
ORIGINAL PAPER

Mariusz Mitoraj Æ Artur Michalak

DFT studies on isomerization reactions in the copolymerization
of ethylene and methyl acrylate catalyzed by Ni-diimine
and Pd-diimine complexes

Received: 28 October 2004 / Accepted: 31 January 2005 / Published online: 4 May 2005
� Springer-Verlag 2005

Abstract Gradient corrected density functional theory
(DFT) has been used to investigate the isomerization
reactions in the process of the ethylene/methyl acrylate
copolymerization catalyzed by Pd-dimine and Ni-dimine
complexes, modeled by a generic system N�N–M–
(CH3)

+ ; N�N=�N(H)-C(H)-C(H)-N(H)-. The influ-
ence of the polar group and of the metal on the
isomerization mechanism was studied. The results show
that for the Pd-catalyst the isomerization follows the
standard mechanism observed in homopolymerization
processes, with the b-hydrogen-transfer to the metal and
formation of a p-olefin–hydride complex. Electron
withdrawing character of the polar group results in an
increase of the hydride energy and the isomerization
barrier. For the Ni-catalyst the overall isomerization
picture is modified by the formation of a r-olefin–hy-
dride complex, in which the olefin is coordinated to the
metal by the oxygen atom of the polar group. Such a r-
olefin–hydride is lower in energy for the Ni catalyst than
the p-olefin–hydride complex by 9.6 kcal mol�1 . The
latter is preferred by 2.6 kcal mol�1 for the Pd-based
system. The calculated isomerization barriers are 20.9
and 24.0 kcal mol�1 (with respect to the initial 4-mem-
ber chelate) for the Pd-catalyst and Ni-catalyst, respec-
tively. This can result in a larger fraction of ester group
directly connected to the copolymer backbone observed
experimentally for the Ni-catalyst.
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Introduction

During last decade there has been an increasing interest
in employing late-transition-metal complexes as cata-
lysts for a-olefin polymerization processes [1–5], leading
to a development of new catalytic systems not only
capable of polymerizing ethylene, but also active in
copolymerization of olefins with monomers bearing
polar-groups [2, 6]. The first successful example of a
single-site catalyst for the ethylene-methyl acrylate
copolymerization process was a family of palladium
complexes with bulky a-diimine ligands [2, 7, 8] intro-
duced earlier as oligomerization and homopolymeriza-
tion catalysts [2, 9, 10]. In both, homo-polymerization
and co-polymerization processes, these systems produce
polymers with unique microstructures, varying from
linear to hyper branched topologies. The polymer
branching/topology can be controlled by the reaction
conditions (T, p) and the catalyst substituents [2, 11–16].

The mechanism of the a-olefin polymerization and
co-polymerization with polar monomers is shown in
Fig. 1. The initial active form of the catalyst is an alkyl
complex 1. In the standard Cossee–Arlman mechanism
[17, 18] of the a-olefin polymerization a monomer
insertion (Fig. 1a) follows complexation of an olefin by
its double C=C bond (p-complex, 2). Similarly, in a
polar copolymerization process the polar monomer can
form a corresponding p-complex, 2A. However, a r-
complex (2A’) can alternatively be formed, with a polar
molecule bound by an atom of its functional group, e.g.
the carbonyl oxygen in the case of acrylates. A compe-
tition between the two binding modes of polar olefins is
an important factor for the catalyst activity, as insertion
of the polar monomer in such a random copolymeriza-
tion mechanism can exclusively start from the p-com-
plex, whereas formation of a too stable r-complex
poisons the catalyst. In the case of diimine complexes, it
has been found [19, 20] that for the Ni-diimine systems
the r-binding mode is preferred by ca. 3 kcal mol�1,
while the p-complex has lower energy for the Pd-based
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catalysts. The mechanism for monomer insertion is
similar for polar and non-polar olefin. In general, two
insertion pathways, 1,2-insertion (2 fi TS-2/3 fi 3
fi 4) and 2,1-insertion (2 fi TS-2/5 fi 5 fi 6), are
possible for higher olefins; for ethylene they become
identical. The 2,1-insertion is usually electronically pre-
ferred in the processes catalyzed by the late-transition-
metal systems [19, 21, 22] but steric factors favor the

1,2-insertion [19, 22]. The c-agostic alkyl complexes
(3 and 5) are the kinetic insertion products. They can
easily isomerize to form more stable b-agostic species
(4 and 6).

