. Whilst this was trialled with 

2,6-dibenzyhydryl-4-methylaniline, this compound proved to be too sterically hindered 

for condensation with maple lactone.  Increasing the steric bulk compared to the Dipp 

group, but remaining smaller than the 2,6-dibenzyhydryl variant to still allow for 

proligand synthesis, but with increased steric bulk would also be an interesting avenue of 

investigation.  Possible synthetic targets for this could include the use of tert-butyl groups, 

anthracene derivatives or adamantyl groups (Figure 90).  

 

 

Figure 90. Potential synthetic targets for the condensation with maple lactone to develop 

more sterically bulky proligands. 

 

Further future work would investigate the excellent performance of the Brookhart 

5-membered catalyst (compound 1.XIV) that features conjugation between the nitrogen 

and oxygen donor atoms on the ligand.  This could be achieved by trialling Brookhart’s 

catalyst with the autoclave setup and conditions at Heriot-Watt University to identify 

whether the excellent performance is still achieved and how it compares to the new 

catalysts identified in this thesis.  Conjugation between the donor atoms in compound 2.1 

could also be targeted through unsaturation of the maple lactone ring (Figure 91). 
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Figure 91. Potential unsaturation of the maple lactone ring leading to a conjugated 

system between the [N,O] chelate. 

 

Following successful preliminary cross-coupling studies, publication of these results is 

the next step.  It has been shown from the studies with compound 3.12 that this catalyst 

shows activity towards the Suzuki-Miyaura cross-coupling reactions in mild, atmospheric 

conditions.  Future studies would synthesise more Pd complexes with different N-Ar 

substituents in order to show a ligand effect, as well as identify the best precatalyst (Figure 

92).  This would be easiest to obtain with the known synthetic pathway of the sodium 

salts, as outlined in Chapter 2. 

 

 

Figure 92. Potential target catalysts for Suzuki-Miyaura cross-couplings to investigate 

the effects of steric bulk on the N substituent from the range of sterically different 

proligands previously developed. 

 

Additionally, with only limited work in the literature using this type of catalyst that 

feature ‘hard’ donor ligands, there is much work required into understanding the 

mechanism involved with this family of catalysts towards cross-coupling reactions.  
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Chapter 7: Experimental 

 

7.1 Experimental Details 

 

Reactions were either performed under an oxygen-free nitrogen atmosphere using 

standard Schlenk line techniques (typically H2O, O2 1 ppm < 5 ppm) and in an MBRAUN 

UNIlab Plus glovebox (H2O, O2 < 0.5 ppm) or in the open laboratory, as indicated.  

Anhydrous toluene, anhydrous CH2Cl2 and anhydrous THF were obtained from an 

MBRAUN SPS-800.  Petroleum ether 40-60 was distilled from sodium wire and diethyl 

ether was distilled from sodium / benzophenone.  Benzene and benzene-d6 were dried 

over molten potassium and distilled.  All anhydrous solvents were degassed before use 

and stored over activated 4 Å molecular sieves.  

Starting materials were purchased from commercial supplies and used without further 

purification unless stated below.  2,6-Diisopropylaniline and 2,4,6-trimethylaniline were 

distilled under reduced pressure before use.  1-Hexene and methyl acrylate were dried 

over CaH2 and distilled prior to polymerisation.   

Air-sensitive samples for NMR spectroscopy were prepared in NMR tubes equipped with 

a J. Young tap.  NMR spectra were recorded on Bruker AV300 (300 MHz), AVI400 

(400 MHz), AVIII400 (400 MHz) or AVHDIII (400 MHz) spectrometers at 298 K unless 

specified.  Chemical shifts δ are noted in parts per million (ppm).  1H and 13C spectra 

were calibrated to the residual proton resonances of the deuterated solvent.  31P NMR 

spectra were referenced to external samples of 85% H3PO4 at 0 ppm.   

Single crystal X-ray diffraction experiments were performed on single crystals of the 

samples covered in an inert oil and placed under the cold stream (100 K) of a Bruker X8 

APEX-II four-circle diffractometer (Heriot-Watt University), except for compound 3.3, 

which was collected in the cold stream (150 K) of a Bruker APEX-II diffractometer 

(LIKAT), compound 2.1, which was collected at the UK EPSRC National 

Crystallography Service at the University of Southampton, and compound 2.9 which was 

collected at the Advanced Light Source (ALS), Berkley, California, US.  Exposures were 

collected using Mo-Kα radiation (λ = 0.71073 Å), except for the sample analysed at the 

ALS synchrotron.  Indexing, data collection and absorption corrections were performed, 

then structures were solved using direct methods (SHELXT)1 and refined by full-matrix 

least-squares (SHELXL) interfaced with the programme OLEX2.2, 3  CCDC numbers are 

given where applicable, which can be found free of charge from the Cambridge 



 

189 

Crystallographic Data Centre.  Mass spectrometry analysis was performed at the UK 

National Mass Spectrometry Facility at Swansea University using an Atmospheric Solids 

Analysis Probe interfaced to a Water Xevo G2-S instrument.  Elemental analyses were 

performed by Dr Brian Hutton at Heriot-Watt University using an Exeter CE440 

elemental analyser or by Mr Stephen Boyer at London Metropolitan University.  Infra-

red experiments were carried out on a Thermo Scientific Nicolet iS5 machine with an iD5 

ATR - Diamond accessory, using a DTGS KBr detector.  

Polymerization reactions were run either using a Parr autoclave equipped with a gas 

entraining stirrer, electrical heating mantle and automatic temperature control (LIKAT) 

or a magnetically stirred Parr 9010 0.45 L autoclave (Heriot-Watt University).  NMR 

analysis of polyethene was carried out on spectrometers listed above in deuterated 

bromobenzene, although limitations of running the samples at room temperature led to 

poor solubility for linear, high molecular weight material.  DSC measurements were 

carried out on a TA Instruments DSC 2010.  GPC analysis was carried out at Warwick 

Scientific services using an Agilent PL220 high temperature instrument equipped with 

differential refractive index (DRI), viscometry (VS) and dual angle light scatter 

(LS 90 + 15) detectors.  The system was equipped with 2 x PLgel Olexis columns 

(300 x 7.5 mm) and a PLgel Olexis guard column.  The mobile phase was TCB with 

250 PPM BHT (butylated hydroxytoluene) additive.  Samples were run at 1 ml/min at 

160 °C.  Polystyrene standards (Agilent EasyVials) were used to create a third order 

calibration.  Analyte samples were filtered through a stainless-steel frit with 10 μm pore 

size before injection.  Respectively, experimental molar mass (Mn,SEC) and dispersity (Đ) 

values of synthesized polymers were determined by conventional calibration using 

Agilent GPC/SEC software. 
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7.2 Synthesis of [N,O] proligands 

Compound 2.1; 2-((2,6-diisopropylphenyl)amino)-5-methylcyclopent-2-en-1-one 

Maple lactone (3.58 g, 31.9 mmol), 2,6-diisopropylaniline (6.0 mL, 31.9 mmol), 

p-toluenesulfonic acid monohydrate (22.0 mg, 0.116 mmol) and xylene (100 mL) were 

added to a 250 mL round bottomed flask.  This mixture was then heated to reflux (140 °C) 

with a Dean-Stark apparatus for three days.  All volatiles were then removed by rotary 

evaporation, and the resultant oil was purified using column chromatography (10% ethyl 

acetate, 90% petroleum ether 40-60) yielding a red/brown solid (6.23 g, 23.0 mmol, 72%). 

 

 

 

1H NMR (CDCl3, 300 MHz): δ 7.26-7.15 (3H, m, H9, 10, 11), 5.56 (1H, t, J = 3.2 Hz, H3), 

5.41 (1H, br s, NH), 3.11 (2H, sept, J = 7.0 Hz, H13, 16), 2.71 (1H, ddd, J = 17.6, 6.3, 

3.2 Hz, H4’), 2.48 (1H, m, H5), 2.02 (1H, ddd, J = 17.8, 3.2, 2.0 Hz, H4’’), 1.23 (3H, d, 

J = 7.4 Hz, H6), 1.20-1.15 (12H, 2xd, J = 7.0 Hz, H14, 15, 17, 18).  13C{1H} NMR (75.5 MHz, 

CDCl3): δ 206.88 (C, C1), 146.44 (C, C8, 12), 144.96 (C, C2), 135.53 (C, C7), 127.07 (CH, 

C10), 123.65 (CH, C9, 11), 121.71 (CH, C3), 39.26 (CH, C5), 32.66 (CH2, C4), 28.25 (CH, 

C13, 16), 24.14/23.96 (2xCH3, C14, 15, 16, 17), 16.67 (CH3, C6).  HRMS (EI): Calcd. for 

[M+H]+ C18H26NO+: 272.2009, Found: 272.2010 m/z.  Elemental analysis calcd. (%) for 

C18H25NO: C; 79.66, H; 9.28, N; 5.16; found: C; 79.52, H; 9.35, N; 5.21. 
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Compound 2.2 

2.2 was identified as a by-product in the formation of 2.1, and was purified using column 

chromatography (10% ethyl acetate, 90% petroleum ether 40-60) yielding a dark brown 

oil (0.068 g, 0.5 %).  

 

 

1H NMR (CDCl3, 300 MHZ): δ 7.16-7.10 (1H, m), 7.03 (1H, s), 7.00 (1H, m), 

6.94 (1H, s), 6.91 (1H, s), 6.68 (1H, t, J = 7.7 Hz), 5.10 (1H, bs), 3.07 (1H, sept, 

J = 6.7 Hz), 2.82 (1H, sept, J = 6.6 Hz), 2.28 (4H, m), 1.20 (3H, s), 1.16 (12H, d, 

J = 7.3 Hz), 1.05 (12H, d, J = 6.8 Hz).  13C{1H} NMR (75.5 MHz, CDCl3): δ 204.05 (C), 

147.82 (C), 140.43 (C), 139.76 (C), 135.92 (C), 135.78 (C), 132.42 (C), 127.38 (CH), 

123.16 (CH), 122.81 (CH), 118.55 (CH), 32.55 (CH2), 29.91 (CH2), 28.36 (CH), 28.00 

(CH), 22.55 (CH3), 15.52 (CH3)  MS (EI): Calcd. for [M+H]+ C30H42N2
+: 430.3348, 

Found: 430.3 m/z. 
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Compound 2.3; 2-(mesitylamino)-5-methylcyclopent-2-en-1-one 

Maple lactone (3.58 g, 31.9 mmol), 2,4,6-trimethylaniline (4.5 mL, 31.9 mmol), 

p-toluenesulfonic acid monohydrate (11.0 mg, 0.058 mmol) and toluene (100 mL) were 

combined in a 250 mL round bottomed flask.  This mixture was then heated under reflux 

(110 °C) using a Dean-Stark apparatus for 16 hr.  The solvent was then removed using 

rotary evaporation, and the resultant oil was purified using gradient column 

chromatography (10% ethyl acetate, 90% hexane increasing to 15% ethyl acetate) 

yielding a dark brown solid (4.97 g, 21.7 mmol, 68% yield). 

 

 

 

1H NMR (CDCl3, 300 MHz): δ 6.89 (2H, s, H9, 11), 5.54 (1H, t, J = 3.3 Hz, H3), 5.27 (1H, 

br s, NH), 2.74 (1H, ddd, J = 17.8, 6.4, 3.3 Hz, H4’) 2.49 (1H, m, H5), 2.28 (3H, s, H14), 

2.15 (6H, s, H13, 15), 2.06 (1H, ddd, J = 17.8, 3.3, 2.0 Hz, H4’’), 1.24 (3H, d, J = 7.5 Hz, 

H6).  13C{1H} NMR (75.5 MHz, CDCl3, 298K): δ 207.20 (C, C1), 142.88 (C, C2), 135.82 

(C), 135.31 (C), 134.50 (C, C8, 12), 129.22 (CH, C9, 11), 122.00 (CH, C3), 39.35 (CH, C5), 

32.80 (CH2, C4), 20.95 (CH3, C14), 18.19 (CH3, C13, 15), 16.75 (CH3, C6).  HRMS (EI): 

Calcd. for [M+H]+ C15H20NO+: 230.1467, Found: 230.14687 m/z.  Elemental analysis 

calcd (%) for C15H19NO: C; 78.56, H; 8.29, N; 6.11. Found: C; 78.61, H; 8.43, N; 6.20. 
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Compound 2.4; 2-((3,5-dimethylphenyl)amino)-5-methylcyclopent-2-en-1-one 

Maple lactone (3.00 g, 26.8 mmol), 3,5-dimethylaniline (3.24 g, 26.8 mmol), 

p-toluenesulfonic acid (25.4 mg, 0.134 mmol) and toluene (150 mL) were added to a 

250 mL round bottomed flask.  This mixture was then heated under reflux (110 °C) using 

Dean-Stark apparatus overnight (16 hr).  The solvent was then removed under rotary 

evaporation.  The crude oil was then purified through column chromatography (10% ethyl 

acetate, 90% hexane).  The fractions containing the product were combined and the 

product was recrystallised from hot petroleum ether 40-60 yielding a red/brown solid 

(2.59 g, 12.03 mmol, 45% yield). 

 

 

 

1H NMR (CDCl3, 300 MHz): δ 6.67 (2H, s, H8, 12), 6.65 (1H, t, J = 3.3 Hz, H3), 6.58 (1H, 

s, H10), 6.11 (1H, br s, NH), 2.90 (1H, ddd, J = 18.0, 6.6, 3.4 Hz, H4’), 2.46 (1H, m, H5), 

2.29 (6H, s, H13, 14), 2.26-2.18 (1H, ddd, J = 18.0, 3.4, 2.1 Hz, H4’’), 1.23 (3H, d, 

J = 7.2 Hz, H6).  13C{1H} NMR (75.5 MHz, CDCl3): δ 207.49 (C, C1), 141.88 (C, C2), 

139.24 (C), 139.18 (C), 123.09 (CH, C10), 122.88 (CH, C3), 114.66 (CH, C8, 12), 38.07 

(CH, C5), 33.42 (CH2, C4), 21.59 (CH3, C13, 14), 16.57 (CH3, C6).  HRMS (EI): m/z calcd 

for [M+H]+ C14H18NO+ 216.1383; Found 216.1383;  Elemental analysis calcd (%) for 

C14H17NO: C; 78.10, H; 7.96, N; 6.51; found: C; 78.12, H; 8.00, N; 6.57. 
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Compound 2.5; 5-methyl-2-(p-tolylamino)cyclopent-2-en-1-one 

Maple lactone (3.00 g, 26.8 mmol), p-toluidine (2.79 mL, 26.8 mmol), p-toluenesulfonic 

acid (25.4 mg, 0.134 mmol) and toluene (150 mL) were added to a 250 mL round 

bottomed flask.  This mixture was then heated under reflux (110 °C) using Dean-Stark 

apparatus overnight (16 hr).  The solvent was then removed under vacuum and the crude 

oil was then purified by column chromatography (10% ethyl acetate, 90% hexane) 

yielding a brown solid (2.69 g, 13.38 mmol, 50% yield). 

