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Abstract

Linear alpha olefins such as 1-hexene are widely used in the chemical industry. Over the past 15 years there has been considerable
industrial interest in the selective trimerisation of ethylene to 1-hexene, which seems to be the preferred on-purpose route to this
product. This article aims to provide a historical overview of all developments in the field of selective olefin trimerisation. During
the discussion of the individual catalyst systems, special attention is also paid to features such as catalyst activity, reaction selectivity
and relative catalyst cost, all of which would play a role in selecting the best technology. Various mechanistic aspects of this novel
chemical reaction are also discussed in detail. The article concludes with a discussion on the major findings of a number of recent

theoretical studies on trimerisation catalysis.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Linear alpha olefins (LAOs) are useful intermediates
for amongst others the manufacture of co-polymers, de-
tergents, synthetic lubricants and plasticizer alcohols.
Currently, LAO producers may broadly be grouped into
two main categories, i.e. full range producers and on-
purpose producers [1], depending on the chemistry of
the processes.

The three largest full range producers of LAOs via
ethylene oligomerisation are Shell, BP Amoco and
Chevron Phillips [2]. An inherent feature of the chemis-
try of these metal catalysed ethylene oligomerisation
processes is that they produce a mathematical distribu-
tion (Schulz-Flory or Poisson) of alpha olefins which
very often does not match market demand. This product
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distribution provides a serious challenge to full range
producers in that each alpha olefin market segment
has different characteristics in terms of market size,
growth, geography, fragmentation, technical services
and logistics requirements. Although attempts have
been made to skew the mathematical distribution of ole-
fins to the higher value comonomer range (i.e. 1-Cg and
1-Cg) [3], these modifications involve increased capital
expenditure and operational complexity.

Currently, there are only a few on-purpose routes to
LAOs due to the fundamentally different nature of the
chemistry involved [1]:

e [-Butene is made by ethylene dimerisation in the
Middle East.

e Comonomer grade 1-hexene is made by ethylene tri-
merisation by Chevron Phillips. This plant was
brought on line in 2003 as part of the Q-Chem I pro-
ject in Qatar.

e 1-Hexene and l-octene are extracted from Synthol
streams at the Sasol facilities in Secunda, South Africa.
Although this can be regarded as an on-purpose route
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to specific LAOs, it is distinctly different from the
above-mentioned processes since it is not based on se-
lective ethylene oligomerisation.

Given the inherent problems facing the full range
producers, the recent trend for R&D focus in this area
is on novel on-purpose routes to alpha olefin comono-
mers. The approach which seems to be receiving the
most attention at this stage, probably due to its high at-
om efficiency and superior economic performance, is se-
lective ethylene oligomerisation, and in particular
ethylene trimerisation. The activity from the industrial
scientific community in terms of trimerisation patents
seems to have reached a peak around 1996 (Fig. 1),
whereas interest amongst the academic fraternity is
clearly on the increase as is evidenced by the growing
number of open literature publications (Fig. 2).

This paper will attempt to review the open and patent
literature on selective olefin trimerisation and critically
evaluate the various catalyst systems which have been
developed. The main focus of this review will be on ho-
mogeneous chromium-based ethylene trimerisation sys-
tems; however, there are a few examples of
trimerisation of higher olefins as well as non chromi-
um-based systems which have been included. For the sa-
ke of completeness, a few heterogeneous trimerisation
systems have also been included. As will be evident from
the discussion, overall 1-hexene selectivities in excess of
99% are achievable with some of the trimerisation sys-
tems; hence the review will also cover the mechanistic as-
pects as well as molecular modelling studies on this
remarkable olefin transformation.

In addition to these aspects, special attention will also
be paid to catalyst activity, overall 1-hexene selectivity
and relative catalyst cost, since these are key attributes
for the commercialisation of processes based on these
catalyst systems.

35

1.1. Ethylene trimerisation — the discovery

Although Chevron Phillips were the first to commer-
cialise a process for the manufacture of 1-hexene via eth-
ylene trimerisation, the key discoveries relating to this
technology were in fact made by Manyik, Walker and
Wilson of Union Carbide Corporation (UCC). Nearly
40 years ago these researchers filed a patent [4] on con-
tinuous processes for the production of PE. They ob-
served that during the polymerisation of ethylene using
Cr(IIT) 2-ethylhexanoate (Cr(III) 2-EH) activated by
partially hydrolysed tri-isobutylaluminium (PIBAO),
some of the ethylene trimerises to produce 1-hexene,
which then co-polymerises with ethylene forming a poly-
mer having butyl side chains.

Many years later Manyik et al. [5] published their dis-
coveries concerning 1-hexene formation during the
Cr(I1T) 2-EH/PIBAO catalysed polymerisation of ethyl-
ene. A detailed chromatographic analysis of the solvent
from these polymerisation reactions revealed that 1-Cy,
1-Cg, 1-Cg and 1-C; were produced with 1-Cg being pre-
dominant. The 1-Cg:1-C4 was about 25:1 and in addition
to 1-C;o, a number of branched decene isomers were al-
so produced. The 1-Cg content was, however, only
about 1.1% of the liquid sample.

Marked differences in pressure and temperature de-
pendence were observed on the rates of polymerisation
and 1-hexene formation, the rate of 1-hexene formation
being more sensitive to ethylene pressure than the rate of
polymerisation. Furthermore, the rate of 1-hexene for-
mation seemed to be dependent on the square of the eth-
ylene pressure, implying a second order reaction in
ethylene. Based on these results, the authors concluded
that the 1-hexene was produced via a mechanism other
than linear chain growth and they proposed a metallocy-
cle mechanism to explain this second order dependence.
Invoking this metallocycle mechanism, the authors
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Fig. 1. Selective olefin trimerisation patents per year.
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Fig. 2. Selective olefin trimerisation publications per year (up to March 04).

explained the formation of the branched decene isomers
by the co-trimerisation of two ethylenes and a 1-hexene
molecule.

A large number of additives were also evaluated as
possible poisons or promoters of the catalyst system.
Isoprene, piperyline and chloroprene as well as conju-
gated dienes such as 2-methoxybutadiene, cyclohexadi-
ene and 3-ethylidenecyclohexene poisoned the reaction.
Addition of 1,2-dimethoxyethane (DME), however, led
to a marked increase in 1-hexene formation. This signif-
icant discovery formed the basis of the first truly selec-
tive ethylene trimerisation catalyst system which will
be discussed in more detail later in the review.

2. Homogeneous trimerisation catalysts based on chromi-
um

The discussion that follows summarises the develop-
ment of homogeneous trimerisation catalysts based on
chromium. Two major classes of ligands for chromi-
um-based systems have been identified by the authors,
i.e. anionic and neutral multidentate ligands. The bulk
of the discussion will cover ethylene trimerisation
systems although trimerisation of higher olefins such
as 1-hexene and 1-dodecene is also included.

2.1. Chromium systems based on aromatic ligands

These ligands are mostly generated in the presence of
a base which deprotonates a ligand precursor to form an
anionic species for co-ordination to chromium. In many
cases, the aromatisation of the system is the driving
force for the formation of the anionic species. A com-
mon feature of these aromatic systems is that they are
all activated by trialkyl aluminiums, which are for the
most part, considerably less expensive than the corre-
sponding alkyl aluminoxanes.

2.1.1. Pyrrolyl ligands — the development of the Phillips
ethylene trimerisation catalyst

No review on selective olefin trimerisation chemistry
would be complete without referring to the Phillips Pe-
troleum catalyst system. This is simply because the Phil-
lips system was the first example of a trimerisation
catalyst that yielded 1-hexene in a greater than 90%
overall selectivity (while concurrently producing less
than 2 mass% PE) [6]. Chevron Phillips (a merger be-
tween Chevron and Phillips Petroleum Company) re-
cently successfully commercialised this technology in
Quatar 2003 [1]. Currently, this is still the only example
of a commercial scale ethylene trimerisation plant.

In addition to this, more than 50% of the total num-
ber of olefin trimerisation patents filed to date (which
greatly exceeds the total number of open literature pub-
lications, see Figs. 1 and 2) deal with the Phillips ethyl-
ene trimerisation catalyst system or variants thereof. A
great number of these Phillips related patents are, how-
ever, process patents and not catalyst patents.

The discovery of the Phillips trimerisation catalyst
systems occurred in the late 1980’s when the catalytic
properties of chromium pyrrolyl compounds were inves-
tigated. This study was initiated since chromium cyclo-
pentadienyl complexes are used extensively as catalysts
in the ethylene polymerisation industry and pyrrolide li-
gands are the closest heterocyclic analogues to cyclopen-
tadienide ligands, both from electronic and steric
perspectives [7]. Reagan [6,7] attempted to prepare a va-
riety of chromium pyrrolyl complexes by treating CrCl,
or CrCl; with various stoichiometric ratios of sodium
pyrrolide in the presence of electron donor solvents such
as tetrahydrofuran (THF).

Despite the fact that transition metal pyrrolyl com-
pounds often exist as inorganic polymers, Reagan did
manage to isolate and characterise a few such chromium
pyrrolyl complexes. For example, he isolated a pentanu-
clear complex, Crs(C4H4N)9(C4H40)4 from the reaction
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between CrCl, and two molar equivalents of sodium pyr-
rolide in THF. This complex, which is the minor reaction
product, contained novel bridging amido-pyrrolyl li-
gands. The major reaction product was an inorganic poly-
mer which is believed to contain the same type of bridging
amido-pyrrolyl ligands based on the nearly identical in-
frared spectra of these two reaction products [7].

Surprisingly, the reaction between CrCl, and a molar
excess of sodium pyrrolide in THF yielded two totally dif-
ferent compounds, namely the dianionic square planar
complex {Cr(C4H4N)4}{Na}, (C4H40), as the major
product, and the octahedral complex {Cr(C4H4N)s-
(C4H40)} {Na}, (C4H40)4 as the minor product. The
formation of the Cr(I11) octahedral complex was attribut-
ed to the presence of 5-10 weight% CrCl; in the commer-
cial sample of CrCl, used for the preparation [6].

Finally, the reaction between CrCls; and three molar
equivalents of sodium pyrrolide in THF yielded exclu-
sively an inorganic polymer. The x-ray fluorescence data
of this reaction product indicated that it consisted of
multiple Cr(C4H4N),Cl units [7].

Although the preparation of the above chromium
pyrrolyl compounds might not be regarded by some as
ground-breaking, the discovery of their catalytic proper-
ties certainly was. All the above complexes (except the
octahedral Cr(III) complex {Cr(C4H4N)s-(C4H40)}
{Na}, (C4H40)4 which apparently was not evaluated)
were found to be catalytically active towards ethylene
oligomerisation at 90 °C and 38 bar pressure upon acti-
vation with approximately 25 molar equivalents of tri-
ethylaluminium (TEA).

These complexes were also found to be catalytically
active when supported on AIPOy, SiO, and Al,Os. The
reaction selectivity and activity seemed to be a function
of the choice of the starting chromium pyrrolyl com-
plex, whether supported or not and the type of support
used during catalyst preparation. Although a catalyst
activity exceeding 10,500 g/g Cr per hour was achieved
using the Al,Osz-supported pentanuclear complex
Crs(C4H4N)10(C4H40)4, this reaction ylelded only
31% liquid oligomers apart from the 69% PE produced
[7]. Tt was, however, possible to achieve selectivities in
excess of 99% towards liquid oligomers when using
the Cr(III) polymer consisting of Cr(C4H4N)-Cl units.
On the other hand, this reaction exhibited a consider-
ably lower catalyst activity of only 1030 g/g Cr per
hour. The most striking aspect of these liquid oligomer
products was that they contained up to 90.5% hexenes
of which approximately 92% was 1-hexene. It was thus
possible at this stage to obtain overall selectivities to-
wards 1-hexene in excess of 83%, while producing less
than 2% PE [6].

During the next few years, Phillips Petroleum Com-
pany made considerable improvements to their original
discovery, both from catalyst development and process
development perspectives. For example, Reagan and

his co-workers [8] discovered that it was possible to pre-
pare an active catalyst without using defined chromium
pyrrolyl complexes as catalyst precursors. In fact, one
could obtain an active trimerisation catalyst by simply
combining a chromium (III) alkanoanate, such as
Cr(I1T) 2-EH, with pyrrole and TEA in a paraffinic sol-
vent, such as cyclohexane, shortly before conducting the
oligomerisation reaction. The presence of an aromatic
hydrocarbon solvent, such as toluene, during catalyst
preparation led to improved catalyst stability so that
the catalyst system could even be successfully recycled
three to four times [9]. However, the presence of an ex-
cess quantity of an aromatic hydrocarbon solvent in the
reaction mixture (after catalyst preparation) had a detri-
mental effect on the catalyst activity [8]. Higher catalyst
activities could also be achieved when there was little or
no stirring present when the co-catalyst (TEA) is added
during catalyst preparation to a solution containing the
chromium precursor and the ligand [10].
2,5-Dimethylpyrrole (DMP) seemed to be Phillip’s
preferred ligand due to its excellent performance during
catalysis. This pyrrole derivative is also preferred from a
practical point of view due to its higher air, light and
temperature stability. In addition to this, Phillips also
discovered that the presence of a halogen compound,
such as diethyl aluminium chloride (DEAC), 1-bromo-
butane, GeCly and SnCly, during the catalyst prepara-
tion led to marked improvements in both the catalyst
activity and selectivity towards 1-hexene formation [§].

Finally, Phillips extended the scope of their trimerisa-
tion technology to tandem trimerisation co-polymerisa-
tion where co-polymers with densities ranging from
0.913 to 0.948 g/ml were prepared in a single reactor us-
ing a mixture of the Phillips trimerisation catalyst (on an
aluminophosphate support) and well-known supported
chromium- and titanium-based polymerisation catalysts
[11].

