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Abstract 
 

This thesis investigates use of Cr/phosphanyl methanimine ligand (PCN, 

Ph(PR2)C=NAr, R = alkyl group) combinations in selective ethylene tri-/tetra-merisation 

catalysis. Additionally, the use of the previously-reported linear α-olefin (LAO) 

dimerisation catalyst precursor Cp*Co(C2H4)P(OMe)3 (4.5) is further explored in 1-

butene and 1-hexene dimerisation, in attempts to improve its reported low TON and low 

selectivity.  
 

In Chapter 2 a description of the synthesis of variously-substituted PCN ligands 2.1–

2.17 is given. A study of the coordination chemistry of a selection of these PCN ligands 

to Cr0 revealed that both mono-(κ1-P) and bi-dentate (κ2-P,N) [Cr(CO)4/5(PCN)] 

complexes 2.18–2.19 and 2.22-2.25 were obtained, with the ratio of [Cr(CO)5(κ1-P-

PCN)]:[Cr(CO)4(κ2-P,N-PCN)] complexes present in the crude reaction mixtures being 

influenced by the steric bulk of the nitrogen substituent of the PCN ligand and reaction 

conditions. Cationic CrI-PCN complexes [Cr(CO)4/5(κ1-P or κ2-P,N-PCN)] 2.26–2.30 and 

2.32 were obtained via one-electron oxidation reactions of the corresponding Cr0-PCN 

complexes with Ag[Al{OC(CF3)3}4]. The synthesis of CrIII-PCN complexes 

[CrCl3(THF)(κ2-P,N-PCN)] 2.34-2.37 was attempted, but proved successful only in two 

cases, complexes 2.36 and 2.37. 
 

Chapter 3 details the ethylene oligomerisation catalysis behaviour of the CrI and CrIII-

PCN complexes. In all cases, CrIII/PCN-based ethylene tri-/tetra-merisation systems with 

high activities and selectivities were obtained, with the 1-octene:1-hexene ratios of these 

systems being influenced by the electronic properties of the phosphorus donor moiety 

and imine carbon substituents of the PCN ligands. The CrI-PCN complexes yielded low 

activity ethylene polymerisation systems; their poor performance is attributed to 

poisoning from CO liberated during reactions. It was found that using in situ versus 

preformed CrIII-PCN complexes in ethylene oligomerisation catalysis improved the 

activities and selectivities towards 1-hexene and 1-octene production.  
 

In Chapter 4, the effect of varying different solvents, temperatures, and activation 

methods in 1-butene/1-hexene dimerisation catalysis mediated by complex 

4.5/Brookhart’s acid was assessed. In addition, complexes 4.15 and 4.16 (modified 

versions of complex 4.5) were synthesised and found to perform worse in 1-butene/1-

hexene dimerisation catalysis than complex 4.5 (in terms of activity and selectivity 

towards desired LAO dimer).  
 

Chapters 5 and 6 describe all experimental data and supporting information.  
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The work in this thesis, which has been carried out in collaboration with Sasol 

Technology UK Ltd., details investigations into the synthesis and testing of catalyst 

precursors for the production of linear α-olefins (LAOs), in particular 1-hexene and 1-

octene, by selective ethylene tri-/tetra-merisation catalysis and selective LAO 

dimerisation catalysis. This Chapter describes the literature precedent behind the work 

conducted in this thesis.  

1.1. Commercial Importance of Linear α-Olefins (LAOs) 

LAOs are unbranched hydrocarbons containing a terminal carbon-carbon double bond, 

with the general formula CnH2n. The demand for LAO materials is high (evidenced from 

the 8.26 billion dollar valuation of the global LAOs market size in 2016),1 largely due to 

their use as commodity chemicals in a variety of applications as illustrated in Figure 

1.1. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Commercial applications of LAOs, modified from Thammanayakatip 2017, where 
LLDPE = linear low-density polyethylene and HDPE = high-density polyethylene.2  

 

The diverse range of applications of LAOs (Figure 1.1) is a function of the availability of 

different LAO chain lengths, since the number of carbons dictates their physical 

properties. Table 1.1 outlines the specific commercial applications corresponding to 

particular chain lengths of LAOs.  

 
Table 1.1: Commercial applications of LAOs by chain length, modified from Breuil et al., 2015.3 

LAO chain length Commercial application 

C4-C8 Comonomers for the production of LLDPE and HDPE 
C6-C10 Plasticiser alcohols 
C10-C20 Surfactants/ Detergent alcohols 

C14+ Synthetic lubricants 
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As is evident from the data in Figure 1.1, the largest global applications of LAOs are as 

co-monomers in the production of linear low-density polyethylene (LLDPE) and high-

density polyethylene (HDPE). Different amounts of 1-C4, 1-C6, and 1-C8 are 

incorporated as co-monomers in HDPE and LLDPE; the former uses 2 – 4 % of co-

monomer, the latter 8 – 10 %.3 The widespread applications of LLDPE (commonly 

used for the manufacture of food packaging, toys, and wire and cable insulation) and 

HDPE (frequently used to make pipes, bottles and chemical containers) has resulted in 

a lucrative market for these materials, with global consumption of LLDPE of 30 million 

tons and that of HDPE, being 40 million tons in 2016.2,4 Although 1-butene is the most 

used co-monomer in the formation of LLDPE (and to a lesser extent in HDPE), the use 

of 1-hexene and 1-octene as co-monomers is growing fast due to the superior 

properties of the resultant ethylene copolymers.3 For example, employing 1-hexene in 

the formation of LLDPE generates a tougher and thinner film, which is more desirable 

for packaging applications than that produced through incorporation of 1-butene.3 As a 

result, the high demand and popularity of 1-hexene and 1-octene as co-monomers for 

LLDPE and HDPE manufacture, means that the synthesis of these specific LAOs is of 

particular interest to industry.  

1.2. Commercial Synthesis of LAOs 

The synthesis of LAOs can be achieved through a variety of different routes, such as 

cracking and dehydrogenation of alkanes, dehydration of alcohols, ethylene 

oligomerisation, and from CO and H2 via the Fischer-Tropsch process.5 Since the latter 

two routes are the most commonly used commercially,6 these will be considered in 

further detail in the next sections.  

1.2.1. Ethylene oligomerisation processes  

Shell, Ineos, and Chevron Phillips are currently the three major global suppliers of 

LAOs via ethylene oligomerisation.1 These three companies use different catalysts and 

conditions (details summarized in Table 1.2) to transform ethylene into a mathematical 

distribution of LAOs ranging from C4 to C30+ (the product distribution is considered in 

further detail in section 1.2.3), in addition to forming small amounts of internal olefins, 

alkanes and branched olefin side products.7 Of the three ethylene oligomerisation 

processes listed in Table 1.2, the Shell Higher Olefins Process (SHOP) produces the 

greatest amount of LAOs (94 - 99 %, with greatest purity in the 1-hexene fraction).7  
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Table 1.2: Comparison of catalysts and process conditions in commercial ethylene 
oligomerisation processes, modified from Forestière et al., 2009.8  

Company Process 
name Catalyst Process details 

Chevron 
Phillips Gulfene AlEt3 catalyst 

• 175 – 290 °C, 2000 – 4000 psi 
ethylene  

• One-step process (same pot 
growth and termination steps) 

Ineos Ethyl AlEt3 catalyst 

• 116 – 316 °C, 230 – 3,000 psi 
ethylene 

• Two-step process (separated 
growth and termination steps)  

Shell 

Shell 
Higher 
Olefins 
Process 
(SHOP) 

Ni complex, e.g.  
 

 

• 80 – 120 °C, 1000 – 2,000 psi 
ethylene 

• Following ethylene 
oligomerisation, α-olefins of 
chain lengths <C10

 and >C18 
subjected to successive 
isomerisation and metathesis 
reactions to produce C10-C18 
linear internal olefins (to meet 
high demand of these materials 
in detergent applications).  

 

 

(Space left blank intentionally) 
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The formation of LAOs via ethylene oligomerisation is believed to occur by the Cossee-

Arlman mechanism, a simplified representation of which is shown in Scheme 1.1. 3,5 

The first step of this mechanism involves coordination of ethylene to a vacant site on 

the metal centre, which is then followed by migratory insertion of ethylene into the 

metal-carbon bond.5,9 Propagation of the growing LAO chain then occurs by sequential 

coordination and insertion (into the newly formed metal-carbon bond) of n ethylene 

molecules.5,9 The free LAO chain is finally liberated in a termination step via β-hydride 

elimination (when a metal hydride is starting complex in Scheme 1.1) or β-hydride 

transfer between the growing LAO chain and ethylene monomer (when a metal alkyl is 

starting complex in Scheme 1.1); this regenerates the starting metal complex.5,9 The 

rates of propagation and termination, which are influenced by the process conditions in 

ethylene oligomerisation (factors such as solvent, temperature, pressure, metal 

oxidation state, and nature of ligands on the metal), dictate the length of the LAO chain 

formed.9 When the rate of termination is greater than that of propagation a dimer will 

form, while a polymer will be produced when a converse relation of the rates of 

termination and propagation is operative, and an oligomer will be generated in 

instances when similar rates of termination and propagation are exhibited.9  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Scheme 1.1: Simplified version of Cossee-Arlman mechanism of ethylene oligomerisation, 

modified from Skupinska, 1991.9  

1.2.2. Fischer-Tropsch process  

Franz Fischer, Hans Tropsch and Helmut Pichler pioneered the Fischer-Tropsch 

Process in 1923.10 Since then, the Fischer-Tropsch Process has evolved into one of 

M
R or H

M
R or H

M
R or H

M
R or Hn

coordination

migratory 
insertion

coordinationn
and migratory insertion

M
R or H

n

n

β-hydride 
elimination or

β-hydride transfer

M = metal, R= alkyl group,      = vacant coordination site
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2nH2 nCO CnH2n nH2O+ +

(2n + 1)H2 nCO CnH(2n+2) nH2O+ +

great commercial importance with the current global commercial operation of eight 

Fischer-Tropsch synthesis plants.11 Sasol is currently the world-leading operator of the 

Fischer-Tropsch technology, running the largest Fischer-Tropsch plant with a capacity 

of 150,000 barrels per day.12 

 

The Fischer-Tropsch process involves the catalytic conversion of syngas (a mixture of 

CO and H2 generally obtained from reforming of natural gas, gasification of coal, or 

biomass) into a mixture of hydrocarbons (alkenes, alkanes and oxygenates).11,13 The 

formation of the main hydrocarbon products obtained via the Fischer-Tropsch process, 

linear alkenes and alkanes, can simplistically be represented by Equations 1.1 and 

1.2.11,13 In contrast to ethylene oligomerisation that produces only even numbered 

olefins from a C2 starting material, Fischer-Tropsch synthesis yields both odd- and 

even-numbered olefins due to the use of a C1 starting material, namely CO. 
 

 
Equation 1.1: Conversion of syngas to alkenes via Fischer-Tropsch process.11,13 

 

 
Equation 1.2: Conversion of syngas to alkanes via Fischer-Tropsch process.11,13 

 

The Fischer-Tropsch process is industrially operated with heterogeneous Fe- or Co-

based catalysts at high pressures (20 – 45 bar) and two different temperature ranges 

of 320 - 375 °C (classified as high temperature Fischer-Tropsch, HTFT) or                     

200 – 250 °C (classified as low temperature Fischer-Tropsch, LTFT).13 The reaction 

conditions of the Fischer-Tropsch process, such as catalyst and temperature, dictate 

the product distribution, e.g. Fe-catalysed HTFT typically yields larger amounts of 

linear short-chained olefins (C3 – C11) than Fe- or Co-catalysed LFTF, which mainly 

produce waxes (C20+).13  

 

In spite of the Fischer-Tropsch process being a well-known and established industrial 

technology, even today its mechanism is still a matter of debate. The Fischer-Tropsch 

process is a surface chemistry reaction which is widely recognized to proceed via the 

general reaction sequence of: reactant adsorption – chain initiation – chain growth – 

product desorption – re-adsorption of reactive products and further reaction.11,13 The 

main area of uncertainty lies within the nature of the monomers and chain initiators 

(different monomers proposed to be surface bound CH2, enol or CO species), which 

impact the process of chain growth.11,13 Nevertheless, Fischer-Tropsch is largely 

believed to operate by a dual mechanism, which consists of two incompatible 
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pathways (dissociative and associative routes).13,14 For the Fe-catalysed Fischer-

Tropsch process it has been proposed that the dissociative mechanism dominates at 

higher pressures of hydrogen, while the associative mechanism is prominent at higher 

pressures of CO.14 The dissociative mechanism (Scheme 1.2) begins with dissociative 

chemisorption of CO and H2, resulting in the formation of surface-bound {C}, {O} and 

{H} species.13-15 The surface {O} and {H} species react to form water, while the surface 

{C} and {H} species react to generate methylene monomer species (CH2), which 

subsequently undergo hydrogenation to yield {CH3} moieties (the chain initiators).13-15 

Chain growth and propagation then proceed via consecutive incorporation of the {CH2} 

surface species into the metal alkyl bond.13-15 Finally, the major products of LAOs and 

linear alkanes are obtained by chain termination via �-hydride elimination or reduction 

of the growing alkyl chain with a surface hydride (as shown in Scheme 1.2).13-15 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.2: Dissociative mechanism for the formation of LAOs and linear alkanes in Fischer 
Tropsch process, modified from Fontenelle et al., 2011.15 

CO C O+

H2 H H+

H CH2C + 2
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(a) Formation of methylene monomer:

(b) Chain initiation:
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CH2 CH3 CH2CH3+
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(e) Chain termination:
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H H3C CH2 CH3
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In contrast to the dissociative mechanism (Scheme 1.2), following chemisorption of CO 

and H2, only H2 undergoes dissociation in the associative pathway (Scheme 1.3).13,14 

Chain initiation then occurs by reactions between only surface-bound {CO} and {H}, 

resulting in the formation of {CH3}.13,14 Although the associative mechanism involves 

the same initiator species ({CH3}) as its dissociative counterpart, the processes of 

chain growth and propagation are thought to proceed in a different manner via 

successive incorporation reactions of the {CO} surface species into the metal alkyl 

bond.13,14 The last step of termination, yielding the major products of LAOs and linear 

alkanes, occurs in an analogous manner to that described for the dissociative 

mechanism.13,14 

 

 

 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 

  
 
 

 
 

 
Scheme 1.3: Associative mechanism for the formation of LAOs and linear alkanes in Fischer 

Tropsch process, modified from Greener Fischer-Tropsch Processes for Fuels and Feedstocks, 
2013.13 
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1.2.3. Consideration of LAO chain length distribution formed via ethylene 

oligomerisation and Fischer-Tropsch processes 

The ethylene oligomerisation and Fischer-Tropsch processes described in sections 

1.2.1 and 1.2.2, respectively, both produce a mathematical distribution of LAO 

products.7,16 Specifically, a Schulz-Flory (also referred to as Anderson-Schulz-Flory) 

distribution of products is obtained via the Fischer-Tropsch and ethylene 

oligomerisation processes by Chevron Phillips and Shell, whilst a Poisson distribution 

is obtained for the Ineos ethylene oligomerisation process.7,16 The Schulz-Flory 

distribution is an exponential decay function, which takes the form shown in Equation 

1.3.17,18 The most probable weight fraction distribution given in Equation 1.3 is derived 

on the basis that in the Fischer-Tropsch and Chevron Phillips/Shell’s ethylene 

oligomerisation processes, following each consecutive insertion of the Cn unit into the 

growing hydrocarbon chain (with length n), there is the probability of chain propagation 

(�) or chain termination (1 − �) occurring.17,18 The form of Equation 1.3 implies that 

shorter chain length products are favoured over longer chain species, in line with the 

typical distribution of LAOs obtained via the Sasol operated Fischer-Tropsch process, 

displayed in Graph 1.1.17,18 

!! = !(1 − !)!!!!! 

Equation 1.3: Schulz-Flory most probable weight fraction distribution (Wn), where n = length of 
LAO chain, α = probability of propagation, and 1- α = probability of termination; modified from 

Flory et al., 1936.18 
 

 
 
 
 
 
 

 

 

 
 
 
 

Graph 1.1: Schulz-Flory distribution of LAOs obtained via Sasol-operated Fischer-Tropsch 
process, figure modified from Nexant Chem Systems, PERP Report: Alpha Olefins, 2008.19 

 

For the Ineos ethylene oligomerisation process it is argued that for alkyl groups 

possessing ≥2 carbon atoms, the length of the alkyl chain has little influence on the 

reactivity of the alkylaluminium bond towards ethylene.20 Consequently, when the 

ethylene molecule is surrounded by a mixture of aluminium alkyls, the aluminium alkyl 

bond that reacts with ethylene is dictated by the Poisson statistical distribution given in 
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Equation 1.4.20 In contrast to the Schulz-Flory distribution, the Poisson distribution 

exhibits a greater selectivity towards C6 - C10 LAO products (evident upon comparing 

Graphs 1.1 and 1.2).  

!(!) =
!!!!!
!!  

Equation 1.4: Poisson statistical distribution for Ineos ethylene oligomerisation process, where 
X(P) = mole fraction of alkyl groups containing P-added ethylene groups and N = average moles 
of ethylene reacted (by growth reaction) per equivalent of alkylaluminium bonds; modified from 

Process Economics Program Report 12E: Linear Alpha Olefins, 2008.20 
 

 

 

 

 

 

 

 

 

 
Graph 1.2: Typical Poisson distribution of LAOs obtained via the Ineos ethylene oligomerisation 
process; modified from Process Economics Program Report 12E: Linear Alpha Olefins, 2008.20 

 

As a consequence of the commercial LAO synthesis processes (ethylene 

oligomerisation and Fischer-Tropsch) producing mixtures of LAOs, the supply of highly 

desirable LAO chain lengths, such as 1-hexene and 1-octene, by these methods does 

not match the market demand.16 Furthermore, since a mixture of products is formed by 

the commercial LAO synthesis processes, costly separation techniques (such as 

distillation) are required to isolate 1-hexene and 1-octene as specific pure products. 

Thus, the continually growing demands for 1-hexene and 1-octene have sparked 

significant academic and industrial research into the development of selective ethylene 

oligomerisation processes for the synthesis of 1-hexene and 1-octene, in the last 

decade.21 However, only a few commercial processes for the selective oligomerisation 

of ethylene to 1-hexene and/or 1-octene exist, namely those disclosed by Chevron 

Phillips (based on a Cr catalyst), Axens (Cr-based catalyst), and Mitsui (a Ti catalyst), 

in addition to Sasol’s selective ethylene tri-/tetra-merisation system (based on Cr 

catalyst).3 

 

In addition to the selective formation of 1-hexene and 1-octene by selective ethylene 

tri-/tetra-merisation, the dimerisation of 1-propene and 1-butene to 1-hexene and 1-
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octene, respectively, would also be valuable synthetic routes. Indeed, Fischer-Tropsch 

processes produce large amounts of propene and 1-butene (evident from Graph 1.1), 

which often have restricted uses as there is a limit on the amount of short chain 

hydrocarbons that can be incorporated into motor gasoline.22 Additionally, propene and 

1-butene often require significant processing to upgrade their research octane 

numbers before becoming useful as fuels. Therefore the development of a 

homogeneous, transition-metal catalytic system that could selectively dimerise these 

underexploited, unsaturated carbon fractions into more useful 1-hexene and 1-octene 

would be of great economic value. Furthermore, industrial processes that are 

optimised to convert even-numbered olefins into commercial products cannot use the 

large amounts of odd-numbered olefins produced via Fischer-Tropsch synthesis; here, 

the implementation of a catalytic dimerisation system capable of converting the odd-

numbered olefins to even-numbered olefins would be of great commercial value.   

1.3. Thesis Aims  

From the preceding sections it is evident that work still remains to be done towards the 

development of selective processes for the synthesis of 1-hexene and 1-octene to 

meet their continually growing commercial demand. In this vein, the objective of the 

work described in this thesis is two-fold. The first objective is to further research and 

develop the selective Cr/phosphanyl methanimine (PCN)-based ethylene tri-/tetra-

merisation system developed previously by Dr. James Radcliffe in the Dyer group, in 

collaboration with Sasol (full details of this system and a brief literature review on 

ethylene tri-/tetra-merisation system are entailed in Chapter 2).23,24 The second 

objective is to investigate the direct synthesis of LAOs, in particular 1-hexene and 1-

octene, by catalytic dimerisation from their LAO monomers. In this vein, the literature 

system described by Broene et al.,25 which dimerises 1-butene, 1-hexene and 1-octene 

to their respective LAO dimers using a Cp*Co(C2H4)(P(OMe)3 catalyst precursor and 

deficit of Brookhart’s acid activator, will be investigated (full details of this system and a 

brief literature review on LAO dimerisation catalysis are entailed in Chapter 4). 

 

Chapter 2 of this thesis details the synthesis and characterisation of novel PCN ligands 

for use in Cr/PCN-based ethylene tri-/tetra-merisation, in order to gain further insight 

into the effects of varying the C and P substituents of PCN ligands on ethylene 

oligomerisation catalysis. In addition, the synthesis and characterisation of novel Cr0-

PCN complexes and CrI-PCN complexes is outlined to obtain further understanding of 

the electronic properties of PCN ligands, as well as obtaining CrI-PCN complexes for 
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testing in ethylene oligomerisation catalysis. Finally, the synthesis attempts of a series 

of CrIII-PCN complexes is reported.  

 

In Chapter 3 the catalytic testing results of the PCN ligands, CrI and CrIII-PCN 

complexes in ethylene oligomerisation is reported to evaluate their performance and 

obtain structure-activity relationships.  

 

Finally, Chapter 4 of this thesis explores the effect(s) of varying a selection of catalysis 

conditions in 1-butene and 1-hexene dimerisation on the performance of Broene’s 

catalyst precursor. Additionally, synthesis attempts of modified versions of Broene’s 

catalyst precursor and testing of the modified catalyst precursors in 1-butene or 1-

hexene dimerisation are reported, with a view to obtaining structure-activity 

relationships.   

1.4. References 

1 GVR Market Research Report "Alpha Olefin Market Analysis by Product, 
Application, Region, and Segment Forecasts," 2017. 

2 C. Thammanayakatip, presented in Asia Petrochemical Industry Conference, 
2017. 

3 P. A. R. Breuil, L. Magna and H. Olivier-Bourbigou, Catal. Lett., 2015, 145, 173–
192. 

4 M. Chanda and S. K. Roy, Industrial Polymers, Specialty Polymers, and Their 
Applications, CRC Press, Taylor & Francis Group, Boca Raton, 2009. 

5 F. Speiser, P. Braunstein and L. Saussine, Acc. Chem. Res., 2005, 38, 784–793. 
6 Sustainable Industrial Processes, ed. F. Cavani, G. Centi, S. Perathoner and F. 

Trifiro, Wiley-VCH, Weinheim, 2009.  
7 E. O. C. Greiner and Y. Inoguchi, CEH Marketing Research Report: Linear Alpha-

Olefins, 2010. 
8 A. Forestière, H. Olivier-Bourbigou and L. Saussine, Oil Gas Sci. Technol.-Rev. 

IFP, 2009, 64, 649–667. 
9 J. Skupinska, Chem. Rev., 1991, 91, 613–648. 
10 F. Fischer and H. Tropsch, Chem. Ber., 1923, 56, 2428-2443 
11 S. S. Ail and S. Dasappa, Renew. Sust. Energ. Rev., 2016, 58, 267–286. 
12 R. L. Nersesian, Energy Economics: Markets, History and Policy, Routledge, 

Oxon, 2016. 
13 Greener Fischer-Tropsch Processes for Fuels and Feedstocks, ed. P. M. Maitlis 

and A. de Klerk, Wiley-VCH, Germany, 2013.  
14 J. Gaube and H. F. Klein, J. Mol. Catal. A:Chem, 2008, 283, 60–68. 
15 A. B. Fontenelle Jr. and F. A. N. Fernandes, Chem. Eng. Technol., 2011, 34, 

963–971. 
16 D. S. McGuinness, Chem. Rev., 2011, 111, 2321–2341. 
17 G. V. Schulz, Z. Phys. Chem. (B), 1935, 30, 379-398.  
18 P. J. Flory, J. Am. Chem. Soc., 1936, 58, 1877–1885. 
19 Nexant Chem Systems, PERP Report: Alpha Olefins, 2008.  
20    Process Economics Program Report 12E: Linear Alpha Olefins, 2008 
21 S. Härzschel, F. E. Kühn, A. Wöhl, W. Müller, M. H. Al-Hazmi, A. M. Alqahtani, B. 

H. Müller, N. Peulecke and U. Rosenthal, Cat. Sci. Technol., 2015, 5, 1678–1682. 



Chapter 1: Introduction 
 

13 
 

22 A. de Klerk, Green Chem., 2008, 10, 1249–1279. 
23 J. E. Radcliffe, A. S. Batsanov, D. M. Smith, J. A. Scott, P. W. Dyer and M. J. 

Hanton, ACS Catal., 2015, 5, 7095–7098. 
24 J. E. Radcliffe, PhD Thesis, Durham University, 2015. 
25 R. D. Broene, M. Brookhart, W. M. Lamanna and A. F. Volpe, J. Am. Chem. Soc., 

2005, 127, 17194–17195. 
 



 

 

 

 

 

 

 

 

Chapter 2: 

Cr/Phosphanyl Methanimine (PCN) Ligand-

based Ethylene Tri-/Tetra-merisation: Synthesis 

and Coordination Chemistry of PCN Ligands 
 

 

 

 

 

 

 

 

 

 

 

 

2. Chapter 2 
 



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

15 
 

2.1. Introduction 

By way of introduction to the Cr/phosphanyl methanimine (PCN)-based selective 

ethylene tri-/tetra-merisation system explored in this Chapter and Chapter 3 of this 

thesis, a brief literature review on homogeneous Cr/P,N-ligand based ethylene tri-

/tetra-merisation systems will be presented. As previously mentioned in Chapter 1, 

selective ethylene tri-/tetra-merisation has emerged as an area of significant academic 

and industrial research interest over the last decade (due to the important applications 

of 1-hexene and 1-octene as co-monomers in the syntheses of linear low-density 

polyethylene (LLDPE) and high-density polyethylene (HDPE)). The vast volume of 

academic and industrial research conducted on developing and understanding 

selective ethylene tri-/tetra-merisation systems has resulted in a number of excellent 

review articles summarising the open literature on this subject matter.1-8 As such, the 

brief literature review detailed here will convey a short history of selective ethylene tri-

/tetra-merisation chemistry before focusing on specific aspects of this area that relate 

to the Cr/PCN-based ethylene tri-/tetra-merisation system investigated in this thesis. 

Specifically, Cr/P,N-ligand based ethylene tri-/tetra-merisation literature systems will be 

reviewed, in addition to considering the mechanism, oxidation state, and role of 

activator in Cr-based ethylene tri-/tetra-merisation systems, before discussing the 

Cr/PCN-based ethylene tri-/tetra-merisation system investigated in this thesis.  

2.1.1. Short history of Cr-based selective ethylene tri-/tetra-merisation  

The landmark discovery of a catalytic ethylene trimerisation system, which paved the 

way for academic and industrial research into this and selective ethylene 

tetramerisation processes, was reported in 1967 by Manyik et al.9 The formation of a 

small amount of 1-hexene was observed in ethylene polymerisation catalysed by Cr(2-

EH)3, which had been activated by partially hydrolysed tri-isobutylaluminium (PIBAO), 

with its formation being attributed to an ethylene trimerisation pathway.9 The 1-hexene 

that had formed was found to subsequently co-polymerise with ethylene to afford a 

polymer with butyl side chains.9 In addition to 1-hexene (the predominant oligomer), 

the formation of 1-butene, 1-octene, and 1-decene were also detected by 

chromatographic analysis of the solvent produced in the ethylene polymerisation 

reactions (catalysed by Cr(2-EH)3 activated with PIBAO).10 Interestingly, the rate of 1-

hexene formation was found to be second order, with respect to ethylene, which led 

Manyik and co-workers to propose a metallacycle mechanism for ethylene trimerisation 

(discussed in further detail in section 2.1.3).10 This contrasts with conventional first 

order polymerisation processes, which are believed to proceed via linear chain growth 
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Cosee-Arlmann mechanism (Chapter 1, Scheme 1.1). 

2.1.1.1. Cr-pyrrole based selective ethylene trimerisation systems 

Taking inspiration from the work of Manyik et al.,9,10 workers at the Phillips Petroleum 

Company generated the first selective ethylene trimerisation system displaying 99 % 

selectivity towards hexene formation in the liquid fraction (of which 83 % selectivity was 

towards 1-hexene).11,12 The selective ethylene trimerisation system employed 

comprised of a Cr pyrrolyl complex, which was activated with triethylaluminium 

(TEA).11,12 Following a decade of ensuing research, by workers at the Phillips 

Petroleum Company, into varying features of the Cr pyrrolyl-based ethylene 

trimerisation system, such as ligand structure, activation protocol (using in situ formed 

Cr pyrrolyl complexes as opposed to preformed Cr pyrrolyl complexes), and molar ratio 

of starting materials, optimisation of the ethylene trimerisation system was achieved 

resulting in the system displayed in Scheme 2.1.13,14 The optimised system exhibits a 

liquid fraction selectivity of 93 % towards 1-hexene, with an activity of 156,666 g/g Cr/h 

implementing 2,5-dimethyl pyrrole ligand and AlEt2Cl, in addition to TEA activator.14  

 

 

 

 
Scheme 2.1: Phillips selective ethylene trimerisation system patented in 1999.14 

Further optimisation of the Phillips selective ethylene trimerisation system illustrated in 

Scheme 2.1 was attempted by a number of chemical companies, with the most 

significant improvements being that accomplished by Mitsubishi Chemical Corporation, 

which led to the commissioning of the world’s first selective ethylene trimerisation plant 

in 2003 by Mitsubishi-Phillips. Workers at Mitsubishi Chemical Corporation observed 

that monitoring the ethylene:1-hexene ratio inside the reactor and utilising 

hexachloroethane solvent engendered a selective ethylene trimerisation process with 

unprecedented activity (3,780,000 g/g Cr/h, 95 % liquid fraction selectivity to 1-hexene, 

Scheme 2.2).15  

 

 

 

 
Scheme 2.2: Phillips-Mitsubishi selective ethylene trimerisation system patented in 1999.15 

 
 

Cr(2-EH)3 +

H
N

AlEt3,         
Toluene,+ AlEt2Cl

100 bar      ,             
115 oC 93 % liquid fraction selectivity

Activity: 156,666 g/g Cr/h

Cr(2-EH)3 +

H
N

AlEt3,         
C2Cl6,

100 bar      ,             
105 oC 95 % liquid fraction selectivity

Activity: 3,780,000 g/g Cr/h
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2.1.1.2. Cr diphosphinoamine(PNP)-based selective ethylene trimerisation 
systems 

In 2002, British Petroleum Chemicals Limited (BP) reported a selective ethylene 

trimerisation system (Scheme 2.3) capable of achieving activities of one order of 

magnitude more than that found for the Phillips trimerisation system (Scheme 2.1), with 

an exceptionally high purity of 1-hexene in the hexene fraction of 99.9%.16,17 The 

ethylene trimerisation system discovered by BP Chemicals Limited consists of 

CrCl3(THF)3, a diphosphinoamine ligand (PNP), and methylaluminoxane activator 

(MAO).16,17 

 

 

Scheme 2.3: Cr/PNP-based selective ethylene trimerisation system patented by BP Chemicals 
Limited in 2002.16,17 

It was postulated in the work conducted by BP Chemicals Limited that two features of 

the PNP ligand are mandatory to obtain a species capable of catalysing selective 

ethylene trimerisation, when employed in conjunction with a Cr source and MAO 

activator.16 The first requirement claimed was a nitrogen-based backbone, as ligands 

tested without nitrogen backbones were inactive in ethylene oligomerisation catalysis, 

when used in the presence of a Cr source and MAO activator.16 The second factor 

believed to be a necessity was the presence of an OMe group at the ortho-positions of 

the P-aryl groups of the PNP ligand. This latter requirement was based on the finding 

that systems employing a Cr source, MAO activator and PNP ligands with ortho-Et 

(sterically analogous to PNP ligand with ortho-OMe substituted P-aryl groups) or para-

OMe (electronically equivalent to PNP ligand with ortho-OMe substituted P-aryl 

groups) substituents on their P-aryl groups were inactive in ethylene oligomerisation 

catalysis.16 The difference in the ethylene oligomerisation reactivity upon changing the 

nature and position of the P-aryl group substituent was attributed to the potential of the 

O atoms of the ortho-OMe substituted P-aryl groups to behave as a pendant donor 

group and bind the Cr centre of the catalytic species.16 However, it was later shown in 

studies by Blann et al. that ortho-OMe substituted P-aryl groups are not a prerequisite 

for generating Cr/PNP-based selective ethylene trimerisation systems.18,19  

 

+

300 eq. MAO,         
Toluene,

20 bar      ,             
80 oC 90 % liquid fraction selectivity

CrCl3(THF)3 P N P
OMeOMe

2 2 Activity: 1,033,200 g/g Cr/h
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2.1.1.3. Cr diphosphinoamine(PNP)-based selective ethylene tetramerisation 
systems 

Bollmann et al.,20,21 at Sasol Technology Limited, pursued further research into 

Cr/PNP-based selective ethylene trimerisation reported by BP chemicals (Scheme 

2.3).16,17 Here, Bollmann and co-workers found that varying the structure of the PNP 

ligand, catalysis temperature, and ethylene pressure switched the ethylene 

oligomerisation behavior from trimerisation to tetramerisation, resulting in the first 

Cr/PNP-based selective ethylene tetramerisation system displayed in Scheme 2.4.20,21 

An added advantage of the selective ethylene tetramerisation system shown in 

Scheme 2.4 is that it produces 1-hexene as the major byproduct (12 % liquid fraction 

selectivity).20,21  

 

 

 
 

Scheme 2.4:Cr/PNP-based selective ethylene tetramerisation system patented by Sasol 
Technology Limited in 2004.20,21 

The discovery of the selective ethylene tetramerisation system, illustrated in Scheme 

2.4, was of great significance as it refuted the argument, made at the time, that 

ethylene tetramerisation was unlikely to occur via a similar metallacycle mechanism to 

that believed to be in operation for selective ethylene trimerisation (see section 2.1.3 

for more discussion).22-24 After conducting further research into the effect of process 

variables associated with the operation of the Cr/PNP-based selective ethylene 

tetramerisation system shown in Scheme 2.4, such as PNP ligand structure, catalysis 

temperature and concentration, workers at Sasol Technology Limited developed a 

Cr/PNP-based selective ethylene tri-/tetra-merisation process, which operated in a 

continuous tube reactor (Scheme 2.5).25 The high activity of this Cr/PNP-based 

selective ethylene tri-/tetramerisation system, comparable to that of the Phillips-

Mitsubishi selective ethylene trimerisation catalyst (Scheme 2.2), coupled with the high 

liquid fraction selectivity of 90 % to 1-hexene and 1-octene resulted in the 

commissioning of this system in the world’s first ethylene tetramerisation plant by Sasol 

Technology. 

 

 

 

 

 

+

300 eq. MAO,         
Toluene,

45 bar      ,             
45 oC 68 % liquid fraction selectivity

CrCl3(THF)3 Ph2P N PPh2

iPr

Activity: 272,400 g/g Cr/h



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

19 
 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Scheme 2.5:Cr/PNP-based selective ethylene tri-/tetra-merisation system developed by Sasol 
Technology Limited in 2009.25  

The work of Sasol Technology Limited20,21,25 and BP Chemicals Limited16,17 

demonstrated that Cr/PNP-based catalyst systems can perform as highly active and 

selective ethylene tri-/tetra-merisation systems. This initiated a multitude of further 

academic and industrial research into the use of PNP ligands in selective ethylene tri-

/tetra-merisation catalysis (see section 2.1.2.2.1). In addition to the plethora of 

research on Cr/PNP-based selective ethylene tri-/tetra-merisation systems, there is 

vast research disclosed in the open literature describing investigations into a diverse 

range of ligand scaffolds for use in Cr-based selective ethylene tri-/tetra-merisation.1-8 

The variety of different ligand scaffolds investigated in Cr-based selective ethylene tri-

/tetra-merisation can be broadly split into two classes: aromatic ligands (such as 

pyrrole, maleimidyl, and cyclopentadienyl) and multidentate heteroatomic ligands 

(containing mixtures of O, P, N, and S donor atoms).1-8 Since, ligand scaffolds 

containing phosphorus and nitrogen heteroatoms are the most ubiquitous out of the 

different ligand scaffolds studied for Cr-based selective ethylene tri-/tetra-merisation,1-8 

and due to these being the inspiration behind the PCN ligand scaffold investigated in 

this thesis (section 2.1.6), only Cr/P,N-ligand-based systems will be considered in 

further detail in the following section.  

2.1.2. Cr/P,N-ligand-based selective ethylene tri-/tetra-merisation 
systems 

2.1.2.1. Hemilabile nature of P,N-ligands 

The term hemilabile was first introduced by Jeffery and Rauchfuss to describe ligands 

containing both soft and hard donor atoms.26 Thus, P,N-ligands can potentially be 

considered as being hemilabile ligands due to them comprising electronically soft 

phosphorus atoms, which can exhibit both π-acceptor and σ-donor behaviour, as well 

as electronically hard nitrogen atoms, which only display σ-donor properties.27 Due to 

the different electronic properties of the nitrogen and phosphorus atoms, the P,N-

ligands can show different coordinative properties to a transition metal centre (i.e. 

hemilabile behaviour), which is important to consider due to the implications this has 

on catalysis (demonstrated by the hemilabile behaviour of PNP ligands bearing ortho-

+
MMAO-3A,   

Cyclohexane,

50 bar      ,             
60 oC 50 % liquid fraction 

selectivity

Cr(acac)3 Ph2P N PPh2
+

40 % liquid fraction 
selectivity

Activity: 3,700,000 g/g Cr/h
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OMe substituted P-aryl groups, discussed in section 2.1.2.2.1.1). In accordance with 

Pearson’s “hard-soft-acid-base” theory28 soft polarisable phosphorus atoms will 

coordinate strongly to large, soft late-transition metals while hard nitrogen atoms will 

bind strongly to harder early transition metal centres. Consequently, when a P,N-ligand 

is bound to a given metal centre one donor atom will coordinate more strongly than the 

other, allowing the weaker bound donor atom to display hemilabile behaviour by 

reversibly dissociating from the metal centre, thereby creating a vacant coordination 

site on the metal centre (Scheme 2.6).27 By possessing the ability to create vacant 

coordination sites required in catalysis, at the same time as stabilising the reactive 

transition metal centre,1 P,N-ligands offer the advantages of both mono- and bi-dentate 

ligands.  

 

 

 
Scheme 2.6: Example of hemilabile behaviour of a P,N-ligand bound to a soft late-transition 
metal (M), where L represents an ancillary ligand and a vacant coordination site on the metal 

centre is illustrated by a square. 

2.1.2.2. P,N-ligand systems employed in selective ethylene tri-/tetra-merisation 
systems 

This section will review a range of different P,N-based ligands that generate selective 

ethylene tri-/tetra-merisation systems, when implemented in conjunction with a Cr 

source and activator. For the different Cr/P,N-based selective ethylene tri-/tetra-

merisation systems discussed in this section, it was found that the activity and 

selectivity of the systems could be altered by varying the catalysis conditions (such as 

temperature, pressure, solvent, and activator) or modifying the substituents at the 

phosphorus and nitrogen positions of the P,N-ligands.1-8 Since the work conducted in 

this thesis on Cr/PCN-based selective ethylene tri-/tetra-merisation systems examines 

correlations between the structure of the PCN ligands and performance of the catalysis 

systems, the structure-catalyst performance (in terms of activity and selectivity) 

relationships established in the literature Cr/P,N-ligand-based ethylene tri-/tetra-

merisation systems will be the main focus of this section.  

2.1.2.2.1. PNP-based ligand systems 

Since the discovery of Cr/PNP-based selective ethylene tri-/tetra-merisation systems 

(previously detailed in sections 2.1.1.2 and 2.1.1.3), extensive academic and industrial 

research has been carried out into investigating the effects of varying the PNP ligand 

structure on the activity and selectivity of the ethylene oligomerisation systems.1-8 As a 

M
PL

L N
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consequence of the research conducted on Cr/PNP-based selective ethylene tri-/tetra-

merisation systems, two structural features of the PNP ligands have been found to 

impart the greatest influence on the ethylene tri-/tetra-merisation behavior of the 

Cr/PNP-based systems: the electronic and steric properties at the phosphorus and 

nitrogen substituents, which will each be discussed in turn in sections 2.1.2.2.1.1 and 

2.1.2.2.1.2.1-8 As a consequence of the studies into varying the PNP ligand structure, in 

addition to the catalysis conditions (i.e. solvent, temperature, and pressure), 

implemented in Cr/PNP-based ethylene oligomerisation catalysis a number of ethylene 

tri-/tetra-merisation systems with high activities and selectivities have been established 

in the literature.1-8 By way of example, Table 2.1 outlines a selection of highly active 

and selective Cr/PNP-based ethylene tri-/tetra-merisation systems, including the 

original BP and Sasol systems in the first two entries, respectively, for comparison.  

 
Table 2.1: A selection of active and selective Cr/PNP-based ethylene tri-/tetra-merisation 
systems, modified from Alferov et al.8  

Catalyst precursor Liquid fraction 
selectivity (wt %) 

Activity 
(Kg/g 
Cr/h) 

Polyethylene 
(wt %) 

References 

1-C6 1-C8 

 

90 0 1033 0 16,17 

 
 
 

 
 

12 
 

 

68 272 1 20,21 

 
 

 
 

 

84 9 7179 0.4 
 

29 
 

 
 
 
 
 
 
 

32 52 12400 0.1 
 

30 
 

 
 
 
 
 
 

48 40 3096 n.a. 
 

31 
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P
N

P
RR

2 2

2.1.2.2.1.1. Influence of steric and electronic properties of P-containing 

substituents of PNP ligands on Cr/PNP-based selective ethylene tri-

/tetra-merisation 

In a study by Blann et al. it was found that the selectivity of the Cr/PNP-based ethylene 

oligomerisation system towards tri- or tetra-merisation could be tuned via the steric 

bulk of the phosphorus substituents.18 A series of PNP ligands possessing aryl-

substituted phosphorus moieties were synthesised and tested in ethylene 

oligomerisation catalysis. It was observed that Cr/PNP-based systems with more 

sterically demanding diorganyl phosphorus groups were more selective to ethylene 

trimerisation than those with less bulky substituents at phosphorus (Table 2.2).  

Table 2.2: Effect of steric bulk of P-aryl substituent of PNP ligand on liquid fraction selectivities 
to 1-hexene of Cr/PNP-based ethylene trimerisation systems, investigated by Blann et al.18 
Conditions of ethylene oligomerisation catalysis: 0.02 mmol Cr(acac)3, 2 equiv. PNP ligand, 300 
equiv. MAO, toluene, 45 bar ethylene, 45 oC.18 

 

In addition to the steric demands imposed by substituents of the phosphorus centre of 

PNP ligands, their electronic character and coordination mode also impacted the 

performance of Cr/PNP-based selective ethylene trimerisation systems. For example, 

Cr/PNP-based systems utilising PNP ligands bearing ortho-OMe substituted P-aryl 

groups generally produce selective ethylene trimerisation systems with higher activities 

than those implementing PNP ligands without ortho-OMe substituted P-aryl groups; 

attributed to hemilabile behaviour of OMe groups (acting as pendant donors for Cr 

centre).16,18,20,32 The hemilabile behaviour of PNP ligands containing ortho-OMe 

substituted P-aryl groups was confirmed in studies by Agapie et al. from the X-ray 

diffraction and 2H NMR spectroscopic data of ligated CrIII complexes of these ligands 

(an example of a CrIII-PNP complex is given in Figure 2.1(a)).33,34 The CrIII-PNP 

complex shown in Figure 2.1(a) displays a κ3(P,P,O) bonding mode with a relatively 

long Cr-O bond distance of 2.1562(15) Å (when compared to that of 1.939(2) Å of a 

CrIII complex containing a bidentate P, O ligand,35 shown in Figure 2.1(b)), which is 

indicative of a weak Cr-O interaction.33 The weakness of the Cr-O bond is in 

accordance with the observed hemilabile nature of the CrIII-PNP complex by variable-

temperature 2H NMR spectroscopy.34 At low temperatures two peaks were detected for 

PNP ligand structure:  
 
 
 
 
 
 

R substituent                
(listed in order of increasing 

steric bulk) 

Liquid fraction selectivity 
to 1-C6 (wt %) 

Me 85 
Et 90 
iPr 92 
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Cr
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Ph2P

OCl
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N Ar

(Ar = 2,6-iPr2-C6H3)
Cr-O bond distance: 1.939(2) Å

(b)

(Ar = 2-OMeC6H4)
Cr-O bond distance: 2.1562(15) Å
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O

Ar2
P Cl

Cl

ClP
N

O

(a)

OMe environments in the 2H NMR spectra of the CrIII-PNP complex, in an integration 

ratio of 1:3, corresponding to one coordinated OMe group and three uncoordinated 

OMe groups.34 Upon increasing the temperature of the 2H NMR spectroscopic 

measurement of the CrIII-PNP complex, only one peak corresponding to an OMe 

environment remained, thereby evidencing a dynamic process involving ether 

exchange.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Comparison of Cr-O bond lengths of (a) CrIII-PNP complex displaying pendant ether 
coordination and (b) CrIII-P,O complex.33,35 

Besides the presence of ortho-OMe substituted P-aryl groups affecting the activity of 

Cr/PNP-based selective ethylene trimerisation systems, the positions of the OMe 

groups were also found to be important in switching the selectivity from trimerisation to 

tetramerisation.32 Overett et al. reported that changing the position of the P-aryl-OMe 

groups in the Cr-PNP complexes portrayed in Figure 2.2, from ortho- to meta- to para- 

resulted in a gradual increase in the amount of 1-octene formed at the expense of 1-

hexene.32 

 

 

 

 

Figure 2.2: Effect of varying the position of the aryl OMe substituent on selectivity of Cr/PNP-
based ethylene oligomerisation.32 Ethylene oligomerisation catalysis conditions: 0.033 mmol 
Cr(acac)3, 2 equiv. PNP ligand, 300 equiv. MAO, 100 mL toluene, 30 bar ethylene, 65 oC.32 

 

2.1.2.2.1.2. Influence of steric and electronic properties of N donor motif of PNP 

ligands on Cr/PNP-based selective ethylene tri-/tetra-merisation 

Numerous reports have shown that the steric bulk about the nitrogen substituent of 

PNP ligands affects both the activity and selectivity of Cr/PNP-based selective 

ethylene tri-/tetra-merisation systems.20,36-40 It was observed in various studies on 

Cr/PNP-based selective ethylene tri-/tetra-merisation systems containing alkyl20,36,37 or 

P N P
OMeOMe

2 2

P N P
2 2

OMe P N P
2 2

MeO

OMeMeO

ortho-substitued P-aryl: meta-substitued P-aryl: para-substitued P-aryl:

Liquid fraction 
selectivities (wt %):

1-C6:

1-C8:
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7

20
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47



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

24 
 

Ph2P
N

PPh2 Ph2P
N

PPh2 Ph2P
N

PPh2 Ph2P
N

PPh2 Ph2P
N

PPh2

464                              391                           545                         725                               758
Activity

(Kg/g Cr/h):

Ph2P
N

PPh2 Ph2P
N

PPh2 Ph2P
N

PPh2 Ph2P
N

PPh2

767                              527                           563                         160
Activity

(Kg/g Cr/h):

Liquid fraction 
selectivity to 1-C6 

(wt %):

Liquid fraction 
selectivity to 1-C8 

(wt %):

  9                                 15                             17                            29

60                                 55                             55                            52

meta-substituted aryl nitrogen groups38,39 that increasing the steric bulk of these 

nitrogen substituents led to improvements in the catalytic activities. As a representative 

example of this trend, Figure 2.3 summarises the increase in activities of Cr/PNP-

based selective ethylene tetramerisation systems observed by Kuhlmann et al.,36 upon 

systematically increasing the steric bulk of the cycloalkyl-substituted N donor motifs. 

 

 

 

 

 

 
Figure 2.3: Effect of varying cycloalkyl ring size of nitrogen substituent on activity of Cr/PNP-

based selective ethylene tetramerisation system.36 Ethylene oligomerisation catalysis 
conditions: 100 mL methylcyclohexane, 60 oC, 45 barg ethylene, 5 µmol Cr(acac)3, 7.5 µmol 

PNP ligand, 270 equiv. MMAO-3A.36   

Interestingly, Killian et al.40 and Jiang et al.38 independently showed that as the steric 

bulk of ortho-substituted aryl nitrogen groups was increased, the activities of the 

Cr/PNP-based selective ethylene tri-/tetra-merisation systems were found to decrease. 

For example, progressively increasing the steric bulk of the ortho-aryl nitrogen 

substituents from hydrogen to iso-propyl led to an overall decrease in the activities of 

the Cr/PNP-based selective ethylene tetramerisation systems reported by Killian et al.      

( Figure 2.4).40  

   

 

 

 

 

 

 

 

 
 Figure 2.4: Effect of varying steric bulk of ortho-substituted aryl nitrogen groups on activity and 

selectivity of Cr/PNP-based selective ethylene tetramerisation system.40 Ethylene 
oligomerisation catalysis conditions: 100 mL methylcyclohexane, 60 oC, 50 barg ethylene, 10 

µmol Cr(acac)3, 1 equiv. PNP ligand, 480 equiv. MMAO-3A.40 

 

The steric properties of the aryl and alkyl substituents at the nitrogen of PNP ligands 

have also been observed to impact the selectivity of Cr/PNP-based ethylene tri-/tetra-

merisation systems. Here, an increase in the total 1-hexene and 1-octene liquid 
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fraction selectivity is concomitant with an increase in the nitrogen steric bulk (an 

example shown previously in  Figure 2.4).20,36-38,40 The steric bulk of the nitrogen 

substituents of PNP ligands have also been found to be responsible for determining 

the degrees of ethylene tri- and/or tetra-merisation exhibited by the Cr/PNP-based 

ethylene oligomerisation systems. It has been disclosed in multiple studies that the 1-

octene:1-hexene ratio (OTH) of Cr/PNP-based ethylene oligomerisation systems is 

decreased upon increasing the steric bulk of the ortho-aryl or alkyl nitrogen 

substituents (also exemplified by Figure 2.4),36-38,40 and is increased as the steric bulk 

of the meta-aryl nitrogen substituents is raised.38,39 The observed decrease in the OTH 

ratio upon an increase in the steric bulk of the ortho-aryl or alkyl nitrogen substituent is 

thought to be a direct consequence of the metallacycle mechanism believed to be in 

operation (discussed in further detail in section 2.1.3), with increased steric bulk on the 

catalyst argued to disfavour the formation of the metallacyclononane believed to be 

responsible for 1-octene formation.36,37 

 

In addition to exploring the effect of the steric bulk of the nitrogen substituent of PNP 

ligands, many literature studies have also examined the effect of the electronic 

character of the nitrogen substituent on Cr/PNP-based selective ethylene tri-/tetra-

merisation.39-44 In work performed by Blann et al. it was reported that, while the basicity 

of the nitrogen affected the activity and selectivity of Cr/PNP-based selective ethylene 

tetramerisation systems (Figure 2.5), no conclusive trends could be drawn.41  

Additionally, the sterics of the nitrogen substituent of the PNP ligands were found to be 

most dominant in determining the selectivity of the system.41  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Effect of nitrogen basicity on activity and selectivity of Cr/PNP-based selective 
ethylene tetramerisation systems.41 Conditions of ethylene oligomerisation catalysis: 100 mL 

methylcyclohexane, 60 oC, 45 barg, 2.5 µmol Cr(acac)3, 3 µmol PNP ligand, 300 equiv. MMAO-
3A.41 
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The effect of changing the electron density of N-phenyl substituted PNP ligands on 

their performance in Cr/PNP-based ethylene tetramerisation was explored in a study 

by Killian et al.40 In this work, the introduction of an electron-donating tBu group in the 

para position resulted in a selective ethylene tetramerisation system with increased 

activity and reduced polymer formation (relative to that exhibited by the system bearing 

N-phenyl).40 Conversely, the presence of an electron-withdrawing NO2 group in the 

para position afforded an ethylene oligomerisation system with increased amounts of 

polymer and decreased selectivity towards 1-hexene and 1-octene (when compared to 

the N-phenyl system).40 Jiang et al. similarly discovered an increase in the catalytic 

activity, in addition to the tetramerisation selectivity, of their Cr/PNP-based ethylene 

oligomerisation systems upon increasing the electron density of the N-phenyl 

substituents from 3,5-Cl2-C6H3 to 3,5-Me2-C6H3.39 

 

Lastly, the effect of utilising PNP ligands with donor groups at the nitrogen position 

(such as OMe and SMe) has been considered in Cr/PNP-based selective ethylene tri-

/tetra-merisation catalysis by multiple research groups, with the hope of exploiting the 

hemilabile behavior of the OMe and SMe donor groups to produce systems with 

increased catalytic activities (analogous to that observed for PNP systems possessing 

ortho-OMe substituted P-aryl groups, previously discussed in section 2.1.2.2.1.1).42-44 

Although it was found that Cr/PNP-based selective ethylene tri-/tetra-merisation 

systems containing pendant donor OMe and SMe groups at their nitrogen position 

generated systems with improved catalytic activities than those systems without 

pendant donor group-substituted nitrogen atoms, no concrete evidence of hemilabile 

behavior of the OMe and SMe groups was obtained.42,43 In fact, molecular structures of 

Cr-PNP complexes bearing OMe and SMe donor groups at their nitrogen positions 

were obtained (chemical structures depicted in Figure 2.6) which illustrated bidentate 

P,P-coordination of the PNP ligands with the pendant donor groups remaining 

uncoordinated.42,43 Nonetheless, it was noted by Suttil et al. that using TEA as an 

activator, in place of MAO, rendered Cr/PNP-based ethylene oligomerisation systems 

inactive. The difference in reactivity was hypothesised to be due to potential of TEA to 

coordinate to pendant N-donor group, thereby changing the reactivity of the active 

catalyst species.44  

 

 
 

 

 

 

 

 

 
Figure 2.6: Cr-PNP complexes containing pendant donor-substituted nitrogen atoms.42,43 
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2.1.2.2.2. P(C)nN(C)nP-based ligand systems 

Taking inspiration from the use of PNP ligands in Cr-based ethylene tri-/tetra-

merisation, PNP ligands with carbon bridges connecting the P and N units (i.e. 

P(C)nN(C)nP ligands where n=1 or 2) were tested in ethylene oligomerisation catalysis, 

in separate studies by  Le Floch et al.45 and McGuinness and Wasserchied et al.46 In 

the study by Le Floch et al.,45 CrIII complexes containing PCNCP ligands, coordinated 

via the phosphorus atoms, generated ethylene tri-/tetra-merisation systems with high 

selectivities (with a number of systems exclusively forming hexene and octene with 

>97 % selectivity to the linear α-olefin content of these fractions) and modest activities 

up to 9783 g/g Cr/h, when activated by MAO (best performing system illustrated in  

Scheme 2.7)). Additionally, Le Floch et al. observed that the selectivity towards 

ethylene tri- or tetra-merisation shifted upon varying the steric bulk of the phosphine 

moiety, with decreasing steric bulk at the phosphorus position leading to an increase in 

the amount of tetramerisation versus trimerisation.45 Both the activity and selectivity of 

the Cr/PCNCP-based ethylene tri-/tetra-merisation systems was also different if aryl or 

alkyl substituents were employed at the phosphorus substituents of the PCNCP 

ligands, with systems containing ligands bearing aryl phosphino groups displaying 

lower activities and selectivities towards ethylene trimerisation.45   

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.7: Cr/PCNCP-based selective ethylene trimerisation system reported by Le Floch et 
al.45 

The work by McGuinness and Wasserchied et al. explored the use of Cr complexes 

ligated by PCCN(H)CCP frameworks containing different phosphorus substituents (Ph, 

Cy or Et, Figure 2.7) in ethylene oligomerisation catalysis.46,47 Systems consisting of 

PCCN(H)CCP ligands with sterically compact and basic phosphorus substituents (Ph 

or Et) yielded highly selective ethylene trimerisation systems (97 % liquid  fraction 

selectivities to 1-hexene) with activities up to 17,300 g/g Cr/h.46,47 The effect of 

changing the nitrogen substituent of the PCCN(H)CCP ligands was also considered by 

McGuinness and Wasserchied et al..46  They found that substituting the N-H moiety for 

N-Benzyl or N-Me afforded Cr/PCCNCCP-based ethylene oligomerisation systems 

with decreased activities and selectivities; this led the authors to suggest that 

deprotonation of the N-H functionality occurs during catalyst formation.46  

50 bar      ,             
40 oC 97 % liquid fraction selectivity

Cr

Cl

Cy2
P THF

Cl

ClP
Cy2

NPh

MAO (600 equiv.),
Toluene

Activity: 9783 g/g Cr/h



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

28 
 

 

 
 

 

 

 

 

Figure 2.7: Cr/PCCN(H)CCP complexes synthesised by Mc Guinness and Wasserchied et 
al.46,47  

2.1.2.2.3. PNNP-based ligand system 

The landmark study by Bollmann et al., reporting the first Cr/PNP-based selective 

ethylene tetramerisation system (detailed beforehand in section 2.1.1.3) also explored 

the application of a PNNP ligand in ethylene oligomerisation catalysis.20 The Cr/PNNP-

based system investigated in ethylene oligomerisation catalysis, illustrated in Scheme 

2.8, exhibits a total liquid fraction selectivity of 76 % to 1-hexene and 1-octene, with 

moderate activity.20   

 
 

 
 

 

 

 

 

 

 

 

 

Scheme 2.8: Cr/PNNP-based selective tetramerisation system reported by Bollmann et al.20 

 

2.1.2.2.4. PN(C)nNP-based ligand systems 

Gamboratta and Duchateau et al. published a study conveying the application of 

PNNP ligands containing carbon bridges between the nitrogen groups, i.e. PN(C)nNP 

ligands (where n= 2 or 3).48 This ligand motif was highly selective for ethylene tri-/tetra-

merisation systems when implemented in conjunction with a Cr source and activator 

(some systems reported to solely produce 1-hexene and 1-octene with modest 

activities up to 88, 917 g/g Cr/h). 48 The effect of varying the substituents at nitrogen or 

phosphorus of the PN(C)nNP ligands on the performance of the Cr/PN(C)nNP-based 

ethylene oligomerisation systems was pursued with it being observed that more 

sterically demanding substituents at nitrogen or phosphorus led to a decrease in both 

the activity and selectivity of the systems.48 Of greatest significance in this work by 

Gamboratta and Duchateau et al.48 was the development of a highly selective 

Cr/PNCCCNP-based ethylene tetramerisation system, illustrated in Scheme 2.9, which 

displays 91 % selectivity towards 1-octene (much higher than that of the original Sasol 

Cr/PNP-based tetramerisation system previously detailed in section 2.1.1.3).  
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Scheme 2.9: Cr/PNCCCNP-based selective ethylene tetramerisation system reported by 
Gambarotta and Duchateau et al.48 

2.1.2.2.5. PNPN-based ligand systems 

The utilisation of PNPN(H) ligands in Cr-based selective ethylene trimerisation systems 

has been pursued in a number of studies published in collaborations between the 

Rosenthal group and Linde chemical company. These led to the announcement in 

2015 by Linde chemical company of plans to commercialise a process based upon 

PNPN(H).49 The main findings of the work by the Rosenthal group and Linde chemical 

company will be summarised in this section.50-59 The first Cr/PNPN(H)-based selective 

ethylene trimerisation system reported by Rosenthal et al. is portrayed in Scheme 

2.10.50 This selective ethylene trimerisation system has various features that make it a 

potential candidate for use on an industrial scale, namely the exceptional purity of 1-

hexene of >99 % in the hexene fraction, the low level of polyethylene production, and 

the use of cheap TEA activator (as opposed to the more commonly implemented, but 

more expensive MAO system).50 It was also found in the work by Rosenthal et al. that 

the PNPN(H) ligand adopts a κ2-P,P binding mode to Cr and that while the N-H group 

does not bind to Cr, it is essential in imparting ethylene trimerisation activity by 

undergoing deprotonation when reacted with TEA activator to produce an active 

catalyst species.50  

 

 

 

 
Scheme 2.10: Cr/PNPN(H)-based homogeneous selective ethylene trimerisation system 

reported by Rosenthal et al.50 

 

Later work by Rosenthal et al. details a heterogeneous Cr/PNPN(H)-based selective 

ethylene trimerisation system (Scheme 2.11), which achieves a liquid fraction 

selectivity to 1-hexene of 82 %, comparable to that reported for the homogeneous 

system (Scheme 2.10).51 Although, the activity of the homogeneous system far 

exceeds that of the heterogeneous system, the heterogeneous catalyst displays 

excellent stability from the absence of any catalyst deactivation in processes lasting 

over 40 hours.51 
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Scheme 2.11: Cr/PNPN(H)-based heterogeneous selective ethylene trimerisation system 
reported by Rosenthal et al.51 

A number of publications have been released by Rosenthal et al. studying the 

coordination and metallation chemistry of PNPN(H) ligands,52,53 kinetics of the 

Cr/PNPN(H)-based ethylene trimerisation systems,54-56 and effects of varying the 

PNPN(H) ligand substituents on the performance of the Cr/PNPN(H)-based selective 

trimerisation systems.57 To their surprise, Rosenthal et al.57 observed that changes to 

the nitrogen substituents of the PNPN(H) ligands had little impact on the 1-hexene 

selectivity, catalytic activity and thermal stability of the Cr/PNPN(H)-based selective 

ethylene trimerisation systems; in contrast to the Cr/PNP-based selective ethylene tri-

/tetra-merisation systems previously mentioned in section 2.1.2.2.1.2. Nevertheless, 

the nature of the phosphorus substituent on the PNPN(H) ligands was found to impact 

the efficiency of the Cr/PNPN(H)-based selective ethylene trimerisation systems, with 

systems containing PNPN(H) ligands bearing phenyl-substituted phosphorus atoms 

achieving the highest activities.57 

 

In more recent work, Rosenthal et al. considered the use of PNPN ligands bearing an 

additional amine substituent at the initial phosphorus position (i.e. a NPNPN ligand 

framework) in ethylene oligomerisation catalysis.58,59 The NPNPN ligands give rise to 

highly active and selective ethylene tri- and tetra-merisation systems, when used in 

combination with a Cr source and modified MMAO activator (MMAO-3A); a 

representative example is given in Scheme 2.12.58 In contrast to the earlier work on 

Cr/PNPN(H)-based selective ethylene trimerisation systems that used TEA as 

activator,50 it was found that an N-H functionality was not required on the NPNPN 

ligand scaffold to produce active catalytic systems.58 Furthermore, the use of TEA 

activator in the NPNPN-Cr systems actually switched off ethylene oligomerisation 

catalysis (even for NPNPN ligands containing N-H functionalities).58 Additionally, the 

effect of varying the nitrogen substituents of the NPNPN ligands on the performance of 

the Cr/NPNPN-based selective ethylene tri-/tetra-merisation systems was evaluated,  
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with it being observed that ligands containing a N-H functionality formed systems with 

greater selectivity towards 1-hexene formation, albeit it with lower activities and higher 

levels of polyethylene production.58      
 

 

 

 

 

Scheme 2.12: Cr/NPNPN-based selective ethylene tri-/tetra-merisation system reported by 
Rosenthal et al.58 

2.1.2.2.6. Anionic NPN-based ligand systems 

In 2008, a series of publications by Gambarotta and Duchateau et al. reported the 

application of anionic NPN-based ligand systems in ethylene oligomerisation catalysis, 

in the presence of a Cr source and activator.60-62 Interestingly, it was observed that the 

nature of the activator used largely determined if polymerisation (in the presence of 

(iBuAl)2(µ-O) as activator), non-selective oligomerisation (in presence of MAO as 

activator) or selective ethylene trimerisation (in presence of AliBu3 as activator) was 

achieved by the Cr/NPN-systems.60-62 An example of a Cr/NPN-based selective 

ethylene trimerisation system, which exclusively produces close to 100 % 1-hexene 

with the only other byproduct being traces of polyethylene, is shown in Scheme 2.13.60  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.13: Highly selective Cr/NPN-based selective ethylene trimerisation system, reported 
by Gambarotta and Duchateau et al.60 

2.1.2.2.7. PNN-based ligand systems 

A study by Duchateau et al. reported two Cr/PNN-based selective ethylene 

tetramerisation systems (portrayed in Figure 2.8), which possess moderate activities.63 

In a follow-up study, Duchateau and Gamboratta et al. further probed the potential of 

PNN ligands containing a pyridine moiety in Cr-based selective ethylene 

oligomerisation systems (Figure 2.9).64  
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Figure 2.8: Cr/PNN-based selective ethylene tetramerisation systems reported by Duchateau 
et al.63 Ethylene oligomerisation catalysis conditions: DMAO (500 equiv.), 80 oC, 40 bar 

ethylene, toluene (for system (a)) or methylcyclohexane (for system (b)).63  

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

Figure 2.9: PNN ligands ligated to CrCl3(THF)3 and subsequently tested in ethylene 
oligomerisation catalysis, in a study by Duchateau and Gamboratta et al.64 Ethylene 

oligomerisation catalysis conditions: 10 µmol [CrCl3(THF)(κ2-P,N-PNN)], 500 equiv. MAO, 60 
°C, 30 bar ethylene, methylcyclohexane.64 
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From the systems portrayed in Figure 2.9, Duchateau and Gamboratta et al.64 

concluded that the P-Cr-N bite angles and the flexibility of the ligand played a crucial 

role in determining the catalytic performance of the Cr/PNN-based systems. On 

increasing the P-Cr-N bite angle and ligand flexibility, by the introduction of C spacer 

groups between the N groups of the PNN ligands bearing phenyl or o-tolyl phosphine 

groups, a dramatic reduction in the ethylene tri-/tetra-merisation selectivity was 

observed (evident from the systems depicted Figure 2.9(a) and (b)).64 In contrast, on 

increasing the carbon bridge length between the nitrogen atoms of the PNN ligand 

containing the more basic iPr phosphorus substituent (basicity relative to that of phenyl 

or o-tolyl phosphorus substituents), an increase in the ethylene tri-/tetra-merisation 

selectivity occurred (Figure 2.9(c)).64 

2.1.2.2.8. N-pyrrolyldiphenylphosphine-based ligand system 

In a study by Duchateau et al. considering the possibility of a series of compounds 

containing P-N bonds as ancillary ligands in Cr-based ethylene tri-/tetra-merisation 

systems, a highly selective ethylene tri-/tetra-merisation system utilising a N-

pyrrolyldiphenylphosphine ligand was developed (Scheme 2.14).65 The observed 

selectivity towards ethylene tri-/tetra-merisation of the Cr/N-pyrrolyldiphenylphosphine-

based system is not unsurprising as Gambarotta et al.66 reported that it may be 

possible for the P-N moiety of the N-pyrrolyldiphenylphosphine to break in selective 

ethylene oligomerisation systems. If breakage of the P-N moiety of the N-

pyrrolyldiphenylphosphine does occur in the Cr/N-pyrrolyldiphenylphosphine-based 

system, then a system similar to the previously discussed Cr/pyrrole-based selective 

ethylene trimerisation systems is obtained (section 2.1.1.1).  

 
 

 

 

Scheme 2.14: Cr/N-pyrrolydiphenylphosphine-based selective ethylene tri-/tetra-merisation 
system reported by Duchateau et al.65 
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2.1.2.2.9. P-imine based ligand systems 

The first selective ethylene trimerisation system employing a PN(imine)P-Cr complex, 

depicted in Scheme 2.15, was reported by Bluhm et al.67 Although the Cr/PN(imine)P-

based ethylene trimerisation system possesses a high liquid fraction selectivity of 97 % 

to 1-hexene and produces only 2 % polyethylene, it has a low activity of only 470 g/g 

Cr/h.  

 
 

 
	

 
Scheme 2.15: Cr/PN(imine)P-based selective ethylene trimerisation system reported by Bluhm 

et al.67 

The most notable examples of Cr/P-imine-based selective ethylene tri-/tetra-merisation 

system are those reported by workers from Chevron Phillips utilising N-

phosphinoamidine ligands, bound to Cr in a bidentate fashion through the phosphorus 

and nitrogen atoms.68,69	 The significance of these systems is due to their ability to 

achieve high activities, in addition to high total liquid fraction selectivities to 1-hexene 

and 1-octene. The best-performing Cr/N-phosphinoamidine-based selective ethylene 

trimerisation system, illustrated in Scheme 2.16, has a 1-hexene selectivity and 

catalytic activity comparable to that of the Sasol Cr/PNP-based selective ethylene 

trimerisation system (section 2.1.1.2).68 The selectivity of the Cr/N-phosphinoamidine-

based systems could be switched from ethylene trimerisation to tetramerisation 

through modifications of the phosphorus substituents on the N-phosphinoamidine 

ligands; ligands with less bulky phosphine motifs demonstrating greater selectivity 

towards 1-octene formation.68 	

 

 

 

 

 
Scheme 2.16: Chevron Phillips Cr/N-phosphinoamidine-based selective ethylene trimerisation 

system.68,69 

Interestingly, it was found that using an N-phosphinoamidine ligand which coordinated 

in a tridentate fashion to Cr, generating a [CrCl3(κ3-PNN)] complex, effectively shut 

down catalyst activity (Scheme 2.17).68	The stark difference in reactivity between the 

systems using [CrCl3(κ2-P,N-PNN)(THF)] or [CrCl3(κ3-PNN)] complexes led the authors 
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to propose that bound THF is required at the chromium centre for the formation of 

active catalyst systems (the Lewis acidic activator, MMAO-3A, is believed to abstract 

THF from the chromium centre to generate an active catalyst bearing a vacant site for 

ethylene coordination).68 

  

 

 

 
Scheme 2.17: Non-active ethylene polymerisation system generated by [CrCl3(κ3-PNN)] 

complex.68 

2.1.2.2.10. Summary of P,N-ligands reviewed in Cr-based selective ethylene       

tri-/tetra-merisation systems 

In summary, the studies reviewed of Cr/P,N-based selective ethylene tri-/tetra-

merisation systems have demonstrated that various structural parameters of the P,N-

donor ligands, such as steric bulk, pendant donor effect, basicity, and bite angle, can 

all influence the activity and selectivity of these systems. In most of the literature 

surrounding Cr/P,N-based selective ethylene tri-/tetra-merisation systems evaluated, 

the steric bulk at the nitrogen and/or phosphorus ligands provided a handle for tuning 

the selectivity towards trimerisation or tetramerisation, the latter being favoured by less 

bulky substituents. It has been reasoned that increasing the steric bulk of the P,N-

ligands makes it more preferential for formation of the metallacycloheptane 

intermediate (believed to be responsible for the formation for 1-hexene; section 

2.1.3.1) than the larger-sized metallacyclononane intermediate (believed to be 

responsible for the formation for 1-octene; section 2.1.3.2). Although most of the 

Cr/P,N-based selective ethylene tri-/tetra-merisation systems considered display high 

total liquid fraction selectivities to 1-hexene and 1-octene, accompanied by the 

formation of small amounts of polymer, only the Linde system employing an NPNPN  

ligand(section 2.1.2.2.5), and the Chevron Phillips system implementing a N-

phosphinoamidine ligand(section 2.1.2.2.9), achieve activities as high as those 

reported for the ubiquitous Cr/PNP-based selective ethylene tri-/tetra-merisation 

systems (section 2.1.2.2.1). In addition, the majority of the Cr/P,N-based systems 

described in the literature are selective towards ethylene trimerisation, with only a few 

conveying high selectivities towards 1-octene formation. Therefore, the invention of 

novel efficient, selective ethylene tetramerisation catalysts is desirable, in addition to 

selective ethylene trimerisation catalysts (due to the ever increasing demand for 1-

hexene and 1-octene). As such, research was conducted into the Cr/PCN-based 
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selective ethylene tri-/tetra-merisation system investigated in this thesis.70,71 Prior to 

detailing the Cr/PCN-based selective ethylene tri-/tetra-merisation system explored in 

this thesis, it is important to consider other key features of homogeneous Cr-based 

ethylene tri-/tetra-merisation systems, aside from the ligand framework, which 

determine the activity and selectivity; specifically the mechanism, oxidation state of 

chromium, and role of activator.  

2.1.3. Mechanism of Cr-based selective ethylene tri-/tetra-merisation 
systems 

Although traditional olefin olig- and poly-merisation processes are known to proceed 

via the Cossee-Arlmann mechanism (previously considered in Chapter 1, section 

1.2.1), it is unlikely that this mechanism can account for Cr-based selective ethylene 

oligomerisation processes.1-8 Consequently, a different mechanistic pathway is widely 

accepted to be in operation for Cr-based selective ethylene tri-/tetra-merisation, 

namely a process involving chromacycles, termed the metallacyclic mechanism, in 

which the selectivity of the system (towards tri- or tetra-merisaton) is dictated by the 

ability of the catalyst to support the formation of metallacycles of certain sizes.1-8 This 

section will review the different metallacycle mechanisms proposed to be in operation 

for selective ethylene tri-/tetra-merisation systems.  
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2.1.3.1. Metallacycle mechanism for selective ethylene trimerisation processes 

The emergence of a metallacylic mechanism to explain selective ethylene trimerisation 

came from Manyik et al. in 1977 when they realized that the rate of 1-hexene 

formation, in their trimerisation system (detailed beforehand in section 2.1.1), was 

second order with respect to ethylene as opposed to first order (expected for a Cossee 

Arlmann mechanism).10 The metallacyclic mechanism proposed by Manyik et al. is 

illustrated in Scheme 2.18 and proceeds via the coordination of two ethylene 

molecules to the chromium centre, generating a species which undergoes oxidative 

coupling to afford a metallacyclopentane.10 A third ethylene molecule then coordinates 

to the metallacyclopentane, with β-H transfer then occuring to yield a chromium 

butenyl intermediate, from which 1-hexene is liberated by reductive elimination.10 

 

 
 

 

 

 

 

 
 

 

 

 

Scheme 2.18: Proposed metallacycle mechanism for 1-hexene formation, modified from 
Manyik et al.10 

In 1989, Briggs22 put forward a modified version (depicted in Scheme 2.19) of the 

metallacycle mechanism proposed by Manyik et al.,10, in which ethylene insertion into 

the metallacyclopentane occurs to form a metallacycloheptane. β-Hydride elimination 

and subsequent reductive elimination from the metallacycloheptane is believed to lead 

to the production of 1-hexene and regeneration of the active catalytic species.22 The 

formation of large amounts of 1-butene in the mechanism shown in Scheme 2.19 is 

believed to be deterred by the geometrical constraints of the metallacyclopentane, 

which are thought to limit interactions between its β-hydrogens and the metal centre, 

thereby preventing the elimination of 1-butene.22 The catalytic cycle portrayed in 

Scheme 2.19 is the most widely accepted version of the metallacyclic mechanism for 

Cr-based selective ethylene trimerisation systems.   
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Scheme 2.19: Simplified version of the proposed metallacycle mechanism for selective 
ethylene trimerisation system, modified from Briggs.22 

It was stipulated by Briggs22 that the selectivity of the metallacycle mechanism 

(Scheme 2.19) towards 1-hexene formation is dependent upon two factors. The first is 

the difference in the rate of ethylene insertion into the metallacyclopentane 

intermediate versus the rate of decomposition of the metallacyclopentane intermediate; 

a faster rate of ethylene insertion leading to greater 1-hexene formation.22 The second 

factor is the difference in the rates of further ethylene insertion into the 

metallacycloheptane intermediate versus the rate of β-hydride elimination from the 

metallacycloheptane intermediate; a faster rate of β-hydride elimination favouring 1-

hexene formation.22 The rates of ethylene insertion into the metallacyclopentane or 

metallacycloheptane intermediates, decomposition of the metallacyclopentane 

intermediate, and β-hydride elimination from the metallacycloheptane intermediate are 

dictated by the relative stabilities of the metallacyclopentane and metallacycloheptane 

intermediates.22 Studies by Whitesides et al.72,73 and Jolly et al.74,75 on the thermal 

decomposition of metallacyclic platinum (in the former study) and chromium (in the 

latter study) complexes revealed that metallacyclopentane platinum or chromium 

complexes decompose at a slower rate than their metallacycloheptane analogues. 