 

 

 

1H NMR (CDCl3, 300 MHz): δ 7.10 (2H, m, HAr), 6.95 (2H, m, HAr), 6.60 (1H, t, 

J = 3.1 Hz, H3), 6.10 (1H, br s, NH), 2.89 (1H, ddd, J = 17.7, 6.5, 3.3 Hz, H4’), 2.46 (1H, 

m, H5), 2.29 (3H, s, H13), 2.21 (1H, ddd, J = 17.7, 3.3, 2.1 Hz, H4’’), 1.24 (3H, d, 

J = 7.6 Hz, H6)  13C{1H} NMR (75.5 MHz, CDCl3): δ 207.44 (C, C1), 139.48 (C,), 

139.44 (C), 130.45 (C), 129.94 (CH, C9, 11), 122.47 (CH, C3), 117.00 (CH, C8, 12), 38.14 

(CH, C5), 33.38 (CH2, C4), 20.74 (CH3, C13), 16.55 (CH3, C6).  HRMS (ESI-MS) m/z 

calc for [M+H]+ C13H16NO+: 202.1226, Found 202.1225.  Elemental analysis calcd (%) 

for C13H15NO: C; 77.58, H; 7.51, N; 6.96. Found: C; 77.10, H; 7.55, N 6.80. 
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Compound 2.6; 2,6-dibenzhydryl-4-methylaniline 

Diphenylmethanol (3.00 g, 16.3 mmol, 2 eq) and p-toluidine (0.87 g, 8.14 mmol, 1 eq) 

were combined in a Schlenk flask and melted together at approx. 150 °C, resulting in a 

brown liquid.  The reaction mixture was then allowed to cool, before being exposed to 

the atmosphere and a solution of HCl/ZnCl2 (36% HCl, 0.68 mL, 8.14 mmol, 1 eq; 

anhydrous ZnCl2, 0.54 g, 4.08 mmol, 0.5 eq), was added dropwise.  The resulting mixture 

was heated at 160 °C until the reaction media solidified (approximately 2 hr).  Once 

cooled, the solid was dissolved in CH2Cl2 (20 mL) and washed sequentially with NH4Cl 

and brine (2 x 50 mL).  After drying over anhydrous K2CO3, silica gel (2 g) was added to 

the solution and the mixture filtered.  Evaporation of the solvent yielded an off-white 

solid, which was washed with ethyl acetate to yield a colourless powder.  This was then 

recrystallised with ethyl acetate/pet ether to yield white crystals. (2.33 g, 2.33 mmol, 

65%). 

 

 

 

1H NMR (CDCl3, 300 MHz): δ 7.30 (12H, m, Ph), 7.16 (8H, m, Ph), 6.44 (2H, s, H3,5), 

5.50 (2H, s, H7,9), 3.33 (2H, s, NH), 2.07 (3H, s, H8).  13C{1H} NMR (75.5 MHz, CDCl3): 

δ 142.97 (C), 139.82 (C), 129.62 (CH), 129.37 (C), 129.15 (CH), 128.55 (CH), 126.72 

(C), 126.65 (CH), 52.54 (CH), 21.06 (CH3).  Data matched literature values.4  
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Compound 2.7 

Maple lactone (0.3 g, 2.675 mmol) and 2.6 (1.1761 g, 2.675 mmol) were added to a 

Teflon-lined bomb reactor vessel.  To this, formic acid (few drops) and anhydrous MgSO4 

(0.5 g) were added together with xylene (5 mL).  The reactor was then sealed and placed 

in an oven heated to 150 °C for 24 hours.  After cooling, the mixture was filtered to 

remove the drying agent and subjected to multiple recrystallisations using ethyl 

acetate/petroleum ether 40-60.  The product also underwent column chromatography 

using ethyl acetate/petroleum ether 40-60 (2.5:97.5).  Desired product only visible in trace 

NMR in mixture.   

 

HRMS (ESI-MS) m/z calc for [M+H]+ C39H35NO+: 534.2798, Found 534.2791. 

Compound 2.8 

Compound 2.1 (0.5 g, 1.842 mmol) was dissolved in dry toluene (20 mL).  Lithium 

bis(trimethylsilyl)amide (0.5106 g, 1.842 mmol) was transferred to a Schlenk tube in a 

glove box, to which dry toluene (20 mL) was added, and this solution was then added via 

a cannula to the ligand solution and the mixture stirred.  The product was then obtained 

through crystallisation from solution. 

 

1H NMR (CDCl3, 300 MHz): δ 7.14 (3H, m), 2.80 (2H, sept, J = 6.9 Hz), 2.21 (2H, m), 

1.99 (2H, m), 1.66 (3H, s), 1.14 (6H, d, J = 7.0 Hz), 0.98 (6H, d, J = 7.0 Hz). 7Li NMR 

(CDCl3, 116.6 MHz): δ 1.83 ppm.  13C{1H} NMR (75.5 MHz, CDCl3): δ 184.89 (C), 

158.23 (C), 146.95 (C), 138.45 (C), 124.51 (CH), 123.35 (CH), 29.53 (CH2), 28.08 (CH), 

26.36 (CH2), 23.98 (CH3), 23.63 (CH3), 13.49 (CH3) 
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Compound 2.9 – Compound 2.12 

The typical procedure for the synthesis of compound 2.9 – 2.12 is as follows. 

2-((2,6-diisopropylphenyl)amino)-5-methylcyclopent-2-en-1-one (2.1, 1.0 g, 3.685 

mmol) was dissolved in dry THF (20 mL).  Sodium hydride (0.442 g, 18.425 mmol) was 

transferred to a Schlenk tube in a glove box, to which dry THF (20 mL) was added.  2.1 

was then added via cannula to the NaH suspension whilst in an ice bath with stirring.  The 

reaction was then heated under reflux for 5 days.  The solution was then filtered into a 

new Schlenk flask and the solvent was removed under reduced pressure.  Petroleum 

ether 40 - 60 was then added to remove unreacted starting material and filtered off to 

leave the product as a solid.  These salts were used directly without further purification.  

NMR studies proved difficult due to poor solubility, resulting in poor shimming and a 

complex mixture of clusters.  Reaction was able to be observed through the loss of the 

alkene triplet at 5.56 ppm and the NH2 broad singlet at 5.41 ppm.  
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7.3 Synthesis of metal complexes 

 

Compound 3.1; [trans-NiCl2(PPh3)2] 

Following a literature procedure,5 NiCl2 • 6H2O (4.1425 g, 17.43 mmol), EtOH (55 mL) 

and a magnetic stirrer bar were placed in a round bottomed flask which was sealed with 

a rubber septum and sparged with N2 for 15 mins.  The septum was then removed and 

PPh3 (10.059 g, 38.35 mmol) added.  This was then heated under reflux for one hour and 

the dark precipitate that formed was collected by vacuum filtration.  The precipitate was 

washed with ethanol (2 x 30 mL), then diethyl ether (2 x 30 mL) before being dried under 

vacuum to yield [trans-NiCl2(PPh3)2] as a dark green/black solid (9.350 g, 82%).  

 

Attempted formation of Compound 3.2; [Ni(Ph)(Cl)(PPh3)2] via a Grignard reagent5 

[trans-NiCl2(PPh3)2] (1.00 g, 1.53 mmol) was placed in an oven-dried flask equipped with 

a J. Young tap containing a magnetic stirrer bar.  Dry THF (approx. 15 mL) was then 

added through a canula, and the solution cooled to 0 °C.  PhMgBr (1.0 M in THF, 

1.56 mL, 1.56 mmol) was then added dropwise from a disposable syringe with vigorous 

stirring, and the reaction then stirred for 15 mins at 0 °C.  The solution was evaporated to 

dryness under reduced pressure.  MeOH (6 mL) was added and the mixture sonicated 

until a uniform suspension was obtained which was filtered under vacuum.  This was then 

washed with Et2O (5 mL).  The product was then recrystalised using dry toluene/dry 

petroleum ether 40 – 60 however the reaction did not work, so an alternative pathway was 

taken.  
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Compound 3.2; [Ni(Ph)(Cl)(PPh3)2] – modified procedure6 

Nickel chloride (0.5 g, 3.86 mmol), zinc dust (0.25 g, 3.86 mmol) and triphenylphosphine 

(4.25 g, 16.21 mmol) were added to a Schlenk flask and suspended in DMF (50 mL).  The 

reaction mixture was then heated to 50 °C for two hours.  The solvent was then evaporated 

and toluene (100 mL) was added.  After adding chlorobenzene (0.98 mL, 9.65 mmol) the 

solution was stirred for three hours at 0 °C.  The reaction mixture was then filtered to 

remove zinc dust before the solution was concentrated to approximately 35 mL and 

petroleum ether 40 – 60 (50 mL) was added.  A yellow solid precipitated which was 

isolated by filtration, washed twice with petroleum ether 40 – 60 (50 mL) and dried for 

24 hours under high vacuum prior to transfer to a glovebox (1.97 g, 2.78 mmol, 

72% yield).  

 

 

1H NMR (C6D6, 400 MHz, 25 °C): δ 7.79 (12H, bs), 7.46 (1H, d, J = 7.7 Hz), 7.21 (1H, 

t, J = 7.6 Hz), 7.02 (18H, bs), 6.36 (1H, t, J = 7.5 Hz), 6.28 (2H, t, J = 7.3).  31P{1H} 

(C6D6, 122 MHz): δ 21.47.  Elemental analysis calcd (%) for C42H35ClNiP2: C; 72.50, 

H; 5.07. Found: C; 72.65, H; 5.39.  Data matches literature values.6  
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Compound 3.3; [Ni(Ph)(N,ODipp)(PPh3)] vis sodium salt 

2.1 (205 mg, 0.74 mmol, 1 equiv.) and NaH (88 mg, 3.7 mmol, 5 equiv.) were combined 

in a Schlenk tube and THF (30 mL) was added.  The mixture was stirred for three days, 

then left to settle and the clear pale orange solution was filtered.  All volatiles were 

removed under reduced pressure giving an off-white residue.  [Ni(Ph)(Cl)(PPh3)2] 

(513 mg, 0.74 mmol, 1 equiv.) and toluene (25 mL) were added and the mixture stirred 

for 16 hours producing a dark orange solution.  The solution was filtered, the solvent was 

removed, and the residue extracted with hexane (30 mL) giving a red solution that was 

filtered.  This was concentrated under reduced pressure and the product crystallised at 

5 °C as red crystals in two crops (245 mg, 0.366 mmol, 50%). 

 

 

 

1H NMR (300 MHz, Benzene-d6, 25 °C): δ 7.91 – 7.58 (m, 6H, H26), 7.10 (m, 2H, H20), 

7.07 – 6.79 (m, 12H, overlapping H9, 10, 11, 27, 28), 6.52 – 6.27 (m, 3H, H21, 22), 3.82 (septet, 

J = 6.8 Hz, 2H, H13, 16), 2.35 – 2.13 (m, 2H, H4), 2.07 – 1.93 (m, 2H, H3), 1.71 (s, 3H, 

H6), 1.28 (d, J = 6.8 Hz, 6H, H14, 17), 1.13 (d, J = 6.8 Hz, 6H, H15, 18);  13C{1H} NMR 

(75 MHz, C6D6): δ 193.87 (d, J = 2 Hz, C, C2), 166.05 (d, J = 2 Hz, C, C1), 146.73 (d, 

J = 45.7 Hz, C, C19), 143.13 (C, C7), 140.70 (C, C8,12), 137.91 (d, J = 2.7 Hz, CH, C21), 

134.54 (d, J = 10.5 Hz, CH, C26), 132.05 (d, J = 44.2 Hz, C, C25), 129.41 (d, J = 2.5 Hz, 

CH, C27), 127.18 (C, C5), 127.57 (C, C28), 125.86 (CH, C10), 125.11 (d, J = 1.8 Hz, CH, 

C20), 123.06 (CH, C11), 121.40 (CH, C22), 33.52 (CH2, C4), 28.30 (CH, C13, C16), 25.51 

(CH2, C3), 25.02 (CH3, C15,18), 23.82 (CH3, C14,17), 13.40 (CH3, C6).  31P{1H} NMR 

(122 MHz, C6D6): δ 25.20 ppm.  HRMS (ASAP): Calculated for [M+H]: 668.2592, 

Found: 668.2602 m/z. 
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Formation of by-product when using a Li salt 

2.8 (0.1987 g, 0.717 mmol) and [Ni(Ph)(Cl)(PPh3)2] (3.2) (0.5g, 0.717 mmol) were 

dissolved in dry toluene (20 mL) and the mixture stirred for five hours.  The solvent was 

then removed and mixture analysed using 1H NMR spectroscopy.  The mixture was then 

washed with diethyl ether to remove PPh3, but diethyl ether also dissolved compound 3.3 

complex.  Second wash was then carried out with toluene to obtain all product.  Sample 

was then subject to recrystallisation using toluene/petroleum ether 40 - 60.  Crystals 

formed overnight suitable for x-ray analysis.  

 

Compound 3.5; trans-[Ni(o-tolyl)(Cl)(PPh3)2]5  

[trans-NiCl2(PPh3)2] (3.1) (3.429 g, 5.23 mmol) was placed in an oved-dried 100 mL 

round bottomed flask to which CH2Cl2 (70 mL) was added, and the solution was cooled 

to 0 °C.  o-Tolylmagnesium bromide (1.4M in THF, 3.74 mL, 5.23 mmol) was added 

dropwise with vigorous stirring.  This was then stirred for 15 mins at 0 °C before the 

solution was evaporated to dryness.  MeOH (20 mL) was added, and the mixture 

sonicated until a uniform suspension obtained.  This was then cooled to 0 °C, and a bright 

yellow precipitate was collected by vacuum filtration, then washed with diethyl ether 

(2 x 15 mL) and dried under high vacuum (2.018 g, 2.82 mmol, 54% yield). 

 

 

 

1H NMR (400 MHz, Benzene-d6, 25 °C): δ 7.76 (12H, m), 7.31 (1H, d, J = 7.7 Hz), 7.00 

(18H, bs), 6.46 (1H, t, J = 6.8 Hz), 6.25 (1H, t, J = 7.5 Hz), 6.18 (1H, d, J = 7.0 Hz), 

2.45 ppm (3H, s).  31P{1H} NMR (122 MHz, C6D6): δ 21.39 ppm.  Data matched 

literature values.5  
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Compound 3.6; [Ni(o-tolyl)(N,ODipp)(PPh3)] 

Compound 3.5, trans-[Ni(o-tolyl)Cl(PPh3)2], (0.960 g, 1.36 mmol) and compound 2.9 

(0.400 g, 1.36 mmol) were dissolved in a Schenk flask with toluene (20 mL).  This was 

then heated to 50 °C and stirred over the weekend.  The solvent was then removed under 

reduced pressure and the solid was then washed with cold petroleum ether (40-60) 

(20 mL).  The product was extracted repeatedly with hot petroleum ether (40-60) yielding 

a red/orange solid (0.3799 g, 0.56 mmol, 41%). 

