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Abstract

Title: Discovery and Development of Novel P,N Ligands for Selective Ethylene
Oligomerisation Systems

This thesis documents the design, discovery, and development of a range of P,N-type
ligands and their application in selective ethylene oligomerisation processes. Two classes of
ligand have been investigated, PNE (Ph,P(CH2).NCsHsE, E = NMe, O, CH;) ligands, and
iminophosphine ligands (R(PR’2)C=NAr). The coordination chemistry of both these series of
compounds has been investigated with various chromium species, and the behaviour of these
molecules in ethylene oligomerisation systems probed.

Chapter 2 explores the application of PNE ligands to ethylene oligomerisation. The
coordination chemistry of the PNE ligands with a selection of group VI starting materials has
been investigated. It has been shown that both the PNO and PNC ligands form bidentate
complexes upon reaction with CrCl3(THF); (e.g. CrCls(THF)(PNO), 2.1), while attempts to
synthesise the PNN analogue proved unsuccessful. The coordination of PNE ligands with Cr(0)
and Mo(0) has been studied, with the ligands exhibiting both mono- (e.g. Cr(CO)s(PNN) (2.4)
and bi-dentate coordination (e.g. Mo(CO)4(PNN) (2.7)), dependant on the combination of metal
and ligand used. Conversion of monodentate Cr(CO)s(k-PNN) (2.4) to bidentate Cr(CO)4(k?-PNN)
(2.10) is achieved on reaction with trimethylamine N-oxide. The application of PNE ligands to
ethylene oligomerisation systems has been carried out. All of the catalytic systems tested gave
primarily polymer products, with no selective ethylene oligomerisation occurring.

Chapter 3 describes the development of a modular synthetic route to novel
iminophosphine compounds via reaction of imidoyl chlorides with trimethylsilyl phosphines.
Using this synthetic process, a library of iminophosphines has been synthesised (3.1-3.26) with
varying steric and electronic characteristics. The donor properties of the iminophosphines have
been analysed by measurement of |Yse.p| couplings of the derivative phosphine selenides, with
all the compounds demonstrating good phosphine donor properties. Finally, the E/Z
isomerisation behaviour of the PCN compounds has been studied, revealing that P-aryl
substituted iminophosphines exist as a mixture of the £ and Zisomers in equilibrium in solution.

Chapter 4 details investigations into the coordination chemistry of iminophosphine
ligands with chromium. A selection of ligands have been reacted with CrCl5(THF)s, forming a
range of bidentate Cr'"(k>-PCN) complexes (e.g. CrCls3(THF)(Ph(PPh,)C=NPh), 4.1). The
coordination of iminophosphine ligands with Cr(0) has shown that the ligands react with Cr(CO)s
to yield both mono- and bi-dentate products (e.g. Cr(CO)4(Ph(P'Pr,)C=N(2,6-Pr,CsHs)) (4.7) and
Cr(CO)s(Ph(P'Pr2)C=N(2,6-'Pr,C¢Hs3)) (4.8), respectively). The denticity of these Cr(CO).n)(k"-PCN)
complexes can be controlled through the removal and addition of CO in the atmosphere.

Chapter 5 recounts the use of the novel iminophosphines as ligands in selective ethylene
oligomerisation systems. A wide range of catalytic conditions were tested, including varying the
chromium source, solvent, reaction temperature and pressure, the use of polymer reducing
additives, and the dosing of O, into the reaction. It has been shown that a catalytic process using
Cr(2-EH)3, 1 equivalent of iminophosphine 3.9, 49 bar C;H,4, in methylcyclohexane at 60 °C, with
0.66 ppm 0O, and 100 equivalents of ZnEt; yields a highly active and selective ethylene tri-/tetra-
merisation process.
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TEA Triethylaluminium

THF Tetrahydrofuran

™ Transition Metal

TMA Trimethylaluminium

TMNO Trimethylamine N-oxide

TMS Trimethylsilyl

TON Turn Over Number

T.S. Transition State

ucc Union Carbide Corporation

%Vbur Percentage buried volume

VT Variable Temperature

wt Weight

XAS X-ray Absorption Spectroscopy

XPS X-ray Photoelectron Spectroscopy

Xyl Me,CeH4

Us Bohr Magneton

Meff Effective Magnetic Moment
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1.1 General Background

Linear alpha olefins (LAOs) are vital products of the petrochemical industry with a wide
variety of uses ranging from co-monomers in polymerisation processes (Cs-Cg), through to the
production of lubricant additives (Cis.) (See Table 1.1).! The importance of these products is
reflected in their total World production (2009) of 2.7 million tonnes, with a predicted market

growth of 3% per annum.?

LAO chain length Application

Cs-Cs Comonomers in polyethylene manufacture
Cs-C1o Used to produce plasticizers

Cio Monomers in poly-a-olefin production
C10-Cao Production of detergents

Ciss Lubricant additives

Table 1.1: Uses of LAOs in industry.?

The demand for individual LAO chain lengths varies greatly depending on their potential
use in industry. This leads to some specific LAOs being far more valuable than others, with C4-Cs
materials being particularly desirable due to their use as co-monomers in polyethylene
production.® Despite the high demand for specific chain lengths most LAOs are still
manufactured using traditional non-selective ethylene oligomerisation processes, such as the
Sabic/Linde Alpha-Sablin® and Chevron Phillips (formerly Gulf) operations.* These
oligomerisation processes operate via a Cossee-Arlman mechanism (Scheme 1.1),° leading to a
statistical distribution of oligomer chain lengths (e.g. a Schulz-Flory distribution),®” which are
not tuneable to industry demands for specific LAO chain lengths. This lack of control over
individual oligomer production inevitably leads to the production of lower value oligomers, and

yields mixtures which require costly separation techniques to isolate specific olefins.

-

I

<
X
N
s

=+

R = H, alkyl /\R

D = vacant coordination site

Scheme 1.1: The Cossee-Arlman mechanism of ethylene oligomerisation.’

In order to combat the disparity between production and demand for specific short

chain LAOs, considerable effort has been put into discovering and developing selective ethylene
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oligomerisation catalysts. In particular, research efforts have been focussed on di-, tri- and tetra-
merisation processes utilising ethylene as a feedstock, due to the high value and importance of
C4-Cs oligomers, and the ready availability of ethylene as a feedstock. If selective ethylene
oligomerisation systems could be efficiently utilised in industry this would eliminate the need
for costly product separation processes, reducing waste on a large scale, and ultimately allowing
the production and supply of specific LAOs to be tailored to the demand from consumers.
Over the past ten years a number of excellent review articles have been published
covering many aspects of selective ethylene oligomerisation chemistry, both from the open and
the patent literature. The first of these was written by Dixon et al. and covers the progress in
selective ethylene oligomerisation chemistry up to 2004, predominantly in the patent
literature.® In 2007 Wass published a micro-review briefly introducing the explosion of literature
in response to the publication of a novel ethylene trimerisation system by BP in 2002.° Possibly
the most complete of all the reviews published in recent years is that of McGuinness, in which
developments in metallacycle-based olefin oligomerisation processes are discussed primarily
from 2004-2011.1° van Leeuwen et al. also published a review concerning selective ethylene
oligomerisation in 2011, which focused specifically on the recent advances in the selective
production of 1-octene.!’ A review covering predominantly the mechanistic studies of
chromium-based selective ethylene oligomerisation was also published in 2011.22 Finally, in
2012 a review focussing very much on collating and reporting the data from various ethylene
tetramerisation systems was published by Belov.?® By way of introduction, Chapter 1 of this
thesis aims to summarise aspects of these reviews, in particular giving a brief history and review
of selective tri- and tetra-merisation chemistry from the open literature, as well as covering

more recent advances in the field.
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1.2 Selective Ethylene Trimerisation

1.2.1 A history of chromium-based selective ethylene oligomerisation

The first evidence of catalytic systems capable of delivering selectivity towards ethylene
trimerisation was discovered by Manyik et al. in 1967 while working with the Union Carbide
Corporation (UCC) on catalysts for polyethylene production. It was found that when Cr(lll) 2-
ethylhexanoate (Cr(lll) 2-EH) was activated with partially hydrolysed tri-isobutylaluminium
(PIBAO) not only does polymerisation occur, but a small amount of ethylene trimerisation takes
place, yielding 1-hexene. This goes on to co-polymerise with ethylene to give a polymer with
butyl side chains.'® It was not until 10 years later that this discovery was published in the open
literature. After further analysis, it was shown that the polymerisation reactions carried out by
Manyik et al. produced unusually large amounts of Cs-Cyo oligomers, in particular 1-hexene.?
The UCC group also noticed that the reaction rate appeared to be second order with regard to
ethylene, rather than a traditional first order polymerisation process, suggesting an alternative
mechanism was responsible for this trimerisation activity. This difference in mechanism will be

discussed in Section 1.2.2.1 of this report.

1.2.1.1 The Phillips trimerisation system

Following the publication of UCC’s ethylene trimerisation discovery in 1977, it was not
until the late 1980s that the first truly selective ethylene trimerisation systems were discovered
and published. Workers from the Phillips Petroleum Company discovered that a series of
chromium pyrrolyl complexes, activated with AlEt;, were capable of catalysing ethylene
trimerisation.!® The precursors, CrCl, and CrCls, were reacted with varying amounts of sodium
pyrrolide, yielding novel chromium pyrrolyl complexes, which upon activation with AlEt; and
exposure to ethylene, demonstrated remarkable catalytic ethylene trimerisation activity, giving
up to 99.1 % selectivity towards hexene formation in the liquid fraction, of which 83 % was 1-
hexene."

Building upon their discovery, the group at Phillips optimised their trimerisation system
to utilise 2,5-dimethylpyrrole as a ligand precursor and Cr(lll) 2-EH as the chromium source. It
was found that the catalytic system could be generated by combining these new starting
materials in situ, simplifying the process dramatically. It was also shown that the presence of a
halide source (e.g. diethyl aluminium chloride) improved both the activity and selectivity of the

t.18 After 10 years of research and development

system, for reasons not detailed in the paten
Phillips patented their best trimerisation system yet. Through the careful control of the molar

ratio of starting materials and using a nitrogen purge to stir the reagents an optimised system
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was developed, achieving a catalytic activity of 156,666 g/g Cr h'* and an overall selectivity

towards 1-hexene of 93 % (Scheme 1.2).%°

\ AlEt,
Toluene NN
Cr(lll) 2-EH + + AE,Cl —————— &
\ / 100 bar CyHy 156,666 g/g Cr h™"
115°C 93 % selectivity overall

Scheme 1.2: The Phillips trimerisation system patented in 1999.%°

Following publication of these patents by Phillips a range of other companies started
work on developing their own ethylene trimerisation systems. All of the ensuing new patents
were based around the established Phillips system, but with variations made to the ligand used,
the aluminium activators and the catalytic protocol followed. Of the variants published, only
one system greatly improved upon the Phillips system. The Mistubishi Chemical Corporation
showed that by utilising hexachloroethane as a solvent and carefully controlling the ethylene:1-
hexene ratio inside the reactor a process was developed that gave unprecedented activities of
3,780,000 g/g Cr h* along with an overall selectivity of 95.4 % towards 1-hexene (Scheme 1.3).%°
It is based on these modifications to their original catalytic system that Chevron-Phillips built

the world’s first selective ethylene trimerisation plant in 2003.

i
Cr(ll) 2-EH + Gl o AN
\ / 100 bar C,H, 3,780,000 g/g Cr h""
105°C 95.4 % selectivity overall

Scheme 1.3: The Phillips-Mitsubishi trimerisation system.?°

Despite the ubiquity of the so-called Phillips trimerisation systems in the patent
literature there have been very few experimental studies of Phillips-based systems published in
the open literature over the last 20 years. In 2004 workers from Sasol published a theoretical
study concerning Cr-pyrrolyl-based ethylene trimerisation systems, in which they proposed a
metallacyclic mechanism (see Section 1.2.2.1) with catalysis proceeding via a Cr(11)/Cr(IV) redox
couple (Scheme 1.4, b).? In this work it was also conjectured that the pyrrole ligand was able to
alter its coordinate mode between n' and n®, stabilising coordinatively unsaturated catalytic

intermediates.
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a) Cr(l)/(1ll) coupled system b) Cr(I1)/(1V) coupled system
Scheme 1.4: The two possible Cr redox pathways suggested for ethylene trimerisation catalysis.

