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INTRODUCTION

Brookhart and coworkers [1–4] have recently devel-
oped Ni(II) and Pd(II) diimine-based catalysts of the
type (

 

ArN=C(R)–C(R)=NAr)M–  (

 

1a

 

 in Fig. 1)
that are promising alternatives to both Ziegler–Natta
systems and metallocene catalysts for olefin polymer-
ization. Not only can these catalysts convert ethylene
into high-molecular-weight polyethylene, but the poly-
mers also exhibit a controlled level of short chain
branching. Traditionally, such late-metal catalysts are
found to produce dimers or extremely low molecular
weight oligomers owing to a facile chain termination
processes [5, 6]. It should be pointed out that cationic
Pd(II) complexes containing bidentate tertiary phos-
phine ligands already were developed in the early
1980s by Sen [5] and Drent [6] as catalysts for the
copolymerization of CO and ethylene.

Brookhart’s group has studied the mechanistic
details of the polymerization, including the role of the
bulky substituents on the diimine ligands [1–7]. Three
main processes are thought to dominate the polymer-
ization chemistry of these catalyst systems, namely,
propagation, chain branching, and chain termination
(Fig. 2). Following cocatalyst activation of the precata-
lyst, a diimine methyl cation is formed. The first inser-
tion of ethylene yields a diimine alkyl cation which
upon uptake of another ethylene molecule produces a
metal alkyl olefin 

 

π

 

-complex. This 

 

π

 

-complex has been
established by NMR studies [1–4] to be the catalytic
resting state of the system. The chain propagation cycle
is depicted in Fig. 2, stage (a). The first step involves the
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CH3
+

 

insertion of the coordinated olefin moiety to form a
metal alkyl cationic species. Rapid uptake of mono-
mer returns the system to the initial resting state

 

π

 

-complex. Chain termination occurs via monomer-
assisted 

 

β

 

-hydrogen elimination, either in a fully con-
certed fashion as illustrated in Fig. 2, stage (b), or in a
multistep associative mechanism as implicated by
Johnson et al. [1].

The unique short chain branching observed with
these catalysts is proposed to occur via an alkyl chain
isomerization process as sketched in Fig. 2, stage (c). In
this proposed process, 

 

β

 

-hydride elimination first
yields a putative hydride olefin 

 

π

 

-complex. Rotation of
the 

 

π

 

-coordinated olefin moiety about its coordination
axis, followed by reinsertion, produces a secondary car-
bon unit and therefore a branching point. Consecutive
repetitions of this process allows the metal center to
migrate down the polymer chain, thus producing longer
chain branches.

Similar Ni and Pd catalysts developed by Keim [8]
and others [9, 10] which do not possess the bulky ligand
systems have been used to produce dimers or extremely
low molecular weight oligomers. Brookhart has sug-
gested [1–3] that the bulky aryl ligands act to preferen-
tially block the axial sites of the metal center as illus-
trated by Fig. 3. This feature in the catalyst system must
in some way act to retard the chain termination process
relative to the propagation process, thereby allowing
these catalysts to produce high-molecular-weight poly-
mers.

More recently, the groups of Brookhart [11] and
Gibson [12] investigated the catalytic potential of
iron(II) and cobalt(II) complexes with tridentate pyri-
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dine diimine ligands (

 

1c

 

 in Fig. 1). They found that
especially the iron(II) system can produce high-density
polyethylene in good yields when bulky ortho-substi-
tuted aryl groups are attached to the imine nitrogens.
The new catalysts have polymerization activities com-
parable to, or even higher than, those of metallocenes
under similar conditions. They exhibit further great
potential for controlling polymer properties by external
parameters such as pressure and temperature.

Most recently, Grubbs’ group demonstrated that
some neutral salicylaldiminato nickel(II) complexes,
whose skeleton structure appears as 

 

1b

 

 in Fig. 1, show
catalytic activities rivaling those of the diimine com-
plexes [13]. This potentially opens the door to a new
class of catalysts as the active sites derived from these

nickel complexes are neutral, thus reducing the ion-
pairing problems encountered in the current catalysts.

Theoretical studies have been carried out on all the
late-transition-metal catalysts 

 

1a

 

 [14–27], 

 

1b

 

 [28], and

 

1c

 

 [29–32] in Fig. 1. It is not the objective here to
review all the computational results. We shall instead
discuss the general mechanistic insight that has been
gained from the theoretical studies with the main
emphasis on Brookhart’s diimine catalysts. The
experimental work on late-transition-metal olefin
polymerization catalysts was reviewed recently by
Ittel et al. [33].

Similarly to the early-metal-based systems, the late-
metal complexes can yield high-molecular-weight
polymers. Moreover, they can lead to polyolefins with
different microstructures, depending on the catalysts
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 Late-transition-metal catalysts for olefin polymerization of current interest.
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 Proposed reaction mechanism for (a) insertion, (b) chain termination, and (c) chain branching in the case of the Brookhart
Ni-bisimine polymerization catalyst. Large bulky substituents have been removed for clarity.
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and the reaction conditions (temperature, olefin pres-
sure) [33, 38].