 

 

1H NMR (400 Hz, 298 K C6D6): δ 7.81 (6H, m, H27), 7.06 (m, 11H, overlapping Ar and 

PPh3), 6.77 (1H, dd, J = 7.6, 1.5 Hz, HNi-o-tolyl), 6.75 (1H, dm, J = 7.6, HNi-o-tolyl), 6.44 (1H, 

br t, J = 7.2 Hz, HAr), 6.35 (1H, dd, J = 7.3, 0.9 Hz, HNi-o-tolyl), 6.24 (1H, td, J = 7.3, 1.2 Hz, 

HNi-o-tolyl), 4.49 (1H, sept, J = 6.8 Hz, HiPr), 3.23 (1H, sept, J = 6.8 Hz, HiPr), 3.16 (3H, s, 

H25), 2.23 (bs, 2H, H4), 2.00 (bs, 2H, H3), 1.65 (s, 3H, H6), 1.64 (3H, d, J = 6.8 Hz, HiPr), 

1.32 (3H, d, J = 6.8 Hz, HiPr), 1.07 (3H, d, J = 6.8 Hz, HiPr), 0.87 ppm (3H, d, J = 6.8 Hz, 

HiPr).  13C{1H} NMR (100.6 Hz, 298 K C6D6): δ 193.96 (C), 165.94 (C), 165.86 (C), 

143.77 (C), 143.74 (C), 141.11 (C), 137.28 (CH), 134.77 (CH), 134.66 (CH), 132.07 (C), 

131.64 (C), 129.51 (CH), 128.37  (CH), 128.12 (CH), 128.00 (CH), 127.87 (CH), 127.76 

(CH), 127.63 (CH), 127.55 (CH), 127.25 (CH), 125.93 (CH), 123.41 (CH), 123.01 (CH), 

122.54 (CH), 122.51 (CH), 122.12 (CH), 33.52 (CH2), 28.73 (CH), 27.74 (CH), 26.21 

(CH3), 26.19 (CH2), 25.76 (CH3), 25.47 (CH3), 25.18 (CH3), 24.41 (CH3), 23.69 (CH3), 

13.50 ppm (CH3).  31P{1H} NMR (162 Hz, 298 K, C6D6): δ 21.46 ppm.  HRMS (ASAP): 

Calculated for [M+H]: 682.2749, Found: 682.2755 m/z.  
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Compound 3.7; [Ni(o-tolyl)(N,OMes)(PPh3)] 

trans-[Ni(o-tolyl)Cl(PPh3)2] (0.9416 g, 1.33 mmol) and sodium 

5-(mesitylimino)-2-methylcyclopent-1-en-1-olate (2.10) (0.4000 g, 1.59 mmol) were 

dissolved in a Schenk flask with toluene (20 mL).  This was then heated to 50 °C and 

stirred for 72 h.  The solvent was removed under reduced pressure and the complex was 

then washed with petroleum ether (40-60) (20 mL).  The product recrystallized from 

toluene/petroleum ether (40-60) yielding a yellow solid (0.4600 g, 0.72 mmol, 54%). 

 

 

 

1H NMR (400 Hz, 298 K, C6D6): δ 7.75 (6H, m, H24), 7.39 (1H, m), 7.09 (1H, m), 7.01 

(m, 9H), 6.62 (1H, bs), 6.47 (1H, m), 6.31 (2H, tm, J = 6.6 Hz, HNi-o-tolyl), 2.94 (3H, s, 

H22), 2.55 (3H, s, HMes), 2.21 (2H, bs, H4), 2.17 (3H, s, HMes), 1.97 (3H, s, HMes), 1.75 

(2H, bs, H3), 1.71 ppm (3H, s, H6).  13C{1H} NMR (100.6 Hz, 298 K, C6D6): δ 193.61 

(C), 156.72 (C), 143.67 (C), 138.36 (C), 137.23 (C), 135.01 (CH), 134.90 (CH), 134.31 

(CH), 134.11 (CH), 132.51 (CH), 132.42 (CH), 131.65 (CH), 129.74 (C), 129.07 (C), 

128.88 (CH), 128.84 (CH), 128.52 (CH), 126.54 (C), 125.39 (C), 122.30 (C), 114.33 (C), 

34.02 (CH2), 29.08 (CH2), 27.14 (CH2), 26.47 (CH3), 24.96 (CH3), 22.79 (CH3), 20.82 

(CH3), 19.08 (CH3), 18.31 (CH3), 18.16 (CH3), 16.70 (CH3), 13.67 (CH3), 

13.61 ppm (CH3).  31P{1H} NMR (162 Hz, 298 K, C6D6): δ 25.05 ppm.  HRMS (ASAP): 

Calculated for [M+H]: 626.2123, Found: 626.2132 m/z. 
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Compound 3.8; [Ni(o-tolyl)(N,ODmp)(PPh3)] 

trans-Ni(o-tolyl)Cl(PPh3)2 (0.9938 g, 1.40 mmol) and sodium 

5-((3,5-dimethylphenyl)imino)-2-methylcyclopent-1-en-1-olate (Compound 2.11) 

(0.4000 g, 1.69 mmol) were dissolved in a Schenk flask with toluene (20 mL).  This was 

then heated to 50 °C and stirred over the weekend.  The solvent was then removed under 

vacuum.  The complex was then washed with petroleum ether (40-60) (2x20 mL) and the 

product recrystallized using toluene/petroleum ether 40-60 yielding a bright yellow solid 

(0.4820 g, 0.769 mmol, 56%). 

 

 

 

1H NMR (400 Hz, 298 K, C6D6): δ 7.90 (6H, tm), 7.61 (d, J = 6.3 Hz, 1H) 7.11 (m, 9H), 

6.57 (t, J = 6.0 Hz, 2H), 6.49 (s, 1H), 6.40 (bs, 3H), 2.82 (s, 3H), 2.30 (bs, 2H), 2.19 (m, 

1H), 2.09 (s, 6H), 1.92 (m, 1H), 1.84 (s, 3H).  13C{1H} NMR (100.6 Hz, 298 K, C6D6): 

δ 192.33 (C), 166.35 (C), 166.28 (C), 147.74 (C), 143.52 (C), 137.07 (C), 136.87 (C), 

134.86 (C), 134.75 (CH), 134.12 (CH), 133.93 (CH), 132.50 (C), 132.06 (C), 129.58 

(CH), 126.11 (CH), 122.09 (CH), 121.42 (CH), 33.86 (CH2), 26.21 (CH3), 25.59 (CH2), 

24.22 (CH3), 20.87 (CH3), 13.41 ppm (CH3).  31P{1H} NMR (162 Hz, 298 K, C6D6): δ 

27.24 ppm.  HRMS (ASAP): Calculated for [M+H]: 626.2123, Found: 626.2132 m/z. 
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Compound 3.9; [Ni(o-tolyl)(N,OTol)(PPh3)] 

trans-[Ni(o-tolyl)Cl(PPh3)2] (0.5299 g, 0.747 mmol) and sodium 

2-methyl-5-(p-tolylimino)cyclopent-1-en-1-olate (2.12) (0.2000 g, 0.896 mmol) were 

dissolved in a Schenk flask with toluene (20 mL).  This was then heated to 50 °C and 

stirred over the weekend.  This was then filtered, the solvent removed and the complex 

washed with petroleum ether (40-60) (20 mL), before the product was recrystallized from 

toluene/petroleum ether (40-60) yielding red/orange solid (0.1830 g, 0.299 mmol, 40%).  

 

 

 

1H NMR (400 Hz, 298 K,C6D6): δ 7.78 (6H, bs), 7.52 (bd, J = 5.4 Hz, 1H) 7.01 (bs, 9H), 

6.62 (m, 4H), 6.50 (m, 2H), 6.27 (bs, 1H), 2.73 (s, 3H), 2.17 (bs, 2H), 2.00 (m, 1H), 1.90 

(s, 3H), 1.78 (m, 1H), 1.72 (s, 3H).  13C{1H} NMR (100.6 Hz, C6D6): δ 193.14 (C), 

166.48 (C), 166.41 (C), 152.02 (C), 151.57 (C), 145.86 (C), 143.63 (C), 137.28 (CH), 

135.03 (CH), 134.82 (CH), 133.71 (C), 132.63 (C), 132.17 (C), 129.76 (CH), 128.61 

(CH), 123.42 (CH), 122.62 (CH), 122.26 (CH), 34.02 (CH2), 25.87 (CH3), 25.45 (CH2), 

20.83 (CH3), 13.61 (CH3).  31P{1H} NMR (162 Hz, 298 K, C6D6): δ 27.31 ppm.  HRMS 

(ASAP): Calculated for [M+H]: 612.1966, Found: 612.1972 m/z. 
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Compound 3.10; [Ni(Cl)(N,ODipp)(PPh3)] 

Anhydrous NiCl2 (0.1685 g, 1.30 mmol), 2.9 (0.400 g, 1.365 mmol, 1.05 eq) and PPh3 

(0.341 g, 1.30 mmol) were weighed into a Schlenk-tube in a glovebox before CH2Cl2 

(0.8 mL) was added.  The solution was then stirred at room temperature overnight and 

solvent removed via rotatory evaporation yielding a dark-brown solid.  The product was 

then recrystallised using toluene/petroleum ether 40 – 60.  

 

1H NMR (400 Hz, 298 K, C6D6): δ 7.90 (6H, m), 7.12 (1H, m), 7.03 (11H, m), 3.70 (2H, 

sept, J = 6.6 Hz), 2.17 (2H, m), 1.84 (2H, m), 1.66 (6H, d, J = 6.7 Hz), 1.62 (3H, s), 1.20 

ppm (6H, J = 6.7 Hz). 31P{1H} NMR (162 Hz, C6D6): δ 26.29 ppm. 

Compound 3.11; [PdCl2(cod)]7  

Palladium chloride (2.00 g, 11.3 mmol) was dissolved in concentrated hydrochloric acid 

(5 mL) and warmed to 45 °C to fully dissolve the compound.  The solution was then 

cooled to room temperature and poured onto ethanol (150 mL).  The solution was then 

filtered and 1,4-cyclooctadiene (3.05 mL, 24.79 mmol, 2.2 eq) was added to the mother 

liquor.  This resulted in the formation of a yellow precipitate after a few seconds.  The 

solution was stirred for 10 minutes and the precipitate was filtered.  This solid was washed 

with diethyl ether (3 x 30 mL) affording the desired complex as a yellow solid (3.115 g, 

10.91 mmol, 97%).  

1H NMR (300 Hz, 298 K, CDCl3): δ 6.25 (4H, s), 2.86 (4H, m), 2.50 (4H, m).  Data 

matched literature values.7  
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Compound 3.12; [Pd(Cl)(N,ODipp)(PPh3)] 

[PdCl2(cod)] (3.11) (0.371 g, 1.30 mmol), 2.9 (0.400 g, 1.365 mmol, 1.05 eq) and PPh3 

(0.341 g, 1.30 mmol) were weighed into a Schlenk-tube in a glovebox before CH2Cl2 

(0.8 mL) was added.  The solution was then stirred at room temperature overnight and 

solvent removed via rotatory evaporation yielding a dark-brown solid.  The solid was then 

dissolved in toluene and filtered before evaporation of the solvent under reduced pressure.  

Recrystallisation was then carried out using THF/petroleum ether 40 – 60 to yield the 

desired product as dark red crystals (0.826 g, 1.22 mmol, 94%). 

 

 

 

1H NMR (400 Hz, 298 K, C6D6): δ 7.73 (6H, m, H20), 7.46 (m, 3H, H22), 7.38 (m, 6H, 

H21), 7.16 (3H, m, H9-11), 6.24 (1H, td, J = 7.3, 1.2 Hz, HNi-o-tolyl), 3.46 (2H, sept, 

J = 7.3 Hz, H13,16), 2.57 (bs, 2H, H4/3), 2.02 (bs, 2H, H3/4), 1.67 (s, 3H, H6), 1.44 (6H, d, 

J = 6.8 Hz, HiPr), 1.20 (6H, d, J = 6.8 Hz, HiPr).  13C{1H} NMR (100.6 Hz, 298 K, C6D6): 

δ 194.06 (C), 166.65 (C), 141.25 (C), 140.84 (C), 137.84 (C), 135.10 (CH), 135.00 (CH), 

132.32 (CH), 130.80 (CH), 129.16 (C), 129.03 (CH), 128.62 (C), 128.21 (CH), 128.03 

(CH), 127.92 (CH), 126.56 (CH), 125.29 (CH), 123.15 (CH), 34.44 (CH2), 28.31 (CH), 

24.82 (CH2), 23.99 (CH3), 23.86 (CH2), 21.41 (CH3), 13.15 ppm (CH3).  31P{1H} NMR 

(162 Hz, 298 K, C6D6): δ 26.6 ppm.  HRMS (ASAP): Calculated for [M+H]: 674.1581, 

Found: 674.1575 m/z; calculated for [M-Cl]: 638.1818, Found: 638.1816 m/z.  Elemental 

analysis calcd (%) for C15H19NO: C; 64.10, H; 5.83, N; 2.08. Found: C; 63.82, H; 5.86, 

N; 2.21. 
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Attempted formation of [Pd(Me)(N,ODipp)(PPh3)] (3.13) from 3.12 

3.12 (0.200 g, 0.296 mmol, 1 eq) was added to a Schlenk tube, dry diethyl ether (2.0 mL) 

was added and the resultant solution cooled to -30 °C.  To this a solution of MeLi 

(0.20 mL, 1.56 M, 0.31 mmol, 1.05 eq) was added.  The reaction was then stirred at -30 °C 

for 30 minutes before being warmed to room temperature and stirred overnight.  This 

resulted in the formation of a black precipitate which 31P NMR spectroscopy analysis 

showed multiple species had formed. 

31P{1H} NMR (162 Hz, 298 K, C6D6): δ 35.9, 29.0, 26.3, 23.6, 23.3, 20.1 ppm. 

 

Alternative formation of [Pd(Me)(N,ODipp)(PPh3)] (3.13)  

In a 100 mL Schlenk flask, (COD)PdCl2 (1.0 g, 3.5 mmol) was dissolved in CH2Cl2 

(25 mL).  Tetramethyl tin (0.58 mL, 4.2 eq) was then added, and the solution stirred 

overnight at room temperature.  The pale-yellow solution was then filtered through celite 

and the solvent removed under pressure with the temperature kept below 0 °C.  The 

off-white powder was then washed twice with a small amount of diethyl ether to remove 

trimethyl tin chloride.  The desired product, Pd(cod)MeCl, was then recrystallized from 

chloroform.  

In a Schlenk flask, compound 2.9 (0.200 g, 0.68 mmol, 1 eq.), PPh3 (0.1788 g, 0.68 mmol, 

1 eq) and Pd(cod)MeCl (0.1807 g, 0.68 mmol, 1 eq) were dissolved in CH2Cl2 (25 mL) 

and stirred overnight at room temperature.  The solution was then filtered before the 

solvent was removed under pressure.  The precipitate was then recrystallised using 

DCM/Petroleum ether 40-60.  The mother liquor showed multiple peaks through 31P 

NMR spectroscopy, with only broad signals seen from the precipitate.  The solvent in the 

mother liquor was then removed under rotatory evaporation and a second recrystallisation 

(Toluene/Petroleum ether 40 – 60) was carried out.  

Solid 31P{1H} NMR (162 Hz, 298 K, C6D6): δ 38.7, 36.0, 30.5, 26.1, 24.7, 23.5, 

22.6 ppm. 

Mother liquor 31P{1H} NMR (162 Hz, 298 K, C6D6): δ 35.5, 30.5, 26.1, 24.9, 22.8 ppm. 
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7.4 Polymerisation Reactions 

 

A typical polymerisation carried out at Heriot-Watt University was as follows: A 100 mL 

beaker was charged with 5x10-6 mol [Ni], 2x10-5 mol B(C6F5)3, and toluene (30 mL) in a 

glove box and placed in a 450 mL stainless steel reactor.  This was then sealed, removed 

from the glove box and placed in a pre-heated oil bath and stirred at 600 rpm.  The ethene 

gas pipe was then purged before being connected to the reactor and the polymerisation 

was then carried out under a fixed pressure.  After 30 mins, the ethene line was then 

sealed, and the reactor release valve opened.  Acidified methanol (10 mL) was then added 

to the solution and this was briefly stirred before being added to acetone (ca. 100 mL) 

which induced the precipitation of polymer.  This polymer was then filtered and dried 

before weighing and subsequent analysis.  