In order to experimentally probe the active catalytic species in the Phillips system Hu et
al. carried out XPS analysis of wax-coated samples of active trimerisation catalysts.?? The wax
coating was found to render the catalyst relatively air stable, being able to retain 88 % of its
catalytic activity after having been left for 24 hours under air. XPS analysis of these wax-
encapsulated catalyst samples showed that the predominant chromium species was Cr*,
leading the authors to conclude that this is the most likely candidate to be the active catalytic
species. Based on an active Cr®* species it is assumed, contrary to Sasol’s theoretical study, that
the catalytic cycle goes via a Cr(1)/Cr(Ill) coupled system (Scheme 1.4, a), with the Cr* species
undergoing reductive elimination in the catalytic cycle to give a Cr* complex. The argument for
a Cr(l1)/Cr(1l1) system was bolstered by two papers published by Gambarotta et al. investigating
model Phillips systems.?*?* In their two studies Gambarotta et al. isolated and characterised
Cr(l) species, which were found to self-activate when put in contact with ethylene. Gambarotta
suggested that these Cr(l) complexes undergo oxidative coupling of ethylene to give a
Cr(l)/Cr(Il) coupled cycle. More recently further experimental and theoretical studies have
added further weight to the arguments for a Cr(l)/Cr(lll) system. Talsi et al. used EPR
spectroscopy to detect Cr(l) species, the concentration of which correlated with the catalytic
activity of the system.? A pair of DFT studies published by Budzelaar®® and Liu et al.?® both
provide additional theoretical evidence for a Cr(l)/Cr(lll) system, supporting the experimental
work previously mentioned. Currently, it appears that the most probable catalytic cycle for the
Phillips trimerisation system involves a Cr(1)/Cr(lll) redox coupling, but further work is required

to provide definitive evidence for this.
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1.2.1.2 Diphosphinoamine (PNP) ligands in trimerisation

Since the first discovery of ethylene trimerisation systems by Manyik,'* a wide range of
ligands and catalyst systems have been published, but very few of these give comparable
activities and selectivities to the highly active Phillips-Mitsubishi trimerisation system previously
discussed (Scheme 1.3, Section 1.2.1.1). However, in 2001 Wass et al. were working with a new
class of ethylene polymerisation catalyst based on diphosphinoamine ligands bound to nickel.?®
In a related study the group from BP tested the effects of their PNP ligands with chromium
species and discovered that this new system offered remarkable and unprecedented ethylene
trimerisation behaviour with activities of 1,033,200 g/g Cr h* and an overall selectivity of 89.9
% towards hexene.?”? This novel trimerisation system used a combination of CrCl3(THF); and a
PNP ligand with o-methoxy-substituted aryl groups on the phosphine donors, which was
subsequently activated by MAO (Scheme 1.5). The greatest benefit of this new BP system was
that the 1-hexene selectivity within the Cg fraction of the products was 99.9 %, meaning that in
an industrial setting the C¢ product stream could be used without the need for further

purification.

300 eq. MAO /\/\/
CrCl3(THF), Toluene =
20 bar CoHy 1,033,200 g/g Cr h™'
80 °C 89.9 % selectivity overall
OMe /2 OMe /2

Scheme 1.5: The BP trimerisation system published in 2002.%

In their initial study Wass et al. proposed that the presence of the ortho-methoxy donor
groups was vital to the catalytic activity of the system, based on results from their tests run with
PNP ligands bearing alternatively-substituted aryl groups.?® When ortho-ethyl or para-methoxy
substituents were used, mimicking analogous steric and electronic properties of the PNPo-°Me
ligand, respectively, the resulting systems were shown to be completely inactive. This dramatic
difference in reactivity led the authors to conclude that the potential ability of the ortho-
methoxy aryl groups to behave as pendant O-donors and bind to the Cr centre, was a crucial
factor in creating an active ethylene trimerisation system. This discovery of a novel class of
ligand for ethylene trimerisation opened a new avenue of research in the academic literature,
and in the following years a plethora of papers have been published investigating the use of PNP

ligands in tri- and tetra-merisation systems, and these will be discussed in the following sections.
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1.2.1.3 The discovery of ethylene tetramerisation

Shortly after the publication of BP’s novel trimerisation system, Sasol Technology began
carrying out their own investigations into the properties of this novel process. The results of
their testing of modified PNP ligands were highly surprising, and led to the discovery of an
entirely new chemical reaction. Sasol demonstrated that using a PNP ligand with no ortho-
substituents upon the aryl groups and an iso-propyl substituted N-backbone, in combination

with CrCl3(THF); and MAO, gave an unprecedented selective ethylene tetramerisation

system, 2330
CrCly(THF)3 + __ Toluene =z )
/N\ 45 bar C,H, 272,400 g/g Cr h
P P 45 °C 67.5 % selectivity overall
2 2

Scheme 1.6: The Sasol tetramerisation system published in 2004.3°

This discovery of selectivity towards ethylene tetramerisation was a milestone for PNP
ligands in metallacycle-based ethylene oligomerisation chemistry, as this reactivity had
previously been ruled out by theoreticians due to limitations in forming the metallacyclononane
intermediate required to give a selective tetramerisation system (see Section 1.2.2.1 for further
detail).332 Work continued at Sasol to improve on their initial tetramerisation system, and in
2009 Bollman and Wasserscheid et al. published results in which the process was run in a
continuous tube reactor, giving rise to an unparalleled activity of 3,700,000 g/g Cr h! for a
tetramerisation processes.® This remarkable result was achieved through the use of PNP ligands
with branched N-alkyl substituents, which altered the steric parameters of the ligand. It is based
on this work by Bollman and Wasserscheid et al. that Sasol have built and are commissioning

the world’s first ethylene tetramerisation plant in Louisiana, USA.
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1.2.2 Mechanistic details of chromium-catalysed ethylene tri- and tetra-merisation

It is extremely important when developing a new catalytic system to understand the
precise details of the mechanism by which the reaction occurs. If the precise pathway of a
catalytic process can be fully elucidated, this makes optimisation and further development of
the system considerably easier. Consequently, significant effort has been put into studying the
details of the ethylene trimerisation process. The mechanism of traditional olefin poly- and
oligo-merisation processes has long been understood, and it is generally accepted that a Cossee-
Arlman mechanism is involved (Scheme 1.1). However, it is unlikely that such a process can
deliver selective ethylene oligomerisation, and therefore a different pathway is assumed to be
responsible for the reactivity seen in ethylene tri- and tetra-merisation systems. The details of
this alternative mechanism, and an overview of the of the past 25 years of literature covering
studies of ethylene tri- and tetra-merisation mechanisms will be discussed in this section. For
further detail on this topic, an excellent review of mechanistic investigations into chromium-

based ethylene oligomerisation was published in 2011 by Agapie.?

1.2.2.1 The metallacycle mechanism for selective ethylene oligomerisation

As part of the discovery of ethylene trimerisation by Manyik et al. it was noticed that
the rates of reaction observed for the production of hexene did not conform to the kinetics
predicted by a Cossee-Arlman mechanism.'® After further investigation of the reaction it was
found that the rate of 1-hexene formation was a second order in ethylene, rather than a first
order process that would be expected for a non-selective oligomerisation reaction. This
disparity led the authors to conclude that a different mechanism must have been responsible
for the formation of 1-hexene, rather than a traditional linear chain growth process. It was not
until 1989 that the first detailed mechanistic study of the ethylene trimerisation reaction was
carried out, in which Briggs proposed that the oligomerisation goes via a metallacycle

mechanism (Scheme 1.7).34
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Scheme 1.7: The metallacycle mechanism of ethylene oligomerisation as proposed by Briggs.3*

This metallacycle mechanism for selective ethylene oligomerisation will inherently give
selectivity towards 1-hexene as long as: a) the rate of insertion of ethylene into the
metallacyclopentane intermediate is faster than the decomposition of the metallacyclopentane
and b) B-hydride elimination from the metallacycloheptane intermediate occurs faster than
further ethylene insertion steps can occur. The relative rates of processes a) and b) are governed
by the relative stabilities of the metallacyclopentane and metallacycloheptane rings. Whitesides
et al. demonstrated the difference in stability between metallacyclo-pentane and —heptane
rings by carrying out studies utilising model platinum metallacycle complexes, in which it was
demonstrated that the flexibility of the metallacycloheptane species allowed facile B-hydride
elimination, compared to the relative stability of the rigid metallacyclopentane species.?® This
observation was supported by a further study of chromacyclo-pentane and -heptane complexes
by Jolly et al., which yielded similar results, and concluded that the metallacyclopentane species
synthesised were significantly more stable with regard to decomposition, compared to the
analogous metallacycloheptane chromacycle.3®

A detailed deuterium labelling study carried out by Bercaw et al. adds further weight to

the argument for a metallacycle mechanism for olefin trimerisation. Here, catalytic trimerisation

9
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tests were carried out using a 1:1 mixture of C;Hs and C;D4 as the feedstock. If a metallacyclic
mechanism is operative, the hexene produced should retain all of the hydrogen atoms from the
three constituent ethylene molecules, due to the hydrogen lost in the B-hydride elimination
always being reincorporated in the following reductive elimination step (Scheme 1.7). This
means that if a mixture of C;Hs and C;D, is used as the feedstock, only products containing
deuterons in multiples of four should be produced, i.e. C¢Hiz, CsHsDs, CeHaDs and CgD13, in a
1:3:3:1 ratio. Analysis of the resulting oligomeric products from Bercaw et al.’s trimerisation
reaction showed the 1-hexene produced contained deuterons in multiples of four, matching
that predicted by a metallacycle mechanism.3” If a Cossee-Arlman mechanism had been
operative (Scheme 1.1), scrambling of the deuterons would have occurred, leading to odd
deuteron numbers in the products, but this was not observed. A later study by the Bercaw group
investigating the cotrimerisation of ethylene and propylene yielded the same results.3® In
conclusion, it is now widely accepted that selective ethylene trimerisation follows a
metallacyclic mechanism to yield 1-hexene in high selectivities.

1.2.2.1.1 Tetramerisation, a different metallacyclic mechanism to trimerisation?

The development of ethylene tetramerisation processes is highly desirable in industry,
due to the high demand for 1-octene, primarily for use as a co-monomer in polyethylene
production.? Before Sasol’s discovery of ethylene tetramerisation in 2004 it was widely believed
that this selective transformation of ethylene was not possible.33% A group from Sasol carried
out detailed mechanistic investigations to elucidate the pathway responsible for the
tetramerisation of ethylene, and concluded that an extended metallacyclic mechanism including
a second ethylene insertion step, was most likely responsible for the production of 1-octene
(Scheme 1.8).%° In order for this “extended metallacyclic” system to produce l-octene, the
metallacycloheptane intermediate must be stable enough to allow the insertion of a fourth
ethylene unit, before undergoing B-hydride elimination to yield 1-octene as the product,

something previously ruled out by theoretical studies.3132

10
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Scheme 1.8: Metallacyclic mechanism of ethylene tetramerisation proposed by Sasol (Overett et al.)**

Contrary to the “extended metallacyclic” mechanism published by Sasol, recent
publications have proposed a modified metallacycle mechanism, based on computational
studies suggesting that a single-centred extended metallacycle mechanism is unlikely due to the
predicted instability of a metallacycloheptane intermediate.332 In 2010 Rosenthal and Muller
et al. published a paper postulating a new ethylene tetramerisation mechanism going via a
bimetallic chromium-centred metallacyclic process (Scheme 1.9).%° This suggested pathway
involves a Cr-Cr bound bimetallic species as the active catalyst, and it is proposed that this
bimetallic system is formed by the coupling of two separate metallacyclopentane moieties,

which undergo a cooperative bimetallic reductive elimination to yield 1-octene as the product.

11
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Scheme 1.9: A bimetallic metallacyclic ethylene tetramerisation mechanism proposed by Rosenthal and
Muller et al.*

Rosenthal and Muller et al. base their proposed bimetallic tetramerisation mechanism
on a suggested mechanism for the Cr-based Phillips ethylene polymerisation system. It has been
conjectured that the Phillips polymerisation system reacts via a bimetallic mechanism involving
the growth of metallacycles across Cr-O-Cr catalytic centres. This proposed pathway is
supported by both experimental®! and theoretical*? evidence, in which ethylene inserts between
two Cr atoms to yield a metallacycle, which grows through addition of further ethylene units

(Scheme 1.10).%

12
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Scheme 1.10: A modified version of the mechanism for the Phillips polymerisation system proposed by
Rebenstorf et al.*

Despite the suggestions by Rosenthal and Muller et al. of a bimetallic Cr-mediated
tetramerisation mechanism?® the only support for this in the literature comes from a paper by
Gambarotta and Duchateau et al. in which they allude to this alternative mechanism for the
production of 1-octene in high selectivities in their system.* At the time of writing there have
been no studies to provide experimental evidence for this alternative ethylene tetramerisation
mechanism, and it is evident that further studies are required before this bimetallic mechanism
is widely accepted by the scientific community. However, these suggestions by Rosenthal and
Muller et al. provide a plausible and interesting new avenue for investigation into ethylene

tetramerisation chemistry.

1.2.2.2 The oxidation state of chromium in ethylene tri- and tetra-merisation systems
Elucidation of the metal oxidation states in Cr-mediated ethylene tri- and tetra-
merisation systems has presented researchers with a considerable challenge since the first
discovery of ethylene trimerisation. The primary obstacle that is faced by researchers is the
paramagnetic nature of Cr(1)/(11)/(111), which hinders traditional NMR spectroscopic studies. The

presence of large amounts of aluminium activators also hinders investigation, as these have the

13
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ability to change the metal oxidation state of any Cr starting materials used, and render the
active catalyst highly air-sensitive. In order to overcome these difficulties in characterising the
chromium oxidation state a wide range of ingenious studies have been carried out in attempts
to define the catalytic chromium species responsible for ethylene tri- and tetra-merisation,
which are discussed in this section. In this thesis the discussion will focus on PNP-based, and
related systems, as the influence of oxidation state for Phillips pyrrole-based trimerisation
systems has previously been covered (Section 1.2.1.1).