By 1999 Phillips had improved the performance of
their ethylene trimerisation catalyst to such an extent
that they achieved catalyst activities exceeding 94,000
g/g Cr in 36 min (156,666 g/g Cr per hour) at a reaction
temperature of 115 °C and a reaction pressure of 100
bar. This catalyst was prepared by combining Cr(III)
2-EH, 2,5-dimethylpyrrole, diethylaluminium chloride
and TEA in toluene in molar ratios of 1:3.3:7.8:10.8 at
room temperature using a nitrogen purge to stir the re-
agents. The trimerisation reaction yielded 99.85% liquid
oligomers containing 93.83% hexenes of which 99.2%
was l-hexene (93% overall 1-hexene). The main side
products were a mixture of linear and branched decenes
(5.38%) [10].

Shortly after the discovery of the Phillips trimerisa-
tion catalyst, a number of other commercial companies
started to file patents relating to this catalyst system.
The most prolific of these companies was Mitsubishi
Chemical Corporation. They, for example, discovered
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that catalysts prepared with non co-ordinating Lewis ac-
ids, such as B(CgFs)s, in addition to Cr(III) 2-EH, pyr-
role and TEA exhibited significantly higher activities
than catalysts prepared without it [12]. Mitsubishi also
developed a protocol whereby they prepared the Phillips
catalyst in situ during a continuous trimerisation
reaction [13]. By employing this in situ protocol (using
chromium(III) 2-ethylhexanoate, 2,5-dimethylpyrrole,
hexachloroethane and triethylaluminium in molar ratios
of 1:6:4:40) and by carefully controlling the molar ratio
of 1-hexene to ethylene inside the reactor (at less than
0.5:1), they managed to obtain unprecedented catalyst
activities of up to 945,000 g/g Cr in 15 min (3,780,000
g/g Cr per hour) at 105 °C and 50 bar (see Scheme 1)
[13]. The reaction mixture contained 99.96% liquid olig-
omers including 95.9% hexenes of which 99.5% was 1-
hexene (95.4% overall 1-hexene).

Other companies that have filed patents or published
open literature articles on variants of the Phillips cata-
lyst system include Sumitomo Chemical Company [14],
BASF [15], Idemitsu Kosan Company [16], Chinese Pe-
troleum Group [17], Sasol Technology [18] and Beijing
Yanshan Petrochemical Company [19]. In most of these
cases, new variants of one of the three essential catalyst
components were used to prepare the active trimerisa-
tion catalyst. Variants used include the use of
diisobutylaluminium 2,5-dimethylpyrrolide [14], 2-(5'-
bromopentyl) pyrrole [18], (hexahydro-1,3,5-trioctyl-
1,3,5-triazine)CrCl; [15] and partially hydrolysed
triethylaluminium [16]. The catalytic performance of
most of these catalyst variations are, however, fairly
moderate compared to the optimised results obtained
by Phillips and Mitsubishi with the ‘classic’ Phillips
catalyst system.

Despite the prominence of the Phillips trimerisation
catalyst system, there is little public knowledge concern-
ing the fundamental aspects of this catalyst and to date
there are only two non-theoretical open literature arti-
cles relating to this topic. In the first of these, Yang
et al. [20] investigated the role of the organo-chloro
compounds in this system by conducting a large number
of catalytic runs using different chloro compounds dur-
ing catalyst preparation as well as different molar ratios
of each of the catalyst components. They observed that
the catalytic activity and selectivity of this reaction were
strongly affected by variations in both of these. In gen-
eral, there seemed to be a direct correlation between
the number of chloro atoms in the organo-chloro cata-
lyst component and both the 1-hexene selectivity and

Cr(lll) 2-EH

N

| Hexachloroethane
H 105°C, 50 bar C,

945000 g/g Cr

1-Cg (95.4%)

Scheme 1.

ethylene conversion rate. This pattern of catalyst
behavioural changes has been found to be qualitatively
more consistent with the number of geminal chloro at-
oms on the specific organo-chloro compound rather
than with the total number of chloro atoms. The authors
proposed that this observation can be attributed to the
breaking up of the dimeric form of TEA by the geminal
chloro compound (which acts as a Lewis base) to yield
monomeric TEA (see Scheme 2). It is believed that the
monomeric TEA is advantageous to the formation of
the active chromium species due to its better Lewis acid
properties.

The second of these open literature publications fo-
cuses on the coating of the activated Phillips trimerisa-
tion catalyst system with paraffin waxes. It was shown
by Hu and co-workers [21] that the coating of this cata-
lyst system with paraffin wax led to a large improvement
in its stability towards air exposure. For example, coat-
ed catalyst that was exposed to air for 24 h at room tem-
perature, retained 88% of it original activity while
yielding 1-hexene in the same overall selectivity of
92.7%. The authors also investigated the oxidation state
of the activated catalyst using X-ray photoelectron spec-
troscopy which indicated that approximately 93-95% of
the chromium existed as Cr**, with the remainder being
Cr®". The authors thus ascribed the Cr*" state to the 1-
hexene yielding catalyst species.

The final aspect relating to the Phillips trimerisation
catalyst system to be dealt with, relates to the use of ion-
ic liquids as solvents for this catalyst. Sasol Technology
[22] discovered that imidazolium-based ionic liquids
containing [Et;,Al,Cl]-based anions could successfully
be used as solvents for the Phillips trimerisation catalyst.
Ionic liquids usually separate quite readily from organic
compounds, such as 1-hexene, to yield a biphasic mix-
ture. Easy separation from the trimerisation reaction
products would therefore facilitate the recycling/re-use
of the Phillips catalyst. By using [1-ethyl-2,3,-dimethy-
limidazolium] [Et;,AL,Cl] as the solvent, ethylene tri-
merisation reactions at 115 °C and 50 bar yielded 75%
hexenes containing 87% 1-hexene (65.3% 1-Cg overall)
in catalyst activities exceeding 25,000 g/g Cr per hour
over a period of 30 min. The catalyst was prepared using
Cr(IIT) 2-EH, 2,5-dimethylpyrrole and TEA in molar
ratios of 1:10:20. This study was also subsequently
extended to higher olefin substrates such as 1-pentene
and 1-decene [22,23]. Ranwell and Tshamano [23]

\C,—'
cr’ ol \ - \-

+ > c:l/ “ai . gl/ \C,J
Et\AllET)Al/Et Et\AiL E/;A Et Et“Ai; . aE
Bt~ ~gr” CEt Bt g’ CEt Et” tew DE

Scheme 2.
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discovered that although only very low conversions of 1-
decene to oligomers (consisting of 67% C30 trimers)
could be achieved using the Phillips catalyst system in
organic solvents/reagents, both the rate of conversion
and the reaction selectivity increased considerably when
these reactions were conducted in ionic liquids. Thus,
combining Cr(III) 2-EH, 2,5-dimethylpyrrole, TEA
and 1-decene in molar ratios of 1:7:20:200 in [1-butyl-
3-methylimidazolium] [Et;,Al,Cl] resulted in a 46% con-
version of the 1-decene to 91% C30 trimers at 25 °C in
24 h. The viscosity index of the C30 fraction of this re-
action mixture is also favourably high at 130, which sug-
gests that this cut could be a superior poly alpha olefin
(PAO) product.

2.1.2. Maleimidyl ligands

Maleimide is in many respects very similar to pyrrole,
especially from electronic and molecular orbital perspec-
tives. In view of the Phillips trimerisation catalyst, a tri-
merisation catalyst based on maleimide should be quite
feasible. Tosoh Corporation did indeed develop such a
catalyst system during the latter part of the 1990s [24].
As with the Phillips catalyst the Tosoh system is based
on three components, namely a chromium precursor
(typically Cr(IIT) 2-EH), maleimide and an alkylalumin-
ium compound [24]. Tosoh Corporation in essence used
the same approach as Phillips and others to optimise
their catalyst system. For example, they discovered that
halogen containing compounds, such as Et,AlCl and
GeCly, had a similar positive effect on both the catalyst
activity and reaction selectivity as was found for the
Phillips catalyst [25]. Thus, by using Cr(IIT) 2-EH,
maleimide, TEA, diethylaluminium chloride in molar
ratios of 1:60:430:160 they managed to obtain consider-
able catalyst activities of up to 278,000 g/g Cr per hour
at 120 °C and 40 bar (see Scheme 3). The reaction mix-
ture contained 98.5% liquid oligomers including 86.7%
hexenes of which 93.2% was 1-hexene giving 79.6% over-
all 1-hexene.

Tosoh also investigated the influence of a number of
other compounds on the catalyst performance. These in-
clude O-, S- and P-containing compounds (e.g. dimeth-
oxyethane) [25], non-conjugated dienes (e.g. 1,5-
cyclooctadiene) [26] and aromatic solvents (e.g. toluene)
[27]. Most of these so-called ‘promoters’ had a marginal
or even detrimental influence on the catalyst perfor-
mance. Tosoh Corporation also investigated the use of
different maleimidyl containing precursors such as the
reaction product between triisobutylaluminium or dii-

Cr(lll) 2-EH
ﬂ TEA 278000 g/g Cr/h
N ’\\l 0 Diethylaluminium chloride 1-Cg (79.6%)
N .

120°C, 40 bar C,

Scheme 3.

sobutylaluminium hydride and maleimide during cata-
lyst preparation (a similar approach was employed
with pyrrolyl ligands by Sumitomo Chemical Corpora-
tion [13]), but without a marked improvement in the cat-
alyst performance [28]. Finally they also proved that the
catalyst could be successfully supported on SiO,, al-
though it also tended to produce significant quantities
of PE (typically 20%) in these reactions [29].

Although this catalyst system is definitely a notewor-
thy equivalent to the Phillips trimerisation catalyst, the
overall selectivity towards 1-hexene generally seems to
be 12-15% lower which definitely would make this sys-
tem less desirable from an economic perspective.

2.1.3. Cyclopentadienyl ligands

As indicated in Section 2.1.1, cyclopentadienyl (Cp)
ligands and pyrrolyl ligands are very similar, both from
electronic and steric perspectives [7]. By analogy, they
should also be good ligands for chromium catalysed ole-
fin trimerisation. However, up until recently, chromium-
based cyclopentadienyl complexes have only been
shown to be active polymerisation catalysts [30,31]. It
is worth mentioning that Jolly et al. [32] used cyclopen-
tadienyl chromium metallocycle model complexes to
suggest the potential existence of the metallocyclopen-
tane and -cycloheptane intermediates for the trimerisa-
tion mechanism. However, these cyclopentadienyl
chromium metallocycle complexes were found to be very
active ethylene polymerisation catalysts, giving activities
of 307,715 g PE/g Cr per hour. On the contrary, it was
shown by Sasol Technology that when bulky aromatic
substituents are introduced onto the cyclopentadienyl
ring, highly active trimerisation catalysts can be ob-
tained [33,34].

The best results in terms of overall 1-Cg selectivity
were achieved at a reaction temperature of 100 °C and
an ethylene pressure of 50 bar with 5-(4-#-butylphe-
nyl)-1,2,3,4-tetraphenylcyclopentadienyl as ligand using
a catalyst prepared with Cr(IIT) 2-EH:ligand:hexachlo-
roethane:TEA in molar ratios of 1:3:2.5:45 (see Scheme
4). This gave a reaction mixture containing 99.5% liquid
products comprising 0.5% Cg4, 93.5% Cg (83% 1-Csg,

t

Bu
© Cr(lll) 2-EH
Hexachloroethane 57700 g/g Cr/h
=] Ph TEA 1-Cg (77.2 %)
Q Cyclohexane
100 °C, 50 bar C»
Ph Ph

Scheme 4.
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77.2% 1-C¢ overall), and 6% C;o+. The catalyst activity
was 57,700 g/g Cr per hour.

A substantial amount of internal hexenes were also
formed during these catalytic runs. It was also found that
the a-selectivity within the hexenes was highly dependent
on the substituents of the cyclopentadiene ring. For exam-
ple, the use of 1,2,3,4-tetraphenyl-cyclopentadienyl as li-
gand vyielded only 61.7% 1-hexene whereas using
5-(4'-t-butylphenyl)-1,2,3,4-tetraphenyl-cyclopentadienyl
yielded 83% 1-hexene. The reaction temperature also
seemed to influence selectivity/activity, with lower tem-
peratures promoting higher activity and 1-hexene selec-
tivity within the Cg4 fraction, but also promoting more
PE and lower Cg selectivity. For example, conducting a re-
action using the same molar ratios as in the above exam-
ple, but at 70 °C, produced an overall 1-Cq selectivity of
73.4% with a catalyst activity of 93,500 g/g Cr per hour.

In addition to the high cost of substituted Cp ligands,
the major Achilles heel of this catalyst system from an
economic viability viewpoint is the low 1-Cg selectivity
within Cg fraction (17% internal hexenes). The process
economics would be negatively influenced by the diffi-
cult separation of 1-C4 from other Cg isomers.

2.1.4. Boratabenzenyl ligands

Boratabenzenyl and cyclopentadienyl anions are of-
ten considered to be isoelectronic [35] and by analogy
to the systems discussed in Sections 2.1.2 and 2.1.3,
one would also expect the existence of a trimerisastion
catalyst system based on these ligands. Mitsubishi
Chemical Industries did indeed investigate these ligands
and found them to promote I1-hexene formation, al-
though at very moderate catalyst activities [36]. Thus,
trimethylphosphinoboracyclohexadiene in tetrahydrofu-
ran (THF) was treated at —78 °C with lithium diiso-
proplyaminde (LDA). The product of this reaction
was added to 0.7 molar equivalents of CrCl;(THF); in
THF solvent to yield an uncharacterised chromium bo-
ratabenzenyl compound in 6 h at room temperature. Ac-
tivation of this compound with TEA and conducting the
ethylene oligomerisation reaction at 80 °C and 35 bar
ethylene pressure yielded a catalyst activity of 1072 g/g
Cr per hour (see Scheme 5). The reaction mixture con-
tained >99.9% liquid oligomers including 85.8% hexenes
of which 75.1% was 1-hexene, giving an overall selectiv-
ity to 1-hexene of 62.5%.