The b-agostic alkyl complexes can capture and insert
the next monomer molecule, again following the mech-
anism of Fig. 1a (1 fi 4 or 1 fi 6). However, in many
polymerization processes catalyzed by the late-metal
complexes, the isomerization reactions occur in addition
(Fig. 1b). The isomerization reactions influence polymer
branching. They introduce branches of variable length in
polyethylenes, and remove/shorten the branches in
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Fig. 1 Mechanism of a-olefin polymerization and polar copoly-
merization processes catalyzed by diimine complexes: chain
propagation steps (a), chain isomerization steps (b), chelate
formation steps (c), and details of the isomerization mechanism (d)
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higher polyolefins. For example, isomerization directly
following the 1,2-olefin insertion (4 fi 7, see Fig. 1b)
introduces an additional methyl branch, while the
reactions directly following the 2,1-insertion may either
elongate (6 fi 8), or shorten/remove (6 fi 9) the
existing branch. Fast ‘chain walking’, which proceeds by
subsequent isomerizations, is responsible for unique
polymer microstructures observed in many processes,
e.g. those catalyzed by the diimine-catalysts [2, 11–16].
The standard isomerization mechanism is shown in
Fig. 1d. It involves the b-hydrogen abstraction from 4 or
6, to form an intermediate olefin hydride complex (13 or
14). An olefin rotation followed by reinsertion of
hydrogen leads to an isomeric b-agostic product (7or 8).

In the case of polar monomer insertion, the agostic
species isomerizes further to form more stable chelates,
with a strong metal-polar atom (e.g. oxygen) bond
(Fig. 1c). For example, after the 2,1-insertion of methyl
acrylate, the 4-membered chelate (10A) can be formed
from the agostic species (5A and 6A). Subsequent
isomerization reactions can lead to the 5-membered and
6-membered chelates. It has been observed experimen-
tally [7, 8], and shown by theoretical calculations [23, 24]
that the 5-membered (11A) and 6-membered (12A)
chelates are the most stable species in the catalytic cycles
with the Ni-diimine and Pd-diimine complexes. It should
be pointed out that isomerization reactions following the
polar monomer insertion influence the positions of the
ester groups in the resulting copolymer structure.
Namely, ethylene insertion directly following formation
of the 4-member chelate results in a structure with the –
COOCH3 group linked to the polymer backbone. If a
5-member/6-member chalate is formed prior to the
ethylene insertion then the ester group is separated by
one/two –CH2-groups from the chain. Predominantly
in-chain acrylate incorporation was observed experi-
mentally for Ni-catalysts [25] while for Pd-based systems
the ester groups occur largely at the ends of branches
[2, 7, 8, 25].

The major goal of the present study is to investigate
by theoretical calculations the details of the isomeriza-
tion reactions in the ethylene-methyl acrylate copoly-
merization catalyzed by the Pd-diimine and Ni-diimine
catalysts. There exist numerous theoretical studies of the
chain propagation, termination, and isomerization
reactions in a-olefin homopolymerization processes cat-
alyzed by the transition-metal-based systems [26–28].
For polar copolymerization processes, the mechanism of
the chain propagation reactions has been investigated by
static and dynamic DFT calculations [23, 24, 29–32].
However, the isomerization reactions in the polar co-
polymerization processes have not been studied. In
particular, it is important whether the isomerizations
between alternative chelates (10A fi 11A fi 12A, see
Fig. 1c) follow the same route as in homopolymerization
(with agostic intermediates; Fig. 1d), or if the presence
of a polar group modifies the mechanism. In the fol-
lowing, a comparison of the isomerization mechanism
with and without the polar group will be presented, to-

gether with a comparison of the metal influence (Pd
versus Ni). Gradient corrected density functional theory
(DFT) was used in the present study. The DFT ap-
proach is now well established as a valuable tool for
studying electronic structure and the reactions involving
transition-metal complexes [33–36] including polymeri-
zation processes [19–32].

