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Abstract. The role of catalyst systems in the perfection of
polymerisation processes and the improvement of the perform-
ance characteristics of polyethylene and other polyolefins is
considered. The scope of application of post-metallocene
catalysts based on transition metal a-diimine, bis(imino)pyr-
idine and phenoxy imine complexes designed in the last decade
is analysed. The structures of complexes depending on the type
of ligands are described systematically. The development of
research into these catalyst systems is discussed, the optimal
structures as regards the activity and selectivity are mentioned,
and the mechanism of their action and the prospects for
industrial use are demonstrated. The bibliography includes
207 references.

I. Introduction

In the early 21st century, the annual production of polymers
exceeded hundred million tons (‘World Polymer Products’
issued by the Chemical Marketing Association, Inc., on
September 2005) due to the universal use of these materials in
industry and other fields of human activity. Among various
classes of polymers, there are leaders in both the amount of
production and the width of consumption. For example, the
percentage of polyolefins in the total annual production of
plastic materials (180—190 million tons) is higher than 50%
(105 mil. tons, including ~ 64 mil tons of polyethylene and
~41 mil tons of polypropylene). Consequently, polyethylene
(PE) and polypropylene (PP) are the most widely used polymer
materials, whose production increases annually by 3% —7%.
Polyolefins attract great attention of both manufacturers
and consumers because these materials are produced from
inexpensive and readily available sources and are characterised
by an attractive combination of their properties and the ease of
processing. The advantages of polyolefins are also their hydro-
carbon composition and, consequently, the ease of utilisation
by recycling or burning. Polyolefins have wide and various
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applications due to rather high melting points [up to 135 °C for
polyethylene, ~ 160 °C for propylene and ~200 °C for poly-
(4-methylpentene)] combined with a low weight, transparency,
corrosion resistance, rigidity, shock resistance and ability to be
modified.

The history of the development of research into polyme-
risation processes of ethylene, propylene and other «-olefins
and the development and commercialisation of polyolefin
production processes dates back approximately 70 years.
After the first successful technological solutions on procedures
for ethylene polymerisation under high pressure, ICI Plc (UK)
began commercial production of PE in the late 1930s. More
recently, in addition to the autoclave process, a procedure for
ethylene polymerisation in tubular reactors was developed and
commercialised.! These processes hold industrial importance
to the present day.

The Nobel Laureates K Ziegler and G Natta laid the
scientific foundation for catalytic ethylene and propylene
polymerisation at moderate pressure and temperature.?”’
These scientists have designed catalysts based on titanium
chloride and alkylaluminium compounds, which are com-
monly known as Ziegler —Natta catalysts. The application of
these catalysts and their analogues on the industrial scale took
great efforts and years because of difficulties in elucidating the
mechanism of action of catalysts, choosing the optimal struc-
tures of components of catalyst systems and finding conditions
for the preparation of polymers with required properties and
performance characteristics.

Montagna and Floyd 8 suggested a graphical interpretation
of the evolution of catalytic olefin polymerisation as an
S-shaped step curve (Fig. 1). This curve reflects the relation-
ship between the level of technological solutions and the
molecular architecture (structure) control of polymers, on the
one hand, and the structural features of polymerisation cata-
lysts and the time of their design, on the other hand. This plot
was published in the recent handbook® of polyolefins for
characterisation of the steps of perfection of olefin polyme-
risation processes.

An analysis of the plot presented in Fig. 1 shows that the
progress in the control of the polymer structure is always
associated with advances in the design of new high-perform-
ance and highly selective commercial catalysts.

In the first step of investigations of olefin polymerisation
corresponding to the first step in the curve presented in Fig. 1,
high-pressure ethylene polymerisation was performed in auto-
clave reactors. The technology of ethylene polymerisation
(1500 atm, 200 °C) by the radical mechanism developed in
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Figure 1. Evolution of olefin polymerisation catalysts.

(1) Low-density PE (non-catalytic radical process); (2) high-density PE
and PP (Ziegler—Natta catalysts); (3) gas-phase polymerisation (sup-
ported catalysts); (4) preparation of homo-and copolymers with different
microstructures (single-site catalysts and metallocenes); (5) copolymerisa-
tion of olefins with polar monomers, functionalised polymers and block
copolymers (post-metallocene catalysts).

the late 1930s allowed the preparation of polyethylene with a
specific structure. Macromolecules of this polymer contain
both long-chain and short-chain branches (Fig. 2a). The
process equipment was improved to increase the performance
and the degree of control over the structure of high-molecular-
weight products with the use of a wider range of initiators (in
addition to oxygen, peroxides with different structures). This
led to an improvement of the properties and an extension of the
assortment of PEs.

The second step in the PE production started in 1950s,
when the Standard Oil Company (USA) began the commercial
production of PE at moderate pressure (~40 atm) and tempe-
rature of ~100 °C in the presence of an alumina-supported
molybdenum oxide catalyst.!? A new class of complex organo-
metallic catalysts discovered by Ziegler and co-workers? in
1953 made a revolution in this technology, resulting in an
increase in the efficiency of ethylene polymerisation under
moderate pressure. Natta and co-workers* ¢ developed a
procedure for stereospecific propylene polymerisation.

:

Figure 2. Structures of different types of polyethylene:

(a) Long-chain branches combined with short-chain branches;
(b) unbranched polymer; (¢) short-chain branches, whose regularity
depends on MW; (d) short-chain branches (or the insertion of a co-
monomer) with a regular distribution in the chain.

There are three factors responsible for the unique techno-
logical and industrial advances in the improvement of proper-
ties and extension of the scope of application of polyolefins:

— strategy of the control over promising technologies to
form materials with improved performance characteristics and
an extension of the fields of their rational use;

— permanent perfection of the production processes and
the improvement of the structure and properties of polymers,
the design of new types of polyolefins;

— dynamism of the development of convenient technolo-
gies and the efficiency of introduction of modern technological
solutions, which is a prerequisite for the design of materials
with new properties and new possibilities of their application.

As mentioned above, the design of new-generation cata-
lysts for olefin polymerisation, in-depth investigations of the
mechanism of their action and the determination of conditions
for their optimal use were and remain the driving force of the
progress in studies in this field. Discoveries of higher-perform-
ance catalyst systems always led to the perfection of polyolefin
production and new advances in the control of the molecular
structures of polymers.

For example, the modification of Ziegler — Natta catalysts
by electron-donor additives resulted in an increase in the
activity and selectivity of the catalysts by two orders of
magnitude.!! The use of such catalysts allowed the simplifica-
tion of the flow scheme for the polyethylene production (the
polymer washing step is excluded) and the improvement of the
efficiency of copolymerisation of ethylene with higher
a-olefins. As a result, linear low-density polyethylene
(LLDPE) was prepared.'! =23 This polymer consists of linear
molecules with short-chain branches (see Fig. 2 ¢), and this is
the difference from PE prepared earlier, which has a linear
structure without branches and is characterised by a high
density (see Fig. 2 b).

The design of catalyst systems supported on inorganic
adsorbents (SiO,, Al,Os or MgCl,) and, more recently, on
polymer supports was an important breakthrough in the
perfection of olefin polymerisation catalysts. This gives rise to
a new version of the flow scheme, viz., gas-phase polyme-
risation. The Union Carbide Corporation (USA) was the first
to employ this scheme in industry. Later on, this process was
used also by other companies [British Petroleum, BASF
(Germany), etc.]. Studies of the characteristic features of the
behaviour of supported catalyst systems, primarily of MgCl,-
supported catalysts, which were independently performed by
the Mitsui Chemical (Japan) and Montedison (Italy) Compa-
nies resulted in the design of catalysts allowing the control over
the properties and polymer morphology. It appeared that these
systems are able to replicate (reproduce the shape) the starting
catalyst particles by the resulting polymer particles. This
allowed the synthesis of granular polymers directly in a
polymerisation reactor.!1-23-28

A new step in the perfection of olefin polymerisation
catalysts (1980s) was associated with investigations of so-called
‘metallocene’ catalysts based on coordination organometallic
compounds. In these complexes, one or two cyclopentadienyl
rings (including substituted rings) form a m bond with the
central Group IVB, VB or VIB transition metal
atom.!1-20-29-39 A new type of organoaluminium compounds,
viz., poly(methylalumoxane) ([—Al(Me)O—],, MAO), was
used for activation.*?

In the 25-year metallocene epoch, about 700 patents were
granted and more than 10 reviews and monographs devoted to
this problem were published (see, for example, Refs 20, 2931
and 33-39). The following aspects were considered: the
evolution of the design of new structures of metallocene
complexes, the mechanism of action of catalyst systems based
on these complexes with the use of cocatalysts of different
nature and the possibility of application of these complexes in
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olefin polymerisation and copolymerisation. A detailed ana-
lysis of problems associated with the mechanism of olefin
polymerisation in the presence of metallocene catalysts and
the related publications are beyond the scope of the present
review. Let us only note the most important aspects due to
which this type of catalysts attracts great interest of resear-
chers.

Metallocene catalyst systems are characterised by a num-
ber of important features:

— high activity T in ethylene polymerisation (up to 40 tons
of PE per gram of transition metal for 1 h);

— the single-site character of the catalysis process;

— the similarity of the constants of copolymerisation of
ethylene and higher a-olefins, which provides the uniform
incorporation of a-olefins into the polymer chain regardless
of the molecular mass of the copolymer (see Fig. 2d);

— high performance in polymerisation and copolymerisa-
tion of a wide range of monomers;

— lower oxophilicity compared to Ziegler — Natta catalysts
allowing polymerisation of monomers containing functional
groups remote from double bonds.

Judging by numerous predictions, metallocene catalyst
systems would replace Ziegler —Natta catalysts in the poly-
olefin production. However, their introduction occurred much
more slowly than expected due primarily to a high price of the
components of these catalysts and problems associated with
processing of polyolefins.41-42

To summarise the aforesaid, it can be stated that, in spite of
great progress in studies of olefin polymerisation catalysts, a
number of problems associated with the technology of these
processes remain to be solved. For example, copolymers of
ethylene and other olefins with various available comonomers
containing polar groups cannot be prepared because of the
oxophilic character of the components of metallocene catalyst
systems. A search for ways for increasing the performance and
selectivity of catalysts and controlling the morphology of the
resulting polyolefins as well as the improvement of methods for
stereochemical control of the growing chain are still important.