If it is assumed that a metallacyclic mechanism is responsible for the catalytic
trimerisation of ethylene, then the metal centre must undergo a two-electron redox process in
order for oxidative coupling and reductive elimination to take place, i.e. the metal is present in
M™* and M™2* oxidation states (Scheme 1.4). For the majority of PNP-based catalytic systems
Cr(Ill) species are used as metal precursors, meaning that the active catalytic species must be
generated from this starting point. Labinger and Bercaw et al. provided evidence of a Cr(l)/(ll1)
system, starting from Cr(Ill), through the study of model Cr'"'(PNP) complexes that underwent
reductive elimination to give active trimerisation catalysts.3”-3 Tri- and tetra-merisation systems
have also been discovered starting from Cr(l) species. Both Hanton et al. and Wass et al.
succeeded in demonstrating that when [Cr(CO)4(PNP)]* species were combined with a weakly
coordinating anion they could be activated with AlEt; to give active ethylene tri- and tetra-
merisation initiators, respectively (Scheme 1.11).%54® This led the authors of both papers to

conclude that a Cr(1)/(Ill) system was responsible for the catalysis.

. +
/'Pr
N Activity = 126,300 g/g Cr h™’
400 eq. AIEt
Ph,P”” | L3 5 {-Hexene = 16.7 wt %
oC,,, | «PPh2 MCH 1-Octene = 71.7 wt %
o 40 bar C,H -
,Cr‘ 2Hy Polyethylene = 0.23 g
oc¥ | Yco

co [A{OC(CF3)s}4]
Scheme 1.11: An ethylene tetramerisation system utilising a Cr'(PNP) precursor.*

In another paper by Bercaw and Labinger et al. Cr(PNP°M¢)Ph; complexes were
synthesised and their activities as catalyst precursors were investigated.*’ In this study only
Cr(Il) starting materials were used, but differences between neutral and charged complexes
were noticed. It was demonstrated that cationic [Cr(PNP°M¢)Ph,]* gave trimerisation activity
when exposed to ethylene, compared to the analogous neutral Cr(PNP°M¢)Ph; complex, which
was completely inactive (Scheme 1.12). Based on this evidence the authors reasoned that the

active catalyst in this particular trimerisation system is most likely cationic.
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Scheme 1.12: Reaction of CrPh3(PNP) complexes with ethylene, reported by Bercaw and Labinger et al.*’

One analytical technique that is useful when studying paramagnetic species is electron
paramagnetic resonance (EPR) spectroscopy. This has been used by a number of research
groups to study ethylene tri- and tetra-merisation systems. One such study carried out by
Bruckner et al. in 2008 found evidence for the reduction of Cr(lll) to Cr(l) upon exposure to
MMAO in PNP-based trimerisation systems, supporting the concept of a Cr(l)/(lll) redox
couple.® More recently, Bercaw and Labinger et al. carried out a range of detailed spectroscopic
studies of CrCls(PNP) based ethylene trimerisation processes, including EPR spectroscopy. From
their studies Bercaw et al. concluded that a small amount of a Cr(l) complex was most likely to
be the active catalytic species, while the majority of the Cr present in the reaction resides as
either inactive Cr(lll) or an EPR silent Cr species.*

Studies of the oxidation state have also been carried out for Cr(SNS) (SNS =
RSCH,CH>N(H)CH,CH,SR) trimerisation systems. Gambarotta and Duchateau et al. successfully
demonstrated that Cr''(SNS) species are stable and catalytically active for trimerisation,
something that led them to conclude that SNS ligands support and stabilise the Cr(lll) oxidation
state.>® The presence of a cationic Cr(lll) species in trimerisation systems utilising tridentate
1,3,5-triazacyclohexanes as ligands has been proved by Kohn et al. through °F-NMR
spectroscopy of their [CrCls(1,3,5-R3(CsNsHg)(PhNMe,H)][B(CsFs)a] based catalysts, activated
with Al'Bus to yield active trimerisation systems.>® In addition to the presence of Cr(lll) Kohn et
al. demonstrated that Cr(lll) could easily be reduced to Cr(l), leading to the conclusion that a
Cr(1)/(1) redox couple was most likely responsible for catalysis.

In a recent study Theopold et al. provided “unambiguous evidence” of an ethylene
trimerisation catalytic cycle starting and ending in a Cr(l) state, using their [(/-
Pr2Ph):nacnacCrlz(pu—nz:n2-N2) ((i-Pr2Ph)2nacnac = 2,4-pentane-N,N-bis(2,6-diisopropylphenyl)-
diketiminate)) complexes as catalyst precursors (Scheme 1.13). This activity of the Cr(l)

complexes, coupled with the fact that the Cr(ll) complexes synthesised in the same study
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showed no catalytic activity, again leads to the conclusion that this catalytic system is the

product of a Cr(1)/(lll) redox couple.>?
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Scheme 1.13: A self-activating Cr(l) ethylene trimerisation system published by Theopold et al.>?

Despite the large body of work supporting a Cr(l)/(lll) coupled system, there is a wide
range of literature suggesting that this is not the case, and that a Cr(l1)/(IV) system is responsible
for ethylene tri- and tetra-merisation reactions. In 2006 Gambarrota and Duchateau et al.
reported the synthesis and isolation of a cationic Cr(ll) complex that displayed trimerisation
activity upon activation with AlMes, implying a Cr(11)/(1V) system may be the active catalyst.®
The group of McGuinness et al. have investigated Cr(ll)-PNP and Cr(ll)-SNS trimerisation
systems, finding that they offered catalytic activities comparable to that of analogous Cr(lll)
systems.> As part of this study magnetic susceptibility tests were carried out upon activated
catalyst systems by NMR spectroscopic methods, confirming the presence of Cr(ll) in solution
and suggesting the operation of a Cr(I1)/(1V)-based mechanism. These experimental results are
backed up by computational studies by Mukhopadyay et al., which suggest that a metallacyclic
mechanism incorporating a Cr(l1)/(IV) redox couple is the most favoured reaction pathway for
ethylene trimerisation (Scheme 1.4, b).5

Work by Gambarotta and Duchateau et al. on [(Ar)NPN(t-Bu)].Cr type complexes also
showed that Cr(ll) species are active trimerisation intiators (Scheme 1.14).%® Despite this, the
same research group published a second paper on the same [(Ar)NPN(t-Bu)].Cr complexes, this
time suggesting that it was unlikely for a divalent Cr(Il) species to act as the active catalyst.®’
These contradicting results led the authors to propose that the divalent Cr(ll) moiety was acting
as a self-activating catalyst precursor. A similar conclusion was reached by Gambarotta and
Duchateau et al. in their paper concerning Cr(SNS) systems, namely that both Cr(lll) and Cr(ll)

species are likely to be precursors to the same active catalyst in the trimerisation system.>®
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Scheme 1.14: The self-activating Cr(ll)-based ethylene trimerisation system reported by Gambarotta and
Duchateau et al.%®

A recent study by Bruckner et al. involved monitoring Cr(PNP) ethylene tetramerisation
systems under ethylene pressure by EPR and in situ X-ray absorption spectroscopy (XAS).
Bruckner et al. found a (PNP)Cr'(CHs), to be the most likely candidate as the active catalytic
species, despite having used Cr'"(acac)s as the Cr precursor. This is, however, consistent with the
observation that trivalent organochromium species readily and spontaneously reduce to Cr(ll)
species.®® In addition to Cr(ll), Bruckner also reported evidence for the presence of Cr(l), which
was attributed to deactivation products in the reaction, further suggesting that the active
catalytic cycle involves a Cr(I1)/Cr(IV) cycle.>®

Overall there is still considerable speculation as to the exact nature of the metal
oxidation states present in chromium-based tri- and tetra-merisation systems. One possible
reason for the wide variation of species described in the literature is that different types of
ligand can support different specific oxidation states of chromium. There are also limitations of
oxidation state formalism, as this gives little information as to the precise electronic
configuration around the chromium centre, and it is possible that the varying electronic
contributions from the ligands result in similar electron densities at Cr. Furthermore, it has been
suggested by Agapie that alkyl aluminium reagents are able to partake in the oxidation
chemistry occurring in the reaction, meaning that the oxidation state of the catalyst precursor
may be significantly different to that isolated as a precatalyst.!? Further discussion of the
oxidation state of chromium in the catalytic systems investigated in this thesis is reported in
Chapter 5 (Section 5.5.6).
1.2.2.3 The role of aluminium activators in ethylene oligomerisation systems

The use of alkyl aluminium activators is ubiquitous in the field of ethylene
polymerisation and oligomerisation chemistry,® with selective ethylene oligomerisation being
no exception. The vast majority of all ethylene tri- and tetra-merisation systems require the
presence of alkyl aluminium species as co-catalysts, of which MAO, MMAO, AlMes; and AlEts are
the most common. However, recently a limited number of self-activating oligomerisation
systems have been published,> but these do not offer catalytic activities comparable to

traditional aluminium-activated systems.
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In the open literature MAO or MMAO are generally the most commonly used activators
in selective ethylene oligomerisation systems. The use of such partially hydrolysed alkyl
aluminium species as olefin polymerisation activators was first hinted at in 1980, when it was
revealed that if small amounts of water were added to Zr-based Ziegler-Natta polymerisation
systems activated with AlMes, a dramatic increase in catalytic activity was observed.®* The
authors concluded that the increase in activity was due to the formation of alkyl aluminoxane
species of the general formula [Al(CHs)O].. Since the first discovery of MAO a large amount of
time and effort has been dedicated to elucidating its precise structure in solution, but to no
avail.®2 A number of oligomeric structures have been proposed, including rings, ladders and

cages (Figure 1.1).%

Me Me }\/Ie
O—Al
Al—O o— A
/ / Me Me / 0
Me—A{—O\ (I)/ \/TI/ A O_I—Af Me
o]
O—AI—Me __Al 0 Me_l'/Al \"Al
[/ Me N\ 4 O\ ! Me
Me/ Me /
Me
Ladder Ring Cage

Figure 1.1: A selection of the proposed structures of MAO in solution.5?

Computational studies carried out by van Rensburg et al. concerning MAO in selective
ethylene oligomerisation systems found that it was energetically favourable for MAO to adopt
a cage structure in solution.®* In a more recent study using mass spectrometry the authors
reported an upper MW limit on cage size of 3500 Da.®® This calculated MW of MAO was verified
by work from Stellbrink, Linnolahti and Bochmann et al. in which, after a thorough study of MAO
was carried out using spectroscopic, neutron scattering and computational methods, it was
found that each MAO cluster consisted of 30-60 aluminium atoms.®® It is most likely that MAO
exists in an equilibrium between various structures in solution, and this fluxional behaviour
makes characterisation challenging. The precise structure and make-up of MAO is also thought
to vary based on the various methods of producing MAO.%” In many selective ethylene
oligomerisation systems MMAO is used in preference to MAO due to MAQ’s poor solubility in
non-polar solvents and its poor shelf-life. MMAO is prepared by the hydrolysis of a mixture of
AlMes and Al'Bus which improves solubility in aliphatic solvents, and gives better stability for
storage.®®

Despite the difficulties in characterising the structure of MAO, the probable roles of

MAO in oligomerisation systems have been deduced. The function of MAOQ is primarily two-fold,
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to a) alkylate the chromium metal centre and b) behave as a Lewis acid and abstract an alkyl
group to afford a cationic chromium species. The alkyl-abstracting behaviour of MAO has been
studied compared to that of AIMes, and it has been found that MAO is much more Lewis acidic
than AlMes, explaining the ease with which MAO abstracts alkyl groups.®® It has also been
suggested that MAO may be involved in the redox chemistry of activating the chromium centre,
but this has proved difficult to study.?

Since the discovery of Cr(PNP)-based ethylene oligomerisation systems there has been
a significant effort put into developing alternative activator systems to MAO. MAO is typically
used in large excess with regard to the chromium source which is costly, wasteful and difficult
to handle on a large scale, therefore finding a replacement activator is very attractive. One of
the most successful alternative activation methods was first published by Overett et al. in which
stoichiometric amounts of B(CsFs)s and [PhsC][B(CeFs)s] were used in conjunction with
trialkylaluminiums to yield active ethylene tri-/tetra-merisation catalysts.®® It was proposed that
the alkylaluminium species is capable of alkylating the chromium centre, while the highly Lewis
acidic borates can perform alkyl abstraction, thus replacing the functions of MAO. The downside
to the use of borate activators was that while the liquid fraction selectivities remained
comparable to MAO-activated systems, the activities were considerably lower. McGuinness and
Tooze et al. were not deterred by this fact, and went on to study a whole range of weakly
coordinating anions as potential co-catalysts. Studies of Krossing’s anion, [AI(OC(CFs)3)4]", were
of particular interest, due to its extremely weakly coordinating nature, and considerable
stability.”® Their interest was well-founded, as the investigation revealed that when AlEts and
[Ph3C][AI{OC(CF3)s3)4] were combined and used as activators this gave a highly active ethylene

tetramerisation system, 125,600 g/g Cr h™, 71.5 % overall 1-octene selectivity (Scheme 1.15).”