 

A typical polymerisation carried out at Leibniz-Institut für Katalyse (LIKAT) was as 

follows: Compound 3.3 (10 mg, 0.015 mmol) was added to a Schlenk and toluene 

(100 mL) was added.  This solution was then added to a preheated autoclave and the 

autoclave pressurised with ethene to 10 barg with consumption of ethene recorded on a 

balance.  After 75 minutes the autoclave was allowed to cool and was depressurised.  A 

polymer was precipitated through the addition of acetone (300 mL) with stirring before 

the solution was filtered.  The resultant polymer was dried overnight under vacuum before 

weighing and subsequent analysis.  
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Compound 4.1; NMR Scale CO addition 

An NMR tube was charged with a sample of compound 3.6 and d6-benzene (0.5 mL) in 

a glovebox.  This sample was then subjected to freeze-pump-thaw cycles before the 

addition of CO to the evacuated J. Young’s NMR tube.  The solution was then mixed and 

NMR collected. 

 

1H NMR (400 Hz, 298 K, C6D6): δ 8.32 (1H, d, J = 7.5 Hz), 7.44 (6H, m), 7.19 (2H, m), 

7.12 (1H, m), 7.04 (1H, td, J = 7.9, 1.5 Hz), 6.98 (9H, m), 6.93 (2H, m), 3.17 (2H, sept, 

J = 7.3 Hz), 2.71 (3H, s), 2.03 (2H, m), 1.82 (2H, m), 1.56 (3H, s), 1.27 (6H, d, 

J = 7.3 Hz), 1.20 ppm (6H, J = 7.3 Hz).  31P{1H} NMR (162 Hz, C6D6): δ 33.0 (30%), 

31.4 (70%) ppm. 

The sample was then heated at 50 °C for one hour before NMR data was recollected; 

 

 

 

1H NMR (400 Hz, 298 K, C6D6): δ 8.32 (1H, d, J = 7.5 Hz), 7.44 (6H, m), 7.19 (2H, m), 

7.12 (1H, m), 7.04 (1H, td, J = 7.9, 1.5 Hz), 6.98 (9H, m), 6.93 (2H, m), 3.17 (2H, sept, 

J = 7.3 Hz), 2.71 (3H, s), 2.03 (2H, m), 1.82 (2H, m), 1.56 (3H, s), 1.27 (6H, d, 

J = 7.3 Hz), 1.20 ppm (6H, J = 7.3 Hz).  13C{1H} NMR (100.6 Hz, 298 K C6D6): δ 195.16 

(C), 183.12 (C), 167.72 (C), 163.40 (C), 146.69 (C), 145.26 (C), 145.02 (C), 139.77 (C), 

135.23 (C), 134.82 (C), 134.50 (C), 132.04 (CH), 131.93 (CH), 131.06 (CH), 130.58 

(CH), 130.26 (CH), 128.61 (CH), 127.51 (CH), 127.42 (CH), 124.62 (CH), 122.49 (CH), 

122.06 (CH), 28.12 (CH2), 27.19 (CH), 25.85 (CH2), 22.45 (CH3), 21.74 (CH3), 20.45 

(CH3), 12.28 (CH3) ppm  31P{1H} NMR (162 Hz, C6D6): δ 31.4 ppm. 
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Polymerisation of 1-hexene 

Compound 3.6 (3.4 mg, 5 µmol) and B(C6F5)3 (10.4 mg, 20 µmol) were added to a 

Schlenk tube and dissolved in toluene (30 mL).  The flask was then heated to 60 °C before 

1-hexene (6 mL) was injected.  This was then stirred for 30 minutes before the reaction 

was quenched with acidified methanol (10 mL).  The solution was then added to acetone 

(approx. 300 mL) to precipitate any polymer formed, but no precipitation was observed.  

The solvent was then allowed to evaporate, but this also showed no formation of a 

polymer.  

 

Polymerisation of methyl acrylate 

Compound 3.6 (0.0122 g, 18 µmol) was added to a J Young’s NMR tube and dissolved 

in d8-toluene.  To this, methyl acrylate (8 µL, 88 µmol, 5 eq.) was added.  The NMR tube 

was then added to a pre-heated oil bath at 80 °C for 12 hours before the resultant NMR 

spectra was recorded.  
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7.5 Suzuki-Miyaura Cross-Coupling Reactions 

 

A typical cross-coupling reaction was carried out as follows: 

4-bromoacetophenone (0.100 g, 0.5 mmol, 1 eq.), phenyl boronic acid (0.092 g, 

0.754 mmol, 1.5 eq.), Na2CO3 (0.1065 g, 1.005 mmol, 2 eq.) and [PdCl(N,ODipp)(PPh3)] 

(3.4 mg, 0.005 mmol, 1 mol%) were added to a 100 mL round bottomed flask equipped 

with a stirrer bar.  A solvent mixture of methanol:water 3:1 (10 mL) was added and the 

mixture stirred for 1 hr at room temperature.  Water (10 mL) was then added to the flask, 

followed by diethyl ether (10 mL) and the organic phase collected by separation.  This 

was then dried over MgSO4, filtered and the solvent removed by rotatory evaporation.  1H 

NMR spectroscopic analysis was then carried out in CDCl3 and the conversion calculated 

through integration of the resonances at 2.60 ppm (starting material) and 2.65 ppm 

(product).  The product was then isolated using column chromatography (199:1 petroleum 

ether 40 - 60:ethyl acetate) as an off-white solid (0.069 g, 0.35 mmol, 70%).  

 

 

 

1H NMR (400 Hz, 298 K, C6D6): δ 7.92 (2H, d, J = 8.8 Hz), 7.57 (2H, d, J = 8.5 Hz), 

7.51 (2H, m), 7.36 (2H, m), 7.29 (1H, m), 2.52 (3H, s).  Data matches literature values.8  
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Yields from aryl bromide scope. 

 

Entry Aryl Bromide NMR conv. 

45 4-bromoacetophenone 96% 

46 4-nitrobromobenzene 97% 

47 4-bromotoluene 82% 

48 2-bromotoluene 75% 

49 3-bromotoluene 15% 

50 4-bromoaniline Trace 

511 4-bromoaniline 29%a 

522 4-bromoaniline 87%a 

1: Reaction carried out at 40 °C for 24 hours.  2: Reaction carried out at 60 °C for 24 

hours.  a: Isolated yield obtained. 

 

Yields from boronic acid scope. 

 

Entry R’ NMR conversion 

53 4-methoxybenzene boronic acid 99% 

54 4-tolylboronic acid 97% 

55 2-tolylboronic acid 94% 

56 3-tolylboronic acid 99% 

57 4-methoxycarbonylbenzene boronic acid 100% 

58 4-nitrobenzene boronic acid 17% 

59 Phenylboronic acid pinacol ester Quant. 
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Cross-coupling reaction of 4-bromoaniline at elevated temperatures. 

4-bromoaniline (0.0864 g, 0.5 mmol, 1 eq.), phenyl boronic acid (0.092 g, 0.754 mmol, 

1.5 eq.), Na2CO3 (0.1065 g, 1.005 mmol, 2 eq.) and [PdCl(N,ODipp)(PPh3)] (3.4 mg, 

0.005 mmol, 1 mol%) were added to a 100 mL round bottomed flask equipped with a 

stirrer bar.  A solvent mixture of methanol:water 3:1 (10 mL) was added and the mixture 

stirred at 60 °C for 24 hr.  The mixture was then cooled to room temperature before water 

(10 mL) was then added to the flask, followed by diethyl ether (10 mL) and the organic 

phase collected by separation.  This was then dried over MgSO4, filtered and the solvent 

removed by rotatory evaporation.  The product was then isolated using column 

chromatography (1:1 petroleum ether 40 - 60:ethyl acetate), with a small amount of DCM 

added to improve solubility to yield a brown solid (0.0736 g, 0.43 mmol, 87%).  

 

 

 

1H NMR (400 Hz, 298 K, C6D6): δ 7.47 (2H, d, J = 8.3 Hz), 7.34 (4H, m), 7.20 (1H, m), 

6.69 (2H, d, J = 8.4 Hz), 3.66 (2H, br. s, NH2).  Data matches literature values.8  
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7.6 Single Crystal X-Ray Diffraction Data 

Compound 2.II 

 

Identification code maple_lactone 

Empirical formula C6H8O2 

Formula weight 112.12 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 6.4218(3) 

b/Å 7.2896(4) 

c/Å 7.3741(4) 

α/° 110.777(3) 

β/° 109.011(3) 

γ/° 103.509(4) 

Volume/Å3 280.33(3) 

Z 2 

ρcalcg/cm3 1.328 

μ/mm-1 0.099 

F(000) 120.0 

Crystal size/mm3 0.4 × 0.2 × 0.18 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.508 to 55.066 

Index ranges -8 ≤ h ≤ 8, -9 ≤ k ≤ 9, -9 ≤ l ≤ 9 

Reflections collected 8452 

Independent reflections 1272 [Rint = 0.0326, Rsigma = 0.0268] 

Data/restraints/parameters 1272/0/89 

Goodness-of-fit on F2 1.054 

Final R indexes [I>=2σ (I)] R1 = 0.0382, wR2 = 0.0845 

Final R indexes [all data] R1 = 0.0513, wR2 = 0.0906 

Largest diff. peak/hole / e Å-3 0.27/-0.19 
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Compound 2.II – co-crystal 

 

Identification code Combined_cif 

Empirical formula C11H21NO4 

Formula weight 231.29 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 9.9942(8) 

b/Å 6.4360(6) 

c/Å 20.1653(17) 

α/° 90 

β/° 96.540(4) 

γ/° 90 

Volume/Å3 1288.65(19) 

Z 4 

ρcalcg/cm3 1.192 

μ/mm-1 0.090 

F(000) 504.0 

Crystal size/mm3 0.4 × 0.2 × 0.02 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.65 to 51.996 

Index ranges -12 ≤ h ≤ 12, -6 ≤ k ≤ 7, -24 ≤ l ≤ 21 

Reflections collected 9882 

Independent reflections 2427 [Rint = 0.0368, Rsigma = 0.0439] 

Data/restraints/parameters 2427/0/161 

Goodness-of-fit on F2 1.033 

Final R indexes [I>=2σ (I)] R1 = 0.0453, wR2 = 0.1051 

Final R indexes [all data] R1 = 0.0737, wR2 = 0.1177 

Largest diff. peak/hole / e Å-3 0.20/-0.21 
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Compound 2.1 

 

Identification code 1_dimer 

Empirical formula C18H25NO 

Formula weight 271.39 

Temperature/K 100.01(10) 

Crystal system orthorhombic 

Space group Pbca 

a/Å 17.4050(4) 

b/Å 15.5741(3) 

c/Å 23.9783(5) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 6499.7(2) 

Z 16 

ρcalcg/cm3 1.109 

μ/mm-1 0.068 

F(000) 2368.0 

Crystal size/mm3 0.13 × 0.11 × 0.04 

Radiation MoKα (λ = 0.71075) 

2Θ range for data collection/° 5.626 to 54.966 

Index ranges -22 ≤ h ≤ 22, -20 ≤ k ≤ 17, -31 ≤ l ≤ 31 

Reflections collected 49974 

Independent reflections 7451 [Rint = 0.0553, Rsigma = 0.0366] 

Data/restraints/parameters 7451/78/406 

Goodness-of-fit on F2 1.176 

Final R indexes [I>=2σ (I)] R1 = 0.0775, wR2 = 0.1510 

Final R indexes [all data] R1 = 0.0936, wR2 = 0.1582 

Largest diff. peak/hole / e Å-3 0.39/-0.30 
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Compound 2.3 

 

Identification code Compound 2.3_cif 

Empirical formula C15H19NO 

Formula weight 229.31 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 7.904(8) 

b/Å 10.517(10) 

c/Å 16.134(15) 

α/° 90 

β/° 99.88(2) 

γ/° 90 

Volume/Å3 1321(2) 

Z 4 

ρcalcg/cm3 1.153 

μ/mm-1 0.072 

F(000) 496.0 

Crystal size/mm3 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.644 to 54.052 

Index ranges -9 ≤ h ≤ 5, -13 ≤ k ≤ 13, -20 ≤ l ≤ 20 

Reflections collected 8470 

Independent reflections 2856 [Rint = 0.0720, Rsigma = 0.0483] 

Data/restraints/parameters 2856/0/161 

Goodness-of-fit on F2 1.113 

Final R indexes [I>=2σ (I)] R1 = 0.0512, wR2 = 0.1412 

Final R indexes [all data] R1 = 0.0687, wR2 = 0.1489 

Largest diff. peak/hole / e Å-3 0.67/-0.31 
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 Compound 2.4 

 

Identification code Compound 2.4_cif 

Empirical formula C14H17NO 

Formula weight 215.30 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 9.469(3) 

b/Å 11.901(4) 

c/Å 10.679(4) 

α/° 90 

β/° 104.819(11) 

γ/° 90 

Volume/Å3 1163.4(7) 

Z 4 

ρcalcg/cm3 1.2291 

μ/mm-1 0.077 

F(000) 464.2 

Crystal size/mm3 0.1 × 0.1 × 0.03 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 5.62 to 49.64 

Index ranges -11 ≤ h ≤ 11, -9 ≤ k ≤ 12, -12 ≤ l ≤ 12 

Reflections collected 3887 

Independent reflections 1800 [Rint = 0.0667, Rsigma = 0.1541] 

Data/restraints/parameters 1800/12/175 

Goodness-of-fit on F2 1.008 

Final R indexes [I>=2σ (I)] R1 = 0.0914, wR2 = 0.2155 

Final R indexes [all data] R1 = 0.2234, wR2 = 0.2902 

Largest diff. peak/hole / e Å-3 0.63/-0.69 
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Compound 2.5 

 

Identification code Compound 2.5_cif 

Empirical formula C13H15NO 

Formula weight 201.26 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/c 

a/Å 6.3827(11) 

b/Å 11.0137(19) 

c/Å 15.889(2) 

α/° 90 

β/° 99.466(9) 

γ/° 90 

Volume/Å3 1101.8(3) 

Z 4 

ρcalcg/cm3 1.213 

μ/mm-1 0.077 

F(000) 432.0 

Crystal size/mm3 0.4 × 0.18 × 0.18 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.38 to 54.95 

Index ranges -8 ≤ h ≤ 8, -14 ≤ k ≤ 12, -20 ≤ l ≤ 20 

Reflections collected 8950 

Independent reflections 2527 [Rint = 0.0946, Rsigma = 0.1088] 

Data/restraints/parameters 2527/60/159 

Goodness-of-fit on F2 0.970 

Final R indexes [I>=2σ (I)] R1 = 0.0658, wR2 = 0.1389 

Final R indexes [all data] R1 = 0.1646, wR2 = 0.1736 

Largest diff. peak/hole / e Å-3 0.24/-0.23 
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Compound 2.8 

 

Identification code EX17008 

Empirical formula C96D24H96Li4N4O4 

Formula weight 1445.86 

Temperature/K 120.01(10) 

Crystal system tetragonal 

Space group I-4 

a/Å 21.4396(9) 

b/Å 21.4396(9) 

c/Å 9.2657(6) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 4259.0(5) 

Z 2 

ρcalcg/cm3 1.127 

μ/mm-1 0.066 

F(000) 1536.0 

Crystal size/mm3 0.492 × 0.148 × 0.115 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 6.01 to 52.634 