9H3 _ CrCl3(THF)3
CHgfI‘D*B / LDA TESA . 1072 g/g Cr/h
CH3 J— 80 C, 35 bar Cg 62.5% 1'06

Scheme 5.

2.1.5. Aryloxide ligands

The first application of this class of ligands in selective
ethylene oligomerisation was by the Institut Francais du
Petrole (IFP) [37]. They filed a patent on an ethylene tri-
merisation catalyst system comprising a chromium
source, an aryloxyaluminium compound of general for-
mula R,Al(R'O);_,, and a trialkylaluminium activator.
According to this patent, the best ethylene trimerisation
results were achieved using a system comprising Cr(III)
2-EH, bis(2,6-diphenylphenoxy)isobutylaluminium and
TEA at molar ratios of 1:8:8. When the reaction was car-
ried out in toluene at 120 °C and 50 bar ethylene pressure,
it afforded 0.4% Cy4, 74.5% Cs (99.8% 1-Cq, 77.4% 1-Cq
overall), 0.9% Cg, 6.2% Cjg+ and 18% PE (see Scheme
6). The reaction consumed 19 g of ethylene in 60 min, giv-
ing a catalyst activity of 3654 g/g Cr per hour.

Two years later IFP filed a catalyst patent [38] on a
related system comprising a chromium source, an aryl-
oxy component of general formula M(RO), _,,X,, where-
in M is magnesium, calcium, strontium or barium and X
is a halogen. In the best example, Cr(IIT) 2-EH, bis(2,6-
diphenylphenoxy)magnesium and TEA at molar ratios
of 1:1:3 in o-xylene at 140 °C and 30 bar ethylene pres-
sure afforded a reaction mixture comprising 1.3% Cj,
84.4 % Cg (98.9% 1-Cq, 83.5% 1-C4 overall), 1% Cs,
2.3% Cjo+ and 11% PE (see Scheme 7). The reaction
consumed 19 g of ethylene in 30 min giving an activity
of 7308 g/g Cr per hour, making this system twice as ac-
tive as the previous system based on aryloxyaluminium
compounds.

Sasol Technology has also investigated the use of a-
ryloxide ligands for Cr-based ethylene trimerisation
and have patented [39] and published [40] results show-
ing improvements when the reaction is carried out in an
aromatic ether solvent such as anisole. Surprisingly this
improved both the selectivity and activity of the catalyst
system when compared to reactions carried out in xylene

3654 g/g Cr/h

Ph Cr(lll) 2-EH
TEA
AlHO B

Toluene
120 °C, 50 bar C,

1-Cg (74.4 %)

Ph
2

Scheme 6.

Ph
Cr(ll) 2-EH
TEA 7308 g/g Cr/h

_—
o-Xylene
140 °C, 30 bar C,

Mg—+O
1-Ce (83.5 %)

Ph

Scheme 7.
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as solvent. In addition to this the authors demonstrated
that a preformed aryloxyaluminium complex was not
necessary for catalytic activity and that the catalysis
could be carried out by mixing the components in situ.

Catalytic runs as well as spectroscopic evidence sug-
gested that the anisole acts as both solvent and catalyst
component. In a typical run using Cr(IIl) 2-EH, 2,6-
diphenylphenol and TEA at molar ratios of 1:14.5:20,
the catalysis in anisole produced 86.4% liquid oligomeric
products of which 89.7% was Cg (see Scheme 8). The
I-hexene selectivity in the Cq fraction was 98.9% and
overall selectivity to 1-Cg4 was 77.5%. 13.6% PE was pro-
duced and the catalyst activity was around 23,000 g/g Cr
per hour.

Selective trimerisation, albeit at very low activities,
was also observed when the reaction was carried out
in anisole in the absence of any 2,6-diphenylphenol. In
addition to a number of different 2,6-disubstituted phe-
nols, the authors also investigated the use of enolates as
well as 2,6-disubstituted thiophenols as ligands, with
limited success.

Finally, this catalyst system in anisole as reaction sol-
vent was found to be very sensitive to temperature ef-
fects, giving mainly PE at 100 °C, and mainly linear
chain growth products at temperatures exceeding 130
°C.

In summary, although aryloxide ligands are relatively
inexpensive, it appears that ethylene trimerisation cata-
lysts based on Cr(III) and aryloxide ligands are only ca-
pable of modest catalyst activities (<30,000 g/g Cr per
hour) and 1-Cq selectivities (ca. 83% overall). As op-
posed to the Cp system described earlier, 1-Cg selectivi-
ties within the Cg fraction are very high (>98%). From a
commercialisation point of view however, the major
stumbling block is the high PE content (>9%) of reac-
tion mixtures, which would complicate the design of a
process based on this catalyst.

2.2. Chromium systems based on multidentate hetero-
atomic ligands

A common feature of multidentate heteroatomic li-
gands is that they contain donor sets which form co-or-
dinate bonds with chromium. Most of the ligand
systems described in this section are either bidentate or
tridentate. The tridentate systems can further be subdi-
vided into systems where the procatalyst has a meridio-
nal arrangement of the ligand and those which have a

Ph
Cr(lll) 2-EH
TEA 23000 g/g Cr/h
OH
Anisole 1-Cg (77.5 %)

Ph 130 °C, 37.5 bar C,

Scheme 8.

facial arrangement of the ligand. Those having a merid-
ional arrangement have donor sets in which the outer
donor atoms are soft donors allowing for facile associa-
tion—dissociation equilibria and in general these systems
provide extremely selective ethylene trimerisation cata-
lysts. A further feature of these multidentate systems is
that many are activated by alkyl aluminoxanes, which
due to their high cost, necessitate catalyst systems which
are extremely active and selective for an economically
feasible technology.

2.2.1. Ligands based on oxygen donors

Surprisingly, more than a decade elapsed after Many-
ik’s discovery that ethylene could be trimerised to 1-hex-
ene before the first truly selective ethylene trimerisation
system was patented. Manyik et al. had provided the
clue that donor ligands such as dimethoxyethane pro-
moted the reaction and picking up on this, Briggs [41]
of the Long Range Catalyst Group of UCC patented
an ethylene trimerisation catalyst system comprising a
chromium compound, a hydrolysed hydrocarbylalumin-
ium compound and a donor ligand. This donor ligand
was selected from hydrocarbyl isonitriles such as z-butyl
isonitrile, amines such as tetramethylethylene diamine
and ethers of the general type CH;0(CH,CH,0),CHs;.
The best ethylene trimerisation activities and selectivities
were obtained using DME as donor ligand.

Briggs later published more details concerning the de-
velopment of this ethylene trimerisation catalyst [42]. In
the best catalysis example, Cr(III) 2-EH, PIBAO and
DME at a molar ratio of 1:2:10 in heptane solvent at
95 °C and 28-35 bar ethylene pressure gave 74% overall
1-hexene selectivity and a catalyst activity (TOF) of 1.2
Cr's™!' (2086 g/g Cr per hour). The remainder of the
product was PE, an analysis of which revealed no 1-hex-
ene incorporation. In addition to I-hexene and PE,
small amounts of C4 and Cg were also produced.

Although the mechanistic aspects will be discussed in
more detail in a later section of the review, it is notewor-
thy that Briggs was the first to implicate both metallo-
cyclopentane and metallocycloheptane intermediates in
this selective production of 1-hexene.

Further work on the system by Levine and Karol [43]
of UCC revealed that the presence of CO, could increase
the efficiency of the Cr(III)/DME trimerisation catalyst
toward 1-C¢ formation.

Following on from UCC’s discoveries concerning
DME as donor ligand, Idemitsu Chemical Company
filed two related patents in the mid 1990s. The catalyst
systems were in essence the same as UCC’s except that
aluminium alkoxides were used as activators. In one ex-
ample [44], a solution of Cr(III) 2-EH and aluminium
t-butoxide in cyclohexane was reacted with 3.14 g ethyl-
ene at 100 °C and 34 bar for 23 min to give 2.64 g prod-
uct containing 84% 1-Cg4, 3% 1-Cg, 2% Cio+ and 11%
PE. The catalyst activity was 5298 g/g Cr per hour.
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In the second patent [45] ethylene was oligomerised in
the presence of a catalyst obtained by mixing Cr tris(ad-
amantanecarboxylate), DME, aluminium z-butoxide
and triisobutylaluminium at molar ratios of
1:100:1000:50 at 100 °C and 34 bar ethylene pressure
for 50 min to give 82% 1-Cq, 10% 1-Cg and 8% PE.
The catalyst activity was 6970 g/g Cr per hour.

It is clear from the above discussion that these chro-
mium systems based on ether ligands are not sufficiently
active or selective to be considered for commercial appli-
cation. On the other hand, however, the fact that DME
appears to improve the selectivity to 1-hexene suggests
that it may be considered as a selectivity improving ad-
ditive for other catalyst systems.

2.2.2. Ligands based on nitrogen donors

Triazacycloalkane ligands. Wu [46] has suggested that
the preferred nitrogen-based ligands for oligomerisation
are sterically demanding ligands such 1,4,7-trimethyl-
1,4,7-triazacyclononane which co-ordinate facially to
the chromium. He reasoned that these ligands would
permit both ethylene trimerisation and oligomerisation,
while at the same time inhibit polymerisation. In a pat-
ent to Albemarle Corporation [46], Wu describes a pro-
cess for the selective oligomerisation of ethylene in the
presence of a catalyst system comprising Cr complexes
of triazacyclononane using aluminoxanes as activators.
This process provides a Schulz—Flory distribution of al-
pha olefins which is selectively enriched in 1-hexene,
without the concurrent formation of excessive amounts
of vinylidine olefins and PE.

In line with his reasoning concerning the necessity of
steric bulk for oligomerisation over polymerisation, he
found that in the absence of substitution on the nitro-
gens, the catalyst system only gave polymerisation.
For any given catalyst system, lower reaction tempera-
tures (ca. 30 °C) also favoured polymerisation over oli-
gomerisation. Interestingly, the catalyst lifetime was
prolonged by the combination of catalyst components
in situ under ethylene pressure. Similar observations
have also been made for the Phillips catalyst system
[10,13].

In one example, ethylene was oligomerised at 105 °C
and 29 bar in the presence of [1,4,7-trimethyl-1,4,7-
triazacyclononane]CrCl; and  n-hexylaluminoxane
(NHAO) at a molar ratio of 1:80 in toluene to give a
product containing 9.4% Cy4, 39.3% Cg, 10% Cg, 8.5%
CIO: 6.9% C12, 6% C14, 5% C16, 4% C]g and 10.9%
Cyo+. The selectivity for linear alpha olefins was 85—
95% and 32 g of ethylene was consumed over 30 min giv-
ing an activity of around 12,309 g/g Cr per hour (see
Scheme 9). The major product impurities were internal
olefins, cyclic olefins and paraffins.

Using the Schulz-Flory equation, the expected
amount of Cg¢ was calculated to be around 10%, clearly
showing that both the metallocycle (see Section 6.1) as

AN
N~ NHAO
[ N— Toluene

i

CrCI3

12309 g/g Cr/h

\J

105 °C, 29 bar C, 1-Cg (33.4-37.3 %)

Scheme 9.

well as the linear chain growth mechanism were in oper-
ation with this catalyst system.

Ko6hn and Kociok-K6hn [47] have subsequently dem-
onstrated the facile synthesis of the related and highly
stable N-alkyl triazocyclohexane complexes of Cr(III)
and Fe(Ill). Crystal structure determinations revealed
that these ligands are n® co-ordinated to the metal (see
Scheme 10).

In searching for homogeneous analogues for the
Cr0O5/SiO, polymerisation catalyst (Phillips), Kéhn et
al. [48] went on to demonstrate that these 1,3,5-triazacy-
clohexane chromium complexes could be activated by
methylaluminoxane (MAO) or [PhMe,NH]|[B(C4Fs)4)/
i-BusAl to form active ethylene polymerisation catalysts.
The N,N,N-trimethyl analogue when activated by
MAO, gave polymerisation catalysts giving a moderate
activity of 455 kg/mol Cr per hour (8751 g/g Cr per
hour). However, when the highly soluble N,N,N-trid-
odecyl analogue was tested at 40 °C and 1 bar ethylene
it gave an activity of 717 kg/mol Cr per hour (13,780 g/g
Cr per hour). Analogous to observations with the heter-
ogeneous Cr0Os/Si0, polymerisation catalyst of Phillips,
1-hexene and decenes as ‘co-trimers’ of 1-hexene and
ethylene could be found in solutions of these polymeri-
sation reactions. In addition to this, '*C NMR analysis
revealed the presence of butyl side chains in the PE, in-
dicative of 1-hexene incorporation during polymerisa-
tion. These findings led the authors to postulate that
this was the first truly homogeneous model for the Phil-
lips CrO5/SiO, polymerisation catalyst [49].

Ko6hn et al. [50] subsequently showed that these tri-
azacyclohexane complexes of Cr(III) were capable of
trimerising higher alpha olefins such as propene, 1-hex-
ene and styrene. Up until this time no other trimerisa-
tion catalysts were shown to be capable of this
transformation with higher olefin substrates.