Many research teams were engaged in solving these prob-
lems. This gave rise to the subsequent step in the history of
evolution of olefin polymerisation processes associated with
the design of a radically new generation of catalysts. This step
is represented by dashed line 5 at the top of Fig. 1 and
corresponds to more perfect catalyst systems characterised by
high performance and selectivity, a wider range of conditions
(temperature and pressure), the possibility to control the
catalytic properties by varying the oxophilicity of the ligand
and the ability to control the polymerisation process. These
catalysts should solve the problem of copolymerisation of
ethylene with polar monomers and should be characterised
by high efficiency, accessibility and the safe storage and use. In
addition, the use of these catalysts provides the possibility of
improving the structural characteristics of polyolefins, thus
ensuring better recycling and performance characteristics of
polymer materials.

First publications on new catalyst systems meeting the
above-mentioned requirements date back only 10 years.
Nevertheless, numerous papers, patents and reviews have
been published during these years.**~52 A new class of high-
performance non-metallocene catalyst systems is referred to as
‘post-metallocene catalysts’.*

T Hereinafter, the activities of catalysts are given in units of (amount of a
polymer) [mole (or gramme) of a catalyst]~! h—1.

i The term ‘post-metallocene catalysts’ has been used for the first time in
the review by Britovsek et al.**

Most of the studies of olefin polymerisation catalysts
published in the last decade are related to systems based on
late transition metal complexes with nitrogen-containing
ligands (‘the nitrogen skeleton’). These are primarily nickel
and palladium diimine complexes as well as iron and cobalt-
bis(imino)pyridine complexes (see, for example, Refs 44, 45,
48,49 and 51). A new type of post-metallocene catalysts based
on phenoxy imine complexes of titanium, zirconium, hafnium
and some other transition metals has attracted attention more
recently.#7- 50,52

In Russia, investigations of post-metallocene catalyst sys-
tems started somewhat later. In this connection, the publica-
tion of a Russian review devoted to an analysis of the progress
in this field will apparently attract interest of researchers
concerned with catalytic olefin polymerisation.

I1. Catalyst systems based on late transition metal
a-diimine and bis(imino)pyridine complexes

1. a-Diimine complexes as catalysts for olefin polymerisation
In 1995, the US research team headed by Brookhart obtained
first successful results in the design and application of post-
metallocene catalyst systems.>3~3¢ The authors demonstrated
that ethylene, propylene and hex-1-ene polymerisation can be
performed in the presence of nickel or palladium complexes (1
and 2, respectively) with bis(arylimine) ligands.

R R
Me
/N\ X
M
7 X
Me N
R R
1,2

M = Ni(1), Pd (2); R = Me, Pri; X = Cl, Br, Me.

The results of investigations of these systems obtained in
the first five years were summarised in the review.*> o-Diimine
fragments most often contain aryl substituents at the nitrogen
atoms and are involved in an aliphatic or complex polyaro-
matic system (for example, the acenaphthylene system). The
general structures of nickel and palladium a-diimine complexes
can be represented as follows:

R2
R2
}/©\ ! R3 R!
R’ R
R4 N O /N\\ 1
="\ _Hal \M/Ha
M ~"Hal
=N Hal = N/ a
R4
R’ R! R3 R!

3\<>/
RZ R2
M = Ni, Pd; Hal = CI, Br; R', R% R3 = H, Alk, Ar; R* = H, Alk.

A sophisticated analysis of the published data on the
synthesis and studies of late transition metal complexes with
ligands containing the nitrogen skeleton demonstrated that
studies by Brookhart were preceded by earlier investigations in
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this field. For example, Yamamoto ez al. reported 7 the results
of tests of catalysts based on cobalt and iron alkyl complexes
with bipyridine ligands (for example, compound 3), in poly-
merisation of acrylic acid derivatives, as early as in 1970. It is
evident that these catalysts are similar to late transition metal
a-diimine complexes.

Later on, it was demonstrated >’ that bipyridine complexes
3 are characterised by relatively weak coordination of the iron
atom by bipyridine ligands. This facilitates side processes, such
as B-hydride migration and reductive elimination. The termi-
nation of the polymer chain growth leads to fast deactivation
of the catalyst 58 and, consequently, to a decrease in its activity.
Because of these drawbacks, researchers have lost interest in
this type of complexes.

It should be emphasised that the newly synthesised cata-
lysts based on late transition metal complexes containing
ligands with the nitrogen skeleton were covered by numerous
patents. In the period from 1994 to 2001, 742 patents were
issued (cited from the monograph,®! p. 59), which is compar-
able only with the number of patents on the design of metal-
locene systems.

To perform olefin polymerisation, it is necessary to trans-
form a-diimine complexes into the active form. Methylalum-
oxane or perfluoroaryl boron compounds (the latter are more
suitable for complexes with the central palladium atom) are
commonly used as activators (or cocatalysts). Somewhat later,
it was demonstrated that simple alkyl derivatives of aluminium
can also be used for these purposes.>?-©0

Depending on the structure of the ligand and the reaction
conditions, nickel and palladium o-diimine complexes can
exhibit high activity in ethylene polymerisation to give PE
with molecular weight (MW) varying in a wide range. For
example, the performance of up to 11 (kg PE) mmol—! h—!
bar — ! was observed for some nickel derivatives,? PE with MW
of up to 1 million was obtained at low temperatures. On the
whole, nickel a-diimine complexes provide higher activity of
catalysts in ethylene polymerisation and form polymers with
higher MW compared to analogous palladium complexes.

Studies of the PE structures showed that new catalyst
systems allow the preparation of polymers with short-chain
(methyl, ethyl, butyl or longer) branches.

<>97‘ ol

v
CH CH2R CoH
2 3 < / /\/ —% Normal chain growth

Me
(N\M)yR
/ \\\
N H

Al

B-elimination
R

N
M = Ni, Pd; < is a-diimine fragment.
N

Based on low-temperature NMR spectroscopic data, the
branch migration mechanism for ethylene polymerisation in
the presence of nickel or palladium «-diimine complexes was
suggested (Scheme 1).4%-61-62 The reactions of the complexes
with cocatalysts and coordination with ethylene afford the
inactive (latent) cationic form A and the polymer chain begins
to grow. The formation of the growing linear chain can
alternate with B-elimination of a hydride ion and the formation
of alkenyl hydride complex B, whose transformation gives rise
to methyl branching in the growing chain. The formation of the
whole macrochain is a result of a combination or alternation of
the chain growth and B-elimination of a hydride ion in the
alkenyl hydride complex, resulting in the next branching.

According to this mechanism, catalyst systems based on Ni
and Pd o-diimine complexes afford polymers with methyl
branches. Several successive B-hydride transfer reactions give
rise to short-chain ethyl, propyl or other (longer) o-alkyl
branches. These catalysts are very promising because they
allow the preparation of short-chain branched polyethylenes
without the use of comonomers.

For palladium systems, the barrier to ethylene insertion by
the migration mechanism was estimated>>%  at
17—18 kcal mol—! (the lowest barrier is observed for the
bulkiest imine ligands), whereas this barrier for nickel systems
is substantially lower (13—14 kcal mol—!). Therefore, the
energy difference of 4—5 kcal mol—! is consistent with higher
activity of nickel complexes observed in experiments.

In the presence of palladium catalysts, the branching of PE
is independent of the monomer pressure in the polymerisation
process. However, the ethylene pressure influences the polymer
morphology. At moderate pressures, polymerisation affords
viscous amorphous oils; at high pressures, amorphous rubber-
like solids, plastomers (Fig. 3).

In the case of nickel complexes, the degree of branching of
PE is always lower than that obtained with the use of palladium
analogues, and this degree decreases with increasing ethylene
pressure. The sensitivity of the degree of branching of the
product to the pressure is a result of a competition between two
processes, viz., trapping of ethylene by the active complex and
the chain transfer. High pressures are favourable for trapping
of ethylene, resulting in a lower degree of branching.

Polymerisation on diimine catalysts giving high-molecular-
mass polymers is characterised by a much higher chain growth
rate compared to the chain transfer rate. An increase in steric
crowding of the axial regions in the square plane of the complex
is the key factor responsible for a decrease in the chain transfer
rate.*> The crystallographic data show that the benzene rings in
square-planar palladium o-diimine complexes are located
approximately perpendicular to the plane of the square, and
the ortho substituents are located above and below this plane.

Scheme 1

Me T+

CoHy < R Chain growth accompanied
~
\/7

by branching
Chain migration or transfer
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Figure 3. Branched structures formed upon ethylene polymerisation:
plastomers (a) and hyperbranched low-molecular-weight compounds
(oils) (b).

Important investigations aimed at optimising the struc-
tures of diimine catalyst systems involve variations of the
nature of substituents in the ligand and the elucidation of
their influence on the characteristics of the resulting polymers.
For example, the detailed theoretical investigation of nickel
complexes with various diimine ligands was carried out.®* An
increase in the bulkiness of substituents at the nitrogen atom
was demonstrated to play a dual role. First, these groups block
the access to the transition metal atom in the axial direction.
This destabilises the inactive (latent) state of the catalyst and
the chain termination transition state, in which both axial
positions are occupied. Second, the aryl rings in nickel com-
plexes, unlike those in palladium analogues, are located in one
plane with the diimine fragment, which is favourable for
stabilisation of the transition state of ethylene insertion com-
pared to the latent state of the catalyst. An increase in the
bulkiness of substituents either at the carbon atoms or in the
ortho positions of the aryl groups at the nitrogen atoms of
diimine results in a more rigid fixation of the plane of the
aromatic ring perpendicular to the metal —ligand coordination
plane. In this case, ortho substituents more efficiently block the
axial directions.®’

In particular, the 2,3-bis(2,6-dimethylphenyl)butanedi-
imine nickel dichloride complex (1, R = Me, X = Cl) is one
of the most active catalysts in this class.®® Ethylene polyme-
risation on this catalyst activated by MAO affords PE charac-
terised by the number average MW (M,) in the range of
(1.7-6) x 10° and a rather narrow molecular weight distribu-
tion (MWD) of 2.0—3.5. The degree of branching increases,
whereas MW decreases as the temperature of the process is
increased. The polymer branching is virtually independent of
the Al: Ni molar ratio and the concentration of the catalyst.