Computational details and the model systems

The reactions and complexes studied in the present work
are shown in Fig. 2. For clarity, the species are labeled
as in Fig. 1, with the letter A or E added for those
formed after acrylate and ethylene insertion, respec-
tively. In addition, in the text and tables the species
formed with palladium and nickel-based catalyst will be
identified by a suffix –Pd and –Ni, respectively, e.g. 10A-
Pd and 10A-Ni. In the present study the cationic diimine
catalyst was modeled by a generic N�N–M+ complex,
with M = Ni, Pd, and N�N = –NHCHCHNH–, in
which the bulky substituents of the real catalysts were
replaced by hydrogen atoms. It has been found previ-
ously that the catalyst substituents have minor influence
on the isomerization reactions in the ethylene homopo-
lymerization [21, 22].

It can be expected that the isomerization reaction
between 4-membered and 5-membered chelates formed
after 2,1-acrylate insertion, 10A and 11A (Fig. 2), can
proceed with formation of an intermediate agostic spe-
cies, 6A and 8A, and with the standard isomerization
mechanism (Fig. 1d) involving olefin–hydride species,
14A. Such an isomerization mechanism assumes practi-
cally no participation of the acrylate polar group once
the agostic species 6A and 8A are formed. Alternatively,
on the pathway leading from chelates 10A and 11A to
agostic complexes 6A and 8A, intermediate structures
can hypothetically exist, in which both the agostic, M–H
and chelating M–O bonds are present. If such structures
existed on the potential energy surface, the isomerization
between chelates 10A and 11A could proceed with the
metal–oxygen bond present along the whole isomeriza-
tion pathway. Therefore, we investigated the pathways
leading from chelates 10A and 11A to agostic structures
6A and 8A, respectively. This was studied by linear-
transit reaction-path calculations, with the torsion an-
gles defining rotation around the M–Ca and Ca–Cb

bonds used as reaction coordinates for 10A M 6A and
8A M 11A isomerizations, respectively. Further, the
pathways corresponding to the standard isomerization
mechanism between the agostic species 6A and 8A, with
an intermediate hydride 14A, were studied and com-
pared with the corresponding pathways present in the
ethylene homopolymerization process, 6E M 14E M 8E
(Fig. 2b). Finally, in the case of polar monomer, an
additional structure of the hydride complex can occur,
with r-bound acrylate, 14A’. Therefore, the geometry of
such a species and the corresponding isomerization
pathways 6A M 14A’M 8A were also studied.
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The DFT calculations based on the Becke–Perdew
exchange-correlation functional [37–39] were performed
using the Amsterdam Density Functional (ADF) pro-
gram, Version 2003.01 [40–45]. A standard double-zeta
STO basis with one set of polarization functions was
used for H, C, N, and O atoms, while a standard triple-
zeta basis set was used for the Ni and Pd atoms. The 1s
electrons of C, N, O as well as the 1s-3d electrons of Pd
and the 1s-2p electrons of Ni were treated as frozen core.
Auxiliary s, p, d, f, and g STO functions, centered on all
nuclei, were used to fit the electron density and obtain
accurate Coulomb and exchange potentials in each SCF
cycle. The reported energy differences include a first-
order scalar relativistic correction, [46–48] since it has
been shown that such an approach is sufficient for 4d
transition metal atoms [49]. The Nalewajski–Mrozek
bond order analysis [50–54] and the Ziegler–Rauk bond-
energy decomposition [55, 56] were also used.

Results and discussion

Isomerization reactions with the Pd-based diimine
catalyst

The energy profile for isomerization pathways in the co-
polymerization process catalyzed by the Pd-diimine
complexes is summarized in Fig. 3, together with the
structures of the reactants, products and the reaction
intermediates. The geometries shown in Fig 3 clearly
indicate that in the case of polar copolymerization
isomerization pathways directly corresponding to those

of a-olefin homopolymerization exist, i.e. the polar
group does not directly participate in the reaction. In the
structures of the b-agostic complexes 6A-Pd and 8A-Pd,
in the olefin–hydride intermediate 14A-Pd, as well as in
the corresponding transition states (6A/14A and 14A/

8A) there are no metal–oxygen bonds.
The presence of the polar group, however, does affect

the energy profile of the process. The relative energies of
the structures involved in the reactions with and without
polar group are compared in Table 1. The results show
that the polar group affects the relative stability of the
isomeric agostic complexes 6A-Pd and 8A-Pd, compared
to 6E-Pd and 8E-Pd. Further, it increases the energy of
the intermediate hydride complex 14A-Pd, compared to
14E-Pd, and the activation barriers of the isomerization.