Y 1.5 eq. [Ph3CJ[A{OC(CF3)3}4]  Activity = 125,600 g/g Cr h™'
100 eq. AIEt - = 0
+ CrCly(THF), q 3 > 1-Hexene =11.2 %

N 40 bar C,H, 1-Octene =71.4 %
thP/ \PPh2 Toluene Polyethylene = 0.4 g

Scheme 1.15: Aluminate-activated ethylene tetramerisation system published by McGuinness and
Tooze et al.™

Despite the development of novel catalyst activator packages for ethylene
oligomerisation systems, MAO and its derivatives remain the most popular activators in the
literature. In conclusion, it is clear that when designing a novel oligomerisation process care

must be taken when choosing which activator system to use.
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1.2.3 The effects of the ligand in ethylene tri- and tetra-merisation systems

As with any homogeneous catalytic system, the role of the ligand in supporting the active
catalytic centre is vitally important, and has a direct effect on the behaviour of the catalyst. This
means that understanding how the ligand behaves and how it interacts with other components
of the system is necessary in order to develop and improve the performance of the catalysis.
This section of the report will focus on the literature surrounding the developments and
investigations carried out on the BP PNP-type ligands, as well as related tri- and tetra-merisation

systems.

1.2.3.1 The effect of varying phosphine groups of PNP compounds

When the initial BP trimerisation system was published in 2002 the authors noted that
the presence of aryl ortho-methoxy (Ar-o-OMe) groups was vital for the catalytic activity of the
system. Ligands designed to mimic the steric effects (Ar-o-Et) and electronic effects (Ar-p-OMe)
were both synthesised and tested for trimerisation activity, but Wass et al. found that neither
gave catalytically active systems.?® From these results it was concluded that the ortho-methoxy
groups may behave as pendant donors in the catalytic cycle, displaying hemilabile coordinative
properties. Subsequently, Blann et al. reported their own investigations into PNP ligands for
ethylene trimerisation, and published results contradicting the findings of Wass et al.,
demonstrating that PNP ligands bearing non-polar substituted aryl groups could be used to
generate trimerisation-active systems.” In this work by Blann et al. it was also shown that the
steric bulk of the ligands used had a direct effect on the 1-hexene/1-octene selectivity, with

larger and more bulky ortho-aryl substituents favouring the production of 1-hexene (Scheme

QYD QD Qe
S0 S0 G0

1-Hexene = 85 wt % 1-Hexene = 90 wt % 1-Hexene = 92 wt %

>
Increase in Ar-ortho group steric bulk

Increase in 1-hexene selectivity

Scheme 1.16: Trend of increasing catalyst selectivity towards 1-hexene production with increasing PNP
steric bulk observed by Blann et al.”? Catalysis conditions: 0.033 mmol Cr(acac)s, 2 eq. ligand, 300 eq.
MAO, 100 mL toluene.
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Another study conducted by Sasol focussed on the effect of polar-substituted aryl PNP
ligands in which Overett et al. successfully demonstrated that Ar-o-OMe-substituted PNP
ligands gave considerably higher activities than those of the para- or meta-substituted
analogues, adding weight to the idea that Ar-o-OMe groups may behave as pendant donors.”®
This behaviour of Ar-o-OMe groups behaving as pendant donors was confirmed by Bercaw and
Labinger et al. in their work on well-defined trimerisation initiator precursors.” In their study,
Bercaw and co-workers succeeded in isolating Cr(PNP) complexes that showed structures
displaying one Ar-o-OMe group coordinating to the metal centre, and the PNP ligand behaving
as a tridentate species, proving that the Ar-o-OMe substituent can behave as a pendant donor.
It is worth noting that when these Cr(PNP) molecular structures are studied in detail it is
revealed that the Cr-O bond length is relatively long, at 2.1562(15) A (compared to Cr-O =
1.939(2) A, measured by Gambarotta and Duchateau et al. for a bidentate P,0 ligand, Figure

1.2),”° implying that this is a weak bond and is hence that the Ar-o-OMe oxygen coordination

will be labile in solution.

H
thP)\Pth

Cl,, ¥ THF OMe
o\ P, | e

C|( | ‘O X N _N\ (Cr‘
THF | . | Y

Ar 2 Cl
Ar = 2,6-Pr,CgHj Ar = 2-OMeCgH,
Cr-O distance: 1.939(2) A Cr-O distance: 2.1562(15) A

Figure 1.2: Comparison of a “traditional” bidentate Cr(k?-P,0) complex (left)’® with the chromium PNP
complex isolated by Bercaw and co-workers displaying pendant ether coordination (right).”*

In a recent study by Wass et al. a series of PNP ligands have been synthesised bearing
phosphole-substituted P donor groups. When applied to oligomerisation systems, these novel
PNP ligands show moderate tri- and tetra-merisation activity (up to 28,600 g/g Cr h'), with the
selectivity varying depending on the steric bulk of the phosphole group used (Figure 1.3).7% It
was found that more bulky, symmetrical phosphole-bearing PNP ligands gave a preference to 1-
hexene formation, while the less bulky systems gave rise to 1-octene production. This trend
matches previous results from Sasol’s studies of bulky ortho-substituted PNP ligands,”? which
suggest that increasingly bulky PNP ligands hinder the formation of the larger
metallacyclononane intermediate required for octene production, hence favouring ethylene

trimerisation.
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J p~~ p N J S
Activity = 21,900 g/g Cr h” Activity = 28,600 g/g Cr h™’
1-Hexene = 89.5 wt % 1-Hexene = 62.4 wt %
1-Octene = 2.5 wt % 1-Octene = 30.8 wt %

Figure 1.3: Catalytic results from systems using two phosphole-based PNP ligands synthesised by Wass
et al.’® Catalysis conditions: 20 umol CrCl3(THF)s, 1.2 eq. ligand, 300 eq. MAO.

1.2.3.2 The effect of varying the N-substituent of PNP compounds upon catalysis

The effect of changing the PNP ligand N-backbone group upon PNP-based
oligomerisation systems has been studied by a number of research groups. One of the most
important variations to be explored was the introduction of bulky aryl substituents at the N-
group of the ligand by Bollmann et al., something that gave the first ethylene tetramerisation
systems (Figure 1.4).3° In this work reported by Bollmann et al. it was shown that while the
nitrogen substituent did not have a profound effect on the selectivity of the system, it played a

vital role in controlling the catalytic activity.

R
N
thp/ \Pph2
R = Methyl R = n-Pentyl R = iso-Propyl
Activity = 26,500 g/g Cr h™'  Activity = 43,600 g/g Cr h™*  Activity = 11,700 g/g Cr h™’
Cs=24.8wWt% Co=24.9 Wt % Ce=32.7Wt %
Cg =59.0 wt % Cg=58.1wt% Cg = 60.6 wt %

Figure 1.4: A selection of PNP ligands synthesised and tested for selective ethlyene oligomerisation by
Bollmann et al. Catalysis conditions: 33 umol CrCl3(THF)s, 2 eq. ligand, 300 eq. MAO, 100 mL toluene.3°

Work has also been carried out by Wasserscheid et al. investigating the effects of varying
alkyl and cycloalkyl PNP ligand N-substituent groups, with the aim of reducing side-product
formation.”” A remarkable trend was found, showing that both the activity and a-olefin
selectivity increased linearly with increasing cycloalkyl ring size, with the cyclododecane-
substituted ligand variant giving an activity of 757,700 g/g Cr h and an overall a-olefin
selectivity of 84.9 wt % (Scheme 1.17). This result led the authors to conclude that the presence
of bulky N-substituents is important for the reduction of high molecular weight by-products,

and for the overall activity of the initiator.
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Scheme 1.17: Series of PNP ligands tested in oligomerisation systems by Wasserscheid et al.”” Catalysis
conditions: 5 umol Cr(acac)s, 1.5 eq. ligand, 270 eq. MMAO-3A.

Subsequently, Blann et al. published work detailing further improvements to the PNP-
based oligomerisation system utilising bulky N-cycloalkyl-substituted groups to give a catalytic
system with unprecedented activities of 3,200,00 g/g Cr h'1.”2 It was found in this study that
branching in the a-position of the N-alkyl substituent was vital in giving high selectivities for 1-
octene. In a related investigation by another group from Sasol the effect of the electronic
properties of the N-backbone substituents was investigated, revealing that when an electron-
rich 4-'Bu-Ph group was attached to the N-backbone the catalytic activity increased relative to
that of the Ph-N analogue.” Conversely, the electron withdrawing 4-(NO,)CsH4 substituted
backbone led to a 9 % decrease in overall a-olefin selectivity relative to the Ph-N variant. A
similar piece of work published by Jiang et al. using N-aryl substituted PNP ligands gave
comparable results to those published by Sasol for their electron withdrawing PNP ligands, with
even lower catalytic activities reported.®

A range of PNP ligands with backbone N-substituents containing donor-groups have been
synthesised and investigated by a number of research groups, on the basis that any donor group
may potentially be able to display the same hemi-labile coordination as Ar-o-OMe groups.
Building on this idea, Weng and Hor et al. synthesised PNP ligands with ether and thioether
pendant N-backbone groups, reporting that the presence of donor groups did increase the
activity of the catalyst, and favoured tetramerisation over trimerisation.8! Despite this
improvement in catalyst performance, no direct evidence was found for coordination of the
pendant donors. Bercaw et al. also published work detailing the synthesis of PNP ligands with
pendant ether donor substituents on the N-backbone, and demonstrated that the presence of

the ether groups did increase the activity of the catalytic system (Figure 1.5).%2
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R = (CH,),OCHg
Figure 1.5: Example ligand bearing an N-ether pendant donor group reported by Bercaw et al.®?

Bercaw’s work again implies that there is some interaction of these donor ether groups
with chromium in the catalytic cycle, but no concrete evidence was found. One more recent
study undertaken by Wasserscheid and McGuinness et al. found that PNP ligands with N-
pendant donor groups only gave catalytic activity when activated with MAO, and the same
systems were inactive if AIEts was used as an activator.® It is suggested by Wasserscheid and
McGuinness et al. that this difference in reactivity observed between MAO and AlEt; may be
due to the ability of AlEt; to coordinate to the pendant N-donor group, significantly altering the
reactivity of the resulting catalytic species.

Overall, in the past 10 years it has been successfully demonstrated that by altering the N-
backbone of PNP ligands the activities and selectivities of the resulting catalytic systems can be
finely tuned. This has allowed for the development of incredibly highly active and selective PNP-
based ethylene tri- and tetra-merisation systems, based on which Sasol have developed their

industrial ethylene tetramerisation process.

1.2.3.3 Other chromium-diphosphine based scaffolds for selective ethylene oligomerisation
Shortly after the discovery of PNP ligands as ligands for ethylene trimerisation systems,
work began on investigating the behaviour of a range of other simple bidentate diphosphine
ligands in ethylene oligomerisation systems. In Bollmann et al.’s initial publication on ethylene
tetramerisation systems both dppe and 1,2-diphosphinohydrazine (PNNP) ligands were tested
and shown to give moderate tetramerisation activity.®® In a later paper by workers from Sasol a
series of carbon-bridged diphosphine ligands were tested for ethylene tri-/tetra-merisation
activity, revealing that only a select few of the ligands offered activities and selectivities
comparable to PNP systems.?* Interestingly, the ligands that gave the worst performance were
those with short carbon backbones, dppm and 1,1-bis(diphenylphosphino)ethylene. Naively
these would be expected to yield the best catalytic systems, as they have the most similar bite-
angle to that of PNP ligands when bound to a metal centre, and have similar steric properties to
PNP ligands. If the inactivity of these two PCP-based systems is ignored, then Overett et al. found
a general correlation between bite angle and Cg/Cs ratio, with small bite angles offering the
greatest tetramerisation selectivity (Figure 1.6). This preference matches that found in catalytic
systems with tight bite angle PNP compounds, in which ligands with very small bite angles

(~67 °) yield systems giving the highest octene:hexene product ratios.*
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Figure 1.6: The selectivities of ethylene oligomerisation systems to 1-octene, utilising carbon-bridged
diphosphine ligands with varying backbone lengths. Catalysis conditions: 5-30 umol
[(Ph2P(CH2)nPPh2)CrCl2(u-Cl)]2, 60 °C, 500 eq. MMAO-3A, 100 mL methylcyclohexane.*

A recent paper by Zhang et al. reports a class of carbon-bridged diphosphine ligands,
with unsaturated 'BuC=CH backbones, that offer remarkably high activities.®> Their most active
system gave an activity of 4,238,000 g/g Cr h'! with reasonable selectivities (Figure 1.7). The
work by Zhang et al. also demonstrates the trend that more bulky backbone substituents favour

hexene production, and smaller substituents favouring octene production.