Therefore, the main structural feature of ligands in late
transition metal a-diimine [as well as bis(imino)pyridine, see
below] complexes and catalysts based on these complexes is
that the active cationic centre is sterically shielded by bulky
ortho-substituted aryl groups at the nitrogen atom, resulting in
suppression of side processes of chain termination (elimination
of the hydrogen atom from the B position and the associative
substitution of olefins) during polymerisation. The ability to
provide efficient stabilisation of organometallic complexes
that are formed in the reactions with monomers is another

important property of these ligands. The electronic structure of
ligands is rather flexible because it is determined primarily by
the nature of substituents in N-aryl groups. These characte-
ristic features were observed in many experimen-
tal] 45-48.49,51,53-58,67-70 and theoretical 964 65.71.72 investi-
gations.

Therefore, the activity of a-diimine catalysts based on
nickel and palladium complexes in olefin polymerisation was
substantially increased by changing the structure of the ligand,
to be more precise, by introducing bulky aryl substituents at
the ortho positions of the phenyl rings at the nitrogen atoms of
the imine fragments.>! Recently, new Ni and Pd complexes
with the use of various types of ligand variation were synthes-
ised.”3~ 73 For example, complexes having symmetric (4 and 5)
or non-symmetric (6) structures and complexes with hetero-

aromatic substituents (7) were prepared.

RO I I OR
Me /N\\ X
~— ,//M\
N

Y
Me
OR

RO l

i XY i
Pr‘/<P\Pr‘ Pr \M{ Pr
X SN S
Me— =N x
M
~ .7 Y
Me N i

[ 7
6

M = Nj, Pd; X, Y = Hal, Me; R = Alk.

The activity of catalyst systems based on compounds 4—7
in ethylene polymerisation and MW of polymerisation pro-
ducts appeared to be similar to the corresponding characte-
ristics for complexes, which have been studied earlier by
Brookhart. The highest performance was observed for the
catalyst based on compound 5. These systems are characte-
rised by the dependence of the degree of branching of PE and,
consequently, of its glass-transition temperature (7) on the
structure of ligands. For example, complexes 4, 5 and 7 allow
the synthesis of virtually linear PE. In addition, polymerisation
in the presence of complex 6 containing unsymmetrical ligands
affords PE characterised by a lower degree of branching
compared to a polymer prepared with the use of structurally
similar Brookhart’s complexes. Polymerisation in the presence
of catalyst systems based on complexes 7 with peripheral
heterocyclic substituents affords polymers with lower MW. It
should be noted that an analogous situation is observed for
complexes containing other heteroaromatic substituents (for
example, indoles, efc.) instead of the pyrrole rings.
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2. Bis(imino)pyridine complexes as olefin polymerisation
catalysts

Several years after the discovery of a-diimine catalysts for
olefin polymerisation, Brookhart and co-workers #7677 in
USA and the research group headed by Gibson48-78-84 in
UK simultaneously and independently published data on the
design and examination of iron and cobalt 2,6-bis(arylimino-
alkyl)pyridine [hereinafter, referred to as bis(imino)pyridine]
complexes.

M = Fe, Co; X = CI, Br; R!, R2, R? = H, Alk, Ar; R* = H, Alk.

Iron complexes with R! = R3 = Me, Prf or But, R2 = H,
R* = Me and X = CI, Br or NOj were the first representatives
of this type of compounds.”” A short time later, other
researchers were also engaged in the synthesis of complexes
with N-tridentate ligands (see, for example, Ref. 85).

The characteristic structural feature of these complexes is
that the metal atom in them has the coordination number 5 and
a pseudosquare-pyramidal coordination geometry with the
phenyl rings being virtually perpendicular to the plane of the
square. High-molecular-weight polyethylene (M,, up to
7 x 10°) was prepared on these catalysts in high yield upon
activation by modified methylalumoxane (MMAO) in the
presence of ethylene in toluene. As opposed to Ni(Il) and
Pd(11) diimine catalysts, linear (without branches) PE is formed
under analogous conditions even in the presence of bulky
ligands in the complexes and at low ethylene pressure. The
molecular weight of the polymer varies in a wide range depen-
ding on the type of the ligand, the nature of the central metal
atom and the concentration of the cocatalyst. As in the above-
considered diimine complexes, the bulkiness of the aryl frag-
ments at the imine nitrogen atoms in the ligands in Fe and Co
bis(imino)pyridine catalysts plays an important role. Thus, an
increase in the bulkiness of the ortho substituents also leads to
an increase in the activity of the catalyst system.

The mechanism of ethylene polymerisation with the use of
catalysts based on Fe(II) bis(imino)pyridine complexes was
analysed in detail 3 using quantum chemical calculations by
the density functional theory (DFT) method and in combina-
tion with the molecular mechanics method. The calculations
were carried out for the active state of the catalysts, viz., for the
model (8) and real (9) cationic complexes.

The trapping of ethylene by the cationic metal alkyl
complex was demonstrated 8¢ to be the rate-determining step
of both the chain growth and termination. The mechanism of
chain termination involves the B-hydride transfer of the grow-
ing chain to the monomer in the active centre as the major
process (see Scheme 1). As in the case of a-diimine ligands, the
presence of bulky aryl groups containing substituents in the
ortho positions at the imine nitrogen atom (for example, 2,6-
PrC¢Hs) is desirable for the highest performance. In the
presence of complexes with such substituents, the chain termi-
nation is suppressed and the rate of monomer insertion into the
growing chain increases.

The group headed by Brookhart found4® that bis(aryl-
iminoethyl)pyridine complexes 10—12 containing only one
ortho substituent in each benzene ring are superactive catalysts
for ethylene oligomerisation.

10-12

R = Me (10), Et (11), Pri (12).

It should be noted that this fact is consistent with the results
of our investigation % of ethylene oligomerisation with the use
of substituted diimine complexes.

In the study,®? the dependence of the kinetic activity of
bis(imino)pyridine complexes in ethylene polymerisation on
their structure (primarily, on the size of substituents in the
ortho position of the arylimine fragment) was found and the
molecular characteristics of PE were determined. These cha-
racteristics are also not contradictory to the above-considered
data.

Ethylene polymerisation in the presence of iron complexes
with various tridentate nitrogen-containing ligands, such as
2,6-bis(aryliminoalkyl)pyridine (13, 14), 2-arylaminoalkyl-6-
aryliminoalkylpyridine (15, 16) and 2,6-bis(arylaminomethyl-
pyridine) (17), and cobalt complex 18 combined with the
cocatalyst MAO was investigated.®* Compounds containing
bis(imine) fragments were demonstrated to have higher cata-
lytic activity than bis(amine) and aminoimine derivatives;
complexes with ketimine ligands are more active than com-
plexes with aldimine ligands. Cobalt complex 18 is less active
than its iron analogue 15.

Pri

Pri

13,14

15,16, 18 17

M = Fe: R = H (13, 15), Me (14, 16); M = Co, R = H (18).
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It was noted that lower activity of amine complexes
compared to bis(imino)pyridine analogues is possibly attri-
buted to a relatively weak bond between amine and the iron
atom, whose cleavage results in dissociation of the amine
fragment. In addition, insufficiently strong conjugation of the
ligand environment and the spatial orientation of the amino-
aryl substituent, which hinders access of the monomer to the
catalyst active site and, correspondingly, the growth of the
polymer chain, can also play a particular role.

On the whole, ethylene polymerisation catalysts based on
transition metal bis(imino)pyridine complexes are attractive
because they are synthetically accessible and inexpensive,’’
allow the synthesis of products with both narrow and wide
MWD and can be activated by various alkyl derivatives of
aluminium.>% %0 The main drawbacks are relatively low ther-
mal stability, which is manifested in a considerable decrease in
the catalytic activity of the system as the temperature rises (by a
factor of two and nine as the temperature rises to 50 and 70 °C,
respectively, compared to the activity at the optimal tempe-
rature of 35—40 °C). In addition, an increase in the polymer-
isation temperature leads to a sharp decrease in MW of
polyethylenes prepared with the use of these catalysts.
Attempts to eliminate this drawback were made in several
studies.

Our research team made a considerable contribution to the
solution of this problem.$%-3% For example, we demonstrated
that the temperature range, where catalysts based on com-
plexes 19—-22 containing cycloalkyl substituents in the ortho
position of the arylimine group exhibit high performance, can
be shifted to higher temperatures.

RZ

2

19-23

R2 = Me, R! = cyclo-C,Hau—1 [1 = 5(19), 6 (20), 8 (21), 12 (22)];
R! = R? = Pri (23).

Ethylene polymerisation was performed in toluene using
the catalyst:activator (MAO) ratio of 1:1500 at ethylene
pressure of 0.3 MPa; the reaction time was 1 h.%° The curves
of the temperature dependence of the activity of catalyst
systems based on iron bis(imino)pyridine complexes with
cycloalkyl substituents 19—22 and reference complex 23 con-
taining isopropyl substituents at positions 2, 4 and 6 of the
arylimine groups are presented in Fig. 4. It can be seen that the
activity of catalyst 23 sharply decreases at temperatures higher
than 50 °C, whereas the optimal temperatures for cycloalkyl-
substituted complexes are higher, this effect being more
pronounced as the number of the methylene groups in the
ring is increased. The experimental results were confirmed by
quantum chemical calculations for the complexes in ques-
tion.88-89

A generalised analysis of the influence of the structure of
transition metal complexes with a-diimine and bis(imino)-
pyridine ligands on the activity of catalyst systems based on
these ligand was performed in the Polymer Research Labora-
tory of the BASF Company (see the monograph,>! pp. 59 —98).
The authors confirmed that the key feature of the ligand

10-34 /(kg PE) mol=! h—! MPa—!

o]
100 o2
a3
A4
80 r o5
60
40
20
0 | | |
20 40 60 T/ °C

Figure 4. Plot of the activity of complexes 19—-23 (curves /-5, respec-
tively) vs. the temperature of ethylene polymerisation.%”

structure of these catalysts is that the active cationic centre is
sterically shielded to an extent sufficient to suppress unde-
sirable chain termination processes (primarily, B-hydride eli-
mination and associative substitution of olefins in active
complexes). Steric shielding can be provided, for example, by
bulky ortho-substituted aryl groups bound to the peripheral
donor centres (imine nitrogen atoms).