Consequently, the metallacyclopentane complexes are more stable than their 

metallacycloheptane counterparts, and so can undergo ethylene insertion in the 

metallacycle mechanism described in Scheme 2.19.  

Strong evidence for the proposed metallacycle mechanism for selective ethylene 

trimerisation was provided in a deuterium labelling study conducted by Bercaw and 

Labinger et al. in 2004.33 In this investigation, a known selective ethylene trimerisation 

system employing a Cr-PNP complex (portrayed in Scheme 2.20) was tested in 
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ethylene oligomerisation utilising a feedstock comprising a 1:1 mixture of C2H4 and 

C2D4; GC-MS analysis was employed to determine the isotopic distribution of the 

hexene isotopologs produced.33 It was reasoned that a metallacyclic mechanism would 

generate hexene isotopologs containing even numbers of deuterons, as in this 

mechanism the process of reductive elimination (shown in Scheme 2.19) means that 

the hexene formed would incorporate all of the deuterium atoms from the C2D4 

monomer.33 In contrast, if a Cossee-Arlmann mechanism is in operation then hexene 

isotopologs with odd number of deuterons would also be obtained, since in this 

process the hexene is liberated via β-hydride elimination (Chapter 1, section 1.2.1, 

Scheme 1.1) and so would leave behind the eliminated deuterium on the chromium 

centre.33 The finding that only even-numbered hexene isotopologs were formed by the 

selective ethylene trimerisation system shown in Scheme 2.20 ruled out the possibility 

of a Cossee-Arlmann mechanism, and proved that this system operates by a 

metallacyclic mechanism.33  

 

 

 

 
Scheme 2.20: Labelling study undertaken on Cr/PNP-based ethylene trimerisation system by 

Bercaw and Labinger et al.33 

In a later publication, Bercaw and Labinger et al. performed a deuterium labeling study 

on a known ethylene oligomerisation catalyst (a Ni-based SHOP catalyst) and found 

that, as anticipated from the Cossee-Arlmann mechanism believed to be in operation, 

a broad distribution of both even- and odd-numbered hexene isotopologs were 

obtained.76 Together, these results from the labeling studies by Bercaw and Labinger 

et al. have led to the wide acceptance that the majority of Cr-based selective ethylene 

trimerisation systems proceed by a metallacycle mechanism.33,76  

2.1.3.2. Metallacycle mechanism for selective ethylene tetramerisation 
processes 

In contrast to the case for trimerisation, a number of different metallacycle mechanisms 

have been speculated in the literature for different Cr-based ethylene tetramerisation 

systems, not least since there has been considerable debate over the exact nature of 

the metallacycle mechanism by which selective ethylene tetramerisation proceeds.77 

The first mechanism of Cr-based selective ethylene tetramerisation came from workers 

at Sasol Technology for their selective ethylene Cr/PNP-based tetramerisation system 
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(which has previously detailed in section Scheme 2.4).78 Using a similar approach to 

that described in the previous section from the work of Bercaw and Labinger et al.,33,76 

researchers at Sasol Technology conducted a labelling study on the Cr/PNP-based 

tetramerisation system and found the exclusive formation of hexene isotopologs 

possessing even numbers of deuterons, leading them to propose the metallacycle 

mechanism portrayed in Scheme 2.21.78 The relative stability of the different-sized 

metallacycle intermediates shown in Scheme 2.21 are thought to confer selectivity 

towards 1-hexene or 1-octene.78 The mechanism conveyed in Scheme 2.21 implies 

that the metallacycloheptane intermediate is stable enough to enable insertion of an 

ethylene monomer,78 contrary to earlier theoretical studies on tantalum-23 and    

titanium-24 based ethylene trimerisation systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2.21: Simplified version of the proposed metallacycle mechanism for Cr/PNP-based 

selective ethylene tetramerisation system, modified from Overett et al.78 
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Rosenthal and Müller et al.79 proposed an alternative mechanism to that displayed in 

Scheme 2.21 for Cr-based selective ethylene tetramerisation, namely a bimetallic 

chromium-centred metallacycle mechanism. The mechanism proposed by Rosenthal 

and Müller et al. is described in Scheme 2.22 and speculates that 1-octene is formed 

via cooperative bimetallic reductive elimination from a species containing two 

chromacyclopentanes coupled to each other.79 The inspiration for the mechanism 

shown in Scheme 2.22 came from the suggested mechanism for the Phillips and Union 

carbide CrO3/SiO2-based ethylene polymerisation system.80,81 A combination of 

experimental and theoretical studies on the CrO3/SiO2-based ethylene polymerisation 

system suggested that this process is mediated by a binuclear chromium species.80,81  

� 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2.22: Proposed bimetallic metallacyclic mechanism for ethylene tetramerisation, 

modified from Rosenthal and Müller et al.79 

The possibility raised by Rosenthal and Müller et al.79 that a bimetallic catalyst is in 

operation was addressed in a study by Theopold et al.82 on a Cr-dinitrogen based 

selective ethylene trimerisation system. In this study, bimetallic CrII metallacycles were 

synthesised and found to generate non selective ethylene oligomerisation systems, 

indicating that these are not intermediates in the Cr-dinitrogen based selective 

ethylene trimerisation system.  

 

In a recent combined experimental and theoretical study on the original Sasol Cr/PNP-

based selective ethylene tetra-merisation system (system previously detailed in section 

2.1.1.3), Britovsek and McGuinness et al.83 have demonstrated that selective ethylene 
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to that proposed by workers at Sasol Technology,78 Scheme 2.21). The work by 

[Cr Cr]

[Cr Cr]

[Cr Cr]

[Cr Cr]

Association

4 x

Cooperative bimetallic 
reductive elimination

Oxidative
coupling

Bimetallic C-C
coupling



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

42 
 

Britovsek and McGuinness et al.83 suggests that 1-octene formation occurs via a 

bis(ethylene) chromacyclopentane intermediate (Scheme 2.23), possibly with 

additional involvement of a pathway involving a mono(ethylene) chromacycloheptane 

intermediate (as originally proposed by workers at Sasol Technology, Scheme 2.2178). 

The study by Britovsek and McGuinness et al.83 also demonstrates that 1-hexene 

formation in the Cr/PNP-based system most likely occurs from a single route via a 

mono(ethylene) metallacyloheptane intermediate, as originally proposed by Briggs 

(section 2.1.3.1).22  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Scheme 2.23: Proposed mono- and bis-ethylene routes to 1-hexene and 1-octene by original 
Sasol Cr/PNP-based selective ethylene tetramerisation catalyst, modified from Britovsek and 

McGuinness et al.83 

Britovsek and McGuinness et al. also undertook experimental and theoretical studies 

on Cr/PNP-based selective ethylene trimerisation systems, which led them to conclude 

that the selectivity of Cr/PNP-based selective tri-/tetra-merisation catalysts is dictated 

by competition between the mono- and bis-ethylene routes highlighted in Scheme 

2.23.84,85 The experimental observations that Cr/PNP-based selective ethylene 

oligomerisation systems display greater selectivity towards tri- versus tetra-merisation 

upon increasing the steric bulk of the phosphorous substituents, or using ligands 

bearing additional donor groups at their phosphorus positions, were rationalized in 

terms of these systems producing a more sterically-congested active species, which 

suppresses the pathways for 1-octene formation shown in Scheme 2.23.84,85 
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2.1.4. Oxidation state of Cr in selective ethylene tri-/tetra-merisation 
systems 

A key feature of the metallacycle mechanisms widely believed to be in operation for Cr-

based selective ethylene tri-/tetra-merisation processes is the accessibility of Crn and 

Crn+2 oxidation states. This is inferred since the active catalytic species undergoes a 

two-electron redox process (by oxidative addition and reductive elimination steps). 

Consequently, much research has been focused on elucidating the oxidation states in 

operation for Cr-based selective ethylene tri-/tetra-merisation systems experimentally, 

which has resulted in speculation that these system operate via a CrI/CrIII or CrII/CrIV 

redox couple.1,4,5,8 The electronic nature of the ligand is believed to influence the exact 

nature of the Crn/Crn+2 redox couple in operation in the ethylene tri-/tetra-merisation 

systems.4,5,8  

 

The active catalyst species in Cr-based selective ethylene tri-/tetra-merisation systems 

are difficult to isolate, and difficult to analyse (due to their paramagnetism, which 

hinders the use of traditional NMR spectroscopic methods), something that makes 

deduction of their oxidation state challenging.4 Furthermore, the oxidation state of 

chromium in the active catalyst species cannot always be inferred to be the same as 

that of the catalyst precursor (commonly CrI, CrII, or CrIII) in the majority of Cr-based 

selective ethylene tri-/tetra-merisation systems, as these employ an activator (usually 

an alkyl aluminium reagent, section 2.1.5), which has the potential to alter the oxidation 

state of the catalyst precursor.4 For example, Gamboratta and Duchateau et al. 

demonstrated that AlMe3 was capable of reducing a Cr(III)-PNP complex, which 

generates a selective ethylene tetramerisation process in the presence of MAO 

activator, to a CrII-PNP complex (Scheme 2.24).86 Since, the CrII-PNP complex also 

generated a selective ethylene tetramerisation system, in the presence of MAO, 

Gamboratta and Duchateau et al. inferred that reduction of the CrIII-PNP complex to 

the CrII-PNP complex must be a step involved in the formation of the active catalytic 

species of the Cr/PNP-based selective ethylene tetramerisation system.86  

 

 

 

 

 

 
Scheme 2.24: AlMe3-mediated reduction of CrIII-PNP complex, observed by Gamboratta and 

Duchateau et al.86 
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The subsequent sections detail selected examples of literature studies implementing 

different analytic techniques for the elucidation of the chromium oxidation states of 

Cr/P,N-ligand-based selective ethylene tri-/tetra-merisation systems. Only Cr-based 

selective ethylene tri-/tetra-merisation systems utilising P,N-ligands will be considered 

as these ligands are the closest in electronic nature to the PCN ligands that have been 

investigated, subsequently, in this thesis for use in Cr-based selective ethylene tri-

/tetra-merisation. 

2.1.4.1. CrI/CrIII-based systems 

In a study by Bercaw and Labinger et al. electron paramagnetic resonance (EPR) 

spectroscopy was applied to monitor the reaction of MAO with the CrIII-PNP complex 

portrayed in Figure 2.10.87 The CrIII-PNP complex, which generates a selective 

ethylene trimerisation system in the presence of MAO, was found by EPR 

spectroscopy to form multiple CrIII-PNP species and an EPR silent Cr species as the 

major products, alongside a minor amount of a CrI complex.87 Based on a series of 

studies, Bercaw and Labinger et al. found that the CrIII-PNP and EPR silent Cr species 

were not involved in selective ethylene oligomerisation catalysis and so postulated that 

the observed CrI complex, although formed in minority, was most likely the active 

catalytic species.87 Consequently, they inferred that a CrI/CrIII redox couple is involved 

in the Cr/PNP-based selective ethylene trimerisation.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.10: CrIII-PNP selective ethylene trimerisation catalyst precursor, investigated by 

Bercaw and Labinger et al.87 

In addition to experimental studies, computational investigations have also been found 

to be informative with regard to the possible oxidation state of chromium most likely 

present in Cr-based selective ethylene tri-/tetra-merisation systems. For example, a 

theoretical study by Britovsek and McGuinness et al.88 on the original Sasol Cr/PNP-

based selective ethylene tetramerisation catalyst (section 2.1.1.3) suggests that CrI 

and CrIII are preferred oxidation states, both kinetically and thermodynamically, to CrII 

and CrIV.  
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2.1.4.2. CrII/CrIV-based system 

A study by Brückner et al. applied operando EPR spectroscopy (i.e. spectroscopically 

probed species of interest under catalyst operating conditions) and in situ X-ray 

absorption spectroscopy (XAS) to a Cr/PNP-based selective ethylene tetramerisation 

system.89 The results obtained by EPR spectroscopy and in situ XAS suggested that a 

(PNP)CrII(CH3)2 complex was the active catalytic species, having been formed in situ 

from Cr(acac)3, PNP ligand and MMAO activator, leading the authors to propose that 

the ethylene tetramerisation proceeds via a metallacycle pathway involving a CrII/CrIV 

redox couple.89 The observation that the activator reduces the chromium centre of the 

starting chromium species is in accordance with that observed in other Cr-based 

selective ethylene tri-/tetra-merisation systems utilising activators (Scheme 2.24).4,86 

2.1.5. Role of activator in Cr-based selective ethylene tri-/tetra-
merisation systems 

The majority of Cr-based selective ethylene tri-/tetra-merisation systems utilise an 

aluminium-based activator (such as AlMe3, AlEt3, MAO, or MMAO) which reacts with 

the Cr-ligand catalyst precursor to form an active catalyst species.1,4,5,8 The aluminium-

based activators are believed to alkylate the chromium centre of the Cr-based selective 

ethylene oligomerisation systems and then subsequently act as a Lewis acid and 

abstract the alkyl group to generate a cationic chromium species which is thought to be 

the active catalyst species (Scheme 2.25).5,90  

 

 

 

 

 

 

 

 

Scheme 2.25: Role of aluminium alkyl activator in generating a cationic metal-ligand species, 
where L represents a ligand, R and X refer to an alkyl group and halide, respectively, and a 

square corresponds to a vacant coordination site at the metal centre. 

In addition to observing the formation of catalytically active cationic species, following 

the reaction of Cr-ligand complexes with alkyl aluminium activators in Cr-based 

selective ethylene tri-/tetra-merisation systems, studies have also found that the 
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previously in section 2.1.4).4,86 Moreover, studies have shown that certain activators 

can have more diverse effects on PNP ligands, which are commonly used to support 

Cr-based ethylene tri-/tetra-merisation systems. For example, a study by Gamboratta 

et al.66 revealed that AlEt3 activator caused breakage of the P-N bonds of a Cr-PNP 

complex (Scheme 2.26(a)), whilst recent work by Agapie et al.91 showed that 

chlorinated aluminium activators (such as AlClMe2) isomerised PNP ligands to PPN 

ligands (Scheme 2.26(b)).  

 

 

 

 

 

 

 

 

 

Scheme 2.26: Reactions between PNP ligands and aluminium alkyl activators: (a) breakage of 
P-N bond,66 (b) isomerisation of PNP ligand to PPN ligand.91 

 

Of the different aluminium activators implemented in Cr-based selective ethylene tri-

/tetra-merisation systems described in the open literature, MAO or MMAO are the most 

commonly used as these generally give the most active and selective systems.8 MAO 

is prepared by the controlled hydrolysis of AlMe3 and has the general formula 

[Al(CH3)O]n.90 The nature of the hydrated salt (i.e. H2O source) and MAO synthetic 

reaction conditions used in the synthesis of MAO from AlMe3 are known to influence 

the activity imparted to the resultant MAO-activated catalytic precursors, presumably 

as a consequence of differences in the structure of the MAO generated.90 Although 

much research has focussed on deducing the structure of MAO, its precise structure is 

still a matter of wide debate with a number of different oligomeric structures being 

proposed in the literature (some examples of which are illustrated in Figure 2.11).90,92 

Of significance to note is a computational study on the interaction of various MAO 

structural models with chromacycloheptanes (well established intermediates in Cr-

based selective ethylene tri-/tetra-merisation systems) by van Rensburg et al., which 

found that a cage solution-state structure was energetically favourable for MAO.93 

Nevertheless, it is most likely that MAO exists in an equilibrium of interconverting 

structures in solution.90,92 In addition to this fluxional behaviour of MAO, the 
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further makes structural elucidation of MAO challenging, with the MAO itself acting as 

a reservoir for AlMe3. 90,92   

 

 

 

 

 

 

 
Figure 2.11: A selection of oligomeric structures proposed for MAO.90,92 

The poor solubility of MAO in non-polar solvents, coupled with its poor shelf-life and 

limited stability at elevated temperatures, has led to the preferential implementation of 

modified versions of MAO (namely MMAO) in many selective ethylene tri-/tetra-

merisation systems.90,92 The presence of the bulky iBu group in MMAO, which is 

afforded by the careful hydrolysis of a mixture of AlMe3
 and AliBu3, imparts its 

increased solubility in aliphatic solvents versus MAO, resulting in its better stability for 

storage.90,92  

 

Due to the use of MAO or MMAO activators in Cr-based selective ethylene tri-/tetra-

merisation systems typically being accompanied with several economic drawbacks, 

such as their high cost, difficulty in their handling on a large scale, and wasteful nature 

(since large excesses of these activators are generally utilised), many studies have 

focused on the development of selective and active Cr-based ethylene tri-/tetra-

merisation systems implementing alternative activators to MAO/MMAO.8 In this vein, a 

series of studies were conducted by workers at Sasol Technology Limited on 

evaluating the behaviour of a range of Cr-PNP complexes in ethylene oligomerisation, 

in the presence of different activators.94,95 The first of these studies was by Overett et 

al.94 and found that selective ethylene tri-/tetra-merisation systems were generated 

when stoichiometric amounts of trialkylaluminium activator and borate cocatalyst 

(B(C6F5)3 or [Ph3C][B(C6F5)3]) were implemented. Due to the low Lewis acidity of 

trialkylaluminium activators, when compared to MAO,96 a highly Lewis acidic borate 

cocatalyst was also implemented to increase the efficiency of alkyl abstraction in the 

generation of the active catalytic species (Scheme 2.25).94 Although the selectivity for 

selected oligomer formation in the liquid fraction of these systems were comparable to 

systems utilising MAO as activator, they typically produced higher levels of polymer 

and exhibited much lower activities.94 The catalysts in the Cr/PNP/AlR3/borate systems 
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were also observed to rapidly deactivate, with the rate of deactivation being directly 

proportional to the amount of AlEt3 utilised, something that led Overett et al. to suggest 

alkyl exchange of the borate cocatalyst with AlEt3 as the source of catalyst 

deactivation. 94 Therefore, a study by McGuinness and Tooze et al. investigated the 

effect of using alternative cocatalysts to borate for the Cr/PNP/AlR3 systems, with a 

highly active selective ethylene tetramerisation system being obtained when 

[Ph3C][Al{OC(CF3)3}4] cocatalyst was implemented (Scheme 2.27).95 The high stability 

and weakly coordinating nature of the aluminate anion ([Al{OC(CF3)3}4]−, Krossing’s 

anion)97 was believed to be responsible for the improved activity of the 

Cr/PNP/AlR3/[Ph3C][Al{OC(CF3)3}4] system, relative to that of the Cr/PNP/AlR3/Borate 

system.95  
 

 

 

 

Scheme 2.27: Cr/PNP-based selective ethylene tetramerisation system utilising AlEt3/aluminate 
activator, reported by McGuinness and Tooze et al.95 

Lastly, it is important to note that while the majority of Cr-based selective ethylene tri-

/tetra-merisation systems implement an activator, there are a limited number that 

operate activator-free (although these systems generally exhibit lower activities than 

those using an activator).4,8 By way of example, Scheme 2.28 portrays a CrI/II-NP 

ligand complex discovered by Gambarotta and Budzelaar et al. to catalyse ethylene 

almost exclusively to 1-hexene, albeit it with a low activity.98 Computational 

calculations on this CrI/II-NP selective ethylene trimerisation system suggested that the 

CrI centre was responsible for 1-hexene formation, whilst the CrII centre was 

responsible for 1-butene formation.98  

 

 

 

 

 

 
Scheme 2.28: CrI/II-NP ligand based selective ethylene trimerisation system reported by 

Gambarotta and Budzelaar et al.98 
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2.1.6. Cr/PCN-based selective ethylene tri-/tetra-merisation system 

Taking inspiration from the best-performing literature Cr/P,N-ligand-based selective 

ethylene tri-/tetra-merisation systems (in terms of activity and selectivity), i.e. Cr/PNP 

(section 2.1.2.2.1) and Chevron Phillips Cr/P-imine (section 2.1.2.2.9) systems, the 

idea of applying PCN ligands in Cr-based ethylene oligomerisation systems was 

developed in the Dyer group (Figure 2.12).70  

 

 

 

 

 
Figure 2.12: Generalised structures of (i) PNP, (ii) P-imine, and (iii) PCN ligands.  

The syntheses of iminophosphines with similar structures to that shown in Figure 

2.12(iii) have been reported in multiple literature studies,99-106 however their 

implementation in Cr-based selective ethylene tri-/tetra-merisation systems has yet 

only been reported by Dyer and Hanton et al.,71 in 2015. By way of summary to the 

groundwork of the studies conducted in Chapters 2 and 3 of this thesis on Cr/PCN-

based selective ethylene tri-/tetra-merisation systems, this section will briefly overview 

the best-performing Cr/PCN-based ethylene tri-/tetra-merisation systems (in terms of 

selectivity, activity and polymer level) developed by Dr. James Radcliffe and the 

coordination chemistry of PCN ligands with Cr0 and CrIII, before outlining the aims of 

Chapters 2 and 3 of this thesis.  

2.1.6.1. Evaluation of best-performing Cr/PCN-based ethylene tri-/tetra-
merisation systems 

A library of 26 novel PCN compounds (bearing different nitrogen, imine carbon, and 

phosphorus substituents) was synthesised by Dr. James Radcliffe in the Dyer group 

and tested in ethylene oligomerisation catalysis, under a variety of different catalysis 

conditions (comparison of different catalysis conditions detailed in Chapter 3 of this 

thesis).70 It was found that, depending on the substitution pattern of the PCN ligand 

implemented, Cr/PCN-based selective ethylene tri- and tetra-merisation systems 

displaying high selectivities and activities shown in Scheme 2.29, with varying polymer 

content (2 – 84 wt %), could be obtained under a set of optimised catalysis conditions 

(as illustrated in Scheme 2.29).70,71  
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Scheme 2.29: Cr/PCN-based selective tri-tetra-merisation systems developed in the Dyer 

group.70,71 

The structure-activity and structure-selectivity relationships established in the Cr-PCN 

based selective ethylene oligomerisation systems are detailed in Chapter 3. 

Nonetheless, the main observation was that PCN ligands possessing bulky 

substituents at both nitrogen and phosphorus produced the best-performing ethylene 

tri- and tetra-merisation systems (Figure 2.13), with no conclusive structure-activity or 

structure-selectivity relationships obtained on varying the imine carbon 

substituents.70,71 

 

 

 

 

 

 

 

 

 

 

  

 
 

 

Figure 2.13: PCN ligands giving rise to the best-performing Cr/PCN-based selective ethylene 
tri- and tetra-merisation systems.70,71 Conditions of ethylene oligomerisation catalysis: Cr(2-
EH)3 (1.25 µmol), 1 equiv. PCN ligand 2A – 2E, MMAO-3A (500 equiv.), ZnEt2 (100 equiv.), 

MCH, C2H4 (40 - 50 bar), 60 °C, 0.63 - 0.89 ppm O2.70,71 

The best-performing Cr/PCN-based ethylene trimerisation systems shown in  

Figure 2.13 are amongst the most selective (systems using ligands 2A and 2B) and 

active (system using ligand 2C) known in the literature to-date (Table 2.3), albeit it with 

higher levels of polymer content. Conversely, the best-performing Cr/PCN-based 

ethylene tetramerisation systems shown in Figure 2.13 (systems using ligands 2D and 

2E) exhibit lower activities, selectivities to 1-octene, and higher polymer content than a 
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selection of the best-performing ethylene tetramerisation systems reported in the 

literature thus far (Table 2.4). 

 
Table 2.3: Activities, polymer formation percentages, and 1-hexene selectivities of a selection 
of best-performing literature ethylene trimerisation systems, modified from Alferov et al.8 
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Table 2.4: Activities, polymer formation percentages, and 1-octene selectivities of a selection of 
best-performing literature ethylene tetramerisation systems, modified from Alferov et al.8 

 

 

 

Catalyst precursor 

Liquid 
fraction 

selectivity to 
1-C8 (wt %) 

Activity 
(Kg/g 
Cr/h) 

Polyethylene 
(wt %) Reference 

 

 

 

 

91 2 0 48 

 

 

 

77 580 1.9 110 

 

 

 

 

67 2147 0.8 36 

 

 

 

 

 

66 8000 0.2 
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2.1.6.2. Coordination chemistry of PCN ligands with Cr0 and CrIII complexes 

2.1.6.2.1. CrIII-PCN complexes 

The coordination chemistry of PCN ligands 2F – 2K (Scheme 2.30) to CrCl3(THF)3 was 

investigated by Dr. James Radcliffe.70 PCN ligands 2F – 2G (Scheme 2.30) and 2I – 

2K (Scheme 2.30) were found to exhibit κ2-P,N bidentate binding modes to CrIII, while 

ligand 2H bound in a tridentate manner (κ2-P,N,O), due to the presence of the pendant 

OMe donor group on its phenyl nitrogen (similar to CrIII-PNPOMe structures discussed 

previously in section 2.1.2.2.1.1).70 In addition, molecular structures were obtained of 

CrIII-PCN complexes 2L and 2M (Scheme 2.30), which revealed P-C-N angles of 

103.89(15)° and 104.03(15),° respectively, which are comparable to P-N-P angles in 

CrIII-PNP complexes (103 - 106°).70 Consequently, from the similarities between the 

CrIII-PCN and CrIII-PNP complexes, it is not surprising that the best-performing 

Cr/PCN-based ethylene trimerisation systems exhibit comparable activities and 
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selectivities to the well-established Cr/PNP-based selective ethylene trimerisation 

systems.  

 

 

 

 

 

 

 
Scheme 2.30: CrIII-PCN complexes synthesised by Dr. James Radcliffe.70 

2.1.6.2.2. Cr0-PCN complexes 

The PCN ligands 2R and 2S (Scheme 2.31) were reacted with Cr(CO)6 and found to 

form Cr0-PCN complexes displaying κ2-P,N bidentate and κ1-P monodentate binding 

modes, with the latter mode being favoured. The formation of both κ2-P,N bidentate 

and κ1-P monodentate Cr0-PCN structures suggested hemilabile behaviour of the PCN 

ligands with Cr0, which was proved upon the removal or addition of CO to an NMR 

tube reaction of PCN ligand 2X (a representative PCN ligand, Scheme 2.32) with 

Cr(CO)6. 

 

 

 

 

 
Scheme 2.31: Cr0-PCN complexes synthesised by Dr. James Radcliffe.70 

 

 

 

 
 

Scheme 2.32: Reaction evidencing hemilabile behaviour of PCN ligand with Cr0 complex.70 

2.1.6.3. Aims of Chapters 2 and 3 of this thesis 

The work in Chapters 2 and 3 of this thesis aims to build upon the previous work 

carried out by Dr. James Radcliffe in the Dyer group by:70,71  

 (a) synthesising a series of novel PCN ligands in order to further 

investigate the effects of varying the imine carbon and alkyl phosphorus 

substituents on the activity and selectivity in ethylene oligomerisation 
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 (b) completing the synthesis of a series of Cr0-PCN complexes 

(incorporating complexes 2T – 2W (Scheme 2.31), originally synthesised 

by Dr. James Radcliffe) and carrying out oxidation reactions of these to 

obtain novel CrI-PCN complexes, which can then be evaluated as potential 

catalytic precursors in ethylene oligomerisation catalysis, 

 (c) completing the synthesis of the series of CrIII-PCN complexes (including 

complexes 2O – 2Q (Scheme 2.30), originally synthesised by Dr. James 

Radcliffe)  to further explore the coordination chemistry of PCN ligands to 

CrIII complexes and obtain a full series of CrIII -PCN complexes to compare 

in ethylene oligomerisation catalysis against their in situ generated 

equivalents. 

The synthesis of the PCN ligands and Cr-PCN complexes will be detailed in this 

Chapter while their performance in ethylene oligomerisation catalysis will be discussed 

in Chapter 3.  

2.2. Synthesis of PCN Ligands 

A small library of 17 PCN ligands, 2.1 – 2.17 (Figure 2.14) was developed, with access 

via the route depicted in Scheme 2.33, previously developed in the Dyer group, with 

individual ligands being obtained in moderate yields varying between 50 – 78 %.70,71 

The modular synthetic approach used involves the synthesis of precursor imidoyl 

chlorides and trimethylsilylphosphines, which are then reacted in chlorobenzene to 

yield the desired PCN ligands.70,71 The only by-product formed in the synthetic 

approach shown in Scheme 2.33 is TMSCl, which is easily separable from the product 

under reduced pressure.70,71  

 

 

 

 

 

 

 
 
 

Scheme 2.33: Synthetic route to PCN ligands developed in the Dyer group, involving reactions 
between imidoyl chlorides and trimethylsilylphosphines in chlorobenzene.70,71 
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the results from previous investigations in the Dyer group, which demonstrated that 

PCN ligands encompassing alkyl substituents on the phosphorus atom and relatively 

bulky substituents on the nitrogen atom performed better in ethylene tri-/tetra-

merisation catalysis.70,71 Taking this into account, novel ligands 2.1 – 2.13 were 

designed with substituents at the phosphorus and nitrogen positions that met these 

requirements, but also broadened the range of steric and electronic properties that 

have previously been studied, in addition to exploring the effect of electronic properties 

of the imine carbon substituent on ethylene tri-/tetra-merisation catalysis.  Ligands 2.14 

– 2.17, which have previously been synthesised in the Dyer group, were synthesised 

to act as precursors to Cr0- and CrIII-PCN complexes, which will be considered in 

section 2.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

Figure 2.14: PCN ligands 2.1 - 2.17 synthesised in this thesis. 
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2.3. Characterisation of PCN Ligands 

The PCN ligands synthesised in this thesis, 2.1 – 2.17 (Figure 2.14), have been fully 

characterised by elemental analysis, mass spectrometry, and NMR and IR 

spectroscopies. In agreement with the PCN ligands previously synthesised by Dr. 

James Radcliffe,70 compounds 2.1 – 2.17 exhibit a characteristic doublet resonance in 

their 13C NMR spectra in the chemical shift range of 174 – 181 ppm (1JPC ranging 

between 15 – 27 Hz) corresponding to the imine carbons. In addition, ligands 2.1 – 

2.17 also have a characteristic resonance attributed to their C=N-C ipso carbons, 

which lies in a chemical shift range of 147 – 151 ppm in their 13C NMR spectra. 

Compounds 2.1 – 2.6 and 2.10 – 2.16 exhibit a single resonance in their solution-state 
31P{1H} NMR spectra, indicating that these ligands exist as one conformer (E or Z, 

considered in further detail in section 2.3.2), whilst compound 2.17 exhibits two 

resonances (in a ratio of 1.0:0.22, attributed to Z:E conformers in previous work in the 

Dyer group).70 In comparison, compounds 2.7 – 2.9 display three resonances in their 

solution-state 31P{1H} NMR spectra, suggestive of multiple isomers. A molecular 

structure of compound 2.8 was obtained, which enables understanding of the multiple 

resonances in the 31P{1H} NMR spectra of compounds 2.7 – 2.9; discussed in section 

2.3.1.  

Analysis of ligands 2.1 – 2.17 by ASAP mass spectrometry reveals they undergo 

heterolytic cleavage across their imine C-PR2 bond, as illustrated in Scheme 2.34. This 

results in the presence of two majority peaks in their mass spectra: the molecular ion 

and a peak resulting from fragment 2Y shown in Scheme 2.34.  

 

 

Scheme 2.34: Fragmentation of PCN ligands occurring in ASAP mass spectrometry via 
heterolytic cleavage along the imine C-PR2 bond. 

The following sections will discuss the molecular structure of compound 2.8 and 

properties of the PCN ligands (namely E/Z isomerisation, inference of their electronic 

properties (by analysis of their selenophosphine derivatives and C=N stretches of the 

PCN ligands in their IR spectra), and a consideration of their steric properties).  

2.3.1. X-Ray crystallographic study of compound 2.8  

The molecular structure of ligand 2.8 shows disorder about the norbornyl groups and 

isopropyl groups on the N substituent, revealing it to exist as a mixture of two exo 
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isomers, which co-crystallise, as illustrated in Figure 2.15. The exo isomers of ligand 

2.8 are defined as having the bridgehead carbon (C7 and C7’ in Figure 2.15) pointing 

in the same direction as the phosphorus atom. The exo isomers of ligand 2.8 differ in 

the position of the phosphorus atom on the norbornyl groups: 2-exo isomer (Figure 

2.15 (i), in which the phosphorus atom is bonded to C2 and C2’ of the norbornyl 

groups) or 3-exo isomer (Figure 2.15 (ii), in which the phosphorus atom is bonded to 

C3 and C3’ of the norbornyl groups). 
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Figure 2.15: Molecular structures of ligand 2.8 found to exist as a mixture of (i) 2-exo and (ii) 3-
exo isomers, which co-crystallised. Thermal ellipsoids are at the 50% probability level and H 

atoms have been omitted for clarity. 

Table 2.5: Selected bond lengths and angles for 2-exo and 3-exo isomers of ligand 2.8, refer to 
Figure 2.15 for atom labels. Estimated standard deviations given in brackets. 

Bond Lengths (Å) Bond Angles (°) 

 
2-exo 
isomer 

ligand 2.8 

3-exo 
isomer 

ligand 2.8 
 

2-exo 
isomer 

ligand 2.8 

3-exo isomer 
ligand 2.8 

N-C8 1.274(2) P-C8-N 117.34(14) 
P-C8 1.878(19) C2-P-C2’ 102.91(9) N/A 
P-C2 1.841(2) N/A C3-P-C3’ N/A 102.91(9) 
P-C2’ 1.860(2) N/A C3-C2-C1 102.00(18) 111.0(2) 
P-C3 N/A 1.841(2) C2-C1-C6 101.1(2) 105.4(4) 
P-C3’ N/A 1.860(2) C1-C6-C5 106.3(3) 103.2(4) 
C2-C1 1.556(3) 1.470(5) C6-C5-C4 103.4(4) 109.5(4) 
C1-C6 1.619(5) 1.521(7) C5-C4-C3 113.4(4) 109.9(3) 
C6-C5 1.552(7) 1.565(8) C4-C3-C2 109.7(3) 102.00(18) 
C5-C4 1.511(7) 1.484(5) C4-C7-C1 99.3(3) 95.4(3) 
C4-C3 1.384(5) 1.546(3) C5-C4-C7 101.9(4) 94.4(3) 
C3-C2 1.546(3) 1.556(3) C3-C4-C7 96.1(3) 96.2(2) 
C4-C7 1.528(7) 1.732(5) C6-C1-C7 96.5(3) 101.2(4) 
C7-C1 1.568(6) 1.523(6) C2-C1-C7 96.7(3) 100.1(3) 
C2’-C1’ 1.538(3) 1.448(7) C3’-C2’-C1’ 101.99(18) 112.5(3) 
C1’-C6’ 1.649(4) 1.555(12) C2’-C1’-C6’ 102.3(2) 96.0(6) 
C6’-C5’ 1.558(6) 1.585(11) C1’-C6’-C5’ 103.8(3) 100.5(7) 
C5’-C4’ 1.505(6) 1.544(7) C6’-C5’-C4’ 103.7(3) 110.8(6) 
C4’-C3’ 1.459(4) 1.553(3) C5’-C4’-C3’ 108.2(3) 100.6(3) 
C3’-C2’ 1.553(3) 1.538(3) C4’-C3’-C2’ 107.4(2) 101.99(18) 
C4’-C7’ 1.521(5) 1.670(6) C4’-C7’-C1’ 99.6(3) 99.3(4) 
C7’-C1’ 1.507(5) 1.508(9) C5’-C4’-C7’ 102.0(4) 93.9(4) 

   C3’-C4’-C7’ 99.2(3) 98.2(3) 
   C6’-C1’-C7’ 97.6(3) 104.4(6) 
   C2’-C1’-C7’ 100.3(2) 101.1(5) 

The majority of the C-C bond lengths in the norbornyl frangments of the two exo 

isomers of ligand 2.8 range between 1.51 and 1.59 Å (Table 2.5), which are similar to 

the corresponding distances reported for norbornyl and substituted norbornyl 
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derivatives in the literature (found to range between 1.51 – 1.58 Å).111-113 The 

remainder of the C-C bond lengths in the norbornyl fragments of the 2-exo and 3-exo 

isomers of ligand 2.8 are however either significantly longer than that expected for a 

pure C(sp3)-C(sp3) bond (1.54 Å),114 or lie in the region between average pure C(sp3)-

C(sp3) (1.54 Å)114 and pure C(sp2)-C(sp2) (1.33 Å)114 bond lengths. Lastly, as expected, 

the majority of the C-C-C bond angles of the 2-exo and 3-exo isomers of ligand 2.8 are 

smaller than that for a typical tetrahedral angle (109.5°),114 with the bridgehead angles 

ranging between 95.4 – 99.6°, reflecting the strain present in the bicyclic motif.  

 

The molecular structure of ligand 2.8 can be used to understand its solution-state 
31P{1H} NMR spectrum, which exhibits three resonances at 17.1 ppm, 14.4 ppm, and 

10.6 ppm present in a ratio of 25:51:24, respectively. From the molecular structure of 

ligand 2.8 four isomers can be drawn, depicted in Figure 2.16.  

 

 

 

 

 
Figure 2.16: Isomers of ligand 2.8. 

 

The presence of the three resonances in the solution-state 31P{1H} NMR spectrum of 

ligand 2.8 therefore suggest that two of the isomers drawn in Figure 2.16 exhibit similar 

chemical shifts. It is postulated that of the four isomers in Figure 2.16, 2.8c and 2.8d 

are most likely to display similar chemical shifts, and hence it is proposed that, in the 

solution-state 31P{1H} NMR spectrum of ligand 2.8, the resonance at 14.4 ppm 

corresponds to isomers 2.8c and 2.8d, while the resonances at 17.1 ppm and 10.6ppm 

are each attributed to isomers 2.8a or 2.8b. 

 

The different isomers 2.8a – 2.8d are formed as a consequence of the starting 

materials used in the synthesis of ligand 2.8 {TMSP(Norbornyl)2 and HP(Norbornyl2)}a 

containing isomeric forms, evident from the presence of three resonances in their 

solution-state 31P{1H} NMR spectra (Table 2.6). Consequently, the 31P{1H} NMR 

spectra of ligands 2.7 and 2.9, which also bare norbornyl substituents at phosphorus, 

display three resonances with chemical shifts and integration ratios comparable to 

                                                
a The starting ClP(Norbornyl)2 was obtained commercially from Strem as a mixture of isomers. 

PRPR PR PR

2.8a
(2-exo)

2.8b
(3-exo)

2.8c
(2-exo, 3-exo)

2.8d
(3-exo, 2-exo)

R = N

2

1

6

3

4
5

7

2 1 6

3 4
5

7

7

7

3

3

4

4

5

5

22
1

1 6

6

22
2 2

3

3

3

3
7

7
7

7

4

4

4

4

1
1

1

1

5

5
5

56

6

6

6



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

60 
 

those observed for ligand 2.8 (Table 2.6), demonstrating that these ligands exist in 

isomeric forms analogous to 2.8a – 2.8d. 

 
Table 2.6: Comparison of 31P{1H} NMR spectral data of ligands 2.7 – 2.9 and their starting 
precursors TMSPNorbornyl2 and HPNorbornyl2.cRatios obtained by integration of the 31P{1H} 
NMR spectra. 

 

2.3.2. E/Z isomerisation of PCN ligands 

Depending on the substituents at phosphorus and nitrogen centres, this type of PCN 

ligands have been found to exist as E or Z conformers, which can interconvert, 

depending on the steric bulk of the substituents on the ligands.70,104-106 The E/Z 

isomerisation of PCN ligands is important to consider due to the implications it has on 

their coordination chemistry, as it could be envisaged that a PCN ligand in the Z 

conformation may not bind to a metal centre via its nitrogen atom due to the incorrect 

orientation of its lone pair (Scheme 2.35).70 Additionally, if the Z conformer of the PCN 

ligand bears a bulky nitrogen substituent, this may obstruct binding of its phosphorus 

atom to a metal centre. 70 

 

 

 

 

 

 
31 P{1H} NMR spectral data 

δP (162 MHz, ain CDCl3, bin C6D6) Ratioc 

 
 
 
 
 
 

16.6, 13.6, 9.8a 21:51:28 

 

 

 

 

 

 

17.1, 14.4, 10.6a 25:51:24 

 
 
 
 
 
 

 
15.7, 13.5, 9.8a 28:50:22 

TMSPNorbornyl2 −56.2, −57.6, −61.4b 10:51:39 
HPNorbornyl2 −28.4, −33.9, −39.7b 26:51:23 

N

PNorbornyl2

2.7

N

PNorbornyl2

2.8

N

PNorbornyl2

2.9
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Scheme 2.35: Influence of E/Z isomerisation on coordination abilities of PCN ligands, where M 
represents a transition metal, and R-R” refer to alkyl or aromatic groups; adapted from 

Radcliffe.70 

In previous work carried out in the Dyer group, it was found that alkyl P-substituted 

PCN ligands exhibit a single resonance in their solution-state 31P NMR spectra, which 

was proposed to correspond to the E conformer, based on the results of computational 

studies (Table 2.7) which found the E conformers of a series of alkyl P-substituted PCN 

ligands to be lower in energy and therefore more stable than their Z counterparts.70 In 

contrast, aryl P-substituted PCN ligands were found to display two resonances in their 

solution-state 31P NMR spectra, corresponding to interconverting mixtures of E and Z 

isomers (confirmed by VT-NMR spectroscopic analysis), in agreement with literature 

studies.70,104-106 

 
Table 2.7: Optimised C-N-C bond angles (Φ) and difference in energies of E and Z isomers for 
selected alkyl P-substituted PCN ligands, reported by Dr. James Radcliffe.70 

PCN ligand C-N-C bond 
angle, Φ (°) 

Isomer Favoured 
isomer 

E vs. Z energy 
difference 
(kcal mol-1) 
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Of the PCN ligands synthesised in this thesis, crystals suitable for X-ray diffraction 

analysis were obtained of four ligands (2.4, 2.8 (discussed in previous section), 2.13, 

and 2.17), enabling insight into their solid-state conformations. X-Ray crystallographic 

analyses of alkyl P-substituted ligands 2.4, 2.8 and 2.13 reveals they all exist as E 

conformers in the solid state (Figure 2.17 (i) – (iii)), consistent with their solution-state 
31P{1H} NMR spectra, which exhibit single resonances. As mentioned in the previous 

section, the molecular structure of ligand 2.8 also shows that it contains two different 

exo isomers, of which only the 3-exo isomer is included in Figure 2.17. Additionally, 

aryl P-substituted ligand 2.17, which displays two resonances in its solution-state 
31P{1H} NMR spectra in a ratio of 1.0:0.22 (confirmed to correspond to separate E and 

Z isomers by VT-NMR spectroscopic analysis conducted in previous work in the Dyer 

group)70 is also found to adopt an E conformation in the solid state (Figure 2.17 (iv)).  

 

 

 

 

 

 

 
 

 

 

 

 

Figure 2.17: Molecular structures of ligands (i) 2.4,b (ii) 2.8 (3-exo isomer), (iii) 2.13,c and (iv) 
2.17 with thermal ellipsoids at the 50% probability level; H atoms have been omitted for clarity. 

Table 2.8: Selected bond lengths and angles for ligands 2.4, 2.8, 2.13, and 2.17; refer to 
Figure 2.17 for atom labels. Estimated standard deviations given in brackets.  

 Ligand 2.4 Ligand 2.8 Ligand 2.13 Ligand 2.17 

Bond 
Lengths (Å) 

N-C1 1.279(3) 1.274(2) 1.281(13) 1.278(18) 
P-C1 1.840(2) 1.878(19) 1.847(10) 1.849(14) 

C1-C2 1.497(3) 1.491(3) 1.495(13) 1.495(2) 
Bond 

Angles (°) P-C1-N 118.34(15) 117.34(14) 119.43(7) 116.13(11) 

                                                
b The molecular structure of ligand 2.4 shows disorder about the isopropyl group on the N 

substituent.  
c The molecular structure of ligand 2.13 shows disorder about the diethyl group on the N 

substituent. 
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The structural data presented in Table 2.8 show that ligands 2.4, 2.8, 2.13 and 2.17 all 

exhibit similar N-C1 and P-C1 bond lengths, with values close to that expected for a 

typical imine bond (1.28 Å),114 and an average P-C bond (1.85 Å), respectively.115 The 

C1-C2 bond lengths in ligands 2.4, 2.8, 2.13 and 2.17 are also similar with magnitudes 

falling in the region between values shown for average pure C(sp3)-C(sp3) (1.54 Å)114 

and pure C(sp2)-C(sp2) (1.33 Å)114 bond lengths. Consequently, the C1-C2 bond 

lengths are indicative of partial double bond character, implying partial conjugation 

between the phenyl backbone and imine carbon. Finally, ligands 2.4, 2.8, 2.13 and 

2.17 all display different P-C1-N angles, as expected from the different structural 

nature of their phosphorus and nitrogen substituents. 

 

The finding that alkyl P-substituted ligands 2.4, 2.8 and 2.13 exist as E conformers in 

the solid-state adds further weight to the suggestion made in previous work conducted 

in the Dyer group that alkyl P-substituted PCN ligands are likely to exist as E 

conformers.70 Furthermore, from literature studies involving the syntheses of PCN 

compounds (such as that shown in Table 2.9 and those displayed in Figure 2.18 on the 

next page) it can be inferred that the identity of the E/Z conformer may also be 

elucidated from the magnitude of the coupling between the ipso carbon of the 

substituent at nitrogen and the phosphorus centre, i.e. |3JPC| in the 13C{1H} NMR 

spectrum.104-106 For a series of aryl P-substituted PCN compounds synthesised by 

Slootweg and Lammertsma et al.106 the |3JPC| values are substantially lower for the E 

conformers versus the Z conformers (Table 2.9). The |3JPC| of 8.0 Hz of aryl P-

substituted PCN ligand 2.17 synthesised in this thesis, whose molecular structure 

shows it adopts an E conformation in the solid-state (Figure 2.17 (iv)), is in good 

agreement with the reported |3JPC| of ~ 8 – 9 Hz for the E conformers of aryl P-

substituted PCN compounds synthesised by Slootweg and Lammertsma et al.106 
 

Table 2.9: Selected data for a series of aryl P-substituted PCN compounds synthesised in the 
literature; 13C{1H} NMR spectra measured in CDCl3 at 125.78 MHz.106 

 

 
R R’ 

Ratio of 
E:Z 

conformers 

|3JPC|  (Hz) 
(Coupling between ipso-C of 
N substituent and P centre) 

E 
conformer 

Z 
conformer 

1a Ph Ph 71:29 8.2 33.6 
1b Ph 4-CH3-C6H4 83:17 9.1 36.3 
1c Ph 4-CF3-C6H4 45:55 8.2 32.7 
1d 3-CF3-C6H4 Ph 83:17 8.2 34.5 
1e 3-CH3-C6H4 Ph 68:32 9.1 33.6 
1f 4-CH3-C6H4 Ph 76:24 8.2 32.7 

N

PR2

Me

R'
1a -f
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For alkyl P-substituted compounds synthesised by Slootweg and Lammertsma et al., 

examples given in Figure 2.18, the |3JPC| values of the E conformers of these ligands 

are also lower than those of the Z conformers.104,105 The PCN ligands 2.4 and 2.8 

encompassing alkyl phosphorus substituents, synthesised in this thesis, whose 

molecular structures show them to exist as E conformers in the solid-state (Figure 

2.17) have |3JPC| values of 4.0 Hz and 3.5 Hz, respectively, similar to the |3JPC| value of 

2.7 Hz of literature compound 1g (Figure 2.18, 100 % E conformer).105 Additionally, the 

other alkyl P-substituted PCN ligands synthesised in this thesis, which exhibit doublets 

in their 13C NMR spectra corresponding to the ipso carbons on the N-phenyl 

substituents  (2.1 – 2.3, 2.5 – 2.7, 2.9 – 2.11, and 2.14 – 2.16), have a range of |3JPC| 

between 3.0 and 5.0 Hz, which are similar to the |3JPC| of E conformers 1g105 and 

ligands 2.4 and 2.8, suggesting that these ligands are also likely to exist as E 

conformers. 

 

 

 

 

 

 

 
Figure 2.18: Selected data for alkyl P-substituted PCN compounds synthesised in the literature, 

13C{1H} NMR spectra measured in CDCl3 at 125.78 MHz (for compound 1g) and at 62.9 MHz 
(for compound 1h).104,105 

2.3.3. Analysis of selenophosphine derivatives of PCN ligands 2.1 - 2.17 
by 31P NMR spectroscopy 

The electronic properties of phosphines can be assessed using the method reported 

by Allen et al., which is based upon NMR spectroscopic analysis of phosphine 

selenides.116,117 Due to 77Se nucleus having a nuclear spin of ½ and a natural 

abundance of 7.5 %, the 31P NMR spectroscopic resonance for a phosphine selenide 

compound has characteristic satellites resulting from a 1JSeP coupling.116,117 Since the 

magnitude of the 1JSeP coupling constants can be regarded as being proportional to the 

degree of s-character of the phosphorus lone-pair of the parent phosphine, the |1JSeP| is 

reflective of the Lewis basicity of the parent phosphine.117 Therefore, a phosphine 

selenide exhibiting a large 1JSeP coupling is indicative of a parent phosphine that has a 

large degree of s-character and so is poorly σ-donating and weakly Lewis basic (e.g. 
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SePF2H, 1JSeP = 1046 Hz),118 with the converse applying for a phosphine selenide with 

a small 1JSeP coupling (e.g. SePMe3, 1JSeP = 682 Hz).119  

 

Consequently, in order to determine the Lewis basicity of the phosphorus(III) 

component of PCN ligands 2.1 – 2.17, the synthesis of their selenide derivatives, 

which will be referred to as 2.1(Se) – 2.17(Se), on an NMR-scale was undertaken. 

Compounds 2.1(Se) – 2.17(Se) were prepared via the reaction shown in Scheme 2.36, 

in which a mixture of the PCN ligand and excess elemental (grey) Se in CDCl3 was 

sonicated for an hour, after which time 100% conversion to the selenide was observed 

to have occurred by 31P NMR spectroscopic analysis. The 31P{1H} NMR chemical shifts 

and 1JSeP coupling constants of the resulting selenide derivatives of 2.1 - 2.17, are 

listed in Table 2.10.  

 

 

 
Scheme 2.36: Synthesis of selenides of PCN ligands 2.1(Se) – 2.17(Se). 

Table 2.10:List of 31P{1H} NMR chemical shifts and |1JSeP| of 2.1 (Se) - 2.17 (Se), 
measured in CDCl3 at 162 MHz. 

 

Compound 
Number Structural Formula of Compound |1JSeP|  

(Hz) 
31P{1H} 
δ (ppm) 

2.1(Se) PhC(SePiBu2)=N(2,6-iPr2C6H3) 703 36.5 
2.2(Se) PhC(SePiBu2)=N(2,6-Et2C6H3) 701 36.2 
2.3(Se) PhC(SePiBu2)=N(2,6-Me2C6H3) 702 36.4 
2.4(Se) PhC(SePCyPent2)=N(2,6-iPr2C6H3) 715 63.6 
2.5(Se) PhC(SePCyPent2)=N(2,6-Et2C6H3) 714 63.2 
2.6(Se) PhC(SePCyPent2)=N(2,6-Me2C6H3) 716 64.0 

2.7(Se) PhC(SeP(Norbornyl)2)=N(2,6-iPr2C6H3) 
721 58.7 
713 57.2 
724 56.7 

2.8(Se) PhC(SeP(Norbornyl)2)=N(2,6-Et2C6H3) 
721 58.4 
725 56.9 
711 56.6 

2.9(Se) PhC(SeP(Norbornyl)2)=N(2,6-Me2C6H3) 
721 58.2 
727 57.3 
713 56.9 

2.10(Se) (p-CF3-Ph)C(SePiPr2)=N(2,6-iPr2C6H3) 715 65.3 
2.11(Se) (p-Me-Ph)C(SePiPr2)=N(2,6-iPr2C6H3) 709 64.1 
2.12(Se) PhC(SePEt2)=N(2,6-Et2C6H3) 701 42.9 
2.13(Se) PhC(SePCy2)=N(2,6-Et2C6H3) 706 55.8 
2.14(Se) PhC(SePiPr2)=N(2,6-iPr2C6H3) 711 64.4 
2.15(Se) PhC(SePiPr2)=N(2,6-Et2C6H3) 709 64.0 
2.16(Se) PhC(SePiPr2)=N(2-MeC6H4) 715 66.2 
2.17(Se) PhC(SeP(2-(OMe)C6H4)2)=N(2,6-iPr2C6H4) 719 21.4 

R' PR2

N
R" Se

CDCl3
R' PR2

N
R"

Se(ultrasound)
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As expected, compounds 2.1(Se) – 2.6(Se) and 2.10(Se) – 2.17(Se) all give rise to 

one resonance in their 31P{1H} NMR spectra, which exhibits a pair of Se satellites 

(Table 2.10). Compounds 2.7(Se) – 2.9(Se) each display three resonances in their 
31P{1H} NMR spectra, with each resonance showing coupling to a pair of Se satellites. 

The three resonances in the 31P{1H} NMR spectra of 2.7(Se) – 2.9(Se) are believed to 

correspond to isomers (i)-(iv) (Figure 2.19), for which it is reasonable to assume the 

same value of δP for isomers (iii) and (iv), based on the previous discussion of the 

molecular structure of ligand 2.8 (section 2.3.1).  

 

 

 

 

 
 

 

 

 

 

Figure 2.19: Proposed isomers of 2.7(Se) – 2.9(Se). 

Analysis of the 31P{1H} NMR spectroscopic data for compounds 2.1(Se) – 2.17(Se) 

(Table 2.10) reveals a narrow range of 1JSeP values, from 701 to 727 Hz, with their 

magnitudes being similar to those determined for PCN ligands that have been 

synthesised in previous work carried out in the Dyer group (1JSeP ~ 701 – 750 Hz, 

Figure 2.20).70 Additionally, on comparing the magnitudes of the1JSeP coupling 

constants demonstrated by 2.1(Se) – 2.17(Se) to those of a selection of phosphine 

selenides reported in the literature (Table 2.11), it is apparent that |1JSeP| of 2.1(Se) – 

2.17(Se) are relatively small in magnitude, indicative of the phosphorus substituents on 

the parent PCN ligands possessing little s-character and therefore being relatively 

good σ donors (as would be expected for dialkyl-substituted phosphine derivatives).  

 

 

 

 

 
 

 

Figure 2.20: 31P{1H} spectral data of a selection of selenide derivatives of PCN ligands that 
have been synthesised in previous work conducted in the Dyer group (31P{1H} spectra 

measured in CDCl3 at 162 MHz). 70 
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Table 2.11 |1JSeP| of a selection of phosphine selenides reported in the literature; 31P{1H} NMR 
spectra recorded in CDCl3 at 162 MHz.119  

 
 

 

 

 

Upon closer examination of the 1JSeP values for compounds 2.1(Se) – 2.17(Se) (Table 

2.10), trends can be established between the magnitudes of the 1JSeP coupling 

constants and the structural nature of the phosphorus or carbon substituents (which 

will be considered in further detail in sections 2.3.3.1 and 2.3.3.2, respectively). In 

comparison, variations at the nitrogen substituent across compounds 2.1(Se) – 

2.3(Se), 2.4(Se) – 2.6(Se), and 2.7(Se) – 2.9(Se) reveals it has a negligible effect on 

the magnitude of the 1JSeP coupling constants, and hence no conclusive trends can be 

established in this case.  

2.3.3.1. Relationship between the nature of the phosphorus substituents of 
2.1(Se) - 2.17(Se) and the magnitude of their 1JSeP coupling constants 

The compounds with the smallest |1JSeP| out of those listed for 2.1(Se) – 2.17(Se) in 

Table 2.10, are those that have either an ethyl (2.12(Se)) or isobutyl group (2.1(Se) – 

2.3(Se)) at the phosphorus atom, while the compounds bearing norbornyl groups 

(2.7(Se) – 2.9(Se)) at the phosphorus atom exhibit the largest |1JSeP|. Consequently, in 

agreement with previous work carried out on PCN ligands in the Dyer group, a 

relationship between the steric bulk of the phosphine alkyl substituents and donor 

properties can be established.70 The steric bulk of the phosphine substituents are 

known to impact the geometry the phosphine adopts, which in turn affects its degree of 

s-donor character.120,121  

 

In order to understand which geometry is most favourable for a phosphine to adopt it is 

important to consider Walsh’s rule, which states that “a molecule adopts the structure 

that best stabilises the HOMO, or the occupied molecular orbital that lies closest to the 

HOMO in cases where the HOMO is unperturbed by the structural change under 

consideration”.122 It is therefore important to apply the “Walsh Correlation Diagram 

Analysis” to the PR3 fragment and consider the difference in molecular orbital energies 

of pyramidal and near-planar configurations of PR3 species (Figure 2.21). 

 

Se=PR3, R= |1JSeP|  (Hz) 
Me30 682 

Cy31 676 

iPr32 688 
Ph31 732 

OPh33 1025 
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Figure 2.21: Relationship between the molecular orbitals of near planar (left) and pyramidal 
(right) PR3 fragments, adapted from Gilheany.120  

From the partial molecular orbital diagram in Figure 2.21 it would be expected that the 

pyramidal geometry is favoured for PR3 compounds as the 2a1 HOMO is stabilised 

(relative to the more planar case). However, the presence of bulky substituents at the 

phosphorus centre causes steric repulsion that leads to a planarisation at phosphorus. 

Since the percentage s-character is greater in the planar arrangement, this is 

consistent with the greater |1JSeP| measured for bulky phosphines (e.g.  PCN ligands 

2.7 – 2.9).  

2.3.3.2. Relationship between the nature of the carbon substituents of 2.1(Se) - 
2.17(Se) and the magnitude of their 1JSeP coupling constants 

On comparing the magnitudes of the 1JSeP coupling constants exhibited by compounds 

2.10(Se), 2.11(Se) and 2.14(Se) (Figure 2.22), which encompass imine carbon 

substituents of similar steric bulk, it is apparent that as the electron-withdrawing nature 

of the imine carbon substituent increases (going right to left from 2.11(Se) to 2.10(Se) 

in Figure 2.22) the value of |1JSeP| also increases, as expected. The increased electron-

withdrawing nature of the imine carbon substituent of 2.10(Se) (in comparison to those 

for 2.11(Se) and 2.14(Se)) increases the electron-withdrawing character at the 

phosphorus atom of 2.10(Se), resulting in a greater degree of s-character in the P=Se 

bond leading to an increase in the 1JSeP coupling constant, reflecting the weaker σ-

donating ability of the phosphorus atom of 2.10 versus the phosphorus atoms of 2.11 

and 2.14.117  
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Figure 2.22: |1JSeP| of compounds 2.10(Se), 2.11(Se) and 2.10(Se); 31P{1H} NMR spectra 
recorded in CDCl3 at 162 MHz. 

2.3.4. Analysis of the IR spectra of PCN ligands, 2.1 – 2.17 

The PCN ligands synthesised in this thesis, 2.1 – 2.17 (Figure 2.14), have been 

probed by IR spectroscopy in order to gain further insight into their electronic 

properties. Due to the complexity of data present in the IR spectra of 2.1 – 2.17, only 

the C=N stretching frequencies will be considered; these are reported in Table 2.12, 

alongside the C=N stretching frequencies of their imidoyl chloride precursors. The C=N 

bonds of imines generally exhibit characteristic absorptions in their IR spectra at ~1600 

cm–1, with deviations correlating to the strength of the C=N bond.123 

 
Table 2.12: IR spectroscopic data of C=N stretching frequencies for PCN ligands, 2.1 – 2.17, 
and their imidoyl chloride precursors; measured neat using an ATR cell.  

PCN 
Ligand Structural Formula of PCN Ligand νC=N of PCN 

ligand 

νC=N of imidoyl 
chloride 

precursor to 
PCN ligand 

2.1 PhC(PiBu2)=N(2,6-iPr2C6H3) 1587 1663 
2.2 PhC(PiBu2)=N(2,6-Et2C6H3) 1587 1656 
2.3 PhC(PiBu2)=N(2,6-Me2C6H3) 1589 1668 
2.4 PhC(PCyPent2)=N(2,6-iPr2C6H3) 1596 1663 
2.5 PhC(PCyPent2)=N(2,6-Et2C6H3) 1601 1656 
2.6 PhC(PCyPent2)=N(2,6-Me2C6H3) 1587 1668 
2.7 PhC(PNorbornyl2)=N(2,6-iPr2C6H3) 1610 1663 
2.8 PhC(PNorbornyl2)=N(2,6-Et2C6H3) 1586 1656 
2.9 PhC(PNorbornyl2)=N(2,6-Me2C6H3) 1586 1668 

2.10 (p-CF3-Ph)C(PiPr2)=N(2,6-iPr2C6H3) 1584 1660 
2.11 (p-Me-Ph)C(PiPr2)=N(2,6-iPr2C6H3) 1583 1665 
2.12 PhC(PEt2)=N(2,6-Et2C6H3) 1587 1656 
2.13 PhC(PCy2)=N(2,6-Et2C6H3) 1584 1656 
2.14 PhC(PiPr2)=N(2,6-iPr2C6H3) 1583 1663 
2.15 PhC(PiPr2)=N(2,6-Et2C6H3) 1584 1656 
2.16 PhC(PiPr2)=N(2-MeC6H4) 1590 1661 
2.17 PhC(P(2-(OMe)C6H4)2)=N(2,6-iPr2C6H4) 1584 1663 
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As is evident from the spectroscopic data presented in Table 2.12, ligands 2.1 – 2.17 

display C=N absorption frequencies ranging from 1583 to 1610 cm–1. The observed 

range of C=N stretches of 2.1 – 2.17 is similar to that reported for PCN ligands that 

have been synthesised in previous work conducted in the Dyer group (1549 – 1636 

cm-1, Figure 2.23).70 Furthermore, comparing the C=N absorption frequencies of 

ligands 2.1 – 2.17 with those of their precursor imidoyl chlorides (Table 2.12) reveals 

that the C=N absorption stretches are at a lower frequency in ligands 2.1 – 2.17 

(similar observation reported in previous work conducted in the Dyer group).70 The 

lower C=N absorption frequencies of ligands 2.1 – 2.17 is suggestive of electron 

donation from their phosphorus lone pair (expected donating character from the low 

magnitude of 1JSeP coupling constants of their selenophosphine derivatives, section 

2.3.3) to their C=N antibonding orbitals, as illustrated in Figure 2.24, resulting in a 

weakening of the C=N bond.  

 

 

 

 

 

Figure 2.23: νC=N of a selection of PCN ligands, synthesised in previous work carried out in the 
Dyer group (IR spectra measured neat using an ATR cell).70 

 
 
 
 
 
 

Figure 2.24: Illustration of the interaction between the phosphorus lone pair group and C=N 
antibonding orbitals of ligands 2.1 – 2.17. 

Additionally, from the range of C=N absorption frequencies found for ligands 2.1 – 2.13 

(Table 2.12), it can be seen that compounds 2.5 and 2.7 exhibit the largest C=N 

absorption frequencies, 1601 and 1610 cm–1, respectively. In this case, there is good 

correlation between the suggested weak donation of the phosphorus groups of 

compounds 2.5 and 2.7 from their relatively high C=N stretches and relatively large 
1JSeP coupling constants of their selenides (714 Hz and 713 – 724 Hz, respectively, 

section 2.3.3). However, for the series of compounds 2.1 – 2.17 a linear correlation is 

not always observed between the magnitude of the 1JSeP coupling constants of their 

selenides and their C=N absorption frequencies, exemplified by the fact that 

compounds 2.2 and 2.9 have almost the same magnitude of C=N absorption 

frequencies (Table 2.12), despite their selenides displaying the smallest and largest 
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1JSeP coupling constants, respectively, out of the series of selenides 2.1(Se) – 2.17(Se) 

(Table 2.10, section 2.3.3). Consequently, for ligands 2.1 – 2.17 it is apparent that 

other factors, in addition to the donating ability of their phosphorus lone pair, dictate 

their C=N bond strengths. Factors that would be expected to impact the C=N bond 

strength of ligands 2.1 – 2.17 are the nature of the substituents present on the carbon 

and nitrogen atoms of these compounds. However, from the data (Table 2.12) it is 

difficult to draw any trends between the nature of the nitrogen substituents on ligands 

2.1 – 2.17 and their C=N bond strength. In addition, as can be seen from Figure 2.25, 

the C=N stretching frequencies displayed by PCN ligands 2.10, 2.11, and 2.14 is not 

affected by the electronic character of the imine C substituents.  

 

 

 

 

 

 

 

Figure 2.25: νC=N of ligands 2.10, 2.11, and 2.14; IR spectra recorded neat using an ATR cell. 

2.3.5. Consideration of steric properties of PCN ligands 

In addition to considering the electronic properties of PCN ligands (sections 2.3.3 and 

2.3.4), the steric properties of the PCN ligands are also important to consider due to 

the finding, in previous work in the Dyer group, that more sterically demanding PCN 

ligands tend to furnish more active and selective ethylene tri-/tetra-merisation 

systems.70 Two of the most popular methods of quantifying the steric bulk of ligands in 

the literature, illustrated in Figure 2.26, are the Tolman cone angle approach124,125 and 

the percentage buried volume (%Vbur) approach.126,127 

 

 

 

 

 

 

 
Figure 2.26: Comparison of popular methods used to determine the steric bulk of a tertiary 

phosphine (PR3) (a) Tolman cone angle125 or (b) %Vbur, using a fixed M-P bond distance of 2.00 
Å and a sphere radius of 3.50 Å.126 The circles in the illustrations represent the van der Waals 

radii of the substituents and M corresponds to a metal.  
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As depicted in Figure 2.26(a), the Tolman cone angle approach derives the steric bulk 

of a phosphine by using van der Waals radii and empirical bond length data of the 

phosphorus substituents to generate an imaginary cone in which the ligand sits, with 

the angle at the point of the cone corresponding to the Tolman cone angle (θ).124,125 In 

contrast to the Tolman cone angle method, the %Vbur approach quantifies the steric 

bulk of ligands by using crystallographic or computational data of the specific ligand in 

order to determine the percentage of the total volume of a sphere (radius 3.50 Å) it 

occupies, measured at a fixed metal-ligand bond distance (Figure 2.26(b)).126 

 

Determining the steric bulk of PCN ligands by the methods shown in Figure 2.26 is not 

straightforward due to (a) the observed different coordination modes adopted to the 

chromium centre and (b) the potential for E/Z isomerism to occur about the imine 

bonds (Figure 2.27), which impacts the conformations of the PCN ligands and hence 

their determined steric bulk. As a consequence of the difficulty in determining the most 

reliable structures of PCN ligands to accurately measure their steric bulk from, the 

steric bulk of the PCN ligands has not been measured in this thesis. Instead, 

relationships between PCN ligand steric bulk and ethylene tri-/tetra-merisation 

selectivity and activity in Chapter 3, have been established on the basis of expected 

steric bulk (in a similar manner to that done in the majority of literature studies).1-8,70 

 

 

 

 

 

 

 

 
Figure 2.27: (a) Different binding modes of PCN ligands to Cr and (b) E/Z isomerism of PCN 

ligands. 
 

In previous work done by Dr. James Radcliffe, the steric bulk of a series of PCN 

ligands, bearing different alkyl phosphorus groups, was quantified using the %Vbur 

approach, implementing the ligand conformation portrayed in Figure 2.28 (which was a 

computationally optimised structure).70 The %Vbur values determined in this way are 

shown in Table 2.13, and based on these values the PCN ligands were listed in order 

of increasing steric bulk: 2Z > 2AA> 2AB (with the order of 2AA and 2AB being 

reasoned in terms of their expected steric bulk).70 
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Figure 2.28: Schematic representation of %Vbur calculations conducted by Dr. James Radcliffe, 

where R refers to an alkyl group and M to a metal centre; copied from ref. 70. 

Table 2.13: % Vbur determined from computational structures of a range of PCN ligands (2Z – 
2AB), and from the molecular structure of monodentate Cr0-PCN complex 2AC.70  

PCN ligand P-substituent %Vbur 

 

 

 

 

Et 34.5 

 

 

 

 

iPr 37.0 

 

 

 

 

tBu 37.0 
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33.0 

 

 

 

However, upon close examination of the data conveyed in Table 2.13 it may be argued 

that there is no difference in the %Vbur values for ligands 2Z, 2AA and 2AB (as the 

numerical differences in the %Vbur values are all within the ± 4 % error (obtained by 

comparison of %Vbur determined from computationally generated ligand 2AA to that 
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determined from the molecular structure of monodentate Cr0-PCN complex 2AC). 

Therefore, the relationships between PCN ligand steric bulk and ethylene tri-/tetra-

merisation selectivity and activity established in previous work in the Dyer group can 

be regarded as being done on the basis of the expected steric bulk of the PCN ligands.  

2.4. Cr Coordination Chemistry of PCN Ligands 

With the PCN ligands 2.1 – 2.17 (Figure 2.14) in hand, it was next important to 

investigate their coordination chemistry to Cr (metal of choice due to the vast majority 

of chromium-based selective ethylene tri-/tetra-merisation systems in the literature).1-8 

The coordination chemistry of PCN ligands to Cr0, CrI, and CrIII fragments was 

therefore investigated (each discussed in turn in the proceeding sections), in order to 

meet the aims previously outlined in Section 2.1.6.3, in addition to gaining an 

understanding into the nature of the potentially catalytically active species that may be 

present during ethylene oligomerisation catalysis and further insight into the electronic 

properties of the PCN ligands themselves.128-130 

2.4.1. Coordination reactions of PCN Ligands with Cr(CO)6 

The syntheses of Cr0-PCN complexes 2.22 – 2.25 (Figure 2.29) was undertaken in this 

thesis, to complete the series of Cr0-PCN complexes shown in Figure 2.29 containing 

PCN ligands with different nitrogen substituents (of which complexes 2.18 – 2.21 were 

originally synthesised in previous work done in the Dyer group).70 The series of Cr0-

PCN complexes 2.18 – 2.25 was chosen in order to obtain a series of Cr0-PCN 

complexes analogous to the series of CrIII-PCN complexes synthesised in previous 

work conducted in the Dyer group (Figure 2.30) to enable direct comparisons to be 

made between the properties of the series of complexes as a result of the nature of the 

chromium centre.70 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.29: Small series of Cr0-PCN complexes synthesised in this thesis (2.18 – 2.19 and 
2.22 – 2.25) and previous work done in the Dyer group (2.18 – 2.21).70 
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Figure 2.30: Selection of CrIII-PCN complexes synthesised in previous work conducted in the 

Dyer group.70  

2.4.1.1. Synthesis of Cr0-PCN complexes 

The synthesis of Cr0-PCN complexes was initially attempted using a modified version 

of the method reported by Krishnamurthy et al. (Scheme 2.37),131 which had proven 

successful in the original synthesis of complexes 2.18 – 2.21 in the previous work 

carried out on Cr0-PCN complexes.70 Complexes 2.18 and 2.19 were also successfully 

synthesised in this thesis via the route depicted in Scheme 2.37 and obtained in yields 

of 17 % and 37 %, respectively, after having been isolated, following separation based 

on their different solubilities in hexane (complex 2.19 was soluble in hexane, whereas 

complex 2.18 was insoluble in hexane).  

 
 

 

 

 

 

 

 

 

 

 

 
 

Scheme 2.37: Synthesis of 2.18 - 2.19 and 2.22 – 2.23 from the reaction between PCN ligands 
(2.14 – 2.15) and Cr(CO)6 in toluene. 

However, using the same synthetic approach to that outlined in Scheme 2.37 in order 

to prepare novel Cr0-PCN complexes 2.22 and 2.23 proved difficult. A toluene solution 

of PCN ligand 2.15 and Cr(CO)6 was heated at reflux for a total of 109 hours and 

reaction progress was monitored at various points during the reaction by 31P{1H} NMR 

spectroscopy (Table 2.14).  
 

Table 2.14: 31P{1H} NMR spectroscopic data at various points of the reaction between 2.15 and 
Cr(CO)6 in toluene (measured in C6D6 at 162 MHz). The resonances at 63.0 ppm and 85.1 ppm 
were attributed to complexes 2.22 and 2.23, respectively, due to these resonances being at the 
expected chemical shifts for 2.22 and 2.23 (based on the chemical shifts of analogous 
complexes 2.18 and 2.19: 63.3 and 83.1 ppm, respectively). 