‘Bu Me
Ph,P PPh, Ph,P PPh,
Activity = 4,238,000 g/g Cr h™'  Activity = 577,000 g/g Cr h™’
1-Hexene = 46.0 wt % 1-Hexene = 13.6 wt %
1-Octene = 33.1 wt % 1-Octene = 64.7 wt %

Figure 1.7: Carbon-bridged diphosphine ligands synthesised by Zhang et al. Catalysis conditions: 1 umol
precatalyst, 500 eq. MMAO-3A, 30 mL MeCy.%

In 2009 Le Floch et al. undertook a study of R’"N(CH,PR2), (PCNCP) ligands for ethylene
trimerisation.®® Initial coordination studies proved that the ligands bound to chromium in a k*-
P,P-bidentate fashion, with no interaction of the central nitrogen with the metal centre.
Ethylene oligomerisation tests showed the complexes of the ligands were modestly active (up
to 9800 g/g Cr ht) with regard to trimerisation, but gave good selectivities to 1-hexene (up to
97 % overall selectivity to 1-hexene). More recently, in 2012, Gambarotta and Duchateau et al.
published work discussing a new highly selective tetramerisation catalyst using a novel

Ph,PN(R)(CH2)nN(R)PPh; ligand framework (Scheme 1.18).%’

CrCly(THF),
Me //\\ Me /\/\/\/
\N N/ DMAO . /
Ph 'Il”r!, FI)%“ Ph 40 bar CyH, Activity = 1,833 g/g Cr h
4 Ph MeCy Cg =91 mol %
Scheme 1.18: A highly selective ethylene tetramerisation system published by Gambarotta and
Duchateau et al.¥’
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This novel tetramerisation system reported by the Gambarotta and Duchateau group
gives very high selectivities towards octene production, but at the expense of catalytic activity.
All of the systems reported by Gambarotta and Duchateau et al. that yield high selectivity
towards 1-hexene or 1-octene display very low catalytic activities, suggesting that there may be
room for optimisation of these systems in the future. Nevertheless, these highly selective
systems demonstrate that it is possible to create processes that produce solely octene as the
oligomer product, rather than octene-rich mixtures of 1-hexene and 1-octene as displayed by

other ethylene tetramerisation systems (e.g. Sasol’s PNP system).?®

1.2.3.4 Tri- and tetra-merisation systems based on P,N ligands

In recent years a number of new classes of tri- and tetra-merisation ligands have been
developed and published in the open literature based around ligands combining P and N donor
groups. One system that has been thoroughly investigated is the PNPN ligand scaffold initially
published by Rosenthal et al. in 2010.88 In this communication they report the first synthesis and
initial catalytic testing of their novel ligand, which was demonstrated to give an activity of 27,000
g/g Cr h', and excellent selectivities with an overall Cs selectivity of 90 %, of which 99.3 % was
1-hexene (Scheme 1.19). In their study Rosenthal et al. found that their PNPN ligand could bind

in either a P,P or a P,N fashion depending on the metal precursor and conditions used.

CrC|3(THF)3
P AlEt, /\/\/
P > ]
N ” 30 bar C,H, Activity = 27,000 g/g Cr h-
Toluene 1-Hexene = 90 % overall
PPh,

Scheme 1.19: A novel PNPN trimerisation system published by Rosenthal et al.%®

Another paper from the Rosenthal group reported the tethering of the PNPN ligand to a
solid polystyrene support, giving a solid-state catalyst with low activities of only 324 g/g Cr h?,
but with selectivities comparable to that of the untethered system.®® The great advantage of
this supported system is the authors reported the catalysis to be indefinitely stable, with
catalytic runs carried out over 40 hours. In the following years a number of papers have been
published by the Rosenthal group, covering the coordination and metalation chemistry of the
PNPN ligands,?>! kinetic studies of the PNPN ligands in tri-/tetra-merisation reactions,*>°® and
studies investigating the effect of changing the various substituent groups on the PNPN
backbone.”**> In the recent studies concerning the effect of ligand substituents on catalytic
activity it has been demonstrated that the efficacy of the PNPN ligand complexes is considerably
less sensitive to variations at the central N atom than Sasol’s PNP tetramerisation system,

suggesting that these PNPN systems are never likely to offer the very high activities of traditional
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PNP systems. Nevertheless, these compounds are a promising new class of trimerisation ligand
due to the high purity of the 1-hexene produced and their remarkable stability.

In 2008 Gambarotta and Duchateau et al. published a pair of papers detailing a series of
complexes based around anionic NPN ligands. In the first of these reports a divalent Cr(ll)
precursor was prepared and found to predominantly catalyse ethylene polymerisation and
oligomerisation, under various conditions, but one system utilising Al'Bus as an activator gave
an active ethylene trimerisation catalyst (Scheme 1.20).>” In the second of the two publications
the system was optimised to give systems with activities up to 11,500 g/g Cr h! that yielded up

to 99.9 % hexene products.>®
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By N/ NN AlBug
P ~p 2 nBulLi P(:' \Cr/ .}P Toluene /\/\/
/ \ [CICL(THF),] N/ \ 7 35bar CH,
N N 2 2 N N Activity = 7,700 g/g Cr h”!
Bu= N\, /' 'Bu | | Co = 99.9 %
6 - . (o]

H H Bu Bu

Scheme 1.20: NPN-based catalytic ethylene trimerisation system published by Gambarotta and
Duchateau et al.>’

In more recent work Gambarotta, Duchateau and co-workers synthesised novel ligands
based around an anionic [dppm]~centre, incorporating both N and O donor groups.” This novel
ligand scaffold, has the potential to bind to a metal centre in a number of different coordination
modes with four potential donor groups, but it was found that when reacted with CrCIs(THF);
the ligand adopted a bidentate P,0 coordination mode (Scheme 1.21). When these ligands were
tested as precursors in ethylene oligomerisation systems it was found that the process could be
optimised to give only hexene and octene within the liquid product fraction, but along with the
production of large amounts of polyethylene wax, leading to the conclusion that these systems

cannot truly be described as selective ethylene oligomerisation catalysts.
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Fla PPh, )\
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Scheme 1.21: Coordination of Gambarotta and Duchateau et al.'s novel anionic P,0 ligand with Cr(l11)7®

The Gambarotta group have also recently published the results of their investigations into
a selection of new aminophosphine ligands based around a Ph,PN(Me)(CH3).-X (X = NMe,, PPh;,

Py) framework and the synthesis of well-defined catalyst precursor complexes with Cr(ll1).%
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When tested for ethylene oligomerisation activity both the PNN and PNPy variants displayed
low activities (12,500 g/g Cr h™* and 4,500 g/g Cr h'l, respectively), but reasonable selectivities
to tri- and tetra-merisation (Figure 1.8). Surprisingly the PNP variant showed no selective
ethylene oligomerisation behaviour, giving a Schulz-Flory distribution of oligomers, unlike other

carbon-bridged diphosphine ligands discussed earlier in this report (Section 1.2.3.3).

Sy N | XN PPh,
PPh, PPh, N A PPh,

Activity: 12,500 g/g Cr h-1 Activity: 4,500 g/g Cr h-1 Activity: 6,700 g/g Cr h-1
1-Hexene =11 % 1-Hexene = 25 % 1-Hexene = 39 %
1-Octene = 89 % 1-Octene =75 % 1-Octene = 32 %

Polyethylene = 2.6 g Polyethylene = 1.3 g Polyethylene = 1.0 g

Figure 1.8: Ethylene oligomerisation results from Gambarotta et al.'s aminophosphine based ligand
systems. Catalysis conditions: 30 pmol precursor complex, 500 eq. DMAO, 100 mL MeCy.%®

In a follow-up to their 2012 paper Gambarotta and Duchateau et al. reported a study of
pyridine-phosphine ligands, describing the synthesis, coordination chemistry and ethylene
oligomerisation studies carried out (Figure 1.9). Two ligands were investigated with differing
backbone chain lengths, and it was found that these gave very different results with regard to
ethylene oligomerisation activity. The presence of an extra carbon spacer in the ligand backbone
was found to completely switch off the tri- and tetra-merisation behaviour of the ligand in
catalysis, giving predominantly polymer as product. Despite this the authors concluded that this

class of pyridine-phosphine ligand still has potential for further research. ¥’

Me Me
I N4
N Ph
| N \T/ | A \P/Ph
N Ph N Ph
Activity: 22,300 g/g Cr h’ Activity: 4,900 g/g Cr h™!
CG =61% CG =36 %
Cs=31% Cs=58 %
Polyethylene = 5 wt % Polyethylene = 80 wt %

Figure 1.9: Catalytic activities of pyridine-phosphine ligand-based ethylene oligomerisation systems
tested by Gambarotta and Duchateau et al. Catalysis conditions: 10 umol catalyst precursor, 500 eq.
MAO, 100 mL MeCy.*’

The potential for compounds containing P-N bonds to behave as ancillary ligands in
ethylene tri-/tetra-merisation systems has been investigated by Duchateau et al. for a series of
molecules. Out of the selection tested, only one showed any reasonable tri-/tetra-merisation

activity in combination with Cr(lll), and this was N-pyrrolyldiphenylphosphine, with an activity
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of 11,200 g/g Cr h'* and good selectivities to hexene (37 mol %) and octene (58.3 mol %).%® N-
Pyrrolyldiphenylphosphine is an interesting ligand to choose in a system containing chromium,
as it has been recently proved that P-N bonds are capable of being broken in selective ethylene
oligomerisation systems by Gambarotta et al.® This demonstrates that it may be possible for
the P-N linkage in N-pyrrolyldiphenylphosphine to be broken, vyielding pyrrole and
diphenylphosphine, to give a system remarkably similar to the Phillips trimerisation system (see
Section 1.2.1.1). If this P,N breakage does occur, then it is perhaps unsurprising that an active
ethylene tri-/tetra-merisation system is formed.

One of the most notable recent discoveries vis-a-vis P,N ligands in selective ethylene
oligomerisation chemistry is the catalytic activity of systems using P-imine based ligands. The
first investigation into imine-based trimerisation systems was published by Bluhm et al. on their
tridentate imine ligands combined with N, P, O and S donor atoms.'® Of the ligands synthesised,
Bluhm reported their P,N,P donor ligand to give only ethylene trimerisation products from
catalysis (97 % overall selectivity to 1-hexene), but this system gave very low activities of only
25 g/g Cr h! (Scheme 1.22). All of the other systems tested gave higher catalytic activities, but

at the expense of hexene selectivity.

\ Toluene

Cr~e<pph, 30 bar C,H Activity = 25 g/g Cr h™!
2 214
p/Cl?’ 1-Hexene = 97 %

XN N/ﬁ 10000, MAD N\~
>

Ph,
Scheme 1.22: Selective ethylene trimerisation system based on phosphine-imine ligands reported by
Bluhm et al.1®

Workers from Chevron Phillips published a very similar system to that of Bluhm et al.,
based on N-phosphinoamidine ligands bound to Cr(lll) centres. It was shown that a handful of
these complexes performed excellently as selective ethylene oligomerisation precursors, with
the best system giving activities up to 1,052,000 g/g Cr h'* with an overall selectivity of 93 % to
1-hexene, comparable to the best reported PNP-based systems (Figure 1.10).1°%192 Through
modification of the steric parameters of the ligand it was possible to switch the selectivity of the

system to produce up to 45 % 1-octene.
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4-'Bu-CgH,

NH
/ ¢\
N "/// | \\\\“ PPra
r
THEY | Yo
Cl
Activity = 1,052,000 g/g Cr h™’!
1-Hexene = 93.6 wt %
1-Octene = 0.9 wt %
Polyethylene = trace

Ph

Activity = 0 g/g Cr h™
1-Hexene = 0 wt %
1-Octene = 0 wt %

Polyethylene = 1.2 g

Figure 1.10: Bidentate vs. tridentate phosphinoamidine based ethylene trimerisation systems.10!

Interestingly, when a third donor moiety was added to the Chevron Phillips
phosphinoamidine compound to give a tridentate ligand, this was found to shut down the
catalytic activity of the system entirely, despite the potential for the tertiary amine group to
behave as a pendant donor as seen in previous PNP-based systems (such as the first BP Cr(PNP)
trimerisation system?®). The authors concluded that the abstraction of THF from the bidentate
k2-P,N bound complex is a vital step in the catalytic cycle (Scheme 1.23), hence the tridentate

analogue was inactive due to the lack of THF to be abstracted and leaving a vacant coordination

site.

R,
HN=

(A

HN %,
[CrI—THF [cn—
Ar'A[}j‘ Ar'Ar;f |
Ar THF Ar

"Catalyst precursor"

4 N

P
~—',

N\ 3 HN o ”
<4

Ay

Ar

"Active catalyst"

Scheme 1.23: Suggested catalyst activation pathway for the Chevron Phillips phosphinoamidine-based

oligomerisation system, going via a THF abstraction step.
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1.3 P,N Ligands

As is obvious from Section 1.2, the field of tri- and tetra-merisation systems based on PNP
ligands is relatively mature and has been thoroughly investigated by both the academic and
industrial communities. It is therefore of interest to establish new systems based on an
alternative class of ligand for selective ethylene oligomerisation. To this end, the investigations
in this thesis will focus on developing novel ligands based on a P,N framework, which is a

relatively new field in chromium-based tri- and tetra-merisation chemistry.

1.3.1 Heteroditopic ligands

The use of phosphine-based ligands containing functional groups that are also donor
atoms is a very attractive proposal for many areas of research in homogeneous catalysis. This
approach of using heteroditopic ligands in coordination chemistry means that different donor
properties of varying donor groups can be combined into one species to create a “hybrid” ligand

that can adopt a variety of coordination modes with a metal centre (Figure 1.11).

& ({B O-nosre

=N, O, S, Petc. # O
Homofunctional ligands Hybrid ligand
Figure 1.11: Homo- and bi-functional bidentate ligands.