The results of studies of nontraditional substituents at the
imine nitrogen atoms of a-diimine and bis(imino)pyridine
ligands, for example, of nitrogen-containing heteroaromatic
groups, made a substantial contribution to knowledge about
the influence of the structure of complexes on their activity.
Earlier, when considering the catalytic activity of a-diimine
systems containing N-pyrrole rings, we have demonstrated that
the degree of branching of PE in polymerisation can be
changed (decreased or completely suppressed). An similar
effect was observed also in the presence of symmetrical
(24—27) or unsymmetrical (28) iron bis(imino)pyridine com-
plexes with peripheral N-heterocyclic substituents.>!

c oa
'S
N\N/ \N/N

\ N \

Me = Me

S
24-27

R3 R
(x _Rl/@\]{z 29 Rl@w 25).
@jl\\l\ﬁR (26), (27).

ClCle
w\f?




624

S S Ivanchev

A comparison of the polymerisation activity of systems
based on complexes 24—28 in ethylene polymerisation with
that of the most active classical Brookhart —Gibson catalysts
showed that the activity of the former catalyst systems is rather
high, but MW of PE prepared with their use is substantially
lower. The molecular mass was increased by increasing the
bulkiness of the peripheral N-azolyl substituents in the cata-
lyst, but this led to a decrease in activity. However, the most
substantial difference is that the reaction mechanism changes.
Polymerisation with the use of complexes 24—28 affords
branched polymeric or oligomeric products, whereas polymer-
isation with the use of Brookhart— Gibson complexes studied
earlier gives linear products.

The above-considered data show that there is a fine
equilibrium between the following two processes that occur
during ethylene polymerisation catalysed by transition metal
bis(imino)pyridine complexes: the monomer insertion resul-
ting in the formation of linear PE and B-hydride elimination
with the repeated addition of the isomerised chain giving rise to
branched structures. This equilibrium substantially depends
on the steric and electronic effects of peripheral substituents in
catalytic complexes, whose nature (for example, the introduc-
tion of the N-azolyl fragment instead of the N-phenyl group)
determines the mechanism of polymer formation. The chain
growth can give rise to either linear or branched structures with
the use of both a-diimine and bis(imino)pyridine complexes.

When analysing new complexes containing ligands with the
nitrogen skeleton, the recently synthesised oligomeric nickel
a-diimine complexes?® and iron bis(imino)pyridine com-
plexes °! deserve note. Unfortunately, the results of examina-
tion of these complexes in ethylene polymerisation were not
reported in the study cited.?® However, in the presence of
polyfunctional oligomeric bis(imino)pyridine complexes 29
and 30 (these complexes were synthesised by our group®!)
activated by MAO, polyethylenes with high MW were
obtained at high temperatures (70—-90 °C), i.e., the temper-
ature range of high performance of the catalyst system was
extended.

Bis(imino)pyridine complexes not only with the central
divalent iron atom but also with other transition metals, such
as cobalt, nickel, vanadium, copper, zinc, chromium and
manganese, were synthesised. The results of research into the
activity of catalyst systems based on various metals were
considered.??>~ %6 Divalent iron complexes exhibited the highest
activity in ethylene polymerisation, whereas Fe(I1I) complexes
proved to have low activity. Divalent cobalt complexes, which
were synthesised virtually simultaneously with the iron ana-

HoN

logues, are generally substantially less active than the latter.
However, Co(II) complexes in the presence of MAO show
higher activity in polymerisation of vinyl ethers than the
corresponding iron complexes.”’ Divalent cobalt complexes
containing electron-accepting substituents exhibit high activity
also in selective dimerisation and oligomerisation of a-ole-
fins.”8

Vanadium bis(imino)pyridine complexes were docu-
mented.”® Detailed studies of the influence of the structure of
complexes on the properties of the reaction products demon-
strated 190- 101 that olefin polymerisation in the presence of
vanadium systems gives mainly oligomeric products.

Chromium complexes analogous to iron bis(imino)pyri-
dine complexes have received little study as olefin poly-
merisation catalysts. As a rule, these complexes exhibit lower
activity than the above-considered iron, cobalt and vana-
dium complexes and often form low-molecular-weight pro-
ducts.101.102

The differences in the behaviour of iron and cobalt 2,6-
bis(imino)pyridine complexes activated by modified methyl-
alumoxane in ethylene polymerisation under homogeneous
conditions were noted in the recent publication by Kissin et
al 193 Cobalt complexes form virtually single-site catalysts with
MMAQO, whereas iron complexes give multisite (polyfunc-
tional) catalysts, whose character depends on the Al:Fe
ratio, the ethylene pressure, the temperature and the nature of
substituents in the ligands.

In recent years, great attention has been given to the
mechanism of action of Fe(Il) 2,6-bis(imino)pyridine com-
plexes in ethylene polymerisation, including the determination
of key intermediates. For example, based on the results of 'H
and 3C NMR spectroscopic studies of the structures of
intermediates formed in homogeneous systems in the reactions
of the complexes with an activator, it was concluded %4 that
individual Fe(II) complexes rather than cationic intermediates
are active components of the catalyst system. In more recent
studies, 05108 this conclusion was reviewed and it was hypo-
thesised that neutral complexes in these systems are precursors
of active sites for ethylene polymerisation. The schemes of the
transformations of these complexes into active sites were
proposed. The influence of activators, viz., various alkyl
derivatives of aluminium, on both the activity of the Fe(II)
2,6-bis(imino)pyridine complex and the characteristics of the
resulting polyethylene (MW, MWD and the molecular struc-
ture) was analysed.!8 In this study, data on the number of
active sites and the rate constants of chain growth in ethylene
polymerisation were obtained.
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New views of the mechanism of influence of alkylalumi-
nium cocatalysts AIR3 (R = Et, Bu' or n-CgH3) on the activity
of iron bis(imino)pyridine complex 31 were reported in the
recent publication.!%®

Me

It was found that the activity of catalyst systems and the
structure, MW and MWD of PE depend on the polymerisation
temperature and the Al: Fe molar ratio. The analysis of in situ
UV-Vis spectra suggested the formation of two types of
catalytic species, viz., LFeRCl and LFeR, (L is 2,6-bis-
[1-(2,4,6-trimethylphenylimino)ethyl]pyridine), the predomi-
nant formation of wich being determined by the Al: Fe molar
ratio. The LFeR, compound has lower activity and favours the
formation of low-molecular-mass branched polyethylenes.

It should be noted that catalysts with the nitrogen skeleton,
in particular, a-diimine complexes, can be involved in two-
component catalyst systems for olefin polymerisation (the
method of reactor mixing). These mixtures (provided that the
components are compatible and the catalytic activity is not
decreased) are synthesised with the aim of changing the
structure and molecular characteristics of PE. Reactor mix-
tures of PE were prepared by combining two catalyst systems,
which provide the modification of polymers in the course of the
synthesis, with the possibility of controlling their MW and
achieving wider MWD, 110

The reactor mixtures of PE have been prepared earlier with
the use of two-component systems based on Ziegler — Natta
catalysts and late transition metal complexes, as well as of
metallocene and o-diimine systems.!11- 112

For these purposes, our research group used two-compo-
nent heterobimetallic catalyst systems consisting of a-diimine
and bis(imino)pyridine complexes.!!3 The kinetic features of
ethylene polymerisation on methylalumoxane-activated cata-

lysts involving 2,6-bis(imino)pyridyl complexes of iron
dichloride 14 and 20 and 1,2-bis(imino)acenaphthyl complexes
R3 R3
R? R!

R3 R3
14,20 32,33

R! = cyclo-CgHjj, R?2 = R3 = Me (20, 32);
R! = R2 = Pri, R3 = H (14, 33).

of nickel dibromide 32 and 33 were studied at different ratios of
the components in the temperature range of 50—70 °C.

These components were confirmed to be compatible in one
reactor, and it was demonstrated that they can be efficiently
used (at high rates) to synthesise polyethylene with different
MW and short-chain branches. A mixture of complexes 14 and
32 proved to be an optimal combination of the components of
a binary catalyst system, which retains high activity and gives
rise to branched polyethylenes with satisfactory molecular
characteristics.

3. Compolymerisation of ethylene with polar monomers

in the presence of catalysts based on a-diimine

and bis(imino)pyridine complexes

The structures and low oxophilicity of late transition metal
complexes containing ligands with the nitrogen skeleton hold
promise for their use as catalysts for copolymerisation of
ethylene with polar monomers.

For example, catalyst systems based on palladium o-di-
imine complexes were successfully used by Brookhart and co-
workers 33-5456 for copolymerisation of ethylene and propy-
lene with monomers containing functional groups. Methyl
acrylate, tert-butyl acrylate, methyl vinyl ketone and fluoro-
octyl acrylate served as polar comonomers; the process was
carried out in the presence of the [LPdMeCl]— NaBAr4 systems
(L is the a-diimine ligand) using the catalyst in an amount of
0.1 mmol per mole of the monomer in CH>Cl, at 25—35 °C for
18 —37 h. High-molecular-mass random polymers, which are
amorphous highly branched structures with approximately 100
branches per 1000 carbon atoms, were synthesised. These
polymers are characterised be the predominant arrangement
of the ester groups at branches or at the ends of the chain
(Fig. 5). The glass-transition temperature of these products
varies from —67 to —77 °C. The maximum degree of intro-
duction of the comonomer was 12.1%, 0.7%, 1.3% and 5.6%
for methyl acrylate, tert-butyl acrylate, methyl vinyl ketone
and fluorooctyl acrylate, respectively.

X

X

Figure 5. Structure of copolymers of ethylene with acrylates prepared
with the use of Pd-(a-diimine) catalysts (X are acrylate groups).