Index ranges -25 ≤ h ≤ 26, -25 ≤ k ≤ 26, -10 ≤ l ≤ 11 

Reflections collected 16957 

Independent reflections 4299 [Rint = 0.0496, Rsigma = 0.0470] 

Data/restraints/parameters 4299/0/261 

Goodness-of-fit on F2 1.092 

Final R indexes [I>=2σ (I)] R1 = 0.0534, wR2 = 0.1124 

Final R indexes [all data] R1 = 0.0630, wR2 = 0.1172 

Largest diff. peak/hole / e Å-3 0.17/-0.15 
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Reaction between compound 2.1 and a metal precursor in the presence of 

triethylamine 

 

Identification code FINAL 

Empirical formula C24H31Cl3NNiP 

Formula weight 529.53 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 9.8693(9) 

b/Å 11.3470(10) 

c/Å 13.6769(15) 

α/° 78.712(6) 

β/° 69.084(4) 

γ/° 65.971(4) 

Volume/Å3 1304.4(2) 

Z 2 

ρcalcg/cm3 1.348 

μ/mm-1 1.124 

F(000) 552.0 

Crystal size/mm3 0.42 × 0.24 × 0.1 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.214 to 66.218 

Index ranges -15 ≤ h ≤ 15, -17 ≤ k ≤ 17, -20 ≤ l ≤ 21 

Reflections collected 34452 

Independent reflections 9719 [Rint = 0.0361, Rsigma = 0.0400] 

Data/restraints/parameters 9719/0/277 

Goodness-of-fit on F2 1.025 

Final R indexes [I>=2σ (I)] R1 = 0.0315, wR2 = 0.0659 

Final R indexes [all data] R1 = 0.0478, wR2 = 0.0712 

Largest diff. peak/hole / e Å-3 0.48/-0.50 
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Compound 2.9 

 

Identification code Combined_cif 

Empirical formula C108H144N6Na6O6 

Formula weight 1760.22 

Temperature/K 100 

Crystal system monoclinic 

Space group P21/n 

a/Å 15.2740(8) 

b/Å 16.6217(9) 

c/Å 22.1044(11) 

α/° 90 

β/° 99.748(2) 

γ/° 90 

Volume/Å3 5530.8(5) 

Z 2 

ρcalcg/cm3 1.057 

μ/mm-1 0.215 

F(000) 1896.0 

Crystal size/mm3 0.05 × 0.04 × 0.01 

Radiation synchrotron (λ = 1.0332) 

2Θ range for data collection/° 4.386 to 63.698 

Index ranges -15 ≤ h ≤ 15, -16 ≤ k ≤ 16, -22 ≤ l ≤ 22 

Reflections collected 6156 

Independent reflections 6156 [Rint = 0.0596, Rsigma = 0.0414] 

Data/restraints/parameters 6156/0/583 

Goodness-of-fit on F2 1.057 

Final R indexes [I>=2σ (I)] R1 = 0.0620, wR2 = 0.1752 

Final R indexes [all data] R1 = 0.0810, wR2 = 0.1861 

Largest diff. peak/hole / e Å-3 0.60/-0.22 
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Compound 3.3 

 

Identification code Combined_cif 

Empirical formula C42H44NOPNi 

Formula weight 668.46 

Temperature/K 149.99 

Crystal system monoclinic 

Space group P21/c 

a/Å 20.7432(5) 

b/Å 9.7694(2) 

c/Å 18.4361(4) 

α/° 90 

β/° 107.6409(9) 

γ/° 90 

Volume/Å3 3560.36(14) 

Z 4 

ρcalcg/cm3 1.247 

μ/mm-1 0.623 

F(000) 1416.0 

Crystal size/mm3 0.433 × 0.227 × 0.136 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.12 to 55.996 

Index ranges -27 ≤ h ≤ 27, -12 ≤ k ≤ 12, -24 ≤ l ≤ 24 

Reflections collected 76092 

Independent reflections 8607 [Rint = 0.0323, Rsigma = 0.0187] 

Data/restraints/parameters 8607/2/420 

Goodness-of-fit on F2 1.016 

Final R indexes [I>=2σ (I)] R1 = 0.0342, wR2 = 0.0866 

Final R indexes [all data] R1 = 0.0426, wR2 = 0.0932 

Largest diff. peak/hole / e Å-3 0.55/-0.37 
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Compound 3.4 

 

Identification code final 

Empirical formula C72H78Cl2Li2N2NiO4P2 

Formula weight 413.620 

Temperature/K 100 K 

Crystal system triclinic 

Space group P-1 

a/Å 12.3216(13) 

b/Å 15.9682(16) 

c/Å 17.7015(19) 

α/° 83.160(4) 

β/° 86.783(4) 

γ/° 85.883(4) 

Volume/Å3 3445.1(6) 

Z 6 

ρcalcg/cm3 1.196 

μ/mm-1 0.453 

F(000) 1310.2 

Crystal size/mm3 N/A × N/A × N/A 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 2.32 to 49.7 

Index ranges -12 ≤ h ≤ 14, -18 ≤ k ≤ 14, -20 ≤ l ≤ 20 

Reflections collected 38507 

Independent reflections 11702 [Rint = 0.0907, Rsigma = 0.1246] 

Data/restraints/parameters 11702/0/776 

Goodness-of-fit on F2 0.979 

Final R indexes [I>=2σ (I)] R1 = 0.0646, wR2 = 0.1524 

Final R indexes [all data] R1 = 0.1174, wR2 = 0.1974 

Largest diff. peak/hole / e Å-3 1.10/-1.07 
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Compound 3.6 

 

Identification code Combined_cif 

Empirical formula C43H46NNiOP 

Formula weight 682.49 

Temperature/K 100.0 

Crystal system monoclinic 

Space group P21/n 

a/Å 15.3772(11) 

b/Å 13.4847(8) 

c/Å 18.6436(12) 

α/° 90 

β/° 112.580(4) 

γ/° 90 

Volume/Å3 3569.5(4) 

Z 4 

ρcalcg/cm3 1.270 

μ/mm-1 0.623 

F(000) 1448.0 

Crystal size/mm3 0.2 × 0.2 × 0.1 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.308 to 54.274 

Index ranges -18 ≤ h ≤ 19, -17 ≤ k ≤ 17, -23 ≤ l ≤ 23 

Reflections collected 31314 

Independent reflections 7875 [Rint = 0.0983, Rsigma = 0.1164] 

Data/restraints/parameters 7875/0/430 

Goodness-of-fit on F2 0.964 

Final R indexes [I>=2σ (I)] R1 = 0.0499, wR2 = 0.0925 

Final R indexes [all data] R1 = 0.1118, wR2 = 0.1123 

Largest diff. peak/hole / e Å-3 0.37/-0.46 
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Compound 3.7 

 

Identification code Combined_cif 

Empirical formula C40H40NNiOP 

Formula weight 640.41 

Temperature/K 100.0 

Crystal system orthorhombic 

Space group Pbca 

a/Å 18.4395(2) 

b/Å 9.06480(10) 

c/Å 39.4763(5) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 6598.48(13) 

Z 8 

ρcalcg/cm3 1.289 

μ/mm-1 1.545 

F(000) 2704.0 

Crystal size/mm3 0.2 × 0.2 × 0.1 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 4.476 to 140.31 

Index ranges -22 ≤ h ≤ 21, -11 ≤ k ≤ 11, -48 ≤ l ≤ 48 

Reflections collected 94894 

Independent reflections 6273 [Rint = 0.0865, Rsigma = 0.0274] 

Data/restraints/parameters 6273/0/402 

Goodness-of-fit on F2 1.014 

Final R indexes [I>=2σ (I)] R1 = 0.0341, wR2 = 0.0820 

Final R indexes [all data] R1 = 0.0468, wR2 = 0.0893 

Largest diff. peak/hole / e Å-3 0.30/-0.30 
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Compound 3.8 

 

Identification code Combined_cif 

Empirical formula C39H38NNiOP 

Formula weight 626.38 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 9.4943(15) 

b/Å 12.4888(17) 

c/Å 13.8102(18) 

α/° 102.157(6) 

β/° 98.241(9) 

γ/° 90.808(6) 

Volume/Å3 1582.6(4) 

Z 2 

ρcalcg/cm3 1.314 

μ/mm-1 1.598 

F(000) 660.0 

Crystal size/mm3 0.18 × 0.16 × 0.08 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 6.622 to 149.782 

Index ranges -11 ≤ h ≤ 11, -15 ≤ k ≤ 15, 0 ≤ l ≤ 17 

Reflections collected 6330 

Independent reflections 6330 [Rint = N/A, Rsigma = 0.0515] 

Data/restraints/parameters 6330/0/458 

Goodness-of-fit on F2 1.081 

Final R indexes [I>=2σ (I)] R1 = 0.0462, wR2 = 0.1214 

Final R indexes [all data] R1 = 0.0531, wR2 = 0.1268 

Largest diff. peak/hole / e Å-3 0.39/-0.61 
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Crystal formed from the degradation of compound 3.8 

 

Identification code Combined_cif 

Empirical formula C90H108N4O8Ni3 

Formula weight 1549.93 

Temperature/K 100.0 

Crystal system monoclinic 

Space group C2/c 

a/Å 13.3019(4) 

b/Å 19.8464(5) 

c/Å 34.2343(9) 

α/° 90 

β/° 93.8550(10) 

γ/° 90 

Volume/Å3 9017.2(4) 

Z 4 

ρcalcg/cm3 1.142 

μ/mm-1 0.672 

F(000) 3296.0 

Crystal size/mm3 0.42 × 0.4 × 0.14 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.446 to 69.92 

Index ranges -21 ≤ h ≤ 21, -31 ≤ k ≤ 30, -55 ≤ l ≤ 55 

Reflections collected 180252 

Independent reflections 19745 [Rint = 0.0380, Rsigma = 0.0228] 

Data/restraints/parameters 19745/0/486 

Goodness-of-fit on F2 1.086 

Final R indexes [I>=2σ (I)] R1 = 0.0450, wR2 = 0.1024 

Final R indexes [all data] R1 = 0.0566, wR2 = 0.1082 

Largest diff. peak/hole / e Å-3 0.60/-2.07 
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Compound 3.12 

 

Identification code sfb39_a 

Empirical formula C36H39NOPClPd 

Formula weight 674.56 

Temperature/K 100.15 

Crystal system orthorhombic 

Space group P212121 

a/Å 8.9925(4) 

b/Å 16.4896(8) 

c/Å 22.0909(10) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 3275.7(3) 

Z 4 

ρcalcg/cm3 1.3677 

μ/mm-1 0.765 

F(000) 1389.8 

Crystal size/mm3 0.21 × 0.19 × 0.14 

Radiation synchrotron (λ = 0.7288) 

2Θ range for data collection/° 4.56 to 62.76 

Index ranges -12 ≤ h ≤ 12, -23 ≤ k ≤ 23, -31 ≤ l ≤ 31 

Reflections collected 103244 

Independent reflections 9995 [Rint = 0.0781, Rsigma = 0.0398] 

Data/restraints/parameters 9995/0/376 

Goodness-of-fit on F2 1.029 

Final R indexes [I>=2σ (I)] R1 = 0.0295, wR2 = 0.0752 

Final R indexes [all data] R1 = 0.0301, wR2 = 0.0758 

Largest diff. peak/hole / e Å-3 0.61/-0.60 

Flack parameter 0.060(14) 
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ABSTRACT: This paper describes the synthesis of neutral
nickel(II) catalysts for the polymerization of ethylene. A series of
2-(arylamino)-5-methylcyclopent-2-en-1-one (aryl = 2,6-diisopro-
pylphenyl, 2,4,6-trimethylphenyl, 3,5-dimethylphenyl, and 4-
methylphenyl) proligands, derived from the condensation of aryl
amines with maple lactone, were synthesized as their keto-enamine
tautomers. Deprotonation with NaH gave their respective sodium
imino-enolate salts, which underwent salt metathesis with Ni(II)
precursors to give square planar [Ni(Ar)(κ2-imino-enolate)(PPh3)]
(Ar = Ph, ortho-tolyl) complexes containing 5-membered [N,O]
chelates. Precatalysts with N-Dipp (Dipp = 2,6-diisopropylphenyl)
substituents were found to exhibit moderate activity in the
polymerization of ethylene when using B(C6F5)3 or [Ni(cod)2]
(cod = 1,4-cyclooctadiene) as coactivators, producing polymers with a high molecular weight, as determined by GPC. The reaction
was found to be highly dependent on temperature, with the catalysts most active at 80 °C. Differences in polymer structure were also
found when using B(C6F5)3 or [Ni(cod)2] as the cocatalyst, with [Ni(cod)2] producing a more highly branched polymer. Reducing
the steric bulk at the N substituent of the ligand led to inactive species.

■ INTRODUCTION

Olefin polymerization is of great interest to both industry and
academia with significant, ongoing research being carried out
by many groups across the world.1 Commercially, polyethylene
can be produced using heterogeneous catalysts based on
titanium with aluminum cocatalysts (Ziegler−Natta systems),2

or with chromium systems that do not require an activator.3

Homogeneous catalysts based on group 4 metallocenes, that
use methylaluminoxane (MAO) as a cocatalyst, were
subsequently discovered that offered access to improved
polymer properties.4,5 Building on these advances, the
discovery of “postmetallocene” catalysts for alkene polymer-
ization has shown that catalysts based on Fe, Co, Ni, and Pd
can all be developed for applications in ethylene polymer-
ization.6−9 This has been of particular interest for facilitating
copolymerization reactions with functionalized olefins that
contain polar substituents due to their rapidly expanding range
of desirable properties.10−13 Commercially important examples
include polyketone copolymers, formed from ethylene and
carbon monoxide, which are of interest due to their
photodegradability and their use in engineering plastics.14

Although oxophilic metals such as titanium and zirconium
show excellent activity in the polymerization of olefins, when
polar comonomers are present, these can irreversibly bind to
the metal and poison the catalyst. In contrast, late transition

metals, such as nickel or palladium, exhibit lower oxophilic-
ity.15 As a result, polar substrates are more weakly bound to the
metal center, and therefore substitution at the active site is
more facile, ultimately resulting in successful copolymeriza-
tion.13 The use of nickel catalysts is well established in olefin
oligomerization, most notably in the Shell Higher Olefin
Process (SHOP), which was developed from 1968 onward.16

Catalysts of the form A (Chart 1) with [P,O]-donor anionic
ligands produce mainly short chain oligomers rather than
polymers. However, upon addition of a phosphine scavenger
(such as [Ni(cod)2] or [Rh(acac)(C2H4)2]), these oligome-
rization catalysts can be transformed into polymerization
catalysts that are tolerant to polar impurities in homopolyme-
rization reactions and polar monomers in copolymerization
reactions.17−19

Seminal work by Brookhart and co-workers in the 1990s
demonstrated that cationic Ni catalysts bearing α-diimine
ligands could generate low density polyethylene with high
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molecular weights (B, Chart 1).20 However, early catalysts of
this type experienced a short lifetime when polymerization was
carried out above 60 °C, having a significant impact on the
total turnover numbers achieved.21 This is problematic for
industrial applications where polymerizations are normally
carried out between 90 and 110 °C for HDPE.22 This family of
catalysts has subsequently been extensively studied, which has
helped address this problem.15,23−25 Grubbs and co-workers
further developed the use of nickel in polymerization catalysis
by using anionic [N,O]-type ligands (C, Chart 1), which
yielded very active neutral Ni catalysts generating polymers
with high Mw.

