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Gradient-corrected density functional theory (DFT) has been used to study the elementary
reactions for the mechanism of ethylene/methyl acrylate copolymerization catalyzed by Pd-
and Ni-diimine complexes, NAN-M-(n-C3H7)™; NAN = —N(Ar)-C(R)-C(R)-N(Ar)—. The main
goal was to understand the differences between the Pd- (active copolymerization catalyst)
and Ni-systems (inactive under the same conditions) and, thus, the factors that determine
the catalyst activity in these processes. The acrylate insertion into the metal—alkyl bond,
the stability of the insertion products, and the complexation of the next monomer (ethylene
and acrylate) have been studied by static calculation, and the molecular dynamics approach
has been applied to study the ethylene insertion following the acrylate insertion. To account
for the steric influence on the acrylate insertion barriers and the stability of isomeric chelate-
ethylene complexes, calculations have been carried out for both the model [Ar = H, R = H]
and the real catalyst [Ar = 2,6-CgHs(i-Pr),; R = CHj3). It has been found that acrylate insertion
follows the same mechanism for the Ni- and Pd-complexes. The 2,1-insertion is a preferred
pathway for the acrylate incorporation. For both catalysts the acrylate 2,1-insertion barriers
(12.4 and 13.5 for Pd and Ni with the real catalyst, respectively) are lower than the barriers
for the insertion of ethylene (16.8 and 14.2 for Pd and Ni). The chelates formed after the
acrylate insertion are slightly more stable for Ni than for Pd, with the five-membered system
having the lowest energy. The MD results show that after the acrylate incorporation the
activation barriers for the ethylene insertions starting from the isomers without the chelating
bond are substantially lower than those starting from the chelated complexes. The ethylene
insertion barriers are lower for Ni than for Pd in any case. The barriers for the opening of
the chelate prior to insertion have been found to be lower for Pd (AG* = 11.3 kcal/mol) than
for Ni (14.4 kcal/mol) for the generic catalyst. The opening of the chelates is facilitated by
the presence of the steric bulk on the catalyst; the effect is stronger for Ni than for Pd.
Therefore, the present results suggest that the most important difference in the mechanisms
of the copolymerization of the methyl acrylate with ethylene between the Pd- and Ni-diimine
complexes is an initial poisoning of the catalyst by the O-binding mode in the latter case.

Introduction

The development of a single-site Ziegler—Natta-type
catalyst capable of copolymerizing a-olefins with mono-
mers containing polar groups is one of the major goals
in the design of new polymerization catalysts. Of special
interest are the oxygen- and nitrogen-containing mono-
mers, such as vinyl alcohols, ethers, esters, and nitriles.
The progress in this field has been reviewed recently
by Boffa and Novak.! The traditional heterogeneous
Ziegler—Natta catalyst? and the early transition metal
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complexes® are usually poisoned by polar monomers.
The late transition metal based complexes*® are more
promising, as they are more functional group tolerant.
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The first successful example is the Brookhart Pd-
diimine catalyst,>% capable of copolymerizing ethylene
with acrylates.”® Interestingly, the analogous Ni-based
catalyst, although effective in a-olefin homopolymeri-
zation, is not active in polar copolymerization under the
same reaction conditions. To date little in terms of
mechanistic studies is available to explain this differ-
ence between the nickel and palladium systems.

The major goal of this investigation is to perform a
comparative study on the ethylene/acrylate copolymer-
ization catalyzed by either Ni- or Pd-diimine complexes.
The mechanistic aspects of the polymerization processes
catalyzed by the diimine catalysts have been studied
extensively by experimental®8-1! and theoretical meth-
ods.'?2723 As far as the polar copolymerization is con-
cerned, we have previously reported!® the computational
studies on the polar monomer binding mode to Ni- and
Pd-catalysts with the diimine and salicylaldiminato
ligands; similar studies were performed for the nitrogen-
containing monomers.22 Binding and migratory inser-
tion of various olefinic monomers was studied by DFT
calculations for the Pd-diimine catalyst by Schenck et
al.™ Previously,?® we have presented results from static
DFT studies on the elementary steps in the ethylene-
acrylate copolymerization catalyzed by Pd-diimine sys-
tems. Very recently similar computational investiga-
tions performed for Pd-catalyzed copolymerization of
ethylene with methyl acrylate and other polar mono-
mers have been reported by Philipp et al.22 However,
the elementary reactions of the polar copolymerization
processes with the Ni-diimine complexes have not been
studied yet.