The introduction of functional groups of amines and
nitriles into the polymer chain of polyolefins was reported.!'4
The efficiency of binding of the metal centre of the catalyst to
the fragments of the CH, = CH(CH),,X monomers (X = CN,
NH, or NMe»), viz., the N-containing polar group and the
n-system of the double bond, was compared !!° by the density
functional theory method. The energies of stabilisation of n-
and N-complexes of monomers with Ni(II)- and Pd(I1)-based
catalysts containing diimine and salicylaldiminate ligands were
calculated, and the energy diagrams of their decomposition
were constructed. It appeared that © coordination of a mono-
mer to metal is more favourable for systems with the central
palladium atom, which provides the further growth of the
polymer chain. In the presence of nickel catalysts, stronger
metal —nitrogen bonds are formed and the latter hinder effi-
cient copolymerisation, which accounts for the lack of success
in ethylene copolymerisation with the use of this type of
systems.



626

S S Ivanchev

Chien er al.''° successfully performed copolymerisation of
ethylene with a series of polar monomers, such as hex-5-en-1-
ol, undec-10-enoic acid, methyl vinyl ketone, vinyl acetate and
g-caprolactam. The authors modified the catalyst system by
activating bis(imino)acenaphthene nickel(II) dihalide with a
mixture of methylalumoxane (or diethylaluminium chloride)
and dibutylmagnesium.

In the review,!!” the optimal structures of nickel and
palladium diimine complexes were proposed for copolyme-
risation of ethylene with polar monomers and the mechanism
of formation of copolymers with polar functional groups was
analysed based on the results obtained by the research teams
headed by Brookhart and Chien. As a result of the electron
distribution in the complexes, these palladium catalysts are
polar compounds due to which they readily form highly
branched PE, and provide the introduction of polar (in
particular, acrylate) fragments into the ends of branches in
copolymerisation reactions (see Fig. 5).

It should be noted that the possibility of polymerisation of
methyl methacrylate in o-xylene at 90 °C in the presence of
divalent iron complexes with tetradentate nitrogen-containing
ligands, for example, with [N,N’-diphenyl-N,N’-di(quinolin-2-
ylmethyl)]-1,2-ethylenediamine (using ethyl 2-bromoisobuty-
rate as the initiator) was demonstrated for the first time in the
recent publication by Seppilid and co-workers.!!® In this case,
iron complexes catalyse the so-called atom transfer radical
polymerisation (ATRP).

4. Supported catalyst systems based on o-diimine

and bis(imino)pyridine complexes

As mentioned above, catalyst systems based on a-diimine and
bis(imino)pyridine complexes are characterised by relatively
low thermal stability and, as a consequence, rapidly lose
activity during high-temperature polymerisation. The use of
catalysts adsorbed on the surface of inorganic supports is a way
to overcome this drawback.!!® Experiments with supported
catalyst systems demonstrated that they not only have high
thermal stability but also allow the synthesis of polymers with
substantially higher MW, improve their morphology and
density and prevent adsorption of polymers on the walls of
the reactor.

Patents 120- 121 on the preparation of supported a-diimine
and bis(imino)pyridine complexes were issued shortly after the
discovery of post-metallocene catalysts. These supported cata-
lyst systems were studied in detail.!?> 123 A comparison of the
efficiency of ethylene polymerisation in the presence of the
MAO-activated 2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]-
pyridine complex of iron dihalide under homogeneous con-
ditions and in the presence of the SiO»-supported complex
showed 23 that the activity of the supported system is 5 times
lower. However, the polymer formed on the supported catalyst
has higher MW and better morphology.

Our research group '>* studied the kinetic features of
ethylene polymerisation in the suspension and gas-phase
modes in the presence of SiOs-supported 2,6-bis(arylimino)-
pyridine complexes of iron chloride and 1,2-bis(arylimino)ace-
naphthyl complexes of nickel bromide containing cycloalkyl
substituents in the ortho positions of the aryl groups. We
prepared supported catalysts under the conditions described
in the patents.!?% 121 It was found that supported catalyst
systems based on iron bis(imino)pyridine complexes 19—22
allow a decrease in the amount of the required activator (the
optimal Al:Fe ratio is 110). The kinetic characteristics of
polymerisation were steady in time (during > 1 h), whereas a
sharp decrease in the polymerisation rate during the process
was observed for the analogous homogeneous catalyst. For
supported systems, the pattern of the dependence of the
catalytic activity on the bulkiness of the cycloalkyl substituent
in the ortho position of the aryl ring also changes. In the latter

case, complex 20 with the cyclohexyl group showed the highest
performance, whereas the activity of the corresponding homo-
geneous analogues increases with increasing bulkiness of the
substituent in the series cyclopentyl (19) < cyclohexyl (20) <
cyclooctyl (21).

In the presence of substituted 1,2-bis(imino)acenaphthyl
complexes of nickel bromide (for example, compound 32),
polymerisation proceeds without the additional (except for the
step of catalyst deposition) introduction of a cocatalyst. The
kinetic profile of the process is generally similar to that
observed with the use of bis(imino)pyridine systems.

In the very recent study by Zakharov and co-workers,!?5
the characteristic features of ethylene polymerisation in the
presence of the 2,6-[(2,6-Me>CsH3sN=CMe),CsH;N]FeCl,
(34) complex activated by various alkyl derivatives of alumi-
nium, such as MAO, AlMes, AlBu; and Al(n-CsH7)3, were
investigated. The catalytic behaviour of these systems under
homogeneous conditions was compared with that of the
systems supported on SiO,, Al,O3 or MgCl,. The supported
catalysts showed high activity, retained stability up to
70—80 °C and gave higher-molecular-mass products. The
polymers synthesised with the use of both homogeneous and
supported systems were characterised by rather wide MWD.
The authors also compared the number of active sites and
determined the rate constants for chain growth in the presence
of both types of catalysts. It should be noted that these
constants for the homogeneous and heterogeneous systems
were of the same order in the beginning of the process.
However, in the presence of the supported catalysts, these
constants remained virtually unchanged with time, whereas
they were decreased by a factor of three already within 5 min of
polymerisation in the presence of the homogeneous catalysts.
The absolute values of the effective rate constants for chain
growth '2> for the homogeneous systems (2.6 x 10* litre
mol—! s~ 1) are rather similar to those for the supported
systems [(1.2—2.4) x 10% litre mol—! s—!], whereas the num-
bers of the active sites are substantially different. In the case of
the supported systems (0.028 —0.032 mol per mole of Fe), this
number is lower than that for the homogeneous systems
(0.41 mol per mole of Fe). Unfortunately, this fact remained
unexplained.

The interaction of the bis(imino)pyridine complex of
divalent iron with oxide supports was studied by diffuse
reflectance IR spectroscopy.!?® This study showed that the
complex was strongly fixed possibly as a result of interactions
of the ligand with several hydroxyl groups on the oxide surface,
the geometric arrangement of these groups favours a multisite
(according to the nomenclature used by the authors) contact.
In aluminium oxide, both hydroxyl groups and Lewis acid sites
are located on the surface, which provides stronger binding of
the nitrogen-containing ligand to the support.

In the case of formation of supported catalysts on the
surface of MgCl,, the LFeCl, complex [L is the bis(imino)-
pyridine ligand] interacts only with Lewis acid sites of activated
magnesium chloride.’?” Consequently, when choosing the
conditions for deposition of the catalyst system, it is necessary
to take into account the character of its interaction with the
support. A characteristic feature of the behaviour of nickel
a-diimine complexes immobilised on MgCl, is that the particle
shape of the dispersed catalyst system is replicated by the
polymer formed on this system.!?3

The scope of action and the elucidation of the optimal
conditions for the preparation of SiO»-supported two-com-
ponent catalyst systems based on o-diimine and bis(imino)-
pyridine complexes were described in our study.!?®

Recently, an original procedure for immobilisation of
nickel a-diimine complex 35 (Scheme 2) and iron bis(imino)-
pyridine complex 36 (Scheme 3) on a polymeric support
(polystyrene) has been published.!3® These catalysts were
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called polymerised catalysts. Copolymerisation of an excess of
styrene with comonomer complexes in toluene afforded
copolymers with low molecular weight (MW ~ 10000) invol-
ving the catalytic complex.

Procedures for the synthesis of the corresponding ligands
and complexes containing alkenyl groups, capable of polyme-
risation, were reported.!3! 134 A procedure was developed for
the preparation of an SiO»-supported polymerised catalyst as
spherical particles with a core —shell structure.!3°

The resulting polymerised systems were examined as ethyl-
ene polymerisation catalysts in the suspension mode using
activation by MMAO. These catalysts showed high activity
and gave good results as regards the replication ability in the
formation of polymer particles, which confirms the prospects
of this field of investigation.

I11. Phenoxy-imine catalysts for olefin
polymerisation

1. General views

A new generation of post-metallocene catalysts for olefin
polymerisation based on transition metal phenoxy-imine?®
complexes was discovered by the research group from the
Mitsui Chemical, Inc., Company (Japan) in the framework of
the Project ‘Ligand-Oriented Catalyst Design’ started in the
mid-1990s.

§ The term phenoxy-imine complexes is generally referred to complexes
containing salicylaldiminate ligands and their analogues.

36

First patents 133136 and articles (see, for example, Ref. 137)
on phenoxy-imine catalyst systems, which were issued less than
10 years ago, marked the beginning of a large series of
publications on this problem in different journals.

As the authors noted, the concept of the above-mentioned
project was based on the analysis of advances in the design of
high-performance single-site olefin polymerisation catalysts
and was aimed at searching for systems satisfying the following
main criteria:

— catalyst systems should provide an efficient insertion of
structurally different olefins, including sterically hindered
olefins, as well as polar monomers, into the polymer chain;

— stability of catalysts under standard conditions of the
polymerisation process;

— the possibility to control the chain transfer reaction, the
achievement of the uniform distribution of the comonomer
and stereochemical control of the product;

— extension of the range of the produced polymers by
performing copolymerisation with the previously unused
monomers.

An important principle of this concept was that olefin
polymerisation is accompanied by extensive electron exchange
between transition metal and ligands. In this case, it is
necessary that the ligands should contain heteroatoms (as a
rule, oxygen and/or nitrogen atoms), coordinate metal atoms
in a bidentate fashion and have an unsymmetrical structure
with mobile electrons (the so-called electron-flexible structure).
The ability of transition metals to coordinate olefins and to be
introduced into the polymer chain combined with such ori-
ented ligands would provide high activity of the system in
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Figure 6. Schematic representation of catalysts discovered based on
ligand-oriented catalyst design.>?

polymerisation. Figure 6 schematically shows a catalyst sys-
tem based on ligand-oriented catalyst design.>?