In order to facilitate the discussion of the polar-group
effect, Table 2 lists the crucial interatomic distances and
the corresponding bond-order values in the agostic
complexes 6A-Pd and 8A-Pd. Let us first discuss the
relative stability of the agostic complexes 6A-Pd and 8A-

Pd. It follows from Table 2 that the destabilization of
8A-Pd compared to 6A-Pd is due to weakening of the
Pd–H agostic interaction and strengthening of the Cb–H
bond: the Pd–H bond is slightly longer in 8A-Pd

(1.77 Å) than in 6A-Pd (1.74 Å), and the Cb–H bond is
shortened in 8A-Pd compared to 6A-Pd (1.21 Å vs.
1.23 Å). The corresponding bond-order values reflect
the trend observed in bond lengths. For Pd–H they are
0.13, and 0.14, and for Cb–H: 0.74 and 0.73, in 8A-Pd

and 6A-Pd, respectively. This effect can be attributed to
the electron-withdrawing effect of the polar group,
which is more pronounced in 8A-Pd, because in this
structure the polar group is closer to the atoms partici-
pating in the agostic bond Cb–H–Pd.

The results shown in Fig. 3 and Table 1 demonstrate
that the presence of the polar group destabilizes the

Fig. 2 Reactions and complexes studied in the present article:
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hydride complex, 14A-Pd, compared to the corre-
sponding structure in homopolymerization, 14E-Pd. As
in the previous paragraph, this can be explained in terms
of the bond-length/bond-order trends in agostic com-
plexes. Namely, the Cb–H bond is shorter in 6A-Pd

(1.23 Å) than in 6E-Pd (1.25 Å), and the Pd–H bond is
longer (1.74 Å vs. 1.72 Å, in 6A-Pd in 6E-Pd, respec-
tively). This is reflected by the corresponding bond-order
values: 0.73 and 0.71 for Cb–H bond, and 0.14 and 0.15
for Pd–H bond, in 6A-Pd and 6E-Pd, respectively. Thus,
the b-hydrogen transfer to the metal resulting in for-
mation of 14A-Pd is more difficult in the case of 6A-Pd,
compared to 6E-Pd. Again, this effect comes as a result
of the electron-withdrawing character of the polar
group. To validate the conclusions presented above
further by estimation of the Cb–H and Pd–Ca bond-

energies, the calculations were performed for two dis-
sociation reactions shown in Fig. 4, i.e. breaking both of
the bonds discussed (Fig. 4a), and breaking the agostic
Pd–H bond only (Fig. 4b). The results show that the first
reaction requires 84.8 kcal mol�1 for 6A-Pd and
82.9 kcal mol�1 for 6E-Pd. The agostic bond-breaking
energy is 11.7 kcal mol�1 in 6A and 16.9 kcal mol�1 in
6E. These results confirm the conclusions drawn from
the bond length/bond-order data.

Finally, we would like to discuss a possibility of an
alternative isomerization mechanism with direct partic-
ipation of the polar group, i.e. with the Pd–O bond
present along the whole isomerization pathway. A nec-
essary condition for such a pathway to be facile is a
simultaneous presence of both the agostic Pd–H, and
chelating Pd–O bond. Figure 5a shows the energy profile
for the first step in the process in question, i.e. the
isomerization reaction between the agostic complex 6A-

Pd and the chelate 10A-Pd. Figure 5b shows the Pd–H
(agostic) and Pd–O (chelating) interatomic-distance

Table 1 Relative energies of the crucial intermediates in the ‘standard’ isomerization mechanism (see Fig. 1d), for the ethylene/methyl
acrylate copolymerization and ethylene homolpolymerization catalyzed by the Pd-diimine and Ni-diimine catalysts

Species Relative energy(kcal mol�1)

Copolymerization-Pd Homopolymerization-Pd Copolymerization-Ni Homopolymerization-Ni