At room temperature, the trimerisation of 1-hexene
ceased after a few hours at about 80% conversion. How-
ever, up to 90% alpha olefin conversion could be

i )
N CICly(THF) N g
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( ﬁ ——— > R /*N
N _N N /
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Scheme 10.



3650 J.T. Dixon et al. | Journal of Organometallic Chemistry 689 (2004) 3641-3668

achieved if the reaction mixture was refrigerated for sev-
eral days (see Scheme 11). The selectivity of the catalyst
system toward trimer formation was excellent and di-
mers and tetramers could only be found in less than
1%. Donor functionalised olefins and donor solvents
tended to deactivate the system and internal olefins
and conjugated dienes could not be trimerised. The anal-
ogous methyl-substituted triazacyclononane systems
were shown to be incapable of trimerising higher alpha
olefins under the same reaction conditions and the au-
thors alluded to the importance of low steric demand
of complexes for reactivity toward higher alpha olefins.

Wasserscheid et al. [51] have used triazacyclohexane
complexes of Cr(I1I), activated by MAO, for the selec-
tive trimerisation of 1-decene and 1-dodecene. After hy-
drogenation, the C30 and C36 oligomeric products
displayed the required viscosity indices as well as low
pour points and low vapour pressures, making them at-
tractive candidates for use as synthetic lubricants. High
trimer selectivities make this trimerisation catalyst supe-
rior to the well known BF3;-ROH catalysts for 1-decene
oligomerisation.

A number of 1-dodecene trimerisations were carried
out using 100 equivalents of MAO in toluene as reaction
solvent at 0 °C over 20 h run times (see Scheme 12). The
N,N,N-tri-2-ethylhexyl analogue gave an olefin conver-
sion of 80.5% yielding 93% Cjs6, 7% internal C;,’s and
a catalyst activity of 1026 mol 1-C;, converted/mol Cr
(166 g/g Cr per hour).

The R groups on the nitrogen were shown to affect
the catalyst activity and trimerisation/isomerisation ra-
tio. A higher degree of branching of the R group in
the alpha position enhanced the undesired isomerisation
reaction and dramatically reduced the catalyst activity.
The N,N,N-tridodecyl analogue gave very high 1-dode-
cene conversion (97.7%), but the trimer selectivity was
only 81% with 19% internal C;, being produced. Kinetic

N
/ __vy—R MAO
R. NG
/ — > C45(>99 %) at >90 % conversion

0°C, several days

R=octyl, dodecyl

Scheme 11.
i
/ Nj/R MAO
R\N/ / 1-Cqp 166 g/g Cr/h
e
\/Cr\ 0°C,20h Cag (93 %) at 80.5 % conversion
Cl
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Scheme 12.

investigations with 1-dodecene revealed an induction pe-
riod, followed by a characteristic catalyst deactivation
profile with time.

The catalytic reaction was shown to follow the classi-
cal metallocycle mechanism (see Section 6.1), producing
either internal olefins or vinylidines (no alpha olefins
were observed in the trimer product). After hydrogena-
tion, 4 main trimer products were formed, consistent
with the product distribution expected from a metallocy-
cle mechanism.

Tris(pyrazolyl)methane ligands. Tris(pyrazolyl)meth-
ane ligands have been extensively reviewed as complex-
es of copper(I), silver(I), cadmium(Il), lead(Il) and
thallium(II) [52]. Tosoh Corporation, however, made
the discovery that chromium complexes of tris(pyraz-
olyl)methane ligands, when activated by MAO or trial-
kyl aluminiums, gave active and selective ethylene
trimerisation catalysts. In one such patent [53], four
complexes, i.e. tris(3,5-dimethyl-1-pyrazolyl)methane-
chromium trichloride, tris(3-phenyl-5-methyl-1-pyraz-
oly)methanechromium  trichloride,  tris(3-phenyl-
I-pyrazolyl)methanechromium trichloride and
tris(3-(4-tolyl)-1-pyrazolyl)methanechromium trichlo-
ride were synthesised. Upon activation with MAO or
mixtures of MAO and n-octyl;Al or i-BuzAl, the com-
plexes gave active and selective ethylene trimerisation
catalysts. These complexes were prepared by reacting
the respective tris(pyrazolyl)methane ligands with
CrCl3(THF); in THF as solvent and, as with the tria-
zacycloalkane systems discussed previously, were
found to co-ordinate facially to the chromium.

The best result was achieved using tris(3,5-dimethyl-
1-pyrazolyl)methane chromium trichloride activated by
360 molar equivalents of MAO at 80 °C and 40 bar eth-
ylene pressure (see Scheme 13). This afforded a reaction
mixture containing 0.1% Cg4, 99.6% Cg (99.5% 1-Csg,
99.1% 1-C¢ overall) and 0.3% Cgy. The activity of the
catalyst was 40,100 g/g Cr per hour.

This system provides rather impressive overall 1-hex-
ene selectivities and good catalyst activities. In contrast
to many other nitrogen-based ligand systems, tris(pyraz-
oly)methane ligands are stable and easy to handle.

Tosoh filed a number of related patents on this sys-
tem, reporting catalyst activities as low as 3 g/g Cr per
hour [54-57].

| MAO 40100g/g Cr/h
N—C— crcly —m8
Lo Toluene 1-Cg (99.1%)

80 "C, 40 bar C,

Scheme 13.
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Diimine ligands. The use of diimine ligands in transi-
tion metal catalysed polymerisation of ethylene has been
extensively reviewed by Ittel et al. [58]. Sumitomo
Chemical Co [59] has subsequently patented the use of
this class of ligands for ethylene trimerisation. Their sys-
tem comprised a chromium compound, a diimine such
as R'N—CR?*(CR’R*),,CR>=NR® or R’R*C—=N(CR”’-
R'%),N=—CR''R'? and an alkyl aluminium activator. In
one example ethylene was trimerised by a catalyst sys-
tem comprising Cr(III) 2-EH, glyoxalbis(1,1,3,3,-te-
tramethylbutylimine and TEA at molar ratios of
1:15:79 (see Scheme 14). The reaction was carried out
in heptane as solvent at 40 bar ethylene pressure and
120 °C and afforded a reaction mixture containing
12.2% Cy4, 72.4% Cg (80.5% 1-Cg, 58.3% 1-Cg overall),
1.5% Cg, 9.4% Cyp and 3% PE. The catalyst activity
was 22,995 g/g Cr per hour.

Performing the reaction under the same conditions as
above, but with the addition of 15 molar equivalents of
n-butyl bromide, improved the Cq selectivity to 81.6%
(79.8% 1-Cq). The catalyst activity, however, decreased
to 16,849 g/g Cr per hour. This effect has been observed
with other trimerisation catalysts [20,25,33].

A number of different compounds were also evalu-
ated as additives including 1,2-bis (diphenylphosphi-
no)ethane, triethyl phosphite, tetraethoxysilane and
bisphenol A. These additives, however, afforded no ben-
efits in terms of either catalyst activity or selectivity.

As with the Sasol Technology Cp-based system dis-
cussed earlier [33], this system gives low 1-Cg selectivity
within the Cg¢ fraction. As mentioned previously, this is
problematic from a process point of view due to the dif-
ficult separation of 1-hexene from the internal isomers.

Silyl substituted nitrogen ligands. An unusual ethylene
trimerisation catalyst system comprising a chromium
source and metal hydroxyl compounds activated by tri-
alkyl aluminiums was patented by Mitsubishi Corpora-
tion in the late 1990s [60]. In one example ethylene was
oligomerised in heptane in the presence of TEA,

Cr(lll) 2-EH

7\ TEA
N N Heptane
B

120 °C, 40 bar C,

22995 g/g Cr/h

1-Cg (58.3 %)

Cr(N(SiMes),); and a second catalyst precursor. This
precursor was prepared by the reaction of N-(2,6-di-
isopropylphenyl-N-(trimethylsilyl)aminosilanetriol with
TEA in hexane/THF under reflux for 3 h. The reaction
was carried out at 100 °C and 35 bar ethylene pressure
for 30 min to give a mixture containing 14.1% C,,
84.5% Cg (89% 1-Cg, 75.2% 1-Cg¢ overall), 0.3% Cg and
1.1% Cjp+ (see Scheme 15). No PE formation was re-
ported and the catalyst activity was 1066 g 1-C4/g Cr
per hour (1421 g/g Cr per hour).

In summary, although a wide variety of catalyst sys-
tems using ligands based on nitrogen donors have been
patented or published, only a handful of these systems
are sufficiently active and selective to be considered as
candidates for a commercial process. One such candi-
date is the [tris(3,5-dimethyl-1-pyrazolyl)methane]-
CrCl3/MAO system due to its good activity and
excellent selectivity toward 1-Cg.

2.2.3. Ligands based on phosphorus donors

Polydentate phosphine ligands. Amoco Corporation
[61] developed an ethylene trimerisation catalyst com-
prising chromium complexes of polydentate phosphines
described by the general formula, R,P(CH,),P(R")
(CH,),,PR,, activated by an aluminoxane co-catalyst.
X-ray structural analysis of the chromium complexes re-
vealed an octahedral geometry of the complexes with
meridional arrangement of the ligand, distinguishing
these systems from the facially co-ordinating tria-
zocycloalkane and tris(pyrazolyl) methane ligands dis-
cussed in the previous section.

The best catalytic results were obtained using a chromi-
um complex of the unsymmetrical ligand, (2-dimethyl-
phosphinoethyl)(3-dimethylphosphinopropyl)phenylphos-
phine. This procatalyst in toluene, when activated by 214
equivalents of butylaluminoxane (BuAO) at 42 bar ethyl-
ene pressure and 80 °C, afforded 1% Cy, 97.7% Cg (98.8%
1-Cq, 96.5% 1-C¢ overall), 1% C;o and 0.3% PE (see
Scheme 16). The catalyst activity was 33,926 g/g Cr per
hour.

Some interesting features of the system include the
fact that symmetrical ligands such as MeP[(C3;Hg)PEt,)],
and PhP[(C3Hg)PMe,)], appear to form catalysts which
lose their activity over a short period of time (20 min). In
addition to this, operating the catalyst system as a sepa-
rate 3-component system, as opposed to starting with a

Scheme 14. preformed complex of chromium, not only lowered the
_ /Si(OH)3 Heptane 1421 g/g Cr/h
Cr(N(SiMe3)2)3 + N + TEA
SiMeg 100°C, 35 bar C, 1-Ce (75.2 %)

Scheme 15.
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Butylaluminoxane 33926 g/g Cr/h

P Toluene
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¢ \Cr/ 80 °C, 42 bar C, 1-Cg (96.5 %)
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Cl
Scheme 16.

trimerisation activity but also significantly increased PE
formation from <1% to ca. 12%. Ethylene was found to
provide a protective effect on the activated catalyst at
temperatures higher than 55 °C and increasing the ethyl-
ene pressure increased both the reaction rate and 1-Cg
selectivity.

Further distinguishing features of these catalyst sys-
tems were the exceptionally high 1-hexene selectivities
and low PE (typically <2%) contents of reaction mix-
tures. It was even suggested that the 1-hexene obtained
could be used without further purification, a very impor-
tant process benefit. This is in stark contrast to many of
the previous trimerisation catalysts (Phillips, etc.) which
yielded product mixtures requiring fractionation of the
1-Cy¢ from the higher oligomeric products (especially
Ci0’s). A negative feature is the high cost of these PPP
ligands which requires a difficult synthetic route involv-
ing the use of radical chemistry.

2.2.4. Ligands based on mixed P and N donors

Diphosphazane ligands — (R;PN(R)PR,). Diphosp-
hazane ligands have previously been applied as complex-
es of Pd to give ethylene/CO co-polymerisation catalysts
[62] and as complexes of Ni to give ethylene polymerisa-
tion catalysts [63]. British Petroleum has recently
patented [64] and published [65] the first chromium-based
ethylene trimerisation systems with diphosphazane Ii-
gands of the type Ar,PN(Me)PAr, where Ar is an o-
methoxy-substituted aryl group. When activated with
MAO these systems provide extremely active and selec-
tive ethylene trimerisation catalysts.

The best trimerisation results were obtained using
very low Cr and ligand concentrations. In one example,
ethylene was trimerised over a 1 h period at 80 °C and 20
bar using 0.0025 mmol CrCl;(THF); and (2-methoxy-
phenyl),PN(Me)P(2-methoxyphenyl), in 500 ml toluene.
When activated by 300 equivalents of MAO, the catalyst
gave 90% Cg (99.9% 1-Cg, 89.9% 1-Cg4 overall), 1.8% Cg’s
and 8.5% C;y’s. No PE formation was reported and the
catalyst activity was an unprecedented 1,033,200 g/g Cr
per hour (see Scheme 17), some two orders of magnitude
greater than many previously reported systems. In addi-
tion to this, the decay in catalyst activity was less than
10% per hour, which is also in stark contrast to most
other ethylene trimerisation systems which seem to lose

CH3 CTC|3(THF)3
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o N\P MAO 1033200 g/g Crh
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2 ) Toluene 1-Cg (89.9 %)
OCHz CH30 80 °C, 20 bar C,

Scheme 17.

most of their activity over a 30 min period. These high
catalyst activities and slow deactivation rates have im-
portant process implications in that the consumption
of transition metal catalyst is low and no catalyst sepa-
ration step from the products before further use would
be necessary.

In all the catalysis examples reported, the 1-Cq selec-
tivity within the Cg fraction exceeded 99% and remark-
ably, no PE formation was reported. This also has major
beneficial implications for the commercialisation of a
process based on these systems.