It was demonstrated that polydentate electron-flexible
unsymmetrical ligands, which are capable of chelating and
forming five- or six-membered rings, satisfy the above-men-
tioned conditions. These are primarily ligands containing
phenoxy, pyridine and/or conjugated imine fragments. These
ligands are characterised by stability under the reaction con-
ditions, have required electron-donating properties for the
efficient olefin insertion and stabilisation of the transition
state and contain accessible coordination sites necessary for
polymerisation.

However, in my opinion, the authors of this concept, when
designing a new class of high-performance phenoxy-imine
catalysts, did not give proper attention to studies of the Shell
Company on the development of SHOP (Shell Higher Olefin
Process) catalysts and improvement of nickel catalyst systems
for ethylene oligomerisation and polymerisation.!38~143

Initially, the research group headed by Fujita 135137 syn-
thesised catalytic complexes with unsymmetrical electron-
flexible ligands based on N-(o-phenoxyphenyl)pyridylaldimine
(37, 38) and salicylaldiminate (39 —41) derivatives.

39-41

R = Bu, M = Zr (39);
R = H: M = Ti (40), Hf (41).

37,38
M = Co (37), Ni (38).

Studies of the catalytic activity of cobalt complex (37) and
nickel complex (38) in MAO-mediated ethylene polymerisa-
tion in toluene showed that the former complex is inactive and
the latter complex has lower activity than Ni catalysts with
a-diimine ligands. Zirconium complex 39 in toluene at 25 °C
exhibited activity of 519 (t PE) mol=! h—! (the molecular
mass of the polymer was ~10%), which is 20 times higher
than the activity of the metallocene catalyst Cp>ZrCl,
(Cp = n-CsHs). In addition, this zirconium complex is charac-
terised by rather high stability in a wide temperature range (the
activity gradually decreases as the temperature is raised).

Over a rather short period of time, this research group
synthesised a large number of structurally different phenoxy-
imine complexes containing substituents of different nature
both at the imine nitrogen atom and the phenoxy group, 44 145
including those with perfluorinated fragments.!46~14% Concep-
tually similar derivatives based on nitrogen-containing hetero-
cycles, viz., indolyl-imine 13° and pyrrolyl-imine 13! complexes,
were also synthesised.

Shortly thereafter, the results of investigations in this field
were summarised and systematised, which showed consider-
able progress in the design of this new class of post-metallocene
catalysts.>?- 149,152,153 For example, the classification of diffe-
rent catalysts, which were developed based on the ligand-
oriented catalyst design concept, was proposed in the review.>?
Table 1 summarises the general structures of phenoxy-imine
and analogous chelate complexes. It should be noted that not
only complexes, in which metal atoms are coordinated by
heteroatoms (oxygen and nitrogen), but also titanium phe-
noxy-cyclopentadienyl complexes with similar properties are
referred to this class.!60- 161

Many complexes listed in Table 1 proved to be high-
performance catalysts for the synthesis of a number of special
polymers and copolymers. For example, particular phenoxy-
cyclopentadienyl complexes of Group IV transition metals
showed high activity in copolymerisation of ethylene with
sterically hindered monomers. In the presence of titanium
bis(pyrrolyl-imine) complexes, living copolymerisation of
ethylene with norbornene giving rise to high-molecular-weight
copolymers and block copolymers can be performed at room
temperature. The titanium indolyl-imine complex allows living
polymerisation of ethylene and propylene and their living
block copolymerisation at room temperature.

Among the above-mentioned structures, phenoxy-imine
catalysts (or FI catalysts according to the nomenclature by
Fujita '37) are most promising due to high catalytic activity, the
possibility of varying substituents in the ligand and the
simplicity of the synthesis. These catalysts are considered in
more detail below.

The general structure of FI complexes consists of two
bidentate unsymmetrical phenoxy-imine ligands coordinated
to transition metal.

Rl
\
R* N--_.
- "MX,,
0 n
R3 R?

M = Ti, Zr, Hf, V, Cr, etc.; R, R2, R3 and R* = Alk, Ar and other
groups; X = Hal.

As can be seen in Fig 7, the complexes with n = m = 2 can
exist in five isomeric forms having an octagonal coordination
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Figure 7. Possible isomeric forms of the octagonal coordination of FI
catalysts [the energies of their formation (kJ mol~"') for complex 39 are
given in parentheses].




Advances in the development of new catalysts for ethylene and a-olefin polymerisation 629

Table 1. Ligand-oriented olefin polymerisation catalysts.

Complex Structure Ref. Complex Structure Ref.
Bis(phenoxy-imine) 135-137, Bis(phenoxy-pyridine) 158
144, 145
R3
R2
. R
M = Ti, Zr, Hf, V, Cr, etc.
WR 135-137, Phenoxyimino-pyridine | AN 149
154 P
N-._| i N
MCl N |
0z CTiCl
O
R
Bis(pyrrolyl-imine) 151, 155, Bis(phenoxy-ether) Me Me 149, 159
156
Bis(indolyl-imine) 150, 157
Phenoxy-cyclopentadienyl R 160, 161
: j TiCl,
o
Rl
Phenylimino-pyridine 149

(depending on the arrangement of the ligand). According to the
'"H NMR spectroscopic data,>? FI catalysts with the central Ti,
Zr or Hf atom exist in solution as mixtures of isomers.
Quantum chemical calculation (the density functional theory)
of the corresponding energies of the formation of isomers
showed that isomers A and B are most often present in solution
(see Fig. 7). It should be noted that for some FI complexes the
formation of only one isomer is favourable. For example, Zr
complex 42 exists predominantly as isomer B, whereas Ti
complex 43 containing the perfluoroaryl fragment at the
imine nitrogen atom exists exclusively as isomer A.

The coexistence of different isomeric forms of FI catalysts
can be responsible for deviation from the single-site character
of the catalyst system formed on their basis.

The structural characteristics and stereochemistry of FI
complexes have been extensively studied, including by X-ray
diffraction. The geometric parameters of four FI complexes 39
and 44— 46, in which the natures of metal and the substituent in
the phenoxy group were varied, were determined.>2 162

R But
39, 4446
M = Zr: R = H (39), Me (44); M = Ti: R = H (45), Me (46).

The X-ray diffraction study demonstrated>? that these
complexes in the solid state contain the metal centre (Zr or
Ti) in a nearly octahedral coordination environment charac-
terised by the space group C» with the O, N and Cl atoms being
in trans, cis and cis positions, respectively. The bond lengths
and bond angles in complexes 39 and 44 and in their homo-
logues 45 and 46 determined by different research groups 5% 162
are given in Table 2. It can be seen that these results are in good
agreement with each other. Small differences in the bond
angles are attributed to the presence of the methyl substituent
in complexes 45 and 46.
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Table 2. Geometric parameters of FI complexes 39 and 44 —46.

Complex Bond lengths /A Bond angles /deg Ref.
M-0O M-N M-Cl OMO NMN CIMCl

39 1.985(2) 2.355(2) 2.423(5) 165.5(1) 74.0(1) 100.3(8) 52

44 1.980(3) 2.351(4) 2.428(8) 157.909) 84.3(3) 94.6(1) 52

45 1.852(4) 2.236(4) 2.305(2) 171.6(2) 76.4(2) 103.1(1) 162

46 1.844(3) 2.212(5) 2.306(2) 164.0(3) 86.0(3) 94.08(1) 162

The results of quantum chemical calculations 32 (the den-
sity functional theory) for the structures of the precursors of
the ethylene-coordinated methyl cationic catalyst, which is
generated in the reaction of highly active Zr complex 39 with
MAO (the calculated Zr — N bond lengths are given in paren-
theses), are presented in Scheme 4. The cationic complex has a
distorted octahedral coordination, the Zr—N bonds and the
polymerisation site being located in one plane. The interaction
with a monomer leads to an increase in the length of this bond
from 2.232 to 2.337 A, whereas the Zr—O bond lengths
remains unchanged. The change in the Zr—N bond length is
indicative of a flexible exchange between the metal atom and
the ligands, and the cis arrangement of the active site combined
with the nature of the ligands is, apparently, responsible for
high activity of this FI system [519 (t PE) mol—! h—1].

Scheme 4
0 o
Cl N—|——M
‘ MAO N o,
/ Z > 7r =
TN N/ \ gl
— 1 ¢ -
0 e}
(2.340 A) (2.232 A)
< \
N—|——=Me N—
AN
S e ST e
) N
H
k/ ‘ HZC/ C 2
(2.337A) (2.232 A)

New FI catalyst systems synthesised by Fujita and co-
workers 103-164 were studied as ethylene polymerisation cata-
lysts. The authors analysed the dependence of the catalytic
activity on the nature of transition metal and the nature and
size of substituents at the imine nitrogen atom and in the ortho
and para positions of the phenoxy group. For example, after
the replacement of Zr by Ti, Hf, V or Cr in complex 39
combined with the cocatalyst MAO, the catalytic activity was
3,26,4and 1 (t PE) mol—! h—!, respectively.

The first conclusions about the influence of the bulky
substituents in the ortho position of the phenoxy group and
the small substituent at the imine carbon atom were made in
the publications.!¢3-164 The steric hindrance caused by the
bulky substituent adjacent to the oxygen atom of the phenoxy
group protects the latter from the electrophilic attack of a
Lewis acid, which is present in the polymerisation system, and
facilitates the efficient separation of the cationic active species
and the anionic species of the cocatalyst. Small substituents in
the imine fragment leave sufficient space for the approach of
the monomer to the active site of the growing chain. Hence, the
presence of the aldimine fragment in the complex provides high
activity of the catalyst, whereas ketimine-type FI systems (for
example, those containing the substituted RC=N fragment,
where R = Me, Et or Ph) are substantially less active.!6>

Complexes 47— 50 are ethylene polymerisation catalysts of
exceptionally high efficiency.

R2 Me Me
47-49 Ph

R! = H, R? = PhoMeC (47),
R! = Me: R? = PhMe,C (48),
2-adamantyl (49).

