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Abstract

A class o f phosphinimine-based group VI and VIII-X late transition metal (LTM) 

complexes has been synthesized and evaluated for olefm polymerisation activity. The 

phosphinimine ligand has been designed to incorporate an imine moiety; a functional 

group which has been successfully applied in very active LTM olefin catalytic systems. 

Heterocycles, such as pyridine and imidazole are used to accomplish the integration o f an 

imine group into the ligand. Phosphines employing the heterocyclic group are oxidized 

by phenyl azides in excellent yields to form phosphinimine ligands. These 

phosphinimine ligands react with several LTM’s, the complexes o f which are identified 

by single crystal diffraction studies, elemental analysis, NMR and IR spectroscopy, and 

magnetic susceptibility measurements. In contrast to highly active imine-based systems, 

we find iron(II) and nickel(II) complexes with bulky phosphinimine-based ligands 

oligomerise ethylene to form C4 alkenes with moderate activities.

Computational calculations were performed to determine the effects o f  a 

phosphinimine-based ligand on a cationic nickel(II) centre. The presence o f a 

phosphorus atom in the backbone of the ligand creates an increase in negative charge on 

the nickel atom, in contrast to that seen in imine ligands. This increase in charge 

suppresses electron donation from the incoming ethylene molecule to the metal centre, 

thus creating a weak metal-ethylene bond. The addition o f electron-withdrawing 

substituents such as fluorine on the phosphorus appears to increase the positive charge on 

the nickel(II) atom, hence allowing for a stronger metal-ethylene interaction. Attempts to 

make a fluorinated phosphinimine have so far been unsuccessful, due to an inability to 

oxidize the phosphine to the corresponding phosphinimine ligand.
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In addition to neutral analogues, we find the imidazolyl-phosphinimine ligand can 

be advantageously altered to possess anionic character. Metal complexes involving a 

phosphinimine-imidazolate ligand can be formed with rhodium(I), rhodium(III), 

chromium(III), and nickel(II) metals. It was determined that, similar to neutral iron(II) 

and nickel(II) imidazolyl-metal complexes, the nickel(II) imidazolate complex 

oligomerises ethylene with a low activity (18.9 g-m m of'-hf'-atm '1).
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1

Chapter One

Introduction

Polyethylene is ubiquitous in modem society having found widespread household 

and industrial applications. Indeed, there is a growing interest in it as providing an 

alternative to glass, metal, paper and concrete.1 Consequently, the demand for 

polyethylene has been projected at 50 millon metric tons annually by the year 2003.2 

Early transition metal (ETM) catalysts have been commercially used to produce

3 7polyethylene due to their long lifetime and high activity. ' However, such catalysts 

suffer inherent drawbacks of sensitivity to moisture, oxygen, and impurities in monomer 

feed.8

Developments in the field o f polymerisation catalysis have generally focussed on 

obtaining greater control o f the polymer’s characteristics, the ability to incorporate 

combinations o f monomers, and the development o f effective catalysts able to tolerate a 

variety o f functional groups. Late transition metal (LTM) catalysts provide attractive 

alternatives as they are less oxophilic than ETM’s and are more tolerant o f functional 

groups. These attributes make LTM catalysts likely targets for the development o f new 

polymers for novel applications .

In this chapter, technological advances regarding LTM olefin polymerisation 

catalysis are highlighted. In addition, previous research o f metallocenes and non- 

metallocene-based metal complexes is included along with the early discoveries of LTM 

olefin polymerisation. The synthesis and the reported use of the phosphinimine ligand in
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Chapter 1: Introduction 2

olefin polymerisation is also described to demonstrate the virtually unexplored nature of 

this area.

1.1 The Development of ETM Olefin Polymerisation Catalysts

The discovery that ETM’s could polymerise oolefm s into polyolefins by Ziegler 

and Natta9 has had a tremendous impact both industrially and academically. Prior to 

Ziegler’s discovery, polyethylene was produced using a free-radical process under 

forcing conditions (e.g. 3500 atm at 300°C).10 However, Ziegler-Natta catalysts 

demonstrated that ethylene could be polymerised under milder conditions in the presence 

ofTiCU with AlEt3 activation (Scheme 1.1). Unfortunately, the discovery by Ziegler and 

Natta was based on an ill-defined heterogenous system, whose mode and mechanism still 

remain a topic o f current research.

TiCI4 + AIEt3  ► polyethylene

Scheme 1.1 Heterogeneous olefin polymerisation by TiCU.

Developments derived from the orignal Ziegler-Natta catalyst dealt with the 

discovery o f a well-defined homogeneous olefin polymerisation catalyst. Kaminsky3 

reported that CpaZrCE could be activated with methylaluminoxane (MAO) to give a 

cationic zirconium alkyl species capable o f polymerizing ethylene (Scheme 1.2). It is 

generally accepted that the role o f MAO is to create a dialkyl species that quickly 

undergoes alkyl abstraction by the same aluminum cocatalyst to produce a cationic metal 

centre.11 Chain termination is believed to occur by either: (1) /3-hydrogen elimination to
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yield an unsaturated polymer chain end and a metal hydride cation, or (2) alkyl chain 

transfer to the non-coordinating counterion thus, providing a metal alkyl cation.

Me
excess
MAO

Me

Me
excess w ►
MAO

-► polyethylene

Scheme 1.2 Activation o f Cp2ZrCl2 by excess MAO.

Further work by Sinn,4 Brintzinger,5’7 Kaminsky,4’7 and Ewan12 showed that 

metallocenes activated with aluminoxanes produced catalysts with high catalytic 

activities and long lifetimes. The accepted industry standard is Cp2ZrCl2, which has a 

reported activity o f 895 g-mmof'-hr"1 at atmospheric ethylene pressure with MAO 

activation 8 In addition, modification o f the Cp ligand resulted in catalysts which could 

produce polymers with specific characteristics.13 Furthermore, changing the olefin from 

ethylene to propylene allowed for stereospecific polymerisation which produced a variety

• • 5 12of novel polymers with varying uses and characteristics. ’

The idea that modified metallocene catalysts could create unique polymers shifted 

research efforts towards the development o f non-metallocene based ligands and metal 

complexes. There are numerous examples o f  non-metallocene ligands that can complex 

with ETM’s to produce complexes capable o f being highly active olefin polymerisation 

catalysts.8 Perhaps the most recognized example o f a non-metallocene catalyst is the 

“constrained geometry catalyst” designed at Dow and Exxon. This catalyst 1 and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1: Introduction 4

derivatives thereof, are highly active in the both the polymerisation o f ethylene (1500 

g-mmol-hr'-bar'1) and copolymerisation o f ethylene with 1-hexene comonomer.14,15,16

*Bu

1

O f central importance in both ETM metallocene and non-metallocene catalysts is 

the role that the ligand plays. It has been determined that the ligand affects the metal 

centre in various ways, by: (1) control over the metal coordination number; (2) control 

over the metal coordination geometry; (3) control over the formal oxidation state o f the 

metal; and (4) steric protection o f the active site, which in some cases can influence

O '

stereoselectivity. In designing a ligand system, both electronic and steric effects must be 

considered in order to synthesize a highly active olefin polymerisation catalyst.

As briefly mentioned earlier, polymerisations with ETM systems have several 

potential drawbacks. ETM ’s have an increased electrophilic nature which makes them 

prone to poisoning by most fiinctionalized olefms. However, there are some examples 

of copolymerisation under special circumstances.17'26 Furthermore, these systems are air 

and moisture sensitive, in particular the catalytically active cationic metal species, which 

can cause deactivation o f the catalyst. Late transition metal complexes offer solutions to 

these problems as they are generally less oxophilic and hydrophobic than ETM ’s and can 

tolerate a variety o f  polar functional groups. This allows the incorporation o f  polar
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Chapter 1: Introduction 5

functionalities into the resultant polymer, thus providing avenues to synthesizing 

polymers with potentially unique properties unavailable to ETM catalysts.

1.2 The Beginning of Late Transition Metal Catalysis

Late transition metal complexes can be exploited to make polymers and oligomers 

not accessible by early transition metal compounds. In contrast to their ETM 

counterparts, LTM’s show an increased tendency to chain terminate via jS-hydride 

elimination. When the rate o f this process becomes competitive with the rate of 

propagation process, formation o f short chain polymers, called oligomers results. 

Arguably, the first recognized industrial applications o f LTM catalysis was the Shell 

Higher Olefin Process (SHOP) developed by Keim et al.21 This process is based on a 

neutral nickel catalyst containing a P— O chelate (2, R = solvent, L = PPh3), that 

oligomerises ethylene to form linear C4-C20 chains under extreme conditions or in the 

presence o f a phosphine scavenger.

Nitrogen-based ligands with bulky substituents have been garnering attention for 

the past 20 years as potential tools in LTM olefm polymerisation. Keim et al. were the 

first group to extend their research to encompass polymerisation o f olefins with bulky

Ph2

Ni

2
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nitrogen chelates by employing a bulky iminophosphorane amidato ligand to form the 

nickel complex 3 .28

SiMe3 

Ni ; X
\ J /  \

x  N N(SiMe3)2

SiMen

Compound 3 was shown to be a single component catalyst for the polymerisation 

of ethylene, having a reported activity o f 1000 mol ethylene/mol nickel at 70°C and 50 

bar. The corresponding palladium complex did not catalyze the polymerisation of 

ethylene. Although low activities were found, results from these experiments suggested 

nitrogen-based ligands in LTM complexes could polymerise ethylene.

A significant breakthrough in LTM olefin polymerisation catalysis was the

« •  • 90  “Xf tdevelopment o f nickel and palladium diinune complexes by Brookhart et al.. 

Brookhart anticipated that “harder” nitrogen-based ligands with increased steric demand 

might lead to higher molecular weight polymers. To satisfy this condition, Brookhart 

proposed the syntheses o f  cationic methyl complexes incorporating bulky nitrogen-based 

diimine ligands (Figure 1.1).
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A r N .N  Arx  y
Ni 

B r ^  ^ B r

Ar = 2,6-1Pr2C6H3

r \
Ar Nx  X N Ar BAr', 

Pd
/  ^Me OEt2 

Ar = 2,6-'Pr2C6H3 

BArV = B[3,5-(CF3)2C6H3]'

Figure 1.1 Nickel(II) and palladium(II) diimine catalysts (4 and 5, respectively).

The ethylene polymerisation activity o f complex 4 was 11,000 g-mmor'-hr'1 at 

25°C and 1 atm when activated by methylaluminoxane (MAO); however, the 

corresponding palladium complex 5 has an activity of 26.6 g-mmof’-hr at 25°C and 1 

atm. The activity o f 4 and its derivatives is drastically reduced upon increasing pressure 

and temperature, indicative of a weak dative bond between the nitrogen and nickel atoms.

Analysis o f the polyethylene obtained from 4 and 5 indicated extensive, randomly 

dispersed branching of variable length along the main chain. Brookhart noted that 

reducing the steric bulk o f neutral a-diimine ligands reduces the degree o f branching and 

the molecular weight.29 From these results, it was determined that both the ligand and the 

metal play key roles and that the following specific features o f the catalyst are required 

for the polymerisation o f ethylene: (1) an electrophilic cationic metal centre to allow the 

binding o f ethylene; (2) steric bulk to protect the metal centre from undergoing 

deactivation pathways present in earlier processes; and (3) the presence o f a non

coordinating counterion to provide a coordination site for incoming ethylene.
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9 0Mechanistic studies performed by Brookhart et al. (Scheme 1.3) showed that an 

alkyl-ethylene metal species (6) is the resting state o f the active catalyst species. The 

ethylene moiety can then insert into the M— C bond creating a growing alkyl chain (7). 

This process o f coordination and insertion can continue to create a linear alkyl unit or 

alternatively, the alkyl chain can undergo /3-hydride elimination to form a metal hydride 

species (8). This hydride can then either undergo reinsertion with opposite 

stereochemistry to form a methyl branch on the chain (9), or another olefin unit can 

associatively displace the alkyl unit to create a new alkyl chain (10). The elimination of 

the alkyl chain by associative displacement is known as chain growth, whereas formation 

o f methyl (and longer side chains) groups is known as chain branching.

Since the LTM complexes in question are square planar, the steric environment 

created by the ligand affects both associative displacement and chain transfer. 

Brookhart29'31 suggested that substituents on the aryl ring, by virtue o f their perpendicular 

orientation with respect to the ligand plane, block the approach o f olefins from above and 

below the plane. This allows the rate o f chain propagation to be faster than the rate o f 

chain migration, thus producing high molecular weight polymers. In addition, they also 

showed that varying the pressure and temperature led to different degrees o f branching 

and density in the polymer produced.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1: Introduction 9

/CH2CH2R inc .. n \. /  *  ̂ insertion

y

etc.

c h2c h 2r

N
M+

'Me=

nn >
/M+

N H

8

associative ^
_R displacement

“  A
N H

N
,M+

'Me

N
9

chain migration 
or chain branching

nn ,Et
M+

/  *

n" y

chain growth

Scheme 1.3 Proposed mechanism of LTM olefin polymerisation.

Brookhart et al.37 and Gibson et al,38 extended the above considerations with 

nickel and palladium catalysts to encompass iron and cobalt. A bis(imino)pyridyl ligand 

was used to form iron(II) and cobalt(II) complexes much like Brookhart’s original 

nickel(II) complex. Not only could this ligand be modified to exist as an aldimine or 

ketimine, but modification of the steric bulk above and below the metal-ligand plane 

affected activity, molecular weight, and molecular weight distribution. The most active 

catalyst reported is that o f the iron ketimine complex 11 (206,000 g-mmof'-hr'1) with 

MAO activation at 35°C and a TMA scavenger.

The behaviour of these catalysts towards olefin polymerisation is very different 

from that o f nickel(II) diimine compounds. The activity o f 11 increases when there is a 

decrease in steric bulk from isopropyl to methyl groups in the ortho position on the aryl 

ring.37,39 Furthermore, the polyethylene formed is highly linear. In both the iron and 

cobalt examples, the electronic environment o f  the metal centre is significantly different
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from that of the nickel and palladium cases; therefore, it is no surprise that not only are 

the activities different, but also the polymer characteristics.

Ar — 2,4,6-M e3C6H2

11

Clearly, the steric and electronic properties o f the ligand are o f paramount 

importance for the successful polymerisation of ethylene by LTM complexes. 

Phosphinimine groups may be tailored to offer a steric environment similar to diimine 

ligands but they differ in other characteristics such as ir-acceptor ability and donor 

strength. This class o f ligands are readily-accessible, yet have been virtually unexploited.

1.3 Further Developments In LTM Catalysis

Recent research in LTM catalysis has involved development o f single-component 

catalysts. Pioneering work in this field was performed by Grubbs et al. , 40  who 

demonstrated that a N— O salicylaldiminato ligand could react to form a nickel(II) 

species (12, R = anthracenyl, Ar = 2,6-'Pr2C6H3) similar to the complex Keim reported 

earlier.27
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h 3c c n Me
Ar

O N

R

12

These complexes are very active and produce highly linear polyethylene with 5- 

20 branches per 1000 carbon atoms (Mw > 250,000). In the absence of cocatalysts, these 

species have an indefinite lifetime and are capable o f producing activities up to 6400

addition, these catalysts are also very tolerant o f functional groups, and maintain high 

activity in the presence o f ketones, esters, and ethers. Addition o f water or other protic 

solvents gradually decomposes the catalyst, while addition o f monomers such as 

norbomadienes, carbon monoxide, and other functional olefins results in the 

incorporation o f these compounds into the growing polymer chain.

Brookhart et al.4] then developed a very similar catalyst with the aim of 

synthesizing a catalyst similar to that o f Grubbs, employing similar steric bulk restraints, 

but with a reduced number o f atoms in the chelating ring; five instead of six. This was 

accomplished by the synthesis o f a 2-(2,6-diisopropylanilino)tropone nickel(II) complex

g m m o l'1-hr'1 at 2 5 0  psig o f ethylene. These values are comparable to the industrial 

standard Cp2ZrCl2 metallocene and other LTM catalysts such as Brookhart’s.29 In

(13,A r = 2,6-1Pr2C6H3).
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PPh

Ph

Ar

13

Comparison o f 12 and 13 shows that the five-membered chelate ring complex 13 

is a superior ethylene polymerisation catalyst. In the absence o f activator, complex 13 

has an activity o f 8800 g-mmof'-hr'1, with a substantially higher molecular weight 

polymer than obtained for 12. It was also determined that altering the temperature and 

pressure gives the resultant polymer very different characteristics. Increasing the 

pressure caused a decrease in the amount o f branching, while increasing the temperature 

resulted in an increase in polymer branching. The addition o f polar functional groups 

(ethyl acetate or THF) in fact increases the activity o f 13, whereas addition o f water 

decreases the activity by 3.5-4.5 times.

Both o f the above examples in this section feature an anionic ligand bound to a 

nickel(II) centre; a “neutral” nickel(II) catalyst. Brookhart has recently developed a very 

active P— O chelating cationic nickel(II) complex (14, Ar = 3,5-C6H3(CF3)2), which is 

very active in the absence o f cocatalyst.42
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14

The highest recorded activity under optimal conditions (27.2 atm ethylene, 

toluene, 26°C) was 698 g-mmol^-hr'-atm'1. The polymer obtained was highly linear with 

6-8 methyl chains per 1000 carbon atoms. This catalyst remains active even in the 

presence o f ethyl acetate. The palladium analog generates low molecular weight PE 

oligomers with an average molecular weight around 350.

1.4 Reported Chemistry of Phosphinimine LTM and Main Group metal 
complexes in olefin polymerisation

There are numerous examples o f phosphinimine, or iminophosphorane complexes 

exhibiting different coordination geometries to metal centres;43’45 however, few have 

been examined for the potential to polymerise olefins. Bochmann et al. has reported the 

synthesis o f Group IX and X first row transition metal complexes with: (1) 

bis(aryliminophosphoranyl)ethane 15 and methane 16 ligands; (2) bis-

(aryliminophosphoranyl)methanide ligands 17; and (3) bis(aryliminophosphoranyl)- 

pyridyl ligands 18 (Figure 1.2).46
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N
'"'A r Ar 'Ar II

PR
II

N N

15 16 17 18

R = Ph, Cy

Ar = 2,6-iPr2C6H3 , 2,4,6-Me3C6H2 
Figure 1.2 Various phosphinimine-based ligands examined for LTM olefin 

polymerisation.

The bis(iminophosphoranyl)pyridyl ligands 15-18 mirror the bis(imino)pyridyl 

ligands developed by Brookhart and Gibson, except that the C=N groups are replaced by 

P=N groups. Activation o f the cobalt bis(iminophosphoranyl)pyridyl compounds with 

MAO in toluene at 50°C at 10 bar ethylene results in activities o f 5-30 g-m m or'-hr’-bar1 

for complex 19. The corresponding iron and vanadium complexes with the same ligand 

and the same conditions show activities o f 6 and 140 g PE/mmol cat-hr-bar, respectively. 

The polymer obtained from the vanadium catalyst has a molecular weight o f 382,000 and 

a polydispersity o f 2.3. It is interesting to note that at low ethylene pressures, no 

consumption was noted.

Ar = 2,6- Pr2C6H3

19
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These results are very surprising in light o f the results obtained by Brookhart and

• • - 5 7  1 0

Gibson involving bis(imino)pyridyl complexes. ’ Bochmann et al. explained that the 

very low activities could be attributed to the insolubility of the metal complexes in the 

solvent used; however, no discussion o f other solvents or electronic ligand differences 

were given. Polymerisations o f any other metal-ligand complexes yielded negligible 

polymer.

Main group aluminum complexes have been reported by Stephan et al. which 

contain monodentate phosphinimine and bidentate bisphosphinimine ligands.47 

Unfortunately, cationic complexes 20, 21 and 22 failed to polymerise ethylene at 1 atm 

and 25°C.

Me, Me
+

Me, Me
—

\ r
Me— Si Me Me— Si Me

V _A^ \\M e V_A^w\Me

// ^ P M e ;cŷ i\
= Cy 
Cy ' 

0
 \

0
1

...
..