In the present account, we describe how it is possi-
ble to model alkene homopolymerization in processes
catalyzed by late-transition-metal complexes in such a
way as to predict the influence of the catalyst structure
and the reaction conditions (temperature and olefin
pressure) on the polyolefin microstructure.

Recently, hyperbranched polymers were obtained
[33–40] in the polymerizations of simple monomers
such as ethylene and linear 

 

α

 

-olefins, catalyzed by Ni-
and Pd-diimine catalysts [1, 3, 33]. Branches in these
polyolefins form as a result of fast chain isomerization
reactions. The topology of the polymers is strongly
affected by the olefin pressure: under low pressure,
highly branched structures are obtained, whereas high
pressure gives rise to structures with linear side chains.
Interestingly, in the polymerization catalyzed by Pd
diimine complexes, the average number of branches is
pressure independent, while for the Ni-based system it
is strongly affected by the pressure. Branching in olefin
polymerization catalyzed by diimine complexes can be
controlled also to some extent by the polymerization
temperature and the substituents on the catalyst.
Recently, another late-transition-metal catalyst was
shown to exhibit similar branching features: in the poly-
merization processes catalyzed by a neutral Ni–anili-
notropone complex, polymer branching can be con-
trolled by a variation in temperature and pressure [41].

Quantum chemistry has established itself as a valu-
able tool in the studies of polymerization processes [42,
43]. However, direct quantum chemical studies on the
relationship between the catalyst structure and the
topology of the resulting polymer, as well as on the
influence of the reaction conditions, are not practical
without the aid of statistical methods. We have to this
end proposed a combined approach in which quantum
chemical methods are used to provide information on
the microscopic energetics of elementary reactions in
the catalytic cycle, which is required for mesoscopic
stochastic simulations of polymer growth [42]. A sto-
chastic approach makes it possible to discuss the effects
of temperature and olefin pressure.

The major goal of this study was to understand the
factors controlling polyolefin branching and the rela-
tionship between the catalyst structure, temperature,
pressure, and the polyolefin topology. The DFT calcu-
lations were carried out for the elementary reactions in
the polymerization of ethylene and propylene catalyzed
by Pd-based diimine catalysts [24, 25] and the ethylene
polymerization catalyzed by the Ni-anilinotropone cat-
alyst [45]. The polymer growth in these processes was
modeled by a stochastic approach [44–46]. Further, the
model simulations were performed, by systematically
changing insertion barriers, to model the influence of
catalyst, beyond the diimine systems [46].

1. STERIC CONTROL OF MOLECULAR WEIGHT

We discuss in this section how steric bulk can be
used to increase molecular weight by enhancing the
rate of insertion (Fig. 2, stage (b)) and decrease the rate
of termination. We shall demonstrate this point by first
discussing the barriers of insertion/termination for the
generic diimine system 

 

(HN=C(H)–C(H)=NH)M–R

 

+

 

in which we have replaced the aryl rings of 

 

1a

 

 in Fig. 1
with hydrogens. These barriers will be compared to
those obtained from calculations on the full system in
order to gauge the influence of steric bulk. The uptake
of an ethylene molecule by 

 

(HN=C(H)–
C(H)=NH)Ni

 

, stage (

 

a

 

) in Fig. 2, is exothermic
[22] by 19.9 kcal/mol and results in the formation of a

 

π

 

-complex in which the ethylene molecule is situated in
an axial position above the N–Ni–N coordination
plane, 

 

3a

 

 in Fig. 4. The 

 

π

 

-complexation energy is
higher than that for early 

 

d

 

° 

 

transition metal complexes
because of the additional metal-to-olefin back dona-
tion. In fact, the 

 

π

 

-complex is so stable that, according
to experimental studies [33], it becomes the resting
state for the catalytic system. For 

 

(HN=C(H)–
C(H)=NH)Pd

 

, stage (b) in Fig. 2, one finds [24] a
similar ethylene complexation energy of 18.8 kcal/mol.

Insertion of ethylene into the Ni–C bond in 

 

3a

 

 leads to
the alkyl complex 

 

4a

 

 via the transition state 

 

TS [

 

3a

 

–

 

4a

 

]

 

with a barrier [22] of 17.5 kcal/mol relative to 

 

3a

 

 (Fig. 4).
It is worth noting that, in 

 

TS[

 

3a

 

–

 

4a

 

]

 

, both ethylene and
the 

 

α

 

-carbon of the growing (propyl) chain are situated
in the N–Ni–N plane. For the corresponding palladium
complex the insertion barrier [24] is somewhat higher
at 19.9 kcal/mol.