For example, MAO-activated FI system 47 exhibits the
surprisingly high activity [6552 (kg PE) mmol—! h—!, 25 °C,
MW of the polymer was ~ 1 x 10%] and is characterised by the
record turnover frequency of 64900 s—! atm—!.2 The acti-
vities of bis[N-(3-cumyl-5-methylsalicylidene)phenylamina-
to]ZrCly (50) and bis[N-(3-cumyl-5-methylsalicylidene)cyclo-
hexylaminato]ZrCl, (48) are as high as 2 (t PE) mol—! h—!
and are increased as the concentration of the catalyst is slightly
decreased. For bis[N-(3-(2-adamantyl)-5-methylsalicylidene)-
cyclohexylaminato]ZrCl, (49), the yield of the polymer is
0.7 t min—! (Refs 144 and 145). It was noted '9% 167 that FI
complex 42 shows the unusual behaviour, which is manifested
in that MWD of the product varies with the temperature. At 0
and 25 °C, the monomodal curve is observed, whereas the
curve at 75 °C is bimodal, which was attributed to a change in
the ratio between the coordination isomers in the FI system.

Zirconium complexes (for example, 51), in which the
phenyl group at the imine nitrogen atom contains substituents
in both ortho positions, were also reported.!®® The use of these
systems generally results in a decrease in the activity of
catalysts. Catalysts 52 are exceptions to the general rule.

O
Bu! But!
Ph Ph 52
51 R!, R2 = Alk.

In spite of the facts that ketimine complexes are less active
than aldimine complexes 163 and that the presence of an ortho
substituent in the aniline fragment does not lead to an increase
in the activity of the system, complexes 52 showed high
catalytic activity, and high MW of the resulting polyethylene
were achieved.!%®
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Our research group revealed the relationship between the
structure of such catalysts and their activity in ethylene
polymerisation using the density functional theory method.!”?
The influence of the structure of complexes on the energy
effects of the formation of catalytically active species, the
formation of m complexes of the catalysts with ethylene, the
chain growth and chain transfer and deactivation of the system
was analysed for five titanium and zirconium phenoxy-imine
complexes. The results of investigation provided an explana-
tion for the different behaviour of Ti and Zr complexes and the
dependence of the activity of the catalyst system on the ligand
structure.

In the recent study,!”! an attempt was made to systematise
the results of research into the influence of substituents in
phenoxy-imine complexes on their catalytic activity in ethylene
polymerisation by analysing FI systems, in which the substi-
tuents either at the imine nitrogen atom or in the phenoxy
group were varied. An investigation of ten structurally diffe-
rent FI complexes demonstrated that the substituents at the
imine nitrogen atom influence not only the activity of the
catalyst system but also the temperature range of the efficient
catalyst functioning. Sterically hindered substituents in the
ortho position of the phenoxy group should have the optimal
volume; otherwise, the activity of the catalyst system decreases.

In the presence of particular FI catalysts in polymerisation
systems, polymerisation can proceed according to the living
polymerisation mechanism. Initially, this mechanism was
established for structures containing perfluorinated aryl
groups at the imine nitrogen atom.!4¢~ 148 For example, living
polymerisation of not only ethylene but also of propylene was
successfully performed in the presence of complex 43. In the
latter case, syndiotactic polypropylene (SPP) with narrow
MWD (M, : M, = 1.11) was obtained.

Polyethylene was synthesised by living polymerisation with
the use of complexes 53—56 combined with MAO [the activity
was 43.3 (kg PE) mmol—! h—!, M,, = 1.36 x 10°].147

R2
R! R3

But
53-56

R! R3:H,R2:

F (53);R!
R! = R?2 = R3 = F(55); R! = R? = CF, R? = H (56).

= R® = F,R? = H (54);

Quantum chemical molecular orbital calculations demon-
strated that the characteristic features of the mechanism of
living polymerisation with the use of these systems are asso-
ciated with the electron-accepting effect of the fluorine atoms,
resulting in an increase in the electrophilicity of the metal
centre and a decrease in the activation energy for ethylene
insertion.

The possibility of living ethylene and propylene polyme-
risation was demonstrated by Bulychev and co-workers 72
using dinuclear fluorine-containing titanium bis(salicylidene)-
imine complexes. According to the results of calculations (the
density functional theory), fluorine-substituted phenyl groups
at the imine nitrogen atom provide the living polymerisation
mechanism. In the course of polymerisation, the fluorine atom
in the active state of the catalyst interacts with the hydrogen
atom in the B position of the polymer chain thus preventing 8
hydride transfer.

Living ethylene and propylene polymerisation is success-
fully used for the preparation of a number of unique block
copolymers (both diblock and multiblock copolymers).

We were the first to perform living ethylene polymerisation
with the use of non-fluorinated titanium FI systems. For
example, it was demonstrated %173 that ethylene polyme-
risation on the MAO-activated bis[ N-(3-(zerz-butyl)-5-methyl-
salicylidene)anilinato]TiCl, complex (46) affords the polymer,
whose molecular mass linearly increases with time. After
termination of feeding of ethylene and subsequent intro-
duction of hex-1-ene into the polymerisation system, poly-
ethylene — block — poly(hex-1-ene) was obtained. This confirms
that polymerisation proceeds accoridng to the living polymer-
isation mechanism. The detailed analysis of living olefin
polymerisation in the presence of various catalyst systems,
including phenoxy-imine complexes, was performed in the
recent review.!74

2. Influence of activators on catalytic activity and selectivity
of FI complexes

The influence of the nature of the cocatalyst on the activity and
selectivity of Ziegler — Natta catalysts, as well as of metallocene
systems, in olefin polymerisation was considered in-depth in
numerous monographs and reviews (see, for example, Refs 8,
12, 16, 17, 22, 36 and 40). Taking into account that FI ligands
contain heteroatoms, it could be expected that these complexes
would be activated with a larger number of structurally diffe-
rent cocatalysts compared to metallocenes.

Earlier, the successful use of MAO or its modified deriva-
tives as activators of FI complexes has been documented. In
addition, the Bu3Al—-Ph3;CB(CgFs)s systems can serve this
purpose.!44175-179 It was found that the mechanism of activa-
tion of FI catalysts by this system is based on the formation of
amino-ligated complex 57 catalysing polymerisation.

MCl, BuzAl\ \

{ j/ BUS AL PhiCB(CoFs)s {

M = Ti, Zr, Hf, etc.; R, R2,

7B(C6F5)4

}MR

= Alk or Ar.

The use of FI complexes combined with the Bu%Alf
Ph3CB(C¢Fs)s system in olefin polymerisation results in a
decrease in the activity compared to that observed in the
presence of MAO; neverthelss, the activity remains at a
satisfactory level, MW of the polymers being substantially
increased.

Taking into account the specific mechanism of activation,
the structure of FI complexes substantially influences the
efficiency and selectivity of this type of catalyst systems. For
example, polymerisation with the use of FI complex 39
activated with Bu3Al—Ph3CB(C¢Fs)4 at 50 °C affords poly-
ethylene with MW ~ 5 x 10°, and the activity of the catalyst
was 11 (kg PE) mmol—! h—!, while the same system combined
with MAO exhibited activity of 519 (kg PE) mmol—! h—1,
and MW of the resulting polyethylene was as low as
~1 % 10% Tt should be emphasised that the application of the
BuyAl-Ph3;CB(CsFs)4 system as the activator proved to be
very useful.

Magnesium chloride-supported organic derivatives of alu-
minium, for example, R/,Al(OR)3_,/MgCl, (R and R’ = Etor
Bul), were proposed as promising cocatalysts for FI systems.
These activating systems simultaneously serve as supports for
FI complexes. Earlier attempts!8%181 to use these systems
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combined with metallocene catalysts have failed. Recently, it
has been demonstrated 82~ 184 that the efficiency of the use of
specially treated MgCl, as the cocatalyst for olefin polyme-
risation is determined by the presence of heteroatoms in FI
systems.

The latest advances in research into the FI complex—
R, Al(OR);_,/MgCl, catalyst systems were considered in the
publication.!®5 For example, the activity of catalyst 49 in
ethylene polymerisation in the presence of R}, Al(OR);_,/
MgCl, amounts up to 1819 (kg PE) mmol—! h—! (50 °C,
0.9 MPa).'® The use of vanadium-based FI systems in the
presence of this type of activators makes it possible to perform
polymerisation with high efficiency at high temperatures
(75 °C). Modified MgCl, serves as the active cocatalyst for
living olefin polymerisation with the use of fluorinated FI
ligands.!86

Substantial advantages of activators based on modified
MgCl; are that the polymer morphology is improved (repli-
cation of spherical, including ultradisperse, particles of the
supported catalyst) and the polymer has a high bulk density
and is not deposited on the walls of the reactor.'®5 The
characteristic features of immobilisation of complexes on
modified MgCl, and the coordination mode of ligands in
supported catalyst systems were reported.!87- 188

3. Use of FI catalyst systems for the preparation

of non-traditional polyolefins

The use of FI catalysts can allow the preparation of polymers
with a nonconventional topology. For example, MAO-medi-
ated complexes 58 and 59 catalyse the formation of low-
molecular-mass polyethylenes with terminal vinyl groups (the
percentage of vinyl groups at one of the ends of the polymer
chain is no lower than 90%).18° High reactivity of the terminal
groups is combined with rather high melting points of these
polymers (> 120 °C). Polymerisation in the presence of com-
plex 58 affords a product with the weighted-average molecular
weight (My,) of 2100 and the ratio My, : M, = 1.52; in the case
of compound 59, M, = 3800 and My, : M,, = 1.82.

(CH»),

_ N--- )’/ZrClz
é[o |
But

5861
n = 1(58),2(59), 3 (60), 4 (61).