26 Furthermore, with judicious choice of ligand
substituents, the need for coactivators could also be
removed.27 However, despite these advances, our under-
standing of neutral Ni(II) [N,O] catalysts still lags behind
[N,N]-type catalysts for the polymerization of ethylene.28−30

In addition to well established steric effects, the bite angle of
the ligand has a possible role in influencing the rate of
polymerization, with Brookhart and co-workers finding in 2001
that a 5-membered chelate ring can have a higher activity
compared to similar catalysts with a 6-membered chelate ring
(D, Chart 1).31 Other neutral Ni complexes with 5-membered
[N,O] chelates have also proven useful in the polymerization
of ethylene.32−35 Ni catalysts based on 2-anilinoperinaph-
thenones gave active but short-lived catalysts36 and α-
iminocarboxamidato Ni catalysts have been extensively
studied,37,38 with only the [N,O]-bound Ni centers being
catalytically active.39 Expanding to other donor atoms, neutral
Ni catalysts with 5-membered [N,N]40 and [P,O]41,42 chelates
have been explored recently, and NHC-containing chelates
have given Ni catalysts with very high thermal stabilities,43

demonstrating that a wide variety of ligands can deliver
catalytically active Ni centers.
We became interested in understanding what ligand

properties are required to generate active, neutral Ni catalysts,
particularly with the potential importance of small bite-
angles44,45 and chelate ring-size. In particular, we noted
Brookhart’s work in the development of very active catalysts
with a 5-membered chelating ligand (D),31,46,47 and wanted to
investigate the following: (i) if the bite angle could be changed
by altering the carbacyclic ligand backbone and what the effect
would be, and (ii) to see whether conjugation between the N
and O donors, as found in anilitropone ligands, was vital. We
noted that maple lactone is a cheap, biosourced molecule that
with simple modification would generate a range of 5-
membered chelating [N,O] ligands with potentially interesting
properties. Although maple lactone is listed commercially
under the diketone description, maple lactone has several
tautomeric forms (Scheme 1). Computationally, the keto−enol
tautomer II has been predicted to be more stable than the
diketone tautomer (I) due to π-delocalization in the α,β-enone

Chart 1. Selected Historical Developments in Ni Catalysis Applied to the Oligomerization/Polymerization of Ethylene, with
Dates of Development, Polymerization Temperature, and Activitya

ag mmol−1 h−1 bar−1. Ar = bulky aryl group. Activity reported for Ar = Dipp (2,6-iPr2C6H3).

Scheme 1. Computed Relative Energies of the Three Major
Isomers of Maple Lactone48,49

Organometallics pubs.acs.org/Organometallics Article

https://dx.doi.org/10.1021/acs.organomet.0c00061
Organometallics 2020, 39, 1751−1761

1752

https://pubs.acs.org/doi/10.1021/acs.organomet.0c00061?fig=cht1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00061?fig=cht1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00061?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.0c00061?fig=sch1&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.0c00061?ref=pdf


system,48 and also more stable than III due to the eclipsing
steric interaction between the methyl group and a C−H in the
5-membered ring.49 We set out to utilize this molecule as the
building block for a set of novel [N,O] proligands for
complexation to nickel(II). These complexes were then
examined for catalytic activity toward ethylene polymerization
in order to investigate the potential influence of bite angle and
conjugation between the donor atoms.

■ RESULTS AND DISCUSSION
Synthesis of Proligands. To confirm the identity of the

preferred tautomer of maple lactone, single crystals were grown
from ethyl acetate/petroleum ether (40−60). Single crystal X-
ray diffraction experiments confirmed the presence of tautomer
II (Scheme 1), with C−O bond lengths of 1.231(2) Å and
1.359(2) Å identifying the ketone and alcohol functionality
respectively, as well as a C−C bond length of 1.345(2) Å
indicative of a carbon−carbon double bond (see SI for SCXRD
data). The proligands were synthesized by the condensation of
maple lactone with substituted anilines in the presence of
catalytic quantities of p-toluenesulfonic acid (Scheme 2), with

single substitution occurring selectively at the ketone position.
Interestingly, the resulting compounds underwent tautomeri-
zation forming the keto-enamine; a similar result was observed
in the synthetic pathway to imino-enamido ligands that have
been used in group 4 complexes for the production of
polyethylene.49 The keto-enamine tautomer was confirmed
through multinuclear NMR spectroscopy, infrared spectrosco-
py and single crystal X-ray diffraction experiments. Using 1H
NMR spectroscopy, the resonance corresponding to the
methyl group was observed as a singlet in maple lactone, but
a doublet in 1−4. Additionally, there was also a pseudotriplet
at δ 5.5 ppm relating to the olefinic C−H present in 1−4.
Through single crystal diffraction data (Figure 1 for 1), a
decrease in bond length of C2−C3 was observed, from
1.509(3) Å in maple lactone to 1.345(3) Å in 1, indicative of
the change from a single to a double bond. Likewise, an
increase of bond length is seen for C1−C5 from 1.344(2) Å to
1.522(3) Å along with a shortening of the C−O bond from
1.359(2) Å to 1.219(2) Å, again confirming that the keto-
enamine has formed. Similar bond lengths were observed for
2−4 (see SI for SCXRD data). Additional characterization was
achieved using mass spectrometry and elemental analysis.
Compounds 1−4 were deprotonated using excess NaH

forming solids after concentration of the filtrate (Scheme 2).
These salts can be reacted directly with Ni precursors without
further purification, but to better understand the nature of

these species single crystals of 5 were grown and analyzed by
X-ray diffraction in order to determine its solid-state structure.
A single crystal X-ray diffraction study showed 5 to exist as a
hexameric species with a hexagonal prismatic arrangement of
Na and O atoms with each O atom triply bridging the four-
coordinate Na atoms. Interestingly, the ligand is chelating the
Na atoms in its imino-enolate form (Figure 2), with bonds

Scheme 2. Proligand Synthesis and Subsequent
Deprotonationa

aIsolated yields not recorded. Dipp = 2,6-iPr2C6H3; Mes = 2,4,6-
Me3C6H2; Dmp = 3,5-Me2C6H3; p-tol = 4-MeC6H4.

Figure 1.Molecular structure of 1, existing as a H-bonded dimer, with
only selected H atoms shown. Selected bond distances (Å): C1−C2
1.471(3), C2−C3 1.345(3), C1−C5 1.522(3), C2−N1 1.365(2),
C1−O1 1.219(2), O1−H 2.303, (N1)H−O 2.073.

Figure 2. Molecular structure of 5, with H atoms omitted for clarity
(Na = turquoise, O = red, N = blue, C = gray). Selected bond
distances (Å) and angles (deg): Na1−O1 2.290(3), Na1−O2
2.265(3), Na1−O3 2.288(3), Na1−N1 2.356(3), O1−C1 1.318(4),
N1−C2 1.286(5), C1−C2 1.475(6), C1−C5 1.369(5), C4−C5
1.503(6), O1−Na1−N1 76.5(1).
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lengths indicative of a CN double bond [1.286(5) Å] and an
enolate functionality [CC: 1.369(5) Å]. Clearly, there is an
interplay between various tautomers in all these different
species with different tautomers preferred for maple lactone,
the proligands and 5.
Synthesis and Characterization of Ni Complexes.

Neutral Ni(II) precatalysts for ethylene polymerization require
a hydrocarbyl Ni-substituent to initiate the reaction as well as a
neutral ligand that can dissociate in order to create a vacant
site. Ni−Ar complexes of proligands 1−4 with PPh3 coligands
were therefore prepared using metathesis from the sodium salts
5−8 (Scheme 3). They were characterized using multinuclear

NMR spectroscopy, X-ray crystallography and high-resolution
mass spectrometry. From 5, Ni complexes containing either a
Ph or ortho-tolyl substituent were synthesized via salt
metathesis, from the appropriate Ni precursor,50 in order to
determine the effect of initiating group on activity and stability.
We noted that the ortho-tolyl precursor trans-[Ni(o-tol)(Cl)-
(PPh3)2] is relatively air and moisture stable, a useful feature
for a precatalyst, in contrast to the Ph precursor trans-
[Ni(Ph)(Cl)(PPh3)2], which degrades in solution to form
biphenyl via disproportionation when there is no excess PPh3
present.51

Complexes 9−13 were prepared in similar yields of 40−56%
and displayed a single 31P{1H} NMR resonance between δ 21
and 27 ppm. The 1H NMR spectrum of 10 showed evidence
for slow rotation about the Ni−Ar bond as four distinct
doublets and two septet resonances were observed for the
diisopropyl groups, unlike the two doublets visible in the
proligand. This slow rotation is also evident in 11, with singlet
resonances for each Mes methyl group visible. Single crystal X-
ray diffraction revealed similar molecular structures for 9
(Figure 3) and 10 (see SI) with the imine donor trans to PPh3,
similar to other [N,O]-type ligands with Ni (Chart 1).
Comparing 9 and 10, bite angles of the [N,O] ligand were
almost identical at 85.59(5) (9) and 85.75(9)° (10), which is
slightly larger, but still similar, to other 5-membered chelate
ligands in literature, which are in the region of 82.5°−
84.0°.31−33,52,53 For 9 and 10, the Ni−C bond lengths are
identical within error [Ni1−C19 1.890(3) Å], while the other
bond lengths to Ni have some minor variations; the Ni−N
bond is shorter in 9 but the Ni−O bond length is shorter in 10
[Ni−N: 1.955(1) (9) and 1.978(2) (10); Ni−O: 1.945(1) (9)
and 1.918(2) Å (10)]. Both complexes feature distorted square
planar Ni centers; for 9 the Ph ligand lies out of the Ni square
plane (O−Ni−C = 166.2°), whereas for 10 the PPh3 ligand is
further out of the square plane (N−Ni−P = 162.6°).
Compared to other Ni precatalysts, the Ni−P bond lengths
are similar, with reported values of between 2.14 and 2.18 Å,
and the Ni−N bonds are slightly longer than average at
1.955(1) and 1.978 (2) Å, with other bond lengths recorded

between 1.89−1.98 Å.26,31,33,52,53 The imino-enolate tautomer
was confirmed with C−O bond lengths of 1.321(2) (9) and
1.326(3) Å (10) and CN bond lengths of 1.294(2) (9) and
1.302(4) Å (10).
Changing the N-substituents leads to only relatively small

structural changes. The Ni−P bond lengths for 11 [2.1408(5)
Å] and 12 [2.1461(7) Å] are shorter than for 9 [2.1503(4)]
and 10 [2.1613(8) Å], while the Ni−N and Ni−O bond
lengths for 11 and 12 [Ni−N 1.955(2) and 1.957(2); Ni−O
1.941(1) 1.937(2) Å, respectively] resemble those seen in 9
[Ni−N 1.955(1); Ni−O 1.945(1) Å] more than those seen in
10 [Ni−N 1.978(2) and Ni−O 1.918(2) Å]. However, the bite
angles are very similar across all complexes at 85.4(1)−
85.8(1)°. The shorter Ni−O bonds and longer Ni−N bonds in
10 are ascribed to the increased steric bulk of the Dipp and o-
tol groups causing an increase in distance for the Ni−N bond,
and subsequent shortening of the Ni−O bond, and there is
also a lengthening of the Ni−P bond in 10 compared to the
other precatalysts.

Ethylene Polymerization Results. Initial catalytic screen-
ing of 9 and 10 with [Ni(cod)2] as a phosphine scavenger was
conducted at 60 °C under 40 barg of ethylene using a
preheated autoclave equipped with gas-entraining stirrer to
identify the best initiating aryl group for the production of
polyethylene. Comparing runs for 9 and 10 showed that the o-
tolyl group increased the activity of the catalyst, to 6.28 g
(mmol h bar)−1 from 3.95 g (mmol h bar)−1‑for 9 (Table 1,
Runs 1, 2). As the aryl group acts as an initiator, it seems likely
that this reflects the lower stability of the Ni-Ph compound at
elevated temperatures, as revealed by 1H NMR spectroscopy.
Hence, 10 was found to be more active, possibly as a result of
its enhanced thermal stability, which was also demonstrated by
1H NMR spectroscopy. This led us to focus on complexes with
o-tolyl initiating groups.
The effect of steric bulk present near the metal center was

investigated through variation of the imine substituent.
Altering the steric properties of the aryl imine group strongly
influenced the catalytic activity. An activity of 4.25 g (mmol h

Scheme 3. Synthesis of Ni Complexes

Figure 3. Molecular structure of 9, with H atoms removed for clarity.
Selected bond distances (Å) and angles (deg): Ni1−C19 1.890(2),
Ni1−P1 2.1503(4), Ni1−O1 1.945(1), Ni1−N1 1.955(1), O1−C1
1.321(2), C2−N1 1.294(2), C1−C5 1.358(2), C2−C3 1.497(2),
O1−Ni1−N1 85.59(5).
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bar)−1 was achieved at 60 °C with 10 barg of ethylene for
catalyst 10, which reduced to 0.23 g (mmol h bar)−1 for the
Mes-substituted precatalyst 11 due to decreased steric bulk at
the ortho position of the aryl imine group. This trend is
continued with 12 and 13, which showed a dramatic drop in
polymerization activity to 0.08 g (mmol h bar)−1 (Table 2,
Runs 3−6) as the steric bulk was decreased further with the
methyl groups moved to the meta and para positions. Similar
trends have been observed by other groups in the
literature.26,37

Having found the optimal catalyst from the synthesized
library, 10 was then screened to identify the limits of the
catalytic activity. At low pressure (0.5 barg ethylene) and at
room temperature with a variety of activators, no activity was
observed. The pressure was then increased to 10 barg ethylene,
still at room temperature, and various activators were trialed,
which showed polymerization of ethylene when B(C6F5)3 was
added to remove PPh3. (Table 2, Run 10). The effect of
polymerization temperature was then explored (Table 3, Runs
3, 10−15). This showed an increase in the activity, peaking at
80 °C (Table 3, Run 14) before dropping off. This drop off
above 80 °C could be due to either poor gas dissolution into
the reaction solvent, or deactivation of the active species in
solution at high temperatures. This decrease in catalytic
activity at elevated temperatures is common in this family of
catalysts, with decreases of activity observed in previous work
above 60 °C.54,55 For the anilinotropone catalyst D, activity
also peaked at 80 °C.36

Increased catalytic loading was also trialed (Runs 16 and
17), which showed an increase in polymer yield, but a decrease
in the activity and productivity of the catalyst. The polymer-
ization at 80 °C shows an activity of 33.5 g (mmol h bar)−1,
displaying moderate activity as defined by Britovsek et al.6 This
level of activity is defined across all classes of polymerization
catalyst, however, and for [N,O]-type catalysts, this activity is
within the expected range. Work by Grubbs and co-workers
showed activities in the magnitude of 5 to 56 g (mmol h bar)−1

with increasing bulk of the phenoxyimine ligand backbone (C,
Chart 1) from H substituents, to phenyl through to
anthracene.26 Other work in the field has shown activities in
similar conditions between 3 and 33 g (mmol h bar)−1.56−58

This activity is still low compared to previous activities shown
by Brookhart and co-workers for D (Chart 1, Ar = Dipp) of ca.
120 g (mmol h bar)−1; however, this catalyst was short-lived at
80 °C. High activities could be potentially due to beneficial
conjugation between the donor atoms in the anilinotropone
ligand as all other aspects of this ligand are similar to 1.