The termination process of Fig. 2, stage (b) takes
place from 

 

3a

 

 by transfer of a 

 

β

 

-hydrogen on the grow-
ing chain to a carbon on the incoming ethylene mono-
mer. The result (

 

5a

 

 in Fig. 4) is a new (ethyl) growing
chain and a complexed olefinic (propylene) unit made
up of the old (propyl) growing chain. The olefinic unit
might subsequently dissociate, thus giving rise to chain
termination. The transition state for this process

 

TS[

 

3a

 

–

 

5a

 

]

 

 has a barrier [22] of 9.7 kcal/mol. It is
important to note that, in 

 

TS [

 

3a

 

–

 

5a

 

]

 

 (Fig. 4), we have
two groups in the axial position over and below the

C3H7
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 Axial (
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) and equatorial (
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) coordination sites of
the metal center and their potential steric interactions with
the bulky substituents.
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N

 

−

 

Ni

 

−

 

N coordination plane (see also Fig. 3). One
group is the incoming ethylene and the other is the 

 

α

 

-
carbon of the growing (propyl) chain.

It follows from our discussion so far [22] that, for the
generic catalyst, termination has a much lower barrier
than insertion. Thus, 

 

(HN=C(H)–C(H)=NH)Ni

 

 is
not going to be an efficient olefin polymerization cata-
lyst. Rather, stage (a) in Fig. 2 will at best be able to

C3H7
+

 

produce small oligomers of ethylene. This is in line
with the experimental observation [33] that only
diimines with bulky substituents are able to function as
polymerization catalysts, whereas less encumbered
systems work as oligomerization catalysts.

We shall now discuss how the introduction of steric
bulk influences both insertion and termination. Our dis-
cussion will be based on calculations [23] involving 

 

1a

 

in Fig. 1 in which M = Ni, R = Pr, and R' = H. We shall
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label the different species involved by Roman numerals
to distinguish them from the corresponding generic
systems labeled by Arabic numerals. In the actual cal-
culations on Ia (or IIa), use was made of a combined
quantum mechanical (QM) and molecular mechanical
(MM) scheme [23] in which the core ((HN=C(H)–
C(H)=NH)Ni ) was represented by QM and the
remaining part by MM. Quite similar calculations were
carried out by Morokuma et al. [19].

The uptake of olefin by IIa (Fig. 5) leads to the eth-
ylene complex IIIa in Fig. 6 with a complexation
energy [23] of 14.7 kcal/mol. The ethylene complex-
ation energy is reduced compared to the generic system
3a by 5.2 kcal/mol. This is understandable since the
ethylene molecule in IIIa sits in one of the axial posi-
tions and thus is encumbered sterically by the bulky
phenyl groups (Figs. 3, 6). Further studies have shown
that the uptake energy can be influenced by a few
kcal/mol by changing the substituents R and R' on 1a in
Fig. 1. It has also been demonstrated that the steric bulk
on the diimine nitrogens gives rise to a free energy of
activation barrier for the uptake due to entropic effects
as the ethylene monomer has to approach a narrow
channel in order to bind to the metal [26].

The subsequent insertion of ethylene into the Ni–C
bond transforms IIIa into the pentyl complex IVa via
the insertion transition state TS [IIIa–IVa] in Fig. 6.
However, it is interesting to note that the barrier of
insertion has been reduced from 17.5 kcal/mol for the
generic system (TS [3a–4a]) to 13.2 kcal/mol for the
real system [23] (TS [IIIa–IVa]). The reduction is not

C3H7
+

so much due to a change in the relative energies of the
transition states since both the monomer and the α-car-
bon of the growing chain are situated in the N–Ni–N
coordination plane (Fig. 6), where they are relatively
unencumbered by the bulky phenyl groups. Instead, it
is the steric destabilization of the IIIa resting-state rel-
ative to 3a that is responsible for the reduction in the
insertion barrier for the real system. Thus, by introduc-
ing steric bulk, one is able to enhance the polymeriza-
tion activity of the Brookhart based Ni(II)-diimine
complexes. Similar conclusion have been reached for
the homologous Pd(II) systems [1–4]. However, the
effect is not as pronounced as the steric congestion
around the palladium center is less pronounced owing
to the longer Pd–N bonds.

It is worth noting that the calculated insertion barrier
[23] of 13.2 kcal/mol recently has been confirmed by
Brookhart et al. [33] with an experimental estimate of
12.0 kcal/mol. A similar good agreement between the-
ory and experiment has also been obtained for the pal-
ladium [27] system. The termination process leading
from IIIa over TS [IIIa–Va] to Va by the transfer of a
β-hydrogen on the growing chain to a carbon on the
incoming ethylene monomer is calculated to have a bar-
rier of 18.6 kcal/mol. This is a substantial increase com-
pared to the generic system with a barrier (TS [3a–5a])
of 9.7 kcal/mol. The increase can be understood by
observing in Fig. 7 that the transition state TS [IIIa–Va]
has the ethylene molecule in one axial position and the
α-carbon of the growing chain in the other. It is thus
understandable that introducing bulky aryl groups con-
siderably destabilizes TS [IIIa–Va] compared to TS

N

Ni

N

103°(102°)

(1.63)

1.62
1.92(1.92)1.23(1.23)
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Fig. 5. QM/MM representation of structure IIa.
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[3a–5a] with the result that termination becomes less
feasible than propagation for the real system.