The mechanism of polar copolymerization (see Scheme
1) involves competition between binding of the nonpolar
and polar monomer. In the standard Coose—Arlman
mechanism?* for a-olefin polymerization the monomer
insertion follows the complexation of the olefin by its
double C=C bond (z-complex, 2 and 4 in Scheme 1a).
The polar monomer may be bound in addition by its
functional group, e.g., carbonyl oxygen in the case of
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acrylates (O-complex, 3) rather than its C=C bond. The
competition between the two binding modes of a polar
olefin is one of the factors of importance for catalyst
activity, as insertion of the polar monomer in a random
copolymerization mechanism may start from the z-com-
plex only, whereas formation of a too stable O-complex
will poison the catalyst. In the case of diimine com-
plexes, it has been found'® that for the Ni-system the
O-binding mode is preferred by ca. 3 kcal/mol, while the
m-complex has the lower energy for the Pd-catalyst.

The polar monomer insertion results in the formation
of chelates (9, 10, 11), more stable than the agostic
complexes (y- and p-agostic, 7 and 8 of Scheme 1a),
which are typical products of the nonpolar olefin inser-
tion. It has been found experimentally® and confirmed
by theoretical studies?°23 that the six-membered chelate
(11) is a resting state for the catalyst in acrylate
polymerization catalyzed by Pd-diimine complexes.
Formation of the chelates is followed by the insertion
of the next monomer, again starting from the corre-
sponding w-complexes (12—14 and 15—17 of Scheme 1b).
Here as well, the polar monomer may be bound alter-
natively by its functional group (18—20 of Scheme 1b)
and potentially poison the catalyst. It has been found
for the Pd-catalyst that the chelating Pd—O bond is still
present in the most stable geometries of the z-complexes
12—20. The next monomer insertion can potentially
start from such complexes, or from higher energy
isomeric systems in which the chelating ring has been
opened. Such a two-step chelate opening mechanism
(see Scheme 1c) seems to be preferred for the Pd-
catalyst.20

In the following we will present the results of mecha-
nistic studies on the Ni-diimine catalyst and compare
them to the corresponding results for the Pd-systems.
In the acrylate insertion, the stability of the alternative
insertion products and the stability of the next monomer
complexes have been studied by static DFT calculations.
In addition, molecular dynamics (MD) has been em-
ployed to study important details of the chelate opening
reactions in the copolymerization processes catalyzed
by both Ni- and Pd-diimine systems, such as the
stability of alternative ethylene m-complexes derived
from the chelates, the alternative pathways for ethylene
insertion, and the isomerization reaction of 14, resulting
in opening of the chelates. As we argued in a previous
study,?® there exist many isomeric structures of the
s-complexes 12—20 and consequently many alternative
transition states for the ethylene insertion. Thus, a MD
approach seems to be appropriate for a study of these
reactions, as it directly provides information about the
complete reaction pathways and the entropic effects at
finite temperatures. The results of this study will be
used to draw conclusions about the factors determining
the catalyst activity in the polar copolymerization
processes.

Computational Details and the Model Systems

The elementary reactions of the copolymerization process
and the molecular systems studied in the present work are
shown in Scheme 1. The mechanistic DFT studies of the
ethylene and methyl acrylate copolymerization catalyzed by
Pd-diimine complexes have been reported previously.?® Here,
we performed similar static DFT calculations on the acrylate
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Scheme 1. Mechanism of Ethylene-Methyl Acrylate Copolymerization and the Complexes Studied in the
Present Work
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insertion process involving the Ni-diimine catalysts. In most
of the calculations the diimine catalyst was modeled by a
generic NAN-M* complex, with M = Ni, Pd, and NAN =
—NHCHCHNH-—, in which the bulky substituents of the real
catalysts were replaced by hydrogen atoms. The polymer chain
initially attached to the catalyst was modeled by an n-propyl
group. The polar monomer binding modes (acrylate O- and
m-complexes, 3, and 4) have been studied previously for both
Ni- and Pd-diimine catalysts;*® we quote these results for the
sake of completeness. Starting from the acrylate z-complex 4,
both 1,2- and 2,1-acrylate insertion paths have been consid-
ered. The calculations were performed on the 1,2- and 2,1-
insertion transition states (5 and 6, respectively). Since it was
found that the 1,2-insertion TS is substantially higher in
energy, further calculations have been carried out for the 2,1-

insertion products only. Thus, we considered the y- (7) and
f-agostic complexes (8) and the four-, five-, and six-membered
chelates (9, 10, 11) present in the 2,1-acrylate insertion path.