Reflux time (h) Observed resonances (δ 31P) in 31P{1H} NMR spectra 
13 85.1 (10 %),b 63.0 (46 %),a 30.6 (1 %), 27.3 (43 %)c 

17 85.1 (13 %),b 63.0 (45 %),a 30.6 (2 %), 27.3 (40 %)c 
31 85.1 (5 %),b 63.0 (51 %),a 30.6 (11 %), 27.3 (33 %)c 

54 108.9 (1 %), 85.1 (2 %),b 63.0 (38 %),a 47.5 (1 %), 30.6 (30 %), 
27.3 (28 %)c 

109 65.3 (2 %), 63.0 (12 %),a 30.6 (48 %), 27.3 (38 %)c 
Assignment of resonances: complex 2.22,a complex 2.23,b ligand 2.15c  
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As can be seen from Table 2.14, the reaction between ligand 2.15 and Cr(CO)6 

proceeded relatively cleanly after heating at reflux for 31 hours with 31P{1H} NMR 

spectroscopic analysis of the crude reaction mixture revealing it to consist of 33% 

unreacted ligand 2.15, 51% desired complex 2.22, 5% desired complex 2.23 and 11% 

unknown impurities. However, further heating of the reaction did not encourage 

conversion of ligand 2.15 to the desired products (complexes 2.22 and 2.23). Instead it 

was found to result in a depletion of complex 2.23, a significant decrease in the 

amount of complex 2.22, and an increase in the amounts of unreacted ligand 2.15 and 

unknown impurities. The observation that prolonged heating of the reaction between 

2.15 and Cr(CO)6 leads to decomposition of the desired products is not unexpected as 

the same was found by Boeré et al.132 in their coordination reactions of 

phosphaamidines to Cr(CO)6, following a similar synthetic route (Scheme 2.38).  

 

 

 

 

 

Scheme 2.38: Synthesis of Cr0-phosphaamidinecomplex, reported by Boeré et al.132   

In an attempt to avoid prolonged heating of the reaction between PCN ligands and 

Cr(CO)6, the synthesis of Cr0-PCN ligands was instead pursued following the method 

reported by Grim et al. (Scheme 2.39),133 in which the PCN ligand and Cr(CO)6 were 

heated in diglyme as a reaction solvent (higher boiling point of 162 versus 111 °C of 

toluene should lead to faster rates of reaction and hence shorter heating times). Novel 

Cr0-PCN complexes 2.22 – 2.25, in addition to Cr0-PCN complexes 2.18 – 2.19, were 

successfully obtained via this route in moderate yields (Cr(CO)4(κ2-P,N-PCN): 9 – 15 % 

yield, Cr(CO)5(κ1-P-PCN): 40 – 47 % yield). The Cr0-PCN complexes were again 

isolated following separation exploiting their different solubilities in hexane, 

(Cr(CO)4(κ2-P,N-PCN) complexes insoluble in hexane whilst Cr(CO)5(κ1-P-PCN) 

complexes soluble in hexane).  

 

 

 

 

 

 
Scheme 2.39: Synthesis of complexes 2.18 – 2.19 and 2.22 – 2.25 from the reaction between 

PCN ligands (2.14 – 2.16) and Cr(CO)6 in diglyme. 
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The diglyme solutions of the PCN ligands (2.14 - 2.16) and Cr(CO)6 were heated at 

160 °C until sublimation of unreacted Cr(CO)6 was no longer observed, suggesting 

completion of the reaction. Although after this time (~ 1 hour), analysis of the crude 

reaction mixtures by 31P{1H} NMR spectroscopy revealed the reactions had only 

achieved 83 - 84 % conversion, the reactions were not heated any further in order to 

avoid decomposition of the target Cr0-PCN complexes or the formation of any 

impurities which may introduce difficulties into the isolation of Cr0-PCN complexes (as 

had been previously observed as a result of applying prolonged heating in the reaction 

between ligand 2.15 and Cr(CO)6 in toluene, Table 2.14).  

 

Close examination of the Cr(CO)5(κ1-P-PCN):Cr(CO)4(κ2-P,N-PCN) ratios present in 

the crude diglyme reaction mixtures of complexes 2.18 – 2.19, and 2.22 – 2.25             

(monitored by 31P{1H} NMR spectroscopy after 1 hour of heating at 160 °C) reveals an 

increase in these ratios upon an increase in the steric bulk of the nitrogen atoms on the 

PCN ligands bound to the Cr0 centres (Table 2.15). The observed preference, for PCN 

ligands with bulky nitrogen substituents, of a κ1-P monodentate binding mode to Cr0 is 

as expected, due to the greater steric hindrance between the N and Cr atoms in κ2-P, 

N bidentate Cr0-PCN complexes.   

 
Table 2.15: List of the Cr(CO)5(PCN):Cr(CO)4(PCN) ratios present in the crude diglyme 
reaction mixtures (after 1 hour of heating at 160 °C) of complexes 2.18 – 2.19, and 2.22 – 2.25, 
which have been derived from the integrations of the resonances present in the 31P {1H} NMR 
spectra (measured in C6D6 at 162 MHz) of the crude reaction mixtures of 2.18 – 2.19, and 2.22 
– 2.25. 

 

In addition to being influenced by the steric bulk of the substituents at the N atoms of 

the precursor PCN ligands, the Cr(CO)5(κ1-P-PCN):Cr(CO)4(κ2-P,N-PCN) ratios are 

also influenced by the reaction conditions. For Cr0-PCN complexes 2.18 and 2.19, 

which have been synthesised under two different sets of reaction conditions (Scheme 

2.40, Table 2.16), a longer heating time resulted in a lower 2.19:2.18 ratio. This 

observed temperature dependence on the ratio of 2.19:2.18 indicates that the 

Cr(CO)4(κ2-P,N-PCN) complex is the thermodynamic product, whilst the Cr(CO)5(κ1-P-

PCN) complex is the kinetic product. The previous finding that prolonged heating, in 

Structural Formula of PCN Ligand 
bound to Cr(0) 

Cr(CO)5(κ1-P-PCN):Cr(CO)4(κ2-P,N-
PCN)ratios present in the crude 

reaction mixture  after 1 hour of heating 
at 160 °C 

PhC(PiPr2)=N(2-MeC6H4) (2.16) 1.6:1 
PhC(PiPr2)=N(2,6-Et2C6H3) (2.15) 4.3:1 
PhC(PiPr2)=N(2,6-iPr2C6H3) (2.14) 5.5:1 
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the reaction between ligand 2.15 and Cr(CO)6 in toluene, led to the depletion of the 

Cr(CO)5(κ1-P-PCN) complex adds further weight to the idea that the Cr(CO)5(κ1-P-

PCN) complex is the kinetic product. 

 

 

 

 

 
Scheme 2.40: Synthesis of complexes 2.18 and 2.19. 

Table 2.16: Conditions used in the syntheses of complexes 2.18 and 2.19 and comparison of 
2.19:2.18 ratios present in the crude reaction mixtures after heating under different conditions.  

2.4.1.2. Characterisation of Cr0-PCN complexes 

The identities of the Cr0-PCN complexes synthesised in this thesis (Figure 2.29) have 

been confirmed by elemental and X-ray diffraction analysis, in addition to NMR and IR 

spectroscopies. Comparison of the IR spectra, as well as selected bond lengths and 

angles of the molecular structures of the Cr0-PCN complexes, enables insight to be 

gained into the steric and electronic properties of the PCN ligands coordinated to the 

Cr0 complexes, and will be discussed in the following sections.  

2.4.1.2.1. Analysis of the IR spectra of Cr0-PCN complexes 2.18-2.25 

Due to the complexity of data of the IR spectra of Cr0-PCN complexes 2.18 – 2.25, 

only the C=N and CO stretching frequencies will be considered (Table 2.17). The 

Cr(CO)4(κ2-P,N-PCN) complexes display four carbonyl stretching bands, consistent 

with that expected for a bidentate complex with C1 symmetry. The CO stretching 

frequencies for the Cr(CO)4(κ2-P,N-PCN) complexes are comparable to those of the 

Cr(CO)4(κ2-P,P-PNP) complexes synthesised by Bowen et al., which gave selective 

ethylene trimerisation systems when oxidised by [N(4-C6H4Br)4][B(C6F5)4] in the 

presence of AlEt3.128 The similarity between the CO stretching frequencies of the 

Cr(CO)4(κ2-P,N-PCN) complexes and Cr(CO)4(κ2-P,P-PNP) complexes suggests that 

the precursor PCN ligands (to the Cr(CO)4(κ2-P,N-PCN) complexes) have similar 

coordinative properties to the PNP ligands synthesised by Bowen et al.128 In addition, it 

is apparent from the IR data (Table 2.17) that as the substituent at N is changed in the 

series of Cr(CO)4(κ2-P,N-PCN) complexes there is little effect on the CO stretching 
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Diglyme 1 5.5:1 

+ Cr(CO)6
Δ

N

PiPr2

2.14
2.18 2.19

Cr

CO

N CO
CO

COPiPr iPr
Cr

CO

OC CO
P

COOC

N+
Toluene or Digylme

iPr2
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frequencies, suggesting that the N-substituents have similar electronic properties as 

expected. 
 

Table 2.17: Selected IR stretches of complexes 2.18 – 2.25; IR spectra recorded in DCM 
solution. 

Selected IR stretches (cm-1) 

 
Cr(CO)4(κ2-P,N-PCN) complex: Cr(CO)5(κ1-P-PCN) complex: 
2.18 2.20 2.22 2.24 2.19 2.21 2.23 2.25 

νCO 

1999. 
1900, 
1874, 
1859 

2000, 
1899, 
1874, 
1858 

2000, 
1894, 
1877, 
1857 

2002, 
1901, 
1880, 
1857 

2061, 
1980, 
1935 

2060, 
1980, 
1934 

2061, 
1980, 
1934 

2060, 
1981, 
1936 

νC=N 1532 1536 1551 1538 1584 1587 1586 1591 
 

In contrast to the Cr(CO)4(κ2-P,N-PCN) complexes, the Cr(CO)5(κ1-P-PCN) complexes 

have only three carbonyl stretching frequencies, which is in agreement with a 

monodentate complex with a C4v point group. In addition, the carbonyl stretching bands 

of the Cr(CO)5(κ1-P-PCN) complexes are at higher frequencies to those of the 

analogous Cr(CO)4(κ2-P,N-PCN) complexes implying that the CO bonds are weaker in 

the bidentate Cr0-PCN complexes than in their monodentate analogues, as expected 

from donation by both the Lewis basic P and N components of the ligands creating a 

more electron rich chromium centre. 

 

On examining the imine stretching frequencies summarised in Table 2.17, it can be 

seen that the stretching frequencies of the Cr(CO)4(κ2-P,N-PCN) complexes are at 

lower wavenumbers than those of the Cr(CO)5(κ1-P-PCN) complexes (which 

themselves are similar to the imine stretching frequencies of the precursor PCN 

ligands: 1583 – 1590 cm–1). The lower stretching frequencies of the imine bonds of the 

PCN ligands observed in the Cr(CO)4(κ2-P,N-PCN) complexes indicate that the imine 

group on the PCN ligands acts as a π acceptor by accepting electrons from chromium 

into its π* antibonding orbitals (Figure 2.31), leading to a weakening of the C=N bond 

and lowering of the imine stretching frequency.  

 

 

 

 
Figure 2.31: Interaction between the d orbitals on a metal centre (M) and π* antibonding 

orbitals of a C=N group. 

N M
R'

R
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2.4.1.2.2. Analysis of the 13C{1H} spectra of Cr0-PCN complexes 2.18-2.25   
The 13C{1H} NMR spectra of the Cr(CO)5(κ1-P-PCN) complexes all exhibit two 

resonances in the CO region of the spectra, exemplified by the data shown in , 

indicative of two different CO environments in these complexes (CO trans to CO or CO 

trans to P, Figure 2.32(b)), as expected. In a similar manner, the Cr(CO)4(κ2-P,N-PCN) 

complexes all display at least three resonances in the CO region of their 13C NMR 

spectra, which implies the presence of three different CO environments in these 

complexes (CO trans to CO, CO trans to P, or CO trans to N Figure 2.32(a)), as 

expected. The carbon chemical shifts corresponding to the CO trans P and CO trans 

CO are found to be higher in the Cr(CO)4(κ2-P,N-PCN) complexes than in their 

Cr(CO)5(κ1-P-PCN) analogues.  
 

Table 2.18: List of CO and imine carbon chemical shifts, with couplings in Hertz in brackets 
(2JPC), observed in the 13C NMR spectra (in CDCl3 at 176 MHz or 151 MHz) of complexes 2.18 
– 2.25. 

13C{1H} NMR shifts (ppm) 

 
Cr(CO)4(κ2-P,N-PCN) complex Cr(CO)5(κ1-P-PCN) complex 

2.18 2.20 2.22 2.24 2.19 2.21 2.23 2.25 

CO 
trans 

P 
229.3 
(12.0) 

229.3 
(12.0) 

229.3 
 

229.8 
(12.0) 

221.3 
(5.0) 

221.5 
(5.0) 

221.2 
(5.0) 

221.7 
(5.0) 

CO 
trans 

N 
225.5 
(3.0) 

225.4 
 

225.4 
(2.5) 

225.8 
(2.0) N/A 

CO 
trans 
CO 

222.3 
(13.0) 

222.5 
(12.0) 

222.3 
(12.5) 

222.7 
(11.0), 
221.6 
(10.5) 

217.8 
(12.5) 

218.0 
(13.0) 

217.7 
(12.5) 

218.0 
(13.0) 

C=N 185.0 
(18.0) 

184.9 
(18.0) 

185.3 
 

183.8 
(18.5) 

175.6 
(28.5) 

176.0 
(30.0) 

175.7 
(29.0) 

177.4 
(33.5) 

.  

 
 

 

 

 

 

 

 

 

 

 
Figure 2.32: Illustration of different CO environments in (a) Cr(CO)4(PCN) and (b) 

Cr(CO)5(PCN) complexes, where R = aryl group. 

In addition to the chemical shifts of the CO carbons of the Cr0-PCN complexes, it is 

important to consider the chemical shifts of the imine C=N carbons of these complexes 

in order to gain insight into the electronic properties of the different substituents on the 

Cr

CO

R
N CO

CO

COP
Ph

iPr iPr
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P

COOC

Ph
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N atoms of the PCN ligands. For both series of the Cr(CO)4(κ2-P,N-PCN) and 

Cr(CO)5(κ1-P-PCN) complexes changing the substituents on the N atoms of the PCN 

ligands has little impact on their imine carbon chemical shifts (), suggesting that the 

different N substituents have similar electronic character as might be expected.  

On closer examination of the chemical shift data presented in  it can be seen that the 

chemical shifts of the imine carbons of the Cr(CO)4(κ2-P,N-PCN) complexes are higher 

compared to that of their Cr(CO)5(κ1-P-PCN) analogues (which themselves have 

chemical shifts of similar magnitude to that of the imine carbons of the uncoordinated 

PCN ligands: 177.1 – 177.6 ppm), as would be expected from the involvement of both 

P and N atoms in σ-donation to the Cr centre of the bidentate Cr0-PCN complexes.  

2.4.1.2.3. Analysis of the 31P{1H} spectra of Cr(0)-PCN complexes 2.18-2.25  

The 31P{1H} NMR spectra of complexes 2.18 – 2.25 exhibit a single resonance as 

expected (Table 2.19), which is observed at a higher frequency than those of the 

corresponding uncoordinated PCN ligands (δP: 26.9 – 27.7 ppm). In addition, the 

phosphorus signals for the bidentate Cr0-κ1-P-PCN complexes are at lower frequencies 

than those of their monodentate analogues. The observed difference in the chemical 

shift frequencies of the phosphorus signals of the uncoordinated PCN ligands and Cr0-

PCN complexes is believed to be caused by a combination of steric and electronic 

factors.  
 

Table 2.19: 31P{1H} chemical shifts of complexes 2.18 – 2.25; spectra measured in CDCl3 at 
243 MHz or 283 MHz. 

31P{1H} NMR shifts (ppm) 
Cr(CO)4(κ2-P,N-PCN) complex: Cr(CO)5(κ1-P-PCN) complex: 
2.18 2.20 2.22 2.24 2.19 2.21 2.23 2.25 

63.3 61.8 61.8 59.2 83.1 87.0 85.1 83.1 

2.4.1.2.4. Analysis of the molecular structures of Cr(CO)4(κ2-P,N-PCN) complexes  

The molecular structures of complexes 2.18, 2.20, 2.22, and 2.24 (Figure 2.33; the 

molecular structures of complexes 2.18 and 2.20 were obtained by Dr. James Radcliffe 

in previous work and have been included here for comparison) show the cis bidentate 

bonding modes of the PCN ligands to Cr0 centres.70 The PCN ligands exist in E 

configurations about the imine bond in the bidentate Cr0-κ2-P,N-PCN complexes. The 

asymmetric unit of complex 2.20 reveals that it consists of two molecules of which one 

is ordered (shown in Figure 2.33) and the other is disordered (about the phenyl, 

dimethylphenyl and both isopropyl substituents). Since both molecules found in the 

asymmetric unit of complex 2.20 demonstrate the same metal coordination geometry, 



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

82 
 

the bond lengths and angles reported in Table 2.20 for complex 2.20 are the weighted 

average of those of its ordered and disordered molecules.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.33: Molecular structures of Cr(CO)4(κ2-P,N-PCN) complexes (i) 2.18, (ii) 2.22, (iii) 2.20 
(the ordered molecule in the asymmetric cell), and (iv) 2.24 (which displays disorder about its N 
substituent) with thermal ellipsoids at the 50% probability level; H atoms have been omitted for 

clarity.  

Table 2.20: Selected bond lengths and angles for Cr(CO)4(κ2-P,N-PCN) complexes 2.18, 2.22, 
2.20, and 2.24, refer to Figure 2.33 for atom labels. Estimated standard deviations given in 
brackets. The bond lengths and angles reported for complex 2.20 are the weighted average of 
its ordered and disordered molecules found in the asymmetric cell 

 

Cr(CO)4(κ2-P,N-PCN) 
complex 2.18 2.22 2.20 2.24 

Bond 
Lengths (Å) 

Cr-C1 1.8465(11) 1.8373(18) 1.83(8) 1.834(8) 
Cr-C2 1.8954(11) 1.8869(19) 1.876(8) 1.892(7) 
Cr-C3 1.8539(11) 1.8629(19) 1.843(8) 1.847(8) 
Cr-C4 1.8926(11) 1.8862(18) 1.892(8) 1.895(8) 
N-C5 1.3050(12) 1.298(2) 1.297(8) 1.292(9) 

C1-O1 1.1612(14) 1.156(2) 1.161(8) 1.162(8) 
C2-O2 1.1513(14) 1.150(2) 1.16(9) 1.150(7) 
C3-O3 1.1548 (14) 1.150(2) 1.153(9) 1.164(8) 
C4-O4 1.1507(14) 1.153(2) 1.154(9) 1.148(8) 
P-Cr 2.3829(3) 2.3761(5) 2.3938(19) 2.371(2) 
N-Cr 2.1425(8) 2.1446(14) 2.157(5) 2.127(6) 

Bond 

Angles (°) 

P-C5-N 100.47(7) 101.30(11) 103.0(4) 100.9(5) 
P-Cr-N 65.79(2) 65.80(4) 65.66(16) 65.67(16) 

Cr-P-C5 83.72(3) 83.69(5) 83.2(2) 83.5(2) 
Cr-N-C7 126.34(6) 127.29(10) 128.0(4) 129.1(17) 
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From the selected bond length and angle data in Table 2.20 it is evident that the 

bidentate Cr0-κ2-P,N-PCN complexes all adopt a distorted octahedral geometry around 

the chromium. The P-Cr-N angle deviates the greatest from the typical octahedral 

angle of 90°, with a value of ~66° across all bidentate Cr0-κ2-P,N-PCN complexes, 

most likely a result of the inherent constraints present in the chelate ring. Interestingly, 

the acute P-Cr-N bite angles of ~66° and P-C-N angles of 100.5 – 103.0° of the 

bidentate Cr0-κ2-P,N-PCN complexes are similar to the P-Cr-P bite angles of 66.6 – 

68.4° and P-N-P angles of  99.9 – 106.5°  reported in the literature for  Cr0-κ2-P,P-PNP 

complexes of related Cr/PNP-based ethylene trimerisation and tetramerisation 

catalysts, e.g. [Cr(CO)4(κ2-P,P-Ph2PN(iPr)PPh2)] and [Cr(CO)4(κ2-P,P-Ar2PN(Me)PAr2)] 

(where Ar = 2-C6H4(OMe).128,134 

Additionally, the Cr-C bond lengths of the bidentate Cr0-κ2-P,N-PCN complexes are 

reflective of the trans influence of the different ligands, CO > P > N, hence Cr-CtransCO >�

Cr-CtransP > Cr-CtransN .135 The strongly electron-donating nature of the phosphine will 

also result in back donation from the Cr d-orbitals into the antibonding π* orbital of the 

CO, shortening the Cr-C bond trans to P. The N=C bond lengths of the bidentate Cr0-

PCN complexes are longer than that expected for a typical imine bond (1.28 Å),114 

indicative of the π-acceptor nature of the imine bond, in agreement with the νCN 

stretches discussed previously in section 2.4.1.2.1. Finally, the Cr-N-C7 bond angle 

increases across the series of bidentate complexes (from 2.18 to 2.24,  Table 2.20) in 

line with a decrease in the steric bulk of the substituent at N.  

2.4.1.2.5. Analysis of the molecular structures of Cr(CO)5(κ1-P-PCN) complexes  

The PCN ligands are found to exhibit monodentate binding modes with an E 

configuration about the imine bonds in complexes 2.19, 2,23, 2.21 and 2.25 (Figure 

2.34; the molecular structures of complexes 2.19 and 2.21 were obtained by Dr. James 

Radcliffe in previous work and have been included here for comparison70). The 

molecular structure of complex 2.25 reveals disorder about the whole molecule, 

therefore the bond lengths and angles reported in Table 2.21 for complex 2.25 are the 

weighted average of the two disordered parts of the molecule.  
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Figure 2.34: Molecular structures of Cr(CO)5(κ1-P-PCN) complexes (i) 2.19, (ii) 2.23 (iii) 2.21, 
and (iv) 2.25 (part 1 of the disordered molecule) with thermal ellipsoids at the 50% probability 

level; H atoms have been omitted for clarity. 

Table 2.21: Selected bond lengths and angles for Cr(CO)5(κ1-P-PCN) complexes 2.19, 2.23, 
2.21, and 2.25, refer to Figure 2.34 for atom labels. Estimated standard deviations given in 
brackets. The bond lengths and angles reported for complex 2.25 are the weighted average of 
the two disordered parts of the molecule.  

Cr(CO)5(κ1-P-PCN) 
complex 2.19 2.23 2.21 2.25 

Bond 
Lengths 

(Å) 

Cr-C1 1.9074(12) 1.8956(13) 1.8943(12) 1.882(8) 
Cr-C2 1.9003(12) 1.8935(14) 1.8884(12) 1.900(8) 
Cr-C3 1.8644(13) 1.8679(13) 1.8628(12) 1.854(7) 
Cr-C4 1.8953(13) 1.9043(14) 1.9097(12) 1.899(8) 
Cr-C5 1.9036(12) 1.9006(14) 1.9016(12) 1.887(5) 
N-C6 1.2768(13) 1.2760(14) 1.2768(14) 1.276(10) 

C1-O1 1.1415(15) 1.1417(16) 1.1404(15) 1.137(10) 
C2-O2 1.1458(15) 1.1432(16) 1.1475(15) 1.138(10) 
C3-O3 1.1478(16) 1.1439(16) 1.1461(15) 1.151(8) 
C4-O4 1.1436(17) 1.1430(17) 1.1382(15) 1.150(9) 
C5-O5 1.1440(15) 1.1392(17) 1.1416(15) 1.133(3) 
P-Cr 2.4431(3) 2.4073(4) 2.4103(3) 2.398(3) 

Bond 
Angles (°) 

P-C6-N 115.80(7) 115.57(8) 114.27(8) 112.8(6) 
Cr-P-C6 119.99(3) 115.08(4) 114.52(3) 114.03(11) 

 
As was observed for the bidentate Cr0-κ2-P,N-PCN complexes, the monodentate Cr0-

κ1-P-PCN complexes exhibit a disordered octahedral geometry around the chromium 

centre. As expected, the P-C-N angles of the monodentate Cr0-κ1-P-PCN complexes 

are bigger than the P-C-N angles of the analogous bidentate Cr0-PCN complexes 
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(Table 2.20) and observed to decrease as the steric bulk of the substituent at N is 

increased (Table 2.21). In addition, the large Cr-P-C6 bond angles of 114 - 120° of the 

monodentate Cr0-κ1-P-PCN complexes, relative to the narrower analogous Cr-P-C5 

angles of 83 - 84° of the bidentate complexes, are reflective of the strain imposed by 

the chelate ring in the bidentate Cr0-κ2-P,N-PCN complexes.  

 
In agreement with the observation by IR spectroscopy that the monodentate Cr0-κ1-P-

PCN complexes have stronger CO bonds than their bidentate counterparts (section 

2.4.1.2.1), the monodentate Cr0-κ1-P-PCN complexes have shorter C-O bond lengths 

than those of their analogous bidentate complexes (C-O bond distances in Table 2.21 

vs. Table 2.20) Consistent with the imine C=N stretches reported for the Cr0-PCN 

complexes (section 2.4.1.2.1), the monodentate Cr0-κ1-P-PCN complexes have shorter 

C=N bond lengths (comparable to 1.28 Å, that expected for a typical imine bond)114  

than their bidentate counterparts, indicative of the absence of π-acceptance of the 

C=N bonds in the monodentate Cr0-κ1-P-PCN complexes. Finally, the Cr-C bond 

lengths of the monodentate Cr0-κ1-P-PCN complexes are also dictated by the trans 

influence of the ligands with the Cr-C bonds trans to CO being longer than the Cr-C 

bonds trans to P due to the weaker trans influence of the P ligand versus the CO 

ligand.135 

2.4.1.2.6. Comparison of the molecular structures of coordinated and 

uncoordinated PhC(PiPr2)=N(2-MeC6H4) 

 
 
 
 
 
 
 
 
 
 

Figure 2.35: Molecular structure and selected bond lengths and angles of PhC(PiPr2)=N(2-
MeC6H4) with thermal ellipsoids at the 50% probability level; H atoms have been omitted for 

clarity. Estimated standard deviations given in brackets.  

 
Comparison of the bond lengths and angles of the molecular structure of the 

uncoordinated PCN ligand (PhC(PiPr2)=N(2-MeC6H4), Figure 2.35, obtained by Dr. 

James Radcliffe in previous work)70 to the analogous bond lengths and angles of 

complexes 2.24 (Table 2.20) and 2.25 (Table 2.21), where the PCN ligand is 

coordinated in a κ2-P,N and κ1-P,N fashion to the Cr0 centre, respectively, shows that 

coordination of the PCN ligand results in a decrease in the P-C-N angle. In addition, 

PhC(PiPr2)=N(2-MeC6H4) 

Bond 
Lengths 

(Å) 

N-C1 1.2832(16) 
P-C1 1.8553(12) 

C1-C2 1.4936(17) 
Bond 

Angles (°) P-C1-N 118.41(9) 
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the C=N bond distance is longer in the Cr0-κ2-P,N complex than in the uncoordinated 

PCN ligand, due to the C=N bond acting as a π-acceptor in the bidentate Cr0 complex. 

The P-C and imine C-ipso phenyl C bond lengths are also found to vary upon 

coordination of the free ligand to Cr0: both bonds increase in length as the PCN ligand 

binds to the Cr0 centre in a κ1-P,N manner and decrease in length upon κ2-P,N 

coordination of the PCN ligand to the Cr0 centre.  

2.4.2. Coordination chemistry of PCN ligands with CrI 

With the Cr0-PCN complexes (2.18 – 2.25, Figure 2.29) in hand, attention next turned 

to conducting one-electron oxidation reactions of the Cr0-PCN complexes in order to 

form the target CrI-PCN complexes (2.26 – 2.33), as illustrated in Figure 2.36. The 

synthesis of complexes 2.26 – 2.33 is desirable due to the potential of these 

complexes to act as catalytic precursors in ethylene oligomerisation catalysis, in a 

similar manner to the cations [Cr(CO)4(κ2-P,P-PNP)]+ and [Cr(CO)4(κ2-P,P-PCP)]+ 

reported in the literature, which were found to give selective ethylene tri-/tetra-

merisation systems with modest activities upon activation with triethylaluminium.128-130  
 

 

 

 

 
 

 

 

 

 

 

 

Figure 2.36: Target CrI-PCN complexes (2.26 – 2.33). 

2.4.2.1. Synthesis and characterisation of CrI-PCN complexes 2.26 – 2.30 and 
2.32 

The CrI-PCN complexes, 2.26 – 2.30 and 2.32, were synthesised via the route 

depicted in Scheme 2.41, in accordance with the literature procedure reported by 

Hanton et al.129 for related systems. The Cr0-PCN complexes were oxidised by 

Ag[Al{OC(CF3)3}4], as opposed to other Ag oxidising agents such as AgBF4 or AgPF6, 

based on the results described by Hanton et al.,129 which showed that systems 

employing [Cr(CO)4(κ2-P,P-PNP)]+ and AlEt3 were inactive towards ethylene tri-/tetra-
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merisation in the presence of [BF4]�or [PF6]�anions. However, the same systems were 

active towards selective ethylene tetramerisation in the presence of the [Al{OC(CF3)3}4] 

anion. It was proposed that the stronger coordinating nature of the [BF4] and [PF6] 

anions, in comparison to the very weakly coordinating character of [Al{OC(CF3)3}4] 
resulted in the negative effects on ethylene tri-/tetra-merisation catalysis.129 

 

 

 

 

 

 

 

 
Scheme 2.41: Synthetic route employed to target (i) [Cr(CO)4(κ2-P,N-PCN)]+complexes and 

(ii) [Cr(CO)5(κ1-P-PCN)]+ complexes following literature procedure by Hanton et al.129 for 
related systems. 

 
CrI-PCN complexes 2.26 – 2.30 and 2.32 (Figure 2.36) were obtained in yields ranging 

from 31 – 83 %. The identities of the CrI-PCN complexes were confirmed by CHN, IR 

spectroscopy and mass spectrometry (for CrI-PCN complexes where sufficient material 

remained after testing in ethylene oligomerisation catalysis, which will be discussed in 

Chapter 3). Although, satisfactory elemental analyses were unable to be obtained of 

complex 2.32, since its IR spectrum and mass spectrometry analysis yielded the 

expected results and there were no detectable impurities by 1H or 31P NMR (in the 

range of −450 to 300 ppm) spectroscopic analysis, it was reasoned that the complex 

had successfully been synthesised with deviation in the elemental analysis from the 

expected value possibly being due to the presence of trace amounts of residual silver 

salts as found for related complexes by Wass et al.130 Despite multiple attempts to 

crystallise complexes 2.26 – 2.30 and 2.32, which had been obtained as oily crude 

products, none proved successful. Crystallisation of complexes 2.26 – 2.30 and 2.32 

was attempted in a number of different solvent mixtures (such as DCM/pentane, 

DCM/petroleum ether {40:60}, and toluene/petroleum ether {40:60}) and temperatures  

(ranging between 25 to –30 °C).  
 
The IR spectra of complexes 2.26, 2.28, 2.30 and 2.32 revealed the presence of four 

CO stretching bands as shown in Table 2.22, which is in agreement with that expected 

for a [Cr(CO)4(κ2-P,N-PCN)]+ complex with C1 symmetry, while the IR spectra of 

complexes 2.27 and 2.29 displayed three CO stretching frequencies, again as 

expected for a [Cr(CO)5(κ1-P-PCN)] cation with C4v symmetry. The CO stretching 
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frequencies of the CrI-PCN complexes are similar to those reported in the literature for 

[Cr(CO)4(κ2-P,P-PNP)]+ species implying comparable coordinative properties of PCN 

ligands and PNP ligands.128,129  
 

Table 2.22: Selected IR stretches of complexes 2.26 – 2.30 and 2.32; IR spectra recorded in 
DCM solution. 

Selected IR stretches (cm–1) 

 
[Cr(CO)4(κ2-P,N-PCN)]+: [Cr(CO)5(κ1-P-PCN)]+: 

2.26 2.28 2.30 2.32 2.27 2.29 

νCO 

2092, 
2054, 
2038, 
1967 

2092, 
2055, 
2037, 
1966 

2104, 
2053, 
2031, 
1950 

2090, 
2055, 
2035, 
1963 

2092, 
2038, 
1968 

2091, 
2036, 
1965 

 

In addition, the CO stretching frequencies of the CrI-PCN complexes listed in Table 

2.22 are at higher frequencies than those observed for their corresponding Cr0-PCN 

precursors (Table 2.17), which is as expected on moving from a neutral to a positively 

charged species.129 The CO stretching frequencies of the [Cr(CO)4(κ2-P,N-PCN)] and 

[Cr(CO)5(κ1-P-PCN)] cations are at similar wavenumbers suggesting that these 

complexes all have similar electronic properties and so, on simple electronic grounds, 

would be expected to display similar performance when tested in ethylene 

oligomerisation catalysis. Due to the complexity of the IR spectra of the CrI-PCN 

complexes in the region expected for C=N stretches, the imine stretching frequencies 

could not confidently be assigned.  

 

In addition to analysis by IR spectroscopy, complexes 2.26 – 2.30 and 2.32 (Figure 

2.36) were probed by 19F NMR spectroscopy and found to display single resonances at 

approximately −76 ppm with peak half-height widths ranging between 6 - 26 Hz. It has 

been shown in the literature by Köhn et al., that a broadening of the 19F NMR signal of 

a fluorinated anion indicates interaction with a paramagnetic cation, with peak half-

height widths in the region of 100 - 300 Hz indicating the presence of ion-pairing.136 

Since the peak half-height width of the Ag[Al{OC(CF3)3}4] oxidising reagent was 

determined to be 2.9 Hz by 19F NMR spectroscopic analysis (376 MHz, CD2Cl2), it is 

clear that complexes 2.26 – 2.30 and 2.32 consist of a paramagnetic cation and is 

suggestive of the [Al{OC(CF3)3}4]�	���� being weakly coordinating in these systems.  

 

Finally, the effective magnetic moments of complexes 2.26 – 2.30 and 2.32 were 

calculated via the Evans NMR spectroscopic method,137 and found to be in the range 

between 1.71 – 1.96 µB. The values of the effective magnetic moments of complexes 
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2.26 – 2.30 and 2.32 are similar to the values of 1.78 – 1.83 µB of [Cr(CO)4(κ2-P,P-

PNP)]+ species synthesised by Hanton et al.,129 and comparable to the spin-only 

magnetic moment of 1.73 µB predicted for a low spin species with one unpaired 

electron, such as CrI. 

2.4.2.2. Attempted synthesis and characterisation of CrI-PCN complex 2.31  

The synthesis of complex 2.31 was attempted using the route shown in Scheme 2.42 

and afforded a brown solid that was found by IR and NMR (1H, 13C, and 31P{1H}) 

spectroscopies to consist of complex 2.31 along with other unknown products.   

 

 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Scheme 2.42: Attempted synthesis of complex 2.31. 

The crude reaction mixture isolated from the reaction of complex 2.23 with 2 

equivalents of Ag[Al{OC(CF3)3}4], mixture A, was analysed  by IR spectroscopy, 

affording the spectrum displayed in Figure 2.37(a). The IR spectrum of mixture A 

contains two bands at 2035 and 2091 cm–1, which are comparable to the CO stretching 

bands at 2038 and 2092 cm–1 generally observed for a [Cr(CO)5(κ1-P-PCN)] cationic 

species, such as complex 2.27 (Figure 2.37(b)). However, the IR spectrum of mixture 

A also exhibits two other bands at 1958 and 1979 cm–1d (Figure 2.37(a)) in the region 

where the band at 1968 cm–-1 is found for complex 2.27 (Figure 2.37(b)), in addition to 

a fourth band at 2074 cm.–1 Since the band at 2074 cm–1 is not comparable to the 

bands found in the IR spectra of any of the CrI-PCN complexes (Table 2.22) or Cr0-

PCN complexes (Table 2.17) previously synthesised, it is attributed to an unknown 

CO-containing byproduct.  

 

 

 

 

 
                                                
d A band at 1979 cm–1 is also present in the IR spectrum of the Cr0-PCN precursor complex 
2.23. 
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Figure 2.37: Comparison of the IR spectra (1900 – 2100 cm–1, where CO bands for CrI-PCN 
complexes are expected) of (a) the filtrate of the crude reaction mixture between complex 2.23 

and 2 equivalents of Ag[Al{OC(CF3)3}4] and (b) the cation [Cr(CO)5(κ1-P-PCN)]+ 2.27. IR spectra 
measured in DCM. 

Another equivalent of Ag[Al{OC(CF3)3}4] was added to mixture A and the resultant 

reaction mixture left to stir overnight, in order to investigate if any further reactions 

would occur. The crude reaction mixture obtained after the addition of a third 

equivalent of Ag[Al{OC(CF3)3}4], mixture B, was also subsequently analysed by IR 

spectroscopy (IR spectrum shown in Figure 2.38). In contrast to the IR spectrum of 

mixture A (Figure 2.37(a)), the IR spectrum of mixture B contains a band at 1965 cm–1, 

while the band observed at 1958 cm–1 for mixture A is no longer present. The three 

bands found at 1965 cm, 2035 cm and 2091 cm–1 in the IR spectrum of mixture B are 

similar to the CO stretching frequencies expected for a [Cr(CO)5(κ1-P-PCN)] cation 

(Figure 2.37(b)), suggesting that mixture B contains the target complex 2.31, in 



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

91 
 

addition to other unknown CO-containing by-products (that give rise to the bands at 

1979 and 2075 cm–1).  

 

 

 

 

 

 

 

 

 

 

 
Figure 2.38: IR spectrum (1900 – 2100 cm–1, where CO bands for CrI-PCN complexes are 

expected) of the filtrate of the crude reaction mixture between complex 2.23 and 3 equivalents 
of Ag[Al{OC(CF3)3}4]. 

Upon removing the volatile components of mixture B, a viscous red oil was obtained 

which failed to crystallise in a range of different solvent mixtures (such as 

DCM/pentane, DCM/petroleum ether {40:60}, and toluene/petroleum ether {40:60}). 

The viscous oil was therefore washed with various solvents (such as toluene, hexane 

and petroleum ether {40:60}) in an attempt to separate out the unwanted CO-

containing by-products (observed by IR spectroscopy), before being left at −30 °C for 

48 hours, after which point it solidified on scraping to generate a brown solid.  

 

Analysis of this resulting brown solid by mass spectrometry confirmed the presence of 

the target complex 2.31, with further support being added by the measured µeff value of 

1.60 µB (comparable to the µeff values of 1.78 – 1.83 µB of the CrI-PCN complexes 

2.26– 2.30 and 2.32) and the presence of a single resonance at −75.6 ppm in the 19F 

NMR spectrum with a peak half-height width of 9.2 Hz implying the presence of a 

paramagnetic cation. However, analysis of the brown solid by NMR spectroscopy (1H, 
13C{1H} and 31P{1H}) revealed that it also contained other products, in addition to the 

target complex 2.31. The 31P{1H} spectrum of the brown solid contains five 

resonances: three doublets at 6.6 (JPP = 53.6 Hz), 8.6 (JPP = 33.8 Hz), and 9.7 ppm 

(JPP = 54.0 Hz), in addition to two broad resonances at 86.5 and 89.2 ppm, all present 

in a ratio of 1:0.1:1:0.6:0.8, respectively. The doublets found at 6.6, 8.6, and 9.7 ppm 

arise from 31P—31P coupling, indicating that these correspond to species containing at 

least two phosphorus atoms in different chemical environments. Furthermore the 
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doublets in the 31P{1H} spectrum of the brown solid are multiplets in the 31P 1H-coupled 

NMR spectrum, which suggests that they most likely correspond to phosphorus atoms 

bearing iPr groups. The 1H and 13C{1H} NMR spectra of the brown solid are complex, 

exhibiting a multitude of resonances in the alkyl and aromatic regions. Unfortunately, 

due to the complexity of the 31P, 13C{1H}, and 1H NMR spectroscopy data of the brown 

solid, and the inability to separate the different products in the brown solid, the 

identities of all of the products, except complex 2.31, are unable to be elucidated.  

2.4.2.3. Attempted synthesis and characterisation of CrI-PCN complex 2.33 

The reaction between complex 2.19 and Ag[Al{OC(CF3)3}4] was carried out under the 

conditions depicted in Scheme 2.43. This reaction yielded a light brown solid that was 

found to consist of a mixture of products, of which one was the desired complex 2.33, 

detectable and identifiable by mass spectrometry and NMR and IR spectroscopies.   

 
 
 
 
 
 

Scheme 2.43: Attempted synthesis of complex 2.33. 

 

The formation of complex 2.33 was further confirmed by the IR spectrum of the light 

brown solid, which gives rise to three CO stretches at 1963, 2036 and 2090 cm–1, 

comparable to the CO stretches of the [Cr(CO)5(PCN)] cationic species synthesised 

previously (Table 2.22). The identity of complex 2.33 is further supported by mass 

spectrometry of the light brown solid, the determined µeff value of 1.68 µB (similar to the 

µeff values of 1.78 – 1.83 µB of the CrI-PCN complexes previously synthesised), and the 

broadening of the single resonance in its 19F NMR spectrum (−75.5 ppm, ν½ = 25.7 Hz) 

relative to the resonance for [Al{OC(CF3)3}4] (ν½ = 2.9 Hz) indicating the presence of a 

paramagnetic cation (established as described above).  

 

The presence of additional products was detected by 31P{1H}, 1H, and 13C{1H} NMR 

spectroscopic analysis of the light brown solid. The 31P{1H} NMR spectrum of the light 

brown solid displays six resonances: two mutually coupled doublets at 6.6 ppm(JPP = 

36.1 Hz)  and 8.6 ppm (JPP = 36.5 Hz) in addition to four singlets at 11.3, 27.4, 40.4, 

and 48.0 ppm, with all resonances present in a ratio of 1:1:0.2:0.03:0.1:0.2, 

respectively. The doublets at 6.6 and 8.6 ppm are also observed in the 31P{1H} NMR 

spectrum of the brown solid formed in the attempted synthesis of complex 2.31 
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(section 2.4.2.2), although the doublet at 6.6 ppm is found to have a larger coupling 

constant of 53.6 Hz in the 31P{1H} NMR spectrum of the brown solid. The resonance at 

27.4 ppm observed in the 31P{1H} NMR spectrum of the light brown solid corresponds 

to the precursor ligand 2.14. The 1H and 13C{1H} NMR spectra of the light brown solid 

exhibit multiple resonances in the alkyl and aromatic regions, similar to the 1H and 
13C{1H} NMR spectra of the brown solid formed in the attempted synthesis of complex 

2.31 (section 2.4.2.2). The complexity of the 1H, 13C{1H}, and 31P{1H} NMR spectra of 

the light brown solid makes identifying the by-products difficult. Moreover, the by-

products were found to have similar solubilities in a range of solvents (such as 

pentane, hexane, and petroleum ether (40:60)), hence preventing their separation by 

recrystallisation.   

2.4.2.4. Reaction between ligand 2.14 and Ag[Al{OC(CF3)3}4] 

In an attempt to understand the nature of the by-products formed in the syntheses of 

complexes 2.31 and 2.33, an NMR-scale reaction between PCN ligand 2.14 (the 

precursor ligand to complex 2.33) and Ag[Al{OC(CF3)3}4] in a 1:1 ratio in CD2Cl2 was 

carried out. The reaction was allowed to proceed for 14 hours before being analysed 

by NMR spectroscopy, which indicated the formation of a mixture of products (which 

will be referred to as mixture C). The 31P{1H} NMR spectrum of mixture C exhibits four 

resonances: a mutually-coupled pair of doublets at 55.0 (JPP = 35.1 Hz) and 58.0 ppm 

(JPP = 35.1 Hz), in addition to two broad resonances at 86.4 and 90.3 ppm,e with these 

resonances present in relative ratios of 1:1:0.2:0.3. The two broad resonances at 86.4 

ppm and 90.3 ppm are also observed in the 31P{1H} NMR spectrum of the brown solid 

(obtained in the attempted synthesis of complex 2.31, section 2.4.2.2). The two 

doublets in the 31P{1H} NMR spectrum of mixture C correspond to species possessing 

more than one phosphorus atom, and are believed to arise from PiPr2 environments as 

they demonstrate coupling to protons in the 31P 1H-coupled NMR spectrum. 

Interestingly, the coupling constants of the doublets in the 31P{1H} NMR spectrum of 

mixture C are similar in magnitude to (a) the coupling constant of the doublet observed 

at 8.6 ppm (JPP = 33.8 Hz) in the 31P{1H} spectrum of the brown solid obtained in the 

attempted synthesis of complex 2.31 (section 2.4.2.2) and (b) the coupling constants of 

the doublets at 6.6 and 8.6 ppm (JPP ≈ 36.5 Hz) in the 31P{1H} NMR spectrum of the 

light brown solid (obtained in the attempted synthesis of complex 2.33, section 

2.4.2.3).  

 

                                                
e Difficult to elucidate multiplicities of resonances at 86.4 and 90.3 ppm due to their highly 
broadened nature.  
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The 1H and 13C{1H} spectra of mixture C display a multitude of resonances in the alkyl 

and aromatic regions, of which some resonances are similar to those observed in the 
1H and 13C{1H} spectra of the brown solid obtained in the attempted synthesis of 

complex 2.31 (section 2.4.2.2) and light brown solid (obtained in the attempted 

synthesis of complex 2.33, section 2.4.2.3). The 19F spectrum of mixture C exhibits a 

single resonance at −75.7 ppm, which has a peak half-height width of 3.1 Hz, 

comparable to the peak half-height width of Ag[Al{OC(CF3)3}4], implying the presence 

of a diamagnetic cationic species, charge-balanced by [Al{OC(CF3)3}4]. Additionally, 

the IR spectrum of mixture C has a C=N stretch at 1552 cm–1, which is at a lower 

stretching frequency than the C=N band for the starting ligand 2.14 (1584 cm–1), 

suggesting that the C=N bond of the C=N-containing product in mixture C is weaker 

than the C=N bond of ligand 2.14. There are no amide stretches present in the IR 

spectrum of mixture C indicating that Ag[Al{OC(CF3)3}4] does not oxidise the C=N bond 

of ligand 2.14.  

 

Unfortunately, the identities of the products in mixture C could not be deduced from the 

IR and 31P{1H}, 1H and 13C NMR spectra. However, the 31P{1H}, 1H and 13C NMR 

spectra of mixture C illustrate that some of the by-products present in the attempted 

syntheses of complexes 2.31 and 2.33 are formed by a reaction between 

Ag[Al{OC(CF3)3}4] and the PCN moieties of the Cr0-PCN complexes. The reaction of 

Ag[Al{OC(CF3)3}4] with PR3 or NR3 centres to form radical PR3
��

 or NR3
�� species, 

respectively, is well documented in the literature.138-141 The observance of products 

containing at least two phosphorus atoms in the attempted syntheses of complexes 

2.31 and 2.33, as well as in mixture C, suggests that the Ag[Al{OC(CF3)3}4] may have 

reacted at the P- and/or N-atoms of the PCN moiety to form radicals, which could then 

couple to generate products containing more than one phosphorus atom.  

2.4.3. Coordination Chemistry of PCN Ligands with CrIII 

In addition to CrI-ligand complexes, CrIII-ligand complexes have been shown in the 

literature to act as potential catalytic precursors for selective ethylene tri-/tetra-

merisation making the synthesis of CrIII-PCN complexes an area of 

interest.5,45,67,68,110,64,142,143 As mentioned previously in section 2.1.6.2.1, a series of CrIII-

PCN complexes were synthesised in previous work conducted in the Dyer group 

(Scheme 2.30).70 The synthesis of two target CrIII-PCN complexes, 2.34 and 2.35 

(Figure 2.39) have been attempted in this thesis. The synthesis of complex 2.34 is 

desirable in order to complete the series of CrIII-PCN complexes previously described 
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in Scheme 2.30, which encompass diisopropyl substituents at the phosphorus atoms, 

phenyl groups at the imine carbon and phenyl substituents of differing steric bulk at the 

nitrogen positions, so that an analogous series to the Cr0-PCN complexes (section 

2.4.1) and CrI-PCN complexes (section 2.4.2) previously synthesised in this thesis 

could be obtained.  

 

 

 

 

 

  

 

 
Figure 2.39: Target CrIII PCN complexes 2.34 and 2.35. 

In addition, the synthesis of complex 2.35 is of interest in order to explore whether the 

OMe functionality on the phenyl phosphorus substituent acts a pendant donor to Cr 

(Figure 2.39). As previously mentioned in section 2.1.2.2.1.1 PNP ligands bearing 

ortho-OMe substituted P-aryl groups produced selective ethylene trimerisation 

systems, when implemented in conjunction with a Cr source and activator, with higher 

activities than those implementing PNP ligands without ortho-OMe substituted P-aryl 

groups. The high activity of the Cr/PNPo-OMe-based selective ethylene trimerisation 

system was attributed to hemilabile behaviour of the OMe groups, which acted as 

pendant donors to the Cr centre.16,18,20,32 

 

The syntheses of target complexes 2.34 and 2.35 were attempted following the 

literature procedure by Labinger and Bercaw et al.,33 illustrated in Scheme 2.44. 

However, unfortunately, the target complexes 2.34 and 2.35 were unable to be 

successfully synthesised via this route (see sections 2.4.3.1 and 2.4.3.2).   

 
 
 
 
 
 
 
 
Scheme 2.44: Attempted synthesis route to CrIII-PCN complexes, following modification of the 

method reported by Labinger and Bercaw et al.33   

In contrast, the general synthetic route described in Scheme 2.44 proved effective for 

the syntheses of complexes 2.36 and 2.37 (Figure 2.40), which have also been 
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synthesised in previous work carried out in the Dyer group.70 Complexes 2.36 and 2.37 

were synthesised in this thesis with the intention of obtaining molecular structures of 

the complexes, so that the relationship between the P-Cr-N bite angles of the 

complexes and their 1-octene:1-hexene ratios could be studied. However, in spite of 

multiple attempts at crystallising complexes 2.36 and 2.37 from a variety of solvent 

mixtures (such as DCM/hexane, DCM/pentane and DCM/petroleum ether {40:60}) and 

attempts at crystallising the complexes in MeCN (with the aim of aiding crystallisation 

by substitution of the bound THF in complexes 2.36 and 2.37 by MeCN), suitable 

crystals for X-ray diffraction analysis were unable to be obtained.  

 

 

 

 

 

 
 

Figure 2.40: CrIII-PCN complexes 2.36 and 2.37. 

The identities of complexes 2.36 and 2.37 were confirmed by elemental analysis and 

further supported by their experimentally-determined µeff values of 3.68 µB and 3.62 µB, 

respectively, which are in accordance with the expected spin-only magnetic moment of 

3.87 µB for a species with three unpaired electrons, such as CrIII. In addition, the C=N 

stretches of complexes 2.36 and 2.37 are at lower frequences (1552 cm–1) than the 

C=N stretches of the corresponding PCN ligand precursors (1600 cm–1 of PCN ligand 

precursor to complex 2.36 and 1583 cm–1 of PCN ligand precursor to complex 2.37), 

reflective of electron donation from the d-orbitals on the Cr centre of complexes 2.36 

and 2.37 to the π*-antibonding orbitals of the C=N groups of these complexes. 

Unfortunately, ASAP mass spectrometric analysis of complexes 2.36 and 2.37 proved 

inconclusive, as only fragments corresponding to the PCN ligand precursors of the 

complexes could be identified, possibly due to the low volatility of the CrIII-PCN 

complexes.  

2.4.3.1. Attempted synthesis of complex 2.34, CrCl3(THF)(PhC(PiPr2)=N(2,6-
Et2C6H3) 

The synthesis of complex 2.34 (Figure 2.39), under the conditions shown in Scheme 

2.44 using PCN ligand 2.15 (Figure 2.14), was attempted multiple times. However, in 

all cases this was found to yield a green solid whose elemental analysis results did not 

match that expected for complex 2.34. In accordance with that expected for complex 

2.34, 1H and 31P{1H} NMR room temperature spectra of the green solid could not be 
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obtained and a µeff value of 3.60 µB was determined of the green solid. Additionally, the 

green solid exhibits a C=N stretch at 1552 cm–1 in its IR spectrum which is at a lower 

frequency than the C=N stretch of the precursor PCN ligand 2.15 (1584 cm–1) and 

identical to the C=N stretches exhibited by CrIII-PCN complexes 2.36 and 2.37, 

suggesting electron donation from the d orbitals on the Cr centre of the green solid to 

the π*-antibonding orbitals of the C=N group of the green solid. Although, the NMR and 

IR spectroscopic data from the green solid are as expected for complex 2.34, there is 

insufficient evidence to conclusively state that the green solid is complex 2.34. 

Consequently, attempts were undertaken to crystallise the green solid in different 

solvent systems (DCM/pentane, DCM/hexane and MeCN/Et2O) at different 

temperatures (ranging from 25 to – 30 °C), to try and obtain a molecular structure from 

which its identity could be elucidated, but were to no avail.  

2.4.3.2. Attempted synthesis of complex 2.35, CrCl3(PhC(P(2-
(OMe)C6H4)2)=N(2,6-iPr2C6H3) 

The attempted synthesis of complex 2.35 (Figure 2.39) via the route illustrated in 

Scheme 2.44 using PCN ligand 2.17 (Figure 2.14), yielded a brown solid whose 

identity was unable to be elucidated by elemental analysis, NMR spectroscopy and IR 

spectroscopy. The elemental analysis results for the brown solid do not match with 

those expected for complex 2.35 (Figure 2.39) or structural variants of complex 2.35 

containing different combinations of Cl and THF ligands as a result of different 

coordination modes of the PCN ligand (κ2-P,N or κ3-P,N,O). The 31P{1H} NMR 

spectrum of the brown solid exhibits three resonances, at −0.7, 24.4 and 70.5 ppm 

present in a ratio of 1:0.29:0.02, respectively, of which none correlate to the PCN 

ligand 2.17 indicating the presence of other diamagnetic P-containing species. In 

addition, the 1H NMR spectrum of the brown solid exhibits significant broadening, 

something potentially indicating the presence of a paramagnetic species. This was 

confirmed by recording a 1H NMR spectrum of the brown solid in a Young’s NMR tube 

in CD2Cl2 containing an external capillary filled with CD2Cl2, and observing a shift in the 

NMR signal of the bulk CD2Cl2 solvent relative to the NMR signal of the external 

capillary filled with CD2Cl2 (a methodology akin to that used to determine magnetic 

moments via Evans’ method) Finally, the IR spectrum of the brown solid displays two 

C=N stretches at 1552 and 1591 cm–1, the former of which is at an identical frequency 

to the C=N stretch for CrIII-PCN complexes 2.36 and 2.37. From the analysis of the 

brown solid it is apparent that it consists of a mixture of products, of which one is 

paramagnetic.   



Chapter 2: Cr/Phosphanyl Methaniminine (PCN) Ligand-based Ethylene Tri-/Tetra-
merisation: Synthesis and Coordination Chemistry of PCN Ligands 

 

98 
 

2.5. Summary and Conclusions 

In this chapter a series of PCN ligands, compounds 2.1 – 2.17, have been synthesised 

with a variety of substituents on the N-, C- and P-atoms of the PCN ligands. Synthesis 

of the corresponding selenides of the PCN ligands, compounds 2.1(Se) – 2.73(Se), 

revealed that the phosphorus atoms of the PCN ligands are relatively good σ-donors 

(based on the low magnitude of 701 – 727 Hz of the |1JSeP| coupling constants of 

compounds 2.1(Se) – 2.73(Se)). In addition, it was found that the donor properties of 

the phosphorus atoms of the PCN ligands could be tuned via the steric bulk of the 

substituents on the phosphorus atoms or by the electronic nature of the imine carbon 

substituents of the PCN ligands; selenides of PCN ligands with bulkier phosphine 

substituents (such as norbornyl groups) or electron-withdrawing imine carbon 

substituents displayed larger 1JSeP coupling constants reflective of the weaker σ-donor 

character of their phosphorus groups. Analysis of the imine stretching frequencies of 

the C=N bonds of PCN ligands 2.1 – 2.17 by IR spectroscopy revealed them to be at 

lower frequencies than the imine stretching frequencies of the precursor imidoyl 

chlorides, thereby indicating conjugation between the phosphine and C=N bond. 

 

The synthesis of a series of novel Cr0-PCN complexes, 2.22 – 2.25, was also 

synthesised in this chapter. It was found that the reactions of the PCN ligands and 

Cr(CO)6 proceeded more efficiently in diglyme than toluene, as a result of the higher 

boiling point of diglyme, which prevented decomposition of the Cr0-PCN complexes as 

a result of the shortened reaction times necessary. In addition, analysis of the crude 

reaction mixtures of the Cr0-PCN complexes by 31P{1H} NMR spectroscopy revealed a 

correlation between the percentage of κ1-P monodentate Cr0-PCN complexes and κ2-

P, N bidentate Cr0-PCN complexes and the steric bulk on the nitrogen atoms of the 

PCN ligands; as expected increasing the steric bulk on the nitrogen atom of the PCN 

ligand was found to increase the percentage of κ1-P monodentate Cr0-PCN complex 

present at the expense of κ2-P,N bidentate coordination. It was also proposed, by 

comparison with the syntheses of Cr0-PCN complexes 2.18 and 2.19 performed in 

toluene and diglyme, that the κ2-P,N bidentate Cr0-PCN complex is the thermodynamic 

product while the κ1-P monodentate Cr0-PCN complex is the kinetic product. Analysis 

of the monodentate and bidentate Cr0-PCN complexes by IR spectroscopy and X-ray 

diffraction analysis revealed that the bidentate Cr0-PCN complexes have weaker CO 

bonds, in comparison to their monodentate analogues, and that the C=N group acts as 

a π acceptor in the bidentate Cr0-PCN complexes.  
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One-electron oxidation reactions of the Cr0-PCN complexes with Ag[Al{OC-(CF3)3}4], 

generating CrI-PCN complexes (2.26 – 2.30 and 2.32), were also successfully carried 

out in this chapter. However, the syntheses of CrI-PCN complexes 2.31 and 2.33 were 

accompanied by the formation of by-products, detectable by NMR spectroscopy, 

proposed to arise from reactions between Ag[Al{OC-(CF3)3}4] and the phosphorus and 

nitrogen moities of the PCN moieties of the Cr0-PCN precursor complexes to 

complexes 2.31 and 2.33. A comparison of the carbonyl stretching frequencies of CrI-

PCN complexes and their Cr0-PCN complexes showed that the carbonyl bands of the 

latter appear at lower frequency, which is as expected upon moving from a charged to 

neutral species. In addition, the series of Cr0-PCN complexes were found to have 

similar carbonyl stretching frequencies suggesting, on simple electronic grounds, that 

they should exhibit similar performance in ethylene oligomerisation catalysis.  

 

Lastly, the synthesis of CrIII-PCN complexes was attempted in this chapter. CrIII-PCN 

complexes 2.36 and 2.37, which have also been synthesised in previous work 

conducted in the Dyer group,70 were successfully synthesised in this chapter. However, 

syntheses of the target CrIII-PCN complexes 2.34 and 2.35 proved difficult with 

products being obtained whose identities could not be reliably deduced from CHN 

analysis, NMR or IR spectroscopic analysis.  

 

The next step is to test the PCN ligands synthesised in this chapter in ethylene 

oligomerisation catalysis to investigate any trends present between the nature of the 

substituents present on the P-, N- and C-atoms of the PCN ligands and the 

performance of the PCN ligands in ethylene oligomerisation catalysis. In addition, the 

CrI-PCN complexes and CrIII-PCN complexes synthesised in this chapter need to be 

tested in ethylene oligomerisation catalysis in order to probe their potential as catalytic 

precursors. 
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3.1. Introduction 

The synthesis and characterisation of a range of novel PCN ligands 2.1 – 2.13, novel 

CrI-PCN complexes 2.26 -  2.30, and CrIII-PCN complexes 2.36 and 2.37 has been 

described in Chapter 2. In this Chapter, the behaviour of these compounds and 

complexes in ethylene oligomerisation catalysis will be evaluated, with particular 

emphasis placed on developing structure-activity and structure-selectivity relationships. 

This section will consider previous work conducted in the Dyer group on Cr/PCN-based 

selective ethylene tri-/tetra-merisation catalysis,1,2 specifically the establishment of 

structure-activity/selectivity relationships (section 3.1.1) and optimal catalysis 

conditions (section 3.1.2).   

3.1.1. Effect of varying PCN ligand structure on Cr/PCN-based ethylene 

oligomerisation catalysis 

As mentioned in Chapter 2 section 2.1.6.1, during previous work conducted in the Dyer 

group it was found that the most active and selective Cr/PCN-based ethylene tri-/tetra-

merisation catalytic systems were obtained by utilising PCN ligands with alkyl 

phosphorus and bulky nitrogen substituents.1,2 It was also observed that the steric bulk 

of the substituents at the nitrogen and phosphorus donor centres dictated the 1-

octene:1-hexene ratio (OTH), with bulkier substituents generating Cr-based ethylene 

oligomerisation systems exhibiting greater selectivity towards 1-hexene formation, at 

the expense of 1-octene formation (Figure 3.1 and Figure 3.2).1,2 This observed 

relationship between the steric bulk of the PCN ligands and OTH ratios of the Cr-based 

ethylene oligomerisation systems is similar to that seen in a number of previously-

reported Cr/P,N-ligand-based selective ethylene tri-/tetra-merisation systems (section 

2.1.2.2, Chapter 2). For these published Cr/P,N-based selective ethylene tri-/tetra-

merisation systems it is postulated that increased steric bulk of the P,N-ligands favours 

the formation of the metallacycloheptane intermediate (believed to be responsible for 

the formation of 1-hexene) versus the larger-sized metallacyclononane intermediate 

(thought to be responsible for the formation of 1-octene).  
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Figure 3.1: Relationship between alkyl P steric bulk of PCN ligand and 1-octene:1-hexene 
(OTH) in Cr/PCN-based ethylene tri-/tetra-merisation systems studied in previous work in Dyer 
group.1 Catalysis conditions: Cr(acac)3(5 µmol), 1.2 equiv. PCN ligand, MMAO-3A (500 equiv.), 

70 mL PhCl, C2H4 (40 bar),  60 °C, 0.6 ppm O2.1   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2: Relationship between ortho aryl N steric bulk of PCN ligand and 1-octene:1-hexene 
(OTH) in Cr/PCN-based ethylene tri-/tetra-merisation systems studied in previous work in Dyer 

group.1 Catalysis conditions: Cr(acac)3 (5 µmol), 1.2 equiv. PCN ligand, MMAO-3A (500 equiv.), 
70 mL PhCl, C2H4 (40 bar),  60 °C, 0.6 ppm O2.1   

 

Investigations into the use of PCN ligands bearing alkyl versus aryl phosphorus-

substituted atoms in Cr-based ethylene oligomerisation, demonstrated that ligands with 

alkyl substituents at phosphorus afforded systems with higher activities and lower 

levels of polymer formation.1,2 The electronic character of the ortho aryl phosphorus-

substituted PCN ligands was also found to correlate with the levels of polymer 

produced and the activity of the Cr/PCN-based ethylene oligomerisation systems, with 

less donating aryl phosphino moieties giving rise to systems with lower activities, 

higher levels of polymer, and lower selectivity towards 1-hexene and 1-octene in the 

liquid fraction.1 

 

The effect of varying the imine carbon substituents of the PCN ligands on the activity 

and selectivity of Cr/PCN-based ethylene oligomerisation systems was explored.1 A 
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series of PCN ligands bearing tBu or phenyl groups at their imine carbon were tested in 

ethylene oligomerisation catalysis, however no conclusive structure-activity or 

structure-selectivity trends were obtained (Figure 3.3).  

 

 

 

 

 

 

 

 
 

Figure 3.3: Performance of PCN ligands containing tBu or Ph substituents at the imine C in Cr-
based ethylene oligomerisation catalysis, studied in previous work conducted in the Dyer 

group.1 Catalysis conditions: Cr(acac)3 (5 µmol), 1.2 equiv. PCN ligand, MMAO-3A (500 equiv.), 
70 mL PhCl, C2H4 (40 bar),  60 °C, 0.6 ppm O2.1   

 

3.1.2. Effect of varying catalysis conditions on Cr/PCN-based ethylene 

oligomerisation catalysis 

The effect of a variety of different catalytic test conditions (Cr source, temperature, 

pressure, solvent, activator, and activation protocol) used in the Cr/PCN-based 

ethylene oligomerisation catalysis runs was systematically studied in previous work 

carried out in the Dyer group.1 These systematic studies resulted in the establishment 

of the optimal conditions illustrated in Scheme 3.1, for use in the Cr/PCN-based 

ethylene oligomerisation catalysis testing. The use of additives (oxygen and ZnEt2) in 

the Cr/PCN-based ethylene tri-/tetra-merisation systems, developed in previous work 

in the Dyer group, is considered in further detail below.  
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Scheme 3.1: Optimal ethylene oligomerisation catalysis conditions determined in previous work 
conducted in the Dyer group for (i) the initial screening of PCN ligands, (ii) larger-scale testing 

of PCN ligands under industrially relevant conditions, and (iii) initial screening of CrIII-PCN 
preformed complexes.1 

3.1.2.1. Effect of oxygen in Cr/PCN-based ethylene oligomerisation catalysis 

In previous work conducted in the Dyer group,1 it was observed that introducing low 

levels of oxygen into the Cr/PCN-based ethylene oligomerisation catalysis reactor 

impacted upon the activities and levels of polymer formation. The presence of a small 

amount of oxygen (0.6 – 1.3 ppm) generated systems with high activities and low 

levels of polymer formation.1 This positive effect is similar to the observed effect of 

oxygen in other catalytic ethylene oligomerisation systems reported in a patent by 

Sasol Technology,3 where using 0.1 – 1 ppm of oxygen generated catalytic packages 

with higher activities and lower amounts of polymer. To-date, no detailed mechanistic 

study of the effect played by oxygen on the Cr/PCN-based ethylene oligomerisation 

has been conducted, therefore it is not yet understood how the presence of oxygen in 

the Cr/PCN-based ethylene oligomerisation influences the activity and polymer 

formation of these systems.  
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3.1.2.2. Effect of ZnEt2 in Cr/PCN-based ethylene oligomerisation catalysis 

The effect of ZnEt2 in reducing polymer formation with Cr-based tri-/tetra-merisation 

systems has been observed for a number of previously reported cases.4 It is believed 

that ZnEt2 limits the growth of long polymer chains in ethylene oligomerisation systems 

by acting as a chain transfer agent in a catalysed chain growth mechanism, where it 

receives the growing polymer chain from the active metal centre as illustrated in 

Scheme 3.2.5 The zinc centre can then be freed up for more chain transfer reactions 

by undergoing chain termination to produce oligomers.5 

 

 
Scheme 3.2: Role of ZnEt2 as a chain-transfer agent in selective ethylene oligomerisation, 

where M represents an active metal centre and P* represents a growing polymer chain, 
modified from van Meurs et al.5   

 

In previous work conducted in the Dyer group, the addition of ZnEt2 to Cr/PCN-based 

ethylene oligomerisation systems was observed to affect the levels of polymer 

formation and activities of the system.1 It was found that, upon varying the amount of 

ZnEt2 present in the larger-scale catalytic testing of the PCN ligands (Scheme 3.1 (ii)) 

between 0 and 400 equivalents (relative to Cr), the lowest levels of polymer formation 

and highest activities were obtained for Cr-PCN systems using 100 or 200 equivalents 

of ZnEt2.1  

3.2. Catalyst Testing Protocol for CrI/III-PCN Based Ethylene 

Oligomerisation Systems Tested in this Thesis 

The novel PCN ligands synthesised in Chapter 2 of this thesis were first screened in 

ethylene oligomerisation catalysis under the set of (previously established) conditions 

shown in Scheme 3.1(i). A selection of the best-performing PCN ligands from the 

screening runs were then tested on a larger scale under the industrially relevant 

conditions shown in Scheme 3.1(ii).  
 
The CrIII-PCN and CrI-PCN complexes described in Chapter 2 of this thesis were 

tested in ethylene oligomerisation catalysis using the conditions illustrated in Scheme 

3.1(iii) with 150 equivalents of AlEt3 (TEA) being used in the catalysis runs of the CrI-

PCN complexes instead of 500 equivalents of MMAO-3A. TEA was used in place of 

MMAO-3A for the catalysis runs employing the CrI-PCN complexes since it has 

previously been reported that it is particularly effective in combination with CrI-PNP-

based selective ethylene tri-/tetra-merisation systems, where it is proposed to remove 

[M] P* + ZnEt2 [M] Et + EtZn P*
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CO ligands from the CrI-PNP complexes, thereby generating vacant metal sites on the 

CrI centre for ethylene insertion.6-9  

 

The catalytic testing of the PCN ligands, CrIII-PCN and CrI-PCN complexes, whose 

syntheses were described in Chapter 2, has been carried out in collaboration with Dr. 

M. J. Hanton and Dr. D. M. Smith at Sasol Technology. All of the larger-scale catalysis 

runs have been performed by Dr. D. M. Smith. The initial screening of the PCN ligands 

and Cr-PCN complexes was carried out via semi-batch processes in a 250 mL steel 

autoclave, while the larger-scale testing of the PCN ligands was performed in a 1.2 L 

steel autoclave. For both the screening and larger-scale catalysis runs, the relevant 

autoclaves were filled with solvent prior to the addition of the activated catalyst 

solution, and then pressurised with ethylene (which had been entrained with 0.6 – 1.3 

ppm O2). The activated catalyst solutions were generated by adding the relevant 

activator to a Schlenk flask containing a solution of either the desired PCN ligand and 

chromium source or the preformed Cr-PCN complex, and stirring for a set amount of 

time.  

 

Unfortunately, due to the time-consuming nature of the testing, a reproducibility study 

of the Cr/PCN-based ethylene oligomerisation catalysis runs conducted as part of the 

work for this thesis, could not be conducted, thereby preventing the generation of 

precise error bars for each run. However, comprehensive catalytic testing that has 

been carried out at Sasol Technology using the same equipment/test rig that has been 

used for the Cr-PCN catalysis runs described in this thesis has revealed that the 

equipment used for the Cr-PCN catalysis runs has an error of ±5 %. Therefore, it is 

assumed that the errors for the Cr-PCN catalysis runs reported in this Chapter will also 

be ±5 %. In addition, for the few Cr-PCN catalysis runs where a repeat run was able to 

be performed, the average of the results are reported in this Chapter (see Appendices, 

section 6.3 for full data tables of the Cr-PCN catalysis runs conducted). At this point, it 

should also be noted that the catalytic activities of all the systems tested and described 

in this Chapter will be reported in terms of Kg of all products formed per g of Cr per 

hour, unless otherwise stated.  

3.3. Performance of PCN Ligands, 2.1 – 2.13, in Ethylene 

Oligomerisation Catalysis 

As mentioned previously in section 3.2, the novel PCN ligands described in Chapter 2 

of this thesis (ligands 2.1 – 2.13 of Figure 3.4) were initially screened in ethylene 
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oligomerisation catalysis before a selection of the best-performing ligands were tested 

under the larger-scale testing conditions. The results of the catalytic testing of ligands 

2.1 – 2.13 under the different conditions will be discussed in sections 3.3.1 and 3.3.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.4: PCN ligands synthesised in Chapter 2 of this thesis, 2.1 – 2.17.  
 

3.3.1. Overview of screening results of ligands 2.1 – 2.13 in ethylene 

oligomerisation catalysis 

The screening of PCN ligands 2.1 – 2.13 in ethylene oligomerisation catalysis revealed 

that, in combination with Cr(acac)3 and MMAO-3A, these ligands give rise to systems 

exhibiting a range of activities (45 – 218 Kg/g Cr/h) and extents of polymer formation (5 
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– 64%), as illustrated in Graph 3.1. It should be noted that of the Cr/PCN-based 

ethylene oligomerisation systems utilising ligands 2.1 – 2.13, a different batch of 

MMAO-3A was used for the systems employing ligands 2.10 and 2.11, which may 

impact the activities and polymer levels achieved by these systems (see section 

3.3.1.2.1).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graph 3.1: Catalytic activities and polymer/oligomer formation of Cr/PCN-based ethylene 
oligomerisation systems employing ligands 2.1 – 2.13. Conditions of ethylene oligomerisation 
catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar 

ethylene, PhCl, 10 min. 
 

On comparing the activities and extents of polymer formation of the Cr/PCN-based 

ethylene oligomerisation systems implementing ligands 2.1 – 2.13 to some of the most 

selective literature ethylene tri-/tetra-merisation catalytic systems listed in Chapter 2 

(section 2.1.6.1, Tables 2.3 and 2.4) it is evident that the Cr-PCN ligand 2.1 - 2.13 

systems exhibit significantly lower activities and higher levels of polymer formation. 

Nevertheless, it is apparent from the data described in Graph 3.2 that Cr/PCN-based 

selective ethylene tri-/tetra-merisation is achieved with ligands 2.1 – 2.13, which all 

generate systems displaying total liquid fraction selectivities to 1-hexene and 1-octene 

greater than 60%.  
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Graph 3.2: Liquid fraction selectivities of Cr/PCN-based ethylene oligomerisation systems 

employing ligands 2.1 – 2.13. Conditions of ethylene oligomerisation catalysis: 5 µmol 
Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 

10 min. 
 

Notably, ligands 2.1, 2.4, 2.6 – 2.11, and 2.13, when used in conjunction with Cr(acac)3 

and MMAO-3A, result in highly selective ethylene tri-/tetra-merisation systems with 

total liquid fraction selectivities to 1-hexene and 1-octene ranging between 91 and 

98%. These high selectivities rival those of 80 – 89% achieved using some of the best-

performing PNP-based ethylene tri-/tetra-merisation systems described previously in 

the literature (shown in Table 2.1, Chapter 2 section 2.1.6.1). In addition, out of the 

PCN ligands tested in this thesis under the described screening conditions, ligand 2.7 

generates the most selective ethylene trimerisation system (94% liquid fraction 

selectivity to 1-hexene), while ligand 2.6 generates the most selective ethylene 

tetramerisation system (72% liquid fraction selectivity to 1-octene), when employed in 

combination with MMAO-3A and Cr(acac)3. The results of the screening runs of ligands 

2.1 – 2.13 in ethylene oligomerisation catalysis (Graph 3.1 and Graph 3.2) 

demonstrate that the activity and selectivity engendered by these PCN ligands is 

influenced by the nature of substituents on their phosphorus, carbon and nitrogen 

atoms; these effects will be discussed in the next sections. 

3.3.1.1. Investigating the effect of varying the phosphorus substituent of PCN 

ligands on their performance in ethylene oligomerisation catalysis 

The performance of Cr/PCN-based ethylene oligomerisation catalysis mediated by 

ligands 2.2, 2.5, 2.8, 2.12, and 2.13 (Figure 3.4) have been compared in Graphs 3.3 

and 3.4 in order to investigate the relationship between the nature of the alkyl 
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phosphorus substituent of these PCN ligands and the ligands behaviour in ethylene 

oligomerisation catalysis. Ligands 2.2, 2.5, 2.8, 2.12, and 2.13 all possess 

diethylphenyl substituents at their nitrogen atoms and phenyl substituents at their imine 

carbon atoms, with different alkyl phosphorus substituents (Et, iBu, Cypent, Cy, and 

Norbornyl) of varying steric and electronic properties. The PCN ligands have been 

listed in order of decreasing phosphine donor ability in Graphs 3.3 and 3.4; an order 

that has been found to mirror the increasing steric bulk of the phosphine groups 

(Chapter 2, section 2.3.3). The phosphine donor abilities of the PCN ligands have been 

inferred from the magnitudes of the 1JSeP coupling constants of their corresponding 

selenides (Chapter 2, section 2.3.3).  