The discussion here illustrates that it should be
possible by gradually increasing the size of the sub-
stituents on the diimine nitrogen atoms to proceed
from catalysts for oligomerization to polymerization
catalysts. For the recent Grubbs catalyst [13] (1b in
Fig. 1), steric bulk is also required [28] to obtain high-

molecular-weight polymers. For the Fe(II) and Co(II)
catalysts [11, 12] with tridentate pyridine diimine
ligands (1c in Fig. 1), steric bulk is required to desta-
bilize the resting state in the form of an olefin complex
and lower [29, 30] the barrier of insertion sufficiently.
The Fe(II) system seems further to carry out insertion
and termination on energy surfaces with different [29,
32] spin multiplicity.
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Fig. 6. Ethylene complex (IIIa) and insertion transition state TS [IIIa–IVa] for the polymerization process involving 1a (or IIa).
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2. CONTROL OF THE POLYMER TOPOLOGY

The third process in Fig. 2 involves the possible
isomerization (branching) of a growing chain. The
isomerization is mediated first by the migration of a β-
hydrogen on the alkyl chain of IIa to the metal center,
thus producing a hydrido olefin complex. The β-hydro-
gen elimination is followed by a 180° rotation of the
olefin unit and a subsequent insertion of the olefin into
the M–H bond, resulting in an isomerization (branch-
ing) of the growing chain. The principle is illustrated by
the isomerization of the n-propyl chain in IIa via the
transition state TS [IIa–VIa] in Fig. 8 to produce the

isopropyl complex VIa. The internal barrier (relative
to IIa) for the process is 15.3 kcal/mol [23]. For the
generic (C(H)=NH)Ni(n-C3H7)+ system, the isomeriza-
tion barrier is [22] somewhat lower at 12.8 kcal/mol.
This is understandable since the olefin unit has more
space for its rotation.

In the case of the Pd diimine catalyst, the isomeriza-
tion process has a barrier of 5.8 kcal/mol [24] for the
generic system and 6.1 kcal/mol [33] for the real cata-
lyst. The lower barrier is a result of the longer Pd–N
distance (compared to the Ni–N bond length), which
provides space for rotation of the olefin unit, even when
the diimine nitrogens are attached to bulky substituents.
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Fig. 7. Transition state TS (IIIa–Va) and product Va process involving hydride transfer process from original ethylene complex IVa.
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The fact that the internal barrier of isomerization is
much lower for the palladium than for the nickel system
makes the former a more likely candidate for producing
branched polymers. We shall in the following illustrate
how palladium catalysts can be used to produce differ-
ent branched structures by changing the steric bulk
around the metal center. The principle will be illus-
trated in connection with the polymerization of propy-
lene and ethylene.

2.1. Modeling the Polyolefin Branching

Scheme 1 presents the mechanism of propylene
polymerization catalyzed by late-metal catalysts. In
this process, the resting state of the catalyst is an olefin

π-complex, A, from which the polymer chain may grow
via 1,2-(RA) or 2,1-insertion (RB). Both insertion
paths introduce one methyl branch. The “chain straight-
ening” isomerization reaction (RC) is responsible for a
removal of a branch; this isomerization reaction may
follow the 2,1-insertion. However, the isomerization
reactions may also elongate branches, when they pro-
ceed in the opposite direction (RD, RE, etc.). Another
isomerization reaction which may follow the 1,2-inser-
tion introduces an additional methyl branch and also
may proceed further (RF, RG, etc.). Thus, in the poly-
merization cycle, many different alkyl species are
present (B–F), in which the metal atom forms a bond
with primary, secondary, or tertiary carbon atoms; each
of them can capture a new monomer and give rise to a
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Fig. 8. Transition state TS [IIa–VIa] and product VIa from the isomerization of IIa.
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subsequent insertion. Thus, in order to understand the
influence of the catalyst and reaction conditions on the
polymer microstructure, one must consider all these
elementary reactions.

2.2. Energetics of Elementary Reactions
and Relative Stability of Isomers

In two recent papers [24, 25], we reported the results
of computational studies on the elementary reactions in
the ethylene and propylene polymerization catalyzed
by Pd-based diimine catalysts with different substitu-
ents (Scheme 2). Comparison of the results for the
model catalysts (1) and the real systems (2–7) of
Scheme 2 makes it possible to separate the electronic
and steric effects. The energetics of the elementary
reactions in the catalytic cycle obtained from the calcu-
lations for 7 in Scheme 2 is summarized and compared
with experimental data [47–49] in Fig. 9. Similar stud-

ies were performed [35] for the ethylene polymeriza-
tion with the Ni-anilinotropone complex.