The steric factors rather than the electronic nature of
substituents play the key role in the formation of the terminal
vinyl groups of the polymers when polymerisation is catalysed
by complexes containing lower cycloalkyl (cyclobutyl or cyclo-
pentyl) substituents in the imine fragment. Recently,'® the
structures of zirconium bis(phenoxy)imine complexes 58 —61
containing various cycloalkyl groups at the imine nitrogen
atom were studied by X-ray diffraction. It was noted that the
substituents greatly influence the kinetic behaviour of these
complexes in ethylene polymerisation (MAO as the cocatalyst,
25 °C). Complexes 58 — 61 were demonstrated to have identical
coordination geometry irrespective of the number of CH;
groups in the ring. Nevertheless, the cyclic substituent strongly
influences the steric environment of the potential active sites of
polymerisation and, consequently, the catalytic activity of
complexes 58—-61 depends on the bulkiness of the cycloalkyl
substituent. Both low- and high-molecular-weight polyethy-
lenes containing unsaturated vinyl groups at the ends of the

polymer chain can be prepared with the use of these phenoxy-
imine complexes due to the fact that the B-hydride transfer to
monomers prevails over the transfer to the metal centre. This
character of the transfer process was confirmed by quantum
chemical calculations and experiments on the effect of the
ethylene pressure on the polymerisation process. Thus, the
influence of substituents in phenoxy-imine complexes on the
mechanism of elementary steps of chain transfer in olefin
polymerisation was demonstrated for the first time in the
study.!90

Polymers containing terminal vinyl groups can find use as
macromers for the preparation of copolymers with long-chain
branches. Various modifying additives as well as graft and
block copolymers can be synthesised by functionalisation of
vinyl fragments in theses polymers.

Propylene polymerisation catalysed by FI complexes 62
and 63 afforded highly isotactic polypropylene.!”® Isotactic
polypropylene (IPP) with M, = 172000 and the ratio
My : M, = 2.1 was synthesised with the use of zirconium
complex 62 combined with the BuyAl—Ph3CB(C¢Fs)4 system.
This polymer is characterised by a high percentage of mm
triads ¥ (98%) and the relatively high melting point (164 °C).
The catalyst based on analogous hafnium complex 63 facili-
tates the formation of IPP with M, = 364000, M, : M, = 3.5,
[mm] = 98% and T, = 165 °C.

§
NJ/‘MClo N}TiCIZ
e e
o /2 o /2
Me Me SiMes
62, 63 64, 65

M = Zr (62), Hf (63). R = Ph (64), CsF’s (65).

Syndiotactic polypropylene was synthesised on MAO-
activated titanium FI complexes 64 and 65.1°1-192 Polyme-
risation with the use of complex 64 containing the phenyl
substituent at the imine nitrogen atom at 1 °C afforded SPP
containing 91% of rr triads with Ty, = 140 °C. The replace-
ment of this substituent by the perfluorinated phenyl group
(complex 65) resulted in the formation of SPP with [rr] = 94%
and Ty =156 °C. Polymerisation in the presence of
Bu,, AI(OR);_,/MgClr-activated catalyst 65 at 25 °C gave
SPP with [rr] = 97%, Tm = 155 °C and M, = 32000. The
characteristic features of the formation of SPP were dis-
cussed. 1927196

It is generally very difficult to synthesise stereo- and
regioregular higher «-olefins because of the difficulties in
performing stereocontrol of the process (exclusion of ‘regio
errors’). Another problem is associated with a decrease in the
activity of the catalyst because of steric hindrance to the
approach of the monomer to the active site. These difficulties
were successfully overcome with the use of Bu3Al—
Ph3CB(CeFs)4-activated titanium phenoxy-imine complex 40
as a catalyst for hex-l-ene polymerisation.!”® In this case,
atactic (non-regioregular) polyhexene with M, = 720000,
M, : M, = 1.68 and the regio error of ~50% was obtained at

4 Isotactic diads (m-diads) are characterised by an identical arrangement
of the methyl groups with respect to the plane of the carbon chain of the
macromolecules, as opposed to syndiotactic (r) diads, in which the methyl
groups of propylene are located on the opposite sides of this plane.?”
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25 °C. Under analogous conditions, polyoctene, poly(4-meth-
ylpentene) and other higher polyolefins were prepared. The
catalytic activity decreases in the following series of monomers:
4-methylpentene > dodec-1-ene > oct-1-ene > hex-1-ene.

Recently, the advances in the synthesis of isotactic poly-
propylene have been demonstrated with the use of titanium
phenoxy-aldimine and -ketimine complexes containing ortho-
phenoxyhalide substituents.!®”

4. Non-standard phenoxy-imine and structurally similar
complexes

Group IV metal complexes with tetradentate ligands con-
taining hydrocarbon-bridged phenoxy-imine fragments are of
particular interest as high-performance olefin polymerisation
catalysts.!98

/(CHZ)n ~
N-. --N.

e s ~N

-
O// \\O
Cl Cl

R R
6668

The rigidly organised structure of these complexes is
responsible for their high thermal stability and provides stereo-
specificity in polymerisation reactions. For example, the acti-
vity of SiO»-supported compound 66 in the presence of MAO is
3.53 (kg PE) mmol—! h—!, which is 30 times higher than the
activity of an analogous catalyst under homogeneous condi-
tions.198

The catalytic activity of tetradentate bis(phenoxy-imine)
complexes 67 and 68 was studied.!®~201 These catalysts are
characterised by high stability and can function at high
temperatures [for example, in the course of solution ethylene
polymerisation at 150 °C, the activity of compound 67 was
143 (kg PE) mmol—' h—!']. It should be noted that the activity
of such catalyst systems increases with the number of CHa
groups in the bridge between the imine nitrogen atoms.2%°

Tridentate titanium complexes containing simultaneously
the phenoxy-imine and cyclopentadienyl ligands were synthe-
sised;202 however, their activity in ethylene polymerisation
appeared to be low. For example, the activity of compound
69 was 15.6 (g PE) mmol—! h—!, the molecular weight of the
resulting polymer being 1630 000.

—N. O
Ti—Cl
O/
69

In 2005, hybrid titanium (phenoxy-imino-pyrrolyl-imine)
complexes 70 and 71 were described.?°3 These complexes
showed high activity in MAO-mediated ethylene polyme-
risation. The complexes were prepared by the reaction of the
titanium mono(salicylaldiminate) complex with the metallated
pyrrolylaldiminate ligand.

N N/R
/’g/ /THF / \ CH.Cl,
O'/Ti”””CI + AN -
/\ Ph —KCl
Bu' ¢ ¢
Ph

Bu!

R = Ph (70), C¢Fs (71).

Bis(pyrrolyl-imine) complexes of Group IV metals, which
are structurally similar to FI systems and were synthesised by
Fujita and co-workers,2%205 are of great interest in both
theoretical and commercial aspects.

)
N,
2 > N
/)/\TiClz
e
N 2
=
R = Et, n-C¢H;3, CyClO-C6H1 1, Ph.

Such complexes with the central titanium atom proved to
be better ethylene polymerisation catalysts than zirconium
complexes. As in the case of phenoxy-imine ligands, methyl-
alumoxane is a more efficient cocatalyst for these compounds
than the Bu3Al-Ph3;CB(C¢Fs)s system, with MW of the
resulting polymers being of the same order of magnitude.

Further investigations 131:206 demonstrated an interesting
possibility of living copolymerisation of ethylene with nor-
bornene in the presence of these systems. This process gives
copolymers whose composition is similar to that of alternating
copolymers. It should be emphasised that these catalysts are
inactive in living homopolymerisation of both norbornene and
ethylene. It was found 2°7 that the introduction of substituents
into the pyrrolidine ring does not change the activity of the
catalyst system.

Pyrrolyl-imine catalysts are very efficient in copolymerisa-
tion of ethylene with propylene and a-olefins providing a high
degree of comonomer insertion.

A search for and investigation of new structures of
phenoxy-imine catalysts and their analogues having unusual
and sometimes exotic structures are presently underway.
Unfortunately, it is impossible to mention all results obtained
by numerous research groups in this important and interesting
field of investigation. Nevertheless, the present review hope-
fully provides insight into the advances and prospects in the
design of post-metallocene catalysts for olefin polymerisation.

IV. Conclusion

The fifty-year history of the large-scale production of the most
important polymers, viz., polyethylene and polypropylene,
which are widely used in various fields of human activity,
shows a tremendous role of catalysts in the perfection of the
polymerisation process. The use of Ziegler — Natta catalysts,
catalyst systems for gas-phase polymerisation and transition
metal metallocene complexes made a considerable contribu-
tion to the perfection of polyolefin production processes and
improvement of their performance characteristics.
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The chronology of the design and introduction of new
catalysts showed that the search for active and selective
catalyst systems for olefin polymerisation is a high-priority
field in polymer chemistry. In recent years, the design of these
catalysts has become more extensive. It took 30 years to change
over Ziegler — Natta catalysts to metallocene catalysts, whereas
the last decade witnessed the discovery of a new type of
catalysts, viz., transition metal post-metallocene complexes,
which hold considerable promise for commercial olefin poly-
merisation and copolymerisation.

Over a short period of time, the characteristics of post-
metallocene polymerisation catalysts, such as activity, selecti-
vity, sensitivity to the reaction conditions, availability, safety
and the range of monomers used in polymerisation, became as
good as and even better than those of metallocene complexes.
The use of these catalysts becomes preferable also from the
economical point of view. Post-metallocene systems are char-
acterised by a wide range of activators and supports ensuring
their functioning. A wide range of ligands for these systems and
prospects for solving the problems of monitoring (NMR
method) and controlling the structures of the resulting polymer
systems (molecular weight, branching and block structure)
substantially extend the scope of their commercial application.
The experimentally established possibility of the synthesis of
superhigh-molecular-weight polymers and copolymers by the
living polymerisation mechanism, the synthesis of block
copolymers of different composition, an increase in the per-
centage of sterically hindered monomers in copolymers and the
formation of low-molecular-weight polymers with unsaturated
reactive groups are some of the characteristic features of new
post-metallocene systems demonstrating their great poten-
tialities. Great prospects for their use are associated also with
high performance of heterogeneous complexes, in which
modified MgCl, serves as the activator and support.

Post-metallocene catalyst systems have been discovered
rather recently. Nevertheless, the main aim of investigations
of these systems would be expected to be changed, the research
into commercial applications of catalysts will be more inten-
sive, interest in the design of new complexes being retained, as
well as the mechanism of polymerisation with the use of these
catalysts will be refined. The immobilisation of catalyst sys-
tems, an increase in the temperature range of their steady
activity, the extension of the possibilities to control the
structure and performance characteristics of the resulting
polymers, simulation of polymerisation processes and tailoring
of pilot devices to real industrial conditions will likely receive
more attention.

I thank Academician G A Tolstikov and Dr. N I Ivan-
cheva for helpful discussion of some aspects of the present
review and Dr S V Myakin for help in preparing this review.
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