 

 

 

 

 

  

 

 

 

 

 

 

 

 
Graph 3.3: Effect of varying the PR2 alkyl group of a series of PCN ligands on the catalytic 

activities and polymer/oligomer formation of the Cr/PCN-based ethylene oligomerisation 
systems. Conditions of ethylene oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN 

ligand, 500 eq. MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min.  
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Graph 3.4: Effect of varying the PR2 alkyl group of a series of PCN ligands on the liquid fraction 

selectivities of the Cr/PCN-based ethylene oligomerisation systems. Conditions of ethylene 
oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. MMAO-3A, 0.6 ppm 

O2, 60 oC, 40 bar ethylene, PhCl, 10 min.  
 

From the results presented in Graph 3.3 it is apparent that as the phosphine donor 

ability of the PCN ligand is decreased, and the steric bulk of the phosphino moiety is 

increased from Et (ligand 2.12) to Cy (ligand 2.13), the activity of the Cr/PCN-based 

ethylene oligomerisation catalysis systems increases and the levels of polymer 

formation decrease. However, a further decrease in the phosphine donor ability of the 

PCN ligand, and increase in the steric bulk of the phosphine, from Cy (ligand 2.13) to 

norbornyl (ligand 2.8) has the converse effect. This decrease in activity and increase in 

degree of polymer formation of the Cr/PCN-based ethylene oligomerisation systems 

upon increasing the steric bulk of the substituents at phosphorus of the PCN ligands 

above a certain threshold was also observed in previous work conducted in the Dyer 

group.1 In this prior work, the observed effects were reasoned to be due to the 

oligomerisation proceeding via a metallacyle mechanism (Scheme 3.3), whereby 

metallacycle expansion at the Cr centre becomes hindered as the steric bulk of the 

PCN ligand is increased above a certain threshold (Figure 3.5). 
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Figure 3.5: Schematic representation of the impact of steric bulk of the PCN ligand on a Cr-

metallacycle, believed to be an intermediate in the Cr/PCN-based ethylene tri-/tetra-merisation 
systems; adapted from Radcliffe.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 3.3: Metallacycle mechanism believed to be in operation for ethylene tri-/tetra-

merisation systems.10,11  
 

The steric demands and donor abilities of the PCN ligand phosphorus substituents are 

also observed to affect the oligomer selectivities of the Cr/PCN-based ethylene 

oligomerisation catalysis systems. This is summarised in Graph 3.4 (on the previous 

page) where the data emphasise the trend that the OTH ratios decrease as the 

phosphine donor ability decreases, and the steric bulk of the phosphine increases from 

Et (ligand 2.12) to norbornyl (ligand 2.8).12-15 A shift in the ethylene oligomerisation 

selectivity from tetramerisation to trimerisation upon an increase in the steric bulk of 

the phosphine substituent of the PCN ligand was also reported in previous work 

conducted in the Dyer group1 and has been reported in numerous literature Cr/P,N-

ligand based selective ethylene tri-/tetra-merisation systems.12-15 In the literature 

Cr/P,N-ligand based selective ethylene oligomerisation systems, it is proposed that the 
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sterics of the ligands affect the stabilities of the metallacycloheptane and 

metallacyclononane intermediates which liberate 1-hexene and 1-octene, respectively 

(Scheme 3.3 on previous page).12-15 Bulkier ligands are argued to retard the formation 

of the metallacyclononane, hence generating ethylene oligomerisation systems with 

increased selectivities towards ethylene trimerisation, with the converse argument 

applying for less bulky ligands.12-15 

3.3.1.2. Investigating the effect of varying the imine carbon substituent of PCN 

ligands on their performance in ethylene oligomerisation catalysis 

In order to explore the effect of the substitution pattern of the imine carbon of PCN 

ligands on their behaviour in Cr/PCN-based ethylene oligomerisation catalysis, the 

ligands illustrated in Figure 3.6 were tested under standard conditions. It is expected 

that ligands 2.10, 2.11 and 2.14 (Figure 3.6) possess similar steric properties, so any 

differences seen in their performance in ethylene oligomerisation catalysis is assumed 

to be primarily an electronic effect. To explore this relationship, the electronic 

properties of the different aryl imine carbon substituents of the PCN ligands have been 

deduced from the magnitudes of the 1JSeP coupling constants of their corresponding 

selenides (previously discussed in Chapter 2, section 2.3.3), enabling these ligands to 

be listed in order of increasing electron withdrawing character of their aryl imine carbon 

substituents in Graphs 3.5 and 3.6. 

 

 

 

 

 

 

Figure 3.6: Series of PCN ligands (described in Chapter 2) with different imine carbon 
substituents. 
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Graph 3.5: Effect of varying the imine carbon substituent of a series of PCN ligands on the 

catalytic activities and polymer/oligomer formation of the Cr/PCN-based ethylene 
oligomerisation systems. Conditions of ethylene oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 

eq. PCN ligand, 500 eq. MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. Error 
bars (± 5 %) shown for Wt % liquid fraction and polyethylene. 

 

The electronic character of the different aryl imine carbon substituents of the PCN 

ligands is observed to have no effect on the activity of the Cr/PCN-based ethylene 

oligomerisation catalysis (as the activities for systems employing ligands 2.10, 2.11 

and 2.14 are the same within the ±5% error, Graph 3.5). In contrast to the Cr/PCN 

ligand 2.14 ethylene oligomerisation system, systems utilising PCN ligands with 

electron donating (ligand 2.11) or electron withdrawing (ligand 2.10) imine carbon 

substituents give rise to lower levels of polymer formation (Graph 3.5). In addition to 

affecting the extent of polymer formation, varying the aryl imine carbon electronic 

character of PCN ligands 2.10, 2.11 and 2.14 also has a small effect on the product 

oligomer selectivity of the Cr/PCN-based ethylene oligomerisation systems (Graph 

3.6). A decrease in the OTH ratio occurs as the electron withdrawing nature of the aryl 

imine carbon substituents is increased (Graph 3.6). The observation that utilising 

ligands containing electron donating substituents versus electron withdrawing 

substituents can be used to generate Cr-based ethylene oligomerisation systems with 

greater selectivities towards ethylene tetramerisation was also reported for Cr/PNP-

based ethylene oligomerisation systems studied by Killian et al.16 and  Jiang et al.17  
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Graph 3.6: Effect of varying the imine carbon substituent of a series of PCN ligands on the 

liquid fraction selectivities of the Cr/PCN-based ethylene oligomerisation systems. Conditions of 
ethylene oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. MMAO-3A, 

0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. Error bars (± 5 %) shown for OTH ratios and 
Wt % of different oligomers. 

 
 

3.3.1.2.1. Comparison of PCN ligands with aryl-substituted imine 

carbons versus alkyl substituted imine carbons in Cr/PCN-

based ethylene oligomerisation catalysis 

In order to compare the ethylene oligomerisation performance of PCN ligands bearing 

aryl-substituted imine carbons (2.10, 2.11 and 2.14; synthesised and tested as part of 

work for this thesis) to those of PCN ligands possessing alkyl-substituted imine 

carbons (synthesised and tested in Cr/PCN-based ethylene oligomerisation in previous 

work conducted in the Dyer group),1 the reproducibility of different batches of MMAO 

activator must be first considered. The set of catalytic runs utilising PCN ligands with 

alkyl-substituted imine carbons (conducted in previous work in the Dyer group)1 used a 

different batch of MMAO-3A (referred to as batch 1) to the set of catalytic runs 

performed in this work with ligands encompassing aryl-substituted imine carbons (that 

used a batch of MMAO-3A that will be referred to as batch 2). In order to evaluate the 

effect of using batch 1 versus batch 2 of MMAO-3A in ethylene oligomerisation, 

catalytic runs utilising Cr/PCN ligand 2.14/MMAO-3A batch 1 and Cr/PCN ligand 

2.14/MMAO-3A batch 2 were carried out. From the results of these two test runs 

(Graph 3.7) it can be seen that Cr/PCN ligand 2.14/MMAO-3A batch 2 generates an 

ethylene oligomerisation system with a significantly higher activity and lower level of 
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polymer formation than that achieved with Cr/PCN ligand 2.14/MMAO-3A batch 1. 

However, the batch of MMAO-3A implemented in Cr/PCN ligand 2.14-based ethylene 

oligomerisation catalysis was found to have no impact on the liquid fraction selectivity 

(Graph 3.8). These effects directly related to the batch of aluminium activator being 

used, highlight a significant issue surrounding the use of such reagents on a 

commercial scale. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Graph 3.7: Effect of varying the batch of MMAO-3A on the catalytic activity and 
polymer/oligomer formation of Cr/PCN-based ethylene oligomerisation utilising ligand 2.14. 

Conditions of ethylene oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. 
MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. Error bars (± 5 %) shown for Wt 

% liquid fraction and polyethylene. 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 

 

 

 

 

 

 

Graph 3.8: Effect of varying the batch of MMAO-3A on the liquid fraction selectivity of Cr/PCN-
based ethylene oligomerisation utilising ligand 2.14. Conditions of ethylene oligomerisation 

catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar 
ethylene, PhCl, 10 min. Error bars (± 5 %) shown for Wt % of different oligomers. 
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Since (for the tests undertaken here) the batch of MMAO-3A used in Cr/PCN-based 

ethylene oligomerisation catalysis has no impact on the liquid fraction selectivity, the 

variation in the liquid fraction selectivities of Cr/PCN-based systems utilising aryl or 

alkyl imine carbon substituents can reliably be compared (Graph 3.9). PCN ligands 

with aryl-substituted imine carbons give rise to systems with greater selectivity towards 

ethylene tetramerisation than their alkyl-substituted counterparts (Graph 3.9). This is 

similar to the finding from previous work carried out in the Dyer group, where the same 

trend was identified for related PCN ligands upon varying the nature of their 

phosphorus substituent (i.e. aryl or alkyl).1  

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

 
Graph 3.9: Effect of utilising alkyl vs. aryl imine carbon substituted PCN ligands upon the liquid 
fraction selectivities of Cr/PCN-based ethylene oligomerisation catalysis. Conditions of ethylene 

oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. MMAO-3A, 0.6 ppm 
O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 

 

3.3.1.3. Investigating the effect of varying the nitrogen substituent of PCN 

ligands on their performance in ethylene oligomerisation catalysis 

An evaluation of the effect of the PCN nitrogen substituent on catalysis for three 

families of PCN ligands, which have different substituents at nitrogen within each 

family (ligands 2.1 – 2.3, 2.4 – 2.6, and 2.7 – 2.9 in Graphs 3.10 and 3.11) in ethylene 

oligomerisation catalysis has been carried out. The different nitrogen substituents 

explored within each family of PCN ligands are found to exhibit similar electronic 

properties (indirectly inferred from the magnitudes of the 1JSeP coupling constants of the 

corresponding PCN selenides, Chapter 2 section 2.3.3) and so have been listed in 

order of increasing steric bulk in Graphs 3.10 and 3.11.  
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Graph 3.10: Effect of varying nitrogen substituent of PCN ligands upon the catalytic activities 
and polymer/oligomer formation of Cr/PCN-based ethylene oligomerisation catalysis. 

Conditions of ethylene oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. 
MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 

 
 
 

 
 

 

 

 

 

 

 

 

 

 
 

 
Graph 3.11: Effect of varying nitrogen substituent of PCN ligands upon the liquid fraction 
selectivities of Cr/PCN-based ethylene oligomerisation catalysis. Conditions of ethylene 

oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. PCN ligand, 500 eq. MMAO-3A, 0.6 ppm 
O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 

 
In agreement with that observed for Cr/PCN-based ethylene oligomerisation systems 

tested in previous work in the Dyer group,1 out of PCN ligands 2.1 – 2.9 those bearing 

the bulkiest nitrogen substituents (2.1, 2.4, and 2.7) produce ethylene oligomerisation 

systems with the highest activities and lowest levels of polymer formation. 
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Furthermore, the steric bulk of the substituents at the nitrogen centre of PCN ligands 

2.1 – 2.9 affects the OTH, with ligands bearing bulkier nitrogen substituents furnishing 

ethylene oligomerisation systems with increased selectivity towards trimerisation 

(Graph 3.11). A switch in the ethylene oligomerisation behaviour from tetramerisation 

to trimerisation upon an increase in the steric bulk of the ligand nitrogen substituent 

was also reported in previous work performed in the Dyer group,1 and described in a 

number of previously disclosed selective ethylene tri-/tetra-merisation systems.16,18-22 

The dependency of the OTH ratio on the steric bulk of the PCN ligand nitrogen 

substituent is believed to occur for the same reasons as discussed previously in 

section 3.3.1.1, where an analogous dependency of the OTH on the steric bulk of the 

PCN ligand phosphorus substituent was observed.  

3.3.2. Optimisation of Cr/PCN-based ethylene oligomerisation catalysts 

systems 

In an attempt to improve the activity and decrease the levels of polymer formation 

resulting from the use of CrIII/PCN ligand combinations (ligands 2.1 – 2.13 of Figure 

3.4) in ethylene oligomerisation catalysis, the ligands 2.1 – 2.7 were tested on a larger-

scale under industrially applicable conditions (that will be referred to as conditions B, 

Scheme 3.1(ii)). PCN ligands 2.1 – 2.7 were chosen as they gave rise to Cr-based 

ethylene oligomerisation systems with high total liquid fraction selectivities for 1-

hexene and 1-octene, when implemented under the screening conditions (referred to 

as conditions A, Scheme 3.1(i)).  Comparison of the performance of ligands 2.1 – 2.7 

under the ethylene oligomerisation conditions A (Graph 3.1) versus B (Graph 3.12) 

shows that significantly higher activities and decreased levels of polymer formation are 

obtained under catalysis conditions B. Notably, the total liquid fraction selectivities to 1-

hexene and 1-octene are the same for ligands 2.1 – 2.7 using both test conditions A 

and B (Graph 3.2 versus Graph 3.13, respectively).  

 

 

 

 

 

 

 

 

 

 



Chapter 3: Probing Performance of Phosphanyl Methanimine (PCN) Ligands and 

Preformed Cr-PCN Complexes in Selective Ethylene Oligomerisation Catalysis 

 125 

 

 

 

 

 

 
 

 
 

 

 
 
 
 

 
Graph 3.12: Catalytic activities and levels of polymer/oligomer formation for Cr/PCN-based 
ethylene oligomerisation catalysis mediated by ligands 2.1 – 2.7 under the optimised larger-

scale testing conditions: 1.25 µmol Cr(2-EH)3, 1.0 eq. PCN ligand, 700 eq. MMAO-3A, 0.91 – 
1.26 ppm O2, 100 eq. ZnEt2,  60 oC, 45 bar ethylene, MCH, 1 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Graph 3.13: Liquid fraction selectivities of Cr/PCN-based ethylene oligomerisation catalysis 
mediated by ligands 2.1 – 2.7 under the optimised larger-scale testing conditions: 1.25 µmol 

Cr(2-EH)3, 1.0 eq. PCN ligand, 700 eq. MMAO-3A, 0.91 – 1.26 ppm O2, 100 eq. ZnEt2,  60 oC, 
45 bar ethylene, MCH, 1 h. 

 

Of the PCN ligands tested under ethylene oligomerisation catalysis conditions B 

(Scheme 3.1(ii)), ligands 2.1, 2.4 and 2.7 give rise to the best-performing ethylene tri-

/tetra-merisation systems in terms of activity (1686 – 3346 Kg/g Cr/h) and total liquid 

fraction selectivities to 1-hexene and 1-octene (97%). The high activities and 

selectivities of these Cr/PCN-based systems are comparable to those of some of the 
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best-performing ethylene tri-/tetra-merisation systems described in the literature 

(Tables 2.3 and 2.4, Chapter 2 section 2.1.6.1), albeit with slightly higher levels of 

polymer formation (1 – 4%).  

 

The Cr/PCN ligand 2.7-based ethylene trimerisation system, generated under catalysis 

conditions B, is the best-performing ethylene trimerisation system out of those tested 

and reported in this Chapter and in previous work conducted in the Dyer group.1 The 

activity of 3346 Kg/g Cr/h and liquid fraction selectivity to 1-hexene of 95% achieved 

using the Cr/PCN ligand 2.7 system are comparable to those achieved using the 

Mitsubishi Phillips system, which gives a reported activity of 3780 Kg/g Cr/h and 95% 

liquid fraction selectivity to 1-hexene.23 However, a downside of the Cr/ligand 2.7-

based ethylene trimerisation system is the relatively high levels of polymer generated 

(1.4%) compared to some of the best literature selective ethylene trimerisation systems 

listed in Table 2.3 (Chapter 2, section 2.1.6.1). Polymer formation is an issue from an 

industrial perspective, not least because of increased risk of reactor fouling, but also 

from a resource efficiency stance.  

 

In contrast to the results obtained using ligand 2.7, testing ligand 2.6 under the same 

catalysis conditions B gives rise to the best performing Cr/PCN-based ethylene 

tetramerisation system of the systems tested in this work and previous work carried out 

in the Dyer group,1 affording a similar liquid fraction 1-octene selectivity of 69% as 

those achieved using the Sasol Cr-PNP systems, typically 66 – 67%.18,24 However, this 

Cr/PCN-2.6 system exhibits a considerably lower activity (886 Kg/g Cr/h) and higher 

levels of polymer formation (8%) versus the literature Sasol Cr-PNP systems (Table 

2.4, Chapter 2, section 2.1.6.1).18,24 

3.4. Performance of Preformed CrI-PCN Complexes in 

Ethylene Oligomerisation Catalysis 

The potential of the discrete CrI-PCN complexes, whose syntheses were described in 

Chapter 2 of this thesis (complexes 2.26 – 2.30, Figure 3.7), as catalytic precursors in 

ethylene tri-/tetra-merisation was probed under the conditions described in section 3.2.  
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Figure 3.7: CrI-PCN complexes tested in ethylene oligomerisation catalysis. 
 

Under the conditions described, the CrI-PCN complexes 2.26 – 2.30 perform as low 

activity ethylene oligomerisation systems (Graph 3.14), when used in conjuction with 

TEA. Moreover, they display little selectivity towards ethylene tri-/tetra-merisation with 

the system using complex 2.30 not forming any 1-hexene or 1-octene (Graph 3.15). 

Additionally, all of the catalysis tests employing the CrI-PCN complexes produce large 

amounts of polymer (24 – 57%), alongside C4-C12 oligomers (Graph 3.15). 

Nevertheless, the ethylene oligomerisation systems utilising CrI-PCN complexes 2.27 – 

2.29 achieve higher total liquid fraction selectivities to 1-hexene and 1-octene (62 – 

78%) and lower or similar (in the case of the system employing complex 2.29) levels of 

polymer formation than the ethylene oligomerisation systems mediated by CrI-PCP 

complexes in the literature,25 albeit with lower activities. However, in comparison to the 

CrI-PNP based ethylene oligomerisation systems previously disclosed,6,7 which 

achieve selective ethylene tri-/tetra-merisation with modest activities, the CrI-PCN 

based ethylene oligomerisation systems tested here perform poorly with lower 

activities, higher levels of polymer, and lower total liquid fraction selectivities to 1-

hexene and 1-octene.  
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Graph 3.14: Catalytic activities and polymer/oligomer formation of CrI/PCN-based ethylene 
oligomerisation catalysis. Conditions of ethylene oligomerisation catalysis: 5 µmol Cr(I)-PCN 

complex 2.26 – 2.30, 150 eq. TEA, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graph 3.15: Liquid fraction selectivities of CrI/PCN-based ethylene oligomerisation catalysis. 
Conditions of ethylene oligomerisation catalysis: 5 µmol CrI-PCN complex 2.26 – 2.30, 150 eq. 

TEA, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 
 
Since the different CrI-PCN complexes 2.26 – 2.30 have similar electronic properties 

(inferred from the CO stretches in their IR spectra, Chapter 2 section 2.4.2.1), the 

difference in the performance of the complexes in ethylene oligomerisation catalysis 

must be caused by another factor, possibly by the variation in the steric bulk of the CrI-

PCN complexes. In addition, the ethylene oligomerisation behaviour of the CrI-κ2-P,N-

PCN complexes (i.e. complexes 2.26 and 2.28) is different to that of the corresponding 
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CrI-κ1-P-PCN complex (i.e. complexes 2.27 and 2.29), suggesting that the different 

binding modes of the ligand (Figure 3.8) may remain in the active catalysts of these 

systems. 

 

 

 

 
Figure 3.8: Different binding modes of PCN ligands in CrI-PCN complexes: (a) bidentate, (b) 

monodentate. 
 

A comparison of the performance of the CrI-PCN complexes 2.26 – 2.30 with that of 

their corresponding CrIII/PCN-based in ethylene oligomerisation catalysis (tested in 

previous work conducted in the Dyer group1 and in section 3.5 using in situ or 

preformed CrIII-PCN complexes) is presented in Table 3.1. The data in Table 3.1 

demonstrate that the systems using CrI-PCN complexes exhibit the lowest activities 

and behave differently to their CrIII-PCN counterparts. Since selective ethylene tri-

/tetra-merisation systems could be obtained for some of the CrIII-PCN catalyst systems 

displayed in Table 3.1, an investigation was undertaken into whether the difference in 

the catalysis conditions implemented for the CrI vs. CrIII systems caused variations in 

the ethylene oligomerisation performance. Specifically, the effect of using 150 equiv. 

TEA in place of 500 equiv. MMAO-3A for CrI systems and the presence of CO in CrI 

systems was explored.  
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Table 3.1: Comparison of the ethylene oligomerisation behaviour of CrI-PCN complexes and 
their corresponding CrIII/PCN-based systems (using in situ or preformed CrIII-PCN complexes). 

Cr/PCN ligand 
system 

Activity 
(g/g Cr/h) 

Wt % 
Polyethylene 

Wt % 1-C6 in 
liquid fraction 

Wt % 1-C8 in 
liquid fraction 

CrI/2.16 
(complex 2.26)a 1209 56 14 13 

Cr(I)/2.16 
(complex 2.27)a 2492 24 9 56 

CrIII/2.16 
(in situ-formed)b 7667 16 2 16 

CrIII/2.16 
(preformed)b 57,872 89 6 44 

CrI/{PhC(PiPr2)=
N(2,6-Me2C6H3)} 
(complex 2.28)a 

1569 40 18 44 

CrI/{PhC(PiPr2)=
N(2,6-Me2C6H3)} 
 (complex 2.29)a 

5329 57 18 60 

CrIII/{PhC(PiPr2)=
N(2,6-Me2C6H3)} 
(in situ-formed)b 

56,119 34 24 69 

CrIII/{PhC(PiPr2)=
N(2,6-Me2C6H3} 

(preformed)a 
31,085 64 20 55 

CrI/2.15 
(complex 2.30)a 385 28 0 0 

CrI/2.15 
(in situ-formed)b 113,613 55 34 60 

Conditions of Cr/PCN-based ethylene oligomerisation catalysis: 5 µmol CrI-PCN complex or  
5 µmol Cr(acac)3 and 1.2 eq. PCN ligand or  5 µmol CrIII-PCN complex, 500 eq. MMAO-3A 
or 150 eq. TEA (for CrI-PCN catalysis runs), 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 

min. 
 

 
 
Firstly, the effect of using MMAO-3A (500 equiv.) versus TEA (150 equiv.) as an 

activator in CrI/PCN-based ethylene oligomerisation mediated by CrI-PCN complex 

2.30 was tested. It was found that MMAO-3A generated a system with a higher activity 

and lower level of polymer formation (Graph 3.16), suggesting that the lower activities 

and higher polymer levels of some of the CrI-PCN systems in comparison to their 

corresponding CrIII-PCN systems may be due to use of MMAO-3A in the latter 

systems, compared to TEA in the former systems. However, using MMAO-3A for 

ethylene oligomerisation catalysis mediated by CrI-PCN complex 2.30 still yielded a 

system with no selectivity towards 1-hexene and 1-octene, indicating that another 

                                                
a Catalysis testing carried out in this Chapter.  
b Catalysis testing conducted in previous work carried out in Dyer group, included in this work 
for comparison.1  
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factor is responsible for the variation in the ethylene tri-/tetra-merisation behaviour of 

the CrI-PCN systems relative to the CrIII-PCN systems.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Graph 3.16: Effect of varying activator on catalytic activities and polymer/oligomer formation of 
CrI/PCN-based ethylene oligomerisation catalysis utilising complex 2.30. Conditions of ethylene 

oligomerisation catalysis: 5 µmol CrI-PCN complex 2.30, 150 eq. TEA or 500 eq. MMAO-3A, 
0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graph 3.17: Effect of varying activator on liquid fraction selectivity of CrI/PCN-based ethylene 
oligomerisation catalysis utilising complex 2.30. Conditions of ethylene oligomerisation 

catalysis: 5 µmol CrI-PCN complex 2.30, 150 eq. TEA or 500 eq. MMAO-3A, 0.6 ppm O2, 60 oC, 
40 bar ethylene, PhCl, 10 min. 

 
Secondly, since it is likely that CO is liberated from the CrI-PCN systems under the 

catalytic test conditions employed, it was important to test whether CO acts as a 

poison. Consequently, the Cr/PCN ligand 2.14 system (Figure 3.4) was screened in 

ethylene oligomerisation catalysis (Scheme 3.1 (i)) in (a) the absence of CO and (b) 
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the presence of 4 equiv. CO (relative to the PCN ligand, representative of the amount 

of CO present in the CrI-PCN systems utilising ligands 2.26, 2.28, and 2.30). From the 

results summarised in Graphs 3.18 and 3.19 it is evident that introducing CO into the 

Cr/2.14-based ethylene oligomerisation system leads to a tenfold decrease in the 

activity and approximately 20% decrease in the total liquid fraction selectivity to 1-

octene and 1-hexene. The negative impact of CO on the activity and oligomer 

selectivity of the Cr/PCN-based ethylene oligomerisation system mediated by ligand 

2.14 demonstrates that CO is a potent poison in the Cr/PCN-based ethylene 

oligomerisation systems. Consequently, it is reasoned that CO poisoning is most likely 

responsible for the low activities and ethylene tri-/tetra-merisation selectivities of the 

CrI-PCN systems and the different behaviour of these systems vs. the CrIII-PCN 

systems. It is proposed that CO acts by blocking coordination sites at the Cr centre of 

the active catalysts in these systems thus preventing ethylene coordination. In 

comparison to the CrI/PCN-based ethylene oligomerisation systems, the analogous 

CrI/PNP systems reported in the literature that also contain CO,6,7 exhibit modest 

activities and selectivities towards ethylene tri-/tetra-merisation. This implies that the 

poisoning effect of CO is greater felt by the CrI-PCN systems than the literature CrI-

PNP systems.  

 
 
 
 
 
 

 

 

 

 

 

 

 

 
Graph 3.18: Effect of varying CO equivalence (relative to ligand 2.14) on catalytic activities and 

polymer/oligomer formation of Cr/ligand 2.14 mediated ethylene oligomerisation catalysis. 
Conditions of ethylene oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. ligand 2.14, 500 eq. 

MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 
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Graph 3.19: Effect of varying CO equivalence (relative to ligand 2.14) on liquid fraction 
selectivity of Cr/ligand 2.14 mediated ethylene oligomerisation catalysis. Conditions of ethylene 

oligomerisation catalysis: 5 µmol Cr(acac)3, 1.2 eq. ligand 2.14, 500 eq. MMAO-3A, 0.6 ppm 
O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 

3.5. Performance of Preformed CrIII-PCN Complexes in 

Ethylene Oligomerisation Catalysis 

The discrete CrIII-PCN complexes 2.36 and 2.37 (Figure 3.9), described in Chapter 2 of 

this thesis, were tested in ethylene oligomerisation catalysis under the conditions 

detailed in Scheme 3.1(iii). Complexes 2.36 and 2.37 were found to give rise to 

ethylene oligomerisation systems with moderate activities, predominantly forming 

polymer (55 – 64%) and displaying little selectivity towards ethylene tri-/tetra-

merisation (Graphs 3.20 and 3.21). The ethylene oligomerisation performance of 

complexes 2.36 and 2.37 is in line with that found for other preformed CrIII-PCN 

complexes, tested in ethylene oligomerisation in previous work performed in the Dyer 

group,1 which exhibited high levels of polymer formation (70 – 97%), moderate 

activities (14,589 – 57,872 g/g Cr/h), and negligible selectivity towards ethylene tri-

/tetra-merisation (15 – 49% total liquid fraction selectivity to 1-C6 + 1-C8).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

Figure 3.9: CrIII-PCN complexes, 2.36 and 2.37, tested in ethylene oligomerisation catalysis in 
this Chapter.  
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Graph 3.20: Catalytic activities and polymer/oligomer formation of CrIII-PCN complexesc in 
ethylene oligomerisation. Conditions of ethylene oligomerisation catalysis: 5 µmol Cr(III)-PCN 

complex, 500 eq. MMAO-3A, 0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Graph 3.21: Liquid fraction selectivities of CrIII-PCN complexesc in ethylene oligomerisation. 
Conditions of ethylene oligomerisation catalysis: 5 µmol CrIII-PCN complex, 500 eq. MMAO-3A, 

0.6 ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min. 
 

Additionally, on comparing the ethylene oligomerisation performance of complexes 

2.36 and 2.37 to that of the CrIII-PCN complex 3Ac shown in Graphs 3.20 and 3.21, 

                                                
c Of the CrIII-PCN complexes displayed in Graphs 3.20 and 3.21, only complexes 2.36 and 2.37 
have been tested in ethylene oligomerisation catalysis in this thesis; the synthesis and testing of 
the CrIII-PCN complex 3A in ethylene oligomerisation was carried out in previous work 
conducted in the Dyer group and has been included in this work for comparison.1 
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which only differs in structure to complexes 2.36 and 2.37 by the nature of its N-

substituent, trends can be seen between the performance of the complexes in 

catalysis and the steric bulk of their N-substituents. As the steric bulk of the 

substituents at nitrogen in the CrIII-PCN complexes implemented in ethylene 

oligomerisation is increased, both the levels of polymer formation and OTH ratio are 

found to decrease. A decrease in OTH ratio with an increase in the N-steric bulk of the 

PCN ligand was also observed for the in situ generated Cr-PCN ethylene 

oligomerisation systems (section 3.3.1.3).  

 
Further comparison of the ethylene oligomerisation performance of preformed CrIII-

PCN complexes 2.36 and 2.37 to that of their corresponding Cr-PCN complexes 

generated in situ (Graphs 3.22 and 3.23),d reveals that the catalysis mediated by the 

discrete complexes exhibits lower activities and higher levels of polymer formation than 

the catalysis using the in situ formed complexes. In order to obtain a more reliable 

comparison of the ethylene oligomerisation behaviour of preformed CrIII-PCN 

complexes vs. their in-situ formed analogues, preformed and in situ formed Cr-PCN 

systems tested in ethylene oligomerisation catalysis in previous work conducted in the 

Dyer group1 have also been included in Graphs 3.22 and 3.23.d  

 
 
 
 
 
 
 

 
 

 

 

 

 

 
 
 
 

Graph 3.22: Comparison of catalytic activities and oligomer/polymer formation of Cr/PCN-
based ethylene oligomerisation systems utilising in situ formed Cr-PCN complexes vs. 

preformed CrIII-PCN complexes. Conditions of ethylene oligomerisation catalysis implementing 
5 µmol Cr(acac)3 and 1.2 eq. PCN ligand or 5 µmol CrIII-PCN complex, 500 eq. MMAO-3A, 0.6 

ppm O2, 60 oC, 40 bar ethylene, PhCl, 10 min 
                                                
d Of the data shown in Graphs 3.22 and 3.23, only ethylene oligomerisation catalysis using 
Cr(acac)3 and ligand 2.14 or complexes 2.36 – 2.37 has been conducted in this work, all of the 
other data are from Cr/PCN-based ethylene oligomerisation catalysis performed in previous 
work conducted in the Dyer group and has been included in this work for comparison.1 
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Graph 3.23: Comparison of liquid fraction selectivities of Cr/PCN-based ethylene 
oligomerisation systems utilising in situ formed Cr-PCN complexes vs. preformed CrIII-PCN 
complexes.  Conditions of ethylene oligomerisation catalysis implementing 5 µmol Cr(acac)3 

and 1.2 eq. PCN ligand or 5 µmol CrIII-PCN complex, 500 eq. MMAO-3A, 0.6 ppm O2, 60 oC, 40 
bar ethylene, PhCl, 10 min  

 
 
Overall, from the results shown in Graphs 3.22 and 3.23 it is clear that preformed CrIII-

PCN complexes behave differently in temrs of their catalytic ethylene oligomerisation 

performance compared to their in situ-formed analogues, with the majority of the 

systems utilising the in situ Cr-PCN complexes displaying better performance (i.e. 

higher activities, lower levels of polymer make, and higher total liquid fraction 

selectivities to 1-C6 and 1-C8). Notably, the nature of the Cr-ligand complex used (i.e. 

in situ-formed vs. preformed) is also found to affect the ethylene oligomerisation 

performance of a number of other systems disclosed in the literature,19,26-32 where in 

some cases better ethylene oligomerisation systems are generated by the preformed 

Cr-ligand complexes (Figure 3.10)19,26-28 whilst in others the in situ formed Cr-ligand 

complexes produce superior ethylene oligomerisation systems (Figure 3.11).29-32  
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Figure 3.10: Comparison of using (a) in situ versus (b) preformed catalyst precursors in Cr-
based ethylene tri-/tetra-merisation system reported by Cheong and Kang et al.26 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.11: Comparison of using (a) in situ versus (b) preformed catalyst precursors in Cr-
based ethylene tri-/tetra-merisation system reported by Overett et al.30 

 

3.6. Summary and Conclusions 

In this chapter the series of variously-substituted PCN ligands 2.1 – 2.13 were first 

tested in ethylene oligomerisation catalysis in order to establish their utility in 

combination with a source of CrIII for ethylene tri-/tetra-merisation. Under the screening 
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conditions, Cr/PCN-based systems employing ligands 2.1, 2.4, 2.6 – 2.11 and 2.13 

were found to give high total liquid fraction selectivities to 1-hexene and 1-octene (91 

and 98%), comparable to some of the best-performing selective ethylene tri-/tetra-

merisation systems described in the literature.33-40 However, these systems also 

displayed lower activities and higher levels of polymer formation than those reported 

for the best literature systems.33-40 Therefore, a selection of these new PCN ligands 

(2.1 – 2.7) were tested under optimised industrially-relevant conditions, something that 

led to improved activities and a decrease in the levels of polymer formed by the 

Cr/PCN-based ethylene oligomerisation systems, whilst maintaining their high total 

liquid fraction selectivities to 1-hexene and 1-octene. In particular, Cr/PCN-based 

ethylene oligomerisation systems using ligands 2.1, 2.4 and 2.7 display activities (1686 

– 3346 Kg/g Cr/h), levels of polymer formation (1 – 4%), and total liquid fraction 

selectivities to 1-hexene and 1-octene (97%), comparable to some of the best-

performing selective ethylene tri-/tetra-merisation systems described in the        

literature.33-40 Overall, out of the PCN ligands tested in this work and previous work in 

the Dyer group,1 the Cr/ligand 2.7-based catalytic system (Scheme 3.4(a)) is the best 

performing selective ethylene trimerisation system with an activity (3346 Kg/g Cr/h) 

and total liquid fraction selectivity to 1-hexene (95%) comparable to the Mitsubishi 

Phillips system,4 albeit with a slightly higher level of polymer production (1.4%). In 

contrast, the Cr/ligand 2.6 variant (Scheme 3.4(b)) is the best-performing selective 

ethylene tetramerisation system, which achieves a similar selectivity to 1-octene (69%) 

as that given by the established Sasol Cr-PNP systems,18,24 despite exhibiting a lower 

activity (886 Kg/g Cr/h) and higher levels of polymer formation (8%). Due to the high 

polymer formation exhibited by the best-performing Cr/PCN-based selective ethylene 

tri- and tetra-merisation systems, it is evident that further optimisation of the Cr-PCN 

systems is required in order to obtain industrially relevant systems.   

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.4: Best-performing Cr/PCN-based systems developed in this work for (a) selective 
ethylene trimerisation (b) selective ethylene tetramerisation. 
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Further understanding of the structure-activity relationships of the Cr/PCN-based 

ethylene oligomerisation systems was also obtained. In agreement with previous 

work,1,2 it was found that PCN ligands bearing bulky substituents at the phosphorus- 

and nitrogen-donor centres give rise to the best-performing ethylene oligomerisation 

systems, exhibiting high activities and low extents of polymer formation. In addition to 

finding that the steric bulk at the P and N positions of the PCN ligands could be used to 

tailor the OTH ratios of the Cr/PCN-based systems, it was also observed that 

manipulation of this ratio can also be achieved through modification of the electronic 

properties of the substituents at phosphorus and the imine carbon of the PCN ligands. 

Increasing the electron-withdrawing nature of the imine carbon substituents or 

phosphine substituents of the PCN ligands switched the selectivities of the Cr-based 

ethylene oligomerisation systems towards trimerisation. Additionally, the nature of the 

imine carbon substituents of the PCN ligands (alkyl vs. aryl) was also investigated. 

Utilising PCN ligands bearing aryl imine carbon substituents gives systems that display 

greater selectivities towards ethylene tetramerisation than their alkyl-substituted 

counterparts. 

 

Finally, the performance of preformed Cr-PCN complexes in catalytic ethylene 

oligomerisation was evaluated. CrI-PCN complexes 2.26 – 2.30 were tested and found 

to behave poorly giving rise to low activities, high levels of polymer formation, and low 

selectivity towards 1-hexene and 1-octene; this contrasts to the selective ethylene tri-

/tetra-merisation behaviour observed for CrI-PNP complexes.6,7 The poor performance 

of complexes 2.26 – 2.30 in ethylene oligomerisation is proposed to be due to the 

presence of CO that acts as a potent poison in Cr/PCN-based ethylene oligomerisation 

catalyst systems blocking ethylene coordination at Cr. CrIII-PCN complexes, 2.36 and 

2.37, were also tested for their ethylene oligomerisation behaviour and gave similar 

performance to that achieved using the preformed CrIII-PCN complexes tested in 

previous work.1 A comparison of the ethylene oligomerisation behaviour of the 

preformed CrIII-PCN complexes, 2.36 and 2.37, to that of their in situ formed analogues 

showed that systems utilising the preformed complexes exhibit lower activities, higher 

polymer levels, and lower total liquid fraction selectivities to 1-hexene and 1-octene.  

3.7. Future Work and Outlook 

In this Chapter, much work has been done in investigating the use of different PCN 

ligands and catalyst precursors of different oxidation states in Cr/PCN-based ethylene 

oligomerisation, with a thorough understanding being established. The biggest 
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challenge remains in reducing the level of polyethylene produced in the Cr/PCN-based 

selective ethylene tri-/tetra-merisation systems, which although reasonably low, is still 

not acceptable industrially. However, following preliminary attempts in this regard, it is 

unclear how this may be achieved. Additionally, the dependence of these Cr/PCN 

systems on low levels of oxygen is intriguing. Further work needs to be conducted here 

to explore this phenomenon, in particular looking at generating and isolating oxo-

complexes of the Cr/PCN precursors and examining their role (if any) in catalysis. 

Alternatively, the redox chemistry of these systems needs to be investigated to probe 

changes occurring under catalytic conditions using chemical oxidants. 
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4.1. Introduction 

This Chapter is concerned with the catalytic dimerisation of linear α-olefins (LAOs) 

heavier than ethylene to their respective LAO dimers, by investigation of the selective 

LAO dimerisation catalysis system reported by Broene et al.1 As mentioned previously 

in Chapter 1, selective LAO dimerisation catalysis is an important avenue of research 

due to its: 

(a) potential for converting underexploited 1-propene and 1-butene, 

produced in large volumes in Fischer-Tropsch synthesis, to highly in-

demand 1-hexene and 1-octene (for use as co-monomers in LDPE and 

HDPE manufacture); 

(b) application in converting odd-numbered α-olefins (of limited use 

industrially) into even-numbered α-olefins.  

The chapter starts with a brief literature review of homogeneous LAO selective 

dimerisation catalysis, considering the mechanistic details and evaluating selective 

LAO dimerisation catalysis systems reported in the literature. Subsequently, the 

chapter describes our work to better understand the Cp*CoI cation-based system 

reported by Broene et al.1  

4.1.1. Mechanism of transition metal catalysed olefin dimerisation 

This section reviews the two most commonly accepted mechanisms for transition metal 

catalysed olefin dimerisation and the factors controlling the processes’ regioselectivity. 

It should be noted that although the mechanisms in this section have only been 

illustrated for ethylene dimerisation, the same mechanisms are believed to be 

operative in the catalytic dimerisation of heavier α-olefins (such as 1-propene and 1-

butene).  

4.1.1.1. The Cossee-Arlmann mechanism (step-wise addition) 

The step-wise addition mechanism, first introduced by Cossee and Arlmann in 1964,2,3 

is widely believed to be in operation for the dimerisation, oligomerisation and 

polymerisation of olefins.4,5 A simplified version of the Cossee-Arlmann mechanism for 

ethylene oligomerisation has previously been shown and described in Chapter 1 

(section 1.2.1, Scheme 1.1). A more relevant version of the Cossee-Arlmann 

mechanism for ethylene dimerisation is shown in Scheme 4.1 (where the active 

species has been shown as a metal hydride species, but could also be a metal alkyl 

species (Chapter 1, section 1.2.1)).  

 



Chapter 4: Investigating the Catalytic Dimerisation of Linear α-olefins to Yield Linear           
α-olefins 

 

 
 

144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1:  Proposed Cossee-Arlmann mechanism for ethylene dimerisation, modified from 
Skupinska, 1991.4 

The Cossee-Arlmann mechanism is selective towards olefin dimerisation, instead of 

oligomerisation or polymerisation, when the rate of chain termination (via β-hydride 

elimination, Scheme 4.1) is significantly greater than the rate of chain propagation (via 

consecutive olefin coordination and insertion, Scheme 4.1).4 As mentioned previously 

in Chapter 1 (section 1.2.1), the relative rates of chain propagation and termination are 

dictated by the process conditions.  

A key feature of the Cossee-Arlmann mechanism, which impacts the selectivity of the 

dimerisation processes towards the LAO dimer, is the process of chain walking 

(Scheme 4.2).6 The process of chain-walking involves β-hydride elimination from a 

metal alkyl species and subsequent reinsertion of the alkene into the metal hydrogen 

bond, at a different position on the alkene, (Scheme 4.2: species 4A (metal 

coordinated to the first carbon of the alkyl chain) is transformed into species 4B (metal 

coordinated to second carbon of the alkyl chain) by process of chain-walking).6,7 The 

implications of chain walking are significant, as the process shifts the orientation of the 

alkyl group coordinated to the metal centre, enabling the formation of linear and 

branched α-olefins.  
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Scheme 4.2: Chain-walking process in operation during Cossee-Arlmann mechanism, modified 
from Hanton.8  

4.1.1.2. The metallacycle mechanism 

The metallacycle mechanism, which is well established to be in operation for selective 

ethylene tri-/tetra-merisation systems (Chapter 2, section 2.1.3), is also believed to be 

operative for LAO dimerisation systems (Scheme 4.3).5,9 The selectivity of the 

metallacycle-mediated process towards LAO dimerisation is dictated by the relative 

stability of the metallacycloalkane species involved, specifically their disposition 

towards direct evolution to other species or their growth via ethylene insertion.9 The 

stability of the metallacycloalkane species generally decreases as its size increases, 

hence metallacycle-mediated ethylene oligomerisation processes are typically more 

selective towards tri-/tetra-merisation than dimerisation.9,10  

 

 

 

 

 

 

 

Scheme 4.3: Proposed metallacycle mechanism for ethylene dimerisation, modified from 
McGuinness et al., where M represents a transition metal.9 
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Nevertheless the selectivity of metallacycle-mediated ethylene oligomerisation 

processes may be shifted towards LAO dimerisation by changing the steric and 

electronic demands about the metal centre of the catalyst. For example, a 

computational study on a ethylene trimerisation catalyst consisting of Cr(EH)3, a 

dimethoxyethane (DME) ligand, and a partially-hydrolysed isobutyl aluminium oxide 

(PIBAO) activator, revealed that DME coordination led to ethylene dimerisation as a 

side reaction (Scheme 4.4).11 It was postulated that both the weak electron-donating 

properties and steric bulk of DME caused the total energy barrier to 

metallacycloheptane formation (from which 1-hexene is obtained) to increase, resulting 

in the lower energy pathway that gives rise to formation of 1-butene.11 

 

 

 

 

 

 

 
Scheme 4.4: Influence of DME on ethylene trimerisation catalysed by Cr(EH)3 and PIBAO 

activator.11 

4.1.1.3. Distinguishing between step-wise and metallacycle mechanisms  

One of the most robust techniques employed for unambiguously elucidating the 

mechanism in operation in LAO oligomerisation processes (i.e. Cossee-Arlmann or 

metallacycle) is deuterium labelling studies. The deuterium labelling studies were 

originally developed by Bercaw and Labinger et al.12 with a view to elucidating the 

mechanism for Cr/PNP-based selective ethylene trimerisation (Chapter 2, section 

2.1.3.1). Since then, this approach has been implemented in mechanistic 

investigations of various dimerisation,13,14 tri-/tetra-merisation (see Chapter 2, section 

2.1.3.2 for an example),15-18 and oligomerisation systems.19-22 

 

In these deuterium labeling experiments the weight distribution of isotopomer 

oligomers, formed from transition metal-catalysed oligomerisation of a 1:1 mixture of 

the monomer and its deuterated analogue, respectively, are examined.12 Isotopomers 

produced via a Cossee-Arlmann mechanism will contain either odd or even numbers of 

deuterons, since in this mechanism the isotopomer is released via β-H/D elimination 
leaving an eliminated proton or deuteron on the metal centre, resulting in H/D 

scrambling (Scheme 4.5).12 In contrast, only isotopomers containing even numbers of 

deuterons will be formed in a metallacycle-mediated process; here, in this process 
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reductive elimination occurs after β-H/D elimination, hence H/D scrambling is absent 

(Scheme 4.6).12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 4.5: Isotopomers expected from catalytic dimerisation of 1:1 mixture of C2H4:C2D4, 

proceeding via a Cossee-Arlmann-type mechanism (where M-H/D = catalytically active species 
and M= transition metal).15  
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Scheme 4.6: Isotopomers expected from catalytic dimerisation of 1:1 mixture of C2H4:C2D4, 
proceeding via a metallacycle pathway.15  

4.1.1.4. Regioselectivity of olefin dimerisation 

The orientation with which two α-olefins combine (i.e. regioselectivity) in the Cossee-

Arlmann or metallacycle mechanisms is important since it determines the linearity and 

position of the double bond of the resulting dimer. For an unsymmetrically-substituted 

α-olefin (i.e. any olefin heavier than ethylene) coordination to the catalytic metal centre 

can occur at either carbon atom of the double bond, resulting in the formation of 

different linear and branched dimer products (Scheme 4.7).23,24 Although Scheme 4.7 

demonstrates a catalytic dimerisation process proceeding via a Cossee-Arlmann 

mechanism, it should be noted that the same isomeric mixture of branched and 

internal olefins (see Scheme 4.7) would also be obtained in a dimerisation process 

mediated by a metallacycle mechanism as 1,2- and 2,1-insertions of the olefin 

substrates are also possible in this mechanism.   

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4.7: Different reaction pathways in olefin dimerisation, proceeding via Cossee-Arlmann 
mechanism (M-H = catalytically active species, M = transition metal, R = alkyl group); modified 

from Forestière et al.23 
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It is demonstrated in Scheme 4.7 that branched dimers are the major products formed 

in catalytic dimerisation processes, with linear dimers only being obtained when a 

head-to-head insertion of the olefinic substrate occurs (i.e. the first olefin inserts in a 

1,2-fashion and the second olefin undergoes a 2,1-insertion).23,24 In addition, it is 

inherently the thermodynamically favoured internal linear olefin dimer that is formed in 

preference to the LAO dimer, which makes the synthesis of LAO dimers by catalytic 

dimerisation challenging.23,24 Thus, to obtain the desired LAO dimer in a catalytic 

dimerisation process, a transition metal catalyst is required that encourages a head-to-

head insertion and subsequent isomerisation of the linear internal olefin to the target 

LAO dimer.  

4.1.2. Processes competing with dimerisation 

It is important to consider other factors, in addition to regioselectivity, which affect the 

selectivity of a dimerisation catalyst in order to ensure that the desired LAO dimer 

product is maximised. The most common processes that may compete with, and 

therefore reduce, the selectivity of transition metal-catalysed dimerisation towards the 

LAO dimer are isomerisation to internal olefins and substrate-oligomer co-

dimerisation;23 each of these processes will be subsequently discussed in turn.  

4.1.2.1.1. Isomerisation of LAO to internal olefin 

Olefin isomerisation involves the migration of the olefinic double bond of the substrate 

along the carbon chain to form (usually) the thermodynamically more stable internal 

olefin.25 This olefin isomerisation is not only detrimental as it reduces the selectivity 

towards the desired LAO dimer, but may also decrease the dimerisation conversion of 

the starting α-olefin as a result of its isomerisation to the internal olefin.  

There are two mechanisms by which olefin isomerisation occurs, a hydride-mediated 

mechanism or an allyl-mediated mechanism.25 The active site in the metal hydride-

mediated mechanism of olefin isomerisation is identical to the catalytically-active 

species in metal hydride-mediated step-wise addition dimerisation (Scheme 4.1): a 

metal hydride species with a vacant site cis to the hydride.25 This “hydride” pathway, 

illustrated in Scheme 4.8, proceeds via the coordination of an olefin at a vacant site on 

the metal hydride species, which is followed by migratory insertion, resulting in the 

formation of a secondary metal-alkyl intermediate.25 β-Hydride elimination from the 

secondary metal-alkyl intermediate generates the isomerised internal olefin and 

regenerates the metal hydride species.25 The disposition towards olefin isomerisation 

via the metal hydride-mediated mechanism is high due to the relative rates of olefin 

insertion into M-H bonds being 105 times faster than olefin insertion into M-C bonds.24 
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Scheme 4.8: Mechanism of metal hydride-mediated olefin isomerisation, modified from 

Crabtree.25 

The second mechanism by which olefin isomerisation may occur is allyl-mediated and 

contains an active site comprising of a metal, which has two vacant sites cis to each 

other; identical to the active site found in metallacylic-based dimerisation (Scheme 

4.3).25 The allyl-mediated isomerisation pathway involves coordination of an olefin at 

one of the vacant sites on the metal, with the C-H bond at the activated allylic position 

of the olefin then undergoing oxidative addition to the metal, leading to the formation of 

an η3-allyl intermediate and an M-H bond.25 Finally, reductive elimination results in the 

formation of the isomerised internal olefin.25 

 
 

  

 

 

 

 

 

 

 
 

 

 

 
Scheme 4.9: Mechanism of allyl-mediated olefin isomerisation, modified from Crabtree.25 
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4.1.2.1.2. Substrate-oligomer co-dimerisation 

In catalytic olefin dimerisation processes, the desired LAO dimer product formed may 

be consumed by re-entering the catalytic cycle and undergoing co-dimerisation with 

the olefinic substrate.23,26 For example, in the Alphabutol process, a well-established 

commercial selective ethylene dimerisation process that utilises a titanium-based 

catalyst and AlEt3 activator, the selective formation of 1-butene is accompanied by the 

formation of a small amount of hexene byproducts (which account for 5 – 8 % of the 

converted ethylene).23,26 The observed formation of the hexene byproducts is believed 

to arise from the reactions portrayed in Scheme 4.17, whereby 1-butene that is formed 

undergoes co-dimerisation with ethylene, resulting in the formation of five different 

hexenes.23,26 

 

 

 

 

 

 

 

Scheme 4.10: Proposed example of 1-butene co-dimerisation with ethylene in a metallacycle-
mediated ethylene dimerisation process, where M represents a transition metal, modified from 

Forestière et al.23 

4.1.3. Literature LAO dimerisation systems  

The development of catalytic olefin dimerisation processes is an area of significant 

academic and industrial interest due to these processes supplying higher olefins that 

are important building blocks for the chemical industry.4,5,23,27 For example, olefin 

dimerisation can yield commercially valuable LAOs (see Chapter 1 section 1.1), linear 

internal olefins (utilised in the production of detergents) and branched dimeric products 

(implemented in production of fuel additives and synthetic oils).4,5,23,27 Although the 

work in this Chapter is focused on the catalytic dimerisation of LAOs heavier than 

ethylene, it is important to note that there has been much research effort and success 

in the development of catalytic selective ethylene dimerisation processes for the 

production of the LAO dimer (1-butene); example shown in Scheme 4.11.4,9,28 
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However, there are significantly fewer literature studies on the development of catalyst 

systems capable of transforming LAOs heavier than ethylene to their respective LAO 

dimers, with only a handful of the systems reported producing linear olefins as the 

major products.4,5,23 This observed disparity between the success in producing LAO 

dimers from ethylene versus heavier LAOs is most likely due to the greater propensity 

of heavier LAOs to participate in isomerisation reactions, as a result of their increased 

steric bulk (discussed in section 4.1.2.1.1).4 For the purposes of this literature review, 

only α-olefin dimerisation systems utilising olefinic substrates heavier than ethylene 

and displaying selectivity towards LAO dimeric products will be considered, as this is 

where the interest of the work in this Chapter lies. 
 

 

 

 

 
Scheme 4.11: Goodyear system for selective ethylene dimerisation to 1-butene.29 

 

The LAO dimerisation systems (for olefinic substrates heavier than ethylene) exhibiting 

the greatest selectivity towards the linear dimeric products typically employ Ni, Co or 

Fe catalyst with ligands bearing nitrogen or oxygen donor atoms, in the presence of an 

activator. The role of the activator in the LAO catalytic dimerisation systems is identical 

to the role of activators discussed in catalytic ethylene tri-/tetra-merisation systems in 

Chapter 2, section 2.1.5. The following sections consider the Ni- and Co-/Fe-based 

LAO dimerisation systems.  

4.1.3.1. Ni-based α-olefin dimerisation systems 

One of the oldest reported Ni-based α-olefin dimerisation systems was described by 

Jones and Symes and employs Ni(acac)2 with an Et2Al(OEt) activator at 40 oC.30 This 

system is selective for the catalytic dimerisation of 1-propene, 1-butene and 1-hexene 

to their respective LAO dimers (62 -70 % liquid fraction selectivity towards LAO dimer 

product).30 Due to the high linearity of the dimers formed by the Ni(acac)2/Et2Al(OEt) 

catalytic system Jones and Symes proposed that the dimerisation catalysis occurred 

through a step-wise addition mechanism (Scheme 4.1), involving a Ni-H species.30 

Unfortunately, the Ni(acac)2/Et2Al(OEt) catalytic system displays low activities (~5-10 

g/g Ni/h) and significant isomerisation of the LAO olefinic substrate to internal olefins 

occurs.30 For example, at 40 oC the rate of 1-hexene isomerisation to internal hexenes 

(2- and 3-hexene) was double that of the rate of the Ni(acac)2/Et2Al(OEt)-catalysed 1-

hexene dimerisation process, causing an exponential decay of the dimerisation 
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activity.30 da Rosa et al.31 also investigated the use of the Ni(acac)2-Et2Al(OEt) catalytic 

system for 1-butene, 1-hexene and 1-octene dimerisation and found similar results to 

those reported by Jones and Symes.30 In the case of 1-butene dimerisation mediated 

by the Ni(acac)2-Et2Al(OEt) initiator,  da Rosa et al. observed 73 % selectivity towards 

dimerisation with > 98 % selectivity towards the formation of linear dimers, albeit with 

43 % isomerisation of the 1-butene olefinic substrate.31   

 

More recently, a novel nickel bis(amido) complex (shown in Scheme 4.12) was 

reported by Hey-Hawkins and Eisen et al. to dimerise selectively 1-hexene with a TON 

of  84,000 g/mol Ni/h, when used in conjuction with MAO activator.32 Moreover, it was 

found to produce linear 1-dodecene as the major product (> 75%).32 However, it was 

also observed that over time the 1-dodecene isomerised to a mixture of linear internal 

dodecenes.32 In addition, the nickel bis(amido) complex/MMAO system (Scheme 4.12) 

was highly effective for the dimerisation of 1-propene, exhibiting the highest activity 

observed for propene oligomerisation at the time (50,000,000 g/ mol Ni/h).32 

Unfortunately, propene dimerisation catalysed by the bis(amido) complex (Scheme 

4.12)  was not selective towards 1-hexene, displaying only 59% selectivity towards 

linear hexenes (of which 75% was towards 1-hexene).32   

 

 

 

 

 

 

 

 
Scheme 4.12: Selective dimerisation of 1-hexene to 1-dodecene by a nickel bis(amido) 
complex activated with MAO (500 equiv.), reported by Hey-Hawkins and Eisen et al.32 

4.1.3.2. Co- and Fe-based α-olefin dimerisation systems 
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complexes of iron (4C – 4H, Figure 4.1) were tested in 1-hexene dimerisation, at 

various temperatures (0 – 65 oC) using different activators (MMAO or TEA).24 By 

varying systematically the substituents present on the bis(imino)pyridyl iron complexes 
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of linear internal dodecenes (29 – 81 % selectivity in dodecene fraction).24 

Interestingly, Small et al. observed that at lower temperatures, although the activity of 

the bis(imino)pyridyl iron-based hexene dimerisation system decreased, the selectivity 

towards linear dodecenes increased.24 However, the bis(imino)pyridyl iron-based 

hexene dimerisation systems were still found not to produce any LAO dimer (1-

dodecene).24 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Series of bis(imino)pyridyl iron complexes tested in hexene dimerisation by Small et 
al.24 

In a subsequent study, Small33 extended the observed dimerisation chemistry of 

bis(imino)pyridyl iron complexes24 to systems utilising cobalt bis(imino)pyridyl 

complexes. A series of cobalt bis(imino)pyridyl complexes (Figure 4.2) were tested in 

propene dimerisation, in the presence of MMAO activator at 30 oC, and found to exhibit 

mediocre dimer selectivity (45 – 76% liquid fraction selectivity) with exceptional 

selectivity towards linear dimeric products (> 99%).33 The formation of dimers in the 

propene oligomerisation systems mediated by cobalt bis(imino)pyridyl complexes 

(Figure 4.2) was also accompanied by the formation of trimers and tetramers.33  

 

 

 

 

 

 
Figure 4.2: Bis(imino)pyridyl cobalt complexes tested in propene dimerisation by Small.33 
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formation illustrated in Scheme 4.13).33 The percentage of 1-hexene reported in the 

hexene fraction is significant as it is much higher than the expected yield of α-olefin in 

a thermodynamic equilibrium mixture of olefins (generally considered to be <5% α-

olefin), formed via post-reaction isomerisation (by processes such as those considered 

previously in section 4.1.2.1.1).33 

 

 

 

 

 

 
Scheme 4.13: Dimerisation system for the selective formation of 1-hexene, utilising a 

bis(imino)pyridyl cobalt complex and MMAO activator, reported by Small.33 

In contrast to their application in propene dimerisation, in 1-butene dimerisation the 

cobalt bis(imino)pyridyl complexes were found to form only linear internal olefins and 

isomerisation of the 1-butene olefinic substrate occurred.33 The performances of the 

bis(imino)pyridyl cobalt complexes in 1-butene dimerisation, in the presence of MMAO 

activator, were compared to that of the previously tested bis(imino)pyridyl iron 

complexes under analogous catalysis conditions.24 This comparison revealed that the 

cobalt complexes generated systems with higher selectivity towards linear dimers 

(achieving 97%+ linearity in the dimeric products), but with lower activities and 

increased amounts of 1-butene isomerisation.33 The product distributions obtained by 

Small et al.,24,33 in the LAO dimerisation systems mediated by iron or cobalt 

bis(imino)pyridyl complexes led them to propose that step-wise mechanisms were in 

operation (Scheme 4.1). Small33 postulated that the observed higher linearity of dimer 

products obtained in the Co- versus the Fe-catalysed systems was due to chain-

transfer being dominant in the Co-systems, whereas propagation was preferential in 

the Fe-systems.  

 

The olefin dimerisation behaviour of fluorinated versions of the iron and cobalt 

bis(imino)pyridyl complexes investigated by Small et al.,24,33 were evaluated by Gibson 

et al.34 The fluorinated iron and cobalt bis(imino)pyridyl complexes (Figure 4.3) were 

initially screened in propene oligomerisation, in the presence of MAO activator at 0 oC 

and 1 bar propene.34 Surprisingly, Fe complexes 4I and 4J (Figure 4.3) afforded no 

products in propene oligomerisation;34 in contrast to their non-fluorinated analogue 

(complex 4F, Figure 4.1) observed to dimerise 1-hexene by Small et al.24 

Nevertheless, Co complexes 4K and 4L (Figure 4.3) formed oligomers (hexenes, 
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nonenes and dodecenes) in propene oligomerisation, conducted at 0 oC and 1 bar 

propene in the presence of MAO activator.34 

 

 

 

 

 

 

 
Figure 4.3: Fluorinated iron and cobalt bis(imino)pyridyl complexes tested in propene 

dimerisation by Gibson et al.34 

Further investigation of the catalytic reaction conditions (catalyst loading and 

temperature) used in propene oligomerisation mediated by complex 4L (Figure 4.3) 

resulted in systems with 72 - 88 % liquid fraction selectivity to hexenes (of which 57 – 

91% was towards 1-hexene) and moderate activities (261 – 19,300 g/g Co/h). The 

best-performing propene dimerisation system utilising complex 4L (in terms of activity 

and liquid fraction selectivity to 1-hexene) is illustrated in Scheme 4.14. In contrast, to 

the propene dimerisation systems generated by non-fluorinated cobalt bis(imino)pyridyl 

complexes investigated by Small (example shown previously in Scheme 4.13),33 the 

propene dimerisation system produced by complex 4L (Scheme 4.14) exhibits a higher 

activity and selectivity to 1-hexene in the liquid fraction. The higher liquid fraction 

selectivity towards 1-hexene obtained by complex 4L, in the presence of MMAO, is a 

result of the decreased tendency towards post-reaction isomerisation relative to the 

system shown previously in Scheme 4.13.33  

 

 

 

 

 

 
Scheme 4.14: Selective propene dimerisation system reported by Gibson et al.34 
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mediated by fluorinated cobalt bis(imino)pyridyl complexes, were believed to occur 

from co-dimerisation of the 1-hexene product with propene, while tetramers were 

thought to form from hexene dimerisation.34  

 

Lastly, a recent study by de Souza et al. also compared the use of fluorinated versus 

non-fluorinated cobalt bis(imino)pyridyl complexes (Scheme 4.15) in propene 

dimerisation, in the presence of MAO activator.35 Similar to the study by Gibson et al.,34 

de Souza et al.35 observed that the fluorinated Co catalyst precursor furnished propene 

dimerisation systems with increased activity and selectivity towards 1-hexene 

formation, in comparison to systems generated by the non-fluorinated Co catalyst 

precursor (Scheme 4.15). It was postulated by de Souza et al. that the higher activity of 

the fluorinated Co catalyst precursor was due to the Co centre being more 

electrophilic, thereby promoting coordination and insertion of propene.35 In addition, 

comparison of the molecular structures of the fluorinated and non-fluorinated cobalt 

bis(imino)pyridyl complexes (Scheme 4.15) showed that the fluorinated complex 

possesses a slightly distorted square pyramidal base geometry around the Co centre. 

On this basis, de Souza et al. suggested that a head-to-head insertion of the propene 

dimers was more likely to occur in the system employing the fluorinated cobalt 

bis(imino)pyridyl catalyst precursor, resulting in the observed high 1-hexene 

selectivity.35  

 

 

 

 

 

 

 

 

 

 
Scheme 4.15: Propene dimerisation systems implementing (a) non-fluorinated and (b) 

fluorinated cobalt bis(imino)pyridyl complexes, reported by de Souza et al.35 

4.1.3.2.1. Broene selective LAO dimerisation system 

The most revolutionary advancement in the application of cobalt-based catalyst 

precursors for α-olefin dimerisation systems was made by Broene et al.,1 in 2005. In 

this paper it was shown that a catalytic system comprising [Cp*Co(η2-C2H4)(P(OMe)3] 

and a deficit of Brookhart’s acid (HBAr4
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0.82:1.00), was capable of dimerising 1-butene, 1-hexene, and 1-octene to their 

respective LAO dimers at a level above that expected from thermodynamic 
considerations. In the case of 1-hexene dimerisation, after 3.5 h it was observed that 

an unprecedented 14 % 1-dodecene had formed (alongside other C12 and C18 products 

illustrated in Scheme 4.16), and that after 12 h 25 % of the 1-dodecene had isomerised 

to internal olefins; similar reactivities for 1-butene and 1-octene dimerisation were 

reported.1 The olefin dimerisation system reported by Broene et al.1 is important due to 

it currently being the only literature system that can dimerise 1-butene, 1-hexene and 

1-octene to their respective LAO dimers. Although 14% selectivity towards the LAO 

dimer, and TON of 7 (for dimer formation after 23 h) may seem low, the significance of 

this system should not be underestimated after taking into account the competing 

isomerisation processes in dimerisation systems and the inherent thermodynamic 

preference towards the formation of internal olefins (section 4.1.2.1.1).  

 
 
 
 
 
 
 
 
 

 

 

 

Scheme 4.16: Selective di- and tri-merisation of 1-hexene by [Cp*Co(η2-C2H4)(P(OMe)3] 
activated with a deficit of Brookhart’s acid.1   

Broene et al. proposed that the 4:1 ratio of the activated cationic species (4M, Scheme 

4.16) to the neutral species (4N, Scheme 4.16) was responsible for the observed 

selectivity towards 1-dodecene formation.1 This suggestion was based on the fact that, 

in contrast, reactions undertaking employing [Cp*Co(η2-C2H4)(P(OMe)3] and 1 equiv. of 

Brookhart’s acid with 1-hexene did not form any 1-dodecene, instead yielding 66% 4O, 

7% 4P, and 27% 4Q (Scheme 4.16), i.e. olefin 4Q is formed at the expense of 1-

dodecene. Consequently, this supports the notion that a stepwise-addition mechanism 

(Scheme 4.17) is responsible for the formation of 1-dodecene catalysed by [Cp*Co(η2-

C2H4)(P(OMe)3] activated by a deficit of Brookhart’s acid. Following one turnover of the 

mixture of 4M and 4N (Scheme 4.16), a mixture of 4S and 4T (Scheme 4.17) is 

formed. Complex 4T then undergoes a 2,1-insertion of 1-hexene producing complex 

4U (Scheme 4.17), which is proposed to undergo isomerisation to generate the desired 
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cationic linear metal alkyl species (4V in Scheme 4.17), which is stabilised by a β-H 

agostic interaction.1 Finally, proton exchange between species 4V (Scheme 4.17) and 

4S (Scheme 4.17) may occur generating species 4W and 4T (Scheme 4.17). 1-

Dodecene can then be liberated via exchange of 1-hexene with the coordinated 1-

dodecene in species 4W (Scheme 4.17), also producing species 4S (Scheme 4.17) 

which can re-enter the catalytic cycle.1   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 4.17: Mechanism proposed by Broene et al.1 for 1-dodecene formation from 1-hexene 

using [Cp*Co(η2-C2H4)(P(OMe)3] activated by a deficit of Brookhart’s acid. 

The proof for the role of an intermolecular agostic-H transfer between an agostic alkyl 

species and neutral alkene species (the proposed interaction between species 4V and 

4S in Scheme 4.17) came from an NMR spectroscopic experiment conducted by 

Broene et al.1 Here, treating the neutral propene complex with agostic ethyl species, as 

shown in Scheme 4.18, was found to give rise to an agostic propyl species and neutral 

ethene complex after 50 mins.   

 
 
 

 

 

 

 

 

 

 

 

Scheme 4.18: Evidence of intermolecular exchange of an agostic hydrogen atom between a 
neutral alkene species and agostic alkyl species, modified from Broene et al.1   
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fraction selectivity), producing 10 – 59% 1-hexene in the hexene fraction.33 Propene 

dimerisation systems with improved activities and selectivities towards 1-hexene were 

obtained via implementation of fluorinated cobalt bis(imino)pyridyl complexes reported  

by Gibson et al.34 The systems reported by Gibson et al. exhibit 72 - 88% liquid fraction 

selectivity to hexenes (of which 57 – 91% was towards 1-hexene) and moderate 

activities of 261 – 19, 300 g/g Co/h.34 However, implementation of the cobalt 

bis(imino)pyridyl complexes reported by Small33 and Gibson et al.34 in 1-butene and 1-

hexene oligomerisation reactions only yielded linear internal olefins instead of the 

desired LAO dimer product.  

 

In terms of systems that have been reported in the literature that demonstrate potential 

for selective dimerisation of LAOs heavier than propylene to their respective LAO 

dimers, there are only two systems that stand out. The first system utilises a nickel 

bis(amido) complex, reported by Hey-Hawkins and Eisen et al., which is active (84,000 

g/mol Ni/h) and selective in dimerising 1-hexene to 1-dodecene (> 75 % liquid fraction 

selectivity).32 The second system, developed by Broene et al.,1 employs [Cp*Co(η2-

C2H4)(P(OMe)3] catalyst precursor and a deficit of Brookhart’s acid activator to achieve 

dimerisation of a selection of LAOs (1-butene, 1-hexene and 1-octene) to their 

respective LAO dimers. However, industrial application of the catalytic system 

discovered by Broene et al. is not viable due to it only achieving 14 % liquid fraction 

selectivity to the LAO dimer product and displaying low TONs.1  

4.1.4. Aims of Chapter 4 

As is evident from the brief literature review on LAO dimerisation catalyst systems, the 

majority of systems inherently produce the thermodynamically favoured internal olefin 

products instead of the desired LAO dimeric products (especially in the case for 

dimerisation of olefinic substrates heavier than propene). Consequently, there is 

demand for research into the development of a catalytic dimerisation system capable 

of selectively producing LAO dimers from lower molecular weight LAOs (especially 

those substrates heavier than propene). Of the literature LAO dimerisation systems 

reviewed, the system by Broene et al. offers great potential to become an alternative 

strategy for the generation of higher LAO dimers (due to its capability of mediating 

dimerisation of a selection of LAOs heavier than propene to their respective LAO 

dimers).1 However, much work is necessary to make Broene’s system commercially 

viable, due to its low selectivity of towards the LAO dimer, 14%, and low TON of 7 

(towards dimers after 23 h). Therefore, it is of interest to further investigate Broene’s 

catalytic dimerisation system in order to gain insight into factors that affect its activity 
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and selectivity and subsequently to explore whether it is possible to develop a more 

active and selective version of this catalyst suitable for use on an industrial scale. To 

this end, the aims of the work in this Chapter are to: 

(a) synthesise Broene’s catalyst precursor and test in 1-butene and 1-hexene 

dimerisation catalysis, in order to obtain verification of the results reported by 

Broene et al.1 and set an in-house benchmark comparison for other LAO 

catalytic dimerisation systems tested 

(b) vary systematically a selection of catalysis conditions, implemented in 1-

butene/1-hexene dimerisation mediated by Broene’s catalyst precursor, to gain 

an understanding of the impact of different catalysis conditions on the 

selectivity and activity of the dimerisation system 

(c) synthesise modified variants of Broene’s catalyst precursor and subsequently 

test in 1-butene or 1-hexene dimerisation catalysis, to obtain insight into 

structure-activity and structure-selectivity relationships.  

4.2. Synthesis of Broene’s catalyst  

4.2.1. Synthesis of Broene’s cyclopentadienyl cobalt catalyst precursor 

The synthesis of Broene’s cyclopentadienyl cobalt catalyst precursor (4.5) was 

conducted via the five-step reaction sequence displayed in Scheme 4.19, following 

literature procedures (or modifications thereof in the case of complex 4.5).36-38 

Complexes 4.1 – 4.5 were obtained in high yields (73 – 95%) and characterised by 

NMR and IR spectroscopies (complexes 4.1 – 4.3 only), and X-ray crystallography 

(complexes 4.4 and 4.5 only).   

 

 

 

 

 

 

 

 

 

 

 
Scheme 4.19: Synthesis of Broene’s cyclopentadienyl cobalt complex (4.5), based on literature 

procedures (or modification of literature procedures in the case of complex 4.5).36-38 
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For the synthesis of complex 4.3, it was found that it was vital to ensure that CO was 

effectively removed from the reaction medium in order to ensure complete conversion 

of complex 4.2. Thus, the removal of CO was achieved by passing a slow flow of N2 at 

atmospheric pressure across the top of the reflux condenser. The complete conversion 

of complex 4.2 to 4.3 is necessary for the synthesis of complex 4.4, as the presence of 

minor quantities of complex 4.2 leads to the formation of [{Co(η-C5Me5)(µ-CO)}2], which 

is difficult to separate from complex 4.4.36 At room temperature, the subsequent 

reaction of complex 4.4 with P(OMe)3 was found to proceed slowly requiring 40 h for 

full conversion to complex 4.5. In contrast, a reaction time of 3 h was obtained on 

heating the reaction mixture of P(OMe)3 and complex 4.4 at 50 oC. 