2.2.1. Relative stability of isomeric alkyl com-
plexes and the olefin p-complexes. The calculations
were performed for the isomeric propyl and butyl com-
plexes. Two general trends can be observed [24, 25, 45]
for both diimine and anilinotropone complexes: (i) the
more branched the alkyl, the more stable the corre-
sponding β-agostic complex; (ii) the steric bulk on the
catalyst has little effect on the relative stability of the
alkyl complexes. There are two opposing factors deter-
mining the stability of alkyl complexes: (i) the stability
of free alkyl radicals, increasing for more branched sys-
tems; (ii) the energy of binding of the radicals, decreas-
ing for more branched alkyls [25]. As a result, the
energy order of isomeric alkyl complexes resembles the
energy order of the alkyl radicals, with smaller energy
differences between them than between the free radi-
cals.
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For the model catalysts 1 in Scheme 2, the olefin
π-complexes with branched alkyls are more stable than
with the linear ones [25]. This electronic preference is
strongly affected by the steric bulk on the catalyst
owing to an interaction between the alkyl group and the
catalyst substituents [25]. Thus, for the most bulky real
catalysts, the π-complexes with linear alkyl have lower
energy. This is true for both ethylene and propylene
complexes. A similar effect was observed for both the
diimine and anilinotropone systems [24, 25, 45]. The
presence of the steric bulk also affects the olefin com-
plexation energies and the relative stability of ethylene
and propylene complexes. This has been discussed in
details in [25].

2.2.2. Olefin insertion barriers, 1,2- vs. 2,1-pro-
pylene insertion. Comparing the systems with iso-
meric alkyls, the olefin insertion barriers increase from
the systems with primary alkyl to those with tertiary
alkyl [24]. As a result, the insertion from the tertiary π-
complexes practically does not happen. In the case of
the real Pd diimine systems, the TS for the secondary
ethylene insertion has slightly higher energy than the
primary TS. The computed value of 0.5 kcal/mol is
slightly lower than the experimental result (1 kcal/mol,
Fig. 9).

For the generic catalyst, the 2,1-insertion of propy-
lene is preferred by ~2 kcal/mol over the 1,2-insertion.
The origin of this preference was discussed in details in
[24]. The propylene 1,2-insertion TS is hardly affected
by the steric bulk [25]. However, the TS for the propy-
lene 2,1-insertion is strongly destabilized owing to a
repulsion between the methyl group of propylene and
the catalyst substituents [25]. As a result, in the real sys-
tems, the 1,2-insertion becomes preferred. As we will
discuss later, this is of great importance for the branch-
ing control in the propylene polymerization.

2.2.3. Chain isomerization barriers. In the case of
Pd-diimine catalyst, the isomerization barriers (5.5–
8.0 kcal/mol) are substantially lower than the insertion
barriers (17.5–18.5 kcal/mol) [24, 25, 34, 47–49]. The
difference between the isomerization and insertion bar-
riers is substantially larger than that for the correspond-
ing Ni complexes, for which the isomerization barriers
are higher by approximately 5–8 kcal/mol and the
insertion barriers are lower by 4–5 kcal/mol [18, 19, 22,
24]. As we will show later, this is responsible for a dif-
ference in the pressure effect on the branching numbers
observed for Ni- and Pd-based systems [46].

The energetics of the isomerization reactions is
determined by the stability of the alkyl complexes dis-
cussed earlier. We would like to point out only that, as
a result, the isomerization going from primary to sec-
ondary carbon is always energetically favored. Also,
the secondary C  secondary C isomerization reac-
tions usually have lower barriers than the secondary
C  primary C isomerizations. This implies a fast
walking along the polymer chain.

2.3. Stochastic Simulations of the Polyolefin Growth

The outcome of the complex polymer growth and
branching in Scheme 1 is best modeled by the kind of
stochastic simulations [44] described in the following.
The outcome of such simulations are predictions about
the polymer structures. A few initial steps in a typical
simulation are presented in Fig. 10.

Initially, one carbon atom (a methyl group) is
attached to the metal of the catalyst (A in Scheme 1). In
the first step, it will capture and insert a propylene mol-
ecule via either the 1,2- or 2,1-insertion route. Thus,
one of these insertion events is stochastically chosen;
this choice, however, is not totally random but weighted
by the probabilities of the two reactions. Here, the rela-
tive probabilities are proportional to the relative rates.
Now, if one assumes that the 1,2-insertion has hap-
pened in the first step, the isobutyl group is attached to
the catalyst (B) after insertion. At this stage, four differ-
ent elementary events are possible: two alternative
insertion routes (1,2- and 2,1-) followed by the capture
of olefin, the termination reaction, and the isomeriza-
tion reaction that would lead to a tert-butyl group
attached to the metal center. If, for instance, the
2,1-insertion happened, a heptyl group would be
attached to the catalyst by its secondary carbon atom
(C); thus, five reactive events would be possible (two
insertions, a termination, and two isomerizations); one
of them would be stochastically chosen in a next step,
etc. In the stochastic model, one assigns different prob-
abilities for similar events starting from and/or leading
to structures with a carbon atom of different character
being attached to a metal. For example, the 1,2-inser-
tion starting from a primary carbon is not equivalent to
the 1,2-insertion starting from a secondary carbon.
Similarly, the isomerizations starting from a primary,
secondary, and tertiary carbon are not equivalent in
general, and also the two isomerizations starting from a
secondary carbon may be inequivalent, e.g., if one of