This trimerisation system could also be successfully
supported on silica with no loss in activity or selectivity.
In fact it was even suggested that the supported catalysts
lose less of their activity over time than their homoge-
neous counterparts. Using CrCl3(THF);, PNP ligand
and MAO on silica which had been calcined at 200 °C
and reaction conditions of 8 bar ethylene pressure and
80 °C, a catalyst activity of 90,400 g/g Cr per hour
was achieved, yielding 86.2% Cg’s (99.8% 1-Cg, 86% 1-
Cg overall), 0.5% Cg and 9% Cyq’s.

As with many ethylene trimerisation catalysts, a sec-
ond order dependence of catalyst activity on ethylene
pressure was observed and the authors concluded that
the classical metallocycle mechanism (see Section 6.1)
was operative. Consistent with this, addition of 1-butene
led to increased yields of octene isomers. In addition to
this, experiments which were carried out for longer peri-
ods of time led to an increased yield of decene isomers
relative to Cg.

Initially the authors reasoned that steric bulk in the
ortho position is important in establishing catalyst per-
formance. However, they found that an o-ethylphenyl
PNP analogue gave no catalytic activity under the reac-
tion conditions employed. The p-methoxy analogue was
also inactive leading them to postulate that the potential
for o-methoxy groups to act as pendant donors is an im-
portant factor. Ligands with o-methoxy substituents,
having carbon instead of nitrogen bridges also gave no
catalytic activity.

The authors stressed that these trimerisation systems
are highly suited for tandem trimerisation co-polymeri-
sation catalysis due to their high productivity and
kinetic profile characteristics. The patent provides two
such examples of tandem catalysis with the new trimer-
isation system, one using a Ziegler Natta polymerisation
catalyst and the other using a zirconocene polymerisa-
tion catalyst. In both cases, NMR spectroscopy showed
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the presence of butyl branches, indicating co-polymeri-
sation of ethylene and 1-hexene.

A few additional interesting observations regarding
this system were reported. Firstly the catalyst system
does not trimerise higher olefins such as 1-hexene and
secondly the catalysis in the presence of hydrogen led
to increased activity but not increased selectivity.

Bis-phosphinoamine ligands — (R,PCH,CH,NHCH -
CH,PR,). Sasol Technology has recently patented [66]
and published [67] results on a trimerisation catalyst
based on Cr(IIT) complexes of tridentate ligands of the
type RzPCHzCHzN(H)CHzCHszz

The complexes are prepared by reaction of the bis-
phosphino amine ligands with CrCl3(THF); at room
temperature (see Scheme 18). When activated with
MAUO, they are very active and selective for the produc-
tion of 1-Cg. Initial attempts to improve the activity of
the system centred on the modification of the R groups
on the phosphorous atoms. Highly basic, but sterically
demanding dicylcohexylphosphino moieties led to
decreased activity and increased PE production. In
contrast, basic but less sterically demanding diet-
hylphosphino moieties led to increased activity and ex-
cellent 1-Cg selectivities. The best activity was achieved
using [bis-(2-diethylphosphino-ethyl)amine]CrCl;, which
when activated by 850 equivalents of MAO at 100 °C
and 40 bar ethylene pressure, afforded a reaction mix-
ture containing 94% Cg (99.1% 1-Cg, 93.2% 1-Cg overall)
and 2.1% PE (see Scheme 19). NMR analysis revealed
that no 1-C¢ was incorporated into the PE backbone.
The catalyst activity was 37,400 g/g Cr per hour.

Catalysis examples giving as high as 97% overall 1-
hexene selectivity were also demonstrated, albeit at
much lower catalyst activity. Catalytic runs at different
temperatures revealed that the system was more stable
at 80 °C than 100 °C, whereas extended run times re-
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Scheme 19.

vealed that the catalyst deactivated dramatically over
time.

Crystal structures were obtained for the [bis-(2-dic-
yclohexylphosphino-ethyl)amine]CrCl; and [bis-(2-diph-
enylphosphino-ethyl)amine]CrCl; complexes revealing a
distorted octahedral geometry with meridional arrange-
ment of the ligand.

Comparing the BP PNP system with the Sasol Tech-
nology bisphosphino amine system, it is apparent that
the Sasol Technology system is capable of higher overall
I-hexene selectivities (97% vs. 90% overall 1-Cg), even
though it is much less active.

2.2.5. Ligands based on mixed S and N donors:
Bis-sulphanylamine ligand — (RSCH,CH,NHCH,-
CH,SR). In searching for alternatives to P-based li-
gands, the above-mentioned authors [68,69] reasoned
that, since the phosphine pendents of the PNP system
described above act as soft donor atoms capable of fac-
ile association—dissociation equilibria, the donor proper-
ties of thioether groups should be similar. Initially, alkyl
SNS ligands with low steric demand were targeted due
to the fact that these substituents on the PNP systems
described above gave good results. The SNS ligands
were prepared in good yields using inexpensive reagents
and reacted with CrCl3(THF); at room temperature to
give the corresponding [bis-(2-alkylsulphanyl-ethyl)-
amine]CrCl; complexes in high yields (see Scheme 20).
An ethylene trimerisation reaction at 90 °C and 40
bar ethylene, using the [bis-(2-decylsulphanyl-ethyl)-
amine]CrCl; complex activated by 280 equivalents of
MAO, afforded 98.4% Cg (99.7% 1-Cg, 98.1% 1-Cg4 over-
all) (see Scheme 21). Only 0.16% PE was produced and
the catalyst activity was 160,840 g/g Cr per hour.
These results were superior to those obtained using
the less soluble [bis-(2-ethylsulphanyl-ethyl)-ami-
ne]CrCl; complex. More importantly, it was found that
the more soluble complexes could be activated with very
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low amounts of MAO (30-100 equivalents). Due to the
high cost of MAO, this has positive implications for the
process economics.

A crystal structure of [(bis-(2-ethylsulphanyl-eth-
yl)amine)]CrCl; was obtained and displayed the expected
octahedral geometry with meridional arrangement of the
ligand. Comparison of chelate bite angles and metal—
ligand bond distances of the PNP and SNS systems re-
vealed that they were very similar for the two systems,
further supporting the author’s supposition that the thi-
oether group can be an effective substitute for the phos-
phine donor group in certain circumstances.

In summary, extremely active and selective catalysts
based on SNS ligands were described and the authors
showed for the first time the potential of sulphur-based
ligands on early transition metals for olefin oligomerisa-
tion. In addition to the high activities and selectivities (in
excess of 97%) achievable, the authors also demonstrated
that these trimerisation catalysts could be activated with
as low as 30 equivalents of MAO. The inexpensive li-
gands coupled with low MAO requirements and high
activity and selectivity of these systems also make them
potential candidates for a commercial process to 1-
hexene.

2.2.6. Ligands based on mixed PNP and PNS imines

Bluhm et al. [70] have recently reported ethylene tri-
merisation results using Cr(III) complexes of mixed N,
P, O and S containing imines and amines. Crystal struc-
ture analyses of these complexes, as with the systems de-
veloped by Amoco [61] and Sasol Technology [67,68],
revealed an octahedral geometry with meridional ar-
rangement of the ligand. When activated by MAO, the
catalysts either gave l-hexene in reasonable selectivity
(albeit at low activity), or produced mainly PE. The best
trimerisation catalyst was obtained when a PNP imine
complex was reacted with 100 molar equivalents of
MAUO at 22-31 °C and 30 bar ethylene pressure to afford
83% Cq¢ (98% 1-Cg, 81.3% overall 1-Cg) and 17% PE (see
Scheme 22). The catalyst activity was 3092 g/g Cr per
hour.

In another catalysis example the PNS imine complex
was activated with 100 equivalents of MAO at 22-31 °C
and 30 bar ethylene to give 82% Cg (98% 1-Cg, 80.4% 1-
C¢ overall) and 18% PE (see Scheme 23). In this case, the
catalyst activity was somewhat lower at 1221 g/g Cr per
hour.
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The amine equivalents of the above complexes under
the same catalytic conditions were found to give mainly
PE.

3. Cr(0) catalyst systems

All the chromium-based trimerisation catalysts that
have been discussed up to now contain Cr** and Cr**
precursors. This begs the question whether trimerisation
catalysts based on Cr(0) exist. Tosoh Corporation in-
deed developed a number of such Cr(0)-based systems
near the turn of the century. All these Tosoh systems
are based on chromium tricarbonyl precursors and use
triisobutyl aluminium as cocatalyst. These catalysts are
generally activated by irradiation with UV light. A wide
variety of compounds have been shown to be effective li-
gands for such catalysts. These include sulphur com-
pounds such as dibutylsulphide [71], ethers [72],
isonitriles [72], tris(3,5-dimethyl-1-pyrazolyl)methane
[73-76], bis(diphenylphosphinoethyl)phenylphosphine
[77] and 1,3,5-tris-(diphenylamino)benzene [78].

Although most of these Cr(0) catalysts are fairly se-
lective towards 1-hexene, they generally exhibit very
low catalyst activities. There are a few exceptions
though. The most prominent of them is a catalyst pre-
pared using tricarbonyl(1,3,5-trimethylbenzene)chromi-
um, dibutyl sulphide and triisobutylaluminium in
molar ratios of 1:10:20. This yielded a catalyst activity
of 70,900 g/g Cr per hour at 80 °C and 40 bar. The prod-
uct mixture contained 92.8% liquid oligomer which con-
sisted of 92.2% Cg (99.4% 1-Cg, 85% overall 1-Cg).

It is also possible to obtain higher selectivities to-
wards 1-hexene, albeit at the expense of catalyst activity.
Thus ethylene was trimerised in the presence of tris(3,5-
dimethyl-1-pyrazolyl)methanechromium tricarbonyl, N,
N-dimethylaniline and triisobutylaluminium (in molar
ratios of 1:10:120) at 80 °C and 5 bar to yield >99.9%

ﬂ
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_C— ICO3 ——MM
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—N N 80°C, 5 bar Cp
Scheme 24.
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liquid oligomers. The liquid product contained 97% Cs,
99.1% of which was 1-C4 and 96% overall 1-Cg4 (see
Scheme 24). A catalyst activity of 15,600 g/g Cr per hour
was achieved.

4. Heterogeneous trimerisation systems based on chromi-
um

All the systems discussed thus far have been homoge-
neous trimerisation systems based on soluble chromium
complexes. A number of heterogeneous ethylene trimer-
isation catalyst systems also exist and will briefly be dis-
cussed. It has been mentioned that the Phillips CrOs/
SiO, polymerisation catalyst is capable of trimerising
ethylene [48], which is co-polymerised with ethylene giv-
ing co-polymer having butyl side chains. The liquid
phase of these polymerisation reactions has been shown
to contain oligomeric products having high selectivity
toward 1-Cg, albeit very minor.

4.1. Silica-supported Cr[N(SiMes), ]slisobutylaluminox-
ane system

Monoi et al. have patented [79-81] and published
[82] results on a heterogeneous trimerisation catalyst
based on Cr[N(SiMes),]s and isobutylaluminoxane
(IBAO) supported on silica. They discovered that when
the system was calcined at 600 °C under a nitrogen
flow, it gave an active and selective ethylene trimerisa-
tion catalyst.

A catalyst system containing 1 wt% Cr on silica, hav-
ing an iBAO/Cr of 24:1 at 120 °C and 7 bar ethylene
pressure gave an overall 1-hexene selectivity of 74.2%
and an activity of 3170 g/mmol Cr per hour (60,966 g/
g Cr per hour). In accordance with the findings of Ma-
nyik et al. [5], the addition of 1,2-dimethoxyethane
(DME/Cr molar ratio=0.25) as electron donor in-
creased the 1-Cg selectivity to from 74.2% to 86.4%. This
increased 1-Cg selectivity came at the expense of decene
isomer formation and catalyst activity. It was postulated
that the role of DME was to co-ordinate with active
sites, thus suppressing by-product formation.

In the absence of the silica support, the catalyst activ-
ity decreased and it was demonstrated that the calcina-
tion temperature of the catalyst affected both its
selectivity and activity.

Surprisingly, the catalyst system was found to obey
first order kinetics with respect to ethylene partial pres-
sure. Most of the ethylene trimerisation systems dis-
cussed in this review have exhibited a second order
dependence on ethylene. This implies that the heteroge-
neous system has a different rate determining step. The
reaction rate of the system also decreased with reaction
time, indicating some form of catalyst deactivation.

4.2. Heterogeneous variants of homogeneous systems

A number of the homogenous Cr-based catalyst sys-
tems discussed above were also successfully supported
on inorganic supports to render these catalysts heteroge-
neous. These include the Phillips catalyst [6,7], the Tos-
oh maleimidyl system [24] and the BP diphosphazane
system [64,65]. However, apart from the BP system,
the supported catalysts yielded considerably more PE
byproducts.

5. Non chromium-based trimerisation catalysts

The main drivers for investigations into non chromi-
um-based ethylene trimerisation systems include intel-
lectual property considerations, potential catalyst
performance improvements and last but not least, envi-
ronmental concerns surrounding chromium. Both UCC
[5] and Phillips Petroleum [11] appear to have had a
strategy of evaluating metals other than chromium
for trimerisation activity. For example, UCC tested
salts of uranium, cerium, titanium, vanadium and zir-
conium, with only uranium giving comparable yields
of 1-hexene to chromium [5]. However, no detailed ex-
perimental details were provided by UCC. On the con-
trary, Phillips provided considerably more experimental
details which will be elaborated upon in the paragraphs
that follow.