V <

[MeB(C6F 5)3]'

20

[MeB(C6F 5 ) 3 ]"

21

t-Bu.
Vt-Bu

,^>t-Bu
P

I I
Me//,/, / \  A*Me

M Al"
M e ^  PMe

I I
• P^

t-B u*” ’
t-Bu

't-Bu

[MeB(C6F5)3r

22

However, Cavell’s research group has reported aluminum complexes 23 and 24 

using bidentate ligands formed by the reaction o f two equivalents o f TMA with a 

bidentate bisphosphinimine ligand.48,49 When activated at 164°C with [Ph3C][B(C6Fs)4] 

under 200 psig o f ethylene, the reported activity o f 24 is 520 g-mmor1-hr‘1-atm'1.
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Ph2 Me2Ph2P N
i t  '

W  /  IV
Ph2P N

\
TMS

Me2 Ph2

23 24

Souza and Reau et al. have recently reported the synthesis o f nickel(II) 1,2-

of these nickel(II) complexes with diethylaluminum chloride (DEAC) resulted in C4 and 

C6 oligomer formation. Variables such as activator, pressure, temperature, and the ratio 

o f nickel(II) catalyst to aluminum cocatalyst were varied to determine the optimal 

oligomerisation conditions. Activation of the nickel(II) dichloride complexes with TMA 

did not oligomerise ethylene, while the use o f MAO as an activator gave rise to systems 

with reduced activities compared to DEAC activation. A maximum activity o f 344 

g-mm of'-hr'-atm ' 1 was obtained with 25 under optimal conditions (50°C, 11 atm 

ethylene, A1:N ration o f 200:1).

di(iminophosphorane) complexes and their use in ethylene oligomerisation.50 Activation

PPh3

25
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1.5 General Synthesis of Phosphinimine Ligands

The imination o f trivalent phosphorus complexes with organic azides was 

discovered by Staudinger in 1919.51 This reaction employs a two-step process beginning 

with electrophilic attack on a trivalent phosphorus atom by an organic azide. An 

intermediate phosphazide molecule is formed, which can then eliminate dinitrogen to 

form a phosphinimine functional group (Scheme 1.4). The existence o f the phosphazide 

intermediate has been well-documented with many examples reported. The stability of 

such complexes is determined by both electronic (delocalization o f cationic charge on the 

phosphorus atom) and steric factors (shielding of the phosphorus atom by bulky 

substituents).

R R  R x

N,R' + _ ^ - p -----------«- r, _ ^ P = N — N = N —R' ----------»- p ^ - P = N —  R’
3 F- f  R i  -N2 R i

R R R

phosphazide phosphinimine

Scheme 1.4 The Staudinger reaction between a trivalent phosphorus atom and an organic 
azide proceeding through a phosphazide intermediate.

In 1950 Kirsanov discovered a new oxidative imination reaction resulting in 

renewed interest in phosphinimine molecules53 involving the imination o f phosphorus 

pentachloride and its derivatives with amine compounds (Scheme 1.5). Kirsanov’s 

research compliments that o f Staudinger and allows the synthesis o f most phosphinimine, 

or iminophosphorane, compounds.
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R R

^ > c i 2 + H2N— R' ---------------- ► ^ : P = N _ R.
R^ '  -2 HCI R i

R R

Scheme 1.5 The Kirsanov reaction between a pentavalent phosphorus atom and a 
primary amine.

1.6 Scope of this Work

This thesis describes the synthesis of pyridyl- and imidazolyl-phosphines, their 

oxidation to the corresponding phosphinimines, and their reactions with selected group 

VI, VIII, IX and X transition metals. The purpose o f this strategy is to create novel 

ligands which incorporate phosphinimines with the previously successful imine 

functionalities. Metal compounds with these ligands are anticipated to polymerise or 

oligomerise ethylene with activities similar or superior to previously reported catalysts.29-42
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Chapter Two

Synthesis of Selected Group VIII and X Pyridyl Phosphinimine 
Complexes

2.1 Introduction

Nitrogen-based ligands have been at the forefront of developments in LTM olefin 

polymerisation. In particular, Brookhart has shown that a-diimine nickel catalysts exhibit 

a high activity for ethylene oligomerisation and polymerisation. The analogous 

phosphinimines are a readily accessible class o f nitrogenous ligands, which have only 

recently been examined for their catalytic potential.46'50 This class o f ligand can offer a 

steric environment similar to diimine ligands, but with marked differences in donor 

strength and ir-acceptor capacity.

In this chapter, we examine the synthesis o f both sterically bulky pyridyl 

phosphinimine ligands and their group VIII and X metal complexes. The potential for 

activated metal precursors to polymerize and oligomerize ethylene was also evaluated. In 

order to better understand the ligand effect on the activated metal centre, computational 

methods were used to examine the lone pair orbital energies o f several types o f imine and 

phosphinimine ligands. The atomic charge on nickel in the [NiCH3(ligand)]+ activated 

species was also investigated.

2.2 Experimental Section

General Data All preparations were performed under a dry, (V ffee  nitrogen atmosphere 

employing either Schlenk line techniques, a Mbraun inert atmosphere glovebox, or a
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Vacuum Atmospheres Co. glovebox unless otherwise stated. Unless otherwise mentioned 

all organic chemicals were reagent grade and used as received from Aldrich Chemical 

Co., and all phosphines and metal compounds were used as received from Strem 

Chemical Co. Diethyl ether, ethanol, hexane, petroleum ether (bp 35-60°C), methylene 

chloride, and toluene were either dried according to literature techniques54 or obtained 

directly from an Innovative Technologies solvent purification system. 2- 

Pyridyldiphenylphosphine 2655 and bis(pentafluorophenyl)chlorophosphine 2756 were 

prepared according to literature techniques. ’H, 13C{!H}, and 31P{1H} NMR spectra were 

recorded on Bruker Avance 300 operating at 300, 75, and 121 MHz, respectively. Several 

]H, ^ C l'H } , and 31P{’H) NMR spectra were recorded on a Bruker Avance 500 MHz 

spectrometer operating at 300, 121, and 202 MHz, respectively. Trace amounts of 

protonated solvents were used as references and chemical shifts reported relative to 

SiMe4. 31P{'H} spectra were externally referenced to 85% H3PO4. The 13C{'H} 

resonances reported are all singlets unless otherwise noted. Elemental analyses were 

carried out by Guelph Chemical Labs Inc., Guelph, Ontario, Canada or the Centre for 

Catalysis and Materials Research (CCMR), Windsor, Ontario, Canada. GC analysis was 

performed with a Shimadzu GC-9A apparatus with a Quadrex Corporation fused silica 

glass capillary column (methyl silicone, 25 metres long, i.d. 0.25 mm and film 

thickness o f 1.00 pm) working at 35°C for 15 min. then heating at 25°C min ' 1 up to 

275°C. IR spectroscopy was performed on a Bruker Infrared Fourier Transform 

Spectrometer VECTOR 22. Unpaired electron measurements were made with a 

Johnson Matthey magnetic susceptibility balance (Evans design).
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Synthesis of 2,6-diisopropyIphenyI azide N3-2,6-'Pr2C6H3 28, N3-2,6-Me2C6H3 29

Compounds 28 and 29 were prepared by similar methods, thus only one representative 

procedure is described. A mixture o f 2,6-diisopropylaniline (10.0 g, 56.4 mmol) and 

N aN 02 (4.3 g, 62.3 mmol) were added to a cooled (-30°C) acidic (40 mL cone. HC1 and 

40 mL distilled H20 )  solution o f NaBF4 (12.4 g, 112.9 mmol). After several minutes of 

stirring, a yellow precipitate gradually formed, which was stirred at -30°C for 30 minutes. 

The tetrafluoroborate salt was filtered quickly in air, and washed with cold H20 . The 

yellow sticky powder was added to a cooled (0°C) aqueous solution (100 mL) o f NaN3 

(11.0 g, 169.2 mmol). After vigorous gas evolution, the orange mixture was stirred 

overnight at room temperature. The product was extracted from the aqueous layer with 

diethyl ether (3 x 30 mL), and dried with MgSCL. The solution was filtered, and the 

solvent removed to give a light red oil (9.5 g, 83%). The oil was not purified due to the 

risk o f explosion. 28: !H NMR (CDC13, 25°C, 8 ): 1.28 (d, 12H, -CH(CH3)2), 3.38 (sept, 

2H, -Cff(CH3)2), 7.07-7.21 (m, 3H, -C<#,).

29: ’H NMR (CDC13, 25°C, 5): 2.21 (s, 6H, -CH3), 6.67 (t, 1H, -paraC^ 3), 6.96 (d, 2H, 

-metaCeHi).

Synthesis of 2-bromo-6-benzylpyridine [2-Br-6-Bn]py 30 Compound 30 was prepared

S7 1according to a literature method; however, NMR data was not reported. 30: H NMR 

(CDCI3, 25°C, 8 ): 4.15 (s, 2H, -CH2), 7.01 (d, 1H, -pyH5), 7.23-7.27 (m, 2H, -pyH3, H4), 

7.31-7.34 (m, 4H, -ArH), 7.42 (m, 1H, -AxH).
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Synthesis of 2-bromo-6-trimethylsilylpyridine [2-Br-6-TMS]py 31 Compound 31 was 

prepared according to a literature method;58 however, NMR data was not given. 31: 'H  

NMR (C6D6, 25°C, 6): 0.20 (s, 9H, -Si(C//5)3), 6.60 (m, 1H, -pyHs), 6.91-6.96 (m, 2H, - 

p y ^ i, h 4).

Synthesis of 2-amino-6-phenylpyridine [2-NH2-6-Ph]py 32 Compound 32 was 

prepared according to a literature method;59 however, NMR data was not reported. 32: 

NMR (CDC13, 25°C, 8 ): 4.50 (br s, 2H, -NH2), 6.46 (d, 1H, -pyH3), 7.10 (m, 1H, -pyH4), 

7.37 (d, 1H, -pyH5), 7.44 (m, 2H, -Ph/7), 7.51 (t, 1H, -Ph/7), 7.95 (m, 2H, -PhH).

Synthesis of 2-bromo-6-phenylpyridine [2-Br-6-Ph]py 33 Compound 33 was prepared 

according to a literature method;59 however, NMR data was not reported. 33: 'H  NMR 

(CDCI3, 25°C, 8 ): 7.42-7.51 (m, 4H, -Ph/7, -pyH4, H5), 7.62 (t, 1H, -Ph/7), 7.69 (m, 1H, - 

pyH3), 8.00 (m, 2H, -Ph/7).

Synthesis of 2-(diphenylphosphino)pyridine (2-py)PPh2 26, [6-Me-2-PPh2]py 34, [6- 

Bn-2-PPh2]py 35, [6-TMS-2-PPh2]py 36, and [6-Ph-2-PPh2]py 37 Compounds 26, 

and 34 to 37 were prepared using similar routes using a modified procedure, thus only 

one representative procedure is described. To a stirred THF solution (100 mL) of 

diphenylphosphine (2.66 g, 14.3 mmol) was added an equimolar amount (5.7 mL) o f a

2.5 M hexane solution o f n-butyllithium and the deep red solution stirred overnight at 

room temperature. To this solution was added dropwise a 20 mL THF solution o f 2- 

bromopyridine (2.26 g, 14.3 mmol). After stirring overnight, the solvent was removed in
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vacuo and ethanol (30 mL) was added to quench the reaction. The solvent was again 

removed in vacuo and ether was added (30 mL), and the solution was then filtered. 

Removal o f the ether in vacuo yielded a colourless oily solid, which was recrystallized 

with CH2CI2 and hexane. 26: 80% yield based on PI12PH. 31P{*H} NMR (C6D6, 25°C, 

8 ): -3.2 (s). 'H  NMR (CDC13, 25°C, 8 ): 6.49 (m, 1H, -pyHs), 6.87 (m, 1H, -pyH4), 7.04-

7.09 (m, 7H, -metaPPh2 , -paraPPh2 , -py//?), 7.50-7.53 (m, 4H, -orthoPPhi), 8.49 (d, 1H, 

-PY'H6).

34: Yield = 70%, colourless crystals. 31P{1H} NMR (Jg-THF, 25°C, 8 ): -4.0 (s). ‘H NMR 

(d8-THF, 25°C, 8 ): 2.48 (s, 3H, -CH3), 6.82 (d, 1H, 9.0 Hz, -pyHs), 7.11 (m, 1H, -pyH4) 

7.34 (m, 10 H, -PPh2), 7.28 (m, 1H, -pyHs). ^C ^H }  NMR (^-THF, 25°C, 8 ): 24.4,

120.4, 124.7 (d, Jc.p 2.9 Hz), 128.3, 128.7 (d, JC.P 19.4 Hz), 132.4 (d, JC-p2.7 Hz), 130.2 

(d, Jc -P 10.4 Hz), 136.0, 158.5 (d, JC.P 9.8 Hz), 162.9 (d, JC.P4.2 Hz).

35: Yield = 65%, white solid. 31P{]H} NMR (C6D6, 25°C, 8 ): -3.2 (s). XB. NMR (C6D6, 

25°C, 8 ): 4.05 (s, 2H, -CH2), 6.67 (d, 1H, -pytfj), 6.94 (t, 1H, 8.9 Hz, -pyN4), 6.99 (d, 1H,

9.0 Hz, -pyH s), 7.17-7.23 (m, 11H, -metaPPh2 , -paraPPfi2 , -Ar//), 7.59-7.63 (m, 4H, - 

ortho?Ph2). ^C ^H }  NMR (C6D6, 25°C, 8 ) 44.1, 117.6, 123.9, 125.9 (d, JC-p 3.5 Hz),

126.1, 127.4, 130.6, 131.3 (d, JC-p 19.0 H z ) , 134.1, 135.5, 136.5 (d, JC.P 10.0 Hz), 139.5,

158.3 (d, Jc-p 9.8 Hz), 161.1 (d, JC-p 4.5 Hz).

36: Yield = 75%, golden oil. The oil was purified by flash column chromatography on 

silica using hexanes. 31P{1H} NMR (C6D6, 25°C, 8 ): -3.3(s). *H NMR (C6D6, 25°C, 8 ): 

0.24 (s, 9H, -Si(C //j)3), 6.95 (m, 2H, -pyH4is), 7.06-7.11 (m, 7H, -metaPPh2 , -paraPPh2 , - 

pyH s), 7.55 (m, 4H, -ortho?Ph2). “ C ^H } NMR (CDC13, 25°C, 5): -1.9, 126.7, 127.0,
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128.3 (d, Jc-p 3.3 Hz), 128.7,133.2 (d, JC.P 19.1 Hz), 134.2 (d, JC-P 19.1 Hz), 137.1 (d, JC-P

10.5 Hz), 163.2 (d, JC.P4.1 Hz), 168.9 (d, JC-P 9.8 Hz).

37: Yield = 65%, cream-colored solid. 31P{1H} NMR (CDC13, 25°C, 8 ): -3.0 (s). *H 

NMR (CDCI3, 25°C, 8 ): 7.07 (m, 1H, -pyH5), 7.36-7.39 (m, 6H, -metaVPh2 , -ArH), 7.39- 

7.41 (m, 2H, -paraPPhi), 7.42 (m, 1H, -pyH 4 ) ,  7.45-7.50 (m, 4H -ortho?Ph2), 7.63 (m, 

1H, -pyH3), 7.65 (m, 1H, -ArH), 8.00 (m, 2H, -ArH). 13C{!H} NMR (CDC13, 25°C, 8 ):

118.7, 126.4, 126.9, 128.4 (d, JC.P3.5 Hz), 128.6, 128.9, 129.0, 134.3 (d, JC-P 19.3 Hz),

136.2 (d, c-P 2.7 Hz), 136.6 (d, JC-p 10.7 Hz), 139.0, 157.1 (d, JC-P 12.2), 163.4 (d, Jc.p 4.5 

Hz).

Synthesis of [2-PPh2N-2,6-Me2C6H3]py 38, [2-PPh2N-2,6-iPrC6H3]py 39, [2-PPh2N- 

TMS]py 40, [6-Me-2-PPh2N-2,6-Me2C6H3]py 41, [6-Me-2-PPh2N-2,6-iPrC6H3]py 42, 

[6-TMS-2-PPh2N-2,6-Me2C6H3]py 43, [6-TMS-2-PPh2N-2,6-iPrC6H3]py 44, [6-Bn-2- 

PPh2N-2,6-Me2C6H3]py 45, [6-Bn-2-PPh2N-2,6-iPrC6II3]py 46, [6-Ph-2-PPh2N-2,6- 

Me2CeH3]py 47, [6-Ph-PPh2N-2,6- 'PrC6H3]py 48 Compounds 38 to 48 were prepared 

by similar methods, thus only one representative procedure is described. To a toluene 

solution (50 mL) o f diphenyl-2-pyridylphosphine (1.0 g, 3.8 mmol) was added a THF 

solution o f 29 (1.12 g, 7.6 mmol). The solution was stirred at room temperature for 

several hours, and the solvent was removed to give a brown oil. Petroleum ether was 

added to the mixture, which was stirred for several hours and then stored at -30°C 

overnight. Filtration gave a cream-colored solid, which was washed several times with 

hexane. 38: Yield = 95%, cream-colored solid, up=n 1329 cm '1. 31P{!H} NMR (CeD6, 

25°C, 8 ): -17.0 (s). XH NMR (C6D6, 25°C, 8 ): 2.42 (s, 6H, - ( 0 /3 ) 2 ) ,  6.57-6.60 (m, 1H, -
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pyHs), 7.00 (t, 1H, -NAxH), 7.09-7.12 (m, 7H, -metaPPh2, -NAxH, -pyH4), 7.28 (m, 2H, - 

para?Ph2), 8.05-8.10 (m, 4H, -ortho?Ph2), 8.40 (m, 1H, -py//?), 8.45 (m, 1H, -pyH6). 

13C{!H} NMR (CDC13, 25°C, 5) 22.0, 119.1, 124.3 (d, JC-P2.8 Hz), 127.9, 128.5, 128.7 

(d, Jc-p 19.1 Hz), 131.0 (d, JC-P2.4 Hz), 132.2 (d, JC-P7.5 Hz), 132.8 (d, JC.P9.1 Hz), 134.8 

(d, Jc-P 98.9 Hz), 135.7 (d, JC-P8.9 Hz), 147.9, 149.5 (d, JC-P20.0 Hz), 158.6 (d, JC.P 136.9 

Hz).

39: Yield = 95%, cream-colored solid, i>P=N 1333 cm"1. 31P{1H} NMR (C6D6, 25°C, 8 ): -

6.9 (s). !H NMR (C6D6,25°C, 5): 1.14 (d , 12H, -CH(CH3)2), 3.66 (sept, 2H, -CH(CH3)2), 

6.47-6.52 (m, 1H, -py//j), 6.91-7.04 (m, 7H, -metaPPh2, -NAxH), 7.10 (m, 1H, -pyH4), 

7.25-7.28 (m, 2H, -paraPPh2), 7.89-7.99 (m, 4H, -orthoPPh2), 8.28-8.34 (m, 2H, -py//?). 

13C{*H} NMR (CDCI3, 25°C, 5): 24.4, 29.7, 120.4, 123.7, 124.7 (d , JC.P2.9 Hz), 128.7,

129.2 (d , Jc-P 19.1 Hz), 131.4 (d , JC-p2.4 Hz), 133.2 (d , JC-P 9.1 Hz), 134.8 (d , JC-P 99.4 

Hz), 136.0 (d , Jc-p 6.9 Hz), 142.8 (d , JC-p 6.9 Hz), 144.9, 150.1 (d , JC-P20.0 Hz), 158.5 (d , 

Jc-p 139.0 Hz).

40: Yield = 99% cream-colored solid, uP=N 1350 cm"1. 31P{!H} NMR (C6D6, 25°C, 5): -

4.9 (s). !H NMR (CDCI3, 25°C, 8 )\ 0.39 (s, 9H, -SiMe3), 6.50 (m, 1H, -NAxH), 7.00-7.15 

(m, 8H, -metaPPh2, -paraYPh2, -NAxH, -pyH3), 7.94-7.99 (m, 4H, -orthoPPh2), 8.33 (m, 

1H, -pyH4), 8.42 (m, 1H, -py//?). ^C ^H }  NMR (CDCI3, 25°C, 8 ): 4.8 (d, JC-p 2.7 Hz),

124.5 (d, Jc-p 2.5 Hz), 128.5, 131.3 (d, JC.P 2.1 Hz), 133.0 (d, C-p 9.9 Hz), 135.9 (d, JC-p 

9.3 Hz), 136.1 (d, Jc-p 99.7 Hz), 149.9 (d, JC.P 19.4 Hz), 159.0 (d, JC-P135 Hz).

41: Yield = 85%, cream-colored solid, uP=N 1342 cm"1. 31P{1H} NMR (CDC13, 25°C, 8): -

16.5 (s). !H NMR (CDCI3, 25°C, 8 ): 2.40 (s, 6H, -(C //3)2), 2.61 (s, 3H, -CH 3), 6.62-6.65 

(m, 1H, -NArH), 7.00 (m, 2H, -NAxH), 7.09-7.12 (m, 7H, -meta?Ph2, -para?Ph2, -pyH$),
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7.28 (m, 2H, -pyH3A), 8.05-8.10 (m, 4H, -ortho?Ph2). ^C ^H } NMR (CDC13, 25°C, 8 ) 

22.0, 25.0, 119.0, 124.1 (d, JC-P2.7 Hz), 127.9, 128.1 (d, JC.P 19.0 Hz), 131.3 (d, JC-P2.5 

Hz), 132.0, 132.2, 132.8 (d, JC-P 9.1 Hz), 134.3 (d, JC.P 98.5 Hz), 135.0 (d, JC.P 8.5 Hz),

147.1, 149.2 (d, JC.P20.5 Hz), 158.4 (d, JC.P 135.4 Hz).