 
The 1H and 13C{1H} NMR spectral data for complexes 4.1 – 4.5 and the IR 

spectroscopic data of complexes 4.1 – 4.3 match with those reported in the 

literature.36,37,39-41 The 31P{1H} NMR spectrum of complex 4.5, which has not previously 

been reported in the literature, exhibited a significantly broadened resonance at 175.4 

ppm (ν½ = 675 Hz), which could only be observed with the application of line 

broadening (lb = 1.0 Hz). Line broadening (lb) is part of an exponential function, [W(t)-

exp(-lbt)], by which the free induction decay (FID, the signal generated by NMR 

spectroscopy) may be multiplied in order to improve the signal to noise ratio (as the 

initial intensity of the FID is proportional to the signal to noise ratio).42 However, the 

application of an exponential multiplication also causes an artificial rapid decay of the 

FID, and since line width is inversely proportional to the tranverse decay (T2), broader 

lines result due to a shorter FID.42 Consequently, the use of too much line broadening 

(which determines the steepness of the exponential multiplier) may not prove useful; 

an optimal signal to noise ratio is found when the lb factor used is equal to the peak 

width at half height.42   

 

The broad nature of the phosphorus resonance in the 31P{1H} NMR spectrum of 

complex 4.5 is believed to be caused by the scalar (spin-spin) coupling between the 
31P nucleus (I = 1/2) and the quadrupolar 59Co nucleus (I = 7/2).43 In theory, coupling to 

a quadrupolar nucleus of spin I should give 2I + 1 lines, however if the relaxation of the 

quadrupolar nucleus (caused by interaction of its electric quadrupole moment with an 

electric field gradient) is rapid relative to the magnitude of the coupling then coupling 

between the two nuclei can be broadened or removed entirely.43 In the case of 

complex 4.5, rapid relaxation of the quadrupolar 59Co nucleus would be expected as 

Co is in an asymmetric environment (i.e. not at the centre of tetrahedral or octahedral 

coordination environment where the symmetry dictates that the electric field gradient 
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should be zero, in principle, suppressing quadrupolar relaxation) and has a high 

quadrupole moment (0.38 × 10–28 m2 relative to that of other quadrupolar nuclei, such 

as 11B (I = 3/2): 4.1 × 10–30 m2).43 Other factors that have been reported to cause line 

broadening in NMR spectra include inhomogeneous samples, paramagnetic impurities 

or the occurrence of chemical exchange.43 None of these, however, were observed 

(NMR sample for complex 4.5 was homogenous and no free P(OMe)3 was detected in 

the 31P{1H} NMR spectrum) or expected (in the case of paramagnetic impurities) for 

complex 4.5.  

 

In addition to characterisation by NMR spectroscopy, complexes 4.4 and 4.5 were also 

characterised by X-ray crystallography. Crystals of complexes 4.4 and 4.5, suitable for 

X-ray crystallographic studies, were obtained by recrystallisation from petroleum ether 

(b.p. 40 – 60 °C) at −78 °C. The molecular structures of complex 4.4 and 4.5 are 

shown in Figure 4.4; the molecular structure of complex 4.4 has been previously 

reported in the literature44 (there is agreement between the bond lengths listed in Table 

4.1 and the corresponding bond lengths in the literature); the structure of complex 4.5 

has not been reported previously. The molecular structure of complex 4.5 reveals its 

two-legged piano stool geometry in which the η5-Cp* ring deviates slightly from being 

symmetrically disposed with respect to the Co centre (evident from the unequal 

distances between Co and the ring C atoms on Cp*: 2.0693(16)-2.0980(16) Å). The 

plane of the Cp* ligand is at a distance of 1.696 Å from the Co metal in complex 4.5. 

The C=C bond length of the coordinated ethylene in complex 4.5 (1.417(3) Å) is longer 

than that reported for free ethylene (1.339 Å),45 reflecting the π-acceptor character of 

the ethylene ligand in 4.5. In addition, the C=C bond length of 1.417(3) Å in complex 

4.5 is longer than the average C=C bond length of the coordinated ethylene ligands in 

complex 4.4 (1.400(3) Å) indicating that the Co centre is more electron rich in complex 

4.5 than in complex 4.4, due to the greater σ-donor ability of the P(OMe)3 ligand in 

complex 4.5 relative to the σ-donor ability of the ethylene ligand in complex 4.4. This 

difference in donor character is further supported by the slightly shorter average Co-

C(ethylene) bond length in complex 4.5 of 1.9977(18) Å compared to that of 

2.0163(18) Å in complex 4.4.   

 

 

 

 

 

 



Chapter 4: Investigating the Catalytic Dimerisation of Linear α-olefins to Yield Linear           
α-olefins 

 

 
 

164 

 

 

 

 

 

 

 

 
Figure 4.4: Molecular structures of complexes (a) 4.4 and (b) 4.5, with thermal ellipsoids set at 
the 50% probability level; H atoms have been omitted for clarity. Computed centroids for Cp* 
rings shown in red with distances from centroid to Co centre represented by dashed orange 

lines. 

Table 4.1: Selected bond lengths (Å) for complexes 4.4 and 4.5, refer to Figure 4.4 for atom 
labels. Cent used to represent computed centroid on Cp* rings. Estimated standard deviations 
given in brackets. 
 

 Complex 4.4 Complex 4.5 

Bond Lengths (Å) 

Co-C1 2.1157(15) 2.0936(15) 
Co-C2 2.0966(15) 2.0693(16) 
Co-C3 2.0922(15) 2.0980(16) 
Co-C4 2.0738(15) 2.0850(14) 
Co-C5 2.1105(15) 2.0809(15) 

Co-Cent 1.713 1.696 
Co-C6 2.0239(18) 1.9994(17) 
Co-C7 2.0192(18) 1.9960(18) 
Co-C8 2.0147(18) N/A 
Co-C9 2.0075(18) N/A 
Co-P N/A 2.0839(5) 

C6-C7 1.399(3) 1.417(3) 
C8-C9 1.401(3) N/A 

4.2.2. Synthesis of Broene’s cyclopentadienyl cobalt catalyst 

With complex 4.5 in hand, the next step was to synthesise Broene’s cyclopentadienyl 

cobalt catalyst (complex 4.6). To this end, complex 4.5 was activated with a deficit of 

Brookhart’s acid, under the conditions reported by Brookhart et al. (Scheme 4.20), 

generating the agostic species 4.6.46 For note, an agostic species is defined by 

Brookhart and Green47 as one that contains “a hydrogen atom which is covalently 

bonded simultaneously to both a carbon atom and to a transition metal atom,” i.e. Ha in 

Scheme 4.20, resulting in the formation of a three-centre-two-electron bond. There is a 

plethora of examples of mononuclear transition-metal complexes possessing agostic 

ethyl groups in the literature.7,38,47  
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Scheme 4.20: Synthesis of Broene’s cyclopentadienyl cobalt catalyst following literature 
procedure detailed by Brookhart et al.46 

The identity of complex 4.6 was verified by CHN and 1H NMR spectroscopic analyses 

(500 MHz, CD2Cl2, −90 °C). The 1H NMR spectrum of the static structure of complex 

4.6, at −90 °C, matches that reported in the literature at −70 °C in CD2Cl2,38,41,46,48 and 

displays features indicative of an agostic species: a low frequency shifted proton 

resonance at −12.18 to −12.45 ppm (corresponding to Ha in Scheme 4.20) and low 
3JPH value of 11.2 Hz (corresponding to P(OMe)3 protons).38 The magnitude of the 3JPH 

coupling constant (11.2 Hz) is much lower than that reported for the related hydride 

species, [Cp*(P(OMe)3)2CoH]+,49 of 80 Hz, and is similar in magnitude to JPH couplings 

reported in other agostic species containing phosphine or phosphite ligands.47,50 The 

analysis of complex 4.6 reported in the literature by 13C NMR spectroscopy (CD2Cl2, 

−70 °C) also provides reliable evidence for the presence of the β-agostic C-H bond 

from the reduced JCβ-Hα value of 61 Hz (caused by the reduced C-H bond order in the 

three-centre-two-electron bond), compared to that for a typical saturated sp3 C-H bond 

where JCH values of 120 – 130 Hz are normal  and high-field shifted Cβ at −9.2 ppm 

(Scheme 4.20).38,47 In addition, the molecular structure of complex 4.6, reported in the 

literature,51 displays a small  Co-Cα-Cβ bond angle of 74.4(5)° and a short Cα-Cβ bond 

length of 1.477(13) Å; these metric parameters  provide further support for the agostic 

structure of complex 4.6 due to their consistency with those reported for related agostic 

complexes in the literature.52-55 Dynamic NMR spectroscopic studies of complex 4.6 (in 

CD2Cl2 at temperatures above −50 °C) have also been reported previously. These 

demonstrated that at temperatures above −50 °C complex 4.6 exists as a dynamic 

equilibrium of three structural forms (terminal ethylene hydride, agostic, and 

unsaturated alkyl complex species as depicted in Scheme 4.21), which undergo three 

dynamic and essentially energetically degenerate processes shown in Scheme 

4.22.38,41 
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Scheme 4.21: Dynamic equilibrium of different structural forms of complex 4.6: (i) terminal 
ethylene hydride species, (ii) agostic species, and (iii) unsaturated alkyl complex, modified from 

the work of Schmidt et al., 1985.41   

 

 

 

 

 

 

 

 

 

Scheme 4.22: Three dynamic degenerate processes exhibited by agostic complex 4.6, 
modified from the work of Brookhart et al., 1989.38 

4.3. Investigating Complex 4.5/Brookhart’s Acid Mediated 1-
butene and 1-hexene Dimerisation Systems 

4.3.1. Catalyst testing protocol 

Broene’s catalyst precursor (complex 4.5) was tested in 1-butene and 1-hexene 

dimerisation. The 1-butene catalysis runs were conducted in collaboration with M. 

Hanton at Sasol Technology, while the 1-hexene catalysis runs were performed at 

Durham University. The ensuing parts of this section detail the conditions implemented 

in the 1-butene and 1-hexene dimerisation runs, as well as considering the 

reproducibility of the 1-butene and 1-hexene dimerisation runs.  

4.3.1.1. Catalyst testing protocol adopted for 1-butene dimerisation mediated 
by complex 4.5 

The 1-butene dimerisation catalysis runs were carried out in glass autoclaves under 

the conditions listed in Figure 4.5 (similar conditions to those employed by Broene et 
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al.1 with the major differences being use of fluorobenzene {PhF} as solvent (as 

explained in section 4.3.3.1) and a longer reaction time due to the expected low 

TONs). The impact of varying the solvent, temperature, and activation method 

implemented in the 1-butene dimerisation runs was evaluated and will be discussed in 

section 4.3.3. The activities for all of the 1-butene dimerisation runs conducted in this 

work have been reported in terms of g of 1-C4 converted to oligomers per g of Co per 

hour. It is important to note that for all of the 1-butene dimerisation runs carried out a 

small amount of isomerisation of the 1-butene to internal butenes was observed (~1 – 

10%).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 4.5: General conditions employed in 1-butene dimerisation catalysis testing mediated by 

4.5/Brookhart’s acid. 

In order to assess the reproducibility of the 1-butene dimerisation catalysis runs, a 

series of experiments was carried out under identical conditions (Figure 4.5; Table 

4.2). The data summarised in Table 4.2 demonstrate good reproducibility for the 1-

butene dimerisation runs with little overall variation between TONs, activities and liquid 

fraction selectivities. The relative standard deviations as a percentage of the mean 

(RSD %) were determined for the TONs, activities and liquid fraction selectivities and 

have been taken into consideration when making comparisons between data 

generated from the 1-butene dimerisation catalysis runs (sections 4.3.1.1 and 4.4.3, 

where, in most cases, repeat catalysis runs have not been undertaken).   
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Table 4.2: Reproducibility of 1-butene dimerisation mediated by complex 4.5. a In units of mol 1-
C4 converted to oligomers (mol Co)–1. b In units of g 1-C4 converted to oligomers/g Co/h. c Wt % 
of liquid fraction; all catalysis runs only yielded liquid products. d LAO = linear α-olefin. e BO = 
branched olefin.f Methyl branched = 2-ethyl-1-hexene.g Dimethyl branched = 2-ethyl-3-
methylpent-1-ene.h LIO = linear internal olefin. Catalysis conditions: 50 µmol 
Cp*Co(C2H4)(P(OMe)3, 0.8 eq. Brookhart’s acid, 2 bar 1-C4, PhF, 19 – 22 oC, 72h. 

Run 
 

TONa 

 

 
Activityb 

 

% C8 
(wt %)c % 

branched 
C12 

(wt %)c 

% 
branched 

C16 
(wt %)c LAOd BOe 

Methylf  Dimethylg  LIOh 

1 16.8 0.22 6 68 2 1 19 4 
2 18.5 0.24 5 66 1 1 21 6 
3 17.3 0.23 5 75 1 0 13 6 
4 11.7 0.16 6 69 1 2 18 4 

RSD 
% 16 15 9 5 35 71 17 20 

4.3.1.2. Catalyst testing protocol adopted for 1-hexene dimerisation mediated 
by complex 4.5 

The 1-hexene dimerisation catalysis runs were conducted in Schlenks using the 

general conditions shown in Figure 4.6. The general conditions illustrated in Figure 4.6 

are identical to those reported by Broene et al.1 for their complex 4.5/Brookhart’s acid 

mediated 1-hexene dimerisation systems, except for the use of PhF solvent (see 

section 4.3.3.1) and longer reaction time (due to anticipated low TONs). The 

performance of complex 4.5/Brookhart’s acid in 1-hexene dimerisation catalysis has 

been compared to that observed in 1-butene dimerisation (section 4.3.4.1). In addition, 

the influence of using in situ versus preformed catalyst precursor complex 4.5 in the 1-

hexene catalysis runs was investigated (section 4.3.4.2). The activities of the 1-hexene 

dimerisation runs reported in this work are in terms of g of 1-C6 converted to oligomers 

per g of Co per hour. It should also be noted that for all of the 1-hexene dimerisation 

runs carried out a small amount of isomerisation of the 1-hexene to internal hexenes 

occurred (~2 – 10 %). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6: General conditions implemented in 1-hexene dimerisation catalysis testing 
mediated by 4.5/Brookhart’s acid. 

Co
P(OMe)3

0.8 equiv. HBAr4
F activator

4.5

(1.9 mL)

23 µmol•

• (ArF = 3,5-(CF3)2C6H3)

•

• PhF

•

• 72 h

19 - 22 oC
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In a similar manner to the 1-butene dimerisation catalysis runs, the reproducibility of 

the 1-hexene dimerisation catalysis tests was examined by performing a series of runs 

under identical conditions (Figure 4.6,  ). The results summarised in  show good 

reproducibility with small overall variation between TONs, activities and liquid fraction 

selectivities. The relative standard deviations as a percentage of the mean (RSD %) 

have also been calculated for the TONs, activities and liquid fraction selectivities, so 

that these can be considered when comparing data generated from the 1-hexene 

dimerisation catalysis runs (sections 4.3.4.1 and 4.3.4.2, where, in most cases, repeat 

catalysis runs have not been undertaken).   
 

Table 4.3: Reproducibility of 1-hexene dimerisation mediated by complex 4.5. aIn units of mol 1-
C6 converted to oligomers (mol Co)–1.b In units of g 1-C6 converted to oligomers/g Co/h c Wt % 
of liquid fraction; all catalysis runs only yielded liquid products. d LAO = linear α-olefin.e BO = 
branched olefin = 2-butyl-1-octene. Catalysis conditions: 23 µmol Cp*Co(C2H4)(P(OMe)3, 0.8 
eq. Brookhart’s acid, 1.9 mL 1-C6, PhF, 19 – 22 oC, 72h. 

 
Run TONa 

 
Activityb 

 
% C12 (wt %)c

 % branched 
C18

 

(wt %)c LAOd BOe 

1 21.5 0.43 6 75 19 
2 21.2 0.42 11 76 13 
3 17.5 0.35 12 75 13 
4 12.8 0.25 11 76 13 

RSD % 19 20 23 1 18 
  

4.3.2. Verification of LAO dimerisation catalysis results reported by 
Broene 

Verification of the catalysis results obtained by Broene et al.1 was obtained by testing 

Broene’s cyclopentadienyl cobalt catalyst precursor (complex 4.5) in 1-butene 

dimerisation, under the conditions shown in Scheme 4.23 (i.e. those employed by 

Broene et al.1 for 1-butene dimerisation catalysis mediated by complex 4.5/Brookhart’s 

acid with the main difference being the reaction time being extended in our work). This 

increased time period was used due to the expected low TON (reported by Broene et 

al.1) of the complex 4.5/Brookhart’s acid mediated 1-butene dimerisation system. The 

results shown in Scheme 4.23 confirm the finding by Broene et al.1 that, when 

activated with a deficit of Brookhart’s acid, complex 4.5 catalyses the LAO dimer (1-

butene) to its respective LAO dimer (1-octene) with a low selectivity (6 %) and low 

TON (5.4 mol 1-C4 converted to oligomers/ mol Co), in addition to forming other di-, tri-, 

and tetra-meric products.  
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Scheme 4.23: Performance of complex 4.5 in 1-butene dimerisation, in the presence of 
Brookhart’s acid activator, whereby the TON and activity are based on the conversion of 1-

butene to oligomeric products. 

4.3.3. Investigating effect of varying catalysis conditions in complex 
4.5/Brookhart’s acid mediated 1-butene dimerisation catalysis 

4.3.3.1. Effect of varying solvent on 1-butene dimerisation with complex 4.5 

In order to investigate the impact of using alternative solvents to 1,2-difluorobenzene 

(implemented in the literature study by Broene et al.1 in complex 4.5/Brookhart’s acid 

mediated LAO dimerisation), a series of 1-butene dimerisation catalytic runs were 

conducted in a range of different solvents, as listed in Table 4.4, under the reaction 

conditions described in Scheme 4.23. From the results in Table 4.4, in which the 

different solvents are listed in order of their dielectric constant, it can be seen that in 

some instances the nature of the solvent impacts the TON, activities and liquid fraction 

selectivities of the 1-butene dimerisation systems (e.g. using 1,3-(CF3)2-C6F10 vs. 1,2-

F2-C6H4). However, there is no correlation observed between solvent polarity and 

performance of complex 4.5 in 1-butene dimerisation.   
 

Table 4.4: Impact of solvent on catalytic 1-butene dimerisation mediated by complex 
4.5/Brookhart’s acid.a From ref. 56.b In units of mol 1-C4 converted to oligomers (mol Co)–1. c In 
units of g 1-C4 converted to oligomers/g Co/h. d Wt % of liquid fraction; all catalysis runs only 
yielded liquid products.e LAO = linear α-olefin. f BOs = branched olefins (2-ethyl-1-hexene (≥ 98 
%) and 2-ethyl-3-methylpent-1-ene (≤ 2 %). g LIO = linear internal olefin. h Average of repeat 
runs reported previously in Table 4.2. Catalysis conditions: 50 µmol Cp*Co(C2H4)(P(OMe)3, 0.8 
eq. Brookhart’s acid, 2 bar 1-C4, 19 – 22 oC, 66-72h. 

Solvent Dielectric 
constanta 

TONb 

 
Activityc 

 
% C8 

(wt %)d 
% 

branched 
C12 

(wt %)d 

% 
branched 

C16 
(wt %)d LAOe BOsf LIOg 

1,3-(CF3)2-
C6F10 

1.9 18.0 0.24 2 64 1 25 8 

PhMe 2.4 0 0 0 0 0 0 0 
1,3-F2-
C6H4 

5.2 9.7 0.14 8 71 0 21 0 

PhF h 5.6 16.1 0.21 5 71 1 18 5 
1,2-F2-
C6H4 

14.3 5.4 0.08 6 69 0 23 2 

 

The lack of catalysis observed in the catalytic run using toluene as a solvent (Table 

4.4) is not surprising as the activated catalyst species (complex 4.6) is insoluble in 

Co
P(OMe)3

0.8 equiv. HBAr4,
F

(ArF = 3,5-(CF3)2C6H3)

4.5

(2 bar),

1,2 difluorobenzene, 
66 h,

19 - 22 oC

+ + branched C12 olefin + branched C16 olefin

6 %

69 %

23 % 2 %

TON = 5.4 mol 1-C4 (mol Co)-1

Activity  = 0.08 g/g Co/h
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toluene. Although, using unoptimised reaction conditions, the other solvents employed 

(with the exception of toluene) produced 1-butene dimerisation systems with higher 

TONs and activities than the system using 1,2-difluorobenzene, none of the systems 

tested can be regarded as being efficient. However, based on the results summarised 

in Table 4.4, PhF was implemented as the solvent for all subsequent 1-butene 

dimerisation and 1-hexene dimerisation catalysis tests as this combination 

demonstrated both the greatest selectivity towards the LAO dimer and greatest activity 

(same activity as 1,3-(CF3)2-C6F10 within error) out of those tested (Table 4.4).  

4.3.3.2. Effect of varying temperature on 1-butene dimerisation mediated by 
complex 4.5 

The effect of temperature on 1-butene dimerisation mediated by complex 4.5 was 

evaluated by conducting two catalysis runs that were allowed to exotherm to different 

temperatures (see Table 4.5), under the general conditions depicted in Figure 4.5. It 

was found that allowing the catalysis run to exotherm to 33 oC had no effect on the 

liquid fraction selectivities, however halved the TON and activity, relative to that of the 

analogous catalysis run whose temperature was controlled (run 1, Table 4.5). This 

observation is suggestive that low temperature reactions are more favoured for 1-

butene dimerisation when using pro-initiator complex 4.5 and Brookhart’s acid 

activator. Lower temperatures were not investigated in complex 4.5-mediated 1-butene 

dimerisation as these conditions would not be practical on an industrial scale.  
 

Table 4.5: Impact of temperature on the performance of complex 4.5 mediated 1-butene 
dimerisation. a In units of mol 1-C4 converted to oligomers (mol Co)–1. b In units of g 1-C4 
converted to oligomers/g Co/h. c Wt % of liquid fraction; all catalysis runs only yielded liquid 
products. d LAO = linear α-olefin. e BO = branched olefins (2-ethyl-1-hexene (≥ 97 %)and 2-
ethyl-3-methylpent-1-ene (≤ 3 %).f LIO= linear internal olefin. g Average of repeat runs reported 
previously in Table 4.2. Catalysis conditions: 50 µmol Cp*Co(C2H4)(P(OMe)3, 0.8 eq. 
Brookhart’s acid, 2 bar 1-C4, PhF, 72h. 

Run  Exotherm 
temperature 

(oC) 

TON
a 

 

Activityb 

 
% C8 

(wt %)c 
% 

branched 
C12 

(wt %)c 

% 
branched 

C16 
(wt %)c LAOd BOse LIOf 

1g 22 16.1 0.21 5 71 1 18 5 
2 33 7.8 0.10 6 71 1 18 4 

4.3.3.3. Effect of activation method on 1-butene dimerisation with complex 4.5 

The effect of varying the activation method for complex 4.5 in 1-butene dimerisation 

was explored by carrying out three catalysis runs, each using different activation 

methods (runs 1 – 3, Table 4.6) to that typically employed (run 4, Table 4.6). The 

absence of any 1- butene di- and oligo-merisation in the system solely employing 

complex 4.5 without any activator (run 1, Table 4.6) demonstrates that complex 4.5 is 
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unreactive towards 1-butene di-/oligo-merisation catalysis. In addition, the similar 

performances of runs 3 and 4 (Table 4.6) show that complex 4.6 is indeed the active 

catalyst in the 1-butene dimerisation system using complex 4.5, activated by 0.8 equiv. 

Brookhart’s acid. A comparison of the performances achieved in runs 3 and 4 to that of 

run 2 (which only uses the active catalyst complex 4.6, Table 4.6) adds further weight 

to the observation by Broene et al.1 that a mixture of the active catalyst complex 4.6 

and neutral catalyst precursor complex 4.5 is required to catalyse dimerisation of the 

LAO dimer towards its LAO dimer. Furthermore, the lower TONs determined for the 

catalysis runs employing 4:1 ratios of complex 4.6: 4.5 (runs 3 and 4, Table 4.6) 

compared to that from the run solely using complex 4.6 (run 2, Table 4.6) suggest that 

the rate of exchange between complexes 4.5 and 4.6 is faster than 1-butene 

consumption.  

 
Table 4.6: Impact of activation method on the performance of complex 4.5 mediated 1-butene 
dimerisation. a In units of mol 1-C4 converted to oligomers (mol Co)–1. b In units of g 1-C4 
converted to oligomers/g Co/h. c Wt % of liquid fraction; all catalysis runs only yielded liquid 
products.  d LAO = linear α-olefin. e BO = branched olefins (2-ethyl-1-hexene (≥ 98 %)and 2-
ethyl-3-methylpent-1-ene (≤ 2 %). f LIO= linear internal olefin.gBranched LAO. Catalysis 
conditions: 2 bar 1-C4, PhF, 19 – 22 oC and (a) 50 µmol Cp*Co(C2H4)(P(OMe)3 (complex 4.5) 
for Runs 1 and 4, (b) 50 µmol [Cp*Co(C2H5)(P(OMe)3] [B{1,3-(CF3)2-C6H3}4] (complex 4.6) for 
Run 2, or (c) 40 µmol complex 4.6 and 10 µmol complex 4.5 for Run 3. 

Run Activation 
method 

Run 
time 
(h) 

TONa 

 
Activityb 

 

% C8 
(wt %)c % C12

g 

(wt 
%)c 

% 
C16

g 

(wt 
%)c LAOd BOse LIOf 

1 

Complex 
4.5, without 
Brookhart’s 

acid 
activator 

72 0 0 0 0 0 0 0 

2 Complex 
4.6 only 44 59.2 1.28 0 65 1 25 9 

3 

Complexes 
4.6 and 4.5 
only (in 4:1 

ratio, 
respectively

) 

40 11.8 0.28 2 63 2 24 9 

4 

Complex 
4.5 and 0.8 

eq.  
Brookhart’s 

acid 
activator 

44 14.9 0.32 4 67 2 20 7 
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4.3.4. Investigating effect of varying catalysis conditions in complex 
4.5/Brookhart’s acid mediated 1-hexene dimerisation catalysis  

4.3.4.1. Comparison of 1-butene and 1-hexene dimerisation mediated by 
complex 4.5  

Broene et al.1 stated that complex 4.5 performed similarly in 1-hexene and 1-butene 

dimerisation systems, in the presence of 0.82 equiv. Brookhart’s acid activator, 

however reported no data evidencing this statement. Therefore, complex 4.5 was 

tested in 1-hexene dimerisation in work carried out as a part of this thesis, under 

analogous conditions to those implemented for complex 4.5 mediated 1-butene 

dimerisation systems tested in section 4.3.3 (Figure 4.5). Upon comparing the 1-

hexene and 1-butene dimerisation systems generated by complex 4.5/Brookhart’s acid 

(Table 4.7), it is evident that there are no differences in the TONs and activities (same 

within error), or liquid fraction selectivities to branched dimer and branched trimer 

products. However, application of complex 4.5/Brookhart’s acid in 1-hexene 

dimerisation generated twice as much LAO dimer than that formed in 1-butene 

dimerisation, with the latter process instead forming branched tetramers. The 

increased tendency of the 1-butene dimerisation system utilising complex 

4.5/Brookhart’s acid to form tetramers may be rationalised in terms of the lower steric 

bulk of 1-butene versus 1-hexene. 

 
Table 4.7: Comparison of performance of complex 4.5 in 1-butene and 1-hexene dimerisation.  
aIn units of mol LAO monomer converted to oligomers (mol Co)–1. b In units of g LAO monomer 
converted to oligomers/g Co/h. cWt % of liquid fraction; all catalysis runs only yielded liquid 
products.  d LAO = linear α-olefin.  e BO = branched olefin.  f LIO = linear internal olefin.                    
g Average of repeat runs reported previously in Table 4.2. Catalysis conditions: 50 µmol 
Cp*Co(C2H4)(P(OMe)3, 0.8 eq. Brookhart’s acid, 2 bar 1-C4 or 15.3 mL 1-C6, PhF, 72 h, 19 – 
22 oC.   

Run  Starting 
LAO 

monomer 

TONa 

 
Activityb 

 
% dimer 
(wt %)c 

% 
branched 

trimer 
(wt %)c 

% 
branched 
tetramer 
(wt %)c 

LAOd BOe LIOf 

1g 1-C4 16.1 0.21 5 71 1 18 5 
2 1-C6 10.0 0.20 9 72 0 19 0 

4.3.4.2. Comparison of using in situ versus preformed complex 4.5 in 1-
hexene dimerisation  

The effect of using in situ versus preformed complex 4.5 in 1-hexene dimerisation was 

evaluated by conducting two catalysis runs (runs 1 and 2) under the conditions listed in 

Table 4.8. As expected, the results presented in Table 4.8 show that there is no 
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change to the TON, activity or liquid fraction selectivity of 1-hexene dimerisation if in-

situ or preformed complex 4.5 is implemented in 1-hexene dimerisation. In addition, 

Cp*Co(C2H4)2 (4.4) was tested in 1-hexene dimerisation in the presence of Brookhart’s 

acid activator (run 3, Table 4.8) in order to test whether the observed 1-hexene di-/tri-

merisation in run 2 (Table 4.8) was brought about by the presence of any unreacted 

complex 4.4. The results from run 3 (Table 4.8) demonstrate that complex 4.4 displays 

negligible catalytic activity and exclusively forms linear internal dodecenes in 1-hexene 

dimerisation, in the presence of Brookhart’s acid activator. 
Table 4.8: Comparison of using in-situ versus preformed complex 4.5 in 1-hexene dimerisation. 
aIn units of mol 1-C6 converted to oligomers (mol Co)–1. b In units of g 1-C6 converted to 
oligomers/g Co/h.  cWt % of liquid fraction; all catalysis runs only yielded liquid products.  d LAO 
= linear α-olefin. e BO = branched olefin = 2-butyl-1-octene.  f LIO = linear internal olefin. 
gAverage of repeat runs reported previously in Table 4.2. Catalysis conditions: 23 µmol 
Cp*Co(C2H4)(P(OMe)3 (complex 4.5) or Cp*Co(C2H4)2 (complex 4.4), 1.9 mL 1-C6, 19 – 22 oC, 
PhF, 0.80 equiv. Brookhart’s acid. 
 

Run Catalyst 
precursor 

TONa 

 
Activityb 

 

% C12 
(wt %)c 

% 
branched 

C18 
(wt %)c 

LAOd BOe LIOf 

1g Preformed 
complex 4.5 18.3 0.36 10 76 0 14 

2 
Cp*Co(C2H4)2 
and P(OMe)3 

(in situ) 
14.8 0.29 8 76 0 16 

3 Cp*Co(C2H4)2 0.60 0.01 0 0 100 0 
 

4.4. Attempted Synthesis and Catalytic Testing of Modified 
Variants of Broene’s Cyclopentadienyl Cobalt Catalyst 
Precursor 

Following a broad-brush evaluation of the impact of a range of catalysis test conditions 

on the activity and selectivity of Broene’s cyclopentadienyl cobalt LAO dimerisation 

catalyst, which gave a baseline performance reference, little/no improvement in 

catalytic performance has been achieved. Consequently, with a view to developing a 

catalyst system for α-olefin to α-olefin dimerisation with enhanced catalytic activity and 

selectivity, attention then turned towards synthesising modified versions of Broene’s 

cyclopentadienyl cobalt catalyst precursor. In particular, efforts were initially focussed 

on the impact of the steric and electronic properties of the ligands on selectivity and 

activity. To this end, the structure of Broene’s cyclopentadienyl catalyst precursor was 

broken down into its constituent fragments and represented as (L2X)CoL(C2H4), where 

Cp* is formally regarded as an L2X ligand and P(OMe)3 as an L ligand. The following 
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sections will discuss attempts undertaken as a part of this thesis to synthesise modified 

variants of Broene’s catalyst precursor with different L2X and L ligands, in addition to 

the synthesis of a constrained geometry cyclopentadienyl cobalt complex.  

4.4.1. Attempts at synthesising modified variants of Broene’s 
cyclopentadienyl cobalt catalyst precursor encompassing different 
L2X ligands 

From the proposed mechanism of 1-hexene di- and tri-merisation mediated by 

Broene’s cyclopentadienyl cobalt catalyst (Scheme 4.24) it is evident that a fine 

balance of steric and electronic demands at the Co centre are required for the 

formation of 1-dodecene (species 4R in Scheme 4.24).1 It can be reasoned that the 

steric bulk about the Co centre (imposed by the Cp* and P(OMe)3 moieties) is 

responsible for dictating an initial 1,2-insertion of the first 1-hexene molecule, followed 

by a 2,1-insertion of the second 1-hexene molecule. Following 2,1-insertion of the 

second 1-hexene molecule, the steric bulk at the Co centre can also be argued to 

promote isomerisation to the sterically favoured linear complex (4V in Scheme 4.24) 

from which 1-dodecene is then liberated by intermolecular proton exchange. In 

addition to the impact of the steric bulk at the Co centre on the formation of species 4V 

(Scheme 4.24), the electronic properties associated with the Co centre are also 

important in determining the stability of species 4V. Species 4V (Scheme 4.24) is 

stabilised by a β-H agostic interaction, which arises due to the electron deficiency of 

the Co centre (16 VE).   

 

 
 

 

 

 

 

 

 

 

 

Scheme 4.24: Proposed mechanism of 1-hexene di- and tri-merisation mediated by [Cp*Co(η2-
C2H4)(P(OMe)3] activated with a deficit of Brookhart’s acid.1   
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Taking into consideration these steric and electronic factors, the effect of replacing the 

Cp* motif with bulkier L2X ligands, such as indenyl and fluorenyl ligands was pursued 

(Figure 4.7). It was hoped that catalysts bearing these bulkier indenyl and fluorenyl 

moieties, in comparison to Cp*, would promote initial 1,2-insertion of the first hexene 

molecule and encourage isomerisation following 2,1-insertion of the second hexene 

molecule in 1-hexene dimerisation (Scheme 4.24). In addition, it is postulated that 

catalysts encompassing bulkier indenyl and fluorenyl ligands, compared to Cp*, should 

prevent the insertion of a third hexene molecule and so result in a catalytic system 

displaying greater selectivity towards 1-hexene dimerisation. Furthermore, the less 

electron donating nature of indenyl and fluorenyl, relative to Cp*,57 also makes them 

attractive L2X ligand variants to explore as this should also encourage production of 

species 4V (Scheme 4.24) by stabilising its β-H agostic interaction.    

 

 

 
 

 

Figure 4.7: Target variants of Broene’s cyclopentadienyl cobalt catalyst precursor with (i) 
indenyl (4.7) and (ii) fluorenyl (4.8) L2X ligands in place of Cp*.  

 

In addition to their different electron donating properties, indenyl and fluorenyl ligands 

are amenable to ring slippage η5-M to η3-M (illustrated in Scheme 4.25) in contrast to 

their cyclopentadienyl analogues.58,59 It was hoped that this ability to undergo ring 

slippage would afford the η5-indenyl and η5-fluorenyl complexes increased reactivity in 

thermal ligand exchange reactions.58,59 For example, the rates of the substitution 

reaction between (L2X)Mn(CO)3 and P(n-Bu)3 to form (L2X)Mn(CO)2P(n-Bu)3 at ~140 

°C in decalin vary with the nature of L2X: L2X = Cp, rate = 0 M−1 s−1; L2X = indenyl, rate 

= 1.34 × 10−4 M−1 s−1; L2X = fluorenyl, rate = 3.30 × 10−2 M−1 s−1. 60,61 The greater 

disposition of indenyl and fluorenyl ligands towards ring slippage has been attributed to 

their better ability to stabilise the η3-allyl intermediates, which are formed in the ligand 

exchange reactions, via aromatisation of the benzene rings of the indenyl and fluorenyl 

moeities. 58,59,61 Consequently, complexes containing fluorenyl ligands are the most 

reactive due to delocalisation of the π electrons over three aromatic rings.58,59,61 The 

greater “coordination flexibility” of indenyl and fluorenyl ligands, compared to their 

cyclopentadienyl analogues, therefore makes transition metal complexes containing 

these ligands interesting to investigate in dimerisation catalysis as it provides them with 
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P(OMe)3Co
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the potential to adapt as a function of the electronic and steric demands during the 

dimerisation catalytic cycle. 

 

 

 

 

 

 

 
 

 

 

 

Scheme 4.25: Ring slippage displayed by (i) η5-Cp, (ii) η5-indenyl, and (iii) η5-fluorenyl 
complexes, where M represents a transition metal.58,59 

The following sections outline the different synthetic strategies used with a view to 

preparing the target complexes 4.7 and 4.8 (Figure 4.7). 

4.4.1.1. Attempted syntheses of indenyl and fluorenyl cobalt dicarbonyl 
complexes 

The synthesis of indenyl and fluorenyl variants of Broene’s cyclopentadienyl cobalt 

catalyst precursor (complex 4.5) via modifications of the synthetic route implemented 

for the synthesis of complex 4.5 seemed the obvious first starting point (Scheme 4.26). 

Unfortunately, the first synthesis step in Scheme 4.26 proved troublesome, thereby 

preventing attempts of the preceding reactions to complexes 4.7 and 4.8.  

 

 

 
 

 

 

 

 

 

 

 
Scheme 4.26: Target synthetic routes to indenyl and fluorenyl variants of Broene’s 

cyclopentadienyl cobalt catalyst precursor, by analogy with literature work related to the 
synthesis of Cp*Co(C2H4)(P(OMe)3.36-38  
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The reaction between indene and Co2(CO)8 in the presence of 1,3-cyclohexadiene and 

DCM (Scheme 4.27), afforded a mixture of Co4(CO)12 and [Co(η4-C6H8)(CO)(µ-CO)]2 

(4.9); identities of these products were elucidated by NMR spectroscopic, IR 

spectroscopic and mass spectrometric analyses.  

 

 

 

 

 

 

 
Scheme 4.27: Reaction between indene, Co2(CO)8, and 1,3-cyclohexadiene (C6H8). 

Using a similar experimental methodology to that shown in Scheme 4.27, the synthesis 

of (Flu)Co(CO)2 was also attempted by C. Brodie in the Dyer group (Scheme 4.28).62 

However, the reaction shown in Scheme 4.28 only yielded Co4(CO)12 and the dimeric 

η4-cyclohexadiene complex 4.9, in addition to unreacted fluorene starting material 

(identities of each of these products being confirmed by NMR and IR spectroscopic 

and mass spectrometric analyses).62a  

 

 

 

 

 
 

Scheme 4.28: Reaction between fluorene, Co2(CO)8, and 1,3-cyclohexadiene, conducted by C. 
Brodie in the Dyer group.62 

With hindsight, the undesired formation of Co4(CO)12 and cyclohexadiene complex 4.9 

as the major products in the reactions between Co2(CO)8 and 1,3-cyclohexadiene with 

indene or fluorene is not surprising. Firstly, the thermal decomposition of Co2(CO)8 to 

Co4(CO)12 is documented in the literature.63 Additionally, Winkhaus and Wilkinson 

reported the formation of the cyclohexadiene complex 4.9 by the reaction between 

Co2(CO)8 and 1,3-cyclohexadiene (Scheme 4.29), and found that longer reaction times 

and higher temperatures led to partial decomposition of complex 4.9 and formation of 

Co4(CO)12 and metallic Co.64,65  

 
                                                
a The mixture of products was not separated and hence the actual yields of the individual 

products could not be determined.  
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Scheme 4.29: Synthesis of [Co(η4-C6H8)(CO)(µ-CO)]2 reported by Winkhaus and Wilkinson.64,65   

 

With the above observations in mind, it is therefore proposed that in the reactions 

between Co2(CO)8, 1,3-cyclohexadiene and indene or fluorene, the formation of 

Co4(CO)12 and cyclohexadiene complex 4.9 occurs via the reactions outlined in 

Scheme 4.30.  

 

 

 

 

 

 

 

 
Scheme 4.30: Competing reactions in synthesis of target (L2X)Co(CO)2 complexes. 

 

Although IndCo(CO)2 or (Flu)Co(CO)2 failed to be obtained in reactions between 

Co2(CO)8 and 1,3-cyclohexadiene with indene or fluorine under the conditions shown 

in Schemes 4.27 and 4.28, the analogous reaction with pentamethylcyclopentadiene 

resulted in a 81% yield of the desired product Cp*Co(CO)2 (section 4.2.1). The 

difference in reactivity between pentamethylcyclopentadiene, indene, and fluorene with 

Co2(CO)8 and 1,3-cyclohexadiene is attributed to differences in sterics and electronics 

of these different L2X ligands, in particular the differing extents of aromatic stabilisation. 

For the synthesis of (L2X)Co(CO)2 via the reaction between L2XH ligands, Co2(CO)8 

and 1,3-cyclohexadiene (Scheme 4.30), the L2XH ligands must undergo deprotonation 

– and hence reactivity may be affected by the ease with which deprotonation takes 

place. However, a comparison of the pKa values of indene, fluorene, and Cp*H reveals 

that the latter is the least acidic out of the trio (pKa values: 20.1 {indene}, 22.6 

{fluorene}, 26.1 {Cp*H}),66 suggesting that another factor than the different acidities of 

the L2X ligands is responsible for the observed differences in the reaction illustrated in 

Scheme 4.30 with different L2X ligands. The success of formation of (L2X)Co(CO)2 by 
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the reaction depicted in Scheme 4.30 can also be argued to be dependent upon the 

strength of the L2XH ligands as reducing agents for 1,3-cyclohexadiene. The strength 

of L2XH as reducing agents can be inferred from their oxidation potentials, Eox 

(reported in units of V vs SCE): indene = 1.71,67 fluorene = 1.58,68 Cp*H = 0.87.69 

These data show that fluorene and indene are poorer reducing agents than Cp*H. 

Therefore, it can be reasoned that the observed differences in reactivity of Cp*H, 

indene and fluorene, under the conditions shown in Scheme 4.30, are likely to be due 

to their different reduction potentials. Finally, the increased steric bulk of the indenyl 

and fluorenyl ligands, compared to Cp*H, may also be responsible for the observed 

difficulty in forming IndCo(CO)2 and (Flu)Co(CO)2 by the reaction shown in Scheme 

4.30. Due to the unsuccessful synthesis of indenyl and fluorenyl cobalt dicarbonyl 

complexes by the route shown in Scheme 4.30, the synthesis of target complexes 4.7 

and 4.8 (Figure 4.7) by a different route to that displayed in Scheme 4.26, which avoids 

the use of Co2(CO)8 starting material (due to its propensity to thermally decompose to 

Co4(CO)12), was subsequently pursued.  

4.4.1.2. Attempted syntheses of indenyl and fluorenyl cobalt halide 

complexes 

The synthesis of indenyl and fluorenyl cobalt halide complexes, as precursors to target 

complexes 4.7 and 4.8, was subsequently attempted by the route shown in Scheme 

4.31. A salt metathesis strategy was chosen in this context due to the ample 

precedence of related Cp* cobalt halide complexes being prepared in such a fashion in 

the literature.70-73  

 

 

 

 

 

 

 

 

 
Scheme 4.31: Proposed synthetic route to target complexes 4.7 and 4.8 starting from indenyl 

and fluorenyl cobalt halide complexes. 

The synthesis of fluorenyl cobalt chloride was first attempted by reacting pre-prepared 

sodium fluorenide with CoCl2 under similar conditions to those used in the literature for 
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the synthesis of pentamethylcyclopentadienyl cobalt chloride (Scheme 4.32).72 

However, this reaction was found to form bifluorene (4.10) and a black solid (believed 

to be Co metal based on its appearance and insolubility in a range of organic 

solvents), instead of the desired fluorenyl cobalt chloride. In addition unreacted starting 

materials, namely fluorene and the previously reported nCo2Cl4(THF)4 (4.11),b were 

also recovered in the reaction between sodium fluorenide with CoCl2.  

 

 

 

 
Scheme 4.32: Reaction of sodium fluorenide with CoCl2. 

The formation of bifluorene was confirmed by 1H NMR spectroscopy, which revealed 

its existence alongside fluorene, in a ratio of 1:0.8, respectively. The production of 

bifluorene via the reaction shown in Scheme 4.32 is in agreement with the experiments 

conducted by Al-Afyouni et al. who demonstrated that salt metathesis reactions of 

lithium fluorenide with CoCl2 or CoI2 generated mixtures of bifluorene and fluorine.75 

The formation of bifluorene in the salt metathesis reactions performed by Al-Afyouni et 

al. was proposed to be a result of radical coupling as illustrated in Scheme 4.33 

(evidence of this being obtained from radical trapping experiments).75 Al-Afyouni et al. 

also stated that an alternative mechanism for the formation of bifluorene could be the 

formation of Flu2Co, which then undergoes reductive coupling generating Co0 and 

bifluorene, however discounted this mechanism due to the stability of related 

bis(indenyl) cobalt complexes.75 Due to the observed formation of Co metal under the 

conditions shown in Scheme 4.32, it is believed that under these conditions the 

formation of bifluorene may occur from reductive coupling of Flu2Co, as well as by the 

mechanism shown in Scheme 4.33.  

 

 

 

 

 

 

 

 

 
                                                
b  The formation of complex 4.11 was confirmed by X-ray crystallography (with the data being 

obtained matching those for CoCl2(THF)4 reported in the literature)74 and mass spectrometry. 
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Scheme 4.33: Proposed formation of bifluorene in salt metathesis reactions, adapted from Al-
Afyouni et al.75 

Following the failure of the reaction between sodium fluorenide and CoCl2 to yield the 

desired (fluorenyl)cobalt chloride, analogous reactions with sodium indenide were 

conducted to compare how these would fair. The reactions between pre-formed 

sodium indenide and cobalt chloride, under analogous conditions implemented in the 

literature for the synthesis of pentamethylcyclopentadienyl cobalt chloride (Scheme 

4.34),70-73,76 also did not form the desired (indenyl)cobalt chloride and instead afforded 

complexes 4.12, 4.13, and  a black solid (believed to be Co). The structure of complex 

4.12 was confirmed by mass spectrometry and X-ray crystallography (which was in 

agreement with the molecular structure previously reported in the literature).77  
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Scheme 4.34: Reactions between sodium indenyl and CoCl2 at (i) room temperature and (ii) 

−30 °C. 

In addition to mass spectrometry and X-ray crystallography, NMR spectroscopy was 

also implemented to verify the structure of complex 4.13. The choice of NMR solvent 

used for the analysis of complex 4.13 was found to be important, with well-defined 

proton spectra only being obtained in D2O, with samples dissolved in deuterated DCM, 

THF, and acetone all giving rise to spectra with broad, uninterpretable resonances. 

Crystals of complex 4.13, suitable for an X-ray crystallography study, were obtained by 

recrystallisation of the reaction mixture from THF at −30 °C. A discussion of the 

molecular structure of complex 4.13, which has previously not been reported in the 

literature, is given in the Appendices, section 6.2.1. 

 

In order to investigate if the source of cobalt halide affected the reactivity of the salt 

metathesis reactions with sodium indenide, the reaction between cobalt diiodide and 

sodium indenide was conducted under the conditions shown in Scheme 4.35. Similar 

to the reactions between sodium indenide and cobalt chloride (Scheme 4.34), the 

comparable reaction with cobalt iodide yielded Co metal and the cationic indenyl 

metallocene (complex 4.14). However, the formation of the neutral indenyl metallocene 

species (complex 4.12, Scheme 4.34) was not observed (Scheme 4.35). 

 
 
 
 
 
 
 
 
 

Scheme 4.35: Reaction between sodium indenide and cobalt iodide. 

 
The identity of complex 4.14 was verified by NMR spectroscopy, mass spectrometry, 

and X-ray crystallography. Crystals suitable for X-ray crystallography were obtained by 
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recrystallisation from THF at −30 °C. A discussion of the molecular structure of 

complex 4.14, which has previously not been reported in the literature, is given in the 

Appendices, section 6.2.1. 
 
The formation of Co metal and complexes 4.12 – 4.14 in the reactions shown in 

Scheme 4.34 and Scheme 4.35 suggest that the desired (indenyl)cobalt chloride 

species may have been produced, but subsequently underwent decomposition to 

afford complexes 4.12 – 4.14 under the reaction conditions employed. This suggestion 

is based on the literature reports by Roe et al.78 and Chakraborty et al.79 in which the 

decomposition of heteroleptic cyclopentadienyl metal halides [CpM(µ-X)]2 into 

homoleptic MX2 and neutral or cationic Cp2M species is observed. Nevertheless, stable 

heteroleptic complexes of the form [CpM(µ-X)]2 have been obtained using bulkier 

ligands such as Cp*, which are rationalised to provide substantial kinetic 

stabilisation.37–40,42 Since the indenyl ligand is arguably more sterically demanding than 

cyclopentadienyl, the observed decomposition that occurs on reaction between sodium 

indenide and cobalt dichloride (Scheme 4.34) are unlikely to result from unfavourable 

steric interactions. Indeed, Roe et al. reported that the choice of reaction solvent can 

significantly influence the rates of decomposition of [CpM(µ-X)]2 species, with 

degradation only occurring in polar, coordinating solvents (such as THF).78 Since THF 

was used for the reactions between sodium indenide and CoX2 (X= Cl or I, Scheme 

4.34 and Scheme 4.35), it is believed that this choice of solvent medium contributed to 

the observed decomposition of the desired (indenyl)cobalt chloride complexes. 

Therefore, it is of interest to investigate the reactions between sodium indenide and 

cobalt halides in non-polar solvents (such as DCM) to see if the desired indenyl cobalt 

chloride species can be obtained. Unfortunately, time restrictions prevented the 

attempt of such reactions as part of work towards this thesis.  

4.4.1.3. Attempted synthesis of IndCo(C2H4)(P(OMe)3) from Ind2Co 

The undesired formation of complex 4.12 in the salt metathesis reactions between 

CoCl2 and sodium indenide (Scheme 4.34) inspired an attempt into the synthesis of 

IndCo(C2H4)(P(OMe)3) (complex 4.7) by the route depicted in Scheme 4.36. The 

transformation of cobaltocene (Cp2Co), 4.12, into CpCo(C2H4)2 is well documented in 

the literature, and so it is hoped that under the same conditions (Scheme 4.36) Ind2Co 

could also react in this way to form IndCo(C2H4)2. 80-82 
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Scheme 4.36: Proposed synthetic route to complex 4.7 starting from complex 4.12. 

On attempting the potassium reduction of complex 4.12 under an atmosphere of 

ethylene (Scheme 4.36), a red solution was obtained, which was separated by 

filteration from unreacted potassium. This red solution, believed to be IndCo(C2H4)2,c 

was reacted with P(OMe)3
 over a  period of 15 h. Subsequent extraction of the reaction 

mixture with pentane and analysis of the products by NMR spectroscopy (1H, 13C{1H}, 

and 31P{1H}), revealed the presence of a mixture of species with multiple, different 

P(OMe)3 and indenyl environments. Unfortunately, all attempts to separate and isolate 

products by recrystallisation (hexane, −30 °C) led to the formation of a black solution, 

something believed to be a result of decomposition yielding a suspension of finely 

divided cobalt. All further attempts to prepare complexes of this nature were stopped. 

4.4.2. Synthesis of modified version of Broene’s cyclopentadienyl cobalt 
catalyst precursor with different L donor ligands 

The successful dimerisation of LAOs (C4, C6, and C8) to their respective LAO dimers by 

Broene’s cyclopentadienyl cobalt catalyst may, in part, be attributed to the electronic 

properties of the phosphite moiety, P(OMe)3, employed. Phosphites are strong π-

acceptors.84 We propose that this π-acidic character is important, reducing the electron 

density at the Co centre, thereby preventing β-H elimination of the metal alkyl complex 

(complex 4V in Scheme 4.17). This, in turn, prevents the formation of internal olefinic 

products (favoured on thermodynamic grounds) via isomerisation. 

 

Therefore, in order to test whether the validity of this supposition that a π-acidic ligand 

on Broene’s cyclopentadienyl cobalt catalyst favours selectivity towards the LAO 

dimer, the synthesis of the analogous [Cp*Co(C2H4)(P(pyrrolyl)3] complex (4.15) was 

undertaken. The reported “exceptional π-acceptor character” of P(pyrrolyl)3 makes it 

an attractive alternative two-electron L donor ligand to P(OMe)3.85 The π-acceptor 

character of P(pyrrolyl)3 was inferred from a comparison of the molecular structures of 

a series of RhCl(CO)L2 complexes (L = phosphine, phosphite, or P(pyrrolyl)3), which 
                                                
c  Due to the reported instability of IndCo(C2H4)2 at temperatures higher than 0 oC, the reaction 

intermediate could not be isolated and characterised in order to confirm its identity as being 
IndCo(C2H4)2.
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revealed shorter Rh-P distances and longer Rh-C distances when L= P(pyrrolyl)3.85 

Further demonstration of the “exceptional π-acceptor character” of P(pyrrolyl)3 came 

from their reactivity with [PPN][Rh(CO)4], where the stepwise displacement of CO with 

P(pyrrolyl)3 was observed, generating the series of [PPN][Rh(CO)4–x,{P(pyrrolyl)3}x] (x = 

1 - 4) complexes.85 

 

The synthesis of [Cp*Co(C2H4)(P(pyrrolyl)3] (4.15)  was conducted under the 

conditions shown in Scheme 4.37 with complex 4.15 being obtained in 70 % isolated 

yield. The identity of complex 4.15 was verified by 1H, 13C{1H}, and 31P{1H} NMR 

spectroscopies. The resonance in the 31P{1H} NMR spectrum of complex 4.15 at 133.1 

ppm is very broad (ν½ = 287 Hz), as would be expected from the scalar coupling 

between the quadrupolar Co nucleus and the P nucleus (as previously discussed in 

section 4.2.1).  

 
 
 
 
 
 
 
 

Scheme 4.37: Synthesis of [Cp*Co(C2H4)(P(pyrrolyl)3] (4.15). 

 
A molecular structure of complex 4.15 was obtained by recrystallizing the crude 

reaction product from petroleum ether (b.p. 40 – 60 °C) at −78 °C. The molecular 

structure of complex 4.15, which has not previously been reported in the literature, is 

shown in Figure 4.8 alongside selected bond lengths. d  Similar to the molecular 

structure of complex 4.5 (Figure 4.4), the cobalt centre of 4.15 also exhibits a two-

legged piano stool geometry in which the Cp* ring deviates slightly from being 

symmetrically disposed with respect to the Co centre (evident from the unequal 

distances between Co and the ring C atoms on Cp*: 2.078(2) - 2.128(2) Å). The plane 

of the Cp* ligand is at a distance of 1.719 Å from the Co atom in complex 4.15. As 

expected, the C–C bond distance of the coordinated ethylene ligand in complex 4.15 

(1.415(4) Å) is longer than that reported for a pure C(sp2)-C(sp2) (1.33 Å) bond,86 

indicative of the π-acceptor character of the ethylene ligand. Although the C=C bond 

length in complex 4.15 is the same (within error) as the C=C bond length in complex 

                                                
d  The unit cell for complex 4.15 contains two molecules, one of which exhibits disorder about 

the whole structure (present in 6%). Since, both molecules have similar bond angles and 
lengths, only the molecular structure and bond lengths and angles of the ordered molecule 
(present in majority, 94%) are reported here. 
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4.5 (Table 4.1), the shorter Co-P distance of 2.0693(7) Å in complex 4.15 vs. the Co-P 

distance of 2.0839(5) Å in complex 4.5 is indicative of the greater π-acceptor character 

of P(pyrrolyl)3 relative to P(OMe)3. Further evidence for the π-acceptor character of 

P(pyrrolyl)3 in complex 4.15 comes from the longer average P-N bond length of 

1.732(2) Å in complex 4.15, compared to the P-N bond length of 1.70 Å of the 

uncoordinated P(pyrrolyl)3 ligand.87  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8: Molecular structure and selected bond lengths of complex 4.15, with thermal 
ellipsoids set at the 50 % probability level; H atoms have been omitted for clarity. Computed 

centroid (Cent) for Cp ring shown in red with distance from centroid to Co centre represented by 
dashed orange line. Estimated standard deviations given in brackets.  

4.4.2.1. Performance of complex 4.15 in 1-hexene dimerisation 

The performance of complex 4.15 in 1-hexene dimerisation, under comparable 

conditions to those used for Broene’s P(OMe)3 cobalt catalyst precursor (complex 4.5), 

was tested (Table 4.9). From these data it is apparent that complex 4.15 shows no 

selectivity towards the desired LAO dimer in 1-hexene dimerisation, when activated 

with 0.8 eq. Brookhart’s acid, despite the strong π-acidic character of P(pyrrolyl)3. 

Instead, the catalytic system generated using complex 4.15 is selective towards 1-

hexene trimerisation, albeit with an extremely low TON and activity (Table 4.9). The 

increased trimerisation selectivity of complex 4.15 in 1-hexene dimerisation versus 

complex 4.5 is surprising due to the greater steric bulk of P(pyrrolyl)3
 versus P(OMe)3 

(145o cone angle for the former phosphine compared to 107o for the latter). 85,88 The 

results in Table 4.9 also show that the use of in situ versus preformed catalyst 

precursor 4.15 produces 1-hexene trimerisation systems with essentially identical 

TONs, activities and liquid fraction product selectivities. The identical 1-hexene 

catalysis results observed here for using in situ versus preformed catalyst precursor 

Bond lengths (Å) 

Co-C1 2.108(2) 
Co-C2 2.078(2) 
Co-C3 2.102(2) 
Co-C4 2.128(2) 
Co-C5 2.101(2) 

Co-Cent 1.719 
Co-C6 2.005(2) 
Co-C7 2.010(2) 
Co-P 2.0693(7) 

C6-C7 1.415(4) 
P-N1 1.7435(19) 
P-N2 1.7154(19) 
P-N3 1.739(2) 
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4.15, coupled with those previously observed in section 4.3.4.2 using in situ/preformed 

catalyst precursor 4.5, show that screening of different “L” ligands in 1-hexene 

dimerisation catalysis can be efficiently conducted using Cp*Co(C2H4), making the 

relevant Cp*Co(C2H4)L catalyst precursor in situ.  
 

Table 4.9: Comparison of the performances of complexes 4.5 and 4.15 in 1-hexene 
dimerisation. a In units of mol 1-C6 converted to oligomers (mol Co)–1.  b In units of g 1-C6 
converted to oligomers/g Co/h. c Wt % of liquid fraction; all catalysis runs only yielded liquid 
products. d LAO = linear α-olefin. e BO = branched olefin = 2-butyl-1-octene.  f LIO = linear 
internal olefin. Catalysis conditions for runs 1 and 3: 23 µmol Cp*Co(C2H4)(P(OMe)3) (4.5) or 
[Cp*Co(C2H4)(P(pyrrolyl)3] (complex 4.15), 1.9 mL 1-C6, 19 – 22 oC, PhF, 0.80 equiv. 
Brookhart’s acid.  Catalysis conditions for run 2: 168 µmol Cp*Co(C2H4)2, 13.8 mL 1-C6, 19 – 
22 oC, PhF, 0.80 equiv. Brookhart’s acid.   

Run Catalyst 
precursor 

TONa 

 
Activityb 

 

% C12 
(wt %)c 

% 
branched 

C18 
(wt %)c 

LAOd BOe LIOf 

1 Preformed 
complex 4.15 0.9 0.02 0 0 29 71 

2 

In situ formed 
complex 4.15 

(from 
Cp*Co(C2H4)2 

and 
P(pyrrolyl)3) 

0.7 0.01 0 0 35 65 

3 Preformed 
complex 4.5 18.3 0.36 10 76 0 14 

4.4.3. Synthesis of constrained geometry cyclopentadienyl cobalt 
complex 

The poor TON achieved using Broene’s cyclopentadienyl cobalt catalyst (TON for 

dimers: 7 after 23 h)1 may be attributed to poor catalyst stability. It was therefore 

hypothesized that analogous structures to Broene’s cyclopentadienyl cobalt catalyst in 

which the L2X and L ligands are linked by an ethylene bridge, resulting in the formation 

of constrained geometry-type complexes (CGC, Figure 4.9), could perform better in 

LAO dimerisation catalysis. The tether motif is expected to impart greater stability to 

the CGC complexes by preventing dissociation of the L ligand through exploitation of 

the chelate effect. 

 

 

 

 
Figure 4.9: Proposed structure of constrained geometry complexes. 

 

L2X
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To this end, initial work was conducted at Sasol (by B. Core) in which a series of CGC 

Co halide complexes with different L donor ligands were synthesised and tested in 

ethylene oligomerisation catalysis (Scheme 4.38, Table 4.10).89 Of the CGC Co halide 

complexes tested in ethylene oligomerisation catalysis (Scheme 4.38, Table 4.10), the 

best selectivity towards LAO dimerisation was obtained with (Cp*^NMe2)CoI2. 89 

 

 

 

 

 

 

 
Scheme 4.38: Catalysis testing conditions of CGC Co halide complexes in ethylene 

oligomerisation, conducted by B. Core and M. Hanton.89 

Table 4.10: Performance of CGC Co halide complexes in ethylene oligomerisation, under the 
conditions shown in Scheme 4.38.89 

Catalyst 
precursor 

Activity 
(mol =)(mol Co)-1h-1 

C4 
{1-C4} 
(wt %) 

C6 
{1-C6} 
(wt %) 

C8+ 
(wt %) 

(Cp*^NMe2)CoI2 14,126 97.7 {80.7} 2.3 0 
(Cp*^OMe)CoI2 96,530 97.4 {5.1} 2.4 {1.5} 0.2 
(Cp*^SMe)CoI2 36,160 96 {8.5} 3.8 {3.5} 0.2 

 

Building on the promising results demonstrated by (Cp*^NMe2)CoI2, the bis(ethylene) 

complex 4.16 (a known literature complex) was synthesised from previously-prepared 

(Cp*^NMe2)CoI2, under the conditions shown in  Scheme 4.39. The structure of 

complex 4.16 was confirmed by 1H and 13C{1H} NMR analysis, which matched with that 

reported in the literature. 90,91 

 

 

 

 

 

 

 
 Scheme 4.39: Synthesis of complex 4.16. 

Complex 4.16 was subsequently tested in 1-butene dimerisation (Table 4.11) and 

found to give rise to a system displaying negligible catalysis and with no selectivity 

Co
LI

I

(10 µmol)

(20 bar),
30 oC,
5 min.

MMAO-3A (500 equiv.),
PhCl (70 mL),

n
n = 0 - 10+

(L = NMe2, OMe or SMe)

Co
N
Me2

I
I

Na/Hg,

THF

,
Co NMe2

4.16

2
+ 2NaI

(77 % yield)
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towards the desired LAO dimer. The low TON and activity of complex 4.16 in 1-butene 

dimerisation, relative to the TON and activity displayed by complex 4.5 under 

analogous conditions (Table 4.11) is suggestive that the active catalytic species 

formed in the system using complex 4.16 is less stable than complex 4.6 (the active 

species generated from complex 4.5). Based on the structure of the active catalyst 

species generated in the system implementing complex 4.5, it is reasonable to assume 

that the active catalytic species produced in the system using complex 4.16 has the 

structure shown in Figure 4.10(a) (complex 4.16a, i.e. a constrained geometry 

complex). The observed low TON and activity of complex 4.16 in 1-butene dimerisation 

is suggestive of complex 4.16a (Figure 4.10(a)) exhibiting low stability under the 

conditions implemented in dimerisation; contrary to the hypothesis that the presence of 

the tether group should impart stability to the catalyst. In a study by Daugulis et al.92 it 

was reported that a related CGC complex (Figure 4.10 (b)) to complex 4.16a (Figure 

4.10 (a)) decomposed at room temperature, both in the solid and solution-state, adding 

further weight to the idea that complex 4.16a (Figure 4.10 (a)) is responsible for the 

observed low TON and activity of complex 4.16 in 1-butene dimerisation.  
 

Table 4.11: Comparison of the performance of complex 4.16 in 1-butene dimerisation to that of 
complex 4.5. a In units of mol 1-C4 converted to oligomers (mol Co)–1. b In units of g 1-C4 
converted to oligomers/g Co/h. cWt % of liquid fraction; all catalysis runs only yielded liquid 
products. d LAO = linear α-olefin. e BO = branched olefin. f LIO = linear internal olefin. Catalysis 
conditions: 50 µmol Cp*Co(C2H4)(P(OMe)3 (complex 4.5) or 50 µmol 
Cp*CH2CH2NMe2Co(C2H4)2, PhF, 19 – 22 oC, 0.8 equiv. Brookhart’s acid, 2 bar 1-C4, 19 – 
22  oC, 40 - 44 h.   

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 4.10: (a)Complex 4.16a: proposed active catalytic species in 1-hexene trimerisation 
system produced by complex 4.16 and Brookhart’s acid and (b) unstable CGC complex 

reported by Dauglis et al.92 

Run Catalyst 
precursor 

TONa 

 
Activityb 

 

% C8 
(wt %)c 

% 
branched 

C12 
(wt %)c 

% 
branched 

C16 
(wt %)c 

LAOd BOe LIOf 

1 Complex 
4.16 0.3 0.01 0 31 69 0 0 

2 Complex 
4.5 14.9 0.32 4 67 2 20 7 

4.16a

Co
N
Me2

Ha

B(1,3-(CF3)2-C6H3)4 Co
S
Me

(a) (b)
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4.5. Summary and Conclusions 

In this Chapter, Broene’s cyclopentadienyl cobalt catalyst precursor (complex 4.5) and 

activated catalyst species (complex 4.6) were successfully synthesised.1 Complex 4.5 

was tested in 1-butene dimerisation and verification of the catalysis results of complex 

4.5 reported by Broene et al.,1 for dimerisation was achieved. In addition, the effect of 

varying solvent and temperature in 1-butene dimerisation mediated by complex 4.5 

was investigated. Of the solvents tested, PhF gave the best performing catalysis 

system. Reaction temperature was also shown to play a role, with temperatures above 

room temperature having a detrimental effect on the system’s TON. Complex 4.5 was 

also tested in 1-hexene dimerisation with similar TONs and activities to those observed 

for 1-butene dimerisation. Complex 4.5 displayed a greater liquid fraction selectivity 

towards the LAO in 1-hexene vs. 1-butene dimerisation. A comparison of using in situ 

vs. preformed catalyst precursors (namely complex 4.5 or 4.15) in 1-hexene 

dimerisation was evaluated, with it being found that systems with identical TONs, 

activities and liquid fractions were obtained regardless of the manner in which the 

catalyst precursor is obtained. This finding is significant as it means future 

investigations into varying the L-donor ligand of Broene’s catalyst precursor 

(Cp*CoC2H4{L}) can be quickly conducted by screening different L-donor ligands in 1-

hexene dimerisation tests using in situ generated catalyst precursors (i.e. from 

Cp*Co(C2H4)2 and the relevant L ligand). 

 

The syntheses of (fluorenyl)- and (indenyl)-cobalt carbonyl complexes and (fluorenyl)- 

and (indenyl)-cobalt halide complexes were attempted, with the desired end goal of 

transforming these complexes to indenyl and fluorenyl variants of complex 4.5. The 

attempted syntheses of (fluorenyl)- and (indenyl)-cobalt carbonyl complexes, by 

reactions of the L2X ligands with Co2(CO)8 and 1,3-cyclohexadiene, yielded Co4(CO)12 

and [Co(η4-C6H8)(CO)(µ-CO)]2 (4.9). Co4(CO)12 is believed to be formed from the 

thermal decomposition of the Co2(CO)8 starting material or via complex 4.9, itself 

formed from the binding of 1,3-cyclohexadiene to Co2(CO)8 instead of indene or 

fluorene. The attempted synthesis of (fluorenyl)cobalt chloride via a salt metathesis 

reaction between sodium fluorenide and CoCl2 afforded bifluorene, in addition to 

Co2Cl4(THF)4 and unreacted fluorene; the course of this reaction is proposed to occur 

via radical coupling (Scheme 4.33) or reductive coupling of cobaltocene. In contrast to 

the salt metathesis reaction between CoCl2 and sodium fluorenide, salt metathesis 

reactions between sodium indenide and CoX2 (X = Cl, I) generated decomposition 

products of the desired indenyl cobalt halide complexes {Ind2Co, [Ind2Co]2[CoCl4], and 
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[Ind2Co]2 [CoI4].0.5 THF}, which are proposed to be formed due to use of THF solvent 

in these reactions. Finally, the synthesis of IndCo(C2H4)(P(OMe)3 was attempted by 

reduction of Ind2Co in the presence of ethylene, and subsequent reaction with 

P(OMe)3; this yielded a red solid that NMR spectroscopy (1H, 13C{1H}, and 31P{1H}) 

revealed to consist of a mixture of products (containing indenyl and P(OMe)3 moeities); 

unfortunately, attempts to separate this mixture of products by recrystallisation led to 

the decomposition of the products.  

 

The synthesis of Cp*Co(C2H4)(P(pyrrolyl)3) (4.15) was conducted and its performance 

in 1-hexene dimerisation evaluated, in order to assess the effect of substituting the 

P(OMe)3 ligand in complex 4.5 by the more π-accepting P(pyrrolyl)3 framework. Under 

comparable catalysis conditions to those implemented for complex 4.5 in 1-hexene 

dimerisation, complex 4.15 gave rise to a selective hexene trimerisation system and 

failed to produce any of the desired LAO dimer. The observed difference in the 

performances of complexes 4.15 and 4.5 in 1-hexene dimerisation is surprising, based 

on the more pi-accepting and bulkier P(pyrrolyl)3 framework in complex 4.15 compared 

to that of P(OMe)3 in complex 4.5. 

 

Lastly, the complex Cp*CH2CH2NMe2Co(C2H4)2 (4.16) was synthesised and its 

performance in 1-hexene dimerisation evaluated. Disappointingly, however, following 

activation with 0.8 equiv. Brookhart’s acid, complex 4.16 generated a system with an 

extremely low TON (0.3) and a selectivity towards trimerisation, with none of the 

desired LAO dimer being detected. It is postulated that the observed low TON of the 

complex 4.16/Brookhart’s acid-mediated hexene trimerisation system is due to the low 

stability of the active catalyst precursor, hence it would be interesting to react complex 

4.16 with a deficit of Brookhart’s acid to gain insight into the structure of the 

catalytically active species.  

4.6. Future work and outlook 

Although knowledge has been obtained from the work reported in this Chapter, 

primarily concerning the impact of solvent, temperature and different activation 

methods in 1-butene and 1-hexene dimerisation catalysis mediated by Broene’s 

catalyst precursor, a lot more work remains to be done to try and establish an optimal 

set of catalysis conditions and indeed catalyst precursor. With this aim in mind, it would 

be of significant interest to investigate the following: 
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• The effect of varying the activator used (normally Brookhart’s acid) in the 1-

butene and 1-hexene dimerisation systems employing Broene’s catalyst 

precursor. In particular, exploring the use of MMAO activator, due to the high 

activities of other literature dimerisation systems discussed in section 4.1.3 

employing it. Alternatively, the use of activators bearing different counter anions 

(such as [B(C6F5)4] and [Al{OC(CF3)3}4]) to that of Brookhart’s acid [B{3,5-

(CF3)2C6H3}4] is appealing, in order to gain insight into the role played by the 

[B{3,5-(CF3)2C6H3}4] anion in the LAO dimerisation systems.  

• Varying the ratio of Co:activator implemented in the LAO dimerisation systems 

mediated by the complex Cp*Co(C2H4)(P{OMe}3) (4.5) in order to assess the 

optimum ratio for high activity and selectivity towards the LAO dimer.  

• Screening different L-donor ligands (such as phosphines bearing different steric 

and electronic properties, e.g. PMe3, PEt3, PiPr3) in LAO dimerisation catalysis, 

generating the catalyst precursor in situ (i.e. from Cp*Co(C2H4)2 and relevant L-

donor ligand). 

  

In addition to work focused on improving the activity and selectivity of the LAO 

dimerisation system mediated by complex 4.5, there is further scope for the synthesis 

of modified variants of complex 4.5 as use for catalyst precursors. As has already been 

mentioned in section 4.4.1.2, it would be interesting to conduct salt metathesis 

reactions of Co halides with sodium indenide in non-polar solvents in order to see if the 

desired indenyl cobalt halide complexes can be obtained, which can subsequently be 

reacted to form the target indenyl variant of complex 4.5. In addition to investigating 

the nature of the solvent implemented in these salt metathesis reactions, it would also 

be informative to look at the nature of the Co source (i.e. use a non-halide Co source 

such as Co(OAc)2 or Co(acac)2) to see how this impacts reactivity. Alternatively, the 

formation of fluorenyl and indenyl variants of complex 4.5 could be attempted by the 

route shown in Scheme 4.40; the first step of which has been reported to be successful 

for IndCo(CO)2 by Jablonski et al.93 
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Scheme 4.40: Proposed synthesis route to complexes 4.7 and 4.8.36-38,93 

Lastly, the potential application of CGC-type complexes in selective LAO dimerisation 

systems should not be ruled out based on the disappointing results obtained for the 

use of complex 4.16 in 1-hexene dimerisation in section 4.4.3. Here, the synthesis and 

LAO dimerisation catalysis testing of a range of different CGC complexes bearing 

different L2X ligands and different L-donor atoms could be attempted (Figure 4.11).  

 

 

 

 
Figure 4.11: Interesting CGC catalyst precursors to investigate in LAO dimerisation catalysis. 
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5.1. General Considerations  
COSHH assessments were carried out prior to all experimental work. All experiments 

were conducted in an efficient fume-hood with a laboratory coat, safety spectacles and 

appropriate gloves being worn at all times during experimental work. In accordance 

with the departmental health and safety policy, solvents were disposed of in the 

appropriate waste solvent container.  

 

Unless stated otherwise, all experiments were performed under ambient laboratory 

lighting with oven-dried glassware under an atmosphere of dry oxygen-free nitrogen 

using standard Schlenk and cannula techniques, or in a Saffron Scientific oxygen-free 

nitrogen-filled glovebox. All NMR-scale reactions were carried out in NMR tubes fitted 

with J. Young’s tap valves. The solvents, toluene, DCM, THF, hexane, Et2O, MeCN, 

and petroleum ether (40:60) were dried and purified using an Innovative Technologies 

SPS facility and degassed prior to use by freeze-pump-thaw cycles. Diglyme, pentane, 

and octane were dried over CaH2 before being distilled and degassed by freeze-pump-

thaw cycles. Chlorobenzene and fluorobenzene were dried over P2O5 prior to 

distillation and degassing by freeze-pump-thaw cycles. Solvents for NMR spectroscopy 

(C6D6, d2-DCM, d8-THF, CDCl3, D2O) were purchased from Apollo or Goss Scientific 

and, with the exception of D2O, dried over CaH2 (C6D6, d2-DCM, d8-THF) or P2O5 

(CDCl3), distilled, and degassed prior to use.  

 

CrCl3(THF)3 was synthesised by Dr. James Radcliffe following literature methods and 

its purity validated by IR spectroscopy and elemental analysis.1 Ag[Al{OC(CF3)3}4] was 

obtained from Sasol Technology UK Ltd. All other reagents were purchased from 

Sigma Aldrich, Alfa Aesar or Strem. Where appropriate, liquid reagents were dried, 

distilled and degassed prior to use while gases were passed through a drying column 

(CaCO3/P2O5).   