5.1. Early transition metals: groups IV and V

5.1.1. Zirconium

As part of their strategy to evaluate metals other then
chromium, Phillips Petroleum [11] investigated a cata-
lyst system comprising Zr(acac),, pyrrole and TEA in
molar ratios of 1:3:22 at 80 °C and 38 bar ethylene pres-
sure. The catalysis in cyclohexane yielded 26.8% liquid
products containing 26.9% Cg (100% 1-Cg, 7.2% overall
1-C¢) and 73.2% PE at a very low catalyst activity of 29
gl/g Zr per hour.

It is well known than zirconium-based systems
provide good dimerisation catalysts and that zircono-
cene—alkene complexes can rearrange to form zircona-
cyclopentane compounds [83]. Further evidence that
zirconium can also form metallocyclopentane species is
provided in an interesting study by Wang et al. [84] on
the zirconocene catalysed oligomerisation of ethylene
to form methylenecyclopentane. It is believed that these
zirconacyclopentane intermediates undergo B-hydrogen
elimination to yield an alkenyl hydride species which af-
ter insertion of ethylene eventually undergoes cyclisation
to yield methylenecyclopentane (MCP). This is the first
known example for the selective trimerisation of ethyl-
ene to a cyclic Cq isomer, rather than the more commonly
observed linear 1-hexene.
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The best selectivity to MCP was achieved using
Cp,ZrCl, activated by 100 equivalents of TEA with
the addition of a pyridine promoter at reaction condi-
tions of 150 °C and 14 bar ethylene pressure. This gave
an overall selectivity to MCP of 43%. When ethyl alumi-
noxane (EAO) was used as the activator (Al:Zr=100:1)
it also yielded MCP, but at lower molar equivalents (e.g.
Al:Zr=25:1), 55% 1-hexene was formed and the selectiv-
ity to MCP was only 3%. The catalyst activity was ex-
tremely low at 153 g/g Zr per hour (14 kg/mol Zr per
hour). In all cases the major side products were PE
and a small amount of 1,5-hexadiene.

From these results, it is clear that zirconium-based
systems currently have low activity with a maximum se-
lectivity towards 1-hexene of around 55%. Considerable
quantities of PE are also produced, which from a pro-
cess point of view is very problematic.

5.1.2. Vanadium

Phillips Petroleum [11] surprisingly found that a cat-
alyst system comprising V(O)(acac),, pyrrole and TEA
using molar ratios of 1:3:22 in cyclohexane at 80 °C
and 38 bar ethylene yielded 56.8% liquid oligomers con-
taining 63% Cg (79.4% 1-C¢, 45% overall 1-C¢) and
43.2% PE with a low catalyst activity of 115 g/g V per
hour.

Enichem S.P.A. [85] has subsequently also patented a
selective trimerisation catalyst based on low oxidation
state vanadium species described by the general formula
(arene), VX where arene =benzene or mono-, di- or trial-
kylsubstituted benzene, V=vanadium and X=Cl, Br, I,
B(Ar)4, AICl, ™, carboxylates and sulphonates.

Unexpectedly it was demonstrated that the catalysis
could be initiated by the addition of a heterocyclic com-
pound in a molar ratio of 1:20 (with respect to the vana-
dium), or even more surprisingly, without a co-catalyst
at all. This heterocyclic compound could be selected
from pyrroles, pyrazoles, phenanthroline and pyridine
amongst others.

In the best catalytic example, V(Mesityl), and
Cp,Fe(BPh,) were combined in a 1:1 molar ratio and
the trimerisation reaction was carried out at room tem-
perature and 7 bar ethylene pressure. This afforded a re-
action mixture containing 99% 1-hexene at an activity of
605 mol ethylene/mol V per hour (333 g/g V per hour).

The fact that a co-catalyst is not essential for these
vanadium systems is an attractive attribute, but from
an economic viability viewpoint, higher catalyst activi-
ties would be required.

5.1.3. Tantalum

The discovery of tantalum as a trimerisation catalyst
can be attributed to the detection of highly branched PE
oils during the polymerisation of ethylene with TaCls ac-
tivated by an alkylaluminium halide in chlorobenzene or
hexane solvent [86]. The formation of these branched

oils could only be explained by a dual catalytic mecha-
nism whereby ethylene is first oligomerised by a tanta-
lum alkyl species to alpha olefins. These alpha olefins
are further oligomerised by cationic oligomerisation by
Lewis acid species.

The catalysis was then conducted in the presence of
2,6-di-¢-butylpyridine, which is known to inhibit cation-
ic oligomerisation by acting as a proton sponge. A cat-
alyst comprising TaCls, ethylaluminium dichloride and
2,6-di-tert-butylpyridine in a 1:1:1 molar ratio using
chlorobenzene as solvent at 45 °C and 48 bar ethylene
pressure over 16 h gave a liquid oligomeric product con-
taining 45% 1-hexene (trimerisation) and 55% 1-alkenes
showing a Schulz—Flory distribution («=0.73). The fact
that 45% 1-hexene was detected gave credence to the
dual catalytic mechanism.

It was subsequently discovered that the combination
of TaCls, a trialkylaluminium and a tetraalkylammoni-
um chloride in chlorobenzene improved the selectivity
towards the trimer, giving 90% liquid product of which
75% 1s 1-Cg (67.5% 1-C¢ overall) in an ethylene oligo-
merisation reaction.

Following on from this discovery, Andes et al. [87]
then developed a highly selective ‘naked’ trimerisation
catalyst using TaCls and a methylating agent such as
Zn(CH3), in a 1:1 molar ratio. The catalysis in chloro-
benzene at 45 °C and 48 bar ethylene pressure gave an
overall 1-Cq4 selectivity of 96% with a catalyst activity
of 460 mol C,/Tah (214 g/g Ta per hour). Various alky-
lating agents were found to activate this procatalyst.

It is believed that TaCls is alkylated to form
Ta(CH;),Cl;y which was shown by a variety of 'H and
H NMR experiments to be the intermediate precursor
to the active catalyst.

An interesting feature of this system is that no ligand
is involved in the catalysis. The active trimerisation
Ta(III)Cl; species was proposed to be ‘naked’ (see Sec-
tion 6.3); however in all likelihood, the chlorobenzene
solvent performs a co-ordinating role during the cataly-
sis. Another interesting feature 1is that when
Ta(CHs3),Cl; was used as precursor, only ethylene was
required to activate the catalyst.

5.1.4. Titanium

Phillips Petroleum [11] also evaluated a system com-
prising Ti(O)(acac),, pyrrole and TEA at molar ratios
of 1:3:22. At 80 °C and 38 bar ethylene pressure the re-
action afforded 71.2% liquid oligomeric products of
which 55% was Cg (87.3% 1-Cg, 34.2% 1-C¢ overall) with
a catalyst activity of 222 g/g Ti per hour.

The first hint of a truly selective titanium-based tri-
merisation catalyst was the dual Cp*TiMeg—B(C6F5)3
system developed by Pellecchia et al. [88] for the produc-
tion of branched linear low density polyethylene
(LLDPE). Only butyl branching was observed in the
polymer and 1-hexene was detected in high selectivity



J.T. Dixon et al. | Journal of Organometallic Chemistry 689 (2004) 3641-3668 3657

in the liquid fraction via GC and 'H NMR analysis. The
ability of this catalyst to behave as both a trimerisation
and co-polymerisation catalyst was also observed during
the co-polymerisation of ethylene with styrene [89]. 6-
Phenyl-1-hexene was initially formed from ethylene
and styrene and was co-polymerised with ethylene to
form PE with 4-phenyl-1-butyl branches. The use of
other titanium precursors such as Cp*TiC13, CpTiCls
or (Ind)TiCl; with MAO resulted in the suppression of
co-polymerisation and the formation of up to 90%
phenyl hexene oligomers.

A polymerisation catalyst system comprising
(Cp*)Ti(OCHQPh)3 and modified methylaluminoxane
(MMAO) was found by Zhu et al. [90] to yield a mixture
of ethyl and butyl branched polymers. The presence of
ethyl and butyl branches could be attributed to the in
situ formation of 1-butene and 1-hexene, which was sub-
sequently co-polymerised with ethylene. A mechanism
involving the formation of titanocyclopentane and ti-
tanocycloheptane intermediates was proposed by the au-
thors to explain this selective formation of dimers and
trimers.

Following on from the above discoveries, Deckers
et al. [91] were able to develop the first truly active
and selective non chromium-based ethylene trimerisa-
tion catalyst. The breakthrough in the design was essen-
tially the recognition that the toluene solvent stabilised
the active Ti(Il) trimerisation catalyst species for the
Cp*TiMe3—B(C6F5)3 system [88]. The authors therefore
introduced a pendant arene group onto the Cp ring to
mimic this solvent stabilisation role, which proved to
be the key in switching the selectivity of the catalysts
from polymerisation to trimerisation. This arene pen-
dant group is proposed to behave as a hemi-labile li-
gand, thereby stabilising the reactive metal centre,
while at the same time maintaining its accessibility to
substrate molecules.

In one catalytic example ethylene was trimerised us-
ing [CpCMe,Ph|TiCl; and 1000 equivalents of MAO
at 2 bar ethylene pressure and 30 °C, affording a reac-
tion mixture containing 97.4% liquid oligomeric prod-
ucts comprising 87% Cg (98% 1-Cg, 83% 1-Cg overall),
1% 1-Cg, 11% C;9 and 2.6% PE (showing no signs of
1-Cg incorporation) (see Scheme 25). The catalyst activ-
ity was 535 g C¢/mmol Ti/bar h (22,354 g/g Ti per hour).
The use of [n°-CsH,CMe,Ph]TiMe; as the metal precur-
sor combined with [PhMe,NH][B(C¢Fs)4], B(C¢F5)3 or

MAO

Toluene 22354 g/g Tih
—_—>

30°C, 2 bar C, 1-Cg (83.5%)

Scheme 25.

MAO/SiO, also gave active and selective ethylene tri-
merisation catalysts.

The effect of various parameters on catalyst perfor-
mance was investigated. These included the effect of (i)
the hemi-labile pendant arene group; (ii) aromatic vs. al-
iphatic solvents; (iii) various bridges between the Cp and
arene rings; (iv) substituents on the arene ring and (v)
substituents on the Cp ring.

By combining the effects of the above changes,
strongly non-linear additive results were observed. The
most active system tested contained a CMe, bridge with
the SiMe; substituent on the Cp and alkyl substituents
on the arene rings (see Scheme 26). A subtle interplay
of both steric and electronic effects between these three
major parameters was thus responsible for the selective
and active trimerisation behaviour.

In a further modification to this titanium-based cat-
alyst, Huang et al. [92] replaced the pendant arene
with a pendant thienyl group and the resultant com-
plexes were evaluated using 1000 equivalents MAO
at 30 °C and 8 bar ethylene pressure in toluene.
Two such complexes were synthesised and evaluated.
However, only the complex having the thiophene moi-
ety linked to the Cp ring via a carbon bridge at the 2-
position was selective towards 1-hexene formation.
This complex has the capability of either n'-S or 1’
co-ordination to the Ti centre which seemed to be es-
sential for selective trimerisation. The authors pro-
posed that the n'-S co-ordination mode favoured the
stabilisation of the proposed initial Ti(II) active tri-
merisation species.

A catalytic run using this complex yielded 1-hexene in
86% overall selectivity with an activity of 220 kg/mol Ti
per hour (4596 g/g Ti per hour) (see Scheme 27). 1-Hex-
ene selectivities up to 95% could be achieved, but at the
expense of catalyst activity.

In summary, even though the titanium-based trimer-
isation catalysts rival the chromium-based systems with
respect to activity and selectivity, one major disadvan-
tage is the large excess of MAO required (1000 equiva-
lents).

5.2. Late transition metals
Most known ethylene trimerisation catalysts are

based on early transition metals such as Cr, Ti, V and
Ta. However, it is not inconceivable for the late transi-

MAO
Toluene 111765 g/g Tifh
- 1-Cg (82.3%)
30°C, 2 bar C,

Scheme 26.
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tion metals to form active trimerisation catalysts. In
support of this, some nickel-based systems have been
evaluated in the patent literature.

In the first of three systems, Phillips Petroleum [11]
combined Ni(acac),, pyrrole and TEA in molar ratios
of 1:3:22 at 80 °C and 38 bar ethylene pressure to afford
a reaction mixture containing 95.4% liquid oligomeric
products of which 69% was Cg (65% 1-Cg, 62% 1-Cg
overall). The catalyst activity was a very modest 324
g/g Ni per hour (see Scheme 28).

In another example using a Ni-based catalyst, Mitsui
Chemicals [93] have shown that the combination of
NiBr,(PhAN—CHCsH4N) and aluminoxanes in molar
ratios of 1:250 at 25 °C and 1 bar ethylene pressure af-
forded a liquid product containing 60% trimer, 24% di-
mer and 16% tetramer. The catalyst activity was 10,419
g/g Ni per hour (see Scheme 28).

A similar Ni(IT) precursor, i.e. (Ph3P),NiBr, could be
activated by MAO [94] or MeAICl, [95] to form a trimer-
isation catalyst. The best trimerisation result was
achieved using this precursor and MeAICl, in molar ra-
tios of 1:300, under reaction conditions of 100 °C and 30
bar ethylene pressure. This gave a liquid product con-
taining 95% trimer at an activity of 118,535 g/g Ni per
hour. These trimers contained 47% 3-methyl-2-pentene,
21% 2-ethyl-1-butene and 25% 2-hexene (see Scheme 28).

5.3. Actinides

As already mentioned, Manyik et al. [4,5] reported
that of all the other metal salts evaluated, only uranium
alkanoates gave comparable yields of 1-hexene to chro-
mium (see Section 1). Although no further evidence ex-
ists in the open trimerisation literature for actinide-
based trimerisation systems, this report suggests that
other actinide-based trimerisation systems may exist.
Possible reasons why actinide systems have not received
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60% hexenes

62% 1- hexene

much attention to date are the cost and availability of
these metal precursors.