As the next step, formation of the ethylene (12, 13, 14) and
acrylate complexes (O-binding mode: 18, 19, 20, and the
w-complexes 15, 16, 17) resulting from the chelates has been
investigated (Scheme 1b). There exist a large number of
isomers for the ethylene and acrylate complexes resulting from
the chelates. The structures with and without chelating
metal—oxygen bonds form stable minima on the potential
energy surfaces. In the case of ethylene complexes (12—14)
with the Pd-catalyst we optimized geometries for 31, 20, and
21 isomers resulting from the six-, five-, and four-membered
chelates, respectively. For the Ni-catalyst the geometry opti-
mization has been performed for 10 isomers in each group,
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analogous to the energetically preferred Pd-complexes. In the
case of acrylate complexes resulting from the chelates (15—
20) we studied only the most stable systems with the chelating
bond, since the major goal of this calculations was to check
the possibility of the catalyst being poisoned by formation of
the O-bound complexes of acrylate. It has been found previ-
ously for the Pd-catalyst that two subsequent acrylate inser-
tions are unlikely to happen.?°

In addition to the structures of the generic catalyst, calcula-
tions have been performed on the real catalyst, with R = CH3;
and Ar = CgHj3(i-Pr),, for the 2,1-acrylate insertion transition
state 6 and the example isomers of ethylene-chelate complexes
14 in order to investigate the influence of steric bulk on the
insertion barriers and the chelate opening energies. To be able
to compare the results, we also performed similar DFT
calculations for the ethylene 7-complexes and the insertion TS
with the real Ni-catalyst, since the ethylene results previously
reported in the literature!2131516 jnvolved different models
(QM/MM) than the full QM (DFT) method applied for pal-
ladium.

The static DFT calculations based on the Becke—Perdew
exchange—correlation functional®® were performed using the
Amsterdam Density Functional (ADF) program.?® A standard
double-¢ STO basis with one set of polarization functions was
applied for H, C, N, and O atoms, while a standard triple-¢
basis set was employed 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 first-order scalar relativistic cor-
rections,?® since it has been shown that such a relativistic
approach is sufficient for 4d transition metal atoms.?°

The Car—Parinello molecular dynamics (MD) approach
has been used to study the chelate opening reactions for both
Ni- and Pd-catalysts. First, free (unconstrained) dynamics
simulations have been performed for examples of the ethylene
complexes resulting from the six-membered chelates (14a,
14b). The purpose of this calculation was to check the stability
of the higher energy complexes (without the chelating bond)
on the nonzero-temperature free energy surfaces.

The ethylene insertion starting from 12, 13, and 14 has been
studied as well by MD (Scheme 1c). As we have already
mentioned, there exist a large number of isomers for the
systems 12, 13, and 14. Potentially, each of them can give rise
to ethylene insertion. Thus, there exist a large number of
ethylene insertion transition states connecting the alternative
reactants on the potential energy surfaces. Therefore, the MD
approach seems to be the most appropriate here, since the MD
simulation provides information about the whole reaction
pathway at a finite temperature, and not just about a few
stationary points on the zero-temperature potential energy
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surfaces. Consequently, the activation free energies are avail-
able from the MD approach. Thus, the MD simulations have
been carried out for ethylene insertion starting from the most
stable isomers of 12, 13, and 14 with the Ni- and Pd-catalysts.
Since we discovered the insertions from the most stable
ethylene-chelate complexes have very high barriers, simula-
tions were also carried out on the insertion starting from the
examples of the higher energy isomers of 14 (with and without
the chelating bond; for the Pd-catalyst). Finally, the chelate
opening prior to the ethylene insertion (isomerization of the
ethylene z-complexes 14) has also been studied by the slow-
growth MD simulations.

The unconstrained MD simulations for representative iso-
mers of 14 without chelating bond were carried out at T =
300 K and T = 1300 K. Each of those simulations was
performed for 20 000 time steps. For the ethylene insertion
each of the slow-growth simulations (T = 300K) was performed
for 20 000 time steps. The distance between the ethylene
carbon atom and the alkyl a-carbon was used as the reaction
coordinate, changing in the course of simulation between the
values corresponding to the reactant (-complex) and product
(alkyl complex). For the slow-growth simulations modeling of
the chelate opening, the distance between the metal and the
carbonyl oxygen was used as a reaction coordinate, changing
from the value characterizing the reactant (ethylene-chelate
m-complex) to the arbitrarily chosen value of 8 bohr (sufficient
to be sure that the chelating bond has been broken). Each
chelate-opening simulation was performed for 30 000 time
steps.