Primary alkyl Secondary alkyl

TS(A→A')
7.2

(5.8*)TS(B→C)

∆E1 ∆E2

17.4
(17.4)

A'

B'
B

A
1.3

(1.6*)
18.5

(18.9)

2.1
(2.0)

1.0 (0.5)

TS(B'→C')

Fig. 9. Energetics (in kcal/mol) of the chain growth and
chain isomerization reactions in the ethylene polymeriza-
tion catalyzed by the Pd-diimine complex 7 (see Scheme 2).
The experimental and theoretical (in parentheses) values are
presented. The calculated energies for the chain isomeriza-
tion reactions (marked with *) were obtained from the
model catalyst 1.
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them leads to a primary and another to a secondary or
tertiary carbon at the metal (as at stage C and E). In
other words, one takes into account in this model three
different 1,2-insertions, three different 2,1-insertions,
three different terminations (each starting from 1°-, 2°-,
and 3°-carbon), and nine different isomerizations
(starting from and leading to 1°-, 2°-, and 3°-carbon).

It should be emphasized here as well that, at differ-
ent stages, the absolute probabilities of equivalent
events may be different, since they depend on the
probabilities of all the other events (because of the
probability normalization). For example, at the stages C
and D in Fig. 10, the secondary carbon is attached to
the metal, and five reactive events are possible. How-
ever, at the stage C, the isomerization reactions are
inequivalent (one leads to the primary carbon and
another to the secondary carbon), while at the stage D
they are equivalent. As a result, the absolute probabil-
ities of all the events at the stage C will differ from
those at the stage D.

Scheme 3 summarizes the way in which the stochas-
tic probabilities are generated from the rates of the dif-
ferent reactions. The basic assumption here is that the
relative probabilities of elementary reactions at the
microscopic level, πi/πj , are equal to their relative reac-
tion rates (macroscopic), ri/rj . Thus, the relative reac-

tion rates (Eq. (1) in Scheme 3) for all pairs of the con-
sidered reactive events together with the probability
normalization condition (Eq. (2) in Scheme 3) consti-
tute the system of equations that can be solved for the
absolute probabilities of all the events at a given stage.
With this assumption, one can use the experimentally
determined reaction rates or the theoretically calculated
relative rate constants, obtained from the energetics of
the elementary reactions with the standard Eyring
exponential equation. The Eyring equation introduces
as well a temperature dependence of all the relative
probabilities (as in Eq. (3) in Scheme 3).

Let us now have a closer look at three basic types of
relative probabilities appearing in the model: for an
isomerization vs. another isomerization, the 1,2-inser-
tion vs. 2,1-insertion, and an isomerization vs. an inser-
tion. The right-hand part of Scheme 3 summarizes the
equations for the macroscopic reaction rates for the
alternative reactive events starting from an alkyl com-
plex β0; let us assume that the secondary carbon atom is
attached to the metal, so that two isomerization reac-
tions have to be considered. The isomerization reac-
tions are first-order in concentration of the initial alkyl
complex, [β0] (Eqs. (6), (7) in Scheme 3). Thus, the rel-
ative probability for the two isomerizations (Eq. (3)) is
given by the ratio of their rate constants, kiso, 1/kiso, 2 (as
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E

D

e.g.,
chosen 1,2-ins.

1,2-ins.
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(1)
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(1)
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(3)(1)

(1)

(2)
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e.g.,
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Fig. 10. Stochastic simulations. In the starting structure (A), one C atom is attached to the catalyst, and only two events are possible:
propylene capture followed by the 1,2- or 2,1-insertion. For the structure B, four events are taken into account: isomerization to the
tertiary carbon, 1,2- and 2,1-insertions, and a termination. For the structures C, D, and E, five events are considered: two isomer-
izations, two insertions, and a termination. The probabilities of these events are equal for the structures C and E (in both cases, two
different isomerizations lead to a primary or secondary carbon at the metal) and different for the structure D (for which both isomer-
izations lead to the structure with a secondary carbon attached to the metal). For clarity, the numbers ((1), (2), and (3)) labeling
different atom types (primary, secondary, and tertiary, respectively) are shown.
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equal to the relative rate, riso, 1/riso, 2), and at a given tem-
perature, it can be calculated from the isomerization

barriers ∆  and ∆ , as in Eq. (3).