6. Mechanistic considerations and molecular modelling

6.1. Historical development of the metallocycle mecha-
nism

Prior to the discovery of ethylene trimerisation, the
oligomerisation of ethylene to linear alpha olefins was
well understood. The product distribution of the known
linear alpha olefin processes usually formed a statistical
series of oligomers following a Schulz-Flory [96] or
Poisson distribution. According to the generally accept-
ed mechanism proposed by Cossee and Arlman [97],
chain growth occurred via ethylene co-ordination fol-
lowed by insertion into a transition metal alkyl bond.
Ultimately, chain termination occurred via B-hydrogen
transfer to the metal to form a metal hydride species,
thereby releasing a linear alpha olefin (see Scheme 29).

McDermott et al. [98] in the early 1970s demonstrated
the existence of Pt(II) metallocycles thereby showing in
principle that metallocyclic reaction intermediates could
exist. This gave credence to the first metallocycle-based
oligomerisation mechanism proposed in 1977 by Many-
ik et al. [5] for the selective chromium catalysed trimer-
isation of ethylene to I-hexene (see Scheme 30). The
proposed mechanism involved the co-ordination of
two ethylene molecules, followed by chromacyclopen-
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tane formation. These authors did not allow for further
metallocycle growth to a larger metallocycle, but instead
proposed a B-hydrogen transfer from the chromacycl-
opentane to a third co-ordinated ethylene to yield a
chromium butenyl ethyl intermediate. 1-Hexene is liber-
ated via a reductive elimination from this di-alkyl inter-
mediate. Kinetic experiments conducted by these same
authors indicated that the reaction was second order
with respect to ethylene, and thus the formation of the
chromacyclopentane was proposed as the rate-determin-
ing step.

Chromium metallocyclopentane species were also in-
voked in the activation of the widely known Phillips
CrOs;/SiO, catalyst for ethylene polymerisation [31,99].

It was subsequenly postulated by Briggs [42] that, in-
stead of a B-hydrogen transfer to ethylene, fast insertion
of ethylene into the metallocyclopentane species occurs
to form a metallocycloheptane. At this stage, ring open-
ing occurs via the formation of a chromium hexenyl hy-
dride species, which undergoes reductive elimination to
liberate 1-hexene and the active catalytic species (see
Scheme 31). This proposal is supported by the observa-
tions of McDermott et al. [98] in their studies on the ther-
mal decomposition of platinocycles. Briggs stipulated
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Scheme 31.

that for selective liberation of 1-hexene, this insertion
step must be faster than the decomposition of the metal-
locyclopentane to 1-butene. On the other hand, the lib-
eration of 1-hexene must be faster than further ethylene
insertion into the metallocycloheptane to form larger
rings.

The authenticity of this mechanism was further estab-
lished by the publication of crystal structures of five-
and seven-membered chromium metallocycle species,
of which the seven-membered species was shown to de-
compose more readily to give the corresponding alpha
olefin (I1-hexene) [32,100]. Stable alkyl hydride species
for chromium are quite rare, but crystal structures of
such species have also been reported [101]. In addition
to this, Agapie et al. [102] have also provided evidence
for the validity of such a metallocycle mechanism by
carrying out a trimerisation reaction using a 1:1 mixture
of C,D4 and C,Hy. The authors reasoned that the metal-
locyclic route would give no H/D scrambling, while the
classical Cossee-type mechanism would lead to H/D
scrambling and the formation of isotopomers containing
odd numbers of deuterons. As expected, addition of an
equimolar mixture of C,D4 and C,H, to a catalyst pre-
pared by reacting [((0-MeO-Phenyl),P),NCH;]CrPh;
with H(Et,O)B(C¢H3(CF3),); only yielded the even
numbered isotopomers CgDj,, CsDgHy, CsD4Hg and
CgH, in a 1:3:3:1 ratio.

Another important aspect of the mechanism to be
considered is the oxidation state of the chromium during
the various stages of the catalytic cycle. Oxidative addi-
tion of the first two ethylene molecules to form a metal-
locyclopentane species involves an increase in the formal
oxidation state from M to M>". On the other hand, 1-
hexene liberation via reductive elimination involves a
decrease from M”*2 to M". This is not yet well under-
stood, but Cr(III)/Cr(V) [100], Cr(I)/Cr(III) [5,48] and
Cr(IT)/Cr(1V) [40,103] couples have been proposed to
date.

6.2. Recent advances using molecular modelling

Although a metallocycle-based mechanism for ethyl-
ene trimerisation was already proposed in 1977 by Ma-
nyik et al. [5], the first molecular modelling studies
relating to this mechanism were only published in 2003
[104-107]. This is partly due to the fact that until recently
only chromium-based trimerisation systems were
known, which would require notoriously challenging
open shell calculations. In addition, there also existed
little fundamental experimental data on both the exact
nature of any Cr species in the catalytic cycle and the
electronic structure of such Cr complexes to provide ex-
perimental support for theoretical studies. However, as-
suming a Cr(II)/Cr(IV) metallocycle couple for the
Phillips catalyst, van Rensburg et al. [103] have recently
published an extensive theoretical study on this system.
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These authors showed that no spin state crossing occurs
for the individual catalytic intermediates and that the
triplet spin state is the ground state for all the possible
calculated structures.

After the recent published discoveries of tantalum
[87] and titanium [91] based trimerisation systems,
there was an increased interest in understanding this
highly selective reaction. Yu and Houk [104] per-
formed a detailed study on the ’naked’ ligand-free tan-
talum catalyst system, while Blok et al. [105], de Bruin
et al. [106] as well as Tobisch and Ziegler [107] inde-
pendently performed calculations on the half metallo-
cene titanium catalyst system. The main driving
forces for these calculations were to understand why
the insertion of the third ethylene molecule into the
metallocyclopentane is preferred to liberation of 1-bu-
tene and why 1-hexene liberation occurs in preference
to further metallocycle growth. It is interesting to note
that none of these theoretical studies even considered
the mechanism proposed by Manyik et al. [5] involving
a PB-hydrogen transfer from the metallocyclopentane
species to a third co-ordinated ethylene molecule.
Other aspects that did, however, receive attention in-
clude catalyst activation, the role of hemi-labile ligands
on the catalytic intermediates as well as the role of the
counter ion.

6.3. Active catalyst formation

Active trimerisation catalysts are typically generated
in situ by the addition of a co-catalyst, and although
the individual activation steps and co-catalysts do vary
from system to system, some general trends are evident.
Most of these catalysts are based on transition metal
salts and it is accepted that the role of the co-catalyst
is to alkylate the metal [48,91]. For instance, K6hn
et al. [48] provided some experimental evidence for the
formation of a dinuclear chromium alkyl intermediate
species containing u-CHj; bridges during the activation
of chromium triazacyclohexane systems with MAO
(see Scheme 32). Co-catalysts that are generally em-
ployed include alkylaluminium compounds ranging
from trimethylaluminium (TMA) to TEA to aluminox-
anes, such as MAO and EAO, as well as metal alkyl
compounds such as Li, Sn and Zn alkyls.

F“ _
N
/ _R
R\N/ 7N
™~ y MAO R—N
/10l ya
o', ’

Generally, if a transition metal alkyl source is em-
ployed instead of an alkylaluminium activator, then
bulky Lewis acids or compounds containing weakly
co-ordinating anions, such as B(Cg¢Fs5); and
[PhNMe,H]|[B(C4Fs)4], are required for catalyst activa-
tion [108]. On the other hand, no co-catalyst was neces-
sary to activate some vanadium-diaryl [85] and
tantalum-dialkyl trimerisation catalysts [87], and these
procatalysts could be activated directly with ethylene.

It is also believed that for some systems, the co-cata-
lyst reduces the transition metal centre during catalyst
activation [40,103].

For most catalyst systems, the in situ generated metal
alkyl species can undergo ethylene insertion to give
chain growth. This will especially be the case for meth-
yl-containing species, which cannot undergo pB-hydrogen
transfer and elimination reactions. Such methyl-contain-
ing species will have to undergo successive ethylene in-
sertion, B-hydrogen elimination and reductive
elimination steps to generate intermediate species with
two adjacent vacant sites for metallocyclopentane for-
mation. Deckers et al. [91] did indeed propose such a
pathway for the activation of [CsH4C(CH3),CgH;]TiCl;
with MAO to generate an active Ti(II) trimerisation cat-
alyst via a [CsH,C(CH;),CeHs]Ti(IV)(CHs)," species
(see Scheme 33).

This proposed activation mechanism was later modi-
fied slightly as the result of a molecular modelling inves-
tigation by Blok et al. [105]. These authors indicated
that the active Ti(II) olefin species (and the correspond-
ing alkene and alkane) could be generated via a single
agostic assisted B-hydrogen transfer step from the Ti(IV)
dialkyl species without having to proceed via a hydride
intermediate and subsequent reductive elimination step
(see Scheme 34).

For the metal dialkyl intermediate, the direct agostic
assisted transfer of the B-hydrogen of one alkyl group to
the alpha-carbon of the second alkyl group was thus cal-
culated by Blok et al. to be the lowest energy pathway.
This was also confirmed to be a viable pathway by inde-
pendent calculations [83,104,107].

Kohn et al. [48], Agapie et al. [102] and Andes et al.
[87] have provided experimental evidence for such an ac-
tivation mechanism (see Schemes 31 and 32) for both
chromium- and tantalum-based catalysts.

Scheme 32.
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For example, as referred to above, Kohn et al. postu-
lated that the activation of chromium triazacyclohexane
systems for trimerisation of higher alpha olefins pro-
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Scheme 34.

ceeds via a methyl-bridged dinuclear chromium interme-
diate (see Scheme 32) [48]. Insertion of the first olefin
molecule (1-hexene in this case) effected the cleavage
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of all p-methyl bridges. Subsequent B-hydrogen transfer
and reductive elimination steps resulted in the formation
of the active trimerisation catalyst, with concomitant re-
lease of methane and 2-methyl-1-hexene. The presence
of small quantities of both these products in the reaction
mixture was also confirmed via NMR spectroscopy.
For tantalum-based systems, Andes et al. [87] postu-
lated that the activation of TaCl;(CHjs), involved
the insertion of one ethylene molecule to form
TaCl3(CH;3)(CH,CH,CH3), followed by the formation
of the metal alkene hydride intermediate
TaCl3(CH3)(H)(CH;CH=—CH,) via B-hydrogen elimi-
nation. Subsequent reductive elimination of CH4 would
yield the active Ta(III) catalyst. ’H NMR experiments
involving the reaction of TaCls with CDsLi and ethylene
revealed the liberation of CD;H. In addition to this, the
occurrence of odd-carbon alpha olefins in the product
spectrum suggested that the produced propene was also
incorporated during the oligomerisation reaction.
Finally, Agapie et al. [102] demonstrated that upon
activation of (PNP°M®)Cr(o,0’-biphenyldiyl)Br with
NaB-[C¢H3(CF3),]4, further reaction with ethylene
yielded o-vinylbiphenyl in addition to 1-hexene (see
Scheme 35). The o-vinylbiphenyl formation can be
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explained conveniently by the consecutive ethylene
insertion, B-hydrogen transfer and elimination steps.

6.4. Metallocycle formation, growth and reductive elim-
ination

As alluded to above, theoretical studies by Derat et
al. [83] on acyclic metal dialkyl species highlighted the
feasibility of a direct agostic assisted transfer of the B-
hydrogen of one alkyl group to the alpha-carbon of
the second alkyl group. In the process a reduced metal
species and corresponding alkene and alkane are liber-
ated. Similarly, Yu and Houk [104] considered such a
mechanism as an alternative to the conventional two-
step metallocycle decomposition mechanism postulated
by Whitesides and co-workers [98] (see Scheme 36).

It was found by these authors that the concerted one-
step route was favoured over the conventional two-step
route, in which the reductive elimination step is particu-
larly unfavourable. However, due to geometric con-
straints of the five-membered metallocycle, 1-butene
cannot be liberated via such an agostic assisted B-hy-
dride shift mechanism, and has to proceed via the two
step route. This provides an effective barrier for 1-bu-
tene liberation and thus favours insertion of the third
ethylene molecule. Independent calculations conducted
on the Ti [105-107] and Cr [103] systems all yielded sim-
ilar results. In addition, it was found for the Cr-pyrrole
study that a conformational change of the ring from a
chair to boat was required to facilitate the agostic-
assisted B-hydrogen transfer.

Agapie et al. [102] have conducted some empirical
studies using deuterated ecthylene to investigate the
mechanism of metallocycle collapse. It was mentioned
by these authors that if an agostic-assisted hydride
transfer was to occur; such a process would be expected
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to involve hydrogen tunnelling and show unusual kinetic
isotope effects. They concluded that the minor isotope
effects observed in their experiments do not support or
disprove the proposed agostic assisted mechanism.

Amongst the five above mentioned theoretical stud-
ies, opinion was divided on whether further growth of
the metallocycloheptane intermediate to form larger
rings and concomitantly higher oligomer products (such
as 1-octene) is possible. Both Yu and Houk [104] as well
as Blok et al. [105] put forward various arguments that
l-octene formation via the metallocycle mechanism is
highly unlikely if not impossible. On the other hand,
both de Bruin et al. [106] and Tobisch and Ziegler
[107] do not discount that the continued insertion of eth-
ylene. Tobisch and Ziegler suggest that if the rate of lib-
eration of 1-hexene becomes equivalent to the rate of
ethylene insertion into the seven-membered and large
metallocycle rings, then specific olefin selectivity would
be lost and a statistical distribution of oligomers, start-
ing at 1-hexene, is to be expected.