6 6A-Pd (0.0) 6E-Pd (0.0) 6A-Ni (0.0) 6E-Ni (0.0)
14 14A-Pd (7.8) 14E-Pd (4.2) 14A-Ni (12.9) 14E-Ni (10.4)
8 8A-Pd (3.1) 8E-Pd (�2.0) 8A-Ni (0.1) 8E-Ni (�2.1)

Fig. 3 Energy profile and the crucial structures for the isomeriza-
tion reactions in the process catalyzed by the Pd-diimine complex.
Energies are in kilocalories per mole, structure labeling as in Fig. 2
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along the reaction path. It can be observed in Fig. 5b
that the formation of the chelating Pd–O bond follows
the breaking of the agostic Pd–H bond. At the transi-
tion-state region both bonds are broken. Thus, along the
isomerization pathway no structure exists in which both
bonds discussed are present. It should also be pointed
out that the energy profile of Fig. 5a can be almost
perfectly described by two parabolae intersecting at TS.
A parabolic fit of calculated energies is characterized by
an R2 value of 0.999. These two harmonic potentials
correspond to the Pd–H bond-breaking and the Pd–O
bond forming, respectively.

Thus, it may be concluded that for Pd-catalysts the
isomerization mechanism in the polar copolymerization
is similar to that of homopolymerization, without direct
participation of the polar group. The presence of the
polar-group increases the isomerization activation bar-
rier and the energy of the intermediate hydride complex.

Isomerization reactions with the Ni-based
diimine catalyst

The energy profile for the isomerization process ob-
tained for the species with the polar group and the Ni-
diimine catalyst is shown in Fig. 6. The relative energies
of the agostic and the p-olefin–hydride complexes are
shown in Table 1. As in the case of the Pd-catalyst, there
is no direct participation of the polar group in the

isomerization pathway corresponding to that of homo-
polymerization. There is no Ni–O bond in the agostic
complexes (6A-Ni and 8A-Ni), p-olefin–hydride complex
(14A-Ni), and in the corresponding TS (6A/14A-Niand
14A/8A-Ni). It is known from earlier experimental and
theoretical studies that in the a-olefin homopolymer-
ization with Ni-based catalysts, the isomerization bar-
riers as well as the energies of the intermediate hydride
complexes are higher than those with the Pd-catalysts [2,
57–61]. Also, the presence of a polar group leads to an
increase in the hydride energies and the activation bar-
riers. Thus, for the Ni-system discussed here both effects
can be observed: an increase in the activation barrier and
the hydride energy compared to the corresponding pal-
ladium-systems, as well as a further increase due to a
polar group (see Table 1).

As in the Pd-case, an increase in hydride energy and
the isomerization barriers due to a polar group can be
explained by a decrease in Cb–H and an increase in Ni–
H bond strength. These effects are reflected by corre-
sponding interatomic distances and bond-order indices
(Table 2). The Cb–H bond is shortened in 6A-Ni

(1.20 Å) compared to 6E-Ni (1.22 Å). The correspond-
ing bond-order values are 0.73 and 0.72. In contrast, the
Ni–H bond is elongated in 6A-Ni (1.65 Å) compared to
6E-Ni (1.64 Å) and the corresponding bond-order values
are 0.22 and 0.24. The conclusions from the bond-length
/bond-order data are confirmed by calculated bond
energies from the dissociation reactions of Fig. 4. The
reaction of Fig. 4a (Ni–C and Ni–H bond breaking)

Table 2 Crucial bond lengths and the corresponding bond-order
values (in parantheses) in the agostic complexes 6A, 6E, 8A, and 8E
(see Fig. 2) with the Pd-diimine and Ni-diimine catalysts

Species Bond-length [A]
(bond-order)

Species Bond-length [A]
(bond-order)

M–Hb Cb–Hb M–Ca

6A-Pd 1.74 (0.14) 1.23 (0.73) 2.04 (0.44)
6E-Pd 1.72 (0.15) 1.25 (0.71) 2.06 (0.49)
6A-Ni 1.65 (0.22) 1.20 (0.73) 1.93 (0.69)
6E-Ni 1.64 (0.24) 1.22 (0.72) 1.92 (0.78)
8A-Pd 1.77 (0.13) 1.21 (0.74) 2.05 (0.44)
8E-Pd 1.81 (0.13) 1.19 (0.75) 2.07 (0.48)
8A-Ni 1.64 (0.21) 1.22 (0.73) 1.93 (0.68)
8E-Ni 1.65 (0.24) 1.20 (0.74) 1.94 (0.79)
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requires 90.4 kcal mol�1 for 6A-Ni and 89.6 kcal mol�1

for 6E-Ni. Both of these values are larger than for Pd
(82.9 and 84.8 kcal mol�1, respectively). The agostic
bond energy (Fig. 4b) is 12.2 and 16.0 kcal mol�1 for
6A-Ni and 6E-Ni, respectively.