From alkyl complex β0, the olefin can be captured to
form the π-complex π0 and inserted via the 1,2- or 2,1-
insertion route. In the model applied here, we consider
the olefin capture and its insertion as one reactive event;
i.e., we assume a preequilibrium between the alkyl and
olefin complexes, described by an equilibrium constant
Kcompl = [π0]/[β0] = exp(∆Gcompl/RT). This corresponds
to neglecting the barrier for the monomer capture. Such
an approach is valid for the late-transition-metal com-
plexes, e.g., the diimine catalysts studied in the present
work, where the resting state of the catalyst is a very
stable olefin π-complex [33] and the olefin capture bar-
rier and the related π-complex dissociation barrier are
much lower than the insertion barriers. This assumption
allows one to speed up the simulation: otherwise, many
olefin capture/dissociation steps, not important for the
final result of the simulation, would occur before inser-
tion takes place. It follows from the above consider-
ations that the insertion rate is given by Eq. (8), and the
equation for the isomerization vs. insertion relative
probability (Eq. (4)) includes the isomerization and
insertion rate constants, the equilibrium constant
(Kcompl), and the olefin pressure (polefin). Finally, the rel-
ative probability for the two alternative insertions is

Giso 1,
# Giso 2,

#

given by Eq. (5); it depends on the ratio of the two rate
constants only.

It is important to emphasize here that the model in
such a form allows one to simulate the influence of the
reaction conditions. The temperature dependence of all
the relative probabilities appears in the exponential
expressions for the rate constants and the equilibrium
constants. The olefin pressure influences the isomeriza-
tion-insertion relative probabilities. As a result, both
temperature and olefin pressure influence the values of
the absolute probabilities for all the reactive events con-
sidered. In the following, use has been made of calcu-
lated reaction rates [27] to evaluate all stochastic prob-
abilities, unless otherwise stated.

2.3.1. Ethylene polymerization catalyzed by
Pd diimine catalyst. The simulations [46] performed
for the ethylene polymerization catalyzed by the Pd-
based diimine catalyst 7 (Scheme 2) with the theoreti-
cally determined energetics [33, 34] of elementary
reactions gave the average branching number of
131 branches/1000 C. This is in reasonable agreement
with the experimental value of 122 branches/1000 C [19]
obtained for a closely related system 6 in Scheme 2. To
further validate our model, we performed the simula-
tions with the experimental values [47–49] of the reac-
tion barriers and stabilities of intermediates (see Fig. 9).
The value of 121 branches/1000 C was obtained, in
very good agreement with experiment.
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∑ 1=
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relative probabilities (microscopic)
= relative rates (macroscopic):
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(8)

where kins  ∈ {k1,2, k2,1}

riso, 2 = kiso, 2[β0]

rins kins π0[ ]=

=  kinsKcompl β0[ ] polefin

β0, β1, β2, β1,2, β2,1 – β-agostic complexes;
π0 – olefin π-complex

Scheme 3. Basic equations used in the stochastic model.
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Figure 11 presents the temperature and pressure
effects on the average number of branches. The results
indicate an increase in the number of branches with an
increase in temperature, in agreement with experimen-
tal observations [35–38]. This trend can be understood
from the energetics of the catalytic cycle (see Fig. 10).
The TS for secondary insertion is higher in energy
(by 1 kcal/mol) than the TS for primary insertion. Thus,
in the limit of T = 0 K, only primary insertions may

occur, and with an increase in temperature, the fraction
of secondary insertions increases.

Figure 11 shows that, within a wide range of pres-
sures, the simulations give a constant average number
of branches. The microstructure of the polymer, how-
ever, is strongly affected by the pressure. Examples of
the polymer structures obtained from the simulations
are shown in Fig. 11. The polymers obtained at high
pressures are mostly linear with a large fraction of
atoms located in the main chain and with relatively
short and mostly linear side chains. With a decrease in
pressure, hyperbranched structures are formed. Both
the pressure independence of the branching number
and the pressure influence on the polymer topology are
in agreement with experimental data for Pd catalysts
[33, 35–38].

2.3.2. Propylene polymerization catalyzed by the
Pd diimine catalysts. For the propylene polymeriza-
tion catalyzed by the complexes 1–7 (Scheme 2), the
simulations were performed [44] on the basis of the cal-
culated energetics of the elementary reactions [24, 25].
For system 6 of Scheme 2, the calculated average num-
ber of branches is 238 br./1000 C, which is slightly
larger than the experimental value of 213 br./1000 C.
However, the temperature and pressure dependence of
the number of branches and the polymer microstructure
are in line with experimental observations [38]: (1) an
increase in polymerization temperature leads to a
decrease in the number of branches; (2) olefin pressure
does not affect the branching number, but affects the
topology, leading to hyperbranched structures at low p.

Further, the simulations confirm the experimental
interpretation of the mechanistic details of the process
with the catalyst 6 of Scheme 2 [38]: (1) both 1,2- and
2,1-insertions happen with the ratio being about 7 : 3;
(2) there are no insertions at the secondary carbons; (3)
most of the 2,1-insertions are followed by a chain
straightening isomerization. Thus, for this catalyst, the
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total number of branches is controlled exclusively by
the 1,2-/2,1-insertion ratio [44].