A combination of both hard and soft donor groups into a single ligand can give rise to a
system in which partial dissociation of one of the Lewis basic moieties can occur in solution,
opening a vacant coordination site at the metal centre. This so-called “hemi-labile” nature of
these ligands has significance in catalysis, as vacant coordination sites on a metal centre are vital

to allow the coordination of a substrate species, to form an active catalytic species.

X_ Y XY
\/ _5 )
M M z

N Y2 / \<>

M = Late transition metal
X = Ancillary ligand
Y = Soft donor group
Z = Hard donor group

Scheme 1.24: A reversible "hemi-labile" dissociation/association process.
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Pearson’s “hard-soft-acid-base” theory predicts that a soft polarisable phosphine group
will bind strongly to large, soft late-transition metals, in comparison to a hard amine group
which will coordinate strongly to harder early transition metal centres.’® On this basis
heteroditopic ligands can be designed that incorporate a phosphine “tether”, to bind strongly
to soft metal centres, while containing N- or O-donor groups with weaker coordination

properties that allow for dissociation in solution.

1.3.2 Heteroditopic ligands and their uses in catalysis

Possibly the most famous use of heteroditopic ligands in industrial catalysis is in the
Shell Higher Olefin Process (SHOP), in which a P,O donor ligand is used in combination with
nickel to yield an ethylene oligomerisation catalyst precursor (Scheme 1.25).1%41% Since the
discovery and commercialisation of SHOP technology in the 1970s a huge amount of research

has been carried out investigating many facets of the oligomerisation system involved.

Ph, Ph,
P P
\N' EEE— Ni—H
| j—
O/ A - CgHy2 o
O O

SHOP catalyst precursor

Scheme 1.25: Postulated formation of SHOP catalyst precursor.1%*

The potential for SHOP-type P,0-based ligands to possess hemi-labile character in other
transition metal complexes is well documented in the literature, one example being published
by Braunstein et al. in 1987 using model palladium complexes to investigate the coordination
chemistry of their B-phosphinoketonate ligands.'® It was demonstrated that upon the
dissolution of a single isomer of their Pd(P,0) complex in CD,Cl; isomerisation was observed,
yielding a 1:1 mixture of the two possible product isomers (Scheme 1.26). From this observation
the authors concluded that the mechanism for this transformation must involve the dissociation

and rotation of the P,0O ligand around the Pd-P bond.

(0] Ph
Ph, Ph,
P ek _ P 5
Pa_ H = P |
v é v é

N @] N @]
Me, Ph Me, TH
Ph

Scheme 1.26: Isomerisation of a Pd(P,0) complex synthesised by Braunstein et al.*’
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Keim et al. investigated the use of a similar class of heteroditopic P,0O ligand with
palladium for the co-dimerisation of ethylene and styrene, as well as the co-oligomerisation of
ethylene and carbon monoxide. In this study both mono- and bi-dentate coordination
complexes were successfully isolated and characterised, and the monodentate complex was
easily converted to the bidentate species through oxidation of the palladium using AgSbF.1%
The bidentate complexes were shown to offer far better performance in the catalytic systems

tested than the monodentate equivalents, leading the authors to speculate that the dissociation

of the Pd-O bond is an important step in the formation of an active catalytic species.

Ph,

P. OEt
V4 DCM : [SbFg]
\ AgSbFg

l o)

OEt

Scheme 1.27: Conversion of a mono- to bi-dentate Pd(P,0) complex.!®

More recently Cavell et al. have published work concerning palladium complexes of
OPN phosphine ligands and their application in catalytic reactions of carbon monoxide with
alkenes and alkynes.® In their three-donor systems they successfully isolated bidentate planar
P,N-bound complexes (Scheme 1.28), but also report tentative indications of the ligand binding
to palladium in a tridentate O,P,N planar fashion. Unfortunately, the data to indicate the
presence of a planar tridentate species could only be gathered by NMR spectroscopy at low
temperatures, and so the species could not be fully characterised.
)
Z | in PdCI(Me)(cod) Me P
> Pd >

\ P \
N o CI/ N

109

Scheme 1.28: Complexation of Cavell et al.'s OPN ligand with palladium.

Heteroditopic P,N-type ligands have also been used in a range of catalytic applications,

! and oligomerisation processes.%2 One such

including hydrogenation,®91° Diels-Alder,!
example is the class of phosphine-oxazoline P,N ligands investigated by Braunstein et al. for use
in transfer hydrogenation catalysis.!'® It was demonstrated that upon coordination of the P-
oxazoline compound with palladium, two C=N vibrations were observed in the solution state IR
spectrum of the complex. It was concluded that these two sighals correspond to the k*-P-mono-

and k-P,N-bi-dentate complexes interconverting in solution due to the hemi-labile nature of

the ligand.
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Cl
Ph,

Ph,
+ - L

O Pd ~ Pd\
U a” N A VY

O

N Me2 \ ’ Me2

Scheme 1.29: Hemi-labile behaviour displayed by a P-oxazoline ligand reported by Braunstein et al.13

Overallitis clear that hemi-labile ligands have a wide range of uses in modern chemistry,
especially with regard to catalysis. The concept of hemi-labile ligands has previously been
touched upon in this thesis with regard to the coordinative properties of BP’s PNP°Me |igand
for selective ethylene oligomerisation. In the first report concerning this ligand by Wass et al. it
was suggested that the ability of the pendant OMe donor group to reversibly coordinate to the
chromium centre was vital in creating an active catalytic system,? with further weight added to
this argument by Bercaw and Labinger et al. and the publication of their Cr(k3-P,P,O-((o-
OMeCsH4),PNP(0-OMeCsHa),)Cls complex.’” It is hoped that by applying the principles of
heteroditopic and hemi-labile ligand design to the synthesis of novel P,N ligand scaffolds new
selective ethylene oligomerisation systems can be developed, to match the high activities and

selectivities of existing literature systems.

ove T

7y — 7y
—N Cr - —N Cr
S / Sl

Ar2 Ar2

Scheme 1.30: Suggested variable coordination behaviour of the BP Cr(PNP) trimerisation catalyst.
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1.4 Thesis Aims and Objectives

This thesis aims to report and discuss the search for, and development of, new catalytic
selective ethylene oligomerisation systems based around P,N-type ligands. Studies of two
classes of ligand will be reported. The first of these will be a series of PNE-type ligands that have

previously been synthesised by Dyer et al. (Figure 1.12), which will be reported in Chapter 2.1%4

Tertiary amine donor

thp/ﬁ
Variable third donor site

N
Phosphorus "tether" mE <—/

E = NMe, O, CH,
Figure 1.12: PNE ligand synthesised by Dyer et al.*'* to be investigated in this thesis.

The coordination of these PNE ligands with late transition metals has previously been
investigated, but no work has been done regarding their coordination properties with early
transition metals or studying their behaviour as precursors in ethylene oligomerisation systems.
To this end, the coordinative properties of PNE ligands with a variety of group VI metal
complexes will be scrutinised. In combination with Cr(lll) species, the potential for PNE ligands
to act as selective ethylene oligomerisation precursors will be tested using conditions
comparable to those found in the literature.

The second ligand class to be investigated will be based around an iminophosphine (PCN)
framework. It is proposed that PCN ligands may mimic the structure of PNP ligands when bound
to chromium, and therefore promote selective ethylene oligomerisation in catalytic systems

(Figure 1.13).

Variable steric properties
R

Potential pendant donor group

Similar bite angle to PNP ligands
Figure 1.13: The target PCN ligand framework for this investigation

This class of PCN compound is not well represented in the literature, and very few
examples of their synthesis have been reported. In order for these PCN ligands to be thoroughly

investigated a new synthetic route to compounds bearing an iminophosphine backbone must
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be developed, which will be discussed in Chapter 3 of this thesis. The method should preferably
be modular, easily scalable, and utilise starting materials that are affordable and readily
available. Once a synthetic route has been optimised, the coordination chemistry with
chromium species will be investigated, which will be reported in Chapter 4. The synthesis of
model Cr(PCN) complexes will be carried out in order to probe both the ligand structure and the
coordinative properties of these novel complexes.

Finally, in Chapter 5, the PCN ligands synthesised will be tested as catalyst precursors in
selective ethylene oligomerisation systems. From these catalytic data it is hoped that trends and
relationships between ligand structure and catalytic activity/selectivity can be drawn to aid the

design of future PCN ligands for use in ethylene tri- and tetra-merisation systems.
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Chapter 2: The Coordination Chemistry of PNE Ligands and
Their Potential Role in Ethylene Oligomerisation Systems

2.1 Introduction

The use of multidentate ligands in ethylene oligomerisation and polymerisation catalysis
chemistry is well established.! Multidentate ligands offer a multitude of advantages over their
monodentate counterparts, due to their increased control over metal coordination number,
improved influence of metal stereochemistry and greater steric effects when bound to a metal
centre.? Heteroditopic ligands are of particular interest due to the ease with which the reactivity
of the compounds can be altered. By individually altering the differing donor groups of
heteroditopic ligands, greater control of the electronic properties of the resulting metal
complexes can be achieved. The advantages and selected uses of heteroditopic and hemi-labile
ligands in catalysis are briefly detailed in Section 1.3.2.

One such example of a novel class of heteroditopic ligand was reported by Dyer et al. in
2006, concerning a difunctionalized phosphine ligand based around a PNE framework
(Ph2P(CH3)2NC4HsE, E=NMe, O, S). These PNE ligands were all synthesised via the base-catalysed
Michael addition of diphenylvinyl phosphine to the relevant heterocyclic secondary amine

(Scheme 2.1).

Ph,P
HN t. NaNH,, THF /ﬁ
/\Pph2 + \\//\\E = A 2 > Nm

E

Scheme 2.1: The synthesis of PNE (E = NMe, O, CH.) ligands reported by Dyer et al.?

It has been demonstrated that this type of PNE ligand is capable of displaying both bi-
and tri-dentate coordination modes with palladium.? In their publication Dyer et al. reported
that the cyclic tertiary amine backbone is highly flexible, allowing the group to adopt either a
chair or boat configuration, hence enabling the PNE ligands to adopt both fac- and mer-

tridentate coordination modes when bound to a metal centre (Figure 2.1).
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Figure 2.1: The varying coordination modes of PNE ligands synthesised by Dyer et al.?

The coordination mode adopted by these PNE ligands studied was shown to vary

depending on the metal fragment used, with the nature of the ligand coordination also being
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strongly affected by the trans-effect of other ligands present on the starting metal fragment.
Dyer et al. proved the lability of the third NMe donor group through the addition of
Cy,PC;HsNMesCl to a [PACI(k3-PNN)][CI] complex, causing the displacement of the NMe donor
with the phosphine, yielding the bidentate [PdCI(Cy,PC;HsNMes)(k®-PNN)][Cl,] product (Scheme
2.2).

2+
+ -
i} NMe 2l

+ -
L\ Cl NMe-Cl
NQ cyp” NS e

N
N/
Pd > N Cl
7 N\ N/
Bh Cl /Pd\ /\/NMe3
2 P P
Ph,  Cy,
Scheme 2.2: Conversion of a tridentate Pd(k3-PNN) to a bidentate Pd(k?>-PNN) complex reported by Dyer
etal’

In recent years a number of P,N ligand scaffolds bearing structural similarities with PNE
ligands have been developed for use in ethylene tri- and tetra-merisation systems. One example
of particular relevance are the aminophosphine compounds reported by Gambarotta et al. (e.g.
Figure 2.2) which have been shown to promote ethylene tetramerisation when used in

combination with a Cr(lll) source.*

~7 N\
I ~~

PPh,

Figure 2.2: An example of a P,N ligand developed by Gambarotta et al. for use in ethylene
tetramerisation systems.*

While these catalytic systems reported by Gambarotta et al. did not display very high
activities (only 12,500 g/g Cr h), the catalysts did display excellent selectivity towards
tetramerisation, with the Ph,PN(Me)C,H4sNMe; aminophosphine (Figure 2.2) system producing
up to 89 wt % 1-octene, within the oligomer product fraction.? It is the success of systems such
as these described by Gambarotta using P,N ligands that highlight the potential of PNE ligands
as promising scaffolds for use in novel ethylene oligomerisation systems.

So far no study of the coordination chemistry of PNE ligands with early transition metals
has been carried out. The use of early transition metals is ubiquitous in the field of selective
ethylene oligomerisation chemistry, with chromium-based systems being particularly prevalent
in the literature. Therefore, it is proposed that, in combination with chromium, the variable
coordination properties exhibited by PNE ligands may give rise to interesting behaviour in

ethylene oligomerisation systems. Consequently, this chapter will report and discuss the
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synthesis of a range of complexes of group VI metals with three PNE ligands (E = NMe, O, CH,),

as well as detailing the effects of using these ligands in ethylene oligomerisation systems.
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2.2 Reactions of CrCI3(THF)s with PNE Ligands

It has already been mentioned in Section 1.2.2.2 of this thesis that Cr(lll) complexes are
the most commonly used chromium sources in ethylene tri- and tetra-merisation initiator
systems. In particular, the use of CrCls(THF)s is ubiquitous in ethylene oligomerisation chemistry,
with the highly active BP PNP-based trimerisation system being a notable example.®

Based upon this, the synthesis of model complexes from PNE ligands and CrCl3(THF);
starting materials is of interest, as any resulting complexes should have structures similar to that
of potential catalyst precursors. A number of oligomerisation systems published in the literature
have also been demonstrated to display significantly different catalytic behaviour when well
defined, pre-formed CrCls(L,)(THF) (L, = bidentate P,P or P,N ligand) are used as catalyst
precursors, compared to the use of the analogous in situ formed complexes.® A disadvantage of
using Cr(lll) complexes as precursors is the paramagnetic nature of the species, which rules out
the use of NMR spectroscopy to characterise products formed, complicating the elucidation of
the structure and subsequent reactivity of the complexes. Although the magnetic susceptibility
of such complexes can be determined, this alone does not allow for the identity of the products
to be assigned. In this investigation elemental analysis has been used as the primary tool for

characterisation of the compounds synthesised.