 

Solution-phase NMR spectra were collected on a Varian Mercury 400, Varian Inova 

500, Varian VNMRS-600, Varian VNMRS-700 or a Bruker Advance 400 spectrometer 

at temperatures of 298 K unless otherwise stated. Variable temperature NMR 

spectroscopic experiments were carried out by Dr. A. Kenwright, Dr. J. A. Aguilar 

Malavia, Mrs. C. F. Heffernan and Ms. R. Belda-Vidal. All chemical shifts were 

referenced with respect to the 13C shift of the solvent (for 13C NMR), residual protio 

impurities in the deuterated solvent (for 1H NMR), to an external aqueous standard of 

85% H3PO4 (for 31P NMR), to external CFCl3 (for 19F NMR) or to an external standard 
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of 15 % BF3.OEt2 (for 11B NMR). Solvent proton shifts (ppm): CDCl3, 7.26 (s); C6D6, 

7.16 (s); CD2Cl2, 5.32 (t); (CD2)4O, 1.73 (s), 3.58 (s); D2O, 4.79 (s). Solvent carbon 

shifts (ppm): CDCl3, 77.2 (t); C6D6, 128.1 (t); CD2Cl2, 54.0 (quin); (CD2)4O, 25.6 (quin), 

67.6 (quin). Where necessary, 1H and 13C NMR spectra were assigned with the aid of 

2D COSY, HSQC and HMBC spectroscopic experiments. All spectra are reported with 

chemical shifts in ppm and coupling constants in Hz. Where appropriate, the progress 

of reactions have been monitored by solution state 31P and 31P{1H} NMR spectroscopy 

with relative ratios of phosphorus-containing species being evaluated from the 

integration of corresponding resonances in the 31P{1H} NMR spectra.  

 

Mass spectra were recorded by the Durham University Mass Spectrometry Service; 

ASAP: Waters LCT Premier XE mass spectrometer equipped with an ASAP ionisation 

source, ESI: Waters TQD equipped with Acquity UPLC and an electrospray ion source, 

and are reported as m/z. Infrared spectra were collected on a Perkin Elmer Frontier 

ATR-FT-IR spectrophotometer using a Golden Gate ATR cell to record solid state IR 

spectra or a solution cell with KBr windows to record solution state IR spectra. Due to 

the complexity of the IR spectroscopic data obtained for the phosphanyl methanimine 

(PCN) ligands synthesised in this thesis, only their C=N stretching frequencies are 

reported. Elemental analyses were carried out by Stephen Boyer of London 

Metropolitan University. Single crystal X-ray analyses were conducted by Dr. A. 

Batsanov and Dr. D. Yufit of the Durham University X-ray crystallography service. DSC 

analysis of polyethylene was carried out by Mr. W. D. Carswell of Durham University 

using a TA instrument DSC Q1000.  

 

GC-FID analyses were performed on a PerkinElmer Clarus 400 or an Agilent 

Technologies 6890N GC system, both equipped with a PONA (50 m × 0.20 mm × 0.50 

μm) column. GC-MS analyses were performed on (a) a Shimadzu QP2010-Ultra 

equipped with a Rxi-5Sil MS column (10 m × 0.15 mm × 0.15 μm) or (b) an Agilent 

Technologies 6890N GC system equipped with PONA (50 m × 0.20 mm × 0.50 μm) 

column, coupled to an Agilent Technologies 5973N MSD Mass Spectrometric 

instrument equipped with EI source. Hydrogenative GC-FID analyses were performed 

using an Agilent Technologies 6890N GC System equipped with an inlet liner packed 

with hydrogenating catalyst (Pt on Chromosorb W at 200 °C) and a PONA column (50 

m × 0.20 mm × 0.50 μm). 
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5.2. Chapter 2 Experimental  

5.2.1. Synthesis of imidoyl chlorides 

The synthesis of imidoyl chlorides was carried out following a two-step procedure 

modified from Budzelaar et al.2 An example for the synthesis of N-(2,6-

diisopropylphenyl)-4-methylbenzimidoyl chloride is detailed below. The imidoyl 

chlorides listed in Table 5.1 were synthesised in the same way using the relevant acyl 

chloride and aniline precursors, with their identities being verified by 1H and 13C{1H} 

NMR spectroscopy which gave data matching with that reported in the literature.  

 

(i) Synthesis of N-(2,6-diisopropylphenyl)-4-methylbenzamide 

Triethylamine (6.82 g, 67.4 mmol) and 2,6-diisopropylaniline (12.0 g, 67.7 mmol) were 

added to a three-necked round bottom flask containing DCM (160 mL), fitted with a 

condenser and dropping funnel.  A solution of p-toluoyl chloride (10.5 g, 67.9 mmol) in 

DCM (40 mL) was then added dropwise to the amine solution. After the addition was 

complete, the reaction mixture was heated at reflux for 1 hour. The solution was then 

cooled and washed with distilled water (3 × 50 mL). The organic fraction was dried 

over magnesium sulphate, isolated by filtration and the solvent removed in vacuo. The 

resulting white solid product was washed with cold diethyl ether and dried under 

vacuum to yield the target compound as a white crystalline solid (15.3 g, 77 % yield). 

The identity of the product was validated by 1H and 13C{1H} NMR spectroscopy, which 

gave data matching those previously reported in the literature.3  

 
1H NMR (700 MHz, CDCl3) δ: 7.82 (d, 3JHH = 7.8 Hz, 2H, C-o-C6H4), 7.34 (t, 3JHH = 7.7 

Hz, 2H, N-p-C6H3/NH), 7.30 (d, 3JHH = 7.8 Hz, 2H, C-m-C6H4), 7.22 (d, 3JHH = 7.8 Hz, 

2H, N-m-C6H3), 3.14 (hept, 3JHH = 6.9 Hz, 2H, N-C6H3(CH(CH3)2)2), 2.44 (s, 3H, C-

C6H4(CH3)), 1.21 (d, 3JHH = 6.9 Hz, 12H, N-C6H3(CH(CH3)2)2). 

 
13C{1H} NMR (176 MHz, CDCl3) δ: 167.0 (CONH), 146.6 (N-o-C6H3), 142.4 (C-p-C6H4), 

131.9 (C-i-C6H4), 131.4 (N-i-C6H3), 129.6 (C-m-C6H4), 128.5 (N-p-C6H3), 127.4 (C-o-

C6H4), 123.7 (N-m-C6H3), 29.1 (N-C6H3(CH(CH3)2)2), 23.8 (N-C6H3(CH(CH3)2)2), 21.7 

(C-C6H4(CH3)). 

 

IR (ATR): QNH = 3345 cm–1, QC=O = 1644 cm–1. 
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(ii) Synthesis of N-(2,6-diisopropylphenyl)-4-methylbenzimidoyl chloride  

A slurry of N-(2,6-diisopropylphenyl)-4-methylbenzamide (14 g, 47.4 mmol) in toluene 

(125 mL) was prepared in a two-necked round bottom flask. Small portions of solid 

PCl5 (9.9 g, 47.5 mmol) were then added to the slurry with vigorous stirring. During the 

addition of PCl5, HCl gas was evolved (which was trapped by bubbling through water) 

and the slurry dissolved resulting in the formation of a clear yellow solution. Upon 

completion of the addition of PCl5, the resulting solution was stirred overnight. The 

volatile components were then removed in vacuo leaving behind a crude yellow oil, 

which was subsequently purified via Kugelrohr vacuum distillation (0.15 mbar, 140 qC) 

yielding the final product as a clear yellow oil that solidified upon scraping (12.0 g, 81 

% yield). The identity of the product was verified by 1H and 13C{1H} NMR spectroscopy, 

which had data in agreement with those previously reported in the literature.3  

 
1H NMR (700 MHz, CDCl3) δ: 8.11 (d, 3JHH = 8.2 Hz, 2H, C-o-C6H4), 7.31 (d, 3JHH = 8.0 

Hz, 2H, C-m-C6H4), 7.19 – 7.17 (m, 3H, N-m/p-C6H3), 2.82 (hept, 3JHH = 6.9 Hz, 2H, N-

C6H3(CH(CH3)2)2), 2.46 (s, 3H, C-C6H4(CH3)), 1.22 (d, 3JHH = 7.0 Hz, 6H, N-

C6H3(CH(CH3)2)2),1.16 (d, 3JHH = 7.0 Hz, 6H, N-C6H3(CH(CH3)2)2). 

 
13C{1H} NMR (176 MHz, CDCl3) δ: 146.3 (C=N), 144.1 (N-i-C6H3), 143.6 (C-i-C6H4), 

142.9 (C-p-C6H4), 137.0 (N-o-C6H3), 129.6 (C-o-C6H4), 129.4 (C-m-C6H4), 124.9 (N-p-

C6H3), 123.2 (N-m-C6H3), 28.8 (N-C6H3(CH(CH3)2)2), 23.5 (N-C6H3 (CH(CH3)2)2), 23.0 

(N-C6H3(CH(CH3)2)2), 21.7 (C-C6H4(CH3)). 

 

IR (ATR): QC=N = 1665 cm–1.
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Table 5.1: Properties of im
idoyl chlorides synthesised in this w

ork and in previous w
ork conducted in the D

yer group. 1  

                                                   
a S

ynthesised by D
r. Jam

es R
adcliffe. 1  

b IR
 spectra m

easured neat using an ATR
 cell. 

C
om

pound 
p-C

F
3 -C

6 H
4 (C

l)C
=N

 

(2,6- iPr2 C
6 H

3 ) 4  

Ph(C
l)C

=N
(2,6-

iPr2 C
6 H

3 ) 5  

Ph(C
l)C

=N
(2,6-

Et2 C
6 H

3 ) 6  
Ph(C

l)C
=N

(2,6-

M
e

2 C
6 H

3 ) 6 

Ph(C
l)C

=N
(2-

M
eC

6 H
4 ) 7 

  

 
 

 
 

 

C
onditions 
used for 

purification 

R
ecrystallisation from

 

hexane 

Kugelrohr vacuum
 

distillation: 165 –         

167 qC
, 0.45 m

bar 

Kugelrohr vacuum
 

distillation: 145 –       

146 qC
, 1 m

bar 

Kugelrohr vacuum
 

distillation: 143 –        

147 qC
, 1 m

bar 

Kugelrohr vacuum
 

distillation: 135 qC
,  

1 m
bar 

Yield (%
) 

70 
90

a 
85

a 
90

a 
87

a 

Product 
appearance 

Pale yellow
 crystalline 

solid 

Yellow
 crystalline solid 

Pale yellow
 oil 

Pale yellow
 oil 

Yellow
 oil 

Q
C

=N  (cm
–1) b 

1660 
1663 

1656 
1668 

1661 
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5.2.2. Synthesis of trimethylsilylphosphines 

5.2.2.1. Synthesis of trimethylsilyl-(dicyclopentyl)-phosphine 

The synthesis of trimethylsilyl-(dicyclopentyl)-phosphine was carried out in accordance 

with the literature procedure described by Fritz et al.8 A pre-weighed two-necked round 

bottom flask was charged with dicyclopentylphosphine (10 wt. % solution in hexanes, 

3.12 g, 18.3 mmol) and THF (15 mL). After cooling the phosphine solution to 0 qC, a 

solution of nBuLi (2.5 M solution in hexanes, 9.5 mL, 23.8 mmol) in THF (15 mL) was 

added dropwise to the round bottom flask, at 0 qC, upon which the colourless 

phosphine solution turned orange. Upon completion of addition, the phosphine solution 

was allowed to warm to room temperature and subsequently stirred at room 

temperature for an hour. The solution was then cooled back to 0 qC and TMSCl (3.3 

mL, 26.0 mmol) was added dropwise, at 0 qC, resulting in the immediate formation of a 

white precipitate and a colourless solution. The crude reaction mixture was then 

allowed to reach room temperature before the solvent was removed under vacuum,c 

producing a solid residue. The organic product was extracted from the lithium salt by 

washing with pentane (3 × 10 mL), before removing the pentane under vacuumc to 

isolate the product as a colourless oil (4.27 g, 96 % yield).  

 
1H NMR (700 MHz, C6D6) δ: 2.04 - 1.93 (m, 2H, P(C5H9)2), 1.92 - 1.79 (m, 4H, 

P(C5H9)2), 1.68 - 1.55 (m, 4H, P(C5H9)2), 1.53 - 1.33 (m, 8H, P(C5H9)2), 0.20 (d, J = 3.9 

Hz, 9H, Si(CH3)3). 

 
13C{1H} NMR (176 MHz, C6D6) δ: 34.5 (d, JPC = 12.5 Hz, P(C5H9)2), 33.6 (d, JPC = 16.5 

Hz, P(C5H9)2), 32.5 (d, JPC = 16.0 Hz, P(C5H9)2), 26.6 (d, JPC = 6.5 Hz, P(C5H9)2), 26.4 

(d, JPC = 8.0 Hz, P(C5H9)2), 0.3 (d, J = 10.0 Hz, Si(CH3)3). 
 
31P{1H} NMR (162 MHz, C6D6) δ: �64.6. 

 
29Si NMR (139 MHz, C6D6) δ: �0.7 (d,1JPSi = 26.5 Hz). 

 

MS (ASAP+) m/z: 259.2 ([MOH]+), 243.2 ([MH]+). 

                                                
c The product was only kept under vacuum for a minimum period of time due to its high 

volatility.  
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5.2.2.2. Synthesis of trimethylsilyl-(dicyclohexyl)-phosphine 

Trimethylsilyl-(dicyclohexyl)-phosphine was synthesised following the same procedure 

described in section 5.2.2.1 using dicyclohexylphosphine (10 wt. % solution in 

hexanes, 3.47 g, 17.5 mmol), nBuLi (2.5 M solution in hexanes, 8.9 mL, 22.3 mmol) 

and TMSCl (3.1 mL, 24.4 mmol). The product was obtained as a colourless oil (3.45 g, 

73 % yield). (calc.: C15H31PSi C, 66.42; H, 11.40; N, 0.00. Found: C, 66.61; H, 11.55; 

N, 0.00). 

 
1H NMR (700 MHz, C6D6) δ 1.98 – 1.83 (m, 6H, P(C6H11)2), 1.75 – 1.56 (m, 6H, 

P(C6H11)2), 1.46 – 1.30 (m, 4H, P(C6H11)2), 1.29 – 1.08  (m, 6H, P(C6H11)2), 0.25 (d, J = 

3.8 Hz, 9H, Si(CH3)3). 

 
13C{1H} NMR (176 MHz, C6D6) δ 33.8 (d, JPC = 10.5 Hz, P(C6H11)2), 33.3 (d, JPC = 12.5 

Hz, P(C6H11)2), 31.6 (d, JPC = 16.5 Hz, P(C6H11)2), 28.1 (dd, J = 14.5, 9.5 Hz, 

P(C6H11)2), 26.8 (P(C6H11)2), 1.3 (d, J = 11.0 Hz, Si(CH3)3). 
 

31P{1H} NMR (283 MHz, C6D6) δ �53.3. 
 

29Si NMR (139 MHz, C6D6) δ �1.1 (d,1JPSi = 29.6 Hz). 

 

MS (ASAP+) m/z: 287.4 ([MOH]+), 271.4 ([MH]+).  

5.2.2.3. Synthesis of trimethylsilyl-(dinorbornyl)-phosphine 

Trimethylsilyl-(dinorbornyl)-phosphine was synthesised following the same procedure 

described in section 5.2.2.1 using di-2-norbornylphosphine (10 wt. % solution in 

hexanes, 3.20 g, 14.4 mmol), nBuLi (2.5 M solution in hexanes, 7.5 mL, 18.8 mmol) 

and TMSCl (2.6 mL, 20.5 mmol). The product was obtained as a colourless oil (3.06 g, 

72 % yield). Elemental analysis was carried out on the product, however due to its 

highly air sensitive and oily nature inconclusive results were obtained. (calc.: C17H31PSi 

C, 69.33; H, 10.61; N, 0.00. Found: C, 68.43; H, 10.83; N, 0.00). 

 
1H NMR (700 MHz, C6D6) δ 2.37 (t, 3JHH = 4.7 Hz, 1H, P(C7H11)2), 2.28 (t, 3JHH = 4.9 

Hz, 1H, P(C7H11)2), 2.24 - 2.18 (m, 1H, P(C7H11)2), 2.17 - 2.11 (m, 1H, P(C7H11)2), 1.88 

– 1.76 (m, 3H, P(C7H11)2), 1.75 – 1.62 (m, 2H, P(C7H11)2), 1.59 – 1.30 (m, 7H, 

P(C7H11)2), 1.23 – 1.16 (m, 2H, P(C7H11)2), 1.15 – 1.05 (m, 4H, P(C7H11)2), 0.25 – 0.23 

(m, 2H, Si(CH3)3), 0.21 (d, J = 3.4 Hz, 4H, Si(CH3)3), 0.19 (d, J = 3.2 Hz, 3H, Si(CH3)3).  
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13C{1H} NMR (176 MHz, C6D6) δ 42.9 (dd, J = 11.5, 3.5 Hz, P(C7H11)2), 42.5 (dd, J = 

12.5, 3.5 Hz, P(C7H11)2), 40.2 (d, JPC = 7.5 Hz, P(C7H11)2), 40.0 (d, JPC = 8.5 Hz, 

P(C7H11)2), 38.5 (d, JPC = 12.5 Hz, P(C7H11)2), 38.3 (d, JPC = 12.5 Hz, P(C7H11)2),  38.2 

(dd, J = 11.5, 2.0 Hz, P(C7H11)2), 37.6 (dd, J = 21.0, 2.5 Hz, P(C7H11)2), 37.3 (dd, J = 

5.5, 2.5 Hz, P(C7H11)2), 37.2 – 37.1 (m, P(C7H11)2), 36.9 (d, JPC = 19.0 Hz, P(C7H11)2),  

36.2 (dd, J = 19.0, 3.5 Hz, P(C7H11)2), 35.6 (dd, J = 19.0, 7.0 Hz, P(C7H11)2), 32.5 – 

32.4 (m, P(C7H11)2), 31.9 (d, JPC = 5.0 Hz, P(C7H11)2), 29.8 – 29.6 (m, P(C7H11)2), 29.3 

(d, JPC = 3.5 Hz, P(C7H11)2), 0.8 (dd, J = 9.0, 3.5 Hz, Si(CH3)3), 0.6 (d, J = 9.5 Hz, 

Si(CH3)3).  
 

31P{1H} NMR (162 MHz, C6D6) δ �56.2, �57.6, �61.4.d  
 

29Si NMR (139 MHz, C6D6) δ 0.6 (d,1JPSi = 26.6 Hz), �0.3 (d,1JPSi = 27.0 Hz), �0.7 

(d,1JPSi = 27.6 Hz).e  

 

MS (ASAP+) m/z: 311.2 ([MOH]+), 295.2 ([MH]+).  

5.2.2.4. Synthesis of trimethylsilyl-(diisobutyl)-phosphine 

Trimethylsilyl-(diisobutyl)-phosphine was synthesised following the same procedure 

described in section 5.2.2.1 using diisobutylphosphine (10 wt. % solution in hexanes, 

1.07 g, 7.31 mmol), nBuLi (2.5 M solution in hexanes, 3.8 mL, 9.5 mmol) and TMSCl 

(1.3 mL, 10.2 mmol). The product was obtained as a colourless oil (1.28 g, 80 % yield) 

with its identity being verified by 1H, 13C{1H} and 31P{1H} NMR spectroscopy which gave 

data matching that previously reported in the literature.9  

 
1H NMR (700 MHz, C6D6) δ 1.69 (dh, J = 14.0, 7.0 Hz, 2H, P-(CH2CH(CH3)2)2), 1.46 – 

1.40 (m, 2H, P-(CH2CH(CH3)2)2), 1.39 – 1.32 (m, 2H, P-(CH2CH(CH3)2)2), 1.10 – 1.00 

(m, 12 H,  P-(CH2CH(CH3)2)2), 0.17 – 0.09 (m, 9H, Si(CH3)3). 

 

                                                
d  Three resonances at �56.2, �57.6, and �61.4 ppm present in relative ratio 10:51:39, 

respectively (ratio derived by integration of the peaks in 31P{1H} NMR spectrum) believed to 
correspond to the three exo isomers of TMSPNorbornyl2, as discussed in Chapter 2 section 
2.3.1.  

e  Three sets of doublets at 0.6, �0.3, and �0.7 ppm present in relative ratio 37:50:13, 
respectively (ratio derived by integration of the peaks in 29Si NMR spectrum) proposed to 
correspond to the three exo isomers of TMSPNorbornyl2, as discussed in Chapter 2 section 
2.3.2. 
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13C{1H} NMR (176 MHz, C6D6) δ 33.4 (d, 1JPC = 16.5 Hz, P-(CH2CH(CH3)2)2), 28.9 (d, 
2JPC = 15.5 Hz, P-(CH2CH(CH3)2)2), 24.6 (d, 3JPC = 8.5 Hz, P-(CH2CH(CH3)2)2), 23.9 (d, 
3JPC = 10.0 Hz, P-(CH2CH(CH3)2)2), �2.1 (d, J = 11.0 Hz, Si(CH3)3). 

  
31P{1H} NMR (162 MHz, C6D6) δ �113.7. 

 
29Si NMR (139 MHz, C6D6) δ 2.2 (d,1JPSi = 18.4 Hz). 

 

MS (ASAP+) m/z: 235.2 ([MOH]+), 219.2 ([MH]+).  

5.2.2.5. Synthesis of trimethylsilyl-(diisopropyl)-phosphine 

Trimethylsilyl-(diisopropyl)-phosphine was synthesised following the same procedure 

described in section 5.2.2.1 using diisopropylphosphine (10 wt. % solution in hexanes, 

3.20 g, 27.1 mmol), nBuLi (2.5 M solution in hexanes, 14.1 mL, 35.3 mmol) and TMSCl 

(4.8 mL, 37.8 mmol). The product was obtained as a colourless oil (3.60 g, 90 % yield) 

with its identity validated by 1H, 13C{1H} and 31P{1H} NMR spectroscopy which had data 

in agreement with that previously reported in the literature.10  

 
1H NMR (700 MHz, C6D6) δ 1.99 (hd, J = 7.1, 3.3 Hz, 2H, P-(CH(CH3)2)2), 1.14 (ddd, J 

= 22.6, 12.7, 7.1 Hz, 12H, P-(CH(CH3)2)2), 0.21 (d, J = 3.8 Hz, 9H, Si(CH3)3).  

 
13C{1H} NMR (176 MHz, C6D6) δ 23.1 (d, 2JPC = 12.0 Hz, P-(CH(CH3)2)2), 22.9 (d, 2JPC 

= 13.5 Hz, P-(CH(CH3)2)2), 21.3 (d, 1JPC = 16.0 Hz, P-(CH(CH3)2)2), 1.0 (d, J = 11.0 Hz, 

Si(CH3)3). 

 
31P{1H} NMR (283 MHz, C6D6) δ �44.5. 

 
29Si NMR (139 MHz, C6D6) δ �1.3 (d,1JPSi = 30.8 Hz).  

5.2.2.6. Synthesis of trimethylsilyl-(diethyl)-phosphine 

Trimethylsilyl-(diethyl)-phosphine was synthesised following the same procedure 

described in section 5.2.2.1 using diethylphosphine (10 wt. % solution in hexanes, 1.82 

g, 20.2 mmol), nBuLi (2.5 M solution in hexanes, 10.5 mL, 26.3 mmol) and TMSCl (3.6 

mL, 28.4 mmol). The product was obtained as a colourless oil (1.64 g, 50 % yield)f with 

                                                
f Low yield thought to be due to loss of product when solvent removed under vacuum due to 

high volatility of TMSPEt2 (b.p. = 71 – 72 qC).  
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its identity being verified by 1H and 31P{1H} NMR spectroscopy which gave data 

matching that previously reported in the literature.11  

 
1H NMR (400 MHz, C6D6) δ 1.41 (q, 3JHH = 7.9 Hz, 4H, P-(CH2CH3)2), 1.11 (dt, J = 

15.2, 7.6 Hz, 6H, P-(CH2CH3)2), 0.11 (d, J = 3.9 Hz, 9H, Si(CH3)3).  

 
31P{1H} NMR (162 MHz, C6D6) δ �87.9. 

5.2.2.7. Synthesis of trimethylsilyl-bis(ortho-methoxyphenyl)-phosphine 

Trimethylsilyl-bis(ortho-methoxyphenyl)phosphine was synthesised following an 

analogous procedure to that described in section 5.2.2.1 using bis(ortho-

methoxyphenyl)phosphineg (1.00 g, 4.1 mmol), nBuLi (2.5 M solution in hexanes, 2.5 

mL, 6.3 mmol) and TMSCl (0.9 mL, 7.1 mmol). The product was obtained as a white 

solid (1.02 g, 78 % yield) with its identity validated by 1H, 13C{1H}, 31P{1H} and 29Si NMR 

spectroscopy which had data in agreement with that previously reported by Dr. James 

Radcliffe.1 

 
1H NMR (700 MHz, C6D6) δ 7.46 – 7.40 (m, 2H, p-(C6H4)2), 7.10 (ddd, J = 8.2, 7.3, 1.8 

Hz, 2H, o-(C6H4)2), 6.78 (tt, J = 7.4, 1.1 Hz, 2H, m-(C6H4)2), 6.52 (dd, J = 8.2, 2.8, 1.1 

Hz, 2H, m-(C6H4)2), 3.27 (s, 6H, (OCH3)2), 0.25 (d, J = 5.0 Hz, 9H, Si(CH3)3). 

 
13C{1H} NMR (176 MHz, C6D6) δ 160.5 (d, 2JPC = 6.5 Hz, o-(OMe-C6H4)2), 136.3 (d, 
4JPC = 20.5 Hz, p-(C6H4)2), 129.2 (o-(C6H4)2), 124.9 (d, 1JPC = 19.5 Hz, i-(C6H4)2), 121.2 

(d, 3JPC = 7.5 Hz, m-(C6H4)2), 110.0 (m-(C6H4)2), 54.5 ((OCH3)2) 0.4 (d, J = 12.5 Hz,   

Si(CH3)3).  

 
31P{1H} NMR (283 MHz, C6D6) δ �72.3. 

 
29Si NMR (139 MHz, C6D6) δ 2.1 (d,1JPSi = 19.2 Hz). 

 

 

 

 

                                                
g Synthesised by Dr. James Radcliffe.1 
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5.2.3. Synthesis of 1-phosphanyl methanimine (PCN) ligands  

5.2.3.1. Synthesis of PhC(PiBu2)=N(2,6-iPr2C6H3) (2.1) 

The synthesis of ligand 2.1 was conducted following the method 

developed by Dr. James Radcliffe.1 A solution of N-(2,6-

diisopropylphenyl)benzimidoyl chloride (1.30 g, 4.34 mmol) in 

chlorobenzene (15 mL) was added dropwise to a 2-necked round 

bottom flask which contained a solution of trimethylsilyl-

(diisobutyl)-phosphine  (0.95 g, 4.35 mmol) in chlorobenzene (15 mL). The reaction 

mixture was then heated at reflux for 18 hours, during which time the solution turned 

yellow. The solution was subsequently left to cool to room temperature before the 

volatile components were removed under vacuum. The resulting crude product was 

distilled under vacuum (130 °C, 0.1 mbar) to yield the final product as a yellow oil (0.96 

g, 54 % yield). (calc.:C27H40NP C, 79.17; H, 9.84; N, 3.42. Found: C, 79.02; H, 9.94; N, 

3.49).   

 
1H NMR (700 MHz, CDCl3) δ 7.23 - 7.14 (m, 5H, C-o/m/p-C6H5), 6.98 - 6.95 (m, 2H, N-

m-C6H3), 6.93 (dd, J = 8.7, 6.3 Hz, 1H, N-p-C6H3), 2.80 (hept, 3JHH = 7.5 Hz, 2H,                

N-C6H3(CH(CH3)2)2), 1.96 - 1.84 (m, 2H, P-(CH2CH(CH3)2)2), 1.81 - 1.66 (m, 2H,           

P-(CH2CH(CH3)2)2), 1.43 - 1.36 (m, 2H, P-(CH2CH(CH3)2)2), 1.13 (d, 3JHH = 6.8 Hz, 6H, 

N-C6H3(CH(CH3)2)2), 0.98 (dd, J = 10.7, 6.7 Hz, 12H, P-(CH2CH(CH3)2)2), 0.89 (d, 3JHH 

= 7.0 Hz, 6H, N-C6H3(CH(CH3)2)2).  

 
13C{1H} NMR (176 MHz, CDCl3) δ 179.7 (d, 1JPC = 15.0 Hz, C=N), 147.3 (d, 3JPC = 5.0 

Hz, N-i-C6H3), 135.6 (d, 4JPC = 2.0 Hz, N-o-C6H3), 129.6 (C-i-C6H5), 128.9 (C-o/m/p-

C6H5), 128.1 (C-o/m/p-C6H5), 127.7 (d, JPC = 10.0 Hz, C-o/m/p-C6H5), 123.1 (N-p-C6H3), 

122.8 (N-m-C6H3), 36.5 (d, 1JPC = 11.5 Hz, P-(CH2CH(CH3)2)2), 28.3 (N-C6H3 

(CH(CH3)2)2), 27.1 (d, 2JPC = 15.0 Hz, P-(CH2CH(CH3)2)2), 24.2 (N-C6H3(CH(CH3)2)2), 

24.1 (d, 3JPC = 9.5 Hz, P-(CH2CH(CH3)2)2), 22.0 (N-C6H3(CH(CH3)2)2).  

 
31P{1H} NMR (162 MHz, CDCl3) δ �14.9.  

 

MS (ASAP+) m/z: 410.3 ([MH]+), 366.2 ([M�iPr]+), 264.2 ([M�PiBu2]+).  

 

IR (ATR): QC=N = 1587 cm–1. 
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5.2.3.2. Synthesis of PhC(PiBu2)=N(2,6-Et2C6H3) (2.2) 

Ligand 2.2 was synthesised by an analogous procedure to that 

described for ligand 2.1, using trimethylsilyl-(diisobutyl)-phosphine 

(0.95 g, 4.35 mmol) and N-(2,6-diethylphenyl)benzimidoyl chloride 

(1.18 g, 4.34 mmol). Vacuum distillation (140 °C, 0.1 mbar) 

yielded the product as a yellow oil (0.98 g, 60 % yield). (calc.: 

C25H36NP C, 78.70; H, 9.51; N, 3.67. Found: C, 78.90; H, 9.62; N, 3.73). 

 
1H NMR (600 MHz, CDCl3) δ 7.26 - 7.12 (m, 5H, C-o/m/p-C6H5), 6.98 - 6.91 (m, 2H,              

N-m-C6H3), 6.90 - 6.85 (m, 1H, N-p-C6H3), 2.45 (dq, J = 15.0, 7.5 Hz, 2H,                      

N-C6H3(CH2CH3)2), 2.31 - 2.14 (m, 2H, N-C6H3(CH2CH3)2), 1.95 - 1.85 (m, 2H,                   

P-(CH2CH(CH3)2)2), 1.81 - 1.67 (m, 2H, P-(CH2CH(CH3)2)2), 1.48 – 1.36 (m, 2H, P-

(CH2CH(CH3)2)2), 1.11 (t, 3JHH = 7.5 Hz, 6H, N-C6H3(CH2CH3)2), 1.05 - 0.92 (m, 12H, P-

(CH2CH(CH3)2)2). 

 
13C{1H} NMR (151 MHz, CDCl3) δ 180.2 (d, 1JPC= 16.0 Hz, C=N), 148.7 (d, 3JPC= 3.5 

Hz, N-i-C6H3), 138.7 (d, 2JPC = 25.5 Hz, C-i-C6H5), 131.1 (N-o-C6H3), 129.0 (C-o/m/p-

C6H5), 128.0 (C-o/m/p-C6H5), 127.2 (d, JPC = 9.5 Hz, C-o/m/p-C6H5), 125.7 (N-m-C6H3), 

122.8 (N-p-C6H3), 36.6 (d, 1JPC = 11.5 Hz, P-(CH2CH(CH3)2)2), 27.0 (d, 2JPC = 15.0 Hz, 

P-(CH2CH(CH3)2)2), 24.7 (N-C6H3(CH2CH3)2), 24.2 (d, 3JPC = 9.0 Hz,                             

P-(CH2CH(CH3)2)2), 24.1 (d, 3JPC = 9.5 Hz, P-(CH2CH(CH3)2)2), 13.8 (N-

C6H3(CH2CH3)2).  

 
31P{1H} NMR (162 MHz, CDCl3) δ �14.5.  

 

MS (ASAP+) m/z: 382.3 ([MH]+), 352.2 (M�Et]+), 236.2 ([M�PiBu2]+).  

 

IR (ATR): QC=N = 1587 cm–1. 

5.2.3.3. Synthesis of PhC(PiBu2)=N(2,6-Me2C6H3) (2.3)  

Ligand 2.3 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(diisobutyl)-phosphine 

(0.95 g, 4.35 mmol) and N-(2,6- dimethylphenyl)benzimidoyl 

chloride (1.06 g, 4.35 mmol). Vacuum distillation (140 - 145 °C, 

0.1 mbar) afforded the product as a yellow oil (0.97 g, 63 % yield). 

(calc.: C23H32NP C, 78.15; H, 9.13; N, 3.96. Found: C, 78.33; H, 9.25; N, 4.01).  
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1H NMR (700 MHz, CDCl3) δ 7.24 – 7.14 (m, 5H, C-o/m/p-C6H5), 6.88 (d, 3JHH = 7.4 Hz, 

2H, N-m-C6H3), 6.77 (t, 3JHH = 7.5 Hz, 1H, N-p-C6H3), 1.99 (s, 6H, N-C6H3(CH3)2), 1.95 

– 1.87 (m, 2H, P-(CH2CH(CH3)2)2),  1.79 – 1.70 (m, 2H, P-(CH2CH(CH3)2)2), 1.46 – 

1.39 (m, 2H, P-(CH2CH(CH3)2 2), 1.05 – 0.93 (m, 12H, P-(CH2CH(CH3)2)2). 

 
13C{1H} NMR (176 MHz, CDCl3) δ 180.8 (d, 1JPC= 16.5 Hz, C=N), 149.8 (d, 3JPC= 4.5 

Hz, N-i-C6H3), 139.1 (d, 2JPC = 26.0 Hz, C-i-C6H5), 129.0 (C-o/m/p-C6H5), 128.1 (C-

o/m/p-C6H5), 127.8 (N-m-C6H3),127.0 (d, J = 9.0 Hz, C-o/m/p-C6H5), 125.6 (N-o-C6H3), 

122.5 (N-p-C6H3), 39.1 (P-(CH2CH(CH3)2)2), 36.4 (d, 1JPC = 12.0 Hz, P-

(CH2CH(CH3)2)2), 30.7 (P-(CH2CH(CH3)2)2), 27.0 (d, 2JPC = 14.5 Hz, P-

(CH2CH(CH3)2)2), 24.4 – 23.9 (m, P-(CH2CH(CH3)2)2), 18.5 (N-C6H3(CH3)2).  

 
31P{1H} NMR (162 MHz, CDCl3) δ �14.6.  

 

MS (ASAP+) m/z: 354.2 ([MH]+), 208.1 ([M�PiBu2]+).  

 

IR (ATR): QC=N = 1589 cm–1. 

5.2.3.4. Synthesis of PhC(PCypent2)=N(2,6-iPr2C6H3) (2.4)  

Ligand 2.4 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(dicyclopentyl)-

phosphine (0.95 g, 3.92 mmol) and  N-(2,6-

diisopropylphenyl)benzimidoyl chloride (1.18 g, 3.94 mmol). 

Kugelrohr vacuum distillation (168 °C, 0.1 mbar) afforded the 

crude product as a yellow oil which crystallised over a period of two weeks at �30 qC to 

yield the pure product as yellow crystals suitable for an X-ray crystallographic study 

(1.10 g, 65 % yield). (calc.: C29H40NP C, 80.33; H, 9.30; N, 3.23. Found: C, 80.23; H, 

9.41; N, 3.05). See Appendices, section 6.2 for X-ray crystallographic data.  

 
1H NMR (700 MHz, CDCl3) δ 7.30 - 7.23 (m, 2H, C-o-C6H5), 7.21 - 7.11 (m, 3H, C-m/p-

C6H5), 6.99 - 6.89 (m, 3H, N-m/p-C6H3), 2.83 (hept, 3JHH = 6.9 Hz, 2H, N-

C6H3(CH(CH3)2)2),  2.32 – 2.24 (m, 2H, CH on P(C5H9)2), 2.01 - 1.91 (m, 2H, P(C5H9)2), 

1.89 - 1.79 (m, 2H, P(C5H9)2), 1.68 - 1.38  (m, 12H, P(C5H9)2), 1.13 (d, 3JHH = 6.8 Hz, 

6H, N-C6H3(CH(CH3)2)2), 0.86 (d, 3JHH = 6.9 Hz, 6H, N-C6H3(CH(CH3)2)2). 
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13C{1H} NMR (176 MHz, CDCl3) δ 178.2 (d, 1JPC = 18.0 Hz, C=N), 147.4 (d, 3JPC = 4.0 

Hz, N-i-C6H3), 139.4 (d, 2JPC = 27.0 Hz, C-i-C6H5), 135.4 (d, 4JPC = 1.5 Hz, N-o-C6H3), 

128.9 (d, JPC= 1.0 Hz, C-o/m/p-C6H5), 128.3 (d, JPC = 10.5 Hz, C-o/m/p-C6H5), 127.9 (d, 

JPC= 1.0 Hz, C-o/m/p-C6H5), 123.1 (N-m/p-C6H3), 122.9 (N-m/p-C6H3), 35.1 (d, 1JPC = 

11.0 Hz, CH on P(C5H9)2), 31.4 (d, JPC = 13.0 Hz, P(C5H9)2), 30.1 (d, JPC = 13.0 Hz, 

P(C5H9)2), 28.4 (N-C6H3(CH(CH3)2)2), 26.7 (d, JPC = 7.0 Hz, P(C5H9)2), 26.3 (d, JPC = 7.0 

Hz, P(C5H9)2), 24.4 (N-C6H3(CH(CH3)2)2), 22.1 (N-C6H3(CH(CH3)2)2).  

 
31P{1H} NMR (162 MHz, CDCl3) δ 17.1.  

 

MS (ASAP+) m/z: 434.3 ([MH]+), 390.2 ([M�iPr]+), 264.2 ([M�PCypent2]+).  

 

IR (ATR): QC=N = 1596 cm–1.  

5.2.3.5. Synthesis of PhC(PCypent2)=N(2,6-Et2C6H3) (2.5)  

Ligand 2.5 was synthesised by an analogous procedure to that 

used for ligand 2.1 using trimethylsilyl-(dicyclopentyl)-phosphine 

(1.00 g, 4.13 mmol) and  N-(2,6-diethylphenyl)benzimidoyl 

chloride (1.12 g, 4.12 mmol). Kugelrohr vacuum distillation (163 

°C, 0.1 mbar) afforded the final product as a yellow oil which 

solidified upon scraping (1.14 g, 68 % yield). (calc.: C27H36NP C, 79.96; H, 8.95; N, 

3.45. Found: C, 79.86; H, 9.08; N, 3.51). 

 
1H NMR (600 MHz, CDCl3) δ 7.28 - 7.22 (m, 2H, C-o-C6H5), 7.21 - 7.17 (m, 1H, C-p-

C6H5), 7.16 - 7.13 (m, 2H, C-m-C6H5), 6.95 - 6.91 (m, 2H, N-m-C6H3), 6.87 (dd, J = 8.4, 

6.6 Hz, 1H, N-p-C6H3), 2.47 (dq, J = 15.0, 7.5 Hz, 2H, N-C6H3(CH2CH3)2), 2.30 - 2.24 

(m, 2H, CH on P(C5H9)2), 2.23 - 2.16 (m, 2H, N-C6H3(CH2CH3)2), 2.04 – 1.93 (m, 2H, 

P(C5H9)2), 1.87 – 1.77 (m, 2H, P(C5H9)2), 1.66 - 1.35 (m, 12H, P(C5H9)2), 1.09 (t, 3JHH = 

7.5 Hz,  6H, N-C6H3(CH2CH3)2).  

 
13C{1H} NMR (176 MHz, CDCl3) δ 178.6 (d, 1JPC = 18.5 Hz, C=N), 148.9 (d, 3JPC = 3.5 

Hz, N-i-C6H3), 139.8 (d, 2JPC = 26.0 Hz, C-i-C6H5), 130.9 (d, 4JPC = 1.5 Hz, N-o-C6H3), 

129.0 (C-p-C6H5), 127.9 (C-m-C6H5), 127.8 (d, 3JPC = 10.0 Hz, C-o-C6H5), 125.5 (N-m-

C6H3), 122.8 (N-p-C6H3), 34.9 (d, 1JPC = 11.5 Hz, CH on P(C5H9)2), 31.5 (d, JPC = 13.5 

Hz, P(C5H9)2), 30.0 (d, JPC = 12.5 Hz, P(C5H9)2), 26.6 (d, JPC = 7.0 Hz, P(C5H9)2), 26.2 

(d, JPC = 7.0 Hz, P(C5H9)2), 24.6 (N-C6H3(CH2CH3)2), 13.8 ((N-C6H3(CH2CH3)2). 
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31P{1H} NMR (243 MHz, CDCl3) δ 17.1.  

 

MS (ASAP+) m/z: 406.3 ([MH]+), 376.2 ([M�Et]+), 236.2 ([M�PCyPent2]+).  

 

IR (ATR): QC=N = 1601 cm–1. 

5.2.3.6. Synthesis of PhC(PCypent2)=N(2,6-Me2C6H3) (2.6)  

Ligand 2.6 was synthesised by an analogous procedure to that 

used for ligand 2.1 using trimethylsilyl-(dicyclopentyl)-phosphine 

(1.00 g, 4.13 mmol) and  N-(2,6-dimethylphenyl)benzimidoyl 

chloride (1.01 g, 4.14 mmol). Kugelrohr vacuum distillation (157 

°C, 0.1 mbar) yielded the final product as a yellow oil which 

solidified over 2 days at -30 °C (1.01 g, 65 % yield). (calc.: C25H32NP C, 79.54; H, 8.54; 

N, 3.71. Found: C, 79.36; H, 8.64; N, 3.53).  

 
1H NMR (600 MHz, CDCl3) δ 7.27 – 7.22 (m, 2H, C-o-C6H5), 7.21 – 7.19 (m, 1H, C-p-

C6H5), 7.18 – 7.13 (m, 2H, C-m-C6H5), 6.87 (d, 3JHH = 7.4 Hz, 2H, N-m-C6H3), 6.77 (t, 
3JHH = 7.4 Hz, 1H, N-p-C6H3), 2.34 – 2.23 (m, 2H, CH on P(C5H9)2), 2.00 (s, 6H, N-

C6H3(CH3)2), 1.89 – 1.78 (m, 2H, P(C5H9)2), 1.67 – 1.26 (m, 12H, P(C5H9)2), 0.96 (t, J = 

7.5 Hz, 1H, P(C5H9)2), 0.91 (t, J = 6.8 Hz, 1H, P(C5H9)2). 

 
13C{1H} NMR (151 MHz, CDCl3) δ 178.9 (d, 1JPC = 19.0 Hz, C=N), 150.1 (d, 3JPC = 4.0 

Hz, N-i-C6H3), 140.3 (d, 2JPC = 27.0 Hz, C-i-C6H5), 129.1 (d, 5JPC = 1.0 Hz, C-p-C6H5), 

127.9 (C-m-C6H5), 127.8 (N-m-C6H3), 127.6 (d, 3JPC = 10.0 Hz, C-o-C6H5), 125.3 (d, 
4JPC = 1.5 Hz, N-o-C6H3), 122.5 (N-p-C6H3), 34.8 (d, 1JPC = 11.5 Hz, CH on P(C5H9)2), 

31.4 (d, JPC = 13.5 Hz, P(C5H9)2), 30.7 (P(C5H9)2),  30.0 (d, JPC = 13.0 Hz, P(C5H9)2), 

29.1 (P(C5H9)2), 26.6 (d, JPC = 7.0 Hz, P(C5H9)2), 26.2 (d, JPC = 7.0 Hz, P(C5H9)2), 18.8 

(N-C6H3(CH3)2), 14.2 (P(C5H9)2), 11.3 P(C5H9)2). 

 
31P{1H} NMR (243 MHz, CDCl3) δ 16.5.  

 

MS (ASAP+) m/z: 378.2 ([MH]+), 208.1 ([M�PCyPent2]+).  

 

IR (ATR): QC=N = 1587 cm–1. 
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5.2.3.7. Synthesis of PhC(PNorbornyl2)=N(2,6-iPr2C6H3) (2.7)  

Ligand 2.7 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(dinorbornyl)-

phosphine (0.93 g, 3.16 mmol) and  N-(2,6-

diisopropylphenyl)benzimidoyl chloride (0.95 g, 3.17 mmol). 

Kugelrohr vacuum distillation (200 °C, 0.1 mbar) afforded the 

final product as a yellow oil that solidified upon scraping (0.98 

g, 64 % yield). (calc.: C33H44NP C, 81.61; H, 9.13; N, 2.88. Found: C, 81.68; H, 9.05; N, 

2.96). 

 
1H NMR (600 MHz, CDCl3) δ 7.35 – 7.24 (m, 2H, C-o-C6H5), 7.21 – 7.12 (m, 3H, C-

m/p-C6H5), 7.02 – 6.92 (m, 3H, N-m/p-C6H3), 2.86 – 2.75 (m, 2H, N-C6H3(CH(CH3)2)2), 

2.42 – 2.25 (m, 2H, P(C7H11)2), 2.24 – 2.07 (m, 3H, P(C7H11)2), 2.05 – 1.99 (m, 1H, 

P(C7H11)2), 1.74 – 1.34 (m, 11H, P(C7H11)2), 1.30 – 1.07 (m, 11H, N-C6H3(CH(CH3)2)2/ 

P(C7H11)2), 0.87 – 0.77 (m, 6H, N-C6H3(CH(CH3)2)2).  

 
13C{1H} NMR (151 MHz, CDCl3) δ 177.9 (d, 1JPC = 22.5 Hz, C=N), 177.4 (d, 1JPC = 21.5 

Hz, C=N), 177.1 (d, 1JPC = 20.0 Hz, C=N), 147.5 (d, 3JPC = 3.0 Hz, N-i-C6H3), 147.4 (d, 
3JPC = 3.5 Hz, N-i-C6H3), 147.3 (d, 3JPC = 3.5 Hz, N-i-C6H3), 140.0 (dd, JPC = 28.0, 4.5 

Hz, C-i-C6H5), 135.2 (N-o-C6H3), 135.1 (N-o-C6H3), 135.0 (N-o-C6H3), 129.1 – 128.7 (m, 

C-o/m/p-C6H5), 127.9 – 127.8 (m, C-o/m/p-C6H5), 123.2 – 122.9 (m, N-m/p-C6H3), 40.8 

(P(C7H11)2), 40.7 (P(C7H11)2), 40.7 (P(C7H11)2),  40.3 – 39.8 (m, (P(C7H11)2), 39.5 (dd, 

JPC = 13.5, 5.0 Hz, (P(C7H11)2), 37.7 (d, JPC = 2.5 Hz, P(C7H11)2), 37.6 (d, JPC = 3.0 Hz, 

P(C7H11)2), 37.3 – 37.1 (m, P(C7H11)2), 37.1 (d, JPC = 2.0 Hz, P(C7H11)2), 36.9 

(P(C7H11)2), 36.9 (P(C7H11)2), 36.8(P(C7H11)2),  35.9 (d, JPC = 11.5 Hz, P(C7H11)2), 35.3 

(d, JPC = 10.5 Hz, P(C7H11)2), 32.2 (dd, JPC = 17.5, 7.0 Hz, P(C7H11)2), 29.3 (d, JPC = 2.5 

Hz, P(C7H11)2), 28.9 (d, JPC = 15.5 Hz, P(C7H11)2), 28.2 (dd, JPC = 8.0, 2.0 Hz, N-

C6H3(CH(CH3)2)2), 24.7 – 24.2 (m, N-C6H3(CH(CH3)2)2), 22.2 (dd, JPC = 16.5, 7.5 Hz, N-

C6H3(CH(CH3)2)2).h  

 
31P{1H} NMR (162 MHz, CDCl3) δ 16.6, 13.6, 9.8.i   
 

                                                
h Presence of multiple resonances believed to arise from three exo isomers of ligand 2.7 (see 

Chapter 2, section 2.3.1). 
i Three resonances at 16.6, 13.6, and 9.8 ppm present in relative ratio 21:51:28, respectively 

(ratio derived by integration of the peaks in 31P{1H} NMR spectrum), proposed to correspond 
to the three exo isomers of ligand 2.7 (as discussed in Chapter 2, section 2.3.1). 
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MS (ASAP+) m/z: 486.3 ([MH]+), 442.3 (M�iPr]+).  264.2 ([M�PNorbornyl2]+). 

 

IR (ATR): QC=N = 1610 cm–1.  

5.2.3.8. Synthesis of PhC(PNorbornyl2)=N(2,6-Et2C6H3) (2.8)  

Ligand 2.8 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(dinorbornyl)-

phosphine (1.12 g, 3.80 mmol) and  N-(2,6-

diethylphenyl)benzimidoyl chloride (1.03 g, 3.79 mmol). 

Kugelrohr vacuum distillation (196 °C, 0.05 mbar) afforded the 

crude product as a yellow oil which crystallised over a period 

of two weeks at �30 qC to yield the pure product as yellow block-shaped crystals 

suitable for an X-ray crystallographic study (1.17 g, 68% yield). (calc.: C31H40NP C, 

81.36; H, 8.81; N, 3.06. Found: C, 81.59; H, 8.99; N, 3.19). See Appendices, section 

6.2 for X-ray crystallographic data.  

 
1H NMR (700 MHz, CDCl3) δ 7.35 – 7.23 (m, 2H, C-o-C6H5), 7.22 – 7.11 (m, 3H, C-

m/p-C6H5), 7.00 – 6.87 (m, 3H, N-m/p-C6H3), 2.55 – 1.97 (m, 10H, N-C6H3(CH2CH3)2/ 

P(C7H11)2), 1.76 – 1.38 (m, 10H, P(C7H11)2), 1.32 – 0.98 (m, 12H, N-C6H3(CH2CH3)2/ 

P(C7H11)2).  

 
13C{1H} NMR (176 MHz, CDCl3) δ 177.9 (d, 1JPC = 26.5 Hz, C=N), 148.8 (d, 3JPC = 3.5 

Hz, N-i-C6H3), 140.3 (d, 2JPC = 28.0 Hz, C-i-C6H5), 131.0 – 130.4 (m, N-o-C6H3), 129.2 

– 128.8 (m, C-m/p-C6H5), 128.5 – 128.1 (m, C-o-C6H5), 127.8 (d, JPC = 7.0 Hz, C-m/p-

C6H5), 125.7 – 125.5 (m, N-m/p-C6H3), 122.9 (N-m/p-C6H3), 40.8 (d, JPC = 10.0 Hz, 

P(C7H11)2), 40.2 (d, JPC = 15.0 Hz, P(C7H11)2), 40.0 (d, JPC = 12.0 Hz, P(C7H11)2), 39.8 

(d, JPC = 15.0 Hz, P(C7H11)2), 39.6 (d, JPC = 15.5 Hz, P(C7H11)2), 39.4 (d, JPC = 15.0 Hz, 

P(C7H11)2), 37.8 (P(C7H11)2), 37.6 P(C7H11)2), 37.4 – 36.9 (m, P(C7H11)2), 36.0 (d, JPC = 

11.0 Hz, P(C7H11)2), 35.4 (d, JPC = 9.5 Hz, P(C7H11)2), 32.1 (td, JPC = 15.0, 14.0, 6.5 Hz, 

P(C7H11)2), 29.4 – 28.6 (m, P(C7H11)2), 24.5 (dd, JPC = 22.5, 14.5 Hz, N-

C6H3(CH2CH3)2), 13.9 (N-C6H3(CH2CH3)2), 13.9 (N-C6H3(CH2CH3)2).j  

 

 

                                                
j  Presence of multiple resonances due to three exo isomers of ligand 2.8, see Chapter 2, 

section 2.3.1.   
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31P{1H} NMR (162 MHz, CDCl3) δ 17.1, 14.4, 10.6.k    

 

MS (ASAP+) m/z: 458.3 ([MH]+), 428.3 (M�Et]+).  236.2 ([M�PNorbornyl2]+). 

 

IR (ATR): QC=N = 1586 cm–1. 

5.2.3.9. Synthesis of PhC(PNorbornyl2)=N(2,6-Me2C6H3) (2.9)  

Ligand 2.9 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(dinorbornyl)-

phosphine (1.21 g, 4.11 mmol) and  N-(2,6-

dimethylphenyl)benzimidoyl chloride (1.00 g, 4.10 mmol). 

Kugelrohr vacuum distillation (180 °C, 0.08 mbar) yielded the 

final product as a yellow oil, which solidified upon scraping (1.24 g, 70% yield). (calc.: 

C29H36NP C, 81.08; H, 8.45; N, 3.26. Found: C, 80.98; H, 8.56; N, 3.39).  

 
1H NMR (700 MHz, CDCl3) δ 7.36 – 7.12 (m, 5H, C-o/m/p-C6H5), 6.96 – 6.86 (m, 2H, 

N-m-C6H3), 6.84 – 6.76 (m, 1H, N-p-C6H3), 2.45 – 2.20 (m, 4H, P(C7H11)2), 2.17 – 1.90 

(m, 8H, N-C6H3(CH3)2/ P(C7H11)2), 1.74 – 1.41 (m, 10H, P(C7H11)2), 1.34 – 1.09 (m, 6H, 

P(C7H11)2). 
 
13C{1H} NMR (176 MHz, CDCl3) δ 177.9 (dd, JPC = 21.0, 15.5 Hz, C=N), 150.1 (d, 3JPC 

= 3.5 Hz, N-i-C6H3), 141.0 – 140.4 (m, C-i-C6H5), 129.2 – 128.9 (m, C-o/m/p-C6H5), 

128.1 – 127.8 (m, C-o/m/p-C6H5/, N-m-C6H3), 125.7 – 124.7 (m, N-o-C6H3), 122.5 (N-p-

C6H3), 40.8 (d, JPC = 9.5 Hz, P(C7H11)2), 40.3 (d, JPC = 15.5 Hz, P(C7H11)2), 39.8 (dd, 

JPC = 17.5, 14.0 Hz, P(C7H11)2), 39.5 (d, JPC = 13.0 Hz,  P(C7H11)2), 39.3 (d, JPC = 15.5 

Hz, P(C7H11)2), 37.6 (dd, JPC = 9.0, 2.5 Hz, P(C7H11)2), 37.4 – 36.9 (m, P(C7H11)2), 36.0 

(d, JPC = 10.5 Hz, P(C7H11)2), 35.2 (d, JPC = 10.0 Hz, P(C7H11)2), 32.1 (dt, JPC = 26.5, 

6.5 Hz, P(C7H11)2), 29.2 (d, JPC = 5.5 Hz, P(C7H11)2), 28.9 (d, JPC = 8.5 Hz, P(C7H11)2), 

18.8 (dd, JPC = 14.5, 9.5 Hz, N-C6H3(CH3)2).l 

 

                                                
k Three resonances at 17.1, 14.4, and 10.6 ppm present in relative ratio 25:51.24, respectively 

(ratio derived by integration of the peaks in 31P{1H} NMR spectrum), corresponding to the 
three exo isomers of ligand 2.8 (as discussed in Chapter 2, section 2.3.1).  

l  Presence of multiple resonances due to three exo isomers of ligand 2.8, see Chapter 2, 
section 2.3.1.   
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31P{1H} NMR (162 MHz, CDCl3) δ 15.7, 13.5, 9.8.m   

 

MS (ASAP+) m/z: 430.0 ([MH]+), 208.0 ([M�PNorbornyl2]+). 

 

IR (ATR): QC=N = 1586 cm–1. 

5.2.3.10. Synthesis of (p-CF3-Ph)C(PiPr2)=N(2,6-iPr2C6H3) (2.10)  

Ligand 2.10 was synthesised by an analogous procedure to 

that described for ligand 2.1 using trimethylsilyl-(diisopropyl)-

phosphine (0.98 g, 5.15 mmol) and  N-(2,6-diisopropylphenyl)-

4-(trifluoromethyl)benzimidoyl chloride (1.89 g, 5.14 mmol). 

Kugelrohr vacuum distillation (113 °C, 0.1 mbar) afforded the 

final product as yellow oil that solidified on scraping (1.43 g, 62 

% yield). (calc.: C26H35F3NP C, 69.47; H, 7.85; N, 3.12. Found: C, 69.38; H, 7.78; N, 

3.26).  

 
1H NMR (700 MHz, CDCl3) δ 7.47 – 7.43 (m, 2H, C-m-C6H4), 7.40 – 7.35 (m, 2H, C-o-

C6H4), 7.00 - 6.93 (m, 3H, N-m/p-C6H3), 2.81 (hept, 3JHH = 6.4 Hz, 2H, N-

C6H3(CH(CH3)2)2), 2.27 – 2.19 (m, 2H, P(CH(CH3)2)2), 1.32 - 1.17 (m, 6H, 

P(CH(CH3)2)2), 1.13 (d, 3JHH = 6.8 Hz, 6H, N-C6H3(CH(CH3)2)2), 1.08 - 0.94 (m, 6H, 

P(CH(CH3)2)2), 0.88 (d, 3JHH = 7.0 Hz, 6H, N-C6H3(CH(CH3)2)2).  

 
13C{1H} NMR (176 MHz, CDCl3) δ 175.9 (d, 1JPC = 22.0 Hz, C=N), 146.7 (d, 3JPC = 3.5 

Hz, N-i-C6H3), 142.8 (d, 2JPC = 26.5 Hz, C-i-C6H4), 135.2 (d, 4JPC = 2.0 Hz, N-o-C6H3), 

130.6 (q, 2JFC = 32.5 Hz, C-p-C6H4), 128.3 (d, 3JPC = 10.5 Hz, C-o-C6H4), 124.8 (q, 3JFC 

= 3.5 Hz, C-m-C6H4), 123.5 (N-m/p-C6H3), 122.9 (N-m/p-C6H3), 28.3 (N-

C6H3(CH(CH3)2)2), 24.3 (N-C6H3(CH(CH3)2)2), 22.8 (d, 1JPC = 12.5 Hz, P(CH(CH3)2)2), 

21.9 (N-C6H3(CH(CH3)2)2), 20.6 (d, 2JPC = 12.0 Hz, P(CH(CH3)2)2), 19.4 (d, 2JPC = 11.0 

Hz, P(CH(CH3)2)2). The quaternary carbon corresponding to CF3 was not observed in 

the 13C{1H} NMR spectrum due to the long relaxation times associated with quaternary 

carbon centres.  

 
31P{1H} NMR (283 MHz, CDCl3) δ 29.5.   

 
                                                
m Three resonances at 15.7, 13.5, and 9.8 ppm present in relative ratio 28:50:22, respectively 

(ratio derived by integration of the peaks in 31P{1H} NMR spectrum), believed to correspond to 
the three exo isomers of ligand 2.9 (as discussed in Chapter 2, section 2.3.1). 
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19F NMR (376 MHz, CDCl3) δ �62.8.   

 

MS (ASAP+) m/z: 450.0 ([MH]+), 406.0 ([M�iPr]+), 332.0 ([M�PiPr2]+). 

 

IR (ATR): QC=N = 1584 cm-1, QCF = 1323 cm–1.  

5.2.3.11. Synthesis of (p-Me-Ph)C(PiPr2)=N(2,6-iPr2C6H3) (2.11)  

Ligand 2.11 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(diisopropyl)-

phosphine (0.97 g, 5.10 mmol) and  N-(2,6-diisopropylphenyl)-4-

(methyl)benzimidoyl chloride (1.60 g, 5.10 mmol). Kugelrohr 

vacuum distillation (140 °C, 0.15 mbar) yielded the final product 

as a yellow oil that solidified on leaving at � 30 °C for a period of weeks (1.37 g, 68 % 

yield). (calc.: C26H38NP C, 78.95; H, 9.68; N, 3.54. Found: C, 78.81; H, 9.53; N, 3.64). 

 
1H NMR (700 MHz, CDCl3) δ 7.22 – 7.19 (m, 1H, N-p-C6H3), 7.18 – 7.15 (m, 2H, C-o-

C6H4), 7.01 – 6.93 (m, 4H, C-m-C6H4/ N-m-C6H3), 2.92 – 2.85 (m, 2H, N-

C6H3(CH(CH3)2)2), 2.28 – 2.20 (m, 5H, C-C6H4(CH3)/ P(CH(CH3)2)2), 1.27 – 1.20 (m, 

6H, P(CH(CH3)2)2), 1.15 (d, 3JHH = 6.9 Hz, 6H, N-C6H3(CH(CH3)2)2),  1.07 – 1.00 (m, 

6H, P(CH(CH3)2)2), 0.89 (d, 3JHH = 7.0 Hz, 6H, N-C6H3(CH(CH3)2)2).n                       

 
13C{1H} NMR (176 MHz, CDCl3) δ 176. 9 (d, 1JPC = 19.5 Hz, C=N), 147.8 (d, 3JPC = 4.0 

Hz, N-i-C6H3), 139.0 (d, 5JPC = 1.0 Hz, C-p-C6H4), 137.0 (d, 2JPC = 2.0 Hz, C-i-C6H4), 

135.5 (d, 4JPC = 1.5 Hz, N-o-C6H3), 128.6 (d, JPC = 1.5 Hz, C-m-C6H4/ N-m-C6H3), 128.2 

(d, 3JPC = 10.5 Hz, C-o-C6H4), 123.2 (N-p-C6H3), 122.9 (C-m-C6H4/ N-m-C6H3), 28.4 (N-

C6H3(CH(CH3)2)2), 24.4 (N-C6H3(CH(CH3)2)2), 23.0 (d, 1JPC = 12.0 Hz, P(CH(CH3)2)2), 

22.2 (N-C6H3(CH(CH3)2)2), 21.4 (C-C6H4(CH3)), 20.7 (d, 2JPC = 11.5 Hz, P(CH(CH3)2)2), 

19.6 (d, 2JPC = 11.0 Hz, P(CH(CH3)2)2).m 
 

31P{1H} NMR (243 MHz, CDCl3) δ 26.7.  

 

MS (ASAP+) m/z: 396.0 ([MH]+), 352.0 ([M�iPr]+), 278.0 ([M�PiPr2]+). 

 

IR (ATR): QC=N = 1583 cm–1.  

                                                
n 1H and 13C{1H} NMR spectra of the product revealed the presence of imidoyl chloride starting 

material (~ 15 %). It is thought that the imidoyl chloride starting material and ligand 2.11 have 
similar boiling points causing them to be difficult to separate via distillation.  
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5.2.3.12. Synthesis of PhC(PEt2)=N(2,6-Et2C6H3) (2.12)  

Ligand 2.12 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(diethyl)-phosphine 

(0.93 g, 5.73 mmol) and  N-(2,6-diethylphenyl)benzimidoyl 

chloride (1.56 g, 5.74 mmol). Kugelrohr vacuum distillation (120 

°C, 0.1 mbar) yielded the final product as a yellow oil, which 

solidified upon scraping (1.45 g, 78% yield). (calc.: C21H28NP C, 77.51; H, 8.67; N, 

4.30. Found: C, 77.55; H, 8.52; N, 4.40).  

 
1H NMR (700 MHz, CDCl3) δ 7.28 - 7.12 (m, 5H, C-o/m/p-C6H5), 6.94 (d, 3JHH = 7.5 Hz, 

2H, N-m-C6H3), 6.89 (t, 3JHH = 7.5 Hz, 1H, N-p-C6H3), 2.53 – 2.43 (m, 2H, N-

C6H3(CH2CH3)2), 2.30 - 2.14 (m, 2H, N-C6H3(CH2CH3)2), 1.95 - 1.75 (m, 2H, 

P(CH2CH3)2), 1.69 - 1.54 (m, 2H, P(CH2CH3)2), 1.21 - 0.95 (m, 12H, P(CH2CH3)2/ N-

C6H3(CH2CH3)2). 
 
13C{1H} NMR (151 MHz, CDCl3) δ 179.2 (d, 1JPC = 16.0 Hz, C=N), 148.7 (N-i-C6H3), 

132.3 (d, 2JPC = 14.0 Hz, C-i-C6H5), 131.1 (d, 4JPC = 2.0 Hz, N-o-C6H3), 129.0 (d, JPC = 

1.0 Hz, C-o/m/p-C6H5), 128.1 (C-o/m/p-C6H5), 127.0 (d, JPC = 9.0 Hz, C-o/m/p-C6H5), 

125.6 (N-m-C6H3), 122.9 (N-p-C6H3), 24.8 (N-C6H3(CH2CH3)2), 16.3 (d, 1JPC = 11.0 Hz, 

P(CH2CH3)2), 13.6 (N-C6H3(CH2CH3)2), 10.2 (d, 2JPC = 10.5 Hz, P(CH2CH3)2).  

 
31P{1H} NMR (162 MHz, CDCl3) δ 3.0.  

 

MS (ASAP+) m/z: 326.2 ([MH]+), 296.2 ([M�Et]+), 236.2 ([M�PEt2]+). 

 

IR (ATR): QC=N = 1587 cm–1.  

5.2.3.13. Synthesis of PhC(PCy2)=N(2,6-Et2C6H3) (2.13)  

Ligand 2.13 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(dicyclohexyl)-phosphine 

(0.96 g, 3.55 mmol) and  N-(2,6-diethylphenyl)benzimidoyl chloride 

(0.97 g,  3.57 mmol). The resulting crude product was recrystallised 

from hot hexane to yield the final product as yellow platelets, which 

were suitable for X-ray diffraction (1.08 g, 70 % yield). (calc.: C29H40NP C, 80.33; H, 

9.30; N, 3.23. Found: C, 80.24; H, 9.41; N, 3.35). See Appendices, section 6.2 for X-

ray crystallographic data. 
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1H NMR (700 MHz, CDCl3) δ 7.27 – 7.22 (m, 2H, C-o-C6H5), 7.21 – 7.18 (m, 1H, C-p-

C6H5), 7.17 – 7.14 (m, 2H, C-m-C6H5), 6.97 – 6.93 (m, 2H, N-m-C6H3), 6.92 – 6.87 (m, 

1H, N-p-C6H3), 2.56 – 2.45 (m, 2H, N-C6H3(CH2CH3)2), 2.28 – 2.17 (m, 2H, N-

C6H3(CH2CH3)2), 2.12 – 1.98 (m, 4H, P(C6H11)2), 1.83 – 1.68 (m, 6H, P(C6H11)2), 1.66 

(d, J = 13.2 Hz, 2H, P(C6H11)2), 1.38 – 1.21 (m, 6H, P(C6H11)2), 1.18 – 1.07 (m, 8H, 

P(C6H11)2/ N-C6H3(CH2CH3)2), 1.05 – 0.95 (m, 2H, P(C6H11)2).  

 
13C{1H} NMR (176 MHz, CDCl3) δ 177.4 (d, 1JPC = 19.5 Hz, C=N), 149.0 (N-i-C6H3), 

140.2 (d, 2JPC = 26.0 Hz, C-i-C6H5), 131.1 (N-o-C6H3), 129.0 (C-p-C6H5), 127.8 (C-m-

C6H5), 127.8 (d, 3JPC = 10.0 Hz, C-o-C6H5), 125.5 (N-m-C6H3), 122.8 (N-p-C6H3), 32.9 

(d, JPC = 12.5 Hz, P(C6H11)2),  31.1 (P(C6H11)2), 29.6 (P(C6H11)2), 27.6 (d, P(C6H11)2), 

26.6 (P(C6H11)2), 24.8 (N-C6H3(CH2CH3)2), 13.9 (N-C6H3(CH2CH3)2). 

 
31P{1H} NMR (283 MHz, CDCl3) δ 19.4.  

 

MS (ASAP+) m/z: 434.0 ([MH]+), 404.0 ([M�Et]+), 236.0 ([M�PCy2]+). 

 

IR (ATR): QC=N = 1584 cm–1. 

5.2.3.14. Synthesis of PhC(PiPr2)=N(2,6-iPr2C6H3) (2.14)  

Ligand 2.14 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(diisopropyl)-

phosphine (1.20 g, 6.30 mmol) and  N-(2,6-

diisopropylphenyl)benzimidoyl chloride (1.89 g,  6.30 mmol). 

Kugelrohr vacuum distillation (132 °C, 0.2 mbar) yielded the final 

product as a yellow oil which solidified upon scraping (1.49 g, 62% yield). The identity 

of the product was validated by 1H, 13C and 31P{1H} NMR spectroscopy which gave 

data in agreement with those previously reported by Dr. James Radcliffe.1 (calc.: 

C25H36NP C, 78.70; H, 9.51; N, 3.67. Found: C, 78.39; H, 9.67; N, 3.71). 

 
1H NMR (700 MHz, CDCl3) δ 7.28 – 7.24 (m, 2H, C-o-C6H5), 7.20 – 7.14 (m, 3H, C-

m/p-C6H5), 6.98 – 6.95 (m, 2H, N-m-C6H3), 6.95 – 6.91 (m, 1H, N-p-C6H3), 2.90 – 2.83 

(m, 2H, N-C6H3(CH(CH3)2)2), 2.23 (heptd, J = 7.1, 3.0 Hz, 2H, P(CH(CH3)2)2), 1.21 (dd, 

J = 15.9, 6.8 Hz, 6H, P(CH(CH3)2)2), 1.13 (d, 3JHH = 6.8 Hz, 6H, N-C6H3(CH(CH3)2)2), 

1.01 (dd, J = 12.7, 7.3 Hz, 6H, P(CH(CH3)2)2), 0.87 (d, 3JHH = 7.0 Hz, 6H, N-

C6H3(CH(CH3)2)2). 
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13C{1H} NMR (176 MHz, CDCl3) δ 177.1 (d, 1JPC = 20.0 Hz, C=N), 147.5 (d, 3JPC = 3.5 

Hz, N-i-C6H3), 139.7 (d, 2JPC = 26.0 Hz, C-i-C6H5), 135.5 (d, 4JPC = 1.5 Hz, N-o-C6H3), 

129.0 (d, JPC = 1.0 Hz, C-m/p-C6H5), 128.2 (d, 3JPC = 10.5 Hz, C-o-C6H5), 128.0 (d, JPC 

= 1.5 Hz, C-m/p-C6H5), 123.2 (N-p-C6H3), 122.9 (N-m-C6H3), 28.4 (N-

C6H3(CH(CH3)2)2), 24.5 (N-C6H3(CH(CH3)2)2), 23.0 (d, 1JPC = 12.0 Hz, P(CH(CH3)2)2), 

22.2 (N-C6H3(CH(CH3)2)2), 20.7 (d, 2JPC = 11.5 Hz, P(CH(CH3)2)2), 19.6 (d, 2JPC = 11.0 

Hz, P(CH(CH3)2)2).  

 
31P{1H} NMR (283 MHz, CDCl3) δ 27.6.  

 

MS (ASAP+) m/z: 382.3 ([MH]+), 338.2 ([M�iPr]+), 264.2 ([M�PiPr2]+). 

 

IR (ATR): QC=N = 1583 cm–1. 

5.2.3.15. Synthesis of PhC(PiPr2)=N(2,6-Et2C6H3) (2.15)  

Ligand 2.15 was synthesised by an analogous procedure to that 

used for ligand 2.1 using trimethylsilyl-(diisopropyl)-phosphine (1.18 

g, 6.20 mmol) and  N-(2,6-diethyphenyl)benzimidoyl chloride (1.68 

g,  6.18 mmol). Kugelrohr vacuum distillation (120 °C, 0.1 mbar) 

yielded the final product as a yellow oil, which solidified upon 

scraping (1.64 g, 75% yield). The identity of the product was verified by 1H, 13C and 
31P{1H} NMR spectroscopy, which gave data matching that previously reported by Dr. 

James Radcliffe.1 (calc.: C23H32NP C, 78.15; H, 9.13; N, 3.96. Found: C, 77.97; H, 

9.26; N, 4.03). 

 
1H NMR (700 MHz, CDCl3) δ 7.25 - 7.22 (m, 2H, C-o-C6H5), 7.21 - 7.17 (m, 1H, C-p-

C6H5), 7.17 - 7.12 (m, 2H, C-m-C6H5), 6.95 - 6.92 (m, 2H, N-m-C6H3), 6.90 - 6.86 (m, 

1H, N-p-C6H3), 2.57 – 2.45 (m, 2H, N-C6H3(CH2CH3)2), 2.29 – 2.13 (m, 4H, N-

C6H3(CH2CH3)2/ P(CH(CH3)2)2), 1.28 – 1.19 (m, 6H, P(CH(CH3)2)2), 1.11 (t, 3JHH = 7.5 

Hz, 6H, N-C6H3(CH2CH3)2), 1.00 (dd, J = 12.5, 7.5 Hz, 6H, P(CH(CH3)2)2).  

 
13C{1H} NMR (176 MHz, CDCl3) δ 177.6 (d, 1JPC = 22.0 Hz, C=N), 148.9 (d, 3JPC = 4.0 

Hz, N-i-C6H3), 140.1 (d, 2JPC = 26.0 Hz, C-i-C6H5), 131.0 (N-o-C6H3), 129.1 (C-p-C6H5), 

128.0 (d, 4JPC = 1.0 Hz, C-m-C6H5), 127.7 (d, 3JPC = 10.0 Hz, C-o-C6H5), 125.5 (N-m-

C6H3), 122.9 (N-p-C6H3), 24.7 (N-C6H3(CH2CH3)2), 22.9 (d, 1JPC = 12.5 Hz, 
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P(CH(CH3)2)2), 20.9 (d, 2JPC = 12.0 Hz, P(CH(CH3)2)2), 19.5 (d, 2JPC = 10.5 Hz, 

P(CH(CH3)2)2), 13.9 (N-C6H3(CH2CH3)2). 

 
31P{1H} NMR (162 MHz, CDCl3) δ 27.7.  

 

MS (ASAP+) m/z: 354.2 ([MH]+), 236.2 ([M�PiPr2]+). 

 

IR (ATR): QC=N = 1584 cm–1. 

5.2.3.16. Synthesis of PhC(PiPr2)=N(2-MeC6H4) (2.16)  

Ligand 2.16 was synthesised by an analogous procedure to that 

described for ligand 2.1 using trimethylsilyl-(diisopropyl)-phosphine 

(1.00 g, 5.25 mmol) and  N-o-tolylbenzimidoyl chloride (1.21 g,  5.27 

mmol). Kugelrohr vacuum distillation (114 °C, 0.08 mbar) yielded 

the final product as a yellow oil, which solidified upon scraping (0.98 

g, 60 % yield). The identity of the product was validated by 1H, 13C and 31P{1H} NMR 

spectroscopy, which gave data in agreement with those previously reported by Dr. 

James Radcliffe.1 (calc.: C20H26NP C, 77.14; H, 8.42; N, 4.50. Found: C, 77.16; H, 

8.54; N, 4.58). 

 
1H NMR (700 MHz, CDCl3) δ 7.24 – 7.15 (m, 5H, C-o/m/p-C6H5), 7.10 – 7.05 (m, 1H, 

N-o-C6H4), 6.90 – 6.86 (m, 1H, N-m-C6H4), 6.85 – 6.79 (m, 1H, N-m-C6H4), 6.29 – 6.24 

(m, 1H, N-p-C6H4), 2.25 – 2.18 (m, 5H, N-C6H4(CH3)/ P(CH(CH3)2)2), 1.21 (dd, J = 

13.4, 7.0 Hz, 6H, P(CH(CH3)2)2), 1.00 (dd, J = 12.7, 7.3 Hz, 6H, P(CH(CH3)2)2).  