We would like to emphasize here that the branching
of polypropylene is controlled by different factors than
that of polyethylene [46]. In the case of ethylene, the
primary/secondary insertion ratio is crucial, whereas in
the propylene polymerization catalyzed by diimine cat-
alysts, the ratio between the two alternative insertion
pathways (1,2- and 2,1-) is more important [44]. As a
result, an opposite temperature effect has been
observed for ethylene (increase in branching number
with T) and propylene (decrease in branching number
with T).

2.3.3. Ethylene polymerization catalyzed by the
Ni anilinotropone catalyst. The results of the simula-
tions based on the DFT-calculated energetics [35] for
the Ni-anilinotropone catalyst are presented in Fig. 12.
The simulations reproduced [45] with reasonable
agreement the experimental pressure and temperature
dependence of the average number of branches [41].
The temperature dependence (increase in branching
number with an increase in temperature) can be ratio-
nalized in a similar way as for diimine catalysts.

In addition, the stochastic simulations provided
detailed information about the topology of the polyeth-
ylenes produced in these processes [45]. The results

indicate that a variation in pressure affects the polymer
topology more than a variation in temperature. In the
low-pressure regime, the length of the branches
increases and branch-on-branch structures are formed
more often.

2.3.4. Model simulations—effect of catalyst vari-
ation. To model branching features of the ethylene
polymerization processes catalyzed by different single-
site catalysts, we performed a set of model simulations
[46] in which the barriers for the primary and secondary
insertions were systematically changed, ∆E1, ∆E2 =
1−9 kcal/mol (see Fig. 9). A change of the two insertion
barriers corresponds to a change of the catalyst, as the
processes catalyzed by different systems are character-
ized by different free energy profiles.

Figure 13 presents the pressure dependence of the
average number of branches for different sets of insertion
barriers. The curves of Fig. 13 can be understood when
one notices that (i) in the limit of p  ∞ (cf. Eq. (1) of
Scheme 3), the number of branches must be zero for
each catalyst, as ethylene π-complexes would be
formed immediately after the insertion and there would
be no isomerization; (ii) in the limit of p  0, chain
walking would be infinitely fast compared to insertions
(cf. Eq. (1)), and then the number of branches would be
controlled exclusively by the ratio of primary vs. sec-
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ondary insertions (i.e., the insertion/isomerization ratio
would not play a role). Thus, in the low-pressure range,
the curves of Fig. 13 converge to the average number of
branches characteristic of a given pair of [∆E1, ∆E2],
while in the high-pressure regime they decay to zero.
Consequently, for each catalyst, there exists a range of
(low) pressure values for which the average number of
branches is pressure independent. With an increase in
the insertion barriers, this range extends towards high
pressure values (see Fig. 13).

It may be concluded from the results of Fig. 13 that
the faster the chain walking compared to insertions, the
more extended the range of pressures for which the
average number of branches is constant. This allows us
to qualitatively explain the difference between the Pd-
and Ni-based diimine catalysts. It is known that, for the
Pd-diimine systems, the isomerization is much faster
compared to insertion than for Ni complexes [18, 19,
22–24, 33]. As a result, for the Pd systems, the number
of branches is constant in the experimental range of
pressure values, while for the Ni complexes the number
of branches depends on the pressure in this range (and
would be pressure independent for much lower pres-
sures). It should be pointed out that the above discus-
sion is consistent with the kinetic arguments given by
Guan et al. [35] for the Pd diimine catalyst. Finally, let
us now discuss the influence of the pressure on the
polymer topology. Figure 13 displays examples of the
polymer structures obtained for different combinations
of ∆E1, ∆E2, for p = 0.0001. Although all the structures
of Fig. 13 are practically hyperbranched, the topology
varies to a large extent. As we discussed earlier, in the
low-pressure regime, the branching is controlled by the
ratio of primary and secondary insertions. Thus, the dif-
ference between the barriers for the primary and sec-
ondary insertions controls the polymer topology. For
small values of ∆E2, 1 = ∆E2 – ∆E1, branches are formed
as a result of both the primary and secondary insertions
with comparable probablilities. With an increase in
∆E2, 1, the probability of secondary insertions decreases
and insertions at the ends of branches happen more
often; as a result, an increase in the length of linear seg-
ments can be observed.

3. CONCLUSIONS

We have presented a comprehensive review of our
recent theoretical studies on alkene homopolymeriza-
tion catalyzed by the late-transition-metal complexes.
The results of these studies show that a combined
DFT/stochastic approach can be successfully used to
model the elementary reactions in the polymerization
processes and the influence of the reaction conditions
on the polyolefin branching. Such an approach makes it
possible to understand the microscopic factors control-
ling the branching of polyolefins and explain the differ-
ences between the Pd and Ni catalysts. The results also
demonstrate that a wide range of microstuctures can be
potentially obtained from ethylene polymerization.

Thus, a rational design of the catalyst producing the
desired polymer topology should be possible.
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