All reported MD results were obtained with the Car—
Parrinello projector augmented wave (PAW) code developed
by Blochl.?t The wave function was expanded in plane waves
up to an energy cutoff of 30 Ry. The frozen core approximation
has been employed; a Ne core has been used for Ni, an Ar core
for Pd, and a He core for the first-row elements. Periodic
boundary conditions were used, with a unit cell spanned by
the lattice vectors ([0 9.5 9.5] [9.5 0 9.5] [9.5 9.5 0]) (A). All
the simulations were performed using the local density ap-
proximation in the parametrization of Perdew and Zunger3?
with gradient corrections due to Becke and Perdew.? To
prevent electrostatic interactions between neighboring unit
cells, the charge isolation scheme of Blochl was used. Prior to
the MD simulations, the molecular geometries were optimized.
To achieve an evenly distributed thermal excitation, the nuclei
were brought to a target temperature of 300 K (1300 K) by
applying a sequence of 30 (130) sinusoidal pulses, each of
which was chosen to raise the temperature by 10 K. Each of
the excitation vectors was chosen to be orthogonal to the
already excited modes. The warmed-up systems were equili-
brated for 10 000 time steps. A time step of 7 au was used for
all simulations. Constraints were maintained by the SHAKE
algorithm.3® The temperature was controlled by a Nosé
thermostat.3* The fictitious kinetic energy of the electrons was
controlled in a similar fashion by a Nosé thermostat.®® The
free energy activation barriers, AG*, have been calculated from
the slow-growth MD simulations with the thermodynamic
integration method, by integrating the force on the constraint
along the trajectory. The activation energies, AE¥, were
obtained from the running averages of the potential energy
(with an averaging window of 200 steps). For each slow-growth
simulation the TS region has been identified as the region
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Table 1. Relative Energies? for the Stationary
Points in the 2,1-Acrylate Insertion into the
M-Alkyl Bond [M = Ni, Pd] (see Scheme 1)

relative energy?

structure Ni Pdbe
O-complex 3 —21.10(-3.97) —17.10 (+3.60)
[-13.09 (—2.99)] [—10.64 (+2.96)]
m-complex 4 —17.10 (0.00) —20.70 (0.00)
[-10.10 (0.00)]  [~13.60 (0.00)]°
1,2-insertion TS 5  —0.06 (+17.06) +3.24 (+23.93)°
[+4.57 (+14.67)] —0.65 (+12.95)
2,1-insertion TS 6  —4.86(+12.26) —1.31(+19.39)
[+3.42 (+13.52)] [—1.16 (+12.44)]
y-agostic 7 —21.36(—4.23) —19.77 (+0.93)°
B-agostic 8 —26.31(—9.18) —25.39 (—4.69)°

four-membered chelate 9  —36.56 (—19.43) —33.64 (—12.95)°
five-membered chelate 10 —43.53 (—26.40) —39.68 (—18.98)°
six-membered chelate 11 —42.59 (—25.47) —40.77 (—20.07)°

aWith respect to the isolated reactants (methyl acrylate +
[-agostic alkyl complex) and to the acrylate zz-complex (in paren-
theses), in kcal/mol. The numbers in square brackets refer to the
real catalyst [R = CHs, Ar = CgH3(i-Pr)z]. P Ref 19. ¢ Ref 20.
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Figure 1. Energy profile for the 2,1-pathway of methyl
acrylate insertion into the M—alkyl bond (M = Ni, Pd)
calculated for the generic catalyst. The structure labeling
(in parantheses) refers to that of Scheme 1.

around the constraint value for which (i) the force on the
constraint changes sign; (ii) the maximum free energy is
observed; (iii) the maximum average potential energy is
observed.

Results and Discussion

Insertion of Methyl Acrylate. Table 1 lists the
relative energies of the reaction intermediates present
in the preferred pathway of the methyl acrylate inser-
tion into the Ni—alkyl and Pd—alkyl bonds. The energy
profiles for the methyl acrylate insertion are compared
for the Ni- and Pd-catalyst in Figure 1. In the following
we will discuss the methyl acrylate binding modes, the
insertion transition states, and the stability of the
insertion products.