2.2.1 Reaction of CrCl3(THF)s; with the PNN ligand Ph,P(CH,)2NCsHsNMe

The complexation of the Ph,P(CH,);NC4HsNMe ligand (PNN) with CrCI5(THF); was
attempted, initially employing reaction conditions similar to those used by Bollmann et al. to
synthesise their [Cr(PNP)Cly(u-Cl)], complexes, in which a solution of the starting materials in
toluene was heated to 80 °C for 16 hours .” (Scheme 2.3). Upon mixing a solution of the PNN
ligand toluene with a solution of CrCIs(THF)s the reaction mixture turned a deep blue, indicating
complexation had occurred. A pale blue powder precipitated from solution and was isolated
from the reaction by filtration. Solubility testing of the product with a range of polar and non-
polar solvents showed the blue powder to be highly insoluble. This lack of solubility significantly

hindered the growth of crystals for X-ray diffraction analysis.

thp/\
Toluene Blue insoluble
N\/\ + CrCly(THF); 80 °C > precipitate
\/\NMe

Scheme 2.3: Coordination of PNN ligand Ph2P(CH2)2NCsHsNMe with CrCIz(THF)s.

Mass spectrometric analysis was attempted of the product, and due to the lack of

solubility of the complex the solid phase ASAP technique was used. However, problems were
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encountered due to the lack of volatility of the Cr-containing material. At temperatures and
ionisation voltages sufficiently high to vaporise and subsequently ionise the product, extensive
fragmentation occurred and hence no useful data could be obtained. Elemental analysis was
also attempted, but yielded results that did not match with any expected product.

The complexation reaction was attempted again utilising different conditions, namely
DCM as a solvent and triturating the resulting blue solid with hexane before the solid was dried
under vacuum. Again, similar problems were encountered, with the resulting product found to
be insoluble, hindering any purification. It is proposed that the insoluble nature of the reaction
products may be due to oligomeric [CrCl3(THF)(PNN)], species forming (Figure 2.3). It is
conceivable that the PNN ligand, with multiple donor sites, may be able to bridge between
multiple metal centres, to create insoluble oligomeric materials. Unfortunately though, no

successful characterisation has been achieved to support this hypothesis.

N PPh, Ph,P N

NMe

MeN g !r _cl Cl\gr _dal cin ¥ _Cl N
| Scra”” | N MeN
THF thP\/l N— THF

Figure 2.3: A proposed example of a CrClz3(THF)(PNN) oligomeric species structure.

2.2.2 Synthesis of CrCl3(THF)(PNO) (2.1)

The reaction of CrCl5(THF); with the Ph,P(CH;).NC4HsO ligand (PNO) was carried out
utilising a modified version of the method initially reported in Section 2.2.1, albeit without
heating the reaction mixture (Scheme 2.4). The starting materials were dissolved in toluene and
mixed, resulting in the formation of a blue precipitate. This solid was isolated by filtration to
yield the reaction product as a pale green/blue powder (73 % yield). Elemental analysis verified
that the isolated product was the expected CrCI3(THF)(PNO) (2.1) complex. Attempts were made
to grow crystals suitable for X-ray diffraction, but after numerous attempts only amorphous
solids could be obtained. Analysis of the product by IR spectroscopy was attempted, but no

characteristic absorptions were observed, meaning no characterisation was achieved.

Ph, Cl
thp/\ EP:”c!r\‘;‘Cl
| + CrCIy(THF ), Toluene - N él THF
L\
o] 21

Scheme 2.4: Synthesis of complex 2.1.
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It is possible for the THF ligand to be positioned trans- to either the P- or N-donor groups
in the complex 2.1. Work published by Gambarotta and Duchateau et al. on a series of P,N
pyridine-phosphine ligands showed that their ligands bound to the Cr centre with the THF group
trans-to P, rather than N.% Due to the similarity of the PNO ligand with these previously reported
P,N ligands, it is highly likely that complex 2.1 will adopt a similar structure to the complexes

described by Gambarotta and Duchateau et al.

2.2.3 Synthesis of CrCl3(THF)(PNC) (2.2)

As well as the CrCI5(THF)(PNO) complex (2.1) synthesised, it was decided to investigate
how PNE ligands with only two (P and N) donor groups bound to Cr(lll) species. It is hoped that
the lack of a third donor group (i.e. N or O) will limit the ability of the ligand to form oligomeric
complexes, such as those for the suggested [CrCls(THF)(PNN)]xspecies (Figure 2.3). To this effect,
the complexation of the PNC ligand Ph,P(CH,),NCsH;o with CrCl3(THF); was carried out.

The reaction of CrCl3(THF); with the ligand Ph,P(CH;)NCsHio (PNC) was carried out
utilising a modified version of a method initially reported by Labinger and Bercaw et al. used for
the synthesis of their CrCls(k3-PNP°°M¢) complexes (Scheme 2.5).° Upon mixing of the chromium
precursor and ligand solutions in DCM an instantaneous colour change to blue/turquoise was
observed. On removal of the solvent in vacuo complex 2.2 was isolated as a turquoise solid (72
% yield). Attempts to grow crystals suitable for X-ray diffraction proved to be fruitless, and mass
spectrometry did not give any useful data. Elemental analysis did, however, confirm the
expected composition of the product. The structure proposed in Scheme 2.5 shows the PNC

ligand binding to Cr with P trans to THF, for the same reasoning as given in Section 2.2.2.

Ph, Cl

Py, | Cl

thp/\ E SO,
N THF
=\ o :

Scheme 2.5: Synthesis of complex 2.2.

2.2
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2.2.4 Synthesis of [CrCl4(PNO)][HNEt3] (2.3)

Due to the problems encountered in acquiring crystals of the products of reactions of
CrCl5(THF)s with PNE-type ligands suitable for X-ray diffraction studies, a new approach was
taken to synthesising model complexes. Work published in 2003 by Kohn et al. reported the
isolation and crystallisation of [(triazacyclohexane)CrCl3)][HNRs] complexes obtained by
reaction of [(triazacyclohexane)CrCls)] starting materials with the ammonium salt
[PhNMe,H][B(CsFs)4].2° Based on this, a similar method was employed to prepare ammonium

salts of Cr'"'(PNO) complexes (Scheme 2.6).

Ph, CI
P\C| _cl
thp/ﬁ N |r\CI
N\/\+ CrCI(THF); + NEt; HCl ——2 Mg ci o [FNE]
\/\O
s 23 A

Scheme 2.6: Synthesis of complex 2.3.

Upon mixing the starting materials in DCM, the solution instantly turned a deep
blue/purple colour and, shortly after, dark blue crystals suitable for X-ray crystallographic
analysis formed from the reaction mixture. The molecular structure was successfully
determined by X-ray diffraction (Figure 2.4) revealing that the complex consists of the expected
anionic chromium centre displaying a distorted octahedral coordination sphere, comprising four
chloride ligands and a bidentate k2-PN bound PNO ligand, with a bite angle of 82.9°. A selection

of important bond lengths and angles is given in Table 2.1.
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co P»C1l3

Figure 2.4: ORTEP representation of the molecular structure determined for complex 2.3 (anion only),
with thermal ellipsoids set at 50 % probability level (the [HNEts]* cation is omitted for clarity).

[CrCla(PNO)][HNEt;], 2.3

Cr—P 2.4588(12)
Cr—N 2.262(3)

Bond
Lengths Cr—Cl(1) 2.3526(11)
(A) Cr-cl(2) 2.3416(11)
Cr—Cl(3) 2.3452(11)
Cr—Cl(4) 2.3075(11)

Bond
Angles N-Cr-P 82.90(8)

(°)

Table 2.1: Selected bond lengths (&) and angles (°) determined for complex 2.3

The data displayed in Table 2.1 show the N-Cr-P bite angle to be relatively large when
compared to other 5-membered Cr(P,N) chelate rings such as those reported by Wong and
Wong et al. for their Ph,PN(H)C(Ph)=N(SiMe3s) ligands (79.7(2)°),*! and Edwards et al. with their
CrCI[N(CH,CH,PMe3),)] complexes (80.4(1)°).12 This large bite-angle is thought to be due to the
flexibility of the saturated CH,CH; backbone of the PNO ligand.

Unfortunately, due to the air sensitive nature of the complex no analysis beyond X-ray
crystallography was successfully carried out. Both mass spectrometry and elemental analysis
were attempted, but both yielded inconclusive results. Consequently, no firm conclusions can
be drawn regarding the identity of the bulk sample. The molecular structure determined
indicates that the target complex has been produced, but the purity and yield of the product

cannot be commented upon due to the lack of other data.
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2.2.5 Reaction of PNN with CrCl3(THF)s and HNEtsCl

Following the successful synthesis of complex 2.3 an analogous reaction was attempted
with the PNN ligand Ph;P(CH).NCsHsNMe. Initially the reaction proceeded as expected, giving
a deep blue/purple solution in DCM. Upon cooling the product remained in solution, indicating
a significant difference in solubility to that of complex 2.3. Even after prolonged standing at
-30 °C no precipitation occurred. Subsequently, the solvent was removed under vacuum and a
blue powder was isolated. Multiple attempts at recrystallization failed to yield crystals suitable
for X-ray diffraction, and elemental analysis and mass spectrometry failed to give satisfactory
data. Disappointingly, no conclusion as to the identity of the complex formed in this reaction

can be drawn.
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2.3 Complexation of PNE Ligands with M(CO)s (M = Cr, Mo) Complexes

Group VI metal carbonyl complexes of PNE ligands are of interest to this study for a
number of reasons. Firstly, unlike Cr(lll) species, Cr(CO)s and Mo(CO)s are not paramagnetic,
therefore allowing NMR spectroscopic analysis of the complexes. Additionally, the electronic
properties of the PNE ligands may be probed by IR spectroscopic analysis of the chromium
carbonyl complexes. Finally, these types of Cr(CO)e.n)(k"-PNE) complexes may serve as
precursors to catalytic ethylene tri- and tetra-merisation systems, as exemplified by the use of
[Cr(CO)4(PNP)] complexes as precursors to catalytically active Cr(l) species in combination with

weakly coordination anions (Scheme 2.7).13

. +
/'Pr
N Activity = 126,300 g/g Cr h™’
thP/ | 200 eq AL 1-Hexene = 16.7 wt %
oC,,, | «PPh2 MeCy 1-Octene = 71.7 wt %
U\ 40 bar C
(Cr‘ ar CoHy Polyethylene = 0.23 g
oc¥ | Yco -
Cco [A{OC(CF3)3}4]

Scheme 2.7: An ethylene tetramerisation system utilising a [Cr'(CO)a(PNP)]* precursor.'?

2.3.1 Preparation of [Cr(CO)(s-n)(k"-PNE)] complexes (2.4-2.6)

Complexes 2.4 (Cr(CO)s(PNN)) and 2.5 (Cr(CO)s(PNOQ)) were synthesised by the reaction
of the PNN and PNO ligands, respectively, with Cr(CO)s, following the methods reported by Wass
et al. for their PNP ligands.’ The starting materials were heated at reflux in a toluene solution
for 16 hours, to give a yellow solution that was subsequently filtered, and the solvent removed
in vacuo. Both complexes 2.4 and 2.5 were initially isolated as yellow oils in good yields (74 and
96 %, respectively) which subsequently solidified upon scraping. The compounds were both fully
characterised by NMR and IR spectroscopies, and mass spectrometry. The reactions require high
temperatures (110 °C) and relatively long reaction times (24 hours) to displace the carbonyl
groups with the chosen PNE ligand. The reactions are easily followed by 3!P NMR spectroscopy
due to the characteristic change in chemical shift from & = -19 ppm of the starting ligands to 6
~ 43 ppm of the complex. For each ligand, analysis of the crude reaction mixtures by 3P NMR

spectroscopy showed only a single product formed in the reactions.

oc Cl’o . thP/ﬁ o PhoP’ ‘N\/\

e - e 00,00 N
E

oc¥ | ¥co \\//\\ oc” | Yco

CO E

Scheme 2.8: The synthesis of complexes 2.4 and 2.5.
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It was discovered that complexes 2.4 and 2.5 are highly soluble, even in non-polar
solvents such as pentane and hexane, which created challenges with regard to purification of
the products. Despite this, crystals of 2.4 were grown by leaving a concentrated solution of the
complex in pentane to stand for one hour. The resulting crystals were subject to analysis by X-
ray diffraction, and the molecular structure of 2.4 successfully determined (Figure 2.5, Table

2.2).

Figure 2.5: ORTEP representation of the molecular structure determined for complex 2.4 with thermal
ellipsoids set at 50 % probability level.