Thus, it may be concluded that the polar group effect
for the ‘standard‘ isomerization mechanism is an in-
crease in the hydride energies and the activation barriers.
However, there is an additional important factor that
must be taken into account in a discussion of the
isomerization mechanism for the Ni-system. Namely, as
an alternative to the hydride–olefin p-complex (14A), the
hydride–olefin r-complex (14A’) can be formed, with the
olefin coordinated to the metal by the oxygen atom of
the polar group. This is analogous to the alkyl–olefin
complexes. It is known from the previous studies that
both, p-binding and r-binding modes can be observed,
and for the Pd-diimine catalyst the former has lower
energy, while for the Ni-system the latter is preferred [19,
20]. A preference for the r-binding mode also well ob-
tained from the calculations for olefin–alkyl complexes
with nitrogen-containing monomers [29]. Figure 6
shows that a similar preference of the r-binding mode

occurs here for the hydride–olefin isomerization inter-
mediate with the Ni-catalyst. The r-olefin–hydride (14A’
-Ni) is only 3.3 kcal mol�1 higher in energy than the
agostic species 6A-Ni, while the p-binding mode (14A-
Ni) is higher by 12.9 kcal mol�1 than 6A-Ni. Thus, the r-
olefin–hydride complex 14A’ -Ni is 9.6 kcal mol�1 lower
in energy than the p-olefin–hydride complex 14A-Ni. It
should be pointed out here that for the palladium
catalyst the corresponding r-olefin–hydride complex
14A’ -Pd is 2.6 kcal mol�1 higher in energy than the
p-olefin–hydride complex 14A-Pd (Fig. 3).

Results of the Ziegler–Rauk bond-energy decompo-
sition performed for the olefin binding energy in the
p-olefin–hydride (14A) and the r-olefin–hydride (14A’)
complexes with Pd-diimine and Ni-diimine catalysts are
shown in Table 3. The results show that the preference
of the r-binding mode observed for the Ni-catalyst
comes from the steric and geometry distortion contri-
butions. There is only a small difference in the orbital-
interaction terms (below 1 kcal mol�1). This is in
agreement with previous results obtained for the r-ole-
fin–alkyl and p-olefin–alkyl complexes, for which a
preference of the r-mode for Ni-catalysts was attributed
to the electrostatic contributions, practically without a
difference in the orbital-interaction terms/Fukui func-
tion [19, 20].

Thus, in the case of the Ni-catalyst the isomerization
mechanism is in fact modified by the presence of the
polar group. The pathway involving a r-olefin–hydride

Fig. 6 Energy profile and the crucial structures for the isomeri-
zation reactions in the process catalyzed by the Ni-diimine
complex. Energies are in kilocalories per mole, structure labelling
as in Fig. 2
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structure is more facile than the ‘standard’ pathway with
a p-olefin–hydride intermediate. For the Ni-catalyst, the
activation barrier of such an isomerization (12.3 kcal
mol�1 with respect to 6A-Ni), calculated with respect to
an agostic complex, is similar to the activation barrier of

the ‘standard’ isomerization observed for the Pd-system
(12.5 kcal mol�1 with respect to 6A-Pd). However,
comparing the whole isomerization profile, starting from
the 4-member chelate and leading to the 5-member
chelate, the isomerization is substantially slower in the

Table 3 Ziegler–Rauk bond-energy decomposition for the p-olefin–hydride (14A) and the r-olefin–hydride (14A’) complexes with the Pd-
diimine and Ni-diimine complexes; to facilitate a comparison the difference in respective contributions between the two binding modes are
listed in the DE column

14A-Pd 14A’ -Pd DE (kcal mol�1) 14A-Ni 14A’ -Ni DE (kcal mol�1)