42: Yield = 80%, cream-colored solid, up=n 1340 cm"1. 31P{1H} NMR (CDCI3, 25°C, 5): 

-13.6 (s). 'H  NMR (CDCI3, 25°C, 6): 1.28 (d, 6.9 Hz, 12H, -CH(CH3)2), 2.55 (s, 3H, - 

CH3), 3.40 (sept, 8.7 Hz, 2H, -CH(CH3)2), 6.79 (m, 1H, -NAxH), 6.95 (d, 7.4 Hz, 2H, - 

NAxH), 7.14 (m, 1H, -pyH5), 7.19 (m, 1H, -pyH4), 7.39 (m, 4H, -meta?Ph2), 7.46 (m, 2H, 

-para?Ph2), 7.63 (m, 1H, -pyH3), 7.70 (m, 4H, -ortho?Ph2). ^ C i ’H} NMR (CDC13, 

25°C, 5): 24.0, 26.0, 30.2, 120.3, 123.5, 124.5 (d, JC-P2.8 Hz), 128.5, 129.9 (d, JC-P 18.9 

Hz), 131.5 (d, JC.P 2.5 Hz), 133.0, 133.6, 134.4 (d, JC.P 99.0 Hz), 135.0 (d, JC-P 7.1 Hz),

144.1, 150.5 (d, JC-P20.0Hz), 159.2 (d, JC.P 138.5 Hz).

43: Yield = 90%, cream-colored solid, i/P=N 1339 cm"1. 31P{1H} NMR (C6D6, 25°C, 8 ): -

16.6 (s). !H NMR (C6D6, 25°C, 5): 0.23 (s, 9H, -Si(GH3)3), 2.46 (s, 6H, -CH 3), 7.03-7.14 

(m, 9H, -meta?Ph2, -para?Ph2, -NAxH), 7.33 (m, 1H, -pyHi), 8.04-8.13 (m, 5H, - 

ortho?Ph2 and -pyH4), 8.40 (m, 1H, -pyH3). I3C{!H} NMR (CDCI3, 25°C, 8 ): -2.0,

20.6, 118.5, 127.3 (d, JC-P 20.3 Hz), 127.8, 127.9 (d, JC.P 12.3 Hz), 129.0 (d, JC.P 2.7 Hz),

131.0 (d, Jc-P 1.6 Hz), 132.0 (d, JC-P 16.7 Hz), 132.6 (d, JC-P 8.9 Hz), 133.9 (d, JC.P 8.5 

Hz), 134.0 (d, JC.P 100.1 Hz), 147.4, 157.5 (d, JC.P 131.9 Hz), 168.7 (d, JC.P 17.0 Hz).

44: Yield = 92%, cream-colored solid, uP=N 1332 cm"1. 31P{1H} NMR (CDC13, 25°C, 8 ): 

-12.6 (s). ’H NMR (CDCI3, 25°C, 5): 0.19 (s, 9H, -Si(C//?)3), 0.91 (d, 8.7 Hz, 12H, - 

CH(CH3)2), 3.35 (sept, 8.7 Hz, 2H, -CH(CR3)2), 6.85 (m, 1H, -NArtf), 6.97 (m, 2H, - 

NAxH), 7.27-7.54 (m, 7H, -meta?Ph2, -para?Ph2, -pyH5), 7.69 (m, 1H, -pyH4), 7.72-7.79
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(m, 4H, -orthoPPhj), 7.95 (m, 1H, -pyH3) .^C ^H } NMR (CDC13, 25°C, d): -2.0, 23.6,

28.6, 118.9, 122.6, 127.3 (d, JC-P 20.3 Hz), 127.8 (d, Jc.p 11.9 Hz), 128.8 (d, JC-P 2.9 Hz), 

130.8 (d, Jc-P 2.0 Hz), 132.6 (d, JC.P 9.0 Hz), 133.7 (d, JC-P 8.6 Hz), 133.9 (d,1̂ -?  100.8 

Hz), 142.5 (d, Jc-P 7.0 Hz), 144.2,157.0 (d, JC-P 131.5 Hz), 168.7 (d, JC.P 17.0 Hz).

45: Yield = 88%, cream-colored solid, uP=N 1355 cm’1. 31P{!H} NMR (d8-THF, 25°C, d): 

-17.2 (s). *H NMR (d8-THF 25°C, 5): 1.97 (s, 6H, -(CH3)2), 4.08 (s, 2H, -CH2), 6.46 (t,

IH, -NAr//), 6.77 (d, 2H, -NAr//), 7.13-7.20 (m, 5H, -CH2Ph), 7.27-7.44 (m, 5H, - 

ortho?Ph2, -py#5), 7.73 (m, 1H, -pyH4), 7.76-7.80 (m, 4H, -PPh2), 8.04 (t, 1H, 9.0 Hz, - 

pyH3). 13C{1H} NMR (d8-THF 25°C, 8 ) 21.1, 44.1, 117.6, 123.9, 125.9 (d, JC.P 19.3 Hz),

126.1, 127.4, 127.8 (d, JC-P 11.9 Hz), 128.1, 129.0, 130.6, 131.3 (d, JC-P7.2 Hz), 132.3 (d, 

Jc-P 9.1 Hz), 135.5 (d, JC.P 99.4 Hz), 136.5 (d, JC.P 9.2 Hz), 139.5, 147.4, 157.4 (d, JC.P

135.4 Hz), 161.1 (d, Jc-P 19.5 Hz).

46: Yield = 85%, cream-colored solid, uP=N 1330 cm’1. 31P{‘H} NMR (d8-THF, 25°C, 5): 

-16.5 (s). JH NMR (d8-THF 25°C, 5): 0.86 (d, 6.9 Hz, 12H, -CH(CH3)2), 3.32 (sept, 6.9 

Hz, 2H, -C//(CH3)2, 4.08 (s, 2H, -CH2), 6.64 (m, 1H, -NAr//), 6.84 (m, 2H, -NAr//), 

7.12-7.18 (m, 5H, -CH2Ph), 7.28-7.46 (m, 8H, -metaPPh2, -para?Ph2, -pyH s), 1.69-1.18 

(m, 5H, -ortho?Ph2, -pyH4), 7.97 (m, 1H, -pyH3) .^C ^H } NMR (CDC13, 25°C, 8 ): 23.1,

29.6, 45.2, 119.7, 123.2, 125.0, 127.0 (d, JC-p9.6 Hz), 127.2 (d, JC.P9.6 Hz), 128.9 (d, JC-P

II.9  Hz), 129.3, 130.1, 131.7, 133.5 (d, JC-P 9.0 Hz), 135.5 (d, JC-P99.8 Hz), 137.5 (d, JC-P

9.2 Hz), 140.6, 142.8 (d, JC.P 7.0 Hz), 145.3, 157.5 (d, JC-P 136.1 Hz), 162.4 (d, JC.P 18.9 

Hz).

47: Yield -  92%, white solid, uP=N 1342 cm '1. 31P{!H} NMR (CDC13, 25°C, d): -11.9 

(s). !H NMR (CDC13, 25°C, d): 2.07 (s, 6H, -Me2), 6.66 (m, 1H, -NAr//), 6.93 (m, 2H, -
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NAr//), 7.38-7.44 (m, 7H, -meta?Ph2, -Ar//, -pyHs), 7.50 (m, 2H, -para?Ph2), 7.80-7.88 

(m, 8H, -ortho?Ph2 , -A r//, -py/L ), 8.05 (m, 1H, -pyHs). ' ^ H }  NMR (CDCI3, 25°C, 

5): 21.4, 118.5, 121.0, 126.6, 126.8, 127.7, 128.0 (d, JC.P 11.9 Hz), 128.7, 129.3, 131.0,

131.1.132.6 (d , Jc-p 9.2 Hz), 133.5 (d , JC.P 100.1 Hz), 136.7 (d , JC.P 7.6 Hz), 138.4,147.2,

156.6 (d, Jc-P 19.1 Hz), 157.0 (d, JC-P 131.8 Hz).

48: Yield -  95%, white solid, uP=N 1357 cm'1. ^P ^H }  NMR (CDC13, 25°C, 6): -11.9 (s). 

‘H NMR (CDCI3, 25°C, 5): 0.90 (d, 6.8 Hz, 2H, -CH(C//j)2), 3.97 (sept, 6.8 Hz, 2H, - 

CZ/(CH3)2), 6.84 (dt, 7.7 Hz, 1.6 Hz, 1H, -NAr//), 6.99 (dd, 7.5 Hz, 0.9 Hz, 2H, -NAr/Z), 

7.37-7.43 (m, 7H, -meta?Ph2 , -A rH, -py/Zj), 7.49 (m, 2H, -para?Ph2), 7.75-7.80 (m, 4H, 

-ortho?Ph2), 7.81-7.85 (m, 4H, -A rH, -pyH4), 7.91 (m, 1H, -pyH3). ^ { 'H }  NMR 

(CDCI3, 25°C, b)\ 22.8, 28.6, 119.1, 120.9, 122.7, 125.9, 126.6, 128.0 (d, JC.P 11.4 Hz),

128.7, 129.4, 131.1, 132.6 (d, JC-P7.4 Hz), 133.9 (d, JC-P 100.1 Hz), 136.8 (d, JC-P7.5 Hz),

138.4, 142.7, 144.1, 156.0 (d, JC.P 130.2 Hz), 156.7 (d, JC.P 19.1 Hz).

Synthesis of [2-PPh2N-TM S]pyPdCI2 49 To a toluene suspension (10 mL) o f 

PdCl2(PhCN)2 (50 mg, 0.13 mmol) was added 40 (44 mg, 0.13 mmol) dissolved in 5 mL 

toluene. The orange solution was stirred overnight, and the solvent removed until a few 

mL’s remained. Diethyl ether was added to give a red precipitate, which was then 

filtered. The solid was washed with diethyl ether ( 3 x 5  mL), dried in vacuo, and 

recrystallized by slow diffusion o f a saturated CH2C12 layer into hexane to give dark red 

crystals (76% yield). 31P{]H} NMR (CD2C12, 25°C, 5): 27.9(s). JH NMR (CD2C12, 25°C, 

5): 0.07 (s, 9H, -Si(C/Z,)3), 7.36 (m, 2H, -py//?), 7.65 (m, 4H, -meta?Ph2), 7.77 (t, 2H, - 

paraPPh2), 7.84-7.88 (m, 4H, -orthoPPh2), 8.00 (m, 2H, -py/Z^), 9.30 (d, 1H, 9.0 Hz, -
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pyHg). ^ C ^ H }  NMR (CD2C12, 25°C, 5): 4.5 (d, JC-p2.6 Hz), 127.3, 128.5 (d, JC.P 121.1 

Hz), 128.3, 129.5 (d, JC-pl2.8 Hz), 133.8 (d, JC.P 11.4 Hz), 134.3 (d, JC.P2.2 Hz), 138.6 (d, 

Jc-p 10.2 Hz), 153.7 (d, JC.P 10.4 Hz), 159.0 (d, JC.P 130.4 Hz). Anal. Calcd. for 

C20H23Cl2N 2PPdSi (527.79): C, 45.51; H, 4.39; N, 5.31. Found: C, 45.02; H, 4.33; N, 

5.34.

Synthesis of [2-PPh2N-2,6-Me2C6H3]pyNiBr2 50, [2-PPh2N-2,6-iPr2C6H3]pyNiBr2 51, 

[6-Me-2-PPh2N-2,6-Me2C6H3]pyNiBr2 52, [6-Me-2-PPh2N-2,6-Pr2C6H3]pyNiBr2 53, 

[6-TMS-2-PPh2N-2,6-Me2C6H3]pyNiBr2 54, Ib-TMS^-PPhzN^-PrzCfiHalpyNiBrz 

55, [6-Bn-2-PPh2N-2,6-Me2C6H3]pyNiBr2 56, [e-Bn^-PPhzN-^^PrzQHalpyNiBrz 

57, [6-Ph-2-PPh2N-2,6-Me2C6H3]pyNiBr2 58, [6-Ph-2-PPh2N-2,6-Pr2C6H3]pyNiBr2 

59 Compounds 50 to 59 were prepared by similar methods, thus only one representative 

procedure is described. To a slight excess o f 38 (1.05 eq., 200 mg, 0.29 mmol) and 

NiBr2(DME) (86 mg, 0.278 mmol) was added 10 mL CH2C12. The blue suspension was 

stirred overnight, and then was concentrated to several mL’s in vacuo. Diethyl ether (10 

m l.) was added and the mixture filtered to give a light blue powder. 50-CH2Cl2: Yield = 

90%, blue powder, uP=N 1213 cm '1, peff 2.90. Anal. Calcd. for C26H25Br2Cl2NiN2P 

(685.87): C, 45.53; H, 3.67; N, 4.08. Found: C, 45.26; H, 3.59; N, 4.16.

51: Yield = 95%, blue powder, uP=N 1244 cm '1, Peff 2.95. Anal. Calcd. for

C29H3iBr2NiN2P (657.05): C, 53.01; H, 4.76; N, 4.26. Found: C, 53.21; H; 4.75; N, 4.21. 

52: Yield = 85%, light green powder, i>p= n  1193 cm '1, peff 3.10. Anal. Calcd. for 

C26H25Br2NiN2P (614.97): C, 50.78; H, 4.10; N, 4.56. Found: C, 50.58; H, 4.84; N 3.96.
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53: Yield = 80%, light blue powder, Up=n 1242 cm'1, (ieff 3.20. Anal. Calcd. for

C3oH33Br2NiN2P (671.07): C, 53.69; H, 4.96; N, 4.17. Found: C, 53.57; H, 4.85; N 4.39.

54-CH2CI2: Yield = 75%, royal blue crystals, i>p=n 1217 cm'1, peff 3.07. Anal. Calcd. for 

C28H31 Br2NiN2PSi (673.12): C, 49.96; H, 4.64; N, 4.16. Found: C, 49.66; H, 4.92; N, 

3.90.

55- I /2CH 2CI2: Yield = 74%, blue-green powder, Up=n 1255 cm'1, pefr 3.23. Anal. Calcd. 

for C32H39Br2NiN2PSi (779.71): C, 50.83; H, 5.43; N, 3.59. Found: C, 50.53; H, 5.09; N, 

3.45.

56: Yield = 84%, blue powder, uP=N 1216 cm '1, peff 3.15. Anal. Calcd. for

C32H29Br2NiN2P (691.06): C, 55.62; H, 4.23; N, 4.05. Found: C, 55.58; H, 4.72; N, 3.62. 

57: Yield = 78%, dark blue crystals, Up=N 1258 cm'1, peff 2.97. Anal. Calcd. for 

C36H37Br2NiN2P (747.17): C, 57.87; H, 4.99; N, 3.75. Found: C, 57.91; H, 5.27; N, 3.46. 

58-H20 : Yield = 90%, purple powder, Up=n 1217 cm'1, peff 2.95. Anal. Calcd. for 

C3iH27Br2NiN2P (677.03): C, 53.57; H, 4.21; N, 4.03. Found: C, 54.00; H, 4.50; N, 3.70. 

59: Yield = 92%, blue-green powder, up=n 1241 cm'1, peff 2.91. Anal. Calcd. for 

C35H35Br2NiN2P (733.14): C, 57.34; H, 4.81; N, 3.82. Found: C, 57.35; H, 5.16; N, 3.58.

Synthesis of [2-PPh2N-2 ,6-Me2C6H3]pyFeCl2 60, [2-PPh2N-2 ,6-iPr2C6H3]pyFeCl2 61, 

[6-Me-2-PPh2N-2,6-Me2C6H3]pyFeCl2 62, [6-Me-2-PPh2N-2 ,6-iPr2C6H3]pyFeCl2 63, 

[6-TMS-2-PPh2N-2,6-Me2C6H3]pyFeCl2 64, [6-TMS-2-PPh2N-2 ,6-iPr2C6H3]pyFeCl2 

65, [6-Bn-2-PPh2N-2 ,6-Me2C6H3]pyFeCl2 66, [6-Bn-2-PPh2N-2 ,6-iPr2C6H3]pyFeCl2 

67, [6-Ph-2-PPh2N-2,6-Me2C6H3]pyFeCl2 68, [6-Ph-2-PPh2N-2 ,6-iPr2C6H3]pyFeCl2 

69 Compounds 60 to 69 were prepared by similar methods, thus only one representative
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procedure is described. To a slight excess of 38 (1.05 eq, 200 mg, 0.39 mmol) and FeCl2 

(47 mg, 0.37 mmol) was added 10 mL THF. The orange suspension was stirred 

overnight, and then was concentrated to several mL’s in vacuo. Diethyl ether (10 mL) 

was added and the mixture filtered to give an orange powder. 60: Yield = 92%, orange 

powder, u p=n 1211 cm '1, p eff 4.95. Anal. Calcd. for C25H23Cl2FeN2P (509.19): C, 58.97; 

H, 4.55; N, 5.50. Found: C, 58.99; H, 4.73; N, 5.17.

61: Yield = 87%, light-orange solid, uP=N 1237 cm'1, peff 5.04. Anal. Calcd. for 

C29H31Cl2FeN2P (565.29): C, 61.62; H, 5.53; N, 4.96. Found: C, 61.91; H, 5.42; N, 4.86. 

62: Yield = 95%, dull orange solid, i>P=N 1188 cm'1, peff 5.12. Anal. Calcd. for

C26H25Cl2FeN2P (523.21): C, 59.68; H, 4.82; N, 5.35. Found: C, 59.50; H, 4.75; N, 5.55. 

63: Yield = 85%, orange solid, uP=N 1242 cm'1, p eff 5.24. Anal. Calcd. for

C3oH33Cl2FeN2P (579.32): C, 62.20; H, 5.74; N, 4.84. Found: C, 62.32; H, 5.93; N, 4.50. 

64: Yield = 76%, orange-red crystals, up=n 1213 cm '1, peff 5.07. Anal. Calcd. for 

C28H31Cl2FeN2PSi (581.37): C, 57.85; H, 5.37; N, 4.82. Found: C, 57.86; H, 5.45; N, 

4.84.

65: Yield = 72%, orange crystals, up=n 1254 cm'1, peff 4.99. Anal. Calcd. for 

C32H39Cl2FeN2PSi (637.48): C, 60.29; H, 6.17; N, 4.39. Found: C, 60.07; H, 6.15; N,

4.12.

66-CH2CI2: Yield = 67%, deep orange crystals, up=n 1215 cm '1, peff 5.14. Anal. Calcd. 

for C33H3iCl4FeN2P (684.24): C, 57.93; H, 4.57; N, 4.09. Found: C, 57.27; H, 5.14; N, 

3.56.

67-CH2CI2: Yield = 76%, orange crystals, uP=N 1258 cm '1, p eff 5.20. Anal. Calcd. for 

C37H39Cl4FeN2P (740.35): C, 60.03; H, 5.31; N, 3.78. Found: C, 59.82; H, 5.61; N, 3.39.
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68-H 2O: Yield = 55%, dark orange crystals, Up=n 1242 cm'1, peff 5.35. Anal. Calcd. for 

C3iH29Cl2FeN2OP (603.30): C, 61.72; H, 4.85; N, 4.64. Found: C, 61.60; H, 5.08; N, 

4.19.

69-H 2O: Yield = 65%, dark orange crystals, Up=n 1217 cm'1, peff 5.19. Anal. Calcd. for 

C35H37Cl2FeN2OP (659.41): C, 63.75; H, 5.66; N, 4.25. Found: C, 63.69; H, 5.68; N,

4.13.

Synthesis of [6-Ph-2-P(C6Fs)2]py 70 PhMgBr (1.0 M in THF, 1.1 mL, 1.1 mmol) was 

added dropwise to a stirred THF solution (10 mL) of 33 (0.25 g, 1.1 mmol) over a period 

of 15 minutes to give a deep yellow solution. The solution was stirred overnight with no 

observable change in colour. A THF solution (5 mL) o f 27 (402 mg, 1.1 mmol) was then 

added dropwise and the deep red solution was stirred overnight. The solvent was 

removed in vacuo and the residual oil was extracted with pentane several times. The 

pentane extracts were cooled to -35°C and filtered to give the white solid 70 (450 mg), 

which was washed several times with cold pentane. Yield = 92%. 31P{1H} NMR (CDC13, 

25°C, 5): -45.0 (quint, JP.F 30.0 Hz). •H NMR (CDC13, 25°C, 5): 7.39-7.51 (m, 2H, - 

ArH), 7.56 (m br, 2H, -AxH), 7.65 (t, 7.8 Hz, 1H, -pyH5), 7.69 (d, 7.7 Hz, 1H, -pyH,),

8.00 (m, 2H, -pyH3).