 
13C{1H} NMR (176 MHz, CDCl3) δ 177.7 (d, 1JPC = 21.5 Hz, C=N), 151.2 (d, 3JPC = 3.5 

Hz, N-i-C6H4), 139.9 (d, 2JPC = 26.0 Hz, C-i-C6H5), 130.2 (N-o-C6H4), 128.9 (C-o/m/p-

C6H5), 128.3 (N-o-C6H4(CH3)), 128.3 (C-o/m/p-C6H5), 128.1 (C-o/m/p-C6H5), 126.2 (N-

m-C6H4), 123.0 (N-m-C6H4), 119.0 (N-p-C6H4), 22.7 (d, 1JPC = 12.5 Hz, P(CH(CH3)2)2), 

20.5 (d, 2JPC = 12.0 Hz, P(CH(CH3)2)2), 19.3 (d, 2JPC = 11.0 Hz, P(CH(CH3)2)2), 18.5 (N-

C6H4(CH3)). 
 
31P{1H} NMR (283 MHz, CDCl3) δ 27.1. 

 

IR (ATR): QC=N = 1590 cm–1. 
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5.2.3.17. Synthesis of PhC(P(2-(OMe)C6H4)2)=N(2,6-iPr2C6H4) (2.17)  

Ligand 2.17 was synthesised by an analogous procedure to 

that described for ligand 2.1 using trimethylsilyl-bis(ortho-

methoxyphenyl)-phosphine (0.67 g, 2.10 mmol) and  N-(2,6-

diisopropylphenyl)benzimidoyl chloride (0.63 g,  2.10 mmol). 

The resulting crude product was recrystallised from hot 

hexane to yield the final product as a yellow block-shaped 

crystals, which were suitable for X-ray diffraction (0.53 g, 50 % yield). In addition to X-

ray diffraction analysis, the identity of the product was further confirmed by 1H, 13C and 
31P{1H} NMR spectroscopy which gave data matching that previously reported by Dr. 

James Radcliffe.1 (calc.: C33H36NO2P C, 77.77; H, 7.12; N, 2.75. Found: C, 77.50; H, 

7.07; N, 2.66). See Appendices, section 6.2 for X-ray crystallographic data.  

 
1H NMR (700 MHz, CDCl3, 50 qC) δ 7.39 – 7.33 (m, 2H, P-o/m/p-(C6H4)2), 7.29 – 7.24 

(m, 2H, C-o/m-C6H5), 7.22 – 7.16 (m, 2H, P-o/m/p-(C6H4)2), 7.09 – 7.03 (m, 3H, P-

o/m/p-(C6H4)2/ C-p-C6H5), 6.94 – 6.89 (m, 3H, N-m/p-C6H3), 6.83 (t, J = 7.0 Hz, 2H, C-

o/m-C6H5), 6.79 – 6.74 (m, 2H, P-o/m/p-(C6H4)2), 3.76 – 3.70 (m, 6H, P-

(C6H4(OCH3))2), 2.85 (hept, 3JHH = 7.0 Hz, 2H, N-C6H3(CH(CH3)2)2), 0.92 (d, 3JHH = 7.0 

Hz, 6H, N-C6H3(CH(CH3)2)2), 0.90 (d, 3JHH = 7.0 Hz, 6H, N-C6H3(CH(CH3)2)2). 

 
13C NMR (151 MHz, CDCl3, 50 qC) δ 174.4 (C=N), 161.9 (P-o-(C6H4(OCH3))2), 147.5 

(d, 3JPC = 8.0 Hz, N-i-C6H3), 138.4 (P-i-(C6H4)2), 135.5 (N-o-C6H3), 135.3 (C-i-C6H5), 

130.8 (C-o/m-C6H5), 128.7 (P-o/m/p-(C6H4)2), 128.1 (P-o/m/p-(C6H4)2), 127.6 (C-p-

C6H5), 123.0 (N-p-C6H3), 122.6 (N-m-C6H3), 120.9 (C-o/m-C6H5), 110.3 (P-o/m/p-

(C6H4)2), 55.6 (P-(C6H4(OCH3))2), 28.2 (N-C6H3(CH(CH3)2)2), 23.8 (N-C6H3(CH(CH3)2)2), 

22.4 (N-C6H3(CH(CH3)2)2).  

 
31P{1H} NMR (283 MHz, CDCl3) δ �12.1, �24.7.o 

 

MS (ASAP+) m/z: 510.2 ([MH]+), 264.2 ([M�P(2-(OMe)C6H4)2]+).  

 

IR (ATR): QC=N = 1584 cm–1. 

                                                
o Two resonances at �12.1 and �24.7 ppm present in relative ratio 1:0.22, respectively (ratio 

derived by integration of the peaks in 31P{1H} NMR spectrum), due to presence of imine E and 
Z isomers in solution.1  
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5.2.4. Synthesis of selenide derivatives of PCN ligands 2.1 – 2.17 

An excess of selenium powder (15 mg) was added to a Young’s tap NMR tube, which 

contained a sample of a PCN ligand (2.1 - 2.17, 20 mg) in 0.7 mL CDCl3. The reaction 

mixture was sonicated for at least an hour, after which time the reactions had gone to 

100 % conversion. The products, 2.1(Se) - 2.17(Se), were analysed by 31P{1H} NMR 

spectroscopy; the resulting data are presented in Chapter 2, section 2.3.3, Table 2.10.  

5.2.5. Synthesis of Cr0-PCN complexes 

5.2.5.1. Synthesis of Cr(CO)4(PhC(PiPr2)=N(2,6-iPr2C6H3)) (2.18) and 
Cr(CO)5(PhC(PiPr2)=N(2,6-iPr2C6H3)) (2.19) 

(a) Using a modification of the method reported by Krishnamurthy et al.12  
 

PCN ligand 2.14 (0.47 g, 1.23 mmol) and Cr(CO)6 (0.33 g, 1.50 mmol) were added to a 

two-necked round bottom flask, equipped with a reflux condenser. Toluene (40 mL) 

was added to the round bottom flask before the resultant yellow solution was heated at 

reflux for 21 hours, during which time the solution turned purple. The solution was 

subsequently allowed to cool to room temperature and found to consist of a mixture of 

4 phosphorus-containing products by 31P{1H} NMR spectroscopy (162 MHz, C6D6): 

83.2 ppm (55 %, corresponding to 2.191), 64.3 ppm (39 %, corresponding to 2.181), 

47.6 ppm (2 %) and 27.1 ppm (4 %, corresponding to 2.14). Following filtration, the 

solvent was removed from the filtrate under vacuum to leave a purple residue. Hexane 

(20 mL) was added to the purple residue and the mixture filtered to yield a purple solid 

and yellow solution.  

 

Isolation of Cr(CO)4(PhC(PiPr2)=N(2,6-iPr2C6H3)) (2.18) 

The purple solid (from the hexane filtration) was dissolved in 

the minimum amount of DCM before being layered with 

hexane, and subsequently left at –30 °C overnight yielding 

purple crystals of 2.18. This process was repeated with the 

purple filtrate to yield more batches of 2.18 (0.11 g, 17 % 

yield). The identity of 2.18 was verified by 1H, 13C{1H}, and 31P{1H} NMR spectroscopy, 

in addition to IR spectroscopy; the data were all in agreement with those previously 

reported by Dr. James Radcliffe.1 

 
1H NMR (700 MHz, CDCl3) δ 7.34 (t, 3JHH = 7.4 Hz, 1H, C-p-C6H5), 7.25 – 7.22 (m, 1H, 

N-p-C6H3), 7.22 – 7.19 (m, 2H, C-m-C6H5), 7.19 – 7.15 (m, 2H, N-m-C6H3), 6.92 (d, J = 

8.0 Hz, 2H, C-o-C6H5), 3.15 (hept, 3JHH = 7.0 Hz, 2H, N-C6H3(CH(CH3)2)2), 2.81 – 2.67 
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(m, 2H, P(CH(CH3)2)2), 1.49 (dd, J = 18.5 Hz, 6.8 Hz, 6H, P(CH(CH3)2)2), 1.41 (d, 3JHH 

= 6.5 Hz, 6H, N-C6H3(CH(CH3)2)2), 1.39 – 1.33 (m, 6H, P(CH(CH3)2)2), 0.81 (d, 3JHH = 

6.9 Hz, 6H, N-C6H3(CH(CH3)2)2).  

 

13C{1H} NMR (176 MHz, CDCl3) δ 229.3 (d, 2JPC = 12.0 Hz, trans-PCr(CO)), 225.5 (d, 
2JPC = 3.0 Hz, trans-NCr(CO)), 222.3 (d, 2JPC = 13 .0 Hz, trans-Cr(CO)), 185.0 (d, 1JPC 
= 18.0 Hz, C=N), 147.3 (d, 3JPC = 24.0 Hz, N-i-C6H3), 136.2 (N-o-C6H3), 133.3 (d, 2JPC = 
5.0 Hz, C-i-C6H5), 132.3 (C-p-C6H5), 129.1 (C-m-C6H5), 128.9 (C-o-C6H5), 127.2 (N-p-
C6H3), 125.0 (N-m-C6H3), 30.2 (d, 1JPC = 9.0 Hz, P(CH(CH3)2)2), 28.4 (N-
C6H3(CH(CH3)2)2), 25.0 (N-C6H3(CH(CH3)2)2), 23.9 (N-C6H3(CH(CH3)2)2), 20.5 (d, 2JPC = 
12.0 Hz, P(CH(CH3)2)2), 19.5 (d, 2JPC = 2.0 Hz, P(CH(CH3)2)2).  

 

31P{1H} NMR (283 MHz, CDCl3) δ 63.3.  

 

IR (CH2Cl2): QC=O = 1999 cm–1, 1900 cm–1, 1874 cm–1, 1859 cm–1. 

                    QC=N = 1532 cm–1.  

 

Isolation of Cr(CO)5(PhC(PiPr2)=N(2,6-iPr2C6H3)) (2.19)  

The yellow solution (from the hexane filtration) was 

concentrated under vacuum and stored at – 30 °C overnight, 

yielding yellow crystals of 2.19. This process was repeated 

with the yellow filtrate to yield more batches of 2.19 (0.25 g, 37 

% yield). The identity of 2.19 was validated by 1H, 13C, and 
31P{1H} NMR spectroscopy, in addition to IR spectroscopy, 

which were all similar to those previously reported by Dr. James Radcliffe.1 

 
1H NMR (700 MHz, CDCl3) δ 7.23 – 7.17 (m, 3H, C-m/p-C6H5), 7.08 (dd, J = 7.4, 2.1 

Hz, 2H, C-o-C6H5), 6.96 – 6.88 (m, 3H, N-m/p-C6H3), 2.89 (hept, 3JHH = 6.9 Hz, 2H, N-

C6H3(CH(CH3)2)2), 2.66 – 2.57 (m, 2H, P(CH(CH3)2)2), 1.35 – 1.27 (m, 12H, 

P(CH(CH3)2)2), 1.11 (d, 3JHH= 6.8 Hz, 6H, N-C6H3(CH(CH3)2)2), 1.06 (d, J = 6.9 Hz, 6H, 

N-C6H3(CH(CH3)2)2). 

 
13C{1H} NMR (176 MHz, CDCl3) δ 221.3 (d, 2JPC = 5.0 Hz, trans-PCr(CO)), 217.8 (d, 
2JPC = 12.5 Hz, trans-Cr(CO)), 175.6 (d, 1JPC = 28.5 Hz, C=N), 145.8 (d, 3JPC = 15.5 Hz, 

N-i-C6H3), 137.6 (d, 2JPC = 21.0 Hz, C-i-C6H5), 135.3 (N-o-C6H3), 129.2 (C-p-C6H5), 

128.1 (C-m-C6H5), 127.0 (d, 3JPC = 1.5 Hz, C-o-C6H5), 124.5 (N-p-C6H3), 122.9 (N-m-
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C6H3), 28.6 (N-C6H3(CH(CH3)2)2), 28.4 (d, 1JPC = 16.0 Hz, P(CH(CH3)2)2), 25.2 (N-

C6H3(CH(CH3)2)2), 22.0 (N-C6H3(CH(CH3)2)2),  19.2 (P(CH(CH3)2)2), 18.3 (d, 2JPC = 3.5 

Hz, P(CH(CH3)2)2),). 

 
31P{1H} NMR (283 MHz, CDCl3) δ 83.1. 

 

IR (CH2Cl2): QC=O = 2061 cm–1, 1980 cm–1, 1935 cm–1. 

                    QC=N = 1584 cm–1. 

 

(b) Using a modification of the method reported by Grim et al.13  

A Schlenk was charged with PCN ligand 2.14 (0.24 g, 0.63 mmol), Cr(CO)6 (0.17 g, 

0.77 mmol) and diglyme (20 mL). The resultant yellow solution was heated to 160 °C, 

and then kept at 160 °C for 1 hour, after which time the solution turned purple and 

sublimation of Cr(CO)6 was no longer observed. The solution was subsequently 

allowed to cool to room temperature and analysed by 31P{1H} NMR spectroscopy (162 

MHz, C6D6) which revealed the solution to consist of a mixture of four phosphorus-

containing products: 84.0 ppm (71 %, corresponding to 2.191), 63.6 ppm (13 %, 

corresponding to 2.181), 51.9 ppm (3 %), and 27.4 ppm (13 %, corresponding to 2.14). 

The solution was then filtered and the solvent removed from the filtrate under vacuum 

to leave a purple residue, which was worked up in the same way as described 

previously in section (a) to yield 2.18 (0.03 g, 9 % yield) and 2.19 (0.17 g, 47 % yield).   

5.2.5.2. Synthesis of Cr(CO)4(PhC(PiPr2)=N(2,6-Me2C6H3)) (2.20) and  
Cr(CO)5(PhC(PiPr2)=N(2,6-Me2C6H3)) (2.21) p 

A flask was charged with Cr(CO)6 (0.402 g, 1.8 mmol), PCN ligand PhC(PiPr2)=N(2,6-

Me2C6H3) (0.495 g, 1.5 mmol), and toluene (40 mL). The mixture was heated to reflux 

for 24 hours after which time the solution was cooled to 0 °C and filtered, giving a 

purple solution. The solvent was removed in vacuo to leave a purple residue. 

5.2.5.2.1. Isolation of Cr(CO)4(PhC(PiPr2)=N(2,6-Me2C6H3)) (2.20) 
The majority of the purple solid was dissolved in hot 

hexane  and the solution filtered and left to slowly cool. The 

remaining purple  solid was separately dissolved in hot 

hexane and slowly cooled. Purple  crystals formed in both 

flasks, and these were isolated by filtration and combined to 

                                                
p Synthesised by Dr. James Radcliffe.1 
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yield the first product, the bidentate complex 2.20 (47 mg, 6 % yield). Successful 

elemental analysis data of the complex could not be obtained (calc.: C25H28CrNO4P C, 

61.35; H, 5.77; N, 2.86. Found: C, 46.63; H, 3.90; N, 1.95). Mass spectrometry was 

attempted, but yielded inconclusive results. The identity of complex 2.20 was 

confirmed by NMR spectroscopic and X-ray crystallographic analyses. See 

Appendices, section 6.2 for X-ray crystallographic data. 

 
1H NMR (700 MHz, CDCl3) δ 7.35 (t, 3JHH = 6.9 Hz, 1H, C-p-C6H5), 7.27 – 7.22 (m, 2H, 

C-m-C6H5), 7.01 (s, 3H, N-m/p-C6H3), 6.95 (d, J = 7.6 Hz, 2H, C-o-C6H5), 2.75 – 2.67 

(m, 2H, P(CH(CH3)2)2), 2.27 (s, 6H, N-C6H3(CH3)2), 1.51 – 1.39 (m, 12H, 

P(CH(CH3)2)2). 

 
13C{1H} NMR (176 MHz, CDCl3) δ 229.3 (d, 2JPC = 12.0 Hz, trans-PCr(CO)), 225.4 

(trans-NCr(CO)), 222.5 (d, 2JPC = 12.0 Hz, trans-Cr(CO)), 184.9 (d, 1JPC = 18.0 Hz, 

C=N), 149.4 (d, 3JPC = 23.0 Hz, N-i-C6H3), 134.1 (d, 2JPC = 4.0 Hz, C-i-C6H5), 131.8 (C-

p-C6H5), 129.4 (C-m-C6H5), 129.2 (N-m-C6H3), 127.2 (C-o-C6H5), 126.2 (N-p-C6H3), 

125.9 (N-o-C6H3), 28.9 (d, 1JPC = 9.0 Hz, P(CH(CH3)2)2), 20.0 (P(CH(CH3)2)2), 19.2 (N-

C6H3(CH3)2).  

 
31P{1H} NMR (283 MHz, CDCl3) δ 61.8.   

 

IR (CH2Cl2): QC=O = 2000 cm–1, 1899 cm–1, 1874 cm–1, 1858 cm–1. 

                    QC=N = 1536 cm–1. 

 

5.2.5.2.2. Isolation of Cr(CO)5(PhC(PiPr2)=N(2,6-Me2C6H3)) (2.21) 
The solution isolated from the first hexane washing was 

heated and concentrated under vacuum before being left to 

slowly  cool. After 16 hours large yellow crystals had formed 

which were  suitable for X-ray diffraction (0.337 g, 43 % 

yield). Analysis showed this  yellow product to be complex 

2.21. (calc.: C26H28CrNO5P C, 60.35; H, 5.45; N, 2.71. 

Found: C, 60.21; H, 5.50; N, 2.80). See Appendices, section 6.2 for X-ray 

crystallographic data. 

 
1H NMR (600 MHz, CDCl3) δ 7.25 – 7.20 (m, 3H, C-m/p-C6H5), 7.12 – 7.07 (m, 2H, C-

o-C6H5), 6.85 – 6.80 (m, 2H, N-m-C6H3), 6.78 – 6.72 (m, 1H, N-p-C6H3), 2.60 (heptd, 
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2JPH = 14.0 Hz, 3JHH = 7.0 Hz, 2H, P(CH(CH3)2)2), 2.13 (s, 6H, N-C6H3(CH3)2), 1.37 (dd, 

3JPH = 16.0 Hz, 3JHH = 7.0 Hz, 6H, P(CH(CH3)2)2), 1.23 (dd, 3JPH = 14.0 Hz, 7.0 Hz, 3JHH 

= 6H, P(CH(CH3)2)2). 

 
13C{1H} NMR (151 MHz, CDCl3) δ 221.5 (d, 2JPC = 5.0 Hz, trans-PCr(CO)), 218.0 (d, 
2JPC = 13.0 Hz, trans-Cr(CO)), 176.0 (d, 1JPC = 30.0 Hz, C=N), 149.2 (d, 3JPC = 17.0 Hz, 

N-i-C6H3), 138.3 (d, 2JPC = 17.0 Hz, C-i-C6H5), 129.3 (C-p-C6H5), 128.3 (C-m-C6H5), 

128.1 (N-m-C6H3), 126.1 (C-o-C6H5), 124.8 (N-o-C6H3), 123.7 (N-p-C6H3), 27.9 (d, 1JPC 

= 15.0 Hz, P(CH(CH3)2)2), 19.7 (N-C6H3(CH3)2), 19.0 (P(CH(CH3)2)2), 18.2 (d, 2JPC = 4.0 

Hz, P(CH(CH3)2)2). 

 
31P{1H} NMR (243 MHz, CDCl3) δ 87.0.   

  

MS (ASAP+) m/z: 518.1 ([MH]+), 489.1 ([M-CO]+), 326.2 ([MH-Cr(CO)5)]+), 208.1 ([M- 

Cr(CO)5(PiPr2)]+).   

 

IR (CH2Cl2): QC=O = 2060 cm–1, 1980 cm–1, 1934 cm–1. 

                     QC=N = 1587 cm–1. 

5.2.5.3. Synthesis of Cr(CO)4(PhC(PiPr2)=N(2,6-Et2C6H3)) (2.22) and 
Cr(CO)5(PhC(PiPr2)=N(2,6-Et2C6H3)) (2.23) 

(a) Attempted synthesis using a modification of the method reported by Krishnamurthy 

et al.12 
 

PCN ligand 2.15 (0.30 g, 0.85 mmol) and Cr(CO)6 (0.22 g, 1.00 mmol) were added to a 

two-necked round bottom flask, equipped with a reflux condenser. Toluene (25 mL) 

was added to the round bottom flask before the resultant yellow solution was heated at 

reflux for a total of 109 hours. The progress of the reaction was monitored by 31P{1H} 

NMR spectroscopy at various points during reflux (Chapter 2, section 2.4.1.1, Table 

2.14). Since it was found that prolonged reflux times led to increased decomposition of 

the desired products (2.22 and 2.23), the reaction was abandoned after 109 hours of 

reflux.  

 

(b) Synthesis using a modification of the method reported by Grim et al.13 

Cr(CO)6 (0.23 g, 1.05 mmol) and ligand 2.15 (0.31 g, 0.88 mmol) were added to a 

Schlenk, along with diglyme (25 mL). The reaction solution was heated to 160 °C, and 
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then kept at 160 °C for 1 hour, after which time the colour of the solution changed from 

yellow to purple and sublimation of Cr(CO)6 had ceased. The solution was 

subsequently allowed to cool to room temperature and analysed by 31P{1H} NMR 

spectroscopy (162 MHz, C6D6), which revealed the solution to consist of a mixture of 

three phosphorus-containing products: 86.4 ppm (68 %, corresponding to 2.23), 62.2 

ppm (16 %, corresponding to 2.22), and 27.7 ppm (16 %, corresponding to 2.15). After 

filtering the solution, the solvent of the filtrate was removed under vacuum leaving 

behind a purple residue. Hexane (20 mL) was added to the purple residue and the 

mixture filtered generating a purple solid and yellow solution.  

 

Isolation of Cr(CO)4(PhC(PiPr2)=N(2,6-Et2C6H3)) (2.22) 

The purple solid (from the hexane filtration) was dissolved in 

the minimum amount of DCM and layered with hexane. After 

16 hours at – 30 °C purple crystals of 2.22 were formed which 

were suitable for X-ray diffraction and isolated by filtration.  

The process was repeated with the remaining purple filtrate to 

generate a second batch of 2.22 (0.07 g, 15 % yield). There was insufficient material 

left of 2.22 for CHN analysis and mass spectrometry to be carried out (after complex 

2.22 had been characterised by X-ray diffraction, NMR spectroscopy, and IR 

spectroscopy and used in the synthesis of 2.30. See Appendices, section 6.2 for X-ray 

crystallographic data. 

 
1H NMR (600 MHz, CDCl3) δ 7.33 (t, 3JHH = 7.4 Hz, 1H, C-p-C6H5), 7.24 -7.20 (m, 2H, 

C-o-C6H5), 7.19 - 7.13 (m, 1H, N-p-C6H3), 7.12 - 7.08 (m, 2H, N-m-C6H3), 6.97 - 6.90 

(m, 2H, C-m-C6H5), 2.85 (dq, 3J = 15.1, 7.6 Hz, 2H, N-C6H3(CH2CH3)2), 2.77 - 2.63 (m, 

2H, P(CH(CH3)2)2), 2.39 (dq, J = 14.8, 7.4 Hz, 2H, N-C6H3(CH2CH3)2), 1.62 - 1.19 (m, 

12H, P(CH(CH3)2)2), 1.17 ( t, 3JHH = 7.5 Hz, 6H, N-C6H3(CH2CH3)2).              

 
13C{1H} NMR (151 MHz, CDCl3) δ 229.3 (trans-PCr(CO)), 225.4 (d, 2JPC = 2.5 Hz, 

trans-NCr(CO)), 222.3 (d, 2JPC = 12.5 Hz, trans-Cr(CO)), 185.3 (C=N), 148.5 (N-i-

C6H3), 133.8 (C-i-C6H5), 131.8 (C-p-C6H5), 131.2 (N-o-C6H3), 129.2 (C-o-C6H5), 127.7 

(C-m-C6H5), 126.5 (N-p-C6H3), 126.4 (N-m-C6H3), 29.2 (d, 1JPC = 9.0 Hz, 

P(CH(CH3)2)2), 23.9 (N-C6H3(CH2CH3)2), 20.2 (d, 2JPC = 10.0 Hz, P(CH(CH3)2)2), 20.0 

(d, 2JPC = 3.0 Hz, PCH(CH3)2), 14.2 (N-C6H3(CH2CH3)2).   

 
31P{1H} NMR (243 MHz, CDCl3) δ 61.8.  
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IR (CH2Cl2): QC=O = 2000 cm–1, 1894 cm–1, 1877 cm–1, 1857 cm–1. 

                    QC=N = 1551 cm–1. 

 

Isolation of Cr(CO)5(PhC(PiPr2)=N(2,6-Et2C6H3)) (2.23)  

The yellow solution (from the hexane filtration) was 

concentrated and cooled to – 30 °C for 16 hours, after 

which time yellow crystals of 2.23 (0.20 g, 42 % yield) were 

obtained which were suitable for X-ray crystal diffraction. 

(calc.: C28H32CrNO5P C, 61.65; H, 5.91; N, 2.57. Found: C, 

61.76; H, 5.84; N, 2.70). See Appendices, section 6.2 for 

X-ray crystallographic data. 

 
1H NMR (700 MHz, CDCl3) δ 7.23 - 7.14 (m, 3H, C-m/p-C6H5), 7.10 - 7.01 (m, 2H, C-o-

C6H5), 6.92 - 6.88 (m, 2H, N-m-C6H3), 6.88 - 6.84 (m, 1H, N-p-C6H3), 2.58 (ddq, J = 

32.8, 15.0, 7.3 Hz, 4H, N-C6H3(CH2CH3)2/ P(CH(CH3)2)2), 2.29 (dq, J = 15.0, 7.5 Hz, 

2H, N-C6H3(CH2CH3)2), 1.32 (dd, J = 15.4, 7.2 Hz, 6H, P(CH(CH3)2)2),1.27 (dd, J = 

14.0, 6.9 Hz, 6H, P(CH(CH3)2)2), 1.16 (t, 3JHH = 7.5 Hz, 6H, N-C6H3(CH2CH3)2).     

     
13C{1H} NMR (176 MHz, CDCl3) δ 221.2 (d, 2JPC = 5.0 Hz, trans-PCr(CO)), 217.7 (d, 
2JPC = 12.5 Hz, trans-Cr(CO)), 175.7 (d, 1JPC = 29.0 Hz, C=N), 147.5 (d, 3JPC = 16.0 Hz, 

N-i-C6H3), 137.9 (d, 2JPC = 19.0 Hz, C-i-C6H5), 130.2 (N-o-C6H3), 129.0 (C-m-C6H5), 

128.0 (C-p-C6H5), 126.1 (C-o-C6H5), 125.1 (N-m-C6H3), 123.8 (N-p-C6H3), 28.0 (d, 1JPC 

= 16.0 Hz, P(CH(CH3)2)2), 24.7 (N-C6H3(CH2CH3)2), 18.9 (N-C6H3(CH2CH3)2), 18.1 (d, 

2JPC = 3.5 Hz, P(CH(CH3)2)2), 14.0 (N-C6H3(CH2CH3)2).  

 
31P{1H} NMR (243 MHz, CDCl3) δ 85.1.  

 

MS (ASAP+) m/z: 545.4 ([M]+), 518.2 ([MH-CO]+), 354.3 ([MH-Cr(CO)5)]+), 236.2([M- 

Cr(CO)5(PiPr2)]+).   

 

IR (CH2Cl2): QC=O = 2061 cm–1, 1980 cm–1, 1934 cm–1. 

         QC=N = 1586 cm–1. 
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5.2.5.4. Synthesis of Cr(CO)4(PhC(PiPr2)=N(2-MeC6H4)) (2.24) and 
Cr(CO)5(PhC(PiPr2)=N(2-MeC6H4)) (2.25) 

Following a modification of the literature procedure by Grim et al.,13 a Schlenk was 

charged with ligand 2.16 (0.47 g, 1.51 mmol), Cr(CO)6 (0.40 g, 1.82 mmol) and 

diglyme (40 mL). The resultant yellow solution was heated to 160 °C for 1 hour, and 

then kept at 160 °C for 1 hour, after which time the solution turned purple and 

sublimation of Cr(CO)6 was no longer observed. The solution was subsequently 

allowed to cool to room temperature before being analysed by 31P{1H} NMR 

spectroscopy (162 MHz, C6D6), which revealed the solution to consist of a mixture of 

six phosphorus-containing products: 96.5 ppm (1 %), 85.6 ppm (1 %), 84.0 ppm (51 %, 

corresponding to 2.25), 59.5 ppm (32 %, corresponding to 2.24), 51.1 ppm (2 %), and 

26.9 ppm (13 %, corresponding to 2.16). The solution was then filtered and the solvent 

subsequently removed from the filtrate under vacuum to leave a purple residue. 

Hexane (20 mL) was added to the purple residue and the mixture filtered generating a 

purple solid and yellow solution.  

 

5.2.5.4.1. Isolation of Cr(CO)4(PhC(PiPr2)=N(2-MeC6H4)) (2.24) 
The purple solid (from the hexane filtration) was dissolved in 

the minimum amount of DCM and layered with hexane. After 

16 hours at – 30 °C purple crystals of 2.24 were formed (0.10 

g, 14 % yield), which were suitable for X-ray diffraction and 

isolated by filtration.  (calc.: C24H26CrNO4P C, 60.63; H, 5.51; 

N, 2.95. Found: C, 60.70; H, 5.45; N, 3.03). See Appendices, 

section 6.2 for X-ray crystallographic data. 

 
1H NMR (700 MHz, CDCl3) δ 7.31 (t, 3JHH = 7.5 Hz, 1H, N-C6H4), 7.25 - 7.19 (m, 3H, C-

m-C6H5/ N-C6H4), 7.10 - 7.03 (m, 2H, C-o-C6H5), 7.00 (d, 3JHH = 7.7 Hz, 1H, C-p-C6H5), 

6.93 (d, 3JHH = 7.5 Hz, 2H, N-C6H4), 2.87 - 2.70 (m, 1H, P(CH(CH3)2)2), 2.62 - 2.48 (m, 

1H, P(CH(CH3)2)2), 2.03 (s, 3H, N-C6H4(CH3)), 1.52 (dd, J = 15.7, 7.0 Hz, 3H, 

P(CH(CH3)2)2), 1.43 (dd, J= 18.1 Hz, 6.8 Hz, 3H, P(CH(CH3)2)2), 1.39 - 1.28 (m, 6H, 

P(CH(CH3)2)2).  

 
13C{1H} NMR (176 MHz, CDCl3) δ 229.8 (d, 2JPC = 12.0 Hz, trans-PCr(CO)), 225.8 (d, 
2JPC = 2.0 Hz, trans-NCr(CO)), 222.7 (d, 2JPC = 11.0 Hz, trans-Cr(CO)), 221.6 (d, 2JPC = 

10.5 Hz, trans-Cr(CO)), 183.8 (d, 1JPC = 18.5 Hz, C=N), 150.5 (d, 3JPC = 24.0 Hz, N-i-

C6H4), 134.2 (d, 2JPC = 4.0 Hz, C-i-C6H5), 131.3 (N-C6H4), 129.2 (C-m-C6H5), 127.6 (N-
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C6H4), 127.2 (N-C6H4), 126.7 (C-o-C6H5), 125.3 (N-o-C6H4(CH3)), 121.1 (C-p-C6H5), 

29.0 (d, 1JPC = 9.5 Hz, P(CH(CH3)2)2), 27.4 (d, 1JPC = 8.0 Hz, P(CH(CH3)2)2), 20.1 

(P(CH(CH3)2)2), 20.0 (d, 2JPC = 11.5 Hz, P(CH(CH3)2)2), 19.7 (P(CH(CH3)2)2), 19.6 

(P(CH(CH3)2)2), 18.4 (N-C6H4(CH3)).  
 

31P{1H} NMR 283 MHz, CDCl3) δ 59.2.  

 

MS (ASAP+) m/z: 448.2 ([MH-CO]+), 311.2 ([M-Cr(CO)4)]+), 195.1 ([M-

Cr(CO)4(PiPr2)]+).   

 

IR (CH2Cl2): QC=O = 2002 cm–1, 1901 cm–1, 1880 cm–1, 1857 cm–1.  

                     QC=N = 1538 cm–1. 

 

5.2.5.4.2. Isolation of Cr(CO)5(PhC(PiPr2)=N(2-MeC6H4)) (2.25) 
The yellow solution (from the hexane filtration) was 

concentrated and cooled to – 30 °C for 16 hours, after 

which time yellow crystals of 2.25 (0.30 g, 40 % yield) were 

obtained which were suitable for X-ray crystal diffraction. 

(calc.: C25H26CrNO5P C, 59.64; H, 5.21; N, 2.78. Found: C, 

59.80; H, 5.12; N, 2.87). See Appendices, section 6.2 for 

X-ray crystallographic data. 

 
1H NMR (700 MHz, CDCl3) δ 7.25 - 7.19 (m, 3H, C-m/p-C6H5), 7.10 – 7.06 (m, 2H, C-o-

C6H5), 7.02 (d, 3JHH = 7.3 Hz, 1H, N-C6H4), 6.84 (dtd, J = 25.6, 7.5, 1.3 Hz, 2H, N-

C6H4), 6.28 (d, 3JHH = 8.0 Hz, 1H, N-C6H4), 2.57 (dp, J = 14.4, 7.3 Hz, 2H, 

P(CH(CH3)2)2), 2.24 (s, 3H, N-C6H4(CH3)), 1.36 (dd, J = 15.1, 7.1 Hz, 6H, 

P(CH(CH3)2)2), 1.20 (dd, J = 14.2, 6.9 Hz, 6H, P(CH(CH3)2)2).   

 
13C{1H} NMR (176 MHz, CDCl3) δ 221.7 (d, 2JPC = 5.0 Hz, trans-PCr(CO)), 218.0 (d, 
2JPC = 13.0 Hz, trans-Cr(CO)), 177.4 (d, 1JPC = 33.5 Hz, C=N), 149.5 (d, 3JPC = 18.0 Hz, 

N-i-C6H4), 137.5 (d, 2JPC = 17.0 Hz, C-i-C6H5), 130.4 (N-C6H4), 128.9 (C-m/p-C6H5), 

128.5 (C-m/p-C6H5), 127.9 (N-o-C6H4(CH3)), 127.0 (d, 3JPC = 1.5 Hz, C-o-C6H5), 125.9 

(N-C6H4), 124.3 (N-C6H4), 119.1 (N-C6H4), 27.9 (d, 1JPC = 16.0 Hz, P(CH(CH3)2)2), 19.2 

(P(CH(CH3)2)2), 19.0 (N-C6H4(CH3)), 18.6 (d, 2JPC = 3.0 Hz, (P(CH(CH3)2)2). 

 
31P{1H} NMR (283 MHz, CDCl3) δ 83.1.  
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MS (ASAP+) m/z: 503.2 ([M]+), 311.2 ([M-Cr(CO)5)]+), 195.1([M-Cr(CO)5(PiPr2)]+).   

 

IR (CH2Cl2): QC=O = 2060 cm–1, 1981 cm-1, 1936 cm–1. 

                     QC=N = 1591 cm–1. 

5.2.6. Synthesis of CrI-PCN complexesq 

5.2.6.1. Synthesis of [Cr(CO)4(Ph(PiPr2)C=N(2-MeC6H4))][Al{OC(CF3)3}4] (2.26) 

The synthesis of 2.26 was carried out following the 

literature procedure reported by Hanton et al.14 A solution 

of Ag[Al{OC(CF3)3}4] (0.06 g, 0.06 mmol) in DCM (5 mL)  

was added dropwise to a solution of complex 2.24 (0.03 

g, 0.06 mmol) in DCM (5 mL). The reaction solution was 

stirred for an hour at room temperature, in which time it 

turned dark purple, before a second equivalent of Ag[Al{OC(CF3)3}4] (0.06 g, 0.06 

mmol) in DCM (5 mL) was added dropwise to the reaction mixture. After stirring 

overnight at room temperature, the reaction mixture was filtered away from 

decomposed Ag[Al{OC(CF3)3}4]. Analysis of the filtrate by IR spectroscopy revealed 

absence of starting material 2.24, indicating completion of the reaction, therefore the 

volatile components of the filtrate were removed under vacuum to yield an oily orange 

residue, which was washed with petroleum ether (40:60, 3 × 5 mL) and dried in vacuo. 

After leaving at −30 °C for 48 hours, the oily orange residue solidified on scraping to 

yield 2.26 as a light brown solid (0.06 g, 69 % yield). (calc.: C40H26AlCrF36NO8P C, 

33.30; H 1.82; N, 0.97. Found: C, 33.17; H, 1.98; N, 0.86). There was insufficient 

material left of 2.26 after characterising it by NMR and IR spectroscopy, and testing it 

in ethylene oligomerisation catalysis, for mass spectrometry to be carried out. 

 

μeff  = 1.71 μB.  

 
19F NMR (376 MHz, CD2Cl2) δ �75.6 (Q½ = 10.0 Hz).  

 

IR (CH2Cl2): QC=O = 2092 cm–1, 2054 cm–1, 2038 cm–1, 1967 cm–1.  

 

                                                
q Due to the light sensitive nature of Ag[Al{OC(CF3)3}4] these syntheses were carried out in 

Schlenks covered in foil.  
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5.2.6.2. Synthesis of [Cr(CO)5(Ph(PiPr2)C=N(2-MeC6H4))][Al{OC(CF3)3}4] (2.27) 

Complex 2.27 was synthesised in an analogous manner to 

complex 2.26 using complex 2.25 (0.07 g, 0.14 mmol) and 

Ag[Al{OC(CF3)3}4] (0.30 g, 0.28 mmol). The product was 

obtained as a brick red solid (0.17 g, 83 % yield). (calc.: 

C41H26AlCrF36NO9P C, 33.49; H 1.78; N, 0.95. Found: C, 

33.22; H, 1.60; N, 0.91). 

 

μeff  = 1.71 μB. 

 
19F NMR (376 MHz, CD2Cl2) δ �75.2 (Q½ = 26.1 Hz). 

 

IR (CH2Cl2): QC=O = 2092 cm–1, 2038 cm–1, 1968 cm–1. 

 

MS (ASAP+) m/z: 966.1 ([Al{OC(CF3)3}4]−), 503.2 ([M]+), 311.2 ([M-Cr(CO)5)]+), 195.1 

([M-Cr(CO)5(PiPr2)]+).   

5.2.6.3. Synthesis of [Cr(CO)4(Ph(PiPr2)C=N(2,6-Me2C6H3))][Al{OC(CF3)3}4] (2.28) 

The synthesis of complex 2.28 was conducted in an 

analogous manner to that described for complex 2.26 

using complex 2.20 (0.03 g, 0.06 mmol) and 

Ag[Al{OC(CF3)3}4] (0.13 g, 0.12 mmol). The product was 

obtained as a red solid (0.05 g, 57 % yield). (calc.: 

C41H28AlCrF36NO8P C, 33.81; H 1.94; N, 0.96. F ound: 

C, 33.69; H, 2.04; N, 1.02). There was insufficient material left of 2.28 after 

characterising it by NMR and IR spectroscopy, and testing it in ethylene 

oligomerisation catalysis, for mass spectrometry to be carried out. 

 

μeff  = 1.80 μB. 

 
19F NMR (376 MHz, CD2Cl2) δ �75.7 (Q½ = 8.7 Hz). 

 

IR (CH2Cl2): QC=O = 2092 cm–1, 2055 cm–1, 2037 cm–1, 1966 cm–1. 
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5.2.6.4. Synthesis of [Cr(CO)5(Ph(PiPr2)C=N(2,6-Me2C6H3))][Al{OC(CF3)3}4] (2.29) 

Complex 2.29 was synthesised in a similar manner to      

complex 2.26 using Ag[Al{OC(CF3)3}4] (0.42 g, 0.40 mmol) 

and complex 2.21 (0.10 g, 0.19 mmol). The product was 

obtained as a dark red solid (0.17 g, 60 % yield). (calc.: 

C42H28AlCrF36NO9P C, 33.98; H 1.90; N, 0.94. Found: C, 

33.84; H, 1.99; N, 1.00). 

 

μeff  = 1.95 μB. 

 
19F NMR (376 MHz, CD2Cl2) δ � 75.7 (Q½ = 6.8 Hz).  

 

IR (CH2Cl2): QC=O = 2091 cm–1, 2036 cm–1, 1965 cm–1. 

 

MS (ASAP+) m/z: 966.1 ([Al{OC(CF3)3}4]−), 517.2 ([M]+), 326.2 ([M-Cr(CO)5)]+), 208.1 

([M-Cr(CO)5(PiPr2)]+).   

5.2.6.5. Synthesis of [Cr(CO)4(Ph(PiPr2)C=N(2,6-Et2C6H3))][Al{OC(CF3)3}4] (2.30) 

The synthesis of complex 2.30 was achieved via the 

same procedure as described for complex 2.26 using 

complex 2.22 (0.05 g, 0.10 mmol) and Ag[Al{OC(CF3)3}4] 

(0.21 g, 0.20 mmol). The product was obtained as a red 

solid (0.06 g, 40 % yield). (calc.: C43H32AlCrF36NO8P C, 

34.79; H 2.17; N, 0.94. Found: C, 34.92; H, 2.06; N, 

0.76). There was insufficient material left of 2.30 after characterising it by NMR and IR 

spectroscopy, and testing it in ethylene oligomerisation catalysis, for mass 

spectrometry to be carried out. 

 

μeff  = 1.86 μB. 

 
19F NMR (376 MHz, CD2Cl2) δ � 75.7 (Q½ = 7.6 Hz). 

 

IR (CH2Cl2): QC=O = 2104 cm–1, 2053 cm–1, 2031 cm–1, 1950 cm–1. 
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5.2.6.6. Synthesis of [Cr(CO)5(Ph(PiPr2)C=N(2,6-Et2C6H3))][Al{OC(CF3)3}4] (2.31) 

The synthesis of complex 2.31 was conducted via an 

analogous procedure to that implemented for complex 

2.26 using Ag[Al{OC(CF3)3}4] (0.28 g, 0.26 mmol) and 

complex 2.23 (0.07 g, 0.13 mmol). After the crude 

reaction mixture had been stirred overnight, it was 

filtered and the filtrate analysed by IR spectroscopy 

which revealed the presence of five bands in the region 

1900 – 2100 cm-1 (characteristic for CO stretching frequencies): 1958 cm–1,                  

1979 cm–1, 2035 cm–1, 2074 cm–1, and 2091 cm–1. A third equivalent of 

Ag[Al{OC(CF3)3}4] (0.14 g, 0.13 mmol) was added to the crude reaction mixture and 

the resultant mixture left to stir overnight. The mixture was subsequently filtered and IR 

spectroscopy of the resulting filtrate showed the presence of five bands in the region 

1900 – 2100 cm–1: 1965 cm–1, 1979 cm–1, 2035 cm–1, 2075 cm–1, and                                

2091 cm–1. The volatile components of the filtrate were then removed under vacuum to 

generate a viscous red oil. The red oil was then washed with petroleum ether (40:60), 

toluene and hexane and the insoluble components of the washings were dried under 

vacuum before being left at −30 °C for 48 hours, after which time the oil solidified upon 

scraping to yield a brown solid (0.038 g). Analysis of the brown solid by IR and NMR 

spectroscopy revealed it to consist of a mixture of products, of which one was the 

desired product 2.31 (confirmed by mass spectrometry). Due to the complexity of the 
1H (CD2Cl2, 600 MHz) and 13C{1H} NMR spectra (CD2Cl2, 151 MHz) of the mixture of 

products, the peaks have not been reported.  

 

Characterisation for complex 2.31:  

 

μeff  = 1.60 μB. 

 
19F NMR (376 MHz, CD2Cl2) δ � 75.6 (Q½ = 9.2 Hz).  

 

IR (CH2Cl2): QC=O = 2091 cm–1, 2035 cm–1, 1965 cm–1. 

 

MS (ASAP+) m/z: 966.1 ([Al{OC(CF3)3}4]−), 545.2 ([M]+), 355.1 ([MH-Cr(CO)5)]+), 236.2 

([M-Cr(CO)5(PiPr2)]+). 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Characterisation of byproducts: 

 
31P{1H} NMR (243 MHz, CD2Cl2) δ 89.2 (br, Q½ = 182.2 Hz, 24 %), 86.5 (br, Q½ = 163.1 

Hz, 17 %), 9.7 (d, JPP = 54.0 Hz, 28 %), 8.6 (d, JPP = 33.8 Hz, 2 %), 6.6 (d, JPP = 53.6 

Hz, 29 %).  

 

IR (CH2Cl2): QC=O = 2075 cm–1, 1979 cm–1. 

5.2.6.7. Synthesis of [Cr(CO)4(Ph(PiPr2)C=N(2,6-iPr2C6H3))][Al{OC(CF3)3}4] (2.32) 

Complex 2.32 was synthesised in an analogous manner to 

complex 2.26 using complex 2.18 (0.08 g, 0.15 mmol) and 

Ag[Al{OC(CF3)3}4] (0.32 g, 0.30 mmol). The product was 

obtained as a light brown solid (0.07 g, 31 %). Satisfactory 

elemental analysis of the product could not be obtained, 

possibly due to the presence of trace amounts of residual 

silver salts. (calc.: C45H36AlCrF36NO8P C, 35.73; H 2.40; N, 0.93. Found: C, 26.49; H, 

1.92; N, 0.50). 

 

μeff  = 1.96 μB. 

 
19F NMR (376 MHz, CD2Cl2) δ � 75.7 (Q½ = 6.0 Hz). 

 

IR (CH2Cl2): QC=O = 2090 cm–1, 2055 cm–1, 2035 cm–1,1963 cm–1. 

 

MS (ASAP+) m/z: 966.1 ([Al{OC(CF3)3}4]−), 546.2 ([MH]+), 381.3 ([M-Cr(CO)4)]+), 264.2 

([M-Cr(CO)4(PiPr2)]+). 

5.2.6.8. Synthesis of [Cr(CO)5(Ph(PiPr2)C=N(2,6-iPr2C6H3))][Al{OC(CF3)3}4] (2.33) 

The synthesis of 2.33 was achieved via the same 

procedure as that implemented for complex 2.26 using 

Ag[Al{OC(CF3)3}4] (0.38 g, 0.36 mmol) and complex 

2.19 (0.10 g, 0.17 mmol). The product was obtained as 

a light brown solid (0.115 g) which was found by 

elemental analysis, IR and NMR spectroscopy, and 

mass spectrometry to consist of complex 2.33 and 
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other unknown byproducts. (calc.: C46H36AlCrF36NO9P C, 35.86; H 2.36; N, 0.91. 

Found: C, 32.42; H, 2.46; N, 1.10). 

 

μeff  = 1.68 μB. 

 
19F NMR (376 MHz, CD2Cl2) δ � 75.5 (Q½ = 25.7 Hz). 

 
31P{1H} NMR (243 MHz, CD2Cl2) δ 48.0 (7 %), 40.4 (3 %), 27.4 (1 %), 11.3 (7 %), 8.6 

(d, JPP = 36.5 Hz, 40 %), 6.6 (d, JPP = 36.1 Hz, 42 %).  

 

IR (CH2Cl2): QC=O = 2090 cm–1, 2036 cm–1, 1963 cm–1. 

 

MS (ASAP+) m/z: 966.1 ([Al{OC(CF3)3}4]−), 573.2 ([M]+), 381.3 ([M-Cr(CO)5)]+), 264.2 

([M-Cr(CO)4(PiPr2)]+). 

5.2.7. Reaction of PCN ligand 2.14 with Ag[Al{OC(CF3)3}4] 

A Young’s tap NMR tube was charged with ligand 2.14 (0.01 g, 0.03 mmol), 

Ag[Al{OC(CF3)3}4] (0.03 g, 0.03 mmol),  and CD2Cl2 (0.7 mL). The NMR tube was 

covered in foil and left in the dark for 14 hours, after which time it was analysed by 

NMR and IR spectroscopy and found to consist of a mixture of products. Due to the 

complexity of the 1H and 13C{1H} NMR spectra of the mixture of unknown products, the 

peaks have not been reported.  

 
19F NMR (376 MHz, CD2Cl2) δ � 75.7 (Q½ = 3.1 Hz). 

 
31P{1H} NMR (162 MHz, CD2Cl2) δ 90.3 (13 %), 86.4 (9 %), 58.0 (d, JPP = 35.1 Hz, 39 

%), 55.0 (d, JPP = 35.1 Hz, 39 %).  

 

IR (CH2Cl2): QC=N = 1552 cm–1. 
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5.2.8. Synthesis of CrIII-PCN complexes 

5.2.8.1. Attempted synthesis of CrCl3(THF)(PhC(PiPr2)=N(2,6-Et2C6H3)) (2.34) 

The synthesis of complex 2.34 was attempted using the 

method reported by Agapie et al.15 A solution of ligand 2.15 

(0.14 g, 0.40 mmol) in DCM (5 mL) was added dropwise to a 

solution of CrCl3(THF)3 (0.13 g, 0.35 mmol) in DCM (5 mL), 

resulting in the immediate formation of a green solution. The 

reaction solution was allowed to stir overnight before being filtered to remove any 

precipitate. The volatile components of the filtrate were subsequently removed in 

vacuo to yield a green residue, which was triturated three times with hexane (3 × 10 

mL). The resulting green solid was isolated by filtration and dried under vacuum (0.11 

g).  Although IR and NMR spectroscopic data of the green solid imply the desired 

product is present, CHN analysis suggests otherwise (calc: C27H40Cl3CrNOP C, 55.54; 

H, 6.90; N, 2.40. Found: C 52.79; H, 7.73; N, 2.34).  

 

μeff  = 3.60 μB (calculated using RMM of expected product). 

 

IR (CH2Cl2): QC=N = 1552 cm–1. 

 

MS (ASAP+) m/z: 354.2 ([M−CrCl3(THF)]+), 236.2 ([M�PiPr2CrCl3(THF)]+). 

 

5.2.8.2. Attempted synthesis of CrCl3(PhC(P(2-(OMe)C6H4)2)=N(2,6-iPr2C6H3)  
(2.35) 

The synthesis of complex 2.35 was attempted via the same 

procedure described for the synthesis attempt of complex 

2.34, using ligand 2.17 (0.20 g, 0.39 mmol) and CrCl3(THF)3 

(0.13 g, 0.35 mmol). The final product was obtained as a 

brown solid (0.08 g) which was found by CHN analysis and 
31P{1H} NMR spectroscopic analysis to not be the desired 

product. (calc: C33H36Cl3CrNO2P C, 59.34; H, 5.43; N, 2.10. 

Found: C 50.50; H, 4.84; N, 1.93). Due to the broadened nature of the 1H NMR 

spectrum, the peaks present in the 1H NMR spectrum have not been reported. 

 
31P{1H} NMR (243 MHz, CD2Cl2) δ 70.5 (2 %), 24.4 (br, Q½ = 49.8 Hz, 22 %), �0.7 (br, 

Q½ = 156.6 Hz, 76 %). 
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IR (CH2Cl2): QC=N = 1591 cm–1,1552 cm–1. 

 

MS (ASAP+) m/z: 510.2 ([M−CrCl3]+), 236.2 ([M� P(2-(OMe)C6H4)2CrCl3]+). 

 

5.2.8.3. Synthesis of CrCl3(THF)(PhC(PiPr2)=N(2,6-Me2C6H3) (2.36) 

Complex 2.36 was synthesised in an analogous manner to 

that described for the attempted synthesis of complex 2.34 

using PCN ligand PhC(PiPr2)=N(2,6-Me2C6H3)r (0.20 g, 0.61 

mmol) and CrCl3(THF)3 (0.21 g, 0.56 mmol). The final product 

was obtained as a green solid (0.22 g, 71 %). 

(calc.:C25H36Cl3CrNOP C, 54.02; H, 6.53; N, 2.52. Found: C, 

53.91; H, 6.66; N, 2.67). Mass spectrometry analysis of the product afforded 

inconclusive results, thought to be due to the lack of volatility of the product.  

 

μeff  = 3.68 μB. 

 

IR (CH2Cl2): QC=N = 1552 cm–1. 

 

MS (ASAP+) m/z: 326.2 ([M−CrCl3(THF)]+), 208.1 ([M�PiPr2CrCl3(THF)]+). 

 

5.2.8.4. Synthesis of CrCl3(THF)(PhC(PiPr2)=N(2,6-iPr2C6H3) (2.37) 

The synthesis of complex 2.37 was conducted via the method 

detailed for the attempted synthesis of complex 2.34 using 

ligand 2.14 (0.50 g, 1.31 mmol) and CrCl3(THF)3 (0.46 g, 1.23 

mmol). The final product was obtained as a green solid (0.56 g, 

74 % yield). (calc.:C29H44Cl3CrNOP C, 56.91; H, 7.25; N, 2.29. 

Found: C, 56.81; H, 7.06; N, 2.25). Mass spectrometry analysis of the product afforded 

inconclusive results, thought to be due to the lack of volatility of the product. 

 

μeff  = 3.62 μB. 

 

IR (CH2Cl2): QC=N = 1552 cm–1. 

                                                
r Synthesised by Dr. James Radcliffe.1 
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MS (ASAP+) m/z: 382.3 ([M−CrCl3(THF)]+), 338.3 ([M�iPr CrCl3(THF)]+), 264.2 

([M�PiPr2CrCl3(THF)]+). 

5.2.9. Evans’ NMR spectroscopic method for the determination of 
effective magnetic moments 

The effective magnetic moments of the paramagnetic species synthesised in Chapter 2 

were determined using Equations 5.1 – 5.4. The mass magnetic susceptibilities, χg, 

were obtained via the Evans’ NMR spectroscopic method.16 0.5 mL of a standard 

solution of the sample (20 mg in 2 mL DCM) was transferred into a Young’s tap NMR 

tube which contained a sealed capillary filled with CD2Cl2. The DCM was then removed 

from the Young’s tap NMR tube under vacuum and CD2Cl2 (0.5 mL) was added to the 

NMR tube. A 1H NMR spectrum (400 MHz) was recorded of the sample and Δν 

(Equation 5.4) obtained.  

𝜇𝑒𝑓𝑓 =  √
3𝑘𝜒𝑚𝑇

𝑁𝐴
= 2.828√𝜒𝑚𝑇 

Equation 5.1: Equation for determining the effective magnetic moment (μeff) where k = 
Boltzmann constant, χm = molar magnetic susceptibility, T = temperature (K),  and NA = 

Avogadro constant.17  
 

 
𝜒𝑚 =  𝜒𝑚(𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) – 𝑑𝑖𝑎𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑐𝑜𝑛𝑡𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

Equation 5.2: Equation for determining molar magnetic susceptibility (χm) where χm(uncorrected) = 
uncorrected molar magnetic susceptibility.16,18,19 

 

 

 𝜒𝑚(𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑) =  𝜒𝑔  ×  𝑅𝑀𝑀 

Equation 5.3: Equation for determining the uncorrected molar magnetic susceptibility 
(χm(uncorrected)) where χg= mass magnetic susceptibility and RMM = relative molecular mass of 

paramagnetic species.16,18,19 
 

 

        𝜒𝑔 =  Δ𝜈
𝑠𝐹𝜈𝑐

 +  𝜒𝑜 

Equation 5.4: Equation for determining the mass magnetic susceptibility (χg) where Δν = 
frequency difference (Hz) in 1H NMR spectrum of paramagnetic species between residual 

solvent resonance for the bulk solvent and the standard present in the sealed capillary, sF = 
shape factor (equal to 4π/3 for a cylindrical sample in a superconducting NMR spectrometer), ν 

= spectrometer frequency (Hz), c = concentration of sample in NMR tube, and χo  = mass 
susceptibility of solvent (=−0.549 e-6 cm3 g-1 for CD2Cl2).16,18-20  
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5.3. Chapter 3 Experimental  

5.3.1. Cr/PCN-based ethylene oligomerisation catalysis testing protocol 

The screening catalytic tests were performed in a 250 mL steel autoclave, while the 
larger-scale optimised catalytic runs were carried out in a stainless steel 1.2 L 
autoclave; both autoclaves contained a customised gas-entraining mechanical stirrer, 
internal cooling coil (tap water) and fluidised jacket (connected to a Huber 405w 
thermostatic bath). The same procedure was implemented for the screening catalytic 
tests and larger-scale catalytic runs. The relevant rigorously-cleaned autoclave was 
first heated at 130 °C under vacuum for an hour, before being cooled to the reaction 
temperature and back-filled with 10 bar ethylene. The autoclave was then vented to 0 
barg, via a septa, in order to purge the inlet valve prior to the addition of the relevant 
solvent. Following addition of the solvent, the pre-activated catalyst solution (prepared 
via the addition of a MMAO or TEA stock solution to a solution of the preformed or in-
situ formed Cr-PCN complex) was transferred to the autoclave via syringe. Ethylene 
was then re-introduced into the autoclave and its pressure was kept constant 
throughout the reaction by the use of a mass-flow meter (Siemens Sitrans F C Massflo 
system (Mass 6000-Mass 2100)), which continually added in ethylene as necessary. A 
stable reaction temperature was maintained by applying heating and cooling. As soon 
as ethylene uptake or the set reaction time had ceased, the gas supply was closed and 
the reactor cooled to 5 °C. The reactor was then cautiously vented and a portion of the 
vent gas was streamed directly to a GC-FID instrument that was equipped with a gas-
sampling loop. 1000 μL of nonane (GC internal standard) and 10% HCl (aq) were 
added to the reactor contents, before a sample of the organic phase was extracted for 
GC-FID analysis. Any solid formed was collected and washed with 10% HCl (aq), 
EtOH, and acetone before being left to dry overnight and its weight recorded. DSC 
analysis of the solid samples was also performed (section 5.3.2). 

Stock solutions of the catalyst precursors and catalytic additives were made up in the 

relevant solvent to the desired concentration. The ethylene (grade 4.5, sourced from 

BOC) had been passed through alumina and oxygen scrubbing columns and entrained 

with 0.6 – 1.3 ppm O2 before being used. A GPR-1200 oxygen meter from Advanced 

Instruments Inc., which had been calibrated with 10 ppm O2 stock gas, was used to 

measure the ethylene gas stream in order to monitor its O2 level.  
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5.3.2. DSC analysis of polyethylene produced in Cr/PCN-based ethylene 
oligomerisation catalysis tests 

DSC analyses of a selection of polyethylene samples, obtained in the Cr/PCN-based 
catalysis runs, were performed on a TA instruments DSC Q1000. The protocol 
implemented for DSC analysis of the polyethylene samples was identical to that 
implemented in previous work carried out in the Dyer group,1 which was based on 
methods reported by Cavallo and Basset et al.21 The polymer samples were first 
heated at a rate of 10 °C/min from room temperature to 200 °C, and then cooled to 50 
°C at a rate of 10 °C/min. This cycle was repeated and the data from the second 
heating cycle were used to determine the melting point and % crystallisation of the 
polymer samples.  

The polyethylene samples analysed exhibited a range of melting points (119.4 – 132.5 

°C) and degrees of crystallinity (5 – 18 %). The low crystallinities of the polyethylene 

samples suggest that the polymers are highly branched, something not consistent with 

the high melting points, which are indicative of high density polyethylene (HDPE).22 It is 

believed that the observed inconsistencies between the melting points and degrees of 

crystallinity of the polyethylene samples are due to the method by which the degrees of 

crystallinity have been obtained. The degrees of crystallinity of the polyethylene 

samples have been calculated using Equation 5.5, where Hf is the heat of fusion of the 

polymer (determined from the integration of the melting endotherm shown in Figure 

5.1) and Hstd is the heat of fusion of perfectly crystalline polyethylene (reported to be 

293.0 J g–1 in the literature).21,23,24 The curve for the melting endotherm (an example 

illustrated in Figure 5.1) is not well-defined and so determining its integration 

boundaries, which impact the value of Hf (Equation 5.5) determined, is based upon 

human judgement. Therefore, it is believed that the values of Hf obtained for the 

polyethylene samples may be unreliable, causing the observed discrepancies between 

the melting points and degrees of crystallinity of the polymer samples. Unfortunately, 

due to the insolubility of the polyethylene samples other analytical techniques, such as 

NMR and gel permeation chromatography (GPC), could not be pursued in order to 

gain further understanding of their structural and physical properties. 

 

 
 
 

 

 

 
 

 

 

 
 

Equation 5.5: Equation for determining the degree of crystallinity for a sample of polyethylene, 
where Hf is the heat of fusion of the polymer and Hstd = 293.0 J g,-1 the heat of fusion of 

perfectly crystalline polyethylene.21,23,24 

%crystallinity = DH f

DHstd
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Figure 5.1: Thermogram of polyethylene characterised by DSC analysis, where Tm= melting 
temperature, Hmelt = enthalpy of melting, Tcryst= crystallisation temperature, and Hcryst = enthalpy 

of crystallisation. The sample of polyethylene analysed was produced in Cr/PCN-based 
ethylene oligomerisation utilising CrI-PCN complex 2.27. Conditions of ethylene oligomerisation 

catalysis: 5 μmol CrI-PCN complex 2.27, 150 eq. TEA, 0.66 ppm O2, 60 oC, 40 bar ethylene, 
PhCl, 10 min. 

 

5.4. Chapter 4 Experimental 

5.4.1. Synthesis of [(η5-pentamethylcyclopentadienyl)(η2-ethene) 
trimethyl phosphite cobalt(I)] (4.5) 

5.4.1.1. Synthesis of dicarbonyl-(η5-pentamethylcyclopentadienyl)cobalt(I) (4.1)  

Complex 4.1 was synthesised in accordance with the literature 

procedure described by Frith and Spencer.25 A two-necked round 

bottom flask, fitted with a reflux condenser was charged with 

Co2(CO)8 (13.0 g, 38.0 mmol), which was dissolved in DCM (120 mL).  

The flask was then charged with pentamethylcyclopentadiene (6.6 mL, 42.1 mmol) and 

1,3-cyclohexadiene (5.4 mL, 56.7 mmol), and the resultant reaction mixture heated at 

reflux for 1 h. The mixture was then allowed to cool to room temperature, before a 

further portion of pentamethylcyclopentadiene (6.6 mL, 42.1 mmol) was added and the 

mixture then heated again at reflux for a further 2 h. The mixture was then left to reach 

room temperature before the volatile components were removed in vacuo, yielding 

complex 4.1 as red-brown crystals (15.4 g, 81 %). Complex 4.1 was characterised by 
1H NMR, 13C{1H} NMR, and IR spectroscopic analyses; the resulting are in agreement 
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with those reported in the literature.25,26 (calc.:C12H15CoO2 C, 57.61; H, 6.04. Found: C, 

57.74; H, 6.15).   

 
1H NMR (400 MHz, CD2Cl2) δ 1.90 (s, 15H, C5(CH3)5). 

 
13C{1H} NMR (101 MHz, CD2Cl2) δ 209.1 (CO), 97.5 (C5(CH3)5), 10.9 (C5(CH3)5).  

 

IR (CH2Cl2): QC=O = 1999 cm–1, 1935 cm–1. 

5.4.1.2. Synthesis of carbonyldiiodo-(η5-pentamethylcyclopentadienyl) 
cobalt(III) (4.2)  

The synthesis of complex 4.2 was achieved following the literature 

procedure reported by Frith and Spencer.25 An ethereal solution (250 

mL) of iodine (7.90 g, 31.1 mmol) was added dropwise to a stirred 

ethereal solution (70 mL) of complex 4.1 (7.50 g, 30.0 mmol). The 

evolution of CO gas was observed from the reaction mixture over a 15 h period. 

Subsequently, the solvent was subsequently removed under vacuum to yield a black 

solid, which was recrystallised from DCM at −20 °C to give complex 4.2 as black 

crystals (13.6 g, 95 % yield). The 1H NMR, 13C{1H} NMR, and IR spectroscopic 

analyses of complex 4.2 all match with those reported in the literature.25,27   

 
1H NMR (400 MHz, CDCl3) δ 2.23 (s, 15H, C5(CH3)5). 

 
13C{1H} NMR (101 MHz, CDCl3) δ 101.2 (C5(CH3)5), 11.6 (C5(CH3)5).  

 

IR (CH2Cl2): QC=O = 2052 cm–1. 

5.4.1.3. Synthesis of di-μ-iodo-bis[iodo(η5-pentamethylcyclopentadienyl) 
cobalt(III)] (4.3)  

Complex 4.3 was prepared following the literature procedure 

described by Frith and Spencer with slight modifications.25 A two-

necked round bottom flask, equipped with a nitrogen inlet and reflux 

condenser (the outlet of which was connected to a mineral oil 

bubbler via a T-piece), was charged with complex 4.2 (13.4 g, 28.2 mmol) and octane 

(200 mL) and subsequently heated at reflux for 16 h under a slow N2 purge (to 

encourage loss of CO). The solution was then left to reach room temperature before 

the solvent was removed in vacuo to yield a dark-green solid that was extracted via 
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Soxhlet extraction in DCM (200 mL) for 48 hours. Recrystallisation of the DCM solution 

at −20 °C yielded complex 4.3 as dark-green crystals (11.6 g, 92 %). The 1H NMR 

spectrum of complex 4.3 is in agreement with that reported in the literature; the 13C{1H} 

NMR spectroscopic analysis of complex 4.3 has not been reported previously.25 In 

addition, complex 4.3 was also analysed by IR spectroscopy to further confirm full 

consumption of the starting complex 4.2.  

 
1H NMR (400 MHz, CDCl3) δ 1.83 (s, 15H, C5(CH3)5). 

 
13C{1H} NMR (101 MHz, CDCl3) δ 91.3 (C5(CH3)5), 12.0 (C5(CH3)5).  

 

IR (CH2Cl2): absence of CO bands.  

5.4.1.4. Synthesis of bis(η2-ethene)(η5-pentamethylcyclopentadienyl)cobalt(I) 
(4.4)  

The synthesis of complex 4.4 was conducted in accordance with the 

literature procedure described by Beevor et al.28 A 1 % Na/Hg 

amalgam was first prepared by cautiously adding Na sand (2.8 g, 

121.8 mmol) to Hg (270.6 g, 1349 mmol) in a nitrogen-filled glovebox. 

A solution of complex 4.3 (10.0 g, 11.2 mmol) in THF (150 mL) was then added 

dropwise to the amalgam, under an atmosphere of ethylene in a Schlenk. The resultant 

reaction mixture was stirred under an atmosphere of ethylene for 1 h, during which 

time it changed colour from dark-green to orange-brown. The reaction mixture was 

then filtered from the amalgam and the filtrate evaporated to dryness in vacuo to yield 

an orange residue and a white solid (sodium iodide). The orange residue was 

extracted into petroleum ether (b.p. 40 – 60 °C) with subsequent recrystallisation at 

−78 °C (in petroleum ether), affording complex 4.4 (4.15 g, 74 %) as orange crystals 

that were suitable for an X-ray crystallographic study. See Appendices, section 6.2 for 

X-ray crystallographic data, which matches with that reported for Cp*Co(C2H4)2 in the 

literature.29 The 1H and 13C{1H} NMR analyses of complex 4.4 match those reported in 

the literature.28 (calc.:C14H23Co C, 67.19; H, 9.26. Found: C, 67.08; H, 9.13).  

 
1H NMR (400 MHz, C6D6) δ 1.77 – 1.66 (m (AA’BB’), 4H, (C2H4)2), 1.42 (s, 15H, 

C5(CH3)5), 1.05 – 0.96 (m (AA’BB’), 4H, (C2H4)2) 

 
13C{1H} NMR (101 MHz, C6D6) δ 92.4 (C5(CH3)5), 45.2 (C2H4), 9.2 (C5(CH3)5).  
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5.4.1.5. Synthesis of trimethylphosphite(η2-ethene)-(η5-pentamethylcyclo 
pentadienyl)cobalt(I) (4.5)  

Complex 4.5 was prepared following modifications of the 

literature procedure reported by Brookhart et al.30 Neat 

P(OMe)3 (0.7 mL, 5.93 mmol) was added to a solution of 

complex 4.4 (1.48 g, 5.91 mmol) in pentane (80 mL) and left 

to stir for 40 h, after which time 1H NMR spectroscopic 

analysis of the reaction mixture confirmed the reaction had gone to completion. The 

reaction mixture was then filtered and the filtrate evaporated to dryness under vacuum 

to yield an orange residue. The orange residue was recrystallised from petroleum ether 

(b.p. 40 – 60 °C) at −78 °C, generating orange crystals of complex 4.5 (1.50 g, 73 %), 

which were suitable for an X-ray crystallographic study. See Appendices, section 6.2 

for X-ray crystallographic data. In addition to X-ray analysis, the identity of complex 4.5 

was verified by CHN and NMR spectroscopic analysis (1H, 13C{1H}, and 31P{1H}). The 
1H and 13C{1H} NMR spectroscopic data for complex 4.5 match those reported in the 

literature; the 31P{1H} NMR spectral analysis of complex 4.5 has not been reported 

previously.31 (calc.:C15H28CoO3P C, 52.03; H, 8.15. Found: C, 51.85; H, 8.26).  

 
1H NMR (700 MHz, C6D6) δ 3.27 (d, 3JPH = 11.4 Hz, 9H, P(OCH3)3), 1.73 (s, 15H, 

C5(CH3)5), 1.63 – 1.58 (m (AA’BB’), 2H, H1), 1.38 – 1.33 (m (AA’BB’), 2H, H2). 

 
13C{1H} NMR (176 MHz, C6D6) δ 91.1 (d, 2JPC= 3.0 Hz, C5(CH3)5), 49.6 (P(OCH3)3), 

31.8 (d, 2JPC= 6.5 Hz, C2H4), 9.9 (C5(CH3)5).  

 
31P{1H} NMR (283 MHz, C6D6) δ 175.4 (vbr, Q½ = 675.2 Hz).  

 

5.4.1.5.1. Repeat of synthesis of complex 4.5, on an NMR-scale  
A Young’s tap NMR tube was charged with complex 4.4 (0.02 g, 0.08 mmol), neat 

P(OMe)3 (0.01 mL, 0.08 mmol) and C6D6 (0.7 mL), and heated at 50 °C for 3 h. After 3 

h of heating, NMR spectroscopic analysis (31P{1H} and {1H}: both identical to those 

reported in section 5.4.1.5) confirmed complete conversion to complex 4.5 had 

occurred.  

5.4.2. Synthesis of Brookhart’s acid, [H(Et2O)2][(3,5-(CF3)2C6H3)4B]  

Brookhart’s acid was synthesised following a modification of the literature procedure 

reported by Brookhart et al.32 A solution of NaBAr4
F (Ar4

F = 3,5-(CF3)2C6H3, 2.06 g, 2.32 
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mmol) in diethyl ether (50 mL) was left to stand over 4Å molecular sieves for 15 h to 

remove residual water. The NaBAr4
F solution was then filtered away from the 

molecular sieves and cooled to −78 °C. A solution of HCl in Et2O (2 M, 2.4 mL, 4.8 

mmol) was added dropwise to the NaBAr4
F solution, at −78 °C, resulting in the 

immediate formation of a white precipitate. The reaction mixture was then left to stir for 

1 h at −78 °C, before being filtered at −78 °C to remove the sodium chloride (white 

precipitate). The white precipitate was washed with Et2O (3 × 20 mL) at −78 °C, and 

the Et2O washings combined with the filtrate of the reaction mixture. The resultant 

solution was then concentrated in vacuo and left to crystallise at −78 °C over several 

days to generate the final product as white crystals (1.76 g, 75 %). The 1H and 13C{1H} 

NMR spectroscopic data of the final product are in agreement with those reported in 

the literature (19F and 11B NMR spectroscopic analyses have not previously been 

reported in the literature).32 (calc.:C40H33O2BF24 C, 47.45; H, 3.29. Found: C, 47.45; H, 

3.39).  

 
1H NMR (400 MHz, CD2Cl2) δ 14.44 (vbr, Q½ = 966.1 Hz, 1H, H(Et2O)2), 7.72 (br, Q½ = 

10.4 Hz, 8H, B-o-C6H3), 7.58 (br, Q½ = 4.3 Hz, 4H, B-p-C6H3), 3.96 (q, 3JHH = 7.2 Hz, 

8H, CH2CH3), 1.36 (t, 3JHH = 7.2 Hz, 12H, CH2CH3).  

 
13C{1H} NMR (101 MHz, CD2Cl2) δ 162.3 (dd, J = 100.0, 50.0 Hz, B-i-C6H3), 135.4 (B-

o-C6H3), 129.5 (q, 2JFC = 32.5 Hz, B-m-C6H3), 126.4 – 126.6 (m, CF3), 118.1 (dt, J=8.1, 

3.9 Hz, B-p-C6H3), 69.8 (CH2CH3), 14.3 (CH2CH3). 

 
19F NMR (376 MHz, CD2Cl2) δ � 62.9.  

 
11B NMR (128 MHz, CD2Cl2) δ � 6.6.   

5.4.3. Synthesis of [Cp*Co(P(OMe)3)(C2H5)][(3,5-(CF3)2C6H3)4B] (4.6)  

The synthesis of complex 4.6 was carried out in 

accordance with the literature procedure described by 

Brookhart et al.32 Complex 4.5 (0.18 g, 0.52 mmol) and 

Brookhart’s acid (0.47 g, 0.46 mmol) were added to a 

Schlenk, which was subsequently charged with DCM (2 

mL). The resultant red solution was stirred at room 

temperature for 1 min to enable dissolution of the reactants, before being cooled to 

−78 °C. Hexane (10 mL) was then slowly added to the red solution, at −78 °C, over a 
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period of 2 h resulting in the precipitation of complex 4.6. The mixture was then filtered 

at −78 °C yielding a red solid and orange filtrate. The red solid was washed with 

hexane (2 × 10 mL) and subsequently dried under vacuum yielding complex 4.6 as a 

brick-red solid (0.45 g, 80 %). The solvent was removed from the orange filtrate to 

afford a brick red-solid (0.05 g), which was found by NMR spectroscopic analysis (1H, 
13C{1H}, and 31P{1H}) to be unreacted complex 4.5. The variable-temperature 1H NMR 

spectrum of complex 4.6 matches with that reported in the literature.30-33 

(calc.:C47H41O3BCoF24P C, 46.63; H, 3.41. Found: C, 46.67; H, 3.32).   