Polymer Characterization. The polymers were charac-
terized using differential scanning calorimetry (DSC), NMR
spectroscopy and gel permeation chromatography (GPC, see
SI). NMR spectroscopic analysis was hampered for all the
polymers formed using B(C6F5)3 due to low solubility in
C6D5Br at room temperature. The melting point of the
polymers formed under standard conditions using B(C6F5)3 as
the cocatalyst were similar at 117(±4) °C, which equates to a
relatively low percentage of Me branching.21 The polymer
formed at 40 barg ethylene with [Ni(cod)2] as the cocatalyst

Table 1. Initial Catalytic Screening of Initiating Groups for Ethylene Polymerization Using 3 equiv [Ni(cod)2] as Cocatalyst,
100 mL Toluene, and the Precatalyst That Were Premixed in a Schlenk Flask before Transfer to a Prewarmed Autoclave

run catalyst catalyst loading (mmol) temperature (°C) ethylene pressure (barg) mass (g) activity (g (mmol h bar)−1)

1 9 0.030 60 40 5.920 3.95
2 10 0.022 60 40 6.904 6.28

Table 2. Initial Catalytic Screening for Ethylene Polymerization Using 600 rpm Stirring, 4 equiv B(C6F5)3 as Initiator, 30 mL
Toluene, and Catalyst Added to Autoclave in Glovebox before Autoclave Warming and Pressurization

run catalyst catalyst loading (mmol) temperature (°C) ethylene pressure (barg) massa (g) activity (g (mmol h bar)−1)

3 10 0.005 60 10 0.106 4.25
4 11 0.005 60 10 0.006 0.23
5 12 0.005 60 10 0.002 0.08
6 13 0.005 60 10 0.002 0.07

aMeasured after 1 day drying at 80 °C in a vacuum oven.

Table 3. Catalytic Activity for Ethylene Polymerization over a Range of Conditionsa

run catalyst catalyst loading (mmol) temperature (°C) ethylene pressure (barg) massb (g) activity (g (mmol h bar)−1)

7 10 0.005 60 1 0 0
8 10 0.005 60 15 0.187 4.99
9 10 0.005 60 20 0.211 4.22
10 10 0.005 r.t. 10 0.013 0.52
11 10 0.005 40 10 0.063 2.51
12 10 0.005 50 10 0.112 4.48
13 10 0.005 70 10 0.318 12.7
14 10 0.005 80 10 0.837 33.5
15 10 0.005 90 10 0.505 20.2
16 10 0.020 r.t. 10 0.032 0.32
17 10 0.020 60 10 0.387 3.87

aStandard conditions: 600 rpm stirring, 4 equiv B(C6F5)3 as initiator, 30 mL toluene, and 10 added to an autoclave in a glovebox before being
autoclave warmed and pressurized. bMeasured after 1 day drying at 80 °C in a vacuum oven.
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exhibited a much lower melting point (51 °C) as well as a glass
transition point at −1.5 °C (Table 4, Run 2) typical of a highly

branched polymer, as also deduced from 1H NMR spectros-
copy (ca. 83 branches per 1000 C atoms).21,59 Further studies
into the effect of the cocatalyst were carried out using
[Ni(cod)2] at 10 barg and 60 °C demonstrating the formation
of a viscous polymer, different to that formed when B(C6F5)3
was used as the cocatalyst. This polymer was soluble in CDCl3,
unlike runs 2−17, and showed a high percentage of branching
with 157 Me groups per 1000 carbons; ethyl, propyl, and butyl
branches were also observed. Shan et al. have also observed
differences in the polymer upon changing the cocatalyst, but
the effect was based on altering the stability of the metal
center, affecting the activity and Mw of the polymers formed,
rather than the extent of branching.60 The effect of changing
the Ni-hydrocarbyl initiating group has also been probed in a
Ni [P,O] system, with differences upon the addition of
B(C6F5)3 or [Ni(cod)2] noted.61 For the anilinotropone
catalyst D (Ar = Dipp), no change was observed upon the
addition of different phosphine scavengers (B(C6F5)3, BPh3
and [Ni(cod)2]), but then this catalyst is active without a
cocatalyst.36 For a Ni phenoxyimine catalyst (type C), no
difference was observed for polymers formed from using either
B(C6F5)3 or [Ni(cod)2] as a cocatalyst.

26

For the polymer with the narrowest PDI (run 2 using
[Ni(cod)2]), values of Mn = 38 000, PDI = 2.3, 83 Me
branches per 1000 carbon atoms and Tm = 51 °C were found.
In comparison, Dipp-substituted precatalyst B (Chart 1, R =
H) + MMAO gave polyethylene withMn = 100 000, PDI = 2.7,
7 Me branches per 1000 carbon atoms and Tm = 129 °C.20 A
related complex with a bis(Dipp)acenaphthenequinonediimine
ligand gave polyethylene with Mn = 170 000, PDI = 2.3, 74 Me
branches per 1000 carbon atoms and Tm = 97 °C.20 Catalyst D
(Ar = Dipp) gave polyethylene with varying degrees of Me
branches, from 8 to 113 per 1000 C atoms, with Mn of 204 000
and 6700 respectively (PDI = 2.81 and 2.03) upon changing
temperature and pressure.31

■ CONCLUSIONS
In conclusion, a series of Ni(II) complexes with 5-membered
chelating [N,O] ligands derived from maple lactone were
synthesized and characterized. They were screened toward the
polymerization of ethylene and were found to exhibit moderate
activity, producing polymers with a high molecular weight, as
determined by GPC, when using B(C6F5)3 or [Ni(cod)2] as an
activator. However, poorly soluble polyethylene with a
relatively high melting point (117(±4) °C) was produced

when B(C6F5)3 was used as a cocatalyst, compared to more
highly branched polymers with lower melting points when
[Ni(cod)2] was used as a cocatalyst. It was found that steric
bulk played an important role in producing an active catalyst,
with only the diisopropylphenyl-substituted catalyst displaying
high activities. It was also demonstrated that this catalyst was
still active at elevated temperatures, with the optimum
temperature found to be 80 °C. Higher pressures of ethylene
was found to increase the catalytic turnover and frequency.
The Dipp-substituted complex was not as active as previous
Ni-anilinotropone catalysts despite the similar N-substitution
and chelate size, suggesting that other factors may be
responsible for increased activity. The utilization of these
nickel(II) complexes as catalysts for the copolymerization of
ethylene with polar monomers is currently ongoing.

■ EXPERIMENTAL SECTION
Reactions were either performed under an oxygen-free (H2O, O2 <
0.5 ppm) nitrogen atmosphere using standard Schlenk line techniques
and an MBRAUN UNIlab Plus glovebox or in the open laboratory, as
indicated. Anhydrous toluene, anhydrous DCM, and anhydrous THF
were obtained from an MBRAUN SPS-800 and petroleum ether 40−
60 was distilled from sodium wire; benzene and benzene-d6 were
dried over molten potassium and distilled. All anhydrous solvents
were degassed before use and stored over activated molecular sieves.

The following compounds were prepared according to literature
methods: [Ni(Ph)Cl(PPh3)2],

62 [Ni(o-tolyl)Cl(PPh3)2].
50 The fol-

lowing were purchased from commercial suppliers and used without
further purification: maple lactone, 3,5-dimethylaniline, p-toluidine, p-
toluenesulfonic acid, sodium hydride (95%), nickel chloride, nickel
chloride hexahydrate, zinc dust, triphenylphosphine, o-tolylmagne-
sium chloride, chlorobenzene. 2,6-Diisopropylaniline and 2,4,6-
trimethylaniline were distilled under reduced pressure before use.
Air sensitive samples for NMR spectroscopy were prepared in NMR
tubes equipped with a J. Young tap. NMR spectra were recorded on
Bruker AV300 (300 MHz), AVI400 (400 MHz), AVIII400 (400
MHz), or AVHDIII (400 MHz) spectrometers at 25 °C unless
specified. Chemical shifts δ are noted in parts per million (ppm). 1H
and 13C spectra were calibrated to the residual proton resonances of
the deuterated solvent. 31P NMR spectra were referenced to external
samples of 85% H3PO4 at 0 ppm. X-ray diffraction experiments were
performed on single crystals of the samples covered in inert oil and
placed under the cold stream (100 K) of a Bruker X8 APEX-II four-
circle diffractometer (Heriot-Watt University), except for 9, which
was collected in the cold stream (150 K) of a Bruker APEX-II
diffractometer (LIKAT), 1, which was collected at the UK EPSRC
National Crystallography Service at the University of Southampton,
and 5 which was collected at the Advanced Light Source (ALS),
Berkley. Exposures were collected using Mo Kα radiation (λ =
0.71073 Å), except for the sample analyzed at the ALS synchrotron.
Indexing, data collection and absorption corrections were performed,
and structures were solved using direct methods (SHELXT)63 and
refined by full-matrix least-squares (SHELXL) interfaced with the
program OLEX2.64,65

CCDC deposition numbers: 1973377−1973387.
Polymerization reactions were run either using a Parr autoclave

equipped with a gas entraining stirrer, electric heating mantle, and
automatic temperature control (LIKAT) or a magnetically stirred Parr
9010 0.45 L autoclave (Heriot-Watt University). Polymer analysis was
carried out using NMR spectroscopy, differential scanning calorimetry
(DSC), and GPC analysis (University of Warwick). NMR analysis
was carried out on spectrometers listed above in deuterated
bromobenzene. DSC measurements were carried out on a TA
Instruments DSC 2010 and GPC analysis was carried out at Warwick
Scientific services using an Agilent PL-GPC 220 high temperature
system. Elemental analyses were performed by Dr. Brian Hutton at
Heriot-Watt University using an Exeter CE440 elemental analyzer or
by Mr. Stephen Boyer at London Metropolitan University. Mass

Table 4. Polyethylene Properties

run temperature (°C) Mw
a (g mol−1) Tm (°C)

2 60 79 100 51
12 50 63 500 118
3 60 46 100 113
13 70 101 000 114
14 80 24 000 121
15 90 51 000 118

aDetermined by GPC in 1,2,4-trichlorobenzene at 150 °C vs linear
polystyrene standards, and corrected by calibration. Main peak in the
GPC data, shoulders present in some of the data. Run 2: [Ni(cod)2]
cocatalyst and 40 barg ethylene. B(C6F5)3 and 10 barg ethylene used
for all others.
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spectrometry analysis was performed at the EPSRC UK National
Mass Spectrometry Facility at Swansea University, using an
Atmospheric Solids Analysis Probe interfaced to a Water Xevo G2-
S instrument.
2-((2,6-Diisopropylphenyl)amino)-5-methylcyclopent-2-en-

1-one (1).

Maple lactone (3.58 g, 31.9 mmol), 2,6-diisopropylaniline (6.0 mL,
31.9 mmol), p-toluenesulfonic acid monohydrate (22.0 mg, 0.116
mmol), and xylene (100 mL) were added to a 250 mL round
bottomed flask. This mixture was then heated to reflux (140 °C) with
a Dean−Stark apparatus for 3 days. Solvent was then removed
through rotary evaporation, and the resultant oil was purified using
column chromatography (10% ethyl acetate, 90% petroleum ether
40−60) yielding a red/brown solid. 6.23 g, 23.0 mmol, 72% yield. 1H
NMR (CDCl3, 300 MHz) δ 7.26−7.15 (3H, m, H9, 10, 11), 5.56 (1H, t,
J = 3.22 Hz, H3), 5.41 (1H, br s, NH), 3.11 (2H, sept, J = 6.94 Hz,
H13, 16), 2.71 (1H, ddd, J = 17.58, 6.32, 3.22 Hz, H4’), 2.48 (1H, m,
H5), 2.02 (1H, ddd, J = 17.76, 3.22, 1.96 Hz, H4”), 1.23 (3H, d, J =
7.41 Hz, H6), 1.20−1.15 (12H, 2xd, J = 6.94 Hz, H14, 15, 17, 18).
13C{1H} NMR (75.5 MHz, CDCl3) δ 206.88 (C, C1), 146.44 (C,
C8, 12), 144.96 (C, C2), 135.53 (C, C7), 127.07 (CH, C10), 123.65
(CH, C9, 11), 121.71 (CH, C3), 39.26 (CH, C5), 32.66 (CH2, C4),
28.25 (CH, C13, 16), 24.14/23.96 (2xCH3, C14, 15, 16, 17), 16.67 (CH3,
C6). HRMS (EI): Calcd for C18H26NO

+: 272.2009, [M + H]+, found
272.2010 m/z. Elemental analysis calcd. (%) for C18H25NO: C; 79.66,
H; 9.28, N; 5.16. Found: C; 79.52, H; 9.35, N; 5.21.
2-(Mesitylamino)-5-methylcyclopent-2-en-1-one (2).

Maple lactone (3.58 g, 31.9 mmol), 2,4,6-trimethylaniline (4.5 mL,
31.9 mmol), p-toluenesulfonic acid monohydrate (11.0 mg, 0.058
mmol), and toluene (100 mL) were added to a 250 mL round
bottomed flask. This mixture was then heated under reflux (110 °C)
using a Dean−Stark apparatus for 16 h. The solvent was then
removed through rotary evaporation, and the resultant oil was purified
using gradient column chromatography (10% ethyl acetate, 90%
hexane increasing to 15% ethyl acetate) yielding a dark brown solid.
4.97 g, 21.7 mmol, 68% yield. 1H NMR (CDCl3, 300 MHz) δ 6.89
(2H, s, H9, 11), 5.54 (1H, t, J = 3.25 Hz, H3), 5.27 (1H, br s, NH),
2.74 (1H, ddd, J = 17.77, 6.39, 3.25 Hz, H4’) 2.49 (1H, m, H5), 2.28
(3H, s, H14), 2.15 (6H, s, H13, 15), 2.06 (1H, ddd, J = 17.77, 3.25, 1.95
Hz, H4”), 1.24 (3H, d, J = 7.47 Hz, H6).

13C{1H} NMR (75.5 MHz,
CDCl3, 298 K) δ 207.20 (C, C1), 142.88 (C, C2), 135.82 (C), 135.31
(C), 134.50 (C, C8, 12), 129.22 (CH, C9, 11), 122.00 (CH, C3), 39.35
(CH, C5), 32.80 (CH2, C4), 20.95 (CH3, C14), 18.19 (CH3, C13, 15),
16.75 (CH3, C6). HRMS (EI): Calcd for C15H20NO

+: 230.1539, [M
+ H]+, found 230.1529 m/z. Elemental analysis calcd (%) for
C15H19NO: C; 78.56, H; 8.35, N; 6.11. Found: C; 78.61, H; 8.43, N;
6.20.

2-((3,5-Dimethylphenyl)amino)-5-methylcyclopent-2-en-1-
one (3).

Maple lactone (3.00 g, 26.8 mmol), 3,5-dimethylaniline (3.24 g, 26.8
mmol), p-toluenesulfonic acid (25.4 mg, 0.134 mmol), and toluene
(150 mL) were added to a 250 mL round bottomed flask. This
mixture was then heated under reflux (110 °C) using Dean−Stark
apparatus overnight (16 h). The solvent was then removed under
rotary evaporation. The crude oil was then purified through column
chromatography (10% ethyl acetate, 90% hexane). The fractions
containing product was then collected and recrystallized from hot/
cold pet. ether 40−60, yielding a red/brown solid. 2.59 g, 12.03
mmol, 45% yield. 1H NMR (CDCl3, 300 MHz) δ 6.67 (2H, s, H8, 12),
6.65 (1H, t, J = 3.33 Hz, H3), 6.58 (1H, s, H10), 6.11 (1H, br s, NH),
2.90 (1H, ddd, J = 18.00, 6.59, 3.41 Hz, H4’), 2.46 (1H, m, H5), 2.29
(6H, s, H13, 14), 2.26−2.18 (1H, ddd, J = 18.00, 3.41, 2.06 Hz, H4”),
1.23 (3H, d, J = 7.19 Hz, H6).