Procedure for ethylene polymerisation

A 500 mL Parr stainless steel autoclave equipped with mechanical stirring and 

pressure gauge was heated (~110°C) under vacuum for >2 hours. The temperature o f  the 

autoclave was regulated by a thermal jacket. The autoclave was cooled to the desired
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temperature and 500 equivalents o f MAO dissolved in toluene was added under N2. The 

solution was stirred for an additional hour, and a toluene suspension o f the catalyst was 

added. The vessel was then quickly pressurized with 300 psi ethylene, and the reaction 

stirred for 30 minutes. The polymerisation was stopped by venting the volatiles at room 

temperature, followed by quenching of the reaction solution with acidified MeOH and the 

solution filtered. The organic layer was separated, dried with Na2SC>4, filtered and the 

solvent removed to give traces o f a sticky, gummy polymer. The trace amounts of 

polymer were redissolved in hexane, filtered again to remove any residual catalyst, and 

the solvent removed.

Procedure for ethylene oligomerisation

A 500 mL Parr stainless steel autoclave was heated (~110°C) under vacuum for >2 

hours. After cooling the autoclave to the desired temperature, a toluene solution o f the 

activator (DEAC, MAO) was added under N2. The solution was stirred for an additional 

hour, and a toluene/chlorobenzene solution o f metal complex was added. The vessel was 

quickly pressurized with 300 psi, and the reaction stirred for 30 minutes. The autoclave 

was cooled to -78°C, and the volatiles slowly vented. Ethanol (20 mL) and an internal 

standard were added (toluene for DEAC activation or diethyl ether for MAO activation) 

to quench the reaction, and the mixture slowly warmed to -30°C over 10 minutes. The 

composition o f the alkenes formed was determined by GC and NMR spectroscopy.
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Computational Details

Optimized geometries of [NiCH3(ligand)]+, ligand = diimine (NCCN), 

phosphinimine-imine (NPCN) and fluorinated phosphinimine-imine (NPF2CN), were 

obtained using the Gaussian 9860a suite o f programs. The hybrid DFT method, B3LYP61 

(as implemented in G98)60b, was employed in conjunction with the 6-31G(d) basis set for 

the ligand, and the LANL2DZ basis set for nickel. This latter basis set uses the effective 

core potentials developed by Hay and Wadt.62 NBO analysis was also performed on the 

optimized structure to determine the natural charge on the nickel atom.

The optimized geometry o f the nickel complex was used to determine the orbital 

energies o f the ligand. After the cartesian coordinates were determined for each 

optimized structure, the nickel and methyl moieties were removed. A single point energy 

calculation was then performed on the resulting constrained ligand geometries using the 

Hartree-Fock (HF) method and the 6-31G(d) basis set to determine the lone pair orbital 

energy. Lone pair diagrams were generated using POV-ray.

X-ray Data Collection and Reduction.

The crystals was manipulated and mounted in a glass capillary in a glovebox, thus 

maintaining a dry, 02 -ffee environment. The diffraction study was performed with a 

Siemens SMART System CCD diffractometer. The data were collected for a hemisphere 

of data in 1329 frames with 10-second exposure times. Atomic coordinates and 

equivalent isotropic displacement parameters are given in Table 2 (Supplementary data). 

Selected interatomic bond distances and angles are given in Table 3. Anisotropic 

displacement factors are given in Table 4, and hydrogen coordinates and isotropic
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displacement parameters are given in Table 5. The observed extinctions were consistent 

with the space group. A measure o f decay was obtained by re-collecting the first 50 

frames o f  each data set. The intensities o f reflections within these frames showed no 

statistically significant change over the duration of the data collection. An empirical 

absorption correction based on redundant data was applied to the data set. Subsequent 

solution and refinement was performed using the SHELXTL solution package.

Structure Solution and Refinement.

Non-hydrogen atomic scattering factors were taken from the literature 

tabulations.1 The heavy atom positions were determined using direct methods. The 

remaining non-hydrogen atoms were located from successive difference Fourier map 

calculations. The refinements were carried out by using full-matrix least squares 

techniques on F, minimizing the function co(|F0|-|Fc|)2 where the weight cj is defined as 

4Fo2/2 a(F 02) and F0 and Fc are the observed and calculated structure factor amplitudes. In 

the final cycles o f each refinement, all non-hydrogen atoms were assigned anisotropic 

temperature factors. No disorder was indicated by the difference maps or the thermal 

parameters. Carbon-bound hydrogen atom positions were calculated and allowed to ride 

on the carbon to which they are bonded assuming a C-H bond length o f 0.95 A. 

Hydrogen atom temperature factors were fixed at 1.10 times the isotropic temperature 

factor of the carbon atom to which they are bonded. The hydrogen atom contributions 

were calculated, but not refined.
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Table 2.1 Crystallographic Parameters for 34,49,54, 57,69

36

34 49

Formula Ci8H i6NP C2oH23Cl2N2PPdSi

MW 277.29 527.76

a(A) 11.076(7) 9.426(14)

b(A) 9.274(6) 15.17(2)

c(A) 15.069(10) 15.75(2)

o(deg) 90.83(3)

/3(deg) 91.56(3)

y(deg) 90.18(3)

Cryst syst Orthorhombic Triclinic

Space group Pna2(l) P-l

Vol(A)3 1547.9(16) 2252(6)

Dcalcd(§ Cm ) 2.380 1.556

Z 8 4

Abs. coeff., p., mm ' 1 0.334 1.193

Data collected 6177 9555

Data F02>3a(F02) 2130 6438

Variables 181 487

R a(%) 3.1 2.6

Rwa(%) 6.8 6.8

Goodness of Fit 1.057 1.082

aAll data collected at 20°C with Mo K ctradiation ( \ =  0.71073 A), R = E||F0|-|FC||/ E|F0|, 
Rw = [E[w(F02-Fc2)2]/ E[(wF02)2]]0'5
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54-CH2Cl2 57 69-H20

Formula
MW

C3oH33Br2Cl2Br2NiPSi
758.06

C36H37Br2N2NiP
747.18

C35H37Cl2FeN2OP
659.39

a(A) 10.109(6) 20.150(14) 9.019(5)

b(A) 20.839(14) 9.089(6) 17.963(9)

c(A) 15.184(9) 18.691(12) 21.636(11)

o(deg)

/3(deg) 92.665(13) 102.377(14) 99.174(10)

7(deg)

Cryst syst Monoclinic Monoclinic Monoclinic

Space group P2(l)/n P2(l)/c P2(l)/c

Vol(A)3 3195(4) 3344(4) 3460(3)

Dcaicd(g cm '3) 1.576 1.484 1.266

Z 4 4 4

Abs. coeff., ju, mm ' 1 3.385 3.045 0.665

Data collected 13144 13895 14586

Data Fo2>3(7(F02) 4564 4822 4891

Variables 343 379 379

R a(%) 7.9 6.2 5.2

Rwa(%) 20.2 8.7 15.9

Goodness o f Fit 1.023 1.051 1.073

aAll data collected at 20°C with Mo K a  radiation (A= 0.71073 A), R = E||F0|-|FC||/ E|F0|, 
Rw -  [E[w(F02-Fc2)2]/ E[(wF02)2]]0'5
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2.3 Results and Discussion

Synthesis and Characterization of Pyridyl-Phosphinimine Metal Complexes

Substituted pyridyl-phosphines can be synthesized in reasonable yields by the 

reaction of lithium diphenylphosphide with the desired substituted bromopyridine

ring, in addition to two equivalent phenyl groups located on the phosphorus atom.

feature single resonances around -3.5 ppm, which are in agreement for similarly reported 

compounds.55 X-ray quality crystals of 34 were grown from a saturated THF solution 

and identified by a single crystal diffraction study (Figure 2.1). The solid state structure 

o f 34 clearly indicates the presence o f a methyl group in the 6-position o f the pyridine 

ring. As expected, the geometry at the phosphorus atom is pseudo-tetrahedral; 

determined from the angles formed around P (l) (100.64(17)°-102.41(16)°). These angles 

are in close agreement with angles found for 2-pyridyldiphenylphosphine (101.7(1)°-

(Scheme 2 .1).55 ‘H NMR spectroscopy shows the expected substitution on the pyridine

Assignment o f pyridine and phosphine protons in 'H  NMR spectra were made according

c c  -J1
to chemical shifts reported in similar species. The P NMR spectra o f 26, and 34-37

103.3(1)°).63

THF
+ LiPPh2

A

R = H, Me, Bn (30), TMS (31), 
Ph (33)

26, 34-37

Scheme 2.1 Synthesis o f  6-substituted-2-pyridyldiphenylphosphines.
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C(6)
C (7 )C(2 )

N(1)

C(1)

P(1)

C (13 )

Figure 2.1 ORTEP drawing of 34, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. P (l)-C (l) 1.846(3) A, P(l)-C(7) 1.852(4) A, N (l)- 

C (l) 1.352(4) A, N (l)-C (l) 1.352(4) A, C(2)-C(6) 1.513(5) A, C(l)-C(13) 1.853(4) A, 

C(l)-P(l)-C(7) 102.41(16)°, C(l)-P(l)-C(13) 101.01(16)°, C(7)-P(l)-C(13) 100.64(17)°, 

N(l)-C(2)-C(6) 116.4(3)°.
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Substituted phenyl azides are synthesized by a derivation o f a published method.64 

The previously published syntheses46,65 of 2,6-diisopropylphenyl azide suffer from 

decreased yields and the presence o f impurities. This new method allows isolation o f an 

air stable diazonium tetrafluoroborate salt, which can undergo nucleophilic displacement 

with an azide anion to form 28 and 29 in yields greater than 85%, with only trace 

amounts o f  impurities (Scheme 2.2).

1 )2  NaBF4 , -30°C

2) 1.1 N aN 02, HCI

R = Me, 'Pr

b f;  3NaNj .

28.29

Scheme 2.2 Synthesis o f 2,6-disubstituted phenyl azides.

Oxidation of phosphines with organic azides proceeds cleanly to give 

phosphinimine ligands 38-48 in excellent yields after recrystallization (Scheme 2.3). 

Upon oxidation there is a slight upheld shift in the 31P spectra (5-10 ppm) of all 

complexes, representing the formation o f a P=N bond, 'i f  NMR spectroscopy clearly 

shows the presence o f isopropyl or methyl groups, in addition to the desired substitution 

on the pyridine group. IR analysis o f 38-48 indicates strong P=N stretching frequencies 

around 1329-1357 cm '1, in agreement with previous results 43-48,66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2: Pvridine-Phosvhinimine Complexes 41

PPh2

R = H, Me, TMS, Bn, Ph R'=2,6-iPr2C6H3

2,6-Me2CgH3

THF

A
- N ,

R N PPh2 R"

38-48

Scheme 2.3 Synthesis of pyridyl-phosphinimines 38-48.

Phosphinimine ligands can react with group VIII and X metal halides in 

appropriate solvents to give both paramagnetic and diamagnetic complexes. Reaction of 

the ligand 40 and PdCl2(PhCN)2 gives a square planar, diamagnetic compound that can 

be identified by NMR spectroscopy (Scheme 2.4). The 'H  NMR spectrum of complex 49 

shows very little shift in the ligand resonances after palladium coordination; however, the 

31P NMR spectrum displays a singlet with a resonance 30 ppm downfield relative to the 

ligand. This phenomenon is not unexpected, as it is been shown that coordination o f a 

P,Ar-chelated iminophosphorane ligand to palladium causes a 31P shift o f the complexed 

ligand to a higher frequency.67
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+ PdCI2(PhCN)2-
toluene

N PPh2 -2PhCN N

\
PPh2

N
Cl \

Cl

49

Scheme 2.4 Synthesis of a palladium(II) pyridyl phosphinimine complex (49).

The formulation of 50 was confirmed crystallographically from crystals obtained 

from the diffusion o f a saturated CH2CI2 layer into hexane. The geometry about the 

palladium metal centre appears to be pseudo-square planar with the pyridyl- 

phosphinimine ligand coordinating in a bidentate fashion (Figure 2.2). The palladium- 

phosphinimine five-membered metallacycle is not planar, having a torsion angle formed 

by Pd(l)-N(2)-C(13)-P(l) o f 4.3° and a mean deviation from the plane o f 0.0847 A. 

Such a distortion is not surprising as Arques et al. have described this phenomenon for 

related complexes.67 The two Pd— Cl bond lengths and Pd—N distances are relatively 

close, suggesting the trans-influences o f the two nitrogen donor atoms are similar. The 

Pd— Nphosphinimine bond is also similar to those described by Arques for palladium 

complexes o f the P  TV-chelated iminophosphorane ligand and by Liu et al.6S for palladium 

complexes o f exocyclic PTV-chelated iminophosphorane ligands. The P=N bond is 

slightly longer in the palladium complex 49 (1.578(3) A) than the reported ligand

CH2(Ph2P=NC<jH4Me-4)243 (1.568(2) A). In comparison with formal P—N bond length

calculations (a formal single bond value o f 1.77 A and a double bond o f 1.57 A),43’69 it
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appears that the ligand loses some double bond character upon coordination to the 

palladium metal centre.

CK2)

Cl(1)

Pd(1)
N(2)

N(1) Sid)

P(1)

Figure 2.2 ORTEP drawing of 49, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. Pd(l)-N (l) 2.063(3) A, Pd(l)-N(2) 2.056(4) A, 
Pd(l)-C l(l) 2.286(3)A, Pd(l)-C l(2) 2.280(2) A, P(l)-N (l) 1.578(3) A, N (l)-S i(l) 

1.751(3) A, N(2)-C(13) 1.361(4) A, P(l)-C(13) 1.813(4) A, N(2)-Pd(l)-N (l) 85.20(12)°, 

N(2)-Pd(l)-Cl(2) 93.12(10)°, N (l)-P d(l)-C l(l) 92.64(11)°, C l(2)-Pd(l)-C l(l) 89.45(9)°, 

Si(l)-N (l)-Pd(l) 121.77(15)°, P (l)-N (l)-P d(l) 103.40(15)°, C(13)-N(2)-Pd(l) 114.6(2)°, 

N(l)-P(l)-C(13) 104.34(16)°, N(2)-C(13)-P(l) 111.0(2)°.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2: Pvridine-Phosphinimine Complexes 44

Iron(II) and nickel(II) complexes 50-69 were synthesized from the reaction 

between ligands 38, 39, 41-48 and appropriate metal halides (Scheme 2.5). The 

formulations o f these metal complexes were determined by IR spectroscopy, magnetic 

susceptibility, elemental analysis, and X-ray crystallography. Due to the paramagnetic 

nature o f the products, attempts to identify these compounds with NMR spectroscopy 

were difficult. IR spectroscopy of all iron(II) and nickel(II) complexes show P=N 

stretching frequencies between 1190-1250 cm'1. In comparison with the IR spectra o f the 

free ligands, coordination o f the ligand to the metal centre shifts the P=N frequency to 

lower wavenumbers (~ 100 cm '1), which is greater than previously reported results.29,31 

This finding suggests a loss o f P=N double bond character upon ligand coordination, 

which is in agreement with the X-ray structure determinations (Figures 2.3-2.5) of 54, 57, 

and 69. Magnetic susceptibility measurements show average values o f 5.13 BM for 

iron(II) complexes and 3.04 BM for nickel(II) complexes, which compare well with 

theoretical calculations for and dg tetrahedral metal compounds (4.90 BM and 2.83 

BM, respectively).

‘N PPh2
MX,

THF or CH2CI2

FT
\

'N

N
‘Ar

PPh2 

N,
Ar

50-69
R = H, Me, TMS, Bn, Ph

Ar = 2,6-'Pr2C6H3, 2,6-Me2C6H3 MX2 = FeCI2, NiBr2-dme 
Scheme 2.5 Synthesis o f First Row Group VIII and X transition metal pyridyl 

phosphinimines.
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Only recently have the solid state structures of Ni-phosphinimine complexes been 

reported;50 however, no elucidations of iron(II) phosphinimine complexes have been 

made. The formulations of 54, 57, and 69 were verified by a single crystal diffraction 

study. As expected, the geometry about the metal atoms is pseudo-tetrahedral, with two 

halides and a bidentate pyridyl-phosphinimine ligand completing the coordination sphere. 

Phosphinimine (P=N) bond lengths varied between 1.586(9) A and 1.615(7) A, which 

agrees with the average P=N bond lengths (1.610(6) A) reported by Bochmann et al. for 

similar compounds.46 These P=N bond lengths also parallel distances found by Elsevier 

et al. for the rhodium complex [(CH2(Ph2P=NC6H4Me-4)2Rh(COD)],29 and are slightly 

longer than the P=N bond length reported for the ligand CH2(Ph2P=NC6H4Me-4)2 

(1.568(2) A).43

The arrangement of the NPCN-metal five-membered chelating ring and the 

orientation o f bulky substituent groups in 54, 57, and 69 warrants further discussion. The 

metal-ligand chelating ring adopts a non-planar orientation, similar to complex 49, with a 

mean deviation from the plane o f 0.0556 A, 0.0881 A, and 0.1026 A, for 54, 57, and 69, 

respectively. Bulky groups in the six position of the pyridine ring orient in a fashion to 

minimize steric interaction with the metal centre. This phenomenon is observed in 57 

and 69, which have benzyl and phenyl groups, respectively, located on the pyridine ring. 

An angle o f 50.3° is observed in 69 between the phenyl group and the pyridine ring. The 

combination o f bulk on the pyridine ring and phosphinimine group appears to form a 

protective pocket around the metal atom; a requirement for late transition metal olefin 

polymerisation.
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Figure 2.3 ORTEP drawing o f 54-CH 2CI2, 30% thermal ellipsoids are shown. 

Hydrogen atoms have been omitted for clarity. N i(l)-N (l) 1.996(8) A, Ni(l)-N(2) 

2.092(8) A, N i(l)-B r(l) 2.379(2) A, Ni(l)-Br(2) 2.395(2) A, P(l)-N (l) 1.586(9) A, P(l)- 

C (l) 1.821(9) A, N(2)-C(l) 1.379(12) A, Si(l)-C(5) 1.930(10) A, N(l)-C(21) 1.454(13) 

A, N(l)-N i(l)-N (2) 88.4(3)°, N (l)-N i(l)-B r(l) 106.0(2)°, N(2)-Ni(l)-Br(l) 139.4(2)°, 

N (l)-N i(l)-Br(2) 113.7(2)°, N(2)-Ni(l)-Br(2) 100.6(2)°, Br(l)-N i(l)-Br(2) 107.36(7)°, 

N(2)-C(5)-Si(l) 123.4(7)°, C(l)-N(2)-Ni(l) 114.2(6)°, N (2)-C(l)-P(l) 115.5(7)°, N (l)- 

P (l)-C (l) 105.2(4)°, P (l)-N (l)-N i(l) 115.2(4)°, C(21)-N(l)-Ni(l) 123.3(6)°.
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C(7)
C(4)

C(5) C(6)C(3)

Br(2)
N(1)

C(2)
Ni(1)

C(1)

P(1)
N(2)

Figure 2.4 ORTEP drawing of 57, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. N i(l)-N (2) 2.011(7) A, N i(l)-N (l) 2.061(8) A, 
N i(l)-B r(l) 2.351(2) A, Ni(l)-Br(2) 2.3996(19) A, P(l)-N (2) 1.615(7) A, P (l)-C (l) 

1.840(9) A, N (l)-C (l) 1.337(10) A, N(l)-C(5) 1.414(11) A, C(5)-C(6) 1.531(11) A, 
C(6)-C(7) 1.473(11) A, N (2)-Ni(l)-N(l) 87.6(3)°, N(2)-N i(l)-Br(l) 120.4(2)°, N (l)- 

N i(l)-B r(l) 126.2(2)°, N(2)-Ni(l)-Br(2) 116.0(2)°, N(l)-N i(l)-Br(2) 102.4(2)°, B r(l)- 

Ni(l)-Br(2) 103.55(7)°, N (2)-P(l)-C(l) 103.9(4)°, C(l)-N (l)-C(5) 116.2(8)°, C (l)-N (l)- 

N i(l) 116.8(7)°, C(5)-N(l)-Ni(l) 126.4(7)°, P(l)-N (2)-N i(l) 113.5(5)°, N (l)-C (l)-P (l) 

114.7(7)°, N(l)-C(5)-C(6) 118.0(9)°, C(7)-C(6)-C(5) 113.9(8)°.
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C(6)C(5)

N(2)
CHI)

C ( l )

Fed)
CII2)Pd)

Nd)

Figure 2.5 ORTEP drawing of 69-H20 ,  30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. Fe(l)-N (l) 2.072(5) A, Fe(l)-N(2) 2.233(5) A, 
Fe(l)-C l(l) 2.2742(19) A, Fe(l)-Cl(2) 2.2742(19) A, P (l)-N (l) 1.603(5) A, P(l)-C (l) 

1.827(6) A, N(2)-C(l) 1.360(7) A, C(5)-C(6) 1.492(9) A, N (l)-Fe(l)-N (2) 83.08(18)°, 

N(l)-Fe(l)-Cl(2) 110.15(14)°, N(2)-Fe(l)-Cl(2) 125.54(14)°, N (l)-Fe(l)-C l(l)

119.15(14)°, N(2)-Fe(l)-Cl(l) 104.92(14)°, Cl(2)-Fe(l)-Cl(l) 111.95(8)°, N (l)-P (l)-C (l) 

105.5(3)°, C(l)-N(2)-C(5) 117.6(5)°, C(l)-N(2)-Fe(l) 116.4(4)°, C(5)-N(2)-Fe(l) 

125.6(4)°, N(2)-C(5)-C(6) 117.8(5)°, N (2)-C(l)-P(l) 114.2(4)°.
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Ethylene Polymerisation Studies of Pyridyl-phosphinimine Metal Complexes

Preliminary ethylene polymerisations were performed to determine the catalytic 

potential o f pyridyl-phosphinimine containing-transition metal catalysts. Initial testing of 

complex 59 at room temperature and atmospheric ethylene pressure in a Buchi reactor 

showed no polymerisation activity. Complexes 54, 55, 58, 59, 64, 65, 68 , and 69 were 

then activated with MAO in toluene at 35°C and 300 psi ethylene (Table 2.2) in a Pan- 

high pressure reactor; however, no polymer was recovered after each trial. Similar trials 

were performed by NOVA using hexane as the solvent, and no polymer was detected after

workup.