 
1H NMR (500 MHz, CD2Cl2, −90 qC) δ 7.72 (br, Q½ = 11.6 Hz, 8H, B-o-C6H3), 7.53 (br, 

Q½ = 7.8 Hz, 4H, B-p-C6H3), 3.47 (d, 3JPH = 11.2 Hz, 9H, P(OCH3)3), 2.41 (s, 1H, H1/2), 

2.00 – 1.76 (m, 1H, H1/2), 1.57 (s, 15H, C5(CH3)5), −0.27 – −0.43 (m, 1H, H3/4), −0.44 – 

−0.61 (m, 1H, H3/4), −12.18 – −12.45 (m, 1H, Ha). 

 
31P{1H} NMR (400 MHz, CD2Cl2, 25 qC) δ 145.6 (vbr, Q½ = 332.5 Hz). 

5.4.4. Attempted synthesis of IndCo(CO)2 

The synthesis of IndCo(CO)2 was attempted via a modification 

of the literature procedure described by Frith and Spencer for 

the synthesis of complex 4.1.23 A two-necked round bottom 

flask, fitted with a reflux condenser, was charged with Co2(CO)8 (4.05 g, 11.8 mmol) 

and DCM (40 mL).  Indene (1.6 mL, 13.7 mmol) and 1,3-cyclohexadiene (1.7 mL, 17.8 

mmol) were subsequently added to the round bottom flask before the resultant reaction 

mixture was heated at reflux for 1 h. The mixture was then left to cool to room 

temperature, before a further portion of indene (1.5 mL, 12.9 mmol) was added and the 

mixture heated again at reflux for a further 2 h, resulting in the formation of an orange 

precipitate. The orange precipitate was isolated by filtration and found by NMR, mass 

spectrometry and IR spectroscopic analysis to be [Co(η4-C6H8)(CO)(μ-CO)]2 (4.9, 1.01 

g, 22 %). The volatile components of the filtrate were removed in vacuo to yield a black 

solid which was recrystallised from DCM at −30 °C, generating black crystals that were 

suitable for an X-ray crystallographic study and found to be Co4(CO)12 (2.02 g, 60 %).  
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Analysis for complex 4.9: 
1H NMR (400 MHz, C6D6) δ 4.41 (br, Q½ = 19.8 Hz, 1H, H1), 

3.66 (br, Q½ = 22.7 Hz, 1H, H2), 1.65 (br, Q½ = 36.1 Hz, 1H, 

H3), 1.15 (br, Q½ = 33.8 Hz, 1H, H4). 

 
13C{1H} NMR (176 MHz, C6D6) δ 92.0 (C1), 79.0 (C2), 23.6 (C5).  

 

IR (Nujol mull on KBr): QC=O = 2010 and 1980 cm-1 (terminal CO), 1780 cm-1 (bridging 

CO).  

 

MS (ASAP+) m/z: 391.3 ([MH]+).  

 

Analysis for Co4(CO)12: 

IR (CH2Cl2): QC=O = 2065 and 2055 cm–1 (terminal CO), 1860 cm–1 (bridging CO).  

 

MS (ASAP+) m/z: 572.0 ([M]+). 

5.4.5. Attempted synthesis of FluCo(CO)2s 

The synthesis of FluCo(CO)2 was attempted via  a 

modification of the literature procedure described by Frith 

and Spencer for the synthesis of complex 4.1.23 Co2(CO)8 

(2.00 g, 5.85 mmol) was added to a two-necked round 

bottom flask, fitted with a reflux condenser, and dissolved in DCM (30 mL).  The flask 

was then charged with an ethereal solution (10 mL) of fluorene (1.33 g, 8.0 mmol), and 

1,3-cyclohexadiene (0.8 mL, 8.40 mmol). The resultant reaction mixture was heated at 

reflux for 2 h. The mixture was then allowed to cool to room temperature, before the 

addition of a further ethereal solution (10 mL) of fluorene (1.33 g, 8.0 mmol) and 

subsequent heating at reflux for a further 2 h. The mixture was then left to reach room 

temperature before the volatile components were removed in vacuo, yielding a light 

brown powder (4.55 g). Characterisation of this light brown powder by 1H NMR, 13C{1H} 

NMR, and IR spectroscopies revealed it to consist of a mixture of complex 4.9, 

unreacted fluorene and Co4(CO)12.t  

 

                                                
s Synthesis carried out by C. Brodie in Dyer group.34 
t  The mixture was not separated meaning the yields of the individual products cannot be 

calculated.  
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Analysis of the mixture of complex 4.9, fluorene and Co4(CO)12:  

The 1H NMR spectrum shows the mixture to contain 54 % unreacted fluorene and 46 

% complex 4.9 (as a mixture of cis- and trans- isomers in a 4:3 ratio, respectively).  

 

cis-4.9:  
1H NMR (400 MHz, CD2Cl2) δ 5.54 (br s, 1H, H1), 4.17 (br s, 

1H, H2), 2.00 (br s, 1H, H3), 1.52 (br s 1H, H4). 

 
13C NMR (176 MHz, CD2Cl2) δ 96.0 (C1), 79.8 (C2), 23.7 (C5). 

 

trans-4.9: 
1H NMR 400 MHz, CD2Cl2) δ 4.90 (br s, 1H, H1), 3.80 (br s, 

1H, H2), 1.93 (br s, 1H, H3), 1.54 (br s 1H, H4). 

 
13C NMR (176 MHz, CD2Cl2) δ 92.7 (C1), 80.0 (C2), 24.3 (C5). 

 

cis-/trans-4.9: 

MS (ASAP+) m/z: 391.3 ([MH]+).  

 

fluorene: 
1H NMR (400 MHz, CD2Cl2) δ 7.81 (d, 3JHH = 6.4 Hz, 2H, H2), 7.57 

(d, 3JHH = 6.0 Hz, 2H, H5), 7.38 (s, 2H, H3), 7.31 (s, 2H, H4), 3.92 (s, 

2H, H1). 

 
13C{1H} NMR (176 MHz, CD2Cl2) δ 143.9 (s, C6), 142.2 (s, C7) 127.3 (s, C4), 127.2 (s, 

C3), 125.6 (s, C5), 120.3 (s, C2), 37.5 (s, C1) 

 

Co4(CO)12: 
13C{1H} NMR (176 MHz, CD2Cl2) δ 211.5 (br s, CO).  

 

MS (ASAP+) m/z: 572.0 ([M]+).  

 

Mixture of cis-/trans-4.9 and Co4(CO)12 

IR (Nujol mull on KBr): QC=O = 2072, 2054, 2028 and 2008 cm–1(terminal CO), 1865 

and 1841 cm–1 (bridging CO).  
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5.4.6. Synthesis of sodium indenide, NaC9H7.0.5THF 

The synthesis of sodium indenide was conducted in 

accordance with the literature procedure reported by 

Green and Hughes.35 A solution of indene (30.0 mL, 

257 mmol) in THF (200 mL), at 0 °C, was added dropwise to a solution of sodium 

hydride (10.0 g, 417 mmol) in THF (100 mL), at 0 °C.  The addition was undertaken 

over 1 h, during which time hydrogen was evolved and the mixture became mustard 

yellow in colour.  The mixture was then stirred at room temperature for 18 h.  Following 

filtration of the mixture to remove excess unreacted sodium hydride, the solvent was 

removed under vacuum to yield a light brown solid. The light brown solid was washed 

with petroleum ether (3 × 20 mL) and dried under vacuum to afford the final product as 

a light brown solid (31.3 g, 66 %). The identity and stoichiometry of the final product 

were confirmed by NMR spectroscopy (1H and 13C{1H}), which were in agreement with 

those detailed in the literature.36,37 

 
1H NMR (700 MHz, d8-THF) δ: 7.32 (dd, J = 6.0, 3.1 Hz, 2H, H4/7), 6.61 (t, 3JHH = 3.3 

Hz, 1H, H2), 6.41 (dd, J = 6.1, 3.0 Hz, 2H, H5/6), 5.94 (d, 3JHH = 3.4 Hz, 2H, H1/3), 3.63 – 

3.59 (m, 2H, H10), 1.81 – 1.75 (m, 2H, H11).u 

 
13C{1H} NMR (176 MHz, d8-THF) δ: 129.5 (C8/9), 119.4 (C4/7), 116.7 (C2), 113.5 (C5/6), 

92.3 (C1/3), 68.3 (C10), 26.4 (C11).v 

5.4.7. Synthesis of sodium fluorenide, NaC13H9.0.8THF 

Sodium fluorenide was prepared following a 

modification of the literature procedure reported 

by Dinnebier et al.38 A two-necked round 

bottom flask, fitted with a reflux condenser, was charged with sodium hydride (2.13 g, 

88.8 mmol) and THF (20 mL). A solution of fluorene (15.9 g, 95.7 mmol) in THF (80 

mL) was then added dropwise to the round bottom flask, and the resultant solution 

heated at reflux for 12 h (during which time hydrogen was evolved and the solution 

changed colour from yellow to orange). Once the solution attained room temperature it 

was concentrated in vacuo and subsequently layered with hexane before being left at 

−30 °C for 12 h, after which time yellow crystals had formed. The yellow crystals were 
                                                
u  NMR spectra also show the presence of indene (~7 %: determined from the relative 

integration of the resonances corresponding to indene to those corresponding to sodium 
indenide in the 1H NMR spectrum).  
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isolated by filtration and washed with hexane (3 × 40 mL) to afford the final product as 

a yellow solid (18.9 g, 70 %). The identity and stoichiometry of the final product were 

confirmed by NMR spectroscopy (1H and 13C{1H}), which were in agreement with those 

detailed in the literature.38 

 
1H NMR (700 MHz, d8-THF) δ: 8.00 (d, 3JHH = 7.7 Hz, 2H, H2), 7.41 (d, 3JHH = 8.0 Hz, 

2H, H5), 6.89 (t, 3JHH = 7.2 Hz, 2H, H4), 6.54 (t, 3JHH = 7.1 Hz, 2H, H3), 6.03 (s, 1H, H1), 

3.64 – 3.60 (m, 3H, H8), 1.80 – 1.76 (m, 3H, H9).v 
 
13C{1H} NMR (176 MHz, d8-THF) δ: 136.6 (C7), 127.5 (C6), 120.6 (C4), 120.0 (C2), 

117.0 (C5), 110.1 (C3), 80.6 (C1), 68.3 (C8), 26.4 (C9).u 

5.4.8. Reaction of sodium fluorenide with CoCl2 

The reaction was conducted following modifications of the literature procedure reported 

by Kölle et al.39 A two-necked round bottom flask, fitted with a reflux condenser, was 

charged with CoCl2 (1.36 g, 10.5 mmol) and THF (30 mL) and subsequently heated at 

reflux for 20 h. A solution of sodium fluorenide (3.14 g, 10.3 mmol) in THF (80 mL) was 

then added dropwise to the round bottom flask, which was at room temperature, and 

the resultant green suspension left to stir for 12 h at room temperature. The green 

suspension was then filtered to afford a black solid (0.40 g)w and green filtrate. The 

volatile components of the green filtrate were removed in vacuo generating a green 

solid. The addition of toluene (50 mL) to the green solid afforded a blue solid and 

yellow solution, which were isolated by filtration. The blue solid was dissolved in THF 

and left at −30 °C for 12 h, after which time blue crystals of Co2Cl4(THF)4 (4.11) had 

formed which were isolated by filtration (1.22 g, 42 %) and characterised by X-ray 

crystallography (giving bond lengths and angles matching those reported for 

Co2Cl4(THF)4 in the literature)40 and mass spectrometry. The solvent of the yellow 

solution was removed in vacuo generating a yellow solid (1.52 g) which was found by 
1H NMR spectroscopy to consist of a mixture of bifluorene (4.10) and fluorene in a 

1:0.8 ratio, respectively.41,42 

 

 

 

                                                
v  NMR spectra also show the presence of fluorene (~35 %: determined from the relative 

integration of the resonances corresponding to fluorene to those corresponding to sodium 
fluorenide in the 1H NMR spectrum).  

w This black solid is believed to be Co metal due to its appearance and insolubility in a range of 
organic solvents (including THF, DCM, MeCN, pentane, toluene). 
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Analysis of complex 4.11: 

Despite a number of attempts, successful elemental analysis 

data of the complex could not be obtained (calc.:  

Co2Cl4C16H32O4 C, 35.06; H, 5.88. Found: C, 24.50; H, 4.69). 

MS (ASAP+) m/z: 548.2 ([M]+), 347.1 ([M−CoCl4]+), 200.0 ([M−Co(THF)4]+). 

 

Analysis of mixture of fluorene and bifluorene (4.10):  
1H NMR (700 MHz, CDCl3) δ: 7.80 (d, 3JHH = 

7.6, 1.7H, H9), 7.66 (d, 3JHH = 7.5 Hz, 4H, H2), 

7.56 (d, 3JHH = 7.5, 1.7H, H12), 7.41 – 7.36 (t, 
3JHH = 7.4, 1.7H, H10), 7.31 (td, J3JHH = 7.4, 1.2 

Hz, 1.7H, H11), 7.28 (s, 4H, H5), 7.10 (s, 4H, 

H3), 6.96 (s, 4H, H4), 4.85 (s, 2H, H1), 3.91 (s, 

1.6H, H8). 

 
13C{1H} NMR (176 MHz, CDCl3) δ: 144.8 (C7), 143.4 (C14), 141.9 (C13), 141.7 (C6), 

127.4 (C5), 126.9 (C3/C11),x 126.8 (C10), 125.2 (C12), 124.2 (C4), 120.0 (C9), 119.8 (C2), 

50.0 (C1), 37.1 (C8).  

5.4.9. Reaction of sodium indenide with CoCl2 

5.4.9.1. Addition at room temperature 

The reaction was conducted following modifications of the literature procedure reported 

by Kölle et al.39 A solution of sodium indenide (1.07 g, 5.76 mmol) in THF (20 mL) was 

added dropwise to a suspension of CoCl2 (0.75 g, 5.78 mmol) in THF (30 mL) at room 

temperature. The resultant mixture was left to stir for 30 min before being filtered to 

yield a black solid (0.21 g)y and dark red filtrate. The volatile components of the dark 

red filtrate were removed in vacuo, leaving behind a dark red residue. The addition of 

hexane (50 mL) to the dark red residue generated a dark green solid and dark red 

solution, which were separated by filtration. The dark red solution was concentrated in 

vacuo and left at −30 °C for 12 h, after which time black crystals of Ind2Co (4.12) had 

formed which were isolated by filtration (0.83 g, 50 %) and characterised by X-ray 

crystallography (giving bond lengths and angles matching those reported for Ind2Co in 

the literature)43 and mass spectrometry. The dark green solid was dissolved in THF 

                                                
x Two overlapping resonances observed in NMR spectrum. 
y This black solid is believed to be Co metal due to its appearance and insolubility in a range of 

organic solvents (including THF, DCM, MeCN, pentane, toluene).  
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and left at −30 °C for 12 h, after which time dark green crystals had formed which were 

isolated by filtration (0.36 g, 24 %). Characterisation of the dark green crystals by X-ray 

crystallography, NMR spectroscopy and mass spectrometry revealed them to be 

[Ind2Co]2[CoCl4](4.13). See Appendices, section 6.2 for X-ray crystallographic data. 

 

Analysis of complex 4.12: 

MS (ASAP+) m/z: 290.0 ([MH]+), 174.1 ([M−C9H7]+), 115.1 

([C9H7]+). 

 

 

 Analysis of complex 4.13: 
1H NMR (600 MHz, D2O) δ: 7.43 (s, 2H, H4/7), 6.73  

(s, 2H, H5/6), 6.02 (s, 2H, H1/3), 5.60 (s, 1H, H2).  
 
13C{1H} NMR (151 MHz, D2O) δ: 130.0 (C4/7), 121.8 

(C5/6), 97.3 (C8/9), 81.7 (C2), 75.6 (C1/3). 

 

MS (ASAP+) m/z: 289.1 ([M]+), 201.1 ([CoCl4]2-), 174.1 ([M−C9H7]+), 115.1 ([C9H7]+). 

5.4.9.2.  Addition at −30 °C 

The reaction was carried out in accordance with modifications of literature 

procedures.44-47 A solution of sodium indenide (2.50 g, 13.5 mmol) in THF (30 mL), at 

−30 °C, was added dropwise to a cooled (−30 °C) suspension of CoCl2 (1.75 g, 13.5 

mmol) in THF (30 mL). The resultant mixture was left to stir for 12 h, during which time 

it was left to attain room temperature. Filtration of the mixture afforded a black solid 

(0.68 g)z and red filtrate. The red filtrate was treated in the same way as described 

previously in section 5.4.9.1, yielding Ind2Co (4.12, 2.15 g, 55 %) and [Ind2Co]2[CoCl4] 

(4.13, 0.52 g, 15 %). The identities of complexes 4.12 and 4.13 were verified by NMR 

spectroscopy and mass spectrometry, giving data identical to that previously detailed 

in section 5.4.9.1. 

5.4.10. Reaction of sodium indenide with CoI2 

The reaction was conducted following modifications of the literature procedure reported 

by Kölle et al.39 A solution of sodium indenide (1.33 g, 7.16 mmol) in THF (30 mL) was 

                                                
z This black solid is believed to be Co metal due to its appearance and insolubility in a range of 

organic solvents (including THF, DCM, MeCN, pentane, toluene). 
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added dropwise to a solution of CoI2 (2.23 g, 7.13 mmol) in THF (30 mL). The resultant 

mixture was stirred at room temperature for 12 h, before being filtered to yield a black 

solid (0.24 g)aa and brown filtrate. The solvent of the brown filtrate was removed under 

vacuum to afford a brown solid, which was found to be insoluble in hexane. 

Recrystallisation of the brown solid in THF (30 mL) at −30 °C afforded brown crystals 

of [Ind2Co]2[CoI4].0.5THF (4.14) (1.65 g, 60 %) which were characterised by X-ray 

crystallography (See Appendices, section 6.2 for X-ray crystallographic data), NMR 

and mass spectrometry.  

 

 Analysis of complex 4.14: 
1H NMR (600 MHz, D2O) δ: 7.27 (d, 3JHH = 

7.3 Hz, 2H, H4/7), 6.59 (d, 3JHH = 8.3 Hz, 2H, 

H5/6), 5.89 (s, 2H, H1/3), 5.46 (s, 1H, H2), 

3.52 (s, 2H, H10), 1.65 (s, 2H, H11). 

 
13C {1H} NMR (151 MHz, D2O) δ: 130.0 

(C4/7), 121.7 (C5/6), 97.1 (C8/9), 81.8 (C2), 75.6 (C1/3), 67.8 (C10), 25.0 (C11). 

 

MS (ASAP+) m/z: 567.2 ([CoI4]2-), 289.1 ([M]+), 174.1 ([M−C9H7]+), 115.1 ([C9H7]+). 

5.4.11. Synthesis of Ind2Co (4.12) 

The reaction was conducted following modifications of a 

literature procedure.48 A solution of sodium indenide (3.20 g, 

17.2 mmol) in THF (30 mL) was added dropwise to a 

suspension of CoCl2 (1.12 g, 8.63 mmol) in THF (30 mL) at −30 

°C. The resultant dark red solution was allowed to attain room 

temperature and subsequently stirred at room temperature for 12 h. The solvent of the 

solution was then removed in vacuo to yield complex 4.12 as a black solid (1.87 g, 75 

%). (calc.: CoC18H14 C, 74.75; H, 4.88. Found: C, 74.60; H, 4.79). 

 

MS (ASAP+) m/z: 290.0 ([MH]+), 174.1 ([M−C9H7]+), 115.1 ([C9H7]+). 

 

 

                                                
aa This black solid is believed to be Co metal due to its appearance and insolubility in a range of 

organic solvents (including THF, DCM, MeCN, pentane, toluene). 
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5.4.12. Attempted synthesis of [(η5-indenyl)(η2-ethene) trimethyl 
phosphite cobalt(I)] (4.7) 

The reaction was conducted following modifications of 

literature procedures.30,49,50 A solution of complex 4.12 (1.20 g, 

4.15 mmol) in Et2O (60 mL) was added dropwise to a solution 

of activated potassium (0.20 g, 5.12 mmol)bb in Et2O (30 mL) 

at −15 °C,cc under an atmosphere of ethylene. The resultant dark red mixture was 

sealed under an atmosphere of ethylene and stirred at −15 °C for 21 h. The dark red 

mixture was subsequently filtered from unreacted potassium. Et2O was slowly removed 

from the dark red filtrate under vacuum, at −10 °C, affording a black solid. Hexane (50 

mL) was added to the black solid, at −10 °C, followed by neat P(OMe)3 (0.5 mL, 4.23 

mmol). The resultant dark red solution was stirred at −5 °C for 15 h. The solution was 

then left to attain room temperature before the volatile components were removed in 

vacuo generating a dark red solid. Pentane was added to the dark red solid and 

subsequent filtration afforded a brown solid (which showed no peaks in 1H, 13C{1H} or 
31P NMR spectroscopy (C6D6)) and a red filtrate (which showed a mixture of products 

containing peaks characteristic of indenyl and P(OMe)3 in 1H, 13C and 31P NMR spectra 

(C6D6)). The solvent was removed from the red filtrate and the subsequent red residue 

was dissolved in the minimum amount of hexane and left to crystallise at −30 °C. 

However, after 48 h at −30 °C decomposition of the red hexane solution had occurred 

resulting in the formation of a black solution.  

 

NMR analysis of the red pentane filtrate: 

Due to the complexity of the 1H (C6D6, 700 MHz) and 13C{1H} NMR spectra (C6D6, 176 

MHz) of the mixture of products, the peaks have not been reported.  
31P{1H} NMR (283 MHz, C6D6) δ 171 – 180 ppm (overlapping broad peaks).  

5.4.13. Synthesis of tris(1-pyrrolyl)phosphane  

tris(1-Pyrrolyl)phosphane was prepared following the literature procedure 

described by Beller et al.51 Phosphorus trichloride (8 mL, 91.7 mmol) was 

slowly added to a cooled solution (0 °C) of triethylamine (38.4 mL, 276 mmol) in THF 

(150 mL). Pyrrole (19.1 mL, 275 mmol) was subsequently added dropwise to the 

reaction mixture at 0 °C, resulting in the immediate formation of a white precipitate.  

The resultant mixture was then left to warm to room temperature and subsequently 

                                                
bb The potassium was activated by heating in heptane. 
cc A cryostat thermostatically-controlled bath was used to maintain the cold temperatures used 
throughout the experiment.  
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stirred at room temperature for 1 h, before being heated at reflux for 20 h. Following 

reflux, the reaction mixture was left to attain room temperature before being filtered. 

After removing the volatile components of the filtrate in vacuo, the crude white solid 

obtained was recrystallised from hot hexane to yield the final product as colourless 

crystals (14.7 g, 70 %). The 31P {1H}, 1H and 13C NMR spectroscopic data of the final 

product are in agreement with that reported in the literature.51 (calc.:C12H12N3P C, 

62.88; H, 5.28; N, 18.33. Found: C, 62.75; H, 5.19; N, 18.16).   

 
1H NMR (400 MHz, CDCl3) δ 6.80 (dt, J = 4.2, 2.1 Hz, 6H, CH), 6.38 (t, J = 2.1 Hz, 6H, 

CH).  

 
13C{1H} NMR (101 MHz, CDCl3) δ 122.9 (d, JPC = 14.5 Hz, CH), 113.2 (d, JPC = 4.5 Hz, 

CH).  

 
31P{1H} NMR (162 MHz, CDCl3) δ 78.8.   

 

5.4.14. Synthesis of tris(1-pyrrolyl)phosphane(η2-ethene)-(η5-penta 
methylcyclopentadienyl)cobalt(I) (4.15) 

A solution of tris(1-pyrrolyl)phosphane (0.14 g, 0.61 mmol) in 

pentane (10 mL) was added dropwise to a solution of complex 

4.4 (0.15 g, 0.60 mmol) in pentane (10 mL), and the resultant 

red solution heated at reflux for 3 h. The reaction mixture was 

then allowed to reach temperature before being filtered. The volatile components of the 

filtrate were subsequently removed under vacuum, yielding a maroon residue that was 

recrystallised from petroleum ether (b.p. 40 – 60 °C) at −78 °C, generating maroon 

crystals of complex 4.15 (0.19 g, 70 %), which were suitable for an X-ray 

crystallographic study. See Appendices, section 6.2 for X-ray crystallographic data. 

(calc.:C24H31CoPN3 C, 63.85; H, 6.92; N, 9.31. Found: C, 63.72; H, 7.06; N, 9.20).  

 
1H NMR (700 MHz, C6D6) δ 6.97 – 6.88 (m, 6H, P(NC4H4)3), 6.24 – 6.18 (m, 6H, 

P(NC4H4)3), 1.43 – 1.36 (m (overlapping resonances), 19 H, C2H4/C5(CH3)5). 

 
13C{1H} NMR (176 MHz, C6D6) δ 124.5 (d, JPC= 6.5 Hz, P(NC4H4)3), 111.3 (d, JPC= 5.5 

Hz, P(NC4H4)3), 93.5 (d, 2JPC= 3.0 Hz, C5(CH3)5), 36.1 (d, 2JPC= 3.0 Hz, C2H4), 9.5 

(C5(CH3)5).  
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31P{1H} NMR (283 MHz, C6D6) δ 133.1 (vbr, Q½ = 287.1 Hz).  

 

5.4.15. Synthesis of [(η5-1-(2-(N,N-dimethylamino)ethyl)-2,3,4,5-
tetramethyl-cyclopentadienyl)bis(η2-ethene)cobalt(I)] (4.16) 

5.4.15.1. Synthesis of 1-(2-Dimethylaminoethyl)-2,3,4,5-tetramethylcyclopent 
adienedd 

 

 

 

1-(2-Dimethylaminoethyl)-2,3,4,5-tetramethylcyclopentadiene was prepared in 

accordance with the literature procedure detailed by Jutzi et al.53 2-Bromo-2-butene 

(101 mL, 997 mmol) was added dropwise to a stirred ethereal suspension (500 mL) of 

lithium (13.9 g, 2003 mmol), and the resultant mixture heated at reflux for 15 h. Methyl-

3-dimethylaminopropionate (71.5 mL, 500 mmol) was then added dropwise to the 

reaction mixture, at 0 °C, and the resultant mixture was heated at reflux overnight. A 

saturated solution of NH4Cl (3 × 50 mL) was then added to the reaction mixture and 

the resultant suspension was poured onto more NH4Cl solution (200 mL) and left for 

1h, during which time the solution changed colour from green to orange and a 

precipitate gradually formed. The mixture was then filtered and the organic layer of the 

filtrate extracted with Et2O (3 × 60 mL). The Et2O fractions were combined and dried 

over MgSO4. Following filtration from MgSO4, p-toluenesulfonic acid (118.9 g, 630 

mmol) was added to the filtrate and the subsequent solution heated at reflux for 15 h. 

A saturated Na2CO3 solution (400 mL) was then added to the reaction mixture in order 

to neutralise it, and the organic layer subsequently extracted with Et2O (3 × 50 mL). 

The organic fractions were combined, dried over MgSO4, and filtered. The solvent of 

the filtrate was then removed under vacuum, leaving behind yellow oil that was purified 

by distillation (60 °C, 3 mbar) to yield the final product as a pale green oil (45.7 g, 47 

%). (calc.:C13H23N C, 80.76; H, 11.99; N, 7.25. Found: C, 80.88; H, 11.89; N, 7.12). 

The 1H NMR spectrum of the final product is in agreement with that reported in the 

literature.53 

 

                                                
dd Synthesis conducted by B.A. Core (Sasol placement student).52  
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1H NMR (400 MHz, CDCl3) δ 2.42 – 2.65 (m, 1H, CH), 2.21 – 2.37 (m, 2H, CH2NMe2), 

2.15 - 2.26 (3s, 6H, N(CH3)2), 1.74 – 1.81 (m, 11H, =CCH3/CH2NMe2), 0.98 – 0.99 (m, 

3H, =CCH3) 

5.4.15.2. Synthesis of 1-(2-Dimethylaminoethyl)-2,3,4,5-tetramethylcyclopent 
adiene cobalt(III) diiodideee  

The synthesis of 1-(2-dimethylaminoethyl)-2,3,4,5-tetramethylcyclo 

pentadiene cobalt(III) diiodide was carried out following a modification of 

the literature procedure described by Jutzi et al.54 A solution of 1-(2-

dimethylaminoethyl)-2,3,4,5-tetramethylcyclopentadiene (0.50 g, 2.59 

mmol) in DCM (50 mL) was added dropwise to a solution of Co2(CO)8 (0.86 g, 2.51 

mmol) in DCM (100 mL). 1,3-Cyclohexadiene (0.5 mL, 5.25 mmol) was then added 

dropwise to the reaction mixture and the mixture left to stir at room temperature 

overnight. The volatile components of the reaction were subsequently removed in 

vacuo, yielding a red solid residue.  A solution of iodine (1.27 g, 5.00 mmol) in DCM 

(100 mL) was then added dropwise to the red residue, at 0 °C, and the reaction 

mixture left to stir at room temperature for 4 h. Following removal of the volatile 

components of the reaction mixture under vacuum, the crude product was 

recrystallised from DCM and layered with cyclohexane, generating the final product as 

a dark green powder (1.00 g, 80 %). The 1H NMR spectrum of the final product is in 

agreement with that reported in the literature.54 (calc.:C13H22NCoI2 C, 30.91; H, 4.39; N, 

2.77. Found: C, 30.94; H, 4.21; N, 2.61). 

 
1H NMR (400 MHz, CDCl3) δ 3.81 (t, 3JHH = 6.4 Hz, 2H, CH2), 2.44 (s, 6H, N(CH3)2), 

2.16 – 2.22 (m, 8H, CH2 and CH3), 1.63 (s, 6H, CH3). 

 

 

 

 

 

 

 

 

 

 

                                                
ee Synthesis conducted by B.A. Core (Sasol placement student).52   
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5.4.15.3. Synthesis of [(η5-1-(2-(N,N-dimethylamino)ethyl)-2,3,4,5-tetramethyl-
cyclopentadienyl)bis(η2-ethene)cobalt(I)] (4.16) 

Complex 4.16 was prepared in accordance with the literature 

procedure reported by Jutzi et al.54 A 1 % Na/Hg amalgam 

was prepared by cautiously adding Na sand (0.68 g, 29.6 

mmol) to Hg (67.2 g, 335 mmol) in a nitrogen-filled glovebox. 

A solution of 1-(2-dimethylaminoethyl)-2,3,4,5-

tetramethylcyclopentadiene cobalt(III) diiodide (1.00 g, 1.98 mmol) in THF (60 mL) was 

then added dropwise to the amalgam, under an atmosphere of ethylene. The resultant 

reaction mixture was stirred under an atmosphere of ethylene for 2 h, during which 

time it changed colour from dark-green to brown. The reaction mixture was then filtered 

away from the amalgam and the solvent of the filtrate removed in vacuo to yield a 

brown residue that was extracted in hexane. Following removal of the hexane in vacuo 

complex 4.16 was obtained as a brown oil (0.47 g, 77 %). The 1H and 13C{1H} NMR 

spectra for complex 4.16 are in agreement with those reported in the literature.54,55 

(calc.:C17H30CoN C, 66.43; H, 9.84; N, 4.56. Found: C, 66.68; H, 9.74; N, 4.66).  

 
1H NMR (700 MHz, C6D6) δ 2.44 – 2.39 (m, 2H, H3), 2.28 – 2.20 (m, 2H, H4), 2.12 (s, 

6H, H5), 1.81 – 1.69 (m, 4H, H6/7), 1.47 (s, 6H, H1), 1.40 (s, 6H, H2), 1.06 – 0.95 (m, 4H, 

H6/7).  

 
13C{1H} NMR (176 MHz, C6D6) δ 95.2 (C10), 93.1 (C8), 92.1 (C9), 60.4 (C4), 45.6 (C5), 

45.1 (C11), 24.1 (C3), 9.4 (C1), 9.0 (C2).   

5.4.16. 1-Butene dimerisation catalysis testing protocol 

The catalysis runs were carried out in a glass 250 mL autoclave, fitted with a gas-

entraining mechanical stirrer and internal cooling coil (tap water).  The rigorously-

cleaned autoclave was placed under vacuum for 30 minutes, before being back-filled 

with 1-butene (1.4 barg). The autoclave was then vented to 0 bar, via a septa, in order 

to purge the inlet valve prior to the addition of the relevant standard solutions. The 

autoclave was then placed in a water bath (to maintain a temperature of 19-22 oC 

during catalysis) and refilled with 1-butene (1.4 barg). Standard solutions of the 

relevant catalyst precursor and activator were subsequently added to the autoclave, 

which resulted in a decrease in the pressure of 1-butene. The autoclave was then filled 

with more 1-butene (so that the total pressure of 1-butene was 2 bar), and stirred at 

room temperature for the necessary reaction time. Once the set reaction time had 

ceased, excess 1-butene was vented and 1000 μL of nonane, 20 mL distilled water, 
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and 5 mL heptane (to bring the density of the organic phase to < 1) were added. A 

sample of the organic phase was subsequently taken for GC-FID analysis. 

 

Stock solutions of the catalyst precursors and Brookhart’s acid were made up in the 

relevant solvent to the desired concentration. The 1-butene (grade 2.0, sourced from 

BOC) had been passed through alumina and BOT scrubbing columns before being 

used.  

5.4.17. 1-Hexene dimerisation catalysis testing protocol 

The catalysis runs were carried out in Schlenks (containing stirrer bars), which were 

placed in water baths for the duration of the catalysis (to maintain a temperature of 19 

– 22 oC), under an atmosphere of nitrogen. A standard solution of the relevant catalyst 

precursor in PhF was first added to the Schlenk, before the relevant volume of 1-

hexene and standard solution of Brookhart’s acid in PhF were added. The Schlenk 

was then sealed under nitrogen and left to stir for the desired reaction time.  Once the 

set reaction time had ceased, 1000 μL of nonane, 20 mL distilled water, and 5 mL 

heptane (to bring the density of the organic phase to < 1) were added. A sample of the 

organic phase was subsequently taken for GC-FID analysis. 

 

Stock solutions of the catalyst precursors and Brookhart’s acid were made up in the 

relevant solvent to the desired concentration. The 1-hexene had been dried over Na 

wire, distilled, degassed and its water content determined to be 5 ppm by Karl Fischer 

Titration prior to use. The fluorobenzene had been dried over P2O5, distilled, degassed 

and its water content determined to be 5 ppm by Karl Fischer Titration prior to use.  
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6.1. List of Compound/Complex Numbers for Chapters 2 – 4 

6.1.1. Chapters 2 and 3 
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6.1.2. Chapter 4 
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6.2. Crystallographic Data 
X-Ray crystallographic analyses were performed by Dr. Andrei S. Batsanov or Dr. D. 

Yufit (Department of Chemistry, Durham University). A Bruker SMART 6000 CCD or 

Bruker D8 Venture diffractometer was used to carry out single crystal X-ray diffraction 

experiments. All samples were cooled to 120 K using a Cryostream open-flow N2 

cryostat, before applying the radiation source of graphite-monochromated Mo-Kα (λ = 

0.71073 Å). All data were processed using Olex2, implementing direct methods 

(SHELXS 2013/1 software) to solve the structures and full-matrix least squares 

(SHELXL 2014/7 software) to refine the structures.1-3 Anisotropic displacement 

parameters were used to refine non-hydrogen atoms, with H atoms “riding” in idealised 

positions. Full crystallographic data, including (.cif) files, can be found on the CD 

accompanying this thesis.  
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PCN Ligand 2.4 2.8 2.13 2.17 
PhC(PiPr2)=

N(2-
MeC6H4)a 

Identifier code 17srv099 17srv100 16srv196 16srv415 13srv133 
Empirical 
formula C29H40NP C31H40NP C29H40NP C33H36NO2P 

 C20H26NP 

Formula weight 433.59 456.91 433.59 509.60 311.39 
Temperature/K 120 120 120 120 120 
Crystal system triclinic monoclinic monoclinic monoclinic monoclinic 
Space group P-1 P21/n C2/c C2/c C2/c 

a/Å 9.8903(4) 9.9442(5) 32.3814(16) 28.3297(15) 11.8903(6) 
b/Å 10.4102(4) 18.5767(10) 9.9343(5) 9.6873(5) 11.5015(4) 
c/Å 13.5982(6) 13.9807(7) 16.8024(8) 20.5364(11) 27.0719(12) 
α/° 72.5074(17) 90 90 90 90 
β/° 76.3831(17) 93.291(2) 109.0854(18) 95.027(2) 101.613(11) 
γ/° 81.3850(17) 90 90 90 90 

Volume/Å3 1293.07(9) 2578.4(2) 5108.0(4) 5614.3(5) 3626.5(3) 
Z 2 4 8 8 8 

ρcalcg/cm3 1.114 1.177 1.128 1.206 1.141 
μ/mm–1 0.122 0.126 0.123 0.128 0.149 
F(000) 472.0 990.0 1888.0 2176.0 1344.0 

Crystal size/ 
mm3 

0.479 × 
0.372 × 
0.308 

0.196 × 0.18 × 
0.137 

0.4 × 0.337 × 
0.113 

0.26 × 0.24 × 
0.08 

0.2 × 0.1 × 
0.05 

2θ range for 
data 

collection/° 
4.252 to 
54.998 

4.386 to 
49.998 4.31 to 66.558 4.446 to 

57.998 
3.072 to 

59.99 

Index ranges 
–12 ≤ h ≤ 12, 
–13 ≤ k ≤ 13, 
–17 ≤ l ≤ 17 

–11 ≤ h ≤ 11, 
–22 ≤ k ≤ 22, 
–16 ≤ l ≤ 16 

–49 ≤ h ≤ 49, 
–15 ≤ k ≤ 15, 
–25 ≤ l ≤ 25 

–38 ≤ h ≤ 38, 
–13 ≤ k ≤ 13, 
–28 ≤ l ≤ 28 

–16 ≤ h ≤ 16, 
–16 ≤ k ≤ 16, 
–38 ≤ l ≤ 38 

Reflections 
collected 23758 40261 66242 42196 24930 

Independent 
reflections 

5937 
[Rint = 

0.0393, 
Rsigma = 
0.0415] 

4533 
[Rint = 0.0453, 

Rsigma = 
0.0253] 

9819  
[Rint = 0.0456, 

Rsigma = 
0.0366] 

7458 
 [Rint = 
0.0558, 
Rsigma = 
0.0459] 

5305 
[Rint = 

0.0568] 

Data/restraints/ 
parameters 5937/6/291 4533/265/342 9819/253/295 7458/0/340 5305/0/209 

Goodness-of-fit 
on F2 1.082 1.034 1.022 1.017 1.007 

Final R indexes 
[I>=2σ (l)] 

R1 = 0.0612, 
wR2 = 0.1402 

 

R1 = 0.0479, 
wR2 = 0.1126 

 

R1 = 0.0460, 
wR2 = 0.1104 

 

R1 = 0.0488, 
wR2 = 0.1048 

 

R1 = 0.0401, 
wR2 = 
0.0986 

Final R indexes 
[all data] 

R1 = 0.0805, 
wR2 = 0.1499 

 

R1 = 0.0600, 
wR2 = 0.1195 

 

R1 = 0.0704, 
wR2 = 0.1222 

 

R1 = 0.0728, 
wR2 = 0.1138 

 

R1 = 0.0608, 
wR2 = 
0.1059 

Largest diff. 
peak/hole /   e 

Å–3 
0.72/–0.40 0.51/–0.38 0.46/–0.28 0.38/–0.35 0.41/–0.20 

 

 

 

 

 

                                                
a Crystal structure reported by Dr. James Radcliffe and included for comparison.4  
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Cr0-PCN 
complex 2.18b 2.20b 2.22 2.24 

Identifier code 14srv241 14srv261 16srv429 16srv165 

Empirical 
formula C29H36CrNO4P C25H28CrNO4P C27H32CrNO4P C24H26CrNO4P 

Formula weight 545.56 489.45 517.50 475.43 

Temperature/K 120 120 120 120 

Crystal system monoclinic orthorhombic monoclinic orthorhombic 

Space group P21/n P212121 P21/n Pna21 
a/Å 11.79138(14) 10.0194(8) 10.0043(4) 24.155(3) 
b/Å 14.69577(18) 14.8755(12) 16.5682(7) 8.6024(11) 
c/Å 16.3394(2) 33.308(2) 15.9969(7) 11.3369(14) 
α/° 90 90 90 90 
β/° 94.4771(11) 90 101.0610(15) 90 
γ/° 90 90 90 90 

Volume/Å3 2822.70(6) 4964.3(7) 2602.28(19) 2355.7(5) 
Z 4 8 4 4 

ρcalcg/cm3 1.284 1.310 1.321 1.341 
μ/mm–1 0.495 0.555 0.533 0.583 
F(000) 1152.0 2048.0 1088.0 992.0 

Crystal size/ 
mm3 

0.6323 × 0.4741 × 
0.3061 0.22 × 0.2 × 0.03 0.14 × 0.04 × 

0.03 
0.416 × 0.049 × 

0.025 
2θ range for 

data 
collection/° 

3.732 to 64.944 3.672 to 50 4.452 to 59.998 4.928 to 50.13 

Index ranges 
–17 ≤ h ≤ 16, 
–22 ≤ k ≤ 21, 
–24 ≤ l ≤ 23 

–11 ≤ h ≤ 11, 
–17 ≤ k ≤ 17, 
–39 ≤ l ≤ 39 

–14 ≤ h ≤ 14, 
–23 ≤ k ≤ 23, 
–22 ≤ l ≤ 22 

–28 ≤ h ≤ 28, –10 
≤ k ≤ 10, –13 ≤ l 

≤ 13 
Reflections 
collected 53488 41354 57704 27899 

Independent 
reflections 

9401  
[Rint = 0.0318, 

Rsigma = 0.0209] 

8695  
[Rint = 0.0876, 

Rsigma = 0.0701] 

7587  
[Rint = 0.0758, 

Rsigma = 0.0530] 

4169  
[Rint = 0.1430, 

Rsigma = 0.1104] 

Data/restraints/ 
parameters 9401/0/341 8695/6/573 7587/0/313 4169/269/302 

Goodness-of-fit 
on F2 1.032 1.017 1.027 1.011 

Final R indexes 
[I>=2σ (l)] 

R1 = 0.0310, 
wR2 = 0.0815 

R1 = 0.0525, 
wR2 = 0.1132 

R1 = 0.0439, 
wR2 = 0.0847 

R1 = 0.0521, 
wR2 = 0.0921 

Final R indexes 
[all data] 

R1 = 0.0367, 
wR2 = 0.0853 

R1 = 0.0788, 
wR2 = 0.1269 

R1 = 0.0723, 
wR2 = 0.0935 

R1 = 0.1007, 
wR2 = 0.1070 

Largest diff. 
peak/hole /   e 

Å–3 
0.45/–0.35 0.66/–0.39 0.41/–0.51 0.31/–0.39 

Flack 
parameter - 0.026(14) 

 - 0.01(3) 

 

 

                                                
b Crystal structure reported by Dr. James Radcliffe and included for comparison.4 
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Cr0-PCN 
complex 

2.19c 2.21c 2.23 2.25 

Identifier code 14srv239 14srv262 17srv117 17srv116 

Empirical 
formula C30H36CrNO5P C26H28CrNO5P C28H32CrNO5P C25H26CrNO5P 

Formula weight 573.57 517.46 545.51 503.44 

Temperature/K 120 120.0 120 120 

Crystal system monoclinic monoclinic triclinic monoclinic 

Space group P21/n P21/c P-1 P21/n 
a/Å 10.12630(15) 8.49510(14) 8.4305(6) 12.1686(17) 
b/Å 23.3526(4) 15.4117(3) 8.8639(6 10.4728(14) 
c/Å 12.62634(19) 19.9673(4) 19.3128(13) 19.556(3) 
α/° 90 90 93.502(3) 90 
β/° 98.4258(14) 99.7804(17) 97.825(3) 95.549(5) 
γ/° 90 90 107.992(3) 90 

Volume/Å3 2953.58(8) 2576.20(8) 1351.66(16) 2480.5(6) 
Z 4 4 2 4 

ρcalcg/cm3 1.290 1.334 1.340 1.348 
μ/mm–1 0.479 0.542 0.520 0.561 
F(000) 1208.0 1080.0 572.0 1048.0 

Crystal size/ 
mm3 

0.642 × 0.4515 × 
0.2662 

0.4286 × 0.2752 
× 0.2119 

0.373 × 0.323 × 
0.248 

0.154 × 0.148 × 
0.108 

2θ range for 
data 

collection/° 
4.424 to 64.696 4.14 to 64.674 4.284 to 66.282 4.13 to 55.154 

Index ranges 
–14 ≤ h ≤ 14, 
–34 ≤ k ≤ 35, 
–18 ≤ l ≤ 17 

–12 ≤ h ≤ 12, 
–21 ≤ k ≤ 21, 
–29 ≤ l ≤ 29 

–12 ≤ h ≤ 12, 
–13 ≤ k ≤ 13, 
–29 ≤ l ≤ 29 

 

–15 ≤ h ≤ 15, 
–13 ≤ k ≤ 13, 
–25 ≤ l ≤ 25 

Reflections 
collected 46323 48933 34983 46634 

Independent 
reflections 

9651  
[Rint = 0.0348, 

Rsigma = 0.0212] 

8600  
[Rint = 0.0427, 

Rsigma = 0.0260] 

10283  
[Rint = 0.0343, 

Rsigma = 0.0423] 

5735  
[Rint = 0.0492, 

Rsigma = 0.0312] 

Data/restraints/ 
parameters 9651/0/359 8600/0/319 10283/0/337 5735/432/430 

Goodness-of-fit 
on F2 1.070 1.044 1.027 1.083 

Final R indexes 
[I>=2σ (l)] 

R1 = 0.0335, 
wR2 = 0.0878 

R1 = 0.0321, 
wR2 = 0.0819 

R1 = 0.0377, 
wR2 = 0.0822 

R1 = 0.0623, 
wR2 = 0.1361 

Final R indexes 
[all data] 

R1 = 0.0372, 
wR2 = 0.0901 

R1 = 0.0394, 
wR2 = 0.0863 

R1 = 0.0565, 
wR2 = 0.0886 

R1 = 0.0788, 
wR2 = 0.1438 

Largest diff. 
peak/hole /   e 

Å–3 
0.53/–0.44 0.41/–0.45 0.51/–0.57 0.93/–0.66 

 

 

                                                
c Crystal structure reported by Dr. James Radcliffe and included for comparison.4 
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Complex 4.4d 4.5 4.11e 4.13 

Identifier code 16srv351 16srv331 17srv004 16srv365 

Empirical 
formula C14H23Co 

 
C16H28CoO3P 

 
C16H32Cl4Co2O4 C36H28Co3Cl4 

Formula weight 250.25 358.28 548.07 779.22 

Temperature/K 120 120 120 120 

Crystal system monoclinic monoclinic monoclinic triclinic 

Space group P21/n 
 

I2/a 
 

P21/c P-1 

a/Å 6.6658(4) 14.6201(10) 14.6977(6) 10.4819(6) 

b/Å 14.2665(8) 8.3668(5) 9.6191(4)  
13.1833(8) 

c/Å 13.5183(8) 27.796(2) 16.1184(6) 13.6277(7) 
α/° 90 90 90 91.672(2) 
β/° 90.259(2) 92.115(2) 93.8332(16) 93.529(2) 
γ/° 90 90 90 102.151(2) 

Volume/Å3 1285.55(13) 3397.8(4) 2273.70(16) 1835.76(18) 
Z 4 8 4 2 

ρcalcg/cm3 1.293 1.401 1.601 1.670 
μ/mm–1 1.302 1.111 1.947 1.671 
F(000) 536.0 1520.0 1128.0 946.0 

Crystal size/ 
mm3 

0.236 × 0.158 × 
0.051 0.347 × 0.2 × 0.09 0.307 × 0.177 × 

0.097 
0.74 × 0.119 × 

0.094 
2θ range for 

data 
collection/° 

 
4.15 to 66.392 

 
5.084 to 65.152 5.064 to 60.196 5.15 to 60.066 

 

Index ranges 
–10 ≤ h ≤ 10, 
–21 ≤ k ≤ 21, 
–20 ≤ l ≤ 20 

–22 ≤ h ≤ 22, 
–12 ≤ k ≤ 12, 
–42 ≤ l ≤ 42 

–20 ≤ h ≤ 19,  
–13 ≤ k ≤ 13,  
–22 ≤ l ≤ 22 

–14 ≤ h ≤ 14, 
–18 ≤ k ≤ 18, 
–18 ≤ l ≤ 19 

Reflections 
collected 30893 44472 34001 27425 

Independent 
reflections 

4908 [Rint = 0.0529, 
Rsigma = 0.0439] 

6187 [Rint = 
0.0604, 

Rsigma = 0.0445] 

6691 [Rint = 
0.0509, Rsigma = 

0.0441] 

10682 [Rint = 
0.0828, Rsigma = 

0.1082] 

Data/restraints/ 
parameters 

 
4908/0/178 

 
6187/0/213 6691/0/235 10682/540/388 

Goodness-of-fit 
on F2 

 
1.028 

 
1.058 1.024 1.026 

Final R indexes 
[I>=2σ (l)] 

 
R1 = 0.0381, 
wR2 = 0.0728 

 

R1 = 0.0390, 
wR2 = 0.0824 

R1 = 0.0341, 
wR2 = 0.0643 

R1 = 0.0637, 
wR2 = 0.1575 

Final R indexes 
[all data] 

R1 = 0.0740, 
wR2 = 0.0821 

R1 = 0.0660, 
wR2 = 0.0912 

R1 = 0.0592, 
wR2 = 0.0712 

 
R1 = 0.0916, 
wR2 = 0.1710 

Largest diff. 
peak/hole /   e 

Å–3 
0.52/-0.46 

 
0.50/-0.49 

 0.52/–0.40 1.62/–0.89 

 
                                                
d Structural details similar to those reported previously in the literature by Ylijoki et al.5  
e Structural details comparable to those reported previously in the literature by Hughes and 

Soares et al.6  
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Complex 4.14 4.15 

Identifier code 16srv397 16srv402 

Empirical formula C38H32Co3I4O0.5 C24H31CoN3P 

Formula weight 1181.02 451.42 
 

Temperature/K 120 120 
 

Crystal system orthorhombic triclinic 

Space group Pbca P-1 
a/Å 13.4110(9) 10.0068(10) 
b/Å 18.4429(13) 15.0814(13) 
c/Å 29.409(2) 16.1867(15) 
α/° 90 68.520(3) 
β/° 90 81.181(3) 
γ/° 90 81.150(3) 

Volume/Å3 7273.9(9) 2233.6(4) 
Z 8 4 

ρcalcg/cm3 2.157 1.342 
μ/mm–1 4.776 0.855 
F(000) 4456.0 952.0 

Crystal size/ mm3 0.372 × 0.077 × 0.026 0.266 × 0.239 × 0.145 

2θ range for data 
collection/° 4.418 to 57.998 4.636 to 60.134 

Index ranges 
–18 ≤ h ≤ 18,  
–25 ≤ k ≤ 25,  
–40 ≤ l ≤ 40 

–14 ≤ h ≤ 14, 
–21 ≤ k ≤ 21, 
–22 ≤ l ≤ 22 

Reflections collected  
121362 38116 

Independent reflections 9668 [Rint = 0.0766,  
Rsigma = 0.0364] 

13037 [Rint = 0.0454, Rsigma = 
0.0653] 

Data/restraints/ 
parameters 9668/17/424 13037/606/583 

Goodness-of-fit on F2 1.069 1.014 

Final R indexes [I>=2σ (l)] R1 = 0.0319,  
wR2 = 0.0564 

R1 = 0.0483, 
wR2 = 0.1002 

Final R indexes [all data] R1 = 0.0527,  
wR2 = 0.0622 

R1 = 0.0873, 
wR2 = 0.1138 

Largest diff. peak/hole /   
e Å–3 0.87/–0.77 0.76/–0.43 

 

6.2.1. X-Ray crystallographic studies of complexes 4.13 and 4.14  

The complexes ([Ind2Co]2[CoCl4]) (4.13) and ([Ind2Co]2[CoI4]. 0.5 THF) (4.14) were 

obtained in salt metathesis reactions between sodium indenide and CoCl2 or CoI2, 

respectively (as described in Chapter 4, section 4.4.1.2). The molecular structures of 

complexes 4.13 and 4.14, obtained from crystals isolated following recrystallization 

from THF at −30 °C, are shown in Figure 6.1. As can be seen from Figure 6.1, the unit 
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cells of the molecular structures of complexes 4.13 and 4.14 contain two molecules of 

[Ind2Co]+ alongside one molecule of the relevant Co halide anion [CoX4]2– (the unit cell 

for complex 4.14 also contains 0.5 equiv. bound THF, which has been omitted from 

Figure 6.1 for clarity). The C-C bond distances within the indenyl moieties of 

complexes 4.13 and 4.14 range between 1.343(5) – 1.455(5) Å, which are distances 

similar to the analogous lengths of 1.365(5) – 1.460(4) Å reported for Ind2Co in the 

literature.7 In addition, the distances between Co and the centroids of the Cp fragments 

of the indenyl rings of complexes 4.13 and 4.14 (Table 6.1) are comparable to the 

corresponding distances of 1.656 – 1.666 Å reported for [Ind2Co]2[Pt(C6X5)4] (X = F or 

Cl) in the literature.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1: Molecular structures of complexes (a) 4.13 and (b) 4.14, with thermal ellipsoids set 

at the 50% probability level; H atoms and THF have been omitted for clarity. Computed 
centroids for Cp rings shown in red with distances from centroid to Co centre represented by 

dashed orange lines. 
 
Table 6.1: Co-Cent distances (Å) for complexes 4.13 and 4.14, refer to Figure 6.1 for atom 
labels. Cent used to represent computed centroid on Cp rings. 
 

 Complex 4.13 Complex 4.14 

Co-Cent 
distances (Å) 

Co1-Cent1 1.654 1.658 
Co1-Cent2 1.652 1.657 
Co2-Cent3 1.648 1.651 
Co2-Cent4 1.647 1.649 
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In the literature X-ray crystallographic studies of bis(indenyl)-containing complexes, 

four parameters (shown in Figure 6.2) are usually measured in order to assess the 

indenyl ligand’s deviation from planarity, and the extent to which one indenyl ligand is 

rotated with respect to the second.7,8 The degree by which the Cp fragment of the 

indenyl moiety has slipped from an ideal η5 towards an η3 coordination mode is 

quantified by the slip value (ΔM-C), hinge angle (HA) and fold angle (FA); larger values 

of these parameters indicating greater disposition towards η3 vs. η5 coordination. The 

rotation angle (RA) distinguishes between eclipsed (RA = 0o) and staggered 

arrangements (RA = 1800) of the indenyl ligands in the bis(indenyl) containing 

complexes (Figure 6.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.2: Crystallographic parameters measured for bis(indenyl)-containing complexes in the 
literature, modified from Westcott et al.7 ORTEP representation of Ind2Co taken from Westcott 

et al.7 
 

 

 

 

Figure 6.3: Eclipsed and staggered conformations of indenyl ligands in bis(indenyl)-containing 
complexes where M = metal and RA = rotation angle (see Figure 6.2 for definition), modified 

from Westcott et al.7 
 
The values of ΔM-C, HA, FA and RA have been determined for the bis(indenyl) cobalt 

cations in complexes 4.13 and 4.14 and are compared to the literature values 

determined for Ind2Co and [Ind2Co]2[Pt(C6X5)4] (X = F or Cl) in Table 6.2.7,8 Since the 

MM

RA = 0° RA = 180°
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parameters (ΔM-C, HA, FA and RA) of the two crystallographically distinct but chemically 

equivalent indenyl rings in each of the bis(indenyl) cobalt cations in complexes 4.13 

and 4.14 are similar, Table 6.2 reports the average parameters calculated for each 

bis(indenyl) cobalt cation. The calculated crystallographic parameters (ΔM-C, HA, FA 

and RA) for complexes 4.13 and 4.14 (Table 6.2) are suggestive of η5-coordinated 

indenyl ligands, in eclipsed arrangements with one another in the bis(indenyl) cobalt 

cations. Additionally, the determined values of ΔM-C, HA, FA and RA for complexes 4.13 
and 4.14 are similar to the literature values for Ind2Co7 and [Ind2Co]2[Pt(C6X5)4] (X = F 

or Cl),8 implying that oxidation of Co (i.e. Ind2Co vs. [Ind2Co]+ in complexes 4.13 and 

4.14) has no impact on the indenyl coordination mode to Co (i.e. η5 vs. η3). 

 
Table 6.2: Comparison of crystallographic parameters measured for complexes 4.13 and 4.14 
to analogous parameters of literature complexes {Ind2Co and [Ind2Co]2[Pt(C6X5)4] (X = F or Cl)}. 
ΔM-C = slip value, HA = hinge angle, FA = fold angle and RA = rotation angle; refer to Figure 6.2 
for definition of these parameters. aFrom ref. 7. bFrom ref. 8. 

Complex ΔM-C (Å) HA (°) FA (°) RA (°) 

[Ind2Co]2[CoCl4] 
(complex 4.13) 

0.056(4), 
0.060(3) 

1.9(4), 2.7(5) 0.7(3), 0.5(4) 4.1(13), 
2.6(14) 

[Ind2Co]2[CoI4].0.5THF 
(complex 4.14) 

0.055(5), 
0.055(3) 

1.9(4), 2.4(4) 0.4(3), 1.5(3) 2.8(15), 
2.5(13) 

Ind2Coa 0.119 7.6 6.0 N/A 

[Ind2Co]2[Pt(C6F5)4]b 0.060, 
0.054 

2.5, 3.0 0.6, 2.0 23.1, 
25.8 

[Ind2Co]2[Pt(C6Cl5)4]b 0.050, 
0.064 

1.6, 2.9 1.9, 1.4 10.0, 
4.9 
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6.3. 
D

ata Tables of C
r/PC

N
-based Ethylene O

ligom
erisation C

atalysis R
uns (C

onducted in C
hapter 3) 

6.3.1. Screening runs of PC
N

 ligands 

                 
Schem

e 6.1: C
onditions used in screening runs of PC

N
 ligands in ethylene oligom

erisation catalysis. 
R

un 
Ligand 

A
ctivity 
(K

g/g 
C

r/h) 

Production 
(K

g/g C
r) 

Total 
product 
m

ass (g) 

Liquid 
fraction 
(w

t %
) 

PE 
fraction 
(w

t %
) 

C
4 

{1-C
4 } 

(w
t %

) 

C
6 

{1-C
6 } 

(w
t %

) 

C
8 

{1-C
8 } 

(w
t %

) 

C
10-14 

(w
t %

) 
C

15+ 
(w

t %
) 

Total 1-
C

6  + 1-C
8 

(w
t %

) 
1 

2.1 
115 

19 
4.97 

72 
28 

0.3 {65.6} 
66.0 {94.1} 

33.1 {99.4} 
0.5 

0.0 
95.1 

2 
2.2 

66 
11 

2.86 
55 

45 
0.8 {64.1} 

29.7 {79.7} 
64.7 {99.3} 

2.0 
2.8 

87.9 
3 

2.3 
85 

14 
3.69 

36 
64 

0.1 {62.1} 
20.0 {66.2} 

62.2 {98.6} 
3.9 

13.0 
74.5 

4 
2.4 

173 
29 

7.50 
78 

22 
0.1 {100} 

68.9 {98.7} 
27.7 {100} 

1.3 
2.1 

95.7 
5 

2.5 
84 

14 
3.65 

63 
37 

0.1 {100} 
34.7 {94.9} 

55.9 {100} 
1.9 

7.4 
88.8 

6 
2.6 

129 
21 

5.58 
63 

37 
0.2 {83.3} 

19.8 {92.3} 
73.3 {99.9} 

1.8 
5.0 

91.5 
7 

2.6 
101 

17 
4.36 

66 
34 

0.2 {84.8} 
20.5 {92.5} 

71.6 {99.9} 
1.4 

6.3 
90.5 

8 
2.7 

136 
23 

5.91 
76 

24 
0.1 {100} 

94.8 {99.3} 
2.4 {98.6} 

1.0 
1.8 

96.5 
9 

2.8 
51 

9 
2.23 

63 
37 

0.2 {100} 
63.1 {97.2} 

36.5 {100} 
0.2 

0.0 
97.8 

10 
2.9 

69 
12 

3.00 
74 

26 
0.3 {79.1} 

45.7 {96.6} 
52.9 {100} 

0.3 
0.9 

97.0 
11 

2.10 
196 

33 
8.51 

95 
5 

0.1 {76.4} 
78.8 {99.2} 

18.4 {99.5} 
1.2 

1.6 
96.4 

12 
2.10 

241 
40 

10.42 
96 

4 
0.1 {79.7} 

77.7 {99.2} 
19.5 {100} 

1.3 
1.5 

96.5 
13 

2.11 
204 

34 
8.82 

92 
8 

0.1 {100} 
66.1 {98.8} 

31.0 {100} 
1.6 

1.3 
96.3 

14 
2.11 

188 
31 

8.14 
92 

8 
0.1 {78.6} 

67.8 {98.7} 
29.3 {100} 

1.3 
1.5 

96.2 
15 

2.12 
45 

8 
1.97 

41 
59 

0.8 {79.1} 
12.9 {55.9} 

50.4 {99.6} 
4.7 

31.1 
57.5 

16 
2.13 

99 
16 

4.29 
90 

10 
0.1 {100} 

36.9 {98.2} 
60.5 {100} 

0.8 
1.7 

96.7 
17 

2.14 
256 

43 
11.09 

90 
10 

0.1 {100} 
74.6 {99.1} 

22.8 {99.8} 
1.3 

1.3 
96.7 

18 
2.14 

190 
32 

8.21 
87 

13 
0.1 {100} 

70.8 {98.9} 
26.0 {100} 

1.3 
1.8 

96.0 
19 

2.14
f 

20 
3 

0.86 
93 

7 
0.3 {100} 

66.9 {95.7} 
15.0 {100} 

5.9 
11.9 

79.1 
                                                
f C

arried out in the presence of 4 equiv. C
O

 (relative to the ligand).  
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6.3.2. Screening runs of C
r I-PC

N
 com

plexes 

     
Schem

e 6.2: C
onditions used in screening runs of C

r I-PC
N

 com
plexes in ethylene oligom

erisation catalysis. 
 R

un 
C

r I-PC
N

 
com

plex 
A

ctivator  
{equiv.} 

A
ctivity 
(g/g 
C

r/h) 

Production 
(g/g C

r) 
Total 

product 
m

ass 
(g) 

Liquid 
fraction 
(w

t %
) 

PE 
fraction 
(w

t %
) 

C
4 

{1-C
4 } 

(w
t %

) 

C
6 

{1-C
6 } 

(w
t %

) 

C
8 

{1-C
8 } 

(w
t %

) 

C
10-14 

(w
t %

) 
C

15+ 
(w

t %
) 

Total 
1-C

6  + 
1-C

8 
(w

t %
) 

1 
2.26 

TE
A

 {150} 
1,209 

202 
0.05 

44 
56 

50.0 {26.9} 
13.9 {100} 

13.3 {100} 
23.0 

0.0 
27.3 

2 
2.27 

TE
A

 {150} 
2,492 

415 
0.11 

76 
24 

22.0 {11.8} 
9.4 {100} 

55.7 {100} 
13.0 

0.0 
65.0 

3 
2.28 

TE
A

 {150} 
1,569 

262 
0.07 

60 
40 

24.9 {15.9} 
18.0 {100} 

44.0 {100} 
13.1 

0.0 
62.0 

4 
2.29 

TE
A

 {150} 
5,329 

888 
0.23 

43 
57 

12.2 {100} 
18.3 {100} 

59.5 {100} 
10.0 

0.0 
77.8 

5 
2.29 

M
M

A
O

-3A
 {500} 

1,183 
197 

0.05 
85 

15 
90.4 {61.2} 

0.0 
0.0 

9.6 
0.0 

0.0 
6 

2.30 
TE

A
 {150} 

385 
64 

0.02 
72 

28 
63.1 {34.9} 

0.0 
0.0 

36.9 
0.0 

0.0 

6.3.3. Screening runs of C
r III-PC

N
 com

plexes 

    
Schem

e 6.3: C
onditions used in screening runs of C

r III-PC
N

 com
plexes in ethylene oligom

erisation catalysis. 

R
un 

C
r III-PC

N
 

com
plex 

A
ctivity 
(K

g/g 
C

r/h) 

Production 
(K

g/g C
r) 

Total 
product 
m

ass (g) 

Liquid 
fraction 
(w

t %
) 

PE 
fraction 
(w

t %
) 

C
4 

{1-C
4 } 

(w
t %

) 

C
6 

{1-C
6 } 

(w
t %

) 

C
8 

{1-C
8 } 

(w
t %

) 

C
10-14 

(w
t %

) 
C

15+ 
(w

t %
) 

Total 1-
C

6  + 1-C
8 

(w
t %

) 
1 

2.36 
31 

5 
1.35 

36 
64 

0.42 {100} 
24.0 {81.9) 

55.3 {100} 
3.8 

16.4 
75.0 

2 
2.37 

43 
7 

1.85 
45 

55 
0.24 {100} 

70.7 {96.3} 
23.0 {100} 

1.5 
4.6 

91.1 
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6.3.4. Larger-scale catalysis runs of C
r-PC

N
 ligands  

     
Schem

e 6.4: C
onditions used in larger-scale runs of P

C
N

 ligands in ethylene oligom
erisation catalysis. 

 R
un 

Ligand 
A

ctivity 
(K

g/g 
C

r/h) 

Production 
(K

g/g C
r) 

Total 
product 
m

ass (g) 

Liquid 
fraction 
(w

t %
) 

PE 
fraction 
(w

t %
) 

C
4 

{1-C
4 } 

(w
t %

) 

C
6 

{1-C
6 } 

(w
t %

) 

C
8 

{1-C
8 } 

(w
t %

) 

C
10-14 

(w
t %

) 
C

15+ 
(w

t %
) 

Total 1-
C

6  + 1-
C

8 (w
t 

%
) 

1 
2.1 

1,979 
1,979 

128.65 
95.8 

4.2 
0.05 {62.5} 

84.2 {98.4} 
13.8 {99.3} 

1.9 
0.0 

96.6 
2 

2.2 
857 

873 
56.71 

95.1 
4.9 

0.33 {52.0} 
45.9 {91.7} 

51.9 {99.1} 
1.6 

0.3 
93.5 

3 
2.3 

599 
599 

38.96 
85.7 

14.3 
0.72 {49.8} 

28.9 {82.3} 
67.0 {98.7} 

2.1 
1.3 

89.9 
4 

2.4 
1,686 

1,686 
109.55 

96.4 
3.6 

0.02 {83.5} 
82.2 {99.6} 

15.5 {99.7} 
2.2 

0.0 
97.4 

5 
2.5 

1,064 
1,064 

69.13 
95.6 

4.4 
0.04 {69.4} 

46.5 {98.8} 
51.4 {99.8} 

1.9 
0.1 

97.2 
6 

2.6 
886 

886 
57.58 

92.4 
7.6 

0.08 {64.3} 
28.1 {97.4} 

69.5 {99.8} 
1.9 

0.4 
96.7 

7 
2.7 

3,346 
3,346 

217.47 
98.6 

1.4 
0.01 {51.1} 

95.6 {99.9} 
1.89 {99.3} 

2.5 
0.0 

97.3 
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6.4. Quantification of catalysis products 
Samples of a selection of linear α-olefins (including 1-hexene, 1-octene, nonane, 

decene, 1-dodecene, and 1-octadecene) were analysed by GC-FID in order to identify 

their retention times. These retention times were used for direct comparison with those 

of products obtained in ethylene tri-/tetra-merisation catalysis (discussed in Chapter 3) 

and 1-butene/1-hexene dimerisation catalysis (discussed in Chapter 4), in order to aid 

elucidation of linear α-olefins formed in di-/tri-/tetra-merisation catalysis. The 

calculations used for determining the activity and total mass of catalysis products 

obtained in di-/tri-/tetra-merisation catalysis are outlined in Equations 6.1 and 6.2.  

 

Activity = mass of all catalysis products/ mass transition metal/ duration of catalysis run 
Equation 6.1: Equation for determining the activity of di-/tri-/tetra-merisation catalysis. 

 

Total mass of catalysis products = mass of liquid fraction + mass of solid product 
Equation 6.2: Equation for determining the total mass of catalysis products obtained in di-/tri-

/tetra-merisation catalysis. 
 

6.5. List of Seminars Attended 
Borenium cations: versatile reagents for borylation of π-nucleophiles  
Dr. Mike Ingleson, University of Manchester  
29th October 2013  
 
Making polymers swim  
Professor Tony Ryan, University of Sheffield  
6th November 2013  
 
Designing heterogeneous catalysts for sustainable chemistry  
Professor Karen Wilson, Aston University  
12th November 2013  
 

Ionic liquids in whole cell biocatalysis  
Professor Gill Stephens, University of Nottingham  
4th December 2013  
 

Different metals = different products: gold versus platinum in the reaction of 
allenes with nucleophiles 
Dr. Maria Paz Munoz-Herranz, University of East Anglia 
22nd January 2014 
 

Cats and Dogma 
Professor Guy Lloyd-Jones, University of Edinburgh 
12th February 2014 
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Redox and functionalization reactions of the uranyl ion: in pursuit of transition 
metal oxo chemistry 
Professor Polly Arnold, University of Edinburgh 
19th February 2014 
 

Switchable Solvents 
Professor Philip Jessop, Queen’s University 
12th March 2014 
 
From triple bonds to reactive intermediates 
Professor Christopher Cummins, Massachusetts Institute of Technology 
14th April 2014 
 
Activation of alkynes with B(C6F5)3: Intramolecular cyclisation reaction and 
rearrangements  
Dr. Rebecca Melen, University of Toronto 
24th April 2014 
 
Controlled polymer synthesis with olefin metathesis catalysts 
Professor Robert Grubbs, California Institute of Technology 
16th May 2014 
The physical chemistry of heterogeneous catalysis – the oxidation of ethylene to 
ethylene oxide 
Professor Ken Waugh, University of Manchester 
27th July 2014 
 
Catalysis on the edge 
Professor Robert Tooze, Sasol Technology UK 
24th September 2014 
 
Durham fluorine meets industry 
Professor Graham Sandford, Durham University 
24th September 2014 
 
Nanoparticles and in situ spectroscopy for understanding syngas conversion 
catalysis 
Dr. Simon Beaumont, Durham University 
24th September 2014 
 
Chemicals from waste bio-oils 
Professor David Cole-Hamilton, University of St Andrews 
24th September 2014 
 
Ionic Mo-, W- and Ru-based olefin metathesis catalysts: access to C-C coupling 
reactions under biphasic (supported) conditions 
Professor Michael Buchmeiser, University of Stuttagart 
6th October 2014 
 



 Chapter 6: Appendices 

 

 

283 

From Wadean clusters to functional materials 
Professor Catherine Housecroft, University of Basel 
15th December 2014 
 

Bond length and bond enthalpy relationships in metal carbonyl clusters 
Dr. Andrew Hughes, Durham University 
15th December 2014 
 

Bonding in Gold clusters 
Professor Michael Mingos, Oxford University 
15th December 2014 
 

Recent aspects of the structural chemistry of heterocarboranes 
Dr. Alan Welch, Herriot-Watt University 
15th December 2014 
 

Structural rules for Boron 
Professor Robert Mulvey, University of Strathclyde 
15th December 2014 
 

 

Useful new reactions in organophosphorus chemistry 
Professor Declan Gilheany, University of Dublin 
13th January 2015 
 

Development of in situ methods to study gas and ligand phase heterogeneously 
catalysed reactions 
Professor Chris Hardacre, Queen’s University Belfast 
28th January 2015 
 
Ruthenium and Iridium catalysts equipped with a phosphinesulfate ligand 
Dr. Christian Bruneau, Université de Rennes 
24th February 2015 
 
Overview of research: Carbon materials, devices, medicine and nanocars 
Professor James Tour, Rice University  
19th May 2015 
 
Graphene 
Professor James Tour, Rice University  
20th May 2015 
 
Nanomedicines for stroke, traumatic brain injury, autoimmune diseases and 
drug delivery 
Professor James Tour, Rice University  
21st May 2015 
 
Sustainability in industrial chemistry 
John Hayler, GlaxoSmithKline 
4th November 2015 
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Transition metal catalysis 
Katherine Wheelhouse, GlaxoSmithKline 
4th November 2015 
 

Biocatalysis 
Kieth Mulholland, AstraZeneca 
4th November 2015 
 

Biorenewable feedstocks and chemicals 
Jeroen ten Dam, Johnson Matthey 
4th November 2015 
 

Sustainability, green chemistry, solvent guide 
Helen Sneddon, GlaxoSmithKline 
5th November 2015 
 

Sustainable agrochemical manufacturing 
George Hodges, Syngenta 
5th November 2015 
 
 
Sustainability in research and development 
Matt Grist, AstraZeneca 
5th November 2015 
 

New main group metal mediated strategies for ring functionalisation 
Professor Eva Hevia, University of Strathclyde 
18th November 2015 
 

Using organometallics as catalysts: from drug precursors to little black dresses 
Dr. Patrick McGowan, University of Leeds 
27th January 2016 
 
Transition metal catalysed borylation of C-H and C-X bonds: synthesis of aryl 
and alkyl boronates 
Professor Todd Marder, Julius-Maximillians-Universität Würzburg 
1st February 2016 
 

Recent developments in asymmetric catalysis and total synthesis 
Professor Pat Guiry, University College Dublin 
17th February 2016 
 

Challenges and opportunities in natural product synthesis 
Professor Steven Ley, University of Cambridge 
18th May 2016 
 

Synthesis of conjugated polymers for organic electronics: making use of triplet 
states 
Dr. Hugo Bronstein, University College London 
19th October 2016 
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Watching reactions take place at the atomic scale (and learning from them) 
Dr. Neeraj Sharma, University of New South Wales, Australia 
26th October 2016 
 

Development of gold and palladium catalysed reactions 
Dr. Ai-Lan Lee, Herriot Watt University  
23rd November 2016 
 

6.6. List of Conferences and Symposia Attended 
Dalton 2014 
Warwick University, 15th -17th April 2014 
 

CSCP half-day symposium 
Durham University, 24th September 2014 
 

Ken Wade celebration symposium 
Durham University, 15th December 2014 
 

Postgraduate gala symposium 2015 
Durham University, 24th June 2015 
Poster Presentation 
 
Catalysis summer school 2015 
University of Liverpool, 20th - 24th July 2015 
 
RSC main group meeting 
Burlington House, 11th September 2015 
 

Sustainability in industrial chemistry symposium and workshop 
Durham University, 4th – 5th November 2015 
 
13th European workshop on phosphorus chemistry 
The Freie Universität Berlin, 4th – 5th November 2015 
Poster presentation and acted as chair for presentation session  
 
Postgraduate gala symposium 2016 
Durham University, 15th June 2016 
Oral Presentation 
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