DEorb
a �64.7 �41.9 �22.8 �64.8 �42.9 �21.9

DEst
b 21.1 �0.9 22.0 18.8 �8.6 27.4

DEdist
c �23.05 �21.3 �1.75 0.8 �2.9 3.7

DEtotal
d �66.65 �64.1 �2.6 �45.5 �54.4 9.2

a Orbital-interaction term b Steric (electrostatic + Pauli repulsion) term c Geometry distortion term d Total binding energy
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Fig. 7 Energy profile for the
agostic M chelate
isomerization step, 6A-
Ni M 10A-Ni, (a) in the process
catalyzed by the Ni-diimine
catalyst, together with the
crucial interatomic distances
(b). Origin of a decrease in the
activation barrier observed for
Ni-catalyst compared to Pd-
system is schematically
explained in (c)
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case of the Ni-based system. The highest transition state
energies are 20.9 and 24.0 kcal mol�1 (with respect to
the 4-member chelate) for the Pd-catalysts and Ni-cat-
alysts, respectively.

Finally, let us discuss the agostic M chelate isomer-
ization (6A M 10A) for the Ni-catalyst. The energy
profile for this reaction and the changes in the crucial
bond-lengths are shown in Fig. 7. The results show that
in the Ni-case there is almost no barrier for this reaction.
In contrast to the palladium-system, the chelating Ni–O
interaction appears before the agostic bond is broken
(Fig. 7b). Thus, in the TS-region structures with both
Pd–H and Pd–O (partial) bonds exist. This may further
modify the mechanism of the isomerization in the
Ni-case at higher temperatures, e.g. leading directly to
the 5-membered chelate 11A . Investigating this aspect,
however, requires extensive MD studies, and is beyond
the scope of this article. The existence of both Pd–H and
Pd–O bonds in the TS region is responsible for afore-
mentioned decrease in the agostic M chelate isomeri-
zation barrier. It has been pointed out in the previous
section that this barrier appears as the result of the
intersection of the harmonic potentials describing the
Pd–H and Pd–O bond-formation/bond-breaking
(Fig. 5). The change in the M–O force constant in the
Ni-system compared to Pd is mostly responsible for the
barrier disappearing (Fig. 7c). This is confirmed by
the value of the reaction coordinate (torsion angle) at
the TS state 95o for Ni, and 110o for Pd.

Concluding remarks

In the present article isomerization reactions in the polar
co-polymerization process catalyzed by the Pd-diimine
and Ni-diimine catalysts were studied. This study fo-
cused on the influence of the polar group and of the
metal in the catalyst on the isomerization mechanism
and its energy profile. The results show that for the Pd-
based catalyst, the polar group does not influence the
mechanism. The isomerization follows the route known
from the ethylene homopolymerization. It involves
b-hydrogen transfer to the metal with formation of the
p-olefin–hydride intermediate complex. The electron-
withdrawing character of the polar group results in the
Cb–H bond strengthening accompanied by weakening of
the Pd–H interaction. These factors are responsible for
an increase in the relative energy of the hydride complex
and the isomerization TS. In the corresponding mecha-
nism for the Ni-catalyst, the hydride energy and the
activation barriers are increased compared to Pd-sys-
tems. However, in the Ni-case the polar group affects the
mechanism by formation of an alternative hydride
complex with the olefin bound by the carbonyl oxygen
(r-complex). Such a species has lower energy than the
p-olefin hydride. This is similar to the r-complex pref-
erence observed for alkyl–olefin complexes for the
Ni-catalyst [19, 20]. Thus, comparing the whole isom-
erization profile, starting from the 4-membered chelate

and leading to the 5-membered chelate, the highest
transition state energies are 20.9 and 24.0 kcal mol�1

(with respect to the 4-member chelate) for the Pd-cata-
lysts and Ni-catalysts, respectively. This indicates that
the isomerization is substantially slower in the case of
the Ni-based system. This can result in a larger fraction
of ester group directly connected to the copolymer
backbone and of those located in shorter branches. This
is in a qualitative agreement with available experimental
data. For Ni-catalysts predominantly in-chain acrylate
incorporation was observed [25], while for Pd-catalysts
the ester groups occur largely at the ends of branches [2,
7, 8, 25].
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