Table 2.2 Ethylene polymerisation by Cp2ZrCl2 and nickel/iron pyridyl- 
_____________ phosphinimine complexes 54, 55, 58, 59, 64, 65, 68 , and 69.

Trial Compound Solvent
Activity 
(g PE/mmol 
cat-hratm)

Mw Mw/Mn

LSPB1-43 Cp2ZrCl2 toluene 40 - -

LSPB5-63 54 toluene - - -

LSPB7-83 55 toluene Trace - -

LSPB9-103 58 toluene - - -

NOVAlb 59 hexane 2.4 c c

LSPB11-123 59 toluene - - -

LSPB13-143 64 toluene - - -

LSPB15-163 65 toluene - - -

LSPB17-183 68 toluene - - -

NOVA2b 69 hexane 1.8 c c

LSPB19-203
i'N /'v _ • _ , 1 _ _

69
_1 _ _ n  A 1

toluene
.M M ,,. . . .—  ,.....- ™  U

- -

a300 psig ethylene, 35°C, A1:M ratio o f 500:1, MAO. bperformed by NOVA, 300 psig, 
35°C, A1:M ratio o f 500:1. cno detectable polymer.

? R  C f l

The work o f Keim and de Souza and Reau prompted interest in the potential of 

these metal complexes as ethylene oligomerisation catalysts. Complexes 59 and 69 were
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evaluated for ethylene oligomerisation at 35°C and 300 psi ethylene. The in situ 

generation of the active species was performed by two different methods: (1) MAO 

activation in toluene; and (2) diethylaluminum chloride (DEAC) activation in 

chlorobenzene. Under these reaction conditions, the nickel species 59, when activated by 

DEAC, was found to give the highest activity (Table 2.3). GC and NMR identification of 

products suggested that only C4 alkenes are formed, with varying degrees of alkene 

selectivity. These findings are not surprising in light o f results from de Souza and Reau,50 

who also found that DEAC activation of several Ni-bisphosphinimine catalysts in the 

presence o f ethylene primarily produced C4 alkenes with varying amounts o f C6, and Cg 

alkenes. These results suggest a modest activity for the oligomerisation o f ethylene, 

although 54 displays an activity roughly one order o f  magnitude less than previously 

reported Ni-bisphosphinime complexes (344.3 g-mmol' 1 -hr"1 -atm' 1).50

Table 2.3 Ethylene oligomerisation results o f activated nickel/iron pyridyl-
phosphinimine complexes 59 and 69.

Trial Compound Solvent Mass o f 
oligomers (g)c Activity*3

LSPB34-352 59 toluene 0.807 16.1

LSPB36-37b 59 chlorobenzene 7.95 48.2

LSPB37-383 69 toluene 0.66 13.2

LSPB39-40b
a-̂  aa  _ • ,1

69
.1 _ ^ r O r >  a 1

chlorobenzene 0.50
»  ̂ ^  _

3.0
i1. _1 _ _ * 1 -fc Ka300 psig ethylene, 35°C, A1:M ratio o f 500:1, MAO. 300 psig ethylene, 35°C, A1:M 

ratio o f200:1. Calculated from GC peak areas, and NMR. dg oligom ercat'1-hr‘I-atm'1.

The phosphinimine-based LTM complexes synthesized in this work do not appear 

capable of polymerizing ethylene with high catalytic activities. Clearly, compared to the 

highly active diimine systems, the presence o f a phosphinimine fragment exerts a very 

different influence on the electronic properties o f the metal centre. Previous
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computational investigations have shown that the electronic effects of the Grubbs-type 

catalyst, 12 , significantly influence the catalytic performance,703 hence, it was o f interest 

to investigate these phosphinimine-based catalysts for similar effects.

Computational Study of Diimine (NCCN) and Phosphinimine-imine (NPCN) 
Ligands and Nickel(II) Complexes

Density functional theory (DFT) has been successfully used to study olefm 

polymerisation with simple cationic nickel-diimine complexes.70'77 Recently, Tomita et 

al. have suggested that a-donation o f ethylene participates in the coordinate nickel bond 

to a greater extent than 7r-back donation.77 Furthermore, the a-donating ability o f 

incoming ethylene is related to the influence o f the ligand coordinated to the metal trans 

to the incoming ethylene; the trans influence. In addition, they suggest that the energy of 

the lone pair on the ligand affects its trans influence; the greater the energy o f the lone 

pair orbital, the more electron donating the ligand is to the metal centre. Electron 

donation from the ligand suppresses electron donation from ethylene to the metal centre, 

creating a weak metal-ethylene coordinate bond. Tomita et al. further suggested that the 

agostic interaction formed through charge transfer (Scheme 1.1) from the C—H bonding 

orbital to the empty d-orbital of the metal is also affected. The increased electron density 

on the metal centre suppresses charge transfer and leads to a weak agostic interaction 

between ethylene and nickel.

DFT calculations as described in section 2.2 were performed to examine orbital 

energies o f NCCN and NPCN-based ligands. The HOMO-1 and the HOMO-2 

correspond to the lone pair o f the imine and phosphinimine fragments, as shown in 

Figures 2.6a and 2.6b, respectively. Results in Table 2.4 indicate that the lone pair
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Figures 2.6a and 2.6b, respectively. Results in Table 2.4 indicate that the lone pair 

energies are highest in the NPCN ligand. This suggests that the presence o f a phosphorus 

atom in NPCN not only increases the lone pair energy o f the phosphinimine fragment 

(P=N), but also that o f the imine fragment (C=N). Therefore, both isomers o f  the cationic 

nickel methyl NPCN complex are expected to have a weak metal-ethylene coordinate 

bond. This weak interaction might result in olefin oligomerisation rather than the 

preferred polymerisation o f ethylene. The lone pair energy o f  the diimine ligand is 

slightly misleading, since this ligand has a symmetrical nature, leading to a bonding 

(Figure 2.7a) and antibonding (Figure 2.7b) combination o f lone pair energies. It is also 

apparent that there is a noticeable decrease in lone pair energy when electron- 

withdrawing fluorine atoms are substituted on the phosphorus atom. This suggests that 

the presence o f  such groups on phosphorus should allow a stronger metal-ethylene 

coordinate bond in both [NiCH3(NPCN)]+ isomers.

H

(a) (b)

Figure 2.6 Illustration o f  the lone pairs on (a) P=N, and (b) C=N fragments in 
the PNCN ligand.
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Table 2.4 The lone pair energies and nickel atomic charge o f ligands and cationic

NCCN NPCN NPF2CN

E homo -10.5

E)one pair (Nc)
(HOMO-2)

-11.6°
-11.3d -11.5 -12.5

Elone pair (Np)
(HOMO-1) -9.2 -11.2

Symmetry o f  
[NiCH3(ligand)]+ Cs Ci Ci

[NiCH3(ligand)]+b 0.858 0.832®
0.816f

Oto 
0

 
00 

OO
0 

0

pairs. dBonding combination o f  lone pairs. eNBO of nickel with CN cis to Ni—CH3 
bond. fNBO o f N i with PN cis to Ni— CH3 bond.

H

/
N

\

(a) (b)

Figure 2.7 Illustration o f  the (a) bonding and (b) antibonding combinations o f  lone 
pairs on the NCCN ligand.
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NBO analysis o f [NiCH3(ligand)]+ showed that NPCN-metal complex had the 

lowest positive charge on the nickel atom (Table 2.4). Since the lone pair energy orbital 

is highest in the NPCN case, this ligand is the most electron donating and increases 

electron density on the nickel atom. Thus, the metal centre becomes less electrophilic, 

suppressing a-donation from the incoming ethylene resulting in a weak ethylene-metal 

interaction. Furthermore, this prevents charge transfer from the C— H bonding orbital to 

the empty J-orbital, leading to a weaker agostic interaction between nickel and one o f the 

protons on the ethylene. Substitution o f highly electronegative fluorine atoms on the 

phosphorus atom appears to make the NPCN ligand behave more like the NCCN ligand. 

Fluorine atoms remove electron density from the phosphinimine and imine fragments, 

and increase the positive charge on nickel. This should allow a stronger interaction 

between the incoming ethylene and nickel.

Comparison o f calculations with polymerisation results obtained above suggests 

phosphinimine-based ligands may be poor olefin polymerisation catalysts. However, the 

catalytic potential for such ligands may be improved if electron-withdrawing substituents 

are present on the phosphorus atom.

Attempted Synthesis of Fluorinated Pyridyl-phosphinimine Ligands

In light o f the above computational results, the synthesis o f  fluorinated phosphine 

ligands was attempted. Bis(pentafluorophenyl)chlorophosphine 27 offers the desired 

electronic characteristics and has been prepared by several different methods.56,78 Initial 

attempts to synthesize the corresponding pyridyl-phosphine from the lithiated 6-phenyl- 

pyridyl species suffered from very low yields, possibly due to ortho-metallation o f the
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phenyl ring. As an alternative, the Grignard analog was prepared by the reaction o f 33 

with PhMgBr (Scheme 2.6). This reagent could then be reacted with 27 to form the 

desired phosphine 70.

Ph' ' N ^ ^ B r

33

PhMgBr- THF > (C6F5)2PCI 

-PhBr -MgBrCI
-Ph N P(C6F5)

70

1) n-BuLi, THF, -78°C

2) (C6F5)2PCI

-Ph N > ( C 6F5)

70

toluene\ 
A  /

N3 .
/PrvxWJPr 
\

Ph N' P(C6F5)2

b
"■Ar

Scheme 2.6 Attempted synthesis o f a fluorinated-phosphinimine ligand utilizing 70.

Attempts to oxidize the fluorinated pyridyl-phosphinimine ligand were 

unsuccessful, even at elevated temperatures. Earlier reports suggested similar difficulties 

with pyrrolyl and indolyl-phosphine oxidation,79 and it is believed that in this case, 

oxidation cannot occur as a result o f the weakly basic nature o f the electron deficient 

phosphorus atom. Further experiments with different electron-withdrawing groups may 

allow oxidation and aid in the progress towards effective LTM phosphinimine olefm 

polymerisation catalysts.
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2.4 Summary and Conclusions

A synthetic methodology for the preparation of group VIII and X pyridyl- 

phosphinimine complexes has been developed. Activation of several o f these complexes 

with DEAC results in moderate activity for the oligomerisation o f ethylene rather than 

polymerisation. Computational calculations on model systems o f the active nickel(II) 

species suggest that the phosphinimine ligand creates a greater negative charge on the 

metal centre than a diimine ligand, which translates into a weakened ethylene-metal 

interaction. Removing the negative charge can be accomplished by the substitution of 

electron-withdrawing groups on the phosphorus atom; however, successful application is 

awaiting discovery.
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Chapter Three

Syntheses of Selected Group VI and VIII-X Imidazolyl and Imidazolate- 
Phosphinimine Complexes

3.1 Introduction

In the search for novel LTM polymerisation catalysts, our research has led us to 

examine imidazole-based phosphinimine metal complexes. This class o f ligand may be 

manipulated to possess a steric environment similar to successful diimine-based catalysts, 

but with different electronic properties. In contrast to the analogous pyridyl-compounds, 

imidazoles may be manipulated to possess either anionic or neutral character. In light of 

results from the previous chapter, group VI, VIII and X imidazolyl- or imidazolate- 

phosphinimine complexes, in the presence or absence o f a cocatalyst, may have the 

catalytic potential to polymerise or oligomerise ethylene.

In this chapter, we examine the synthesis o f both imidazolyl- and imidazolate- 

phosphinimine ligands and their metal complexes with several first- and second-row 

group VI, VIII, IX, and X transition metals. Iron(II) and nickel(II) metal complexes with 

the neutral imidazolyl ligand are evaluated for their potential to polymerise and 

oligomerise ethylene, in addition to chromium(III) and nickel(II) phosphinimine- 

imidazolate complexes.

3.2 Experimental section

General Data All preparations 'H , 13C {'lI}, 31P{1H}, ER spectroscopy, EA, GC analysis, 

and magnetic susceptibility measurements were carried out under conditions similar to
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those described in Section 2.2. l-H-2-(Diphenylphosphino)imidazole 71,80 l-methyl-2- 

(diphenylphosphino)-4-/er/-butylimidazole 72,81’82 and [(i/3-C3H5)NiBr]283 were prepared 

according to literature techniques.

Synthesis of l-methyl-2-(diphenylphosphmo)imidazole [l-Me-2-PPh2]imid 73, [1- 

Me-4,5-Ph2-2-PPh2] imidazole 74, [l-Me-2-PPh2]benzimidazole 75 Compounds 73 to 

75 were prepared by similar methods, thus only one representative procedure is 

described. To a cooled (-78°C) THF (50 mL) solution o f 1-methyl-2 - 

diphenylphosphinoimidazole (5.0 g, 60.9 mmol) was added dropwise 26.8 mL o f n-BuLi 

(2.5 M in hexanes). The solution was stirred at reduced temperature for 1 hour and 12.0 

mL (67.1 mmol) o f PI12PCI was added dropwise. The solution was gradually warmed to 

room temperature and stirred overnight. The solvent was removed in vacuo and diethyl 

ether was added (75 mL) along with water (50 mL). The organic layer was collected and 

the aqueous layer washed with ether (30 mL). The ether layer was dried with anhydrous 

MgSCL, filtered, and the solvent removed to give a white solid. The product was 

recrystallized with CfLCL/hexane to give a microcrystalline solid (90% yield). 73: 

31P{1H} NMR (CDCI3, 25°C, 8): -30.0(s). NMR (CDCI3, 25°C, 8): 3.75 (s, 3H, - 

NCHi), 7.05 (m, 1H, -imid//), 7.27 (d, 1.2 Hz, 1H, -imidH), 7.27-7.37 (m, 6H, - 

metaPPh2, -paraPPh2), 7.43-7.49 (m, 4H, -ortho?Ph2). 13C{!H} NMR (CDCI3, 25°C, 8):

34.2 (d, Jc-p 13.5 Hz), 123.8, 128.8 (d, JC.P7.6 Hz), 129.3, 131.1, 134.1 (d, JC-p 20.3 Hz) ,

135.0 (d, Jc-p 3.8 Hz), 146.0.

74: 85% yield, white microcrystalline solid. 3iP{'H} NMR (CDCI3, 25°C, 5): -29.5 (s). 

'H  NMR (CDCI3, 25°C, 8): 3.55 (s, 3H, -CH3), 7.13 (m, 1H, -im id//), 7.19 (m, 2H, -
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ArH), 7.35-7.40 (m, 8H, -meta?Ph2, paraPPh2, -A r//), 7.45-7.47 (m, 3H, ArH, -imid//), 

7.51 (m, 2H, -Ar//), 7.67-7.70 (m, 4H, -ortho?Ph2). 13C{!H} NMR (CDC13, 25°C, 5):

32.5 (d, Jc-p 14.9 Hz), 126.2, 126.7, 128.0, 128.4 (d, JC-P 7.6 Hz), 128.6, 128.9, 129.0, 

130.8, 131.3, 132.1, 134.0 (d, JC-P20.4 Hz), 134.9,135.5 (d, JC.P4.6 H z ), 139.8, 145.0.

75: 86% yield, white powder. 31P{‘H} NMR (CDC13, 25°C, 8): -24.9 (s). !H NMR 

(CDCI3, 25°C, 8): 3.83 (s, 3H, -CHS), 7.27 (m, 2H, -benzimid//), 7.32 (m, 1H, - 

benzimid//), 7.36-7.38 (m, 7H, -metaPPh2, -para?Ph2, -benzimid//), 7.51-7.54 (m, 4H, - 

orthoPPh2), 7.83 (d, 1H, -benzimid//). ^C ^H } NMR (CDCI3, 25°C, 8): 31.3 (d, JC-P 13.6 

Hz), 109.4, 120.7, 122.2, 123.2, 129.0 (d, JC-P7.8 Hz), 129.7, 133.9 (d, JC.P4.5 Hz), 134.3 

(d, Jc-P 20.4 Hz), 137.2,144.4 (d, JC.P6.9 Hz), 154.3 (d, 2JC-P3.4 Hz).

Synthesis of [l-Me-2-PPh2N-2,6-Me2C6H3]imid 76, [l-M e^-PPhzN ^^-’PrCcHalimid 

77, [l-Me-4,5-Ph2-2-PPh2N-2,6-Me2C6H3]imid 78, [l-Me-4,5-Ph2-2-PPh2N-2,6-

‘PrQHaJimid 79, [l-Me-2-PPh2N-2,6-Me2C6H3]benzimid 80, [l-Me-2-PPh2N-2,6- 

'PrC6H3]benzimid 81, [l-M e-4-tBu-2-PPh2N-2,6-lPrC6H3]imid 82 Compounds 76 to 

82 were prepared by similar methods thus only one representative procedure is described. 

To a THF solution (50 mL) of l-methyl-2-(diphenylphosphino)imidazole (1.50 g, 5.6 

mmol) was added 1.7 g (10.2 mmol) o f 2,6-dimethylphenyl azide. The solution was 

heated at 60°C overnight, and the solvent was removed to give a brown oil. Petroleum 

ether was added and the mixture was stirred and stored at -30°C overnight. Filtration 

gave a 2.0 g (93%) o f a cream-colored solid, up=n 1352 cm '1. 7 6 :31P{1H} NMR (CDCI3, 

25°C, 5): -16.0 (s). !H NMR (CDC13, 25°C, 6): 1.96 (s, 6H, -CHs), 3.68 (s, 3H, -NC/fc), 

6.67 (dt, 7.5, 2.1 Hz, 1H, -NAr/7), 6.90 (d, 7.2 Hz, 2H, -NArZ/), 7.05 (m, 1H, -imid//),
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7.23 (m, 1H, -imid//), 7.41-7.47 (m, 4H, -meta?Ph2), 7.53 (dt, 5.7, 1.8 Hz, 2H, - 

para?Ph2), 7.69-7.77 (m, 4H, -ortho?Ph2). NMR (CDC13, 25°C, 5): 18.2, 34.9,

119.6, 125.3, 127.5 (d, JC-P 11.9 Hz), 127.9, 128.7 (d, JC.P 12.8 Hz), 130.0 (d, JC.P 14.9 

Hz), 131.9, 132.2 (d, Jc.P9.9Hz), 132.7, 143.0 (JC-P 128.0 Hz), 145.8.