13C{1H} NMR (75.5 MHz, CDCl3) δ
207.49 (C, C1), 141.88 (C, C2), 139.24 (C), 139.18 (C), 123.09 (CH,
C10), 122.88 (CH, C3), 114.66 (CH, C8, 12), 38.07 (CH, C5), 33.42
(CH2, C4), 21.59 (CH3, C13, 14), 16.57 (CH3, C6). HRMS (EI) m/z
calcd for C14H18NO

+: 216.1383, [M + H]+, found 216.1383;
Elemental analysis calcd (%) for C14H17NO: C; 78.10, H; 7.96, N;
6.51. Found: C; 78.12, H; 8.00, N; 6.57.

5-Methyl-2-(p-tolylamino)cyclopent-2-en-1-one (4).

Maple lactone (3.00 g, 26.8 mmol), p-toluidine (2.79 mL, 26.8
mmol), p-toluenesulfonic acid (25.4 mg, 0.134 mmol), and toluene
(150 mL) were added to a 250 mL round bottomed flask. This
mixture was then heated under reflux (110 °C) using Dean−Stark
apparatus overnight (16 h). The solvent was then removed under
vacuum and crude oil was then purified through column
chromatography (10% ethyl acetate, 90% hexane) yielding a brown
solid (2.69 g, 13.38 mmol, 50% yield). 1H NMR (CDCl3, 300 MHz)
δ 7.10 (2H, m, HAr), 6.95 (2H, m, HAr), 6.60 (1H, t, J = 3.10 Hz, H3),
6.10 (1H, br s, NH), 2.89 (1H, ddd, J = 17.74, 6.54, 3.27 Hz, H4’),
2.46 (1H, m, H5), 2.29 (3H, s, H13), 2.21 (1H, ddd, J = 17.74, 3.27,
2.09 Hz, H4”), 1.24 (3H, d, J = 7.58 Hz, H6)

13C{1H} NMR (75.5
MHz, CDCl3) δ 207.44 (C, C1), 139.48 (C,), 139.44 (C), 130.45
(C), 129.94 (CH, C9, 11), 122.47 (CH, C3), 117.00 (CH, C8, 12),
38.14 (CH, C5), 33.38 (CH2, C4), 20.74 (CH3, C13), 16.55 (CH3,
C6). HRMS (ESI-MS) m/z calc for C13H16NO

+: 202.1226 [M + H]+,
found 202.1225. Elemental analysis calcd (%) for C13H15NO: C;
77.58, H; 7.51, N; 6.96. Found: C; 77.10, H; 7.55, N 6.80.

General Synthesis of 5−8. A typical reaction is described as
follows. Sodium hydride (0.442 g, 18.4 mmol, 5 equiv) was added to a
Schlenk flask together with dry THF (10 mL). 2-((2,6-
Diisopropylphenyl)amino)-5-methylcyclopent-2-en-1-one (1.000 g,
3.685 mmol) dissolved in dry THF (20 mL) was then added at 0
°C with stirring and left to stir overnight at room temperature. The
solvent was then removed under a high vacuum, and the resulting
solid was washed with petroleum ether (40−60). The solid was then
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dissolved in toluene (40 mL) and filtered. The filtrate was then
reduced in volume under a high vacuum, and the product reacted as
formed.
Synthesis of 9.

1 (205 mg, 0.74 mmol, 1 equiv) and NaH (88 mg, 3.7 mmol,5 equiv)
were combined in a Schlenk tube, and THF (30 mL) was added. The
mixture was stirred for 3 days, then left to settle, and the clear pale
orange solution was filtered. All volatiles were removed under reduced
pressure giving an off-white residue. [Ni(Ph)Cl(PPh3)2] (513 mg,
0.74 mmol, 1 equiv) and toluene (25 mL) were added, and the
mixture was stirred for 16 h producing a dark orange solution. The
solution was filtered, the solvent was removed, and the residue was
extracted with hexane (30 mL), giving a red solution that was filtered.
This was concentrated under reduced pressure, and the product
crystallized at 5 °C as red crystals in two crops (245 mg, 0.366 mmol,
50%). 1H NMR (300 MHz, Benzene-d6, 25 °C) δ 7.91−7.58 (m, 6H,
H26), 7.10 (m, 2H, H20), 7.07−6.79 (m, 12H, overlapping
H9, 10, 11, 27, 28), 6.52−6.27 (m, 3H, H21, 22), 3.82 (septet, J = 6.8 Hz,
2H, H13, 16), 2.35−2.13 (m, 2H, H4), 2.07−1.93 (m, 2H, H3), 1.71 (s,
3H, H6), 1.28 (d, J = 6.8 Hz, 6H, H14, 17), 1.13 (d, J = 6.8 Hz, 6H,
H15, 18);

13C{1H} NMR (75 MHz, C6D6) δ 193.87 (d, J = 2 Hz, C,
C2), 166.05 (d, J = 2 Hz, C, C1), 146.73 (d, J = 45.7 Hz, C, C19),
143.13 (C, C7), 140.70 (C, C8,12), 137.91 (d, J = 2.7 Hz, CH, C21),
134.54 (d, J = 10.5 Hz, CH, C26), 132.05 (d, J = 44.2 Hz, C, C25),
129.41 (d, J = 2.5 Hz, CH, C27), 127.18 (C, C5), 127.57 (C, C28),
125.86 (CH, C10), 125.11 (d, J = 1.8 Hz, CH, C20), 123.06 (CH,
C11), 121.40 (CH, C22), 33.52 (CH2, C4), 28.30 (CH, C13, C16),
25.51 (CH2, C3), 25.02 (CH3, C15,18), 23.82 (CH3, C14,17), 13.40
(CH3, C6).

31P{1H} NMR (122 MHz, C6D6) δ 25.20. HRMS (ASAP)
m/z calcd for C42H45NNiOP

+: 668.2592 [M + H]+, found 668.2602.
Synthesis of 10.

trans-[Ni(o-tolyl)Cl(PPh3)2] (0.9600 g, 1.36 mmol) and sodium 5-
((2,6-diisopropylphenyl)imino)-2-methylcyclopent-1-en-1-olate (5)
(0.4000 g, 1.36 mmol) were dissolved in a Schlenk flask with toluene
(20 mL). This was then heated to 50 °C and stirred over the
weekend. The solvent was then removed, and the complex was then
washed with cold petroleum ether (40−60) (20 mL), and the product
was extracted by repeated washings with hot petroleum ether (40−
60) yielding a red/orange solid (0.3799 g, 0.56 mmol, 41%). 1H (400
Hz, C6D6) δ 7.81 (6H, tm, H27), 7.06 (m, 11H, overlapping Ar and
PPh3), 6.77 (1H, dd, J = 7.63, 1.47 Hz, HNi‑o‑tolyl), 6.75 (1H, dm, J =
7.63, HNi‑o‑tolyl), 6.44 (1H, br t, J = 7.19 Hz, HAr), 6.35 (1H, dd, J =
7.34, 0.88 Hz, HNi‑o‑tolyl), 6.24 (1H, td, J = 7.34, 1.17, HNi‑o‑tolyl), 4.49
(1H, sept, J = 6.75 Hz, HiPr), 3.23 (1H, sept, J = 6.75 Hz, HiPr), 3.16
(3H, s, H25), 2.23 (bs, 2H, H4), 2.00 (bs, 2H, H3), 1.65 (s, 3H, H6),

1.64 (3H, d, J = 6.75 Hz, HiPr), 1.32 (3H, d, J = 6.75 Hz, HiPr), 1.07
(3H, d, J = 6.75 Hz, HiPr), 0.87 ppm (3H, d, J = 6.75 Hz, HiPr).
13C{1H} (100.6 Hz, C6D6) δ 193.96 (C), 165.94 (C), 165.86 (C),
143.77 (C), 143.74 (C), 141.11 (C), 137.28 (CH), 134.77 (CH),
134.66 (CH), 132.07 (C), 131.64 (C), 129.51 (CH), 128.37 (CH),
128.12 (CH), 128.00 (CH), 127.87 (CH), 127.76 (CH), 127.63
(CH), 127.55 (CH), 127.25 (CH), 125.93 (CH), 123.41 (CH),
123.01 (CH), 122.54 (CH), 122.51 (CH), 122.12 (CH), 33.52
(CH2), 28.73 (CH), 27.74 (CH), 26.21 (CH3), 26.19 (CH2), 25.76
(CH3), 25.47 (CH3), 25.18 (CH3), 24.41 (CH3), 23.69 (CH3), 13.50
ppm (CH3).

31P{1H} (162 Hz, C6D6) δ 21.46 ppm. HRMS (ASAP)
m/z calcd for C43H47NNiOP

+: 682.2749 [M + H]+, found 682.2755.
Synthesis of 11.

trans-[Ni(o-tolyl)Cl(PPh3)2] (0.9416 g, 1.33 mmol) and sodium 5-
(mesitylimino)-2-methylcyclopent-1-en-1-olate (6) (0.4000 g, 1.59
mmol) were dissolved in a Schlenk flask with toluene (20 mL). This
was then heated to 50 °C and stirred over the weekend. The solvent
was then removed, and the complex was then washed with petroleum
ether (40−60) (20 mL), and the product was recrystallized from
toluene/petroleum ether (40−60) yielding a yellow solid (0.4600 g,
0.72 mmol, 54%). 1H (400 Hz, C6D6) δ 7.75 (6H, m, H24), 7.39 (1H,
m), 7.09 (1H, m), 7.01 (m, 9H), 6.62 (1H, bs), 6.47 (1H, m), 6.31
(2H, tm, J = 6.60 Hz, HNi‑o‑tolyl), 2.94 (3H, s, H22), 2.55 (3H, s, HMes),
2.21 (2H, bs, H4), 2.17 (3H, s, HMes), 1.97 (3H, s, HMes), 1.75 (2H,
bs, H3), 1.71 (3H, s, H6).

13C{1H} (100.6 Hz, C6D6) δ 193.61 (C),
156.72 (C), 143.67 (C), 138.36 (C), 137.23 (C), 135.01 (CH),
134.90 (CH), 134.31 (CH), 134.11 (CH), 132.51 (CH), 132.42
(CH), 131.65 (CH), 129.74 (C), 129.07 (C), 128.88 (CH), 128.84
(CH), 128.52 (CH), 126.54 (C), 125.39 (C), 122.30 (C), 114.33
(C), 34.02 (CH2), 29.08 (CH2), 27.14 (CH2), 26.47 (CH3), 24.96
(CH3), 22.79 (CH3), 20.82 (CH3), 19.08 (CH3), 18.31 (CH3), 18.16
(CH3), 16.70 (CH3), 13.67 (CH3), 13.61 (CH3) ppm. 31P{1H} (162
Hz, C6D6) δ 25.05 ppm. HRMS (ASAP) m/z calcd for
C40H41NNiOP

+: 640.2274 [M + H]+, found 640.2293.
Synthesis of 12.

trans-Ni(o-tolyl)Cl(PPh3)2 (0.9938 g, 1.40 mmol) and sodium 5-
((3,5-dimethylphenyl)imino)-2-methylcyclopent-1-en-1-olate (7)
(0.4000 g, 1.69 mmol) were dissolved in a Schlenk flask with toluene
(20 mL). This was then heated to 50 °C and stirred over the
weekend. The solvent was then removed under a vacuum. The
complex was then washed with petroleum ether (40−60) (2 × 20
mL), and the product was recrystallized using toluene/petroleum
ether 40−60 yielding a bright yellow solid (0.4820 g, 0.769 mmol,
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56%). 1H (400 Hz, C6D6) δ 7.90 (6H, tm), 7.61 (d, J = 6.32 Hz, 1H)
7.11 (m, 9H), 6.57 (t, J = 6.04 Hz, 2H), 6.49 (s, 1H), 6.40 (bs, 3H),
2.82 (s, 3H), 2.30 (bs, 2H), 2.19 (m, 1H), 2.09 (s, 6H), 1.92 (m, 1H),
1.84 (s, 3H). 13C{1H} (100.6 Hz, C6D6) δ 192.33 (C), 166.35 (C),
166.28 (C), 147.74 (C), 143.52 (C), 137.07 (C), 136.87 (C), 134.86
(C), 134.75 (CH), 134.12 (CH), 133.93 (CH), 132.50 (C), 132.06
(C), 129.58 (CH), 126.11 (CH), 122.09 (CH), 121.42 (CH), 33.86
(CH2), 26.21 (CH3), 25.59 (CH2), 24.22 (CH3), 20.87 (CH3), 13.41
ppm (CH3).

31P{1H} (162 Hz, C6D6) δ 27.24 ppm. HRMS (ASAP)
m/z calcd for C39H39NNiOP

+: 626.2123 [M + H]+, found 626.2132.
Synthesis of 13.

trans-[Ni(o-tolyl)Cl(PPh3)2] (0.5299 g, 0.747 mmol) and sodium 2-
methyl-5-(p-tolylimino)cyclopent-1-en-1-olate (8) (0.2000 g, 0.896
mmol) were dissolved in a Schlenk flask with toluene (20 mL). This
was then heated to 50 °C and stirred over the weekend. This was then
filtered, the solvent was removed, and the complex was washed with
petroleum ether (40−60) (20 mL), before the product was
recrystallized from toluene/petroleum ether (40−60) yielding red/
orange solid (0.1830 g, 0.299 mmol, 40%). 1H (400 Hz, C6D6) δ 7.78
(6H, bs), 7.52 (bd, J = 5.36 Hz, 1H) 7.01 (bs, 9H), 6.62 (m, 4H),
6.50 (m, 2H), 6.27 (bs, 1H), 2.73 (s, 3H), 2.17 (bs, 2H), 2.00 (m,
1H), 1.90 (s, 3H), 1.78 (m, 1H), 1.72 (s, 3H). 13C{1H} (100.6 Hz,
C6D6) δ 193.14 (C), 166.48 (C), 166.41 (C), 152.02 (C), 151.57
(C), 145.86 (C), 143.63 (C), 137.28 (CH), 135.03 (CH), 134.82
(CH), 133.71 (C), 132.63 (C), 132.17 (C), 129.76 (CH), 128.61
(CH), 123.42 (CH), 122.62 (CH), 122.26 (CH), 34.02 (CH2), 25.87
(CH3), 25.45 (CH2), 20.83 (CH3), 13.61 (CH3).

31P{1H} (162 Hz,
C6D6) δ 27.31 ppm. HRMS (ASAP) m/z calcd for C38H37NNiOP

+:
612.1966 [M + H]+, found 612.1972.
A typical polymerization is as follows: A 100 mL beaker was

charged with 5 × 10−6 mol [Ni], 2 × 10−5 mol B(C6F5)3, and toluene
(30 mL) in a glovebox and placed in a 450 mL stainless steel reactor.
This was then sealed, removed from the glovebox, and placed in a
preheated oil bath and stirred at 600 rpm. The ethylene gas pipe was
then purged before being connected to the reactor, and the
polymerization was then carried out under a fixed pressure. After
30 min, the ethylene line was then sealed and the reactor release valve
opened. Acidified methanol (10 mL) was then added to the solution,
and this was briefly stirred before being added to acetone (ca. 100
mL), which induced the precipitation of polymer. This polymer was
then filtered and dried before weighing and subsequent analysis.
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