6.5. Kineticslrate-limiting step

Both Manyik et al. [5] and Yang et al. [20] reported a
second order dependence on ethylene for two different
chromium-based catalyst systems. These observations
imply that the rate-determining step for both of these
chromium-based systems is the formation of a metallo-
cyclopentane intermediate via two co-ordinated ethylene
molecules. On the contrary, Kohn et al. [48] established a
first order dependence with respect to 1-hexene for the
chromium triazacyclohexane systems ("H NMR was used
to derive a rate equation for this reaction). Similarly, Dec-
kers et al. [91] also reported a first order dependence with
respect to ethylene for the [CsH4C(CH3),CgHs] TiCl; sys-
tem. This would imply that the rate determining step in
these systems is the insertion of an ethylene molecule into
the metallocyclopentane species rather than initial metal-
locyclopentane formation.

However, there exist some inconsistencies between
the experimental observations and the molecular model-
ling results on this matter. For example, van Rensburg
et al. [103] calculated that the rate determining step in
the mechanism for the Phillips catalyst was the growth

of the chromacyclopentane to chromacycloheptane step,
and not metallocyclopentane formation.

Similarly, de Bruin et al. [106] postulated that the lib-
eration of 1-hexene from the titanacycloheptane ring,
and not metallocycle growth, is the rate-limiting step
for the CsH4C(CH3),C¢Hs]TiClz-based system (al-
though this should have exhibited a zero order depen-
dence with respect to ethylene). This is contrary to the
results of Blok et al. [105] as well as Tobisch and Ziegler
[107] whose conclusions agree with the experimental re-
sults of Deckers et al. [91].

6.6. Oxidation state of the active species

As stated previously, in some cases the procatalyst is
believed to be reduced during the catalyst activation
process. After activation, the active catalyst undergoes
successive reductive elimination/oxidative addition cy-
cles. Table 1 gives a summary of the currently proposed
oxidation state couples for some of the trimerisation cat-
alyst systems.

Comparing the chromium oxidation states, Cr(III)
complexes are typically stable, while Cr(I) and Cr(IV)
complexes are less stable whereas Cr(V) and Cr(I) com-
plexes are quite rare and unstable. Thus in terms of sta-
bility, the Cr(IT)/Cr(IV) couple therefore seems to be the
most likely. Known Cr(V) complexes typically only have
oxygen or halide ligands, whereas organometallic Cr(I)
complexes are possible with donor ligands such as aryl
isocyanides and bipyridine [109]. The Cr(I)/Cr(I11) cou-
ple thus seems to be more likely than the Cr(IIT)/Cr(V)
couple.

It should, however, be noted that experimental evi-
dence using X-ray photoelectron spectroscopy of the
Phillips catalyst (see Section 2.1.1) seems to indicate a
Cr(I)/Cr(I11) couple for this system [21].

6.7. Role of the counter ion

In the case of the Phillips catalyst system, the pres-
ence of halogenated compounds provides a beneficial ef-
fect which has been extensively discussed in Section
2.1.1. In an attempt to explain this observation,
van Rensburg et al. [103] proposed the formation of a

Table 1

Proposed oxidation state couples for various catalysts

Couple d-Electrons Reference

Cr(IIT)/Cr(V) d3d! Meijboom et al. [100]

Cr(I1)/Cr(1V) d*d? Theopold [31], Morgan et al. [40], van Rensburg et al. [103]

Cr(I)/Cr(11I) d’d? K&hn et al. [48], Fang et al. [21]

Ta(IIl)/Ta(V) d*d° Andes et al. [87]

Ti(I1)/Ti(1V) d*d° Deckers et al. [91], Blok et al. [105], de Bruin et al. [106], Tobisch and Ziegler [107]

Zr(I1)/Zr(IV) dd°

Wang et al. [84]
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[CIAIEt;] counter ion during the activation of the Phil-
lips chromium pyrrole system (see Scheme 37).

Calculations performed by these authors to compare
the effect of having the [CIAIEt;]” fragment instead of
the chloride group revealed that for all geometries the
Cr-Cl bond is longer in Cr—ClAlMe; species than in
the equivalent Cr—Cl compounds. More importantly,
the presence of the [CIAIEt;]™ fragment also leads to a
relatively lower activation energy requirement for the
metallocyclopentane growth step. Since the authors be-
lieve that this is also the rate determining step, this result
suggests that the presence of a chloroaluminate anion
plays an important role in controlling the reactivity of
this catalyst system.

It is well known that metallocene polymerisation cat-
alyst precursors react with MAO to form active cationic
species with MAO counter ions [108]. Analogous to this,
MAO activation of many trimerisation systems may
thus also lead to the formation of active cationic species,
but to date no literature studies on this matter have been
published.

6.8. Hemi-labile ligand effect

In homogeneous catalysis, hemi-labile ligands per-
form a dual function by stabilising the reactive metal
centre, while at the same time maintaining its accessibil-
ity to substrate molecules. Thus hemi-lability is inti-
mately related to both catalyst selectivity and activity.

The pendant arene moiety of the half-metallocene
titanium catalyst system modelled by Blok et al. and
others [105-107] was found to behave as a hemi-labile
co-ordinating donor throughout the catalytic cycle, with
the arene group being more strongly bound to the Ti(II)
species than the T(IV) species. For the Ti(IV)dialkyl
species, the arene moiety also promotes agostic assisted
B-hydrogen transfer over ethylene insertion to form the
active Ti(II) olefin trimerisation species preferentially.
This is partly because the formed Ti(II) species is stabi-
lised though significant back-bonding interaction with
the arene moiety [105]. Similarly, there is a strong tran-
sition metal-arene interaction during the agostic assisted
B-hydrogen transfer step to liberate 1-hexene.

When the pendant arene was compared to free ben-
zene [105], it was found that the free benzene molecule
binds more strongly to the titanium since it is not geo-
metrically constrained and can position itself more

closely to the titanium centre. The reduced space around
the metal centre hinders ethylene insertion at all points
in the catalytic cycle, thereby lowering the reaction rate.

Similarly, van Rensburg et al. [103] considered the
hemi-labile nature of the pyrrole ligand in the Phillips
trimerisation catalyst. According to these authors, the
n° bonding mode is preferred for Cr(II) intermediates.
This facilitates the formation of the metallocyclopentane
species. Alternatively, the ¢ bonding mode is preferred
for Cr(IV) intermediates which enables metallocycle
growth and conformational changes. Interestingly en-
ough, there is no preference for either mode during the
agostic assisted B-hydrogen transfer step to liberate 1-
hexene. It was therefore concluded by these authors that
the facile ring slippage between these two modes facili-
tates the transformation of the Cr(IV) metallocyclohep-
tane to the Cr(II)-1-hexene species.

6.9. PE formation

As alluded to above, the formation of the first metal-
locyclopentane reaction intermediate in the trimerisa-
tion reaction requires two vacant sites for olefin co-
ordination. It is, however, quite conceivable that the
PE rather originates from an alkylated species which
does not have two such vacant sites (see Scheme 33).

Molecular modeling studies conducted by Blok et al.
[105] based on the (PhCH,Cp)TiCls-based catalyst
(which yielded up to 6% 1-octene, 9% Ci,-»4 and 34%
PE experimentally [91]) confirmed this possibility. They
postulated that the formation of relatively large quanti-
ties of PE by this catalyst may be attributed to a very
small energy barrier of ca. 1 kcalmol ™! between the eth-
ylene insertion step and the agostic-assisted B-hydride
transfer step for the titanium dialkyl species invoked
in the catalyst activation mechanism. Therefore, it is
conceivable that some oligomers and/or polymer are
formed before the catalyst enters into the trimerisation
cycle. Separate results by Tobisch and Ziegler [107] were
in agreement with these observations.

In conclusion, based on the insights provided by the
recent molecular modeling studies, it is foreseeable that
the fundamental understanding of ethylene trimerisation
chemistry will accelerate. However, the lack of extensive
empirical data to corroborate these theoretical studies is
a matter of concern.

7. Conclusions and future outlook for selective olefin
oligomerisation

The best reported trimerisation results for both chro-
mium and non chromium-based catalyst systems are
summarised in Tables 2 and 3. While it must be born
in mind that some of these systems were unoptimised
and that the results were obtained under varying reac-



Table 2

Chromium-based trimerisation systems

No. Metal precursor(s) Ligand Activator Ref. Activity Overall
g/g Cr per hour 1-C6 or trimer (%)
1 Cr(III) 2-EH DME PIBAO [42] 2086 74
2 Cr(1I) 2-EH DME Al t-butoxide [44] 5298 84
3 Cr(III) 2-EH DME Al t-butoxide/iBuzAl [45] 6970 82
4 Cr(III) 2-EH 2,5-DMP TEA/Et,AICI [6] 156,666 93
5 Cr(III) 2-EH 2,5-DMP TEA/C,Clg [13] 3,780,000 95.4
6 Cr(11I) 2-EH Maleimide TEA/Et,AICl [24] 278,000 79.6
7 Cr(I1I) 2-EH Pentaphenylcyclopenta-diene TEA [33,34] 57,700 77.2
8 CrCl, Boratabenzene/LDA TEA [36] 1072 62.5
9 Cr(IIT) 2-EH, bis(2,6-diphenyl- TEA [37] 3654 74.4
phenoxy)-isobutylaluminium
10 Cr(III) 2-EH, bis(2,6-diphenyl- TEA [38] 7308 83.5
phenoxy)-magnesium
11 Cr(III) 2-EH 2,6-diphenylphenol TEA [39,40] 23,000 71.5
12 [1,4,7-trimethyl-1,4,7- triazacyclononane]CrCly NHAO [46] 12,309 334-37.3
13 [1,3,5-trioctyl-1,3,5- triazacyclohexane]CrCls MAO [50] - 99% C18
14 [1,3,5-tri-2-EH- 1,3,5-triazacyclohexane]CrCls MAO [51] 166 93% C36
15 [tris(3,5-dimethyl-1-pyrazolyl)methane]CrCl; MAO [53] 40,100 99.1
16 Cr(11I) 2-EH Glyoxalbis(1,1,3,3,- TEA [59] 22,995 58.3
tetramethylbutylimine
17 Cr[N(SiMes),]5 N-(2,6-diisopropylphenyl- TEA [60] 1421 75.2
N-(trimethylsilyl)aminosilanetriol
18 CrCl; (PPP) BuAO [61] 33,926 96.5
19 CrCl; (THF); PNPOMe MAO [65] 1,033,200 89.9
20 CrCI5[R,PC,PNHPC,PR;] MAO [66,67] 37,400 93.2
21 CrCI5[RSC,PNHPC,SR] MAO [68,69] 160,840 98.1
22 CrCl3[PNP]imine MAO [70] 3092 81.3
23 CrCI5[PNS]imine MAO [70] 1221 80.4
24 Cr(CO); tris(3,5-dimethyl-1-pyrazolyl)- iBusAl [73] 15,600 96
methane
25 Cr[N(SiMes),]3/iBuAO (heterogeneous) [82] 60,966 74.2
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Table 3
Non chromium-based trimerisation systems

No. Metal precursor(s) Ligand Activator Ref. Activity g/g M Overall 1-C6 or
per hour trimer (%)

1 Ni(acac), Pyrrole TEA [11] 324 62

2 NiBry(PhN=CHC;sH4N) MAO [93] 10,419 60

3 NiBr,(PPhj), MAO [94,95] 118,535 95

4 Cp,ZrCl, EAO [84] 153 55

5 V(mesityl), Cp,Fe(BPhy) [85] 333 99

6 TaCls R’;,R,NCI1 TEA [86] - 67.5

7 TaCls ZnMe, [87] 214 96

8 [n°-(3-SiMe3)CsH3CMe;-3,5-Me,CH3| TiCly MAO [91] 111,765 82.3

9 {n>-CsH,4C[(CH,)s]thiophene} TiCl; MAO [92] 4596 86

tion conditions, broad comparisons can be made be-
tween the activity and overall selectivity of the various
systems.

It is evident that, since the initial discovery in which
less than 1% 1-hexene was reported, trimerisation tech-
nology has developed into a perfect example of an atom
efficient organic synthesis. Overall selectivities to 1-hex-
ene in excess of 99% have been reported in some instances
(see entry 15, Table 2). At the same time huge improve-
ments in catalyst activity have been made (see entries 5
and 19, Table 2). Apart from these trimerisation sys-
tems becoming more active and selective, they are also
becoming less prone to deactivation (see entry 19,
Table 2). In addition to this, catalysts containing a
wide variety of ligands including aromatic, heteroaro-
matic and multidentate ligands have been developed
(see Table 2).

It is also noteworthy that the technology is no longer
limited to chromium and a variety of other metals, pre-
dominantly early transition metals, have been employed
(see Table 3).

In view of all that has been said in this review, it
would appear that the basic requirements for developing
a selective trimerisation catalyst are simply matching the
correct early transition metal in the required oxidation
state with a ligand having the desired electronic, steric
and hemi-lability properties.

In recent times there has been increased fundamental
understanding of this unusual chemical transformation
despite difficulties in analysing chromium and other
paramagnetic species. Researchers have also turned to
molecular modelling for a better understanding of mech-
anistic aspects.

With the rate at which the technology is progressing
one can only speculate as to the future possibilities.
The overall selectivities to 1-hexene are currently so high
that, apart from increasing the catalyst activity and life-
time, the future focus will in all probability be on devel-
oping more cost effective catalysts. Finally, we would
speculate that the next challenge from a selectivity view-
point would be the extension of selective oligomerisation

technology to the production of other target LAOs such
as 1-octene and 1-decene from ethylene.
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