77: Yield = 95%, cream-colored solid, u p=n  1358 cm’1. 31P{1H} NMR (CDCI3, 25°C, 5): -

16.3 (s). !H NMR (CDCI3, 25°C, 8): 0.88 (d, 6.9 Hz, 12H, -CH(C//5)2), 3.22 (sept, 6.8 Hz, 

2H, -C//(CH3)2), 3.67 (s, 3H, -CH3), 6.85 (m, 1H, -NAr//), 6.96 (m, 2H, -NAr//), 7.04 (s, 

1H, -imid//), 7.21 (s, 1H, -imid//), 7.42-7.46 (m, 4H, -meta?Ph2), 7.52 (m, 2H, - 

paraVPhi), 7.66-7.70 (m, 4H, -ortho?Ph2). I3C{!H} NMR (CDC13, 25°C, 5): 23.0, 27.5, 

34.9, 119.0, 124.9, 127.5 (d, JC-P 11.9 Hz), 127.9, 128.9 (d, JC.P 12.7 Hz), 130.9 (d, JC-P

15.5 Hz), 131.0, 132.0 (d, JC.P9.9 Hz), 132.0, 144.0 (JC-P 128.9 Hz), 146.2.

78: Yield = 92%, slightly yellow solid, up=n 1361 cm’1. 31P{1H} NMR (CDCI3, 25°C, 8): 

-16.6 (s). *H NMR (CDCI3, 25°C, 8): 2.03 (s, 6H, -CH3), 3.46 (s, 3H, -NC//j), 6.92 (m, 

1H, -NAr//), 6.93 (d, 7.2 Hz, 2H, -NAt//), 7.15-7.18 (m, 3H, -Ar//), 7.31-7.34 (m, 2H, - 

A r//), 7.46-7.55 (m, 11H, -metaPPh2, -para?Ph2, -Ar//), 7.89-7.95 (m, 4H, -orthoPPh2). 

^C ^H }  NMR (CDCI3, 25°C, 8): 20.2, 33.0, 119.1, 126.7, 127.9, 128.2 (d, 2JC.P 12.8 Hz),

128.5, 129.1, 129.2, 130.3, 130.8, 131.7, 132.4 (d, JC-P9.9 Hz), 132.6, 134.3, 138.7 (d, Jc. 

P 13.7 Hz), 142.5 (d, Jc-P 127.7 Hz), 146.5 (some quaternary carbons not observed).

79: Yield = 91%, cream-colored solid, u p=n  1372 cm'1. 31P{1H} NMR (CDCI3, 25°C, 8): -

16.3 (s). 'H  NMR (CDCI3, 25°C, 5): 0.94 (d, 6.9 Hz, 12H, -CH(C//3)2), 3.32 (sept, 6.9 Hz, 

2H, -C//(CH3)2), 3.44 (s, 3H, -C//?), 6.82 (dt, 6.9 Hz, 2.1 Hz, 1H, -NArH), 6.97 (m, 2H, - 

NAr//), 7.13-7.27 (m,3H, -ArH), 7.30-7.33 (m, 2H, -Ar//), 7.42-7.58 (m, 11H, - 

metaPPh2, -para?Ph2, -Ar//), 7.82-7.90 (m, 4H, -ortho?Ph2). NMR (CDC13,
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2 5 °C , <5): 2 3 .7 , 2 8 .5 , 3 2 .8 , 119.5 , 1 2 2 .7 , 1 26 .5 , 1 2 6 .8 ,1 2 8 .2  (d, Jc -p 11 .2  Hz), 1 2 8 .4 , 1 3 0 .4  

(d , Jc-p 8 .7  Hz), 130 .6 , 1 3 1 .5 , 1 3 2 .0 , 1 3 2 .4  (d, JC-p 9 .8  Hz), 1 3 3 .1 , 1 3 4 .4 , 1 3 8 .7  (d , JC.P

13.9 Hz), 141.7, 142.7 (d, JC.P 7.9 Hz), 142.9 (d, JC-P 115.2 Hz), 143.3 (d, JC-P 13.4 Hz) 

(some quaternary carbons are not observed).

80: Yield = 88%, beige solid, Up=n 1362 cm'1. 31P{1H) NMR (ds-THF, 25°C, 6): -19.0 (s) 

*H NMR (CDC13, 25°C, 5): 1.95 (s, 6H, -CH3), 3.83 (s, 3H, -NCH3), 6.49 (dt, 7.5,1.5 Hz, 

1H, -NAr//), 6.77 (d, 7.5 Hz, 2H, -NAr//), 7.24-7.32 (m, 2H, -benzimid//), 7.41-7.52 (m, 

7H, -metaPPJi2, -para?Ph2, -benzimid//), 7.32 (d, 7.8 Hz, 1H, -benzimid//), 7.86-7.93 

(m, 4H, -ortho?Phi). ^C ^H } NMR (CDC13, 25°C, <5): 21.1, 25.8, 32.1, 111.1, 119.6,

122.0, 123.5, 125.1, 128.7, 129.3 (d, JC.P 12.8 Hz), 132.5, 132.6, 133.2 (d, JC.P 10.0 Hz), 

134.2, 138.1 (d, Jc-P3.1 Hz), 144.2 (d, JC-P 16.1 Hz), 147.5,150.5 (d, JC.P 121.6 Hz).

81: Yield = 92%, cream-colored solid, Up=n 1370 cm '1. 31P{1H} NMR (CDCI3, 25°C, 5): -

15.5 (s) 'H  NMR (CDCI3, 25°C, b): 0.83 (d, 12 H, 6.9 Hz, -(CH(CH 3)2)2), 3.23 (sept, 2H,

6.9 Hz, -(C//(CH3)2)2), 3.84 (s, 3H, -NC/fc), 6.80-6.86 (m, 1H, -NAr//), 6.95 (d, 2H, - 

NAr//), 7.25-7.35 (m, 1H, -benzimid//), 7.40 (m, 2H, -benzimid//), 7.44-7.50 (m, 4H, - 

metaVPhi), 7.53-7.58 (m, 2H, -paraPPhi), 7.73-7.80 (m, 4H, -orthoPPhi), 7.86 (m, 1H, - 

benzimidH). 13C{JH} NMR (CDC13, 25°C, b): 23.6, 28.7, 31.6, 109.6, 119.8, 121.6,

122.7, 124.4, 128.6 (d, JC.P 12.9 Hz), 130.6 (d, JC-P 111.5 Hz), 132.3 (d, JC.P 9.9 Hz),

133.1, 133.9, 137.0, 142.6 (d, JC.P 7.4 Hz), 142.8, 143.4 (d, JC.P 17.5 Hz), 150.7 (d, JC.P

121.0 Hz).

82: Yield = 90%, yellow solid, uP=N 1377 cm '1. 31P{1H} NMR (CDC13, 25°C, b): -18.8 (s) 

*H NMR (CDCI3, 25°C, b): 0.85 (d, 12H, 6.9 Hz, -(CH(C//5)2)2), 1.21 (s, 9H, -(CH ih),

3.25 (sept, 2H, -(C//(CH3)2)2), 3.36 (s, 3H, -NCH3), 6.65 (s, 1H, -im id//), 6.80 (m, 1H, -
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NAr//), 6.92 (m, 2H, -NArH), 7.37-7.40 (m, 4H, -meta?Ph2), 7.44 (m, 2H, -paraVPh2), 

7.76-7.80 (m, 4H, -ortho?Ph2). 13C{H} NMR (CDC13, 25°C, 5): 22.6, 28.7, 30.2, 31.9,

34.1, 118.7, 119.1, 122.6, 128.1 (d, JC-P 12.5 Hz), 131.1, 132.3 (d, JC.P9.6 Hz), 132.5 (d, 

Jc-P 112.6 Hz) 141.5 (d, JC.P 131.3 Hz), 142.6 (d, JC.P 8.4 Hz), 143.6, 152.9 (d, JC-P 14.1 

Hz).

Synthesis of [l-Me-2-PPh2N-2,6-‘Pr2C6H3]imidPdCl2-CH3CN 83 To a stirred solution 

ofPdC l2(PhCN)2 (44 mg, 0.11 mmol) in toluene was added a toluene solution (5 mL) of 

77 (50 mg, 0.11 mmol). The red solution was stirred for 2 hours, and an orange 

precipitate gradually formed. After 2 hours, the solution was cooled to -30°C, filtered 

and the solid washed with cold toluene several times. The orange solid was recrystallized 

by dissolving in CH3CN and cooling to -30°C to give orange crystals. 31P{’H} NMR (d6- 

DMSO, 25°C, 5): 28.2 (s). !H NMR (d6-DMSO, 25°C, 8): 0.27 (d, 6.9 Hz, 6H, - 

CH(CH3)2), 1.32 (d, 6.9 Hz, 6H, -CH(CH3)2), 3.30 (s, 3H, -NCH3), 3.32 (sept, 6.6 Hz, 

2H, -C//(CH3)2), 6.76 (d, 7.5 Hz, 2H, -NAr//), 6.96 (dt, 8.1 Hz, 2.1 Hz, 1H, -NAr//), 

7.65-7.72 (m, 8H, -metaPPh2, -paraVPh2, -imid//), 7.77-7.82 (m, 4H, -ortho?Ph2). 

°C { 1H} NMR (d6-DMSO, 25°C, 8): 22.5, 25.1, 28.3, 35.8, 122.0, 123.1, 123.3, 125.3, 

128.6, 129.9 (d, JC.P 14.6 Hz), 132.5 (d, JC.P 10.3 Hz), 134.5, 137.2, 140.0 (d, JC.P 164.5 

Hz), 147.2 (d, JC.P5.3 Hz). Anal. Calcd. for C3oH35Cl2N4PPd (659.93): C, 54.60; H, 5.35; 

N, 8.49. Found: C, 54.13; H, 5.29; N, 8.39.
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Synthesis of [l-Me-2-PPh2N-2,6-Me2C6H3]imidNiBr2 84, [l-Me-2-PPh2N-2,6-

'Pr2C6H3]imidNiBr2 85, [l-Me-2-PPh2N-2,6-Me2C6H3]benzimidNiBr2 86, [l-Me-2- 

PPh2N-2,6-‘Pr2C6H3]benzimidNiBr2 87, [l-Me-4,5-Ph2-2-PPh2N-2,6-

Me2C6H3]imidNiBr2 88, [l-Me-4,5-Ph2-2-PPh2N-2,6-iPr2C6H3limidNiBr2 89, [1-Me- 

4-tBu-2-PPh2N-2,6-1Pr2C6H3]imidNiBr2 90 Compounds 84 to 90 were prepared by 

similar methods, thus only one representative procedure is described. To a slight excess 

o f 75 (1.05 eq., 150 mg, 0.39 mmol) and NiBr2(DME) adduct (114 mg, 0.37 mmol) was 

added 10 mL CH2C12. The blue suspension was stirred overnight, and concentrated to 

several mL’s in vacuo. Diethyl ether (10 mL) was added and the mixture was filtered to 

give a light blue powder. 84: Yield = 95%, purple powder, u p=n  1225 cm’1, /4 ff 3.01. 

Anal. Calcd. for C24H24Br2N3NiP (603.94): C, 47.73; H, 4.01; N, 6.96. Found: C, 47.68; 

H, 4.00; N, 6.82.

85-CH2Cl2: Yield = 90%, blue-green powder, up=n 1214 cm '1, //eff 2.94. Anal. Calcd. for 

C29H34Br2Cl2N3NiP (744.98): C, 46.75; H, 4.60; N, 5.64. Found: C, 46.47; H, 4.44; N,

6.07.

86-CH2Cl2: Yield = 86%, purple powder, up=n 1219 cm '1, /4 ff 3.41. Anal. Calcd. for 

C29H28Br2Cl2N3NiP (738.93): C, 47.14; H, 3.82; N, 5.69. Found: C, 47.42; H, 3.66; N, 

5.84.

87: Yield = 87%, blue-green powder, up=n 1243 cm '1, /4 ff 3.24. Anal. Calcd. for 

C32H32Br2N3NiP (708.09): C, 54.28; H, 4.56; N, 5.93. Found: C, 54.57; H, 4.10; N, 5.81. 

88 : Yield = 90%, purple powder, uP=N 1217 cm '1, / 4 ff 2.99. Anal. Calcd. for

C36H32Br2N3NiP (756.13): C, 57.18; H, 4.27; N, 5.56. Found: C, 56.83; H, 4.47; N, 5.33.
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89: Yield = 87%, blue-green powder, up=n 1196 cm'1, /4 ff 3.15. Anal. Calcd for

C4oH4oBr2N3NiP (812.24): C, 59.15; H, 4.96; N, 5.17. Found: C, 59.41; H, 5.13; N, 5.01.

90: Yield = 91%, blue-green powder, i»p=n 1244 cm'1, /4 ff 3.07. Anal. Calcd for

C32H4oBr2N3NiP (716.16): C, 53.67; H, 5.63; N, 5.87. Found: C, 53.14; H, 5.44; N, 5.83.

Synthesis of [l-Me-2-PPh2N-2,6-Me2C6H3]imidFeCl2 91, [l-Me-2-PPh2N-2,6-

‘Pr2C6H3]imidFeCl2 92, [l-Me-2-PPh2N-2,6-Me2C6H3]benzimidFeCl2 93, [l-Me-2- 

PPh2N-2,6-‘Pr2C6H3]benzimidFeCl2 94, [l-Me-4,5-Ph2-2-PPh2N-2,6-Me2

C6H3]imidFeCl2 95, [l-Me-4,5-Ph2-2-PPh2N-2,6-iPr2C6H3]imidFeCl2 96, [l-Me-4-*Bu- 

2-PPh2N-2,6-‘Pr2C6H3]imidFeCl2 97 Compounds 91 to 97 were prepared by similar 

methods, thus only one representative procedure is described. To a slight excess o f 76 

(1.05 eq, 150 mg, 0.39 mmol) and FeCl2 (47 mg, 0.37 mmol) was added 10 mL THF. 

The orange suspension was stirred overnight, and concentrated to several mL’s in vacuo. 

Diethyl ether (10 mL) was added and the mixture was filtered to give an orange powder. 

91: Yield = 88%, orange solid, Up=n 1211 cm '1, 4.98. Anal. Calcd. for

C24H24Cl2N3FeP (512.19): C, 56.28; H, 4.72; N, 8.20. Found: C, 55.97; H, 4.80; N, 7.86. 

92: Yield = 95%, yellow-orange solid, u p=n  1198 cm '1, ^  5.10. Anal. Calcd. for 

C28H32Cl2N3FeP (568.30): C, 59.18; H, 5.68; N, 7.39. Found: C, 58.89; H, 6.00; N, 7.43. 

93: Yield = 89%, orange solid, uP=N 1215 cm '1, jUen 5.24. Anal. Calcd. for

C28H26Cl2N3FeP (562.25): C, 59.81; H, 4.66; N, 7.47. Found: C, 59.65; H, 5.06; N, 7.77. 

94: Yield = 92%, yellow-orange solid, uP=N 1191 cm '1, jUen 5.21. Anal. Calcd. for 

C32H34Cl2N3FeP (618.36): C, 62.16; H, 5.54; N, 6.80. Found: C, 61.78; H, 5.85; N, 7.11.
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95: Yield = 84%, yellow crystals, i>p=n 1217 cm'1, /Mt 5.01. Anal. Calcd for

C36H32Cl2N 3FeP (664.38): C, 65.08; H, 4.85; N, 6.32. Found: C, 64.91; H, 4.52; N, 5.82. 

96-2CH 2CI2: Yield = 85%, yellow crystals, up=n 1120 cm '1, /4ff 4.99. Anal. Calcd. for 

C42H44Cl6FeN3P (890.35): C, 56.66; H, 4.98; N, 4.72. Found: C, 56.55; H, 4.64; N, 4.93. 

97: Yield = 80%, yellow crystals, up=n 1193 cm '1, /4ff 5.12. Anal. Calcd for

C32H4oCl2N3FeP (624.40): C, 61.55; H, 6.46; N, 6.73. Found: C, 61.15; H, 6.38; N, 6 .88 .

Synthesis of [l-H-2-PPh2N-2,6-Me2C6H3]imid 98

To a stirred THF (20 mL) solution o f 71 (1.01 g, 4.0 mmol) was added a THF 

solution o f  2,6-dimethylphenylazide (1.2 g, 8.0 mmol) over a period o f 30 minutes at 

room temperature. Gas evolution was noted during the addition o f the azide. The yellow 

solution was then stirred overnight, and the solvent removed in vacuo. The residue was 

dissolved in several mL’s o f THF and petroleum ether added (bp. 30-60°C) to precipitate 

a creamy white solid. The solid was filtered and washed with petroleum ether several 

times to give a white solid (95%). 31P NMR (d8-THF , 25°C, 8): -21.4 (s) 'H  NMR (d8- 

THF, 25°C, 8): 1.97 (s, 6H, -CH3), 6.48 (m, 1H, -NAr//), 6.78 (d, 7.2 Hz, 2H, -NAr//),

7.25 (m, 2H, -imid//), 7.34-7.46 (m, 6H, -metaPPh2 , -paraPPhi), 7.84-7.91 (m, 4H, - 

orthoPPhi). 13C{H} NMR (ds-THF, 25°C, 8): 18.5, 116.2, 122.8, 125.6, 125.8 (d, JC-p 2 .7  

Hz), 126.0 (d, Jc-p 12.5 Hz), 129.1, 129.9 (d, JC.P 9.9 Hz), 130.0 (d, JC-p7.8 Hz), 132.0 (d, 

Jc-p 88.7 Hz), 140.0 (d, JC-P 155.0 Hz), 144.9.
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Synthesis of Na[2-PPh2N-2,6-Me2C6H3]imidTHF 99

To a stirred suspension o f NaH (24 mg, 0.96 mmol) in THF (10 mL) was added 

dropwise a THF solution (10 mL) of 98 (300 mg, 0.81 mmol). Gas evolution occurred 

immediately and the suspension was stirred overnight. The solution was filtered through 

Celite and the solvent removed in vacuo to give a white solid. This was recrystallized 

with THF/pentane to give colourless crystals (85%). {*H} NMR (ds-THF , 25°C, 5): -4.7 

(s) *H NMR (dg-THF, 25°C, 8): 1.75 (m, 2H, -coord. THF), 1.93 (s, 6H, -CH3\  3.61 (m, 

2H, -coord. THF), 6.48 (m, 1H, -NAr//), 6.74 (d, 7.5 Hz, 2H, -NArH), 7.15-7.37 (m, 6H, 

-metaPPh2 , -paraPPhp), 7.24-1.26 (m, 2H, -imid//), 7.68-7.56 (m, 4H, -orthoPPhp). 

13C{H} NMR (JS-THF, 25°C, 8): 21.4, 26.6, 68.4, 117.3, 119.4 (d, JC.P3.0 Hz), 128.1 (d, 

Jc-p 11.2 Hz), 128.3 (d, JC-p2.1 Hz), 130.6, 131.1 (d, JC-p 16.6 Hz), 133.1 (d, 3JC-p9.1 Hz), 

134.4 (d, Jc-p7.4 Hz), 138.0 (d, JC-P89.6 Hz), 144.5 (d, JC.P 187.2 Hz), 150.5.

Synthesis of [2-PPh2N-2,6-Me2C6H3]imidRhCp*Cl 100, [2-PPh2N-2,6-

Me2CeH3]imidCrCp*Cl 101 Compounds 100 and 101 were prepared by similar 

methods, thus only one representative procedure is described. To a benzene (10 mL) 

solution of [Cp*RhCl2]2 (41 mg, 0.066 mmol) was added a benzene (5 mL) suspension o f 

99 (57 mg, 0.13 mmol). The suspension gradually dissolved giving a deep red solution, 

which was stirred overnight, filtered through Celite, and the solvent removed. 

Recrystallization with benzene/pentane gave deep red crystals (75%). 100: {'H} NMR 

(CDC13, 25°C, 5): 13.1 (s) fH NMR (CDC13, 25°C, 5): 1.35 (s, 15H, -C5Me5), 1.95 (br s, 

3H, -CZ/j), 2.05 (br s, 3H, -CH3), 6.98 (m, 3H, -NAr//), 7.18-7.24 (m, 4H, -metaPPh2), 

7.33 (m, 2H, -paraPPhi), 7.61 (d, 1.5 Hz, 1H, -imid//), 7.67-7.74 (m, 4H, -ortho?Ph2),
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7.77 (d, 3.0 Hz, 1H, -imid//). 13C{H} NMR (CDC13, 25°C, 5): 8.3, 20.8, 22.0, 92.6 (d, 

W  13.7 Hz), 116.5, 117.5 (d, JC.P3.5 Hz), 127.5 (d, JC.P 12.5 Hz), 128.0 (d, JC.P2.5 Hz),

131.5, 132.3 (d, JC.P 15.5 Hz), 133.0 (d, JC.P8.5 Hz), 134.0 (d, JC-P7.2 Hz), 137.5 (d, JC.P

89.0 Hz), 146.4(d, JC-P 156.0 Hz), 151.4. Anal. Calcd. For C33H36CIN3PRI1 (644.0): C, 

61.55; H, 5.63; N, 6.52. Found: C, 61.45; H, 5.75; N, 6.72.

101: Anal. Calcd. For C33H36ClCrN3P (644.0): C, 66.83; H, 6.12; N, 7.09. Found: C, 

66.90; H, 6.14; N, 6.96.