Cr(CO)s(k'-P-PNN), 2.4

Cr-p 2.3841(4)

Cr-C(1) 1.8944(13)

Cr-C(2) 1.8783(14)

Cr-C(3) 1.8980(14)

Bond Cr—C(4) 1.9004(14)

Lengths Cr—C(5) 1.9004(15)
(A)

o(1)-C(1) 1.1468(17)

0(2)-C(2) 1.1427(18)

0(3)-C(3) 1.1408(17)

0(4) - C(4) 1.1448(17)

0(5) - C(5) 1.1411(18)

Bond C(11)-p-Cr 116.52(4)

Angles (%) C(12)-p-Cr 111.83(4)

C(18)-P-Cr 119.49(4)

Table 2.2: Selected bond lengths (A) and angles (°) determined for complex 2.4.
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The molecular structure of complex 2.4 reveals that the PNN ligand is bound to the
chromium centre in a monodentate fashion (k!-P), leaving the methylpiperazine ring
uncoordinated. Due to the similarities in the NMR spectra of complexes 2.4 and 2.5 it is believed
that 2.5 shares this monodentate ligation mode. It is thought that the highly soluble and oily
nature of complex 2.4 and 2.5 is due to this alkyl moiety’s flexibility. Unfortunately, despite
multiple attempts crystals suitable for X-ray diffraction of 2.5 could not be grown. Analysis of
the complexes by 3C NMR spectroscopy reveals that both complexes 2.4 and 2.5 display a pair
of doublets in the region 6 = 200-230 ppm, indicative of CO groups in two separate
environments. This observation supports the structure determined by X-ray crystallography for
complex 2.4.

The effect of the trans influence on the bond length of the C-O groups is apparent in
Table 2.2, with the Cr-C(2) bond, trans to the phosphine, being shorter than the other Cr-C bonds
in the complex. The short Cr-C bond trans to the phosphine is due to the weak trans influence
of the P-donor relative to that of the CO ligands, therefore the Cr-C bonds trans to the CO ligands
are lengthened to a greater extent than the Cr-C bond trans to phosphorus. The data from the
IR spectra of 2.4 and 2.5 are reported in Table 2.3. Complexes 2.4 and 2.5 both show the three
expected IR absorption bands in the carbonyl region of the spectrum, as predicted by group
theory for a complex with a C4, point group. The IR spectra for both 2.4 and 2.5 display C-O
absorptions with very similar stretching frequencies, suggesting both PNN and PNO ligands have

similar electronic donor properties as would be expected.

Complex v C=0? (cm™)
24 2062 1982 1935
25 2063 1982 1938
@Spectra recorded in DCM solution

Table 2.3: The carbonyl stretching frequencies for complexes 2.4 and 2.5.

The monodentate binding of the PNN and PNO ligands determined for complexes 2.4
and 2.5 contrasts with the coordination determined for complex 2.3, in which the PNO ligand is
bound to the Cr(lll) centre in a bidentate k?-P,N-fashion. This demonstrates that the PNE ligands
discussed so far are capable of adopting both mono- and bi-dentate coordination modes with
chromium, and suggests that the ligands may have the potential to behave as hemi-labile
species when bound to chromium. It is thought that this difference in PNE ligand binding with
Cr(0) and Cr(lll) centres may be due to a difference in “hardness” of the metals, as described by
Pearson’s hard-soft-acid-base theory.'® The Cr(lll) centre is harder than Cr(0), and would be

expected to bind more strongly to a hard nitrogen donor group, hence bidentate P,N-
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coordination of PNE ligands with Cr(lll) is observed, but only monodentate complexation occurs
with Cr(0).

Alongside the traditional solution-phase thermal method used for the synthesis of
complex 2.4, a synthetic process was developed involving the use of a microwave reactor to
heat the reaction solution. A solution of the PNN ligand and Cr(CO)s in toluene was sealed in a
crimp-cap microwave reactor vessel before being heated to 140 °C for four hours”. The
microwave reaction was found to be very clean as demonstrated by the 3P NMR spectrum of
the crude product only displaying one signal corresponding to the product. By comparison, the
crude product solution from the traditional “reflux method” of synthesis exhibited an impurity
signal in the 3P NMR spectrum at § =57.6 ppm. Following work-up the desired product (complex
2.4) was isolated in an almost quantitative yield of 96 %, much improved upon the yield of 76 %
isolated using the traditional solution-phase thermal synthesis method. It is suggested that the
short reaction time employed (4 hours microwave vs. 16 hours reflux) in the microwave
synthesis avoids the formation of side products.

The complexation of the PNC (piperadine-N-ethylene-diphenylphosphine) ligand with
Cr(CO)e was also carried out, using a method that was the same as that used for the preparation
of 2.4 and 2.5, but surprisingly gave different results. After heating a mixture of the ligand PNC
and Cr(CO)s at reflux for 24 hours in toluene, 3!P NMR spectroscopic analysis of the crude
reaction mixture showed three new singlet resonances, suggesting three products had formed,
rather than one product, as is seen with the analogous PNN and PNO ligands. One of these three
products was found to be insoluble in hexane, and hence could be separated by washing. This
insoluble product was isolated by crystallisation from a concentrated solution in DCM layered
with hexane in a low yield (19 %). These crystals were suitable for X-ray crystallography, and the
structure was determined to be that of the octahedral complex Cr(CO)4(PNC) (2.6) (Figure 2.6).

Complex 2.6, was fully characterised by NMR and IR spectroscopies and mass spectrometry.

* A Biotage Initiator microwave reactor was used, set to retain a constant reaction temperature.
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Figure 2.6: ORTEP representation of the molecular structure determined for complex 2.6, with thermal
ellipsoids set at 50% level.

Cr(CO)4(x*P,N-PNC) (4)
Cr—P 2.3419(3)
Cr—N 2.2724(7)
Cr—C(1) 1.8854(9)
Cr—c(2) 1.8258(9)
Bond cr-c(3) 1.8588(9)
Lengths
(A) Cr—C(4) 1.8958(9)
0(1)-c(1) 1.1534(12)
0(2) - C(2) 1.1644(12)
0(3) - C(3) 1.1534(12)
0(4) - C(4) 1.1474(11)
Bond
Angles N-Cr-P 82.54(2)
(°)

Table 2.4: A selection of bond lengths (&) and angles (°) determined for complex 2.6.

The molecular structure of complex 2.6 contrasts with that of the PNN analogue, 2.4. In
complex 2.6 the PNC ligand binds to the chromium centre in a k?-P,N-bidentate fashion, to give
Cr(CO)4(PNC), with the chromium centre adopting a distorted octahedral geometry and the
ligand displaying a P-Cr-N bite angle of 82.54(2)°. A selection of relevant bond lengths and angles
are given in Table 2.4. The Cr-C bond lengths measured reflect the differences in trans-influence
between the phosphine and amine donor groups. As expected, the Cr-C(2) bond length, trans

to the amine group, is shorter than the Cr-C(3) bond trans to the phosphine due to the weaker
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trans influence of the amine donor, relative to that of the phosphine donor trans to the Cr-C(3)
bond. This matches the observations of Dobson and Bernal et al. for their
Cr(CO)a(Ph,PCH,CH,NEt;) complex, in which the Cr-C bond length trans to the amine donor was
measured at 1.73(4) A, shorter than the other Cr-C bond distances measured.

It is apparent from 3P NMR spectroscopic analysis of the crude products following the
reaction of Cr(CO)s with the PNC ligand that the low yield of complex 2.6 is due to the formation
of a number of side products. Of the three 3P NMR spectroscopic signals observed, one
appeared at 6 = 42.5 ppm, which is very similar to the chemical shifts displayed by complexes
2.4 and 2.5 (6 = 43 ppm). This suggests that this resonance at 6 = 42.5 ppm may be due to the
formation of the monodentate Cr(CO)s(PNC) complex. Unfortunately, due its high solubility, this
species could not be isolated and no further analysis could be carried out.

The IR spectrum of complex 2.6 should display four carbonyl absorption bands,
however, the spectrum measured in solution only exhibits three carbonyl absorptions bands
(Table 2.5). One of these absorptions is non-Gaussian in shape, suggesting that the band may
consist of overlapping absorptions. Deconvolution of the IR spectrum obtained for complex 2.6

showed that the broad absorption band consists of two bands (Figure 2.7).

Complex v C=0? (cm™?)

2.6 2006 1899° 1882° 1840

2Spectra obtained in DCM solution
b peaks acquired by deconvolution of raw data

Table 2.5: The carbonyl absorption frequencies measured for complex 2.6.

It is apparent that the PNC ligand prefers to coordinate differently to the PNN and PNO
ligands, but the precise reason for this behaviour is not clear. It is suggested that presence of an
N or O atom in the six-membered ring of the ligand significantly alters the inversion of the

tertiary amine group, hence altering the coordination behaviour of the amine.
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Figure 2.7: Deconvolution of the IR spectrum measured for complex 2.6 (DCM).

2.3.2 Preparation of Mo(CO)4(PNE) complexes (E =N, O, C) (2.7-2.9)

In order to further investigate the binding properties of PNE ligands with group VI
metals, complexation reactions were carried out with Mo(CO)s. These reactions utilised the
same experimental method as used in Section 2.3.1, i.e. heating a solution of Mo(CO)s and the
relevant PNE ligand in toluene at reflux for 24 hours; in each case 3P NMR spectroscopic analysis
revealed the reactions had given complete conversion to the products, with all three displaying
characteristic shifts of & = 37 ppm. Subsequently, complexes 2.7-2.9 were isolated as yellow
crystalline solids in moderate yields (38 - 49 %) and were successfully characterised by NMR
spectroscopy, mass spectrometry and X-ray crystallography. IR spectroscopy was also used to

characterise complexes 2.7-2.9.
Ph, CO

Ph,P P\N! A0
Toluene O
Mo(CO)s + > NT | Sco

Nm 110 °C cO

E 2.7: E = NMe
28:E=0
£ 2.9: E = CH,

Scheme 2.9: The synthesis of complexes 2.7-2.9.

Both complexes 2.7 and 2.8 show significant differences to their chromium-containing
counterparts, 2.4 and 2.5. Both of the molybdenum complexes 2.7 and 2.8 are insoluble in

hexane making their purification and crystallisation considerably easier than that of 2.4 and 2.5.
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Crystals of all three Mo(CO)4(PNE) complexes suitable for X-ray diffraction were
successfully grown and their structures determined (Figure 2.8). The molecular structures
determined for complexes 2.7-2.9 all show the PNE ligands binding in a bidentate fashion to the
molybdenum centre, in contrast to complexes 2.4 and 2.5, both of which display monodentate
coordination. All three of the complexes 2.7-2.9 are shown to adopt a distorted octahedral
geometry with respect to the molybdenum centre, as expected. A selection of relevant bond
lengths and angles for complexes 2.7-2.9 are presented in Table 2.6. The crystallographic data
for complexes 2.7-2.9 reveal all three have very similar Mo-P, Mo-N and Mo-C bond lengths,
and the ligands display similar bite angles. The impact of the differing trans influences of the
phosphine and amine groups on the relevant Mo-C and C-O bonds can be seen, and matches
the observations made previously for the analogous Cr complexes. The Mo-C bond trans to the
amine donor has the shortest of the Mo-C bond lengths, with the group trans to the phosphine
donor being slightly longer. These trends support the observations of Dobson and Bernal et al.

for their similar Mo(CO)4(Ph,PCH,CH;NEt;) complex.®
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Figure 2.8: ORTEP representations of the molecular structures determined for complexes 2.7 (top left)
2.8 (top right) and 2.9 (bottom), with thermal ellipsoids set at 50 % probability.

Mo(CO)«(PNN) (2.7) Mo(CO)«(PNO) (2.8) Mo(CO)4(PNC) (2.9)
Mo — P 2.5008(6) | Mo—P 2.4916(5) | Mo—P  2.4933(5)
Mo—N(1)  2.4264(18) | Mo—N 24243) | Mo-N  2.424(1)
Mo — C(1) 2.0332) | Mo-C(1) 2.0532) | Mo-C(1)  2.050(1)
Mo - C(2) 1.999(2) | Mo-C(2) 1.991(2) | Mo-cC(2)  2.002(2)
LB°"t: Mo - C(3) 1.954(2) | Mo-C(3) 1.9534(19) | Mo—cC(3)  1.937(1)
e'(‘g) *| Mo-ca) 2.041(2) | Mo-C(4)  2.0281(19) | Mo-cC(4)  2.021(1)
0(1) - C(1) 1.152(3) | 0(1)-c(1) 1.155(2) | o(1)-c(1)  1.166(2)
0(2)-C(2) 1154(3) | 0(2)=C(2)  1.143(2) | 02)-C(2)  1.140(2)
0(3)-C(3) 1160(3) | 03)-C(3)  1.157(2) | 0(3)-C(3)  1.153(2)
0(4) - C(4) 1.148(3) | O(4)—C(4)  1.141(2) | O(4)-C(4)  1.148(2)
Bond
Angles | N(1)-Mo-P 77.93(4) | N-Mo-P 79.64(7) | N-Mo-P  79.39(3)
()]

Table 2.6: A selection of bond lengths (A) and angles (°) determined for complexes 2.7-2