Synthesis of [2-PPh2N-2,6-Me2C6H3]imidRhCOD 102

To a stirred benzene (10 mL) solution o f [(COD)RhCl]2 (67 mg, 0.14 mmol) was added a 

benzene (5 mL) suspension of 99 (126 mg, 0.28 mmol). The suspension was stirred 

overnight, filtered through Celite, and the solvent removed. Recrystallization with 

benzene/pentane gave a yellow solid. Suitable X-ray quality crystals were grown from a 

layered CH2Cl2/pentane solution (95 %). 31P{'H} NMR (d8-THF, 25°C, 5): 17.9 (s). 'H  

NMR (Jg-THF, 25°C, 5): 1.73 (m, 2H, -C //2CH), 1.89 (m, 2H, -C //2CH), 2.25-2.40 (m, 

4H, -(CH2)2CH), 3.65 (m, 2H, -C//=CH), 4.33 (m, 2H, -CH=CH), 6.80-6.90 (m, 4H, - 

N A r// and -im id//), 7.25 (m, 1H, -imid//), 7.31-7.37 (m, 4H, -metaPPh2), 7.46-7.54 (m, 

2H, -paraPPh2), 7.54-7.61 (m, 4H, -ortho?Ph2). 13C{H} NMR (cfo-THF, 25°C, 5): 14.5,

31.6 (d, jRh-c 14.0 Hz), 74.5 (d, W  14.0 Hz), 83.7 (d, W  12.3 Hz), 124.5, 126.7 (d, Jc. 

P9.9 Hz), 129.2 (d, JC.P 11.9 Hz), 129.4, 130.5 (d, JC.P 131.6 Hz), 132.9, 133.4 (d, JC-P9.5 

Hz), 134.1 (d, Jc-P 17.0 Hz), 137.5 (d, JC.P5.2 Hz), 144.7, 145.0 (d, JC-P 195.8 Hz). Anal. 

Calcd. For C31H33N3PRI1 (581.5): C, 64.03; H, 5.72; N, 7.23. Found: C, 64.43; H, 5.61; 

N, 7.20.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3: Imidazole-Phosphinimine Complexes 68

Synthesis of [2-PPh2N-2,6-Me2C6H3]imidNi(allyl) 103

To 39 mg o f [(rj3-C3H5NiBr]2 (0.105 mmol) dissolved in 2 mL benzene was added a 

benzene suspension o f 99 (100 mg, 0.21 mmol). The suspension was stirred overnight, 

filtered through Celite, and the solvent removed to give a brittle dark yellow foam. The 

foam was recrystallized with benzene/pentane to give a dull yellow solid (95 mg, 95% 

yield). 31P NMR (C6D6, 25°C, b): 14.8 (s). *H NMR (C6D6, 25°C, 5): 1.72 (d, 1H, 13.1 

Hz, -mCHanuCH), 1.11 (d, 1H, 5.6 Hz, -N iC /f^CH ), 1.94 (s, 3H, -CH3), 2.06 (d, 1H, 

12.8 Hz, -NiC/Z^CH), 2.13 (s, 3H, -CH3), 2.93 (d, 1H, 6.2 Hz, -N iC fl^C H ), 5.25 (m, 

1H, -NiC/7ce„to/CH), 6.83-6.97 (m, 9H, -metaPPfi2 , -paraPPh2 , -N A rH), 7.29 (s, 1H, - 

imid//), 7.64-7.68 (dd, 2JP.H 12.0 Hz, 3JHo-Hm7.5 Hz, 2H, -ortho? Ph2), 7.80-7.84 (dd, 2JP.H

12.0 Hz, 3JHo-Hm 7.5 Hz, 2H, -ortho?Ph2), 7.94 (d, 1H, 2.7 Hz, -imidH). 13C{H} NMR 

(C6D6, 25°C, 5): 20.3, 47.7, 56.1, 109.3, 123.l(d, JC-P 2.5 Hz), 128.4, 129.4 (d, JC.P 5.3 

Hz), 130.6 (d, JC.P5.6 Hz), 131.5 (d, JC.P 9.4 Hz), 131.7 (d, JC.P9.4 Hz), 132.1 (d, JC-p 11.5 

Hz), 132.3 (d, Jc-p 11.5 Hz), 135.1, 135.3 (d, JC.P 17.6 Hz), 135.9 (d, JC.P4.8 Hz), 144.5 (d, 

Jc-p 192.2 Hz), 147.9 (d, JC-P 3.1 Hz). Anal. Calcd. for C26H26N3NiP (470.17): C, 66.42; 

H, 5.57; N, 8.94. Found: C, 66.09; H, 5.51; N, 8.80.

Procedure for ethylene polymerisation and oligomerisation

The procedure for ethylene polymerisation and oligomerisation were carried out 

under conditions similar to those described in Section 2.2.
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Table 3.1 Crystallographic Parameters for 83, 96, 97 ,99 ,100,101 and 102.
83-CHjCN 96-2CH2Cl2 97

Formula C3oH35Cl2N4PPd C42H44Cl6FeN3P C32H40Cl2FeN3P

MW 659.89 890.32 624.39

a(A) 10.333(8) 16.006(9) 12.376(6)

b(A) 11.302(8) 18.784(11) 15.765(8)

c(A) 13.339(10) 16.330(9) 17.919(8)

c<deg) 73.674(14)

/3(deg) 87.098(13) 113.890(11) 109.685(9)

7(deg) 85.621(14)

Cryst syst Triclinic Monoclinic Monoclinic

Space group P -l P2j/n P2,/c

Vol(A)3 1490.0(19) 4489(4) 3292(3)

DcaicdCgcm'1) 1.471 1.317 1.260

Z 2 4 4

Abs. coeff., n, mm' 1 0.882 0.761 0.694

Data collected 6266 18964 13827

Data F02>3ff(F02) 4279 6369 4672

Variables 343 478 352

R a(%) 4.3 5.2 3.0

Rwa(%) 10.5 13.7 7.9

Goodness o f Fit 1.047 1.030 1.021

aAll data collected at 20°C with Mo K a radiation (X= 0.71073 A), R = 23||F0|-|FC||/ E|F0|, 
Rw = [S[w(F02-Fc2)2]/ E[coF02)2]]0'5
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99 100 101 102

Formula C3oH35N3NaOP C33H36ClN3PRh C33H36ClCrN3P C3iH33N 3PRh

MW 507.57 643.98 593.07 581.48

a(A) 9.167(5) 17.510(11) 9.187(5) 8.459(5)

b(A) 12.033(6) 9.149(6) 10.503(6) 9.056(5)

c(A) 25.300(13) 18.916(11) 16.696(9) 19.201(11)

a(deg)

ftdeg) 93.553(9) 91.891(12)

82.522(11)

89.486(10)

80.602(12)

78.983(11)

7(deg) 

Cryst syst Monoclinic Monoclinic

69.885(9)

Triclinic

73.660(10)

Triclinic

Space group P2i/c P2,/c P-l P-l

Vol(A)3 2785(2) 3029(3) 1498.7(14) 1376.0(13)

Dcaicd(g cm '1) 1.210 1.412 1.314 1.403

Z 4 4 2 2

Abs. coeff., 0.141 0.731 0.551 0.703
fj., mm ' 1 
Data collected 11613 12668 6420 5903

Data 3982 4339 4261 3899
F02>3u(Fo2)
Variables 325 352 352 325

R a(%) 4.5 3.8 4.7 2.7

Rwa(%) 11.4 4.9 13.7 6.3

Goodness o f Fit 1.012 1.025 1.082 1.039

aAll data collected at 20°C with Mo K a radiation ( \ =  0.71073 A), R = E||F0|-|FC||/ E|F0|, 
Rw = [E[co(F02-Fc2)2]/ E[coF02)2]]0-5
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3.3 Results and Discussion

Neutral Imidazolyl-phosphinimine Ligands

A variety o f methods have been reported for the synthesis o f imidazolyl- 

phosphines.84-86 The most convenient route involves the selective lithiation o f the C2 

position followed by electrophilic attack with a halophosphine (Scheme 3.1). Following 

this procedure, several substituted imidazolyl-phosphines are synthesized and isolated in 

greater than 75% yield after recrystallization. 31P NMR spectroscopy reveals chemical 

shifts of approximately -25 to -30 ppm for 73-75, in agreement with literature reports for

O / r

other imidazolyl-phosphines.

1) n-BuLi, -78°C, THF
PPh2) PPh2CI

N
Me Me

R = H (73), Ph (74), benzimid (75)

Scheme 3.1 Synthesis of substituted 1-methyl-2-diphenylphosphinoimidazoles 73-75.

In a similar fashion to pyridyl-phosphines, oxidation o f 73-75 with substituted 

phenyl azides provides imidazolyl-phosphinimine ligands in excellent yields after 

recrystallization (Scheme 3.2). *H NMR analysis indicates the presence o f appropriate 

lBu, Ph, Me, or 'Pr signals depending upon the substitution on imidazole or 

phosphinimine groups. P NMR spectroscopy shows a single resonance for each ligand, 

at a chemical shift (8 -15 to -19 ppm) downfield from the phosphine. Furthermore, IR
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analysis o f  76-82 shows strong P=N stretching frequencies between 1352-1377 cm '1, 

similar to previously described pyridyl-ligands.

PPhR’

Me

THF
N3Ar

R, R’ = H, Ph, benzimidazole Ar = 2,6-'Pr2C6H3 (28), 
R = ‘Bu, R' = H 2,6-Me2C6H3 (29)

R'
Ph.

Me

N-

76-82

-Ar

Scheme 3.2 Synthesis o f netural substituted imidazolyl-phosphinimine ligands 76-82.

Phosphinimine complexes 76-82 react with several first- and second-row group 

VIII and X metal halides and their derivatives to form metal complexes, 83-97. The 

reaction between compound 77 and PdCl2(PhCN)2 proceeds smoothly in toluene to form 

the phosphinimine-palladium species 83, shown in Scheme 3.3. 'H  NMR analysis o f 83 

shows small chemical shift differences with respect to the free ligand, with the exception 

o f two distinct isopropyl resonances. This occurrence shows a non-inequivalence for 

both methyl groups in the isopropyl fragment, with one methyl group positioned towards 

the palladium metal centre in solution while the other is directed away. This methyl 

orientation separates the two methyl signals by 1.1 ppm, with the upfield signal attributed

1 o

to the methyl group directed towards the palladium atom. C NMR spectroscopy also 

shows two distinct methyl resonances at 22.5 ppm and 25.1 ppm. This phenomenon has 

been observed in similar palladium-diimine complexes reported by Brookhart.31
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Furthermore, 31P NMR spectroscopy shows a singlet at 28.2 ppm, and is similar to the 

downfield shift observed in the pyridine case (vide supra).

toluene^ - N^ A r  + PdCI2(PhCN)2

Cl
Ar = 2,6-'Pr2C6H3 (78) 83

Scheme 3.3 Synthesis o f the imidazolyl-phosphinimine palladium complex 83.

The solid state structure o f 83 reveals that the phosphinimine ligand coordinates 

in a bidentate fashion through both nitrogen atoms, similar to the pyridyl-phosphinimine 

palladium complex 49 and previous reported findings.67,68 The geometry at the palladium 

metal centre is pseudo-square planar as determined from the angles around the metal 

centre. The five-membered ring formed from coordination o f the ligand to the metal also 

has a mean deviation from the plane o f 0.0178 A. A distorted tetrahedral geometry is 

evident at the phosphorus atom, and a distorted trigonal planar geometry is present at the 

phosphinimine nitrogen atom. The two Pd— Cl bond lengths are almost identical, 

suggesting similar trans influences for both donor atoms. However, the Pd—N bond 

lengths differ by -0.06 A, suggesting a different electronic metal-ligand interaction than 

was found in the pyridine case.
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C(19)

P(1)

C(12)
N(3)N(1)

C(25)

,N(2)

Cl(1) Pd(1)

Cl(2)

Figure 3.1 ORTEP drawing o f 83-CH3CN, 30% thermal ellipsoids are shown. 

Hydrogen atoms have been omitted for clarity. Pd(l)-N(2) 2.026(4) A, Pd(l)-N (l) 

2.086(4) A, Pd(l)-C l(l) 2.298(2) A, Pd(l)-Cl(2) 2.2988(17) A, P (l)-N (l) 1.614(4) A, 

P(l)-C(25) 1.795(5) A, N(2)-C(25) 1.338(6) A, P(l)-C(19) 1.798(5) A, P(l)-C(13) 

1.807(5) A, N (2)-Pd(l)-N (l) 84.70(14)°, N(2)-Pd(l)-C l(l) 175.56(12)°, N (l)-Pd(l)-C l(l) 

93.74(11)°, N(2)-Pd(l)-Cl(2) 90.91(11)°, N (l)-Pd(l)-C l(2) 175.34(11)°, C l(l)-Pd(l)- 

Cl(2) 90.74(5)°, N (l)-P(l)-C(25) 101.4(2)°, P (l)-N (l)-Pd(l) 117.0(2)°, C(25)-N(2)-Pd(l) 

118.8(3)°, C (12)-N (l)-P(l) 118.6(3)°, N (l)-P(l)-C (13) 118.6(2)°, C(19)-P(l)-C(13) 

107.5(2)°, N (l)-P(l)-C (19) 115.6(2)°.
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Iron(II) and nickel(II) metal complexes were synthesized by the reaction of 

ligands 76-82 with metal halides. The complexes were identified by IR, EA, and 

magnetic susceptibility measurements, with NMR spectroscopy suggesting that the metal 

complexes are also paramagnetic in solution. The solubility o f metal complexes further 

complicates identification as most complexes were insoluble in common organic 

solvents. IR spectroscopy of 84-97 shows a P=N stretching frequency range of 1190 cm"1 

to 1250 cm '1. In comparison to free ligands, an average P=N shift o f 160 cm ' 1 to lower 

wavenumbers is observed in the metal complexes, in agreement with results obtained in 

the pyridine complexes (vide supra). Magnetic susceptibility measurements shows 

nickel(II) and iron(II) complexes have an average peff o f 3.12 and 5.09 BM, respectively. 

These values are similar to the theoretical values o f 2.83 BM and 4.90 BM for tetrahedral 

dg nickel(II) and d6 iron(II) complexes, respectively.

t h f /c h 2ci

X'""" V Ar
X

70-76 MX2 = FeCI2, NiBr2-dme 84-97

Scheme 3.4 General synthesis o f metal complexes 85-97.
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N(3)
M2)

Cl(2)
£ 1(1 )C(27)

Fed)Pd)

Nd)
C(7)

C(29)

Figure 3.2 ORTEP drawing o f 96, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. Fe(l)-N (l) 2.105(3) A, Fe(l)-N(2) 2.114(4) A, 

Fe(l)-Cl(2) 2.2588(17) A, Fe(l)-C l(l) 2.2843(15) A, P(l)-N (l) 1.600(3) A, P(l)-C(27) 

1.809(4) A, N(2)-C(27) 1.343(5) A, P(l)-C(7) 1.801(4) A, P (l)-C (l) 1.816(4) A, N (l)- 

Fe(l)-N(2) 84.76(12)°, N (l)-Fe(l)-Cl(2) 127.04(10)°, N(2)-Fe(l)-Cl(2) 108.10(9)°, N (l)- 

Fe(l)-C l(l) 105.15(10)°, N(2)-Fe(l)-Cl(l) 110.34(10)°, Cl(2)-Fe(l)-Cl(l) 116.49(6)°, 

N (l)-P(l)-C(7) 115.60(18)°, N(l)-P(l)-C(27) 102.37(18)°, P (l)-N (l)-F e(l) 115.88(18)°, 

C(27)-N(2)-Fe(l) 114.8(3)°, C(29)-N(l)-Fe(l) 124.6(2)°.
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C(6)

C<8)C(5)C(4) C(3)N(3)

C(7)
Cd) M2)

CI9) Cl(1)

Fed)
P(1)

Cl(2)
C(15) Nd)

C(21

Figure 3.3 ORTEP drawing o f 97, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. Fe(l)-N (l) 2.0979(19) A, Fe(l)-N(2) 2.141(2) A, 

Fe(l)-Cl(2) 2.2530(13) A, Fe(l)-C l(l) 2.2795(10) A, N (l)-P(l) 1.5972(18) A, N(2)-C(l) 

1.341(3) A, P (l)-C (l) 1.804(2) A, P(l)-C(15) 1.804(2) A, P(l)-C(9) 1.827(3) A, C(3)- 

C(5) 1.517(3) A, N(l)-Fe(l)-N(2) 85.02(7)°, N(l)-Fe(l)-Cl(2) 117.51(6)°, N (2)-Fe(l> 

Cl(2) 115.63(6)°, N (l)-Fe(l)-C l(l) 109.86(6)°, N(2)-Fe(l)-Cl(l) 109.23(6)°, Cl(2)-Fe(l)- 

C l(l) 115.62(4)°, C(21)-N(l)-P(l) 120.09(14)°, C(21)-N(l)-Fe(l) 125.28(13)°, P(l)- 

N (l)-Fe(l) 114.62(9)°, C(l)-N(2)-Fe(l) 112.66(13)°, N (l)-P (l)-C (l) 102.30(10)°, N (l)- 

P(l)-C(15) 115.02(10)°, C(l)-P(l)-C(15) 110.33(10)°, C(15)-P(l)-C(9) 107.78(11)°.
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Suitable X-ray quality crystals o f 96 and 97 can be grown from saturated 

solutions of CH3CN. Attempts to recover crystals from nickel(II) compounds failed due 

to their insolubility in common organic solvents. Single crystal diffraction studies 

indicate the iron(II) centre adopts a pseudo-tetrahedral geometry with two chloride atoms 

and a bidentate imidazolyl-phosphinimine ligand filling the coordination sphere. The 

P=N bond lengths of both complexes are similar (~1.600 A), and compare well with 

previously discussed pyridyl-phosphinimine metal compounds, and literature cases.44,46 

These values are slightly longer than reported for the ligand CH2(Ph2P=NC6H4Me-4)2,43 

suggesting that metal coordination to the ligand reduces P=N double bond character. 

Much like the pyridine examples, the five-membered ring adopts a non-planar 

arrangement with a mean deviation from the plane of 0.0807 A and 0.1057 A for 96 and 

97, respectively. Phenyl groups attached to the imidazole ring in 96 make a 49.1° angle 

relative to the imidazole ring, similar to the observed angle in 69.

Anionic Imidazolyl-phosphinimine Ligands

The synthesis o f anionic imidazolate ligands is not as straightforward as for the 

neutral ligands. The phosphorylation o f 1-H-imidazolyl-phosphines at the 2-position 

requires protecting one of the imidazole nitrogen atoms prior to lithiation. A-Benzyl,87 

TV-alkoxymethyl,88 A-tosyl,89 and A-trityl90 protecting groups have been previously used 

for imidazole; however, such groups suffer from either low yields,88 harsh conditions
0 " 7  O Q  Q f t

required to remove such groups, or poorly described procedures. ’ 

Diethylorthoformate appears to be a suitable protecting group, and can be removed by

on

hydrolysis after phosphorylation. Oxidation o f the phosphine with organic azides
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proceeds smoothly to give phosphinimines in high yield (>90%). Both 31P and NMR 

spectroscopy confirm the synthesis of 98, with a 31P chemical shift at -21.5 ppm, slightly 

downfield from the 1-methyl neutral analogues. Previous studies have shown that 

phosphinimine molecules possess the ability to deprotonate other functional groups to 

form zwitterionic-like compounds.52 Such a case is expected with an acidic imidazolyl 

proton present; however, no proton exchange is observed between the basic 

phosphinimine functionality and the acidic imidazole proton.

1) HC(OEt)3, TsOH

2) n-BuLi, PPh2CI, -78°C
3) Acetone, H20  (9:1)

Scheme 3.5 Synthesis o f 1-H-imidazolyl-phosphinimine ligand 98.

The neutral imidazoles (1-H) can be deprotonated with NaH at room temperature 

in THF to give the imidazolate-phosphinimine, 99, in good yield (90% yield). 31P NMR 

spectroscopy shows a downfield shift to -4.7 ppm, while ’H NMR shows a slight 

downfield shift o f imidazole protons.
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N(3A) 0 ( 1)
N(2A)

M3)No(1A) tNo(1)C(21)
P(1)

N(1A) P(1 A) N(2)

C(7)

Figure 3.4 ORTEP drawing of 99, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. N a(l)-0 (1) 2.368(3) A, N a(l)-N(2) 2.425(2) A, 

Na(l)-N(3) 2.441(3) A, N a(l)-N (l) 2.461(2) A, N a(l)-P (l) 3.4188(18) A, P (l)-N (l) 

1.573(2) A, P(l)-C (21) 1.785(3) A, P(l)-C(7) 1.816(3) A, P (l)-C (l) 1.825(3) A, N(2A)- 

C(21) 1.349(3) A, N(3)-C(21) 1.356(3) A, 0(1)-Na(l)-N(2) 128.26(9)°, 0(1)-Na(l)-N(3) 

97.13(9)°, N(2)-Na(l)-N(3) 130.60(9)°, 0(1)-N a(l)-N (l) 103.43(9)°, N (2)-N a(l)-N (l) 

77.03(8)°, N (3)-N a(l)-N (l) 114.17(9)°, N(1A)-P(1A)-C(21) 108.84(12)°, N(1A)-P(1A)- 

C(7) 114.53(12)°, C(21)-P(1A)-C(7) 109.74(12)°, N(1A)-P(1A)-C(1) 114.71(12)°, P(1A)- 

N(1A)-Na(l) 114.05(11)°, C(21)-N(2A)-Na(lA) 114.45(17)°, C(21)-N(3)-Na(l)

137.57(19)°.
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99

N ■Ar

98

Scheme 3.6 Synthesis o f phosphinimine-imidazolate ligand 99.

The formulation o f 99 was determined crystallographically and shows a

chelated to a sodium atom with pseudo-tetrahedral geometry and an additional sodium 

interaction with a second imidazolyl nitrogen atom. The bond lengths o f N a(l)-N (l), 

Na(l)-N(2), and Na(l)-N(3) are all similar (-0.02 A) suggesting a relatively equal 

sharing o f electron density between the sodium atom and imidazolate anions.

The anionic ligand 99 displays a versatile bonding nature, reacting cleanly with 

different chromium(III), rhodium(I), rhodium(III) and nickel(II) metal halide complexes. 

The reactions with [Cp*RhCl2]2 and [Cp*CrCl2]2 and 2 equivalents o f 99 form Rh(III) 

(100) and Cr(III) (101) complexes in good yields (>80%) after recrystallization (Scheme 

3.7). The 3,P NMR spectrum o f 100 confirms the presence o f one product; however, no 

103Rh-31P coupling is observed. *H NMR spectroscopy indicates only one set o f imidazole 

and Cp* resonances, with two broad methyl signals at 1.95 and 2.05 ppm. The 

inequivalent methyl signals result from the pseudo-tetrahedral environment o f the metal 

centre, with one methyl group directed towards the chlorine atom while the other is 

located towards the Cp* ring. The NMR spectrum of 101 reveals broad signals 

indicating a paramagnetic complex, as is expected for a Cr(III) species. The solid state

polymeric solid state organization with the bidentate imidazolate-phosphinimine ligand
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structure o f  complexes 100 and 101 were determined by X-ray crystallography; crystals 

were grown from a saturated benzene solution (100) or tetrahydrofuran solution (101) 

(Figures 3.5 and 3.6, respectively).

© 
2 Na \\ -N

8
#  ^ A r  

P
+ [Cp*

benzene, THF

-NaCI
PPb

J
99 M = Rh, Cr 100 (Rh)

101 (Cr)

Scheme 3.7 Synthesis o f Rh(III) and Cr(III) phosphinimine-imidazolate metal 
complexes.

X-ray crystallography of 101 and 101 shows that the compounds are isostructural. 

The imidazolate-phosphinimine ligand coordinates in a bidentate fashion to the pseudo- 

tetrahedral metal centres. The geometries at the phosphorus and nitrogen atoms appear to 

be distorted tetrahedral and trigonal planar, repectively, as was seen for previous 

complexes. The M (l)-N(2) bond length is significantly shorter than the M (l)-N (l) bond 

distance (-0.12 A for 100, and -0.07 A for 101) indicating that N(2) has significant 

anionic character compared to N (l). The P=N bond lengths o f 100 and 101 are 1.617(3) 

A and 1.624(3) A, respectively, which are close to the values obtained in the neutral 

imidazolyl metal complexes. Furthermore, the N(2)-C(13) bond distance o f both 

rhodium(III) and chromium(III) complexes appears to be similar.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3: Imidazole-Phosvhinimine Complexes 83

C(1)
C(3)

C(5) Cl(1)

N(2)Rh(1)

N(1)
N(3)

P(1)

Figure 3.5 ORTEP drawing o f 100, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. Rh(l)-N(2) 2.098(4) A, R h(l)-C (l) 2.139(4) A, 

Rh(l)-C(2) 2.176(4) A, Rh(l)-C(3) 2.180(5) A, Rh(l)-C(5) 2.184(4) A, Rh(l)-C(4) 

2.200(5) A, R h(l)-N (l) 2.224(3) A, R h(l)-C l(l) 2.4298(16) A, P (l)-N (l) 1.617(3) A, 

P(l)-C(13) 1.772(4) A, N(2)-C(13) 1.363(4) A, C(l)-C(2) 1.422(6) A, N(2)-Rh(l)-N(l) 

79.69(13)°, N (2)-Rh(l)-C l(l) 85.58(9)°, N (l)-R h(l)-C l(l) 90.09(9)°, N (l)-P(l)-C(13) 

102.22(19)°, P (l)-N (l)-R h(l) 116.25(19)°.
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Figure 3.6 ORTEP drawing of 101, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. Cr(l)-N(2) 2.058(3) A, C r(l)-N (l) 2.120(3) A, 

C r(l)-C l(l) 2.3238(16) A, Cr(l)-C(3) 2.239(4) A, Cr(l)-C(2) 2.249(4) A, Cr(l)-C(4) 

2.254(4) A, C r(l)-C (l) 2.264(5) A, Cr(l)-C(5) 2.261(5) A, P (l)-N (l) 1.624(3) A, N(2)- 

C(23) 1.357(4) A, N(3)-C(23) 1.341(4) A, P(l)-C(17) 1.822(3) A, P (l)-C (ll)  1.817(4) A, 

N(2)-Cr(l)-N(l) 82.98(10), N(2)-Cr(l)-Cl(l) 92.57(9), N (l)-C r(l)-C l(l) 96.55(8), N (l)- 

P(l)-C(23) 101.84(15), P (l)-N (l)-C r(l) 114.02(14), C(23)-N(2)-Cr(l) 118.4(2).
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The 16-electron chromium complex 101 was screened for possible olefin 

polymerisation activity. Previous monodentate Cr(III) phosphinimine complexes

showed negligible olefin consumption. The presence of the uncoordinated imidazole 

nitrogen atom may affect olefm polymerisation, but it is not clear why this catalyst 

remains inactive.

The anionic imidazolate ligand also reacts with [(COD)RhCl]2 to form complex 

102 in excellent yield (95% yield). Spectroscopic data shows a chemical shift at 17.9

- j 1 i  i

ppm in the P NMR spectrum, downfield from the ligand 99; however, no Rh- P 

coupling was noted. The 'H  NMR spectrum features six different sets o f cyclooctadiene 

protons as a result o f the asymmetric ligand. The two olefinic signals appears as 

multiplets and have a 1.1 ppm chemical shift difference. Four sets o f multiplets are also 

observed, corresponding to the methylene groups o f the cyclooctadiene group. The 13C 

NMR spectrum of 102 confirms the structural assignments as two olefinic doublets at 

74.5 and 83.7 ppm were observed with Rh-C coupling o f 12.3 Hz and 14.0 Hz, 

respectively. Similar coupling and resonance values were observed for [Rh(CH2PPh2=N- 

C6H4-4)(COD)].92

supported on silica polymerised ethylene at 90°C, with an activity o f 312.9 g PE mmol 

cat'1 hr'1 atm’1.91 Surprisingly, activation o f 101 with MAO under 1 atm of ethylene

+
benzene

-NaCi

99
Scheme 3. Reaction o f 99 with [(COD)RhCl]2.

102
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X-ray crystallography confirmed the structure o f 102, in which cyclooctadiene 

and a phosphinimine-imidazolate ligand coordinate to a pseudo-square planar rhodium(I) 

metal centre. The Rh(l)-N(2) bond distance is significantly shorter (0.06 A) than the 

R h(l)-N (l) bond length due to the anionic nature o f the imidazolate group. The P(l)- 

N (l) bond length (1.619(3) A) is similar to distances described in previous

• • 28  29  31phosphinimine complexes (vide supra) and those described in literature. ’ ’ The 

R h(l)-N (l) distance (2.133(2) A) resembles distances reported for [Rh(CH2pPh2=N- 

C6H4-4)(COD)] (2.132(3) A), 92 [Rh(COD)(p-tol-N=PPh2CHPPh2NH-p-tol)] (2.144(9) 

A),93 [Rh{CH2(PPh2=N-/i-tol)}2(COD)] (2.17(1) A),94 and {Rh2{p-CPh(NPh)2}(tfbb)2] 

(2.086(6)-2.138(4) A) .95 The Rh(l)-N(2) bond length (2.070(3) A) compares well with 

the Rh— Npyn-oiate value found in the amine-pyrrolate chelated rhodium(I) cyclooctadiene 

complex, [PyCH2NHCH2-NC4H4]RhCOD (2.039(3) A)96. In accordance with Rh—N 

bond lengths, the average distances o f Rh-C(28)/C(29) (2.109(3) A) and Rh-C(24)/C(25) 

(2.148(3) A) bond lengths show a significant difference indicating a greater trans 

influence o f the imidazole group compared to the phosphinimine fragment. Despite the 

differences in Rh-C bond lengths, the olefinic distances C(28)-C(29) (1.401(5) A) and 

C(24)-C(25) (1.388(5) A) are similar. This lack o f correlation between the C=C bond 

distances and the Rh— C bond lengths has been attributed to local repulsions in the

97  98coordination sphere. ’
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0, ( 22 )

N(3) C(23)

iN(2)
C(28)C(21)

C(27)
C(7)

Rh(1) C(29)P(1)

C(1) N(1)
'CI25)

C(20)

C(13) C(24)
C(31)

C(19)

Figure 3.7 ORTEP drawing of 102, 30% thermal ellipsoids are shown. Hydrogen 

atoms have been omitted for clarity. Rh(l)-N(2) 2.070(3) A, R h(l)-N (l) 2.133(2) A, 

Rh(l)-C(29) 2.100(3) A, Rh(l)-C(28) 2.117(3) A, Rh(l)-C(25) 2.142(3) A, Rh(l)-C(24) 

2.154(3) A, N (l)-P (l) 1.619(3) A, N(2)-C(21) 1.361(4) A, P(l)-C(21) 1.784(3) A, C(24)- 

C(25) 1.388(5) A, C(28)-C(29) 1.401(5) A, N(2)-Rh(l)-N(l) 83.30(9)°, C(29)-Rh(l)- 

C(25) 98.00(14)°, P(l)-N (l)-R h(l) 116.57(12)°, C(21)-N(2)-Rh(l) 119.65(19)°, N (l)- 

P(l)-C(21) 103.17(13)°, N(2)-C(21)-P(l) 116.9(2)°, N (l)-P (l)-C (l) 114.56(14)°.
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Reactions o f compound 99 with nickel(II) complexes were less straightforward 

than those o f rhodium and chromium. Initial attempts to obtain nickel(II) complexes 

involved the nickel-containing starting materials NiMe2(tmeda),99 Ni(PMe3)Cl(r?3- 

tolyl),100 and NiBr(Ph)(PPh3)2,101 which have been previously shown to react with 

protonated or anionic ligands. Reactions of these starting materials with 99 (or 98 in the 

case of NiMe2(tmeda)) resulted in a mixture of unidentifiable products. Successful 

coordination o f 99 to a nickel(II) centre was accomplished with [(17 -C3H5)NiBr]2 to give 

the expected nickel(II) allyl compound in high yield (>90%). Unfortunately, attempts to 

isolate crystals for X-ray identification were unsuccessful due to the slow decomposition 

o f 103 in common organic solvents.

[(n -C3H5)NiBr]2f
© 

2 Na

-N

' N
©

-Ar

99

benzene PPh

103

Scheme 3.9 Formation o f 103 from the reaction between 99 and [(allyl)NiBr]2.

The identification o f 103 was confirmed by NMR spectroscopy and elemental 

analysis. Assignment o f the and 13C NMR spectrum of 103 shows a similar pattern to 

previously described square planar metal-allyl compounds.41,102,103 The complex exhibits 

Ci symmetry in solution, as suggested in the ^  NMR spectrum by: (1) inequivalent 

phenyl groups located on the phosphorus atom, (2) inequivalent methyl groups on the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3: Imidazole-Phosphinimine Complexes 89

phosphinimine aryl ring, and (3) five distinct allyl signals. 13C NMR spectroscopy also 

shows this asymmetry, as there are multiple resonances for ortho and meta carbons on the 

-PPI12 moiety. 31P NMR analysis shows a chemical shift at 14.7 ppm, similar to the 

downfield shifts observed for previous imidizolate complexes.

Ethylene Polymerisation Study of Imidazolyl-phosphinimine Metal Complexes

The iron(II) and nickel(II) complexes described in the previous section, when 

activated by MAO or DEAC, do not appear to polymerise ethylene. MAO activation of 

89 by NOVA yielded polymeric material, which had a molecular weight o f 23,100 and a 

polydispersity index (PDI) o f 1.34. Unfortunately, these results could not be duplicated 

in our lab. The polymer reported by Brookhart et al.29 for the most active diimine 

catalyst has a molecular weight o f 72,000 Da; slightly higher than the polymer obtained 

in this example. However, the polydispersity index (PDI) reported by Brookhart is 

greater (2.5) than was found with 89. These values suggest that 89 is not only a single 

site catalyst but makes a narrower range o f polymer molecular weights than the diimine 

complexes. This may be o f use to make a specialized polymer; however, due to its low 

activity, this is not industrially practical.

Like the analogous pyridine metal complexes, the potential for several nickel(II) 

and iron(II) complexes to oligomerise ethylene was examined. Nickel(II) catalysts with 

increased steric bulk appear to possess the highest activity with DEAC activation in 

chlorobenzene (Table 3.2). Unfortunately, the activated species o f  89 appears to have 

low oligomerisation activity at 35°C and 300 psi o f ethylene (17.9 g-mmoT1-hr'1-atm'1) in 

comparison with oligomerisations involving 2S.50 NMR and GC analysis shows products
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are predominantly 1-butene, with minor amounts of cis- and trans-butene. These results 

are not surprising as Sun et al. have recently reported that activated P ,//-chelated 

(diphenylphosphino)quinoline-based nickel complexes selectively produce 1-butene (490 

g-m m or'-hr’-atm"1).104 The iron(II) complexes prepared in this study are essentially 

inactive for both ethylene oligomerisation and polymerisation.

Table 3.2 Ethylene polymerisation by nickel/iron imidazolyl-phosphinimine
complexes 89, 90, and 97.

Trial Compound Solvent Activity 
(g PE/mmol 
cat-hratm )

Mw Mw/Mn

LSPB21-22 89 toluene - - -

LSPB23-24 89 hexane 3.6 23,100 1.34

LSPB25-26 89 toluene - - -

LSPB27-28 90 toluene - - -

LSPB29-30 97 hexane 2.5 C c

LSPB31-32 97 toluene ■ - -

a300 psig ethylene, 35°C, A1:M ratio o f 500:1, MAO. performed by NOVA, 300 psig, 
35°C, A1:M ration o f 500:1. cno detectable polymer.

Table 3.3 Ethylene oligomerisation results o f  activated nickel/iron pyridyl- 
phosphinimine complexes 89 and 97.

Trial Compound Solvent
Mass o f 

oligomers (g)c Activity*1

LSPB41-423 89 toluene 0.52 10.3

LSPB43-44b 89 chlorobenzene 2.98 17.9

LSPB45-463 97 toluene 0.10 2.0

LSPB47-48b 97 chlorobenzene 0.35 2.1
h___a300 psig ethylene, 35°C, A1:M ratio o f 500:1, MAO, 5 mmol cat. 300 psig ethylene, 

35°C, A1:M ratio o f 200:1, DEAC, 33 mmol cat. Calculated from GC peak areas, and 
NMR. dg oligomer mmol cat’1 hr’1 atm’1.

The nickel-allyl imidazolate species 103 was examined for the catalytic potential 

to oligomerise ethylene in the absence o f a main group activator. When an aliquot o f the
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cooled solution was analyzed by GC and NMR, the products identified were internal C4 

alkenes, with very small amounts o f C6 and Cg alkenes (18.9 g-mmol'1-hr'1-atm'1). This 

compound shows a much greater activity in contrast to the nickel allyl complex 1 (0.55 

g-mmol' 1 -hr' 1 -atm"’)28 and the cationic nickel(II) methylallyl species 

[(Ph2PCH2P(0 )Ph2)Ni(7?3-CH3C(CH3)CH3)]SbF6105 (0.78 g-mmol'1-hr-1-atm'1). When 

exposed to 30.4 atm of ethylene at 70°C, this methylallyl species oligomerised ethylene 

with very low activity (0.78 g-mmol'1-hr'1-atm'1) but with good selectivity (C6 alkenes as 

the major product).

3.4 Summary and Conclusions

The synthesis o f  several Group VI, VII, IX and X imidazolyl- and imidazolate- 

phosphinimine complexes has been accomplished. Activation o f several nickel(II) 

and iron(II) imidazolyl-phosphinimine complexes with DEAC or MAO resulted in 

low ethylene oligomerisation activity. In the presence o f ethylene, the single 

component catalyst 103 exhibited a modest ability to oligomerise ethylene (18.9 

g-mmol'1-hr'1-atm'1). Contrary to very active nickel(II) diimine catalysts,39'31’33'35 

phospinimine-based LTM precursors appear to oligomerise ethylene w ith modest 

activities for C4 alkene synthesis.
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Chapter Four

Summary and Outlook

The research described herein has provided insight into the catalytic use of 

phosphinimine-based ligands in LTM ethylene polymerisation. The primary objective of 

this work was to develop a phosphinimine alternative to previously successful a-diimine 

ligands. Group VIII and X metal complexes with these types o f ligand were evaluated as 

possible catalysts for olefm polymerisation.

In Chapter Two, the synthesis o f several bulky pyridyl-phosphinimine iron(II) and 

nickel(II) complexes was performed. Several o f these prospective catalysts were 

activated with MAO in the presence o f ethylene to determine their catalytic potential. 

Unfortunately, nickel(II) and iron(II) complexes were ineffective in polymerizing 

ethylene. However, during catalytic screening, ethylene consumption was noted, which 

in conjunction with polymerisation results, suggested activated species may be 

oligomerizing ethylene. The most active species was 60, when activated by DEAC in 

chlorobenzene, and had a modest activity o f 48.2 g-mmol'1-hr'1-atm'1. These results 

drastically differ from the activities and types o f polymer obtained from nickel(II) 

diimine complexes. Calculations were performed in an attempt to explain the effect that 

both types o f ligand have on the cationic nickel(II) centre. Results showed that the 

presence of a phosphorus atom in the chelating metallacycle causes an increase in 

negative charge on the metal, suppressing ethylene electron donation. As a result, a 

weakened metal-ethylene interaction forms, which may explain the lack o f alkyl chain
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growth in the phosphinimine complexes. Removal of the negative charge on the metal 

centre could be accomplished with substitution o f electon-withdrawing groups on the 

phosphorus atom. Unfortunately, initial attempts to apply this theory have failed due to 

an inability to oxidize a poorly basic fluorinated phosphine derivative.

The synthesis of imidazolyl-phosphinimine metal complexes was pursued in 

Chapter Three. The imidazole fragment allowed manipulation of the ligand to possess 

anionic or neutral features, thus permitting the synthesis o f different LTM complexes. 

When activated, iron(II) and nickel(II) halides complexes formed with the neutral ligand 

showed ethylene oligomerisation activity, similar to pyridine catalysts. The anionic 

ligand was used to synthesize isostructural chromium(III) and rhodium(III) imidazolate 

complexes. The chromium(III) phosphinimine-imidazolate complex showed no catalytic 

activity, as opposed to previous unpublished findings for chromium(III) phosphinimine 

complexes. Rhodium(I) and nickel(II) imidazolate complexes could also be synthesized. 

Single component olefin polymerisation o f the nickel(II) allyl species 104 showed 

ethylene oligomerisation capability, with an activity o f 18.9 g-mmol'1-hr'1-atm'1. NMR 

and GC identification of the oligomer formed suggested C4 internal alkenes were the 

major product with minor amounts o f longer chained alkenes.

The research and calculations described in this thesis have provided valuable 

insight into the applications o f phosphinimines in LTM olefin polymerisation. Continued 

research will be aimed at optimizing ethylene oligomerisation reaction conditions, in 

attempts to: (1) maximize the activity o f catalysts, and (2) exert greater alkene selectivity. 

This research will be aided by the inclusion o f mass spectrometry (MS) information, in 

addition to NMR and GC. In light o f computational results, the incorporation o f electron-
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withdrawing groups on the phosphorus atom may also improve the activity o f metal 

catalysts. For this research to continue, a weakly basic substituted phosphine capable of 

oxidation by bulky phenyl azides must be synthesized. In conclusion, the research 

presented herein has provided solid groundwork for future applications o f phosphinimine 

ligands in LTM olefin catalysis.
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