As it has been mentioned already, the first step in
the copolymerization mechanism involves a competition
between the complexation of the polar and nonpolar
olefin, and in the former case a competition between the
two binding modes. The polar monomer insertion can
start only from a s-complex, 4, while the O-bound
complex 3 poisons the catalyst. This has been discussed
in detail in a previous study.'® Here we will only recall
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for the sake of completeness that there is an important
difference between the Ni- and Pd-complexes. For the
Pd system, active in the polar copolymerization, the
m-complex is preferred by 3.6 (generic catalyst) and 3.0
kcal/mol (real catalyst), while for the Ni-catalyst the
O-complexes have lower energy by 4.0 (generic catalyst)
and 3 kcal/mol (real catalyst). Thus, the Ni-catalyst is
initially poisoned by formation of the “inactive” O-
complex, while this is not the case for the Pd-complex-
68.36

The TS geometries have been optimized for the
generic catalyst for both the 1,2- and 2,1-methyl acrylate
insertions. The results show that in the case of the Ni-
catalyst the 2,1-insertion is preferred by 4.8 kcal/mol.
Thus, the energy difference between the two insertion
TS is close, and even slightly larger than that recently
reported for the Pd-catalyst (4.5 kcal/mol).2° The steric
effect on the insertion regioselectivity was discussed
previously in detail for propylene!® and acrylate;2° for
the Ni-catalyst the effect is of similar origin. It has been
shown previously for the Pd-systems?° that the rela-
tively large preference of the 2,1-insertion cannot be
overridden by steric factors in the real catalyst case.
Therefore, it can be expected that the 2,1-insertion
pathway is also preferred for the real Ni-catalyst.
Indeed, the results of the DFT calculations for the real
Ni-systems show that the 1,2-insertion TS is higher in
energy by 1.2 kcal/mol than the 2,1-TS. Thus, in the
following we have not studied the products of the 1,2-
insertion.

The 2,1-acrylate insertion barrier for the generic Ni-
catalyst (12.2 kcal/mol) is substantially lower than for
the Pd-analogue (19.2 kcal/mol). However, for the real
catalyst the barriers are relatively close for both sys-
tems: 12.4 kcal/mol for the Pd-complex and 13.5 kcal/
mol for the Ni-complex. For comparison, we have
optimized the geometry for the ethylene insertion TS
with the real Ni-catalyst. The ethylene insertion barrier
is 14.2 kcal/mol for the Ni-catalyst, while for the
analogue Pd-catalyst it is 16.7 kcal/mol. Thus, these
results clearly show that it is not the acrylate insertion
that makes the copolymerization difficult in the Ni case,
as for both catalysts the acrylate inserion is easier than
the insertion of ethylene.

The stability of the insertion products is also quite
similar for both catalysts. As for the Pd-system, the
kinetic insertion product is a complex with a y-agostic
interaction, 7, that can isomerize to the more stable
pB-agostic complex, 8, or can directly form the structure
involving the chelating Ni—O bond, 9. The four-
membered chelate, 9, is more stable than the y-agostic
complex by 15.2 kcal/mol and is less stable than the
structures with a five- and six-membered ring, 10 and
11. We did not study the isomerization barriers for the
9 — 10 and 10 — 11 reactions, as they are not important
for the further consideration in the present sudy. It may
be expected that they are higher for Ni- than for the
Pd-catalyst, as it is known that this is the case for the
chain isomerization barriers in the ethylene homopo-

(36) It has been argued in ref 23 that our relative energies for the
O-complex have a systematic error of ca. 2—3 kcal/mol. If this is true,
then the difference between the two binding modes is larger for the
Ni-catalyst, and the initial poisoning of the catalyst is even more
important.



Downloaded by CARLI CONSORTIUM on June 29, 2009
Published on May 21, 2003 on http://pubs.acs.org | doi: 10.1021/0m021044e

Comparison of Ni- and Pd-Diimine Complexes

Table 2. Ethylene and Methyl Acrylate
Complexation Energies after the Acrylate
Insertion

energy?

reaction Ni-catalyst Pd-catalyst®

four-membered chelate:
9+ CoHy— 12 -10.74 -10.14
9+ CyH3COOCH3; — 15 (18) —12.13 (—7.37) —13.00
five-membered chelate:
10 + CoHs — 13 —8.14 -7.79

10+ C,H3COOCH;3 — 16 (19) —9.45 (—6.78) -95
six-membered chelate:

11+ CyHs— 14 —7.73 -9.09
11+ CyH3COOCH;3; — 17 (20)  —10.01 (—5.70) —11.00

a In kcal/mol. P Ref 20.

lymerization processes (ca. 7 kcal/mol for Pd vs 12—15
for Ni), which proceed by a pathway similar to that
expected for the chelate isomerization. Comparing the
thermodynamic stability of isomeric chelates, there is
a difference between the five- and six-membered struc-
tures for the two catalysts. Namely, for the Pd-catalyst
the complex with a six-membered ring is the most stable
isomer (lower by ca. 1 kcal/mol than the five-membered
chelate), whereas in the Ni case, the five-membered
chelate has the lowest energy (lower by ca. 1 kcal/mol
than the five-membered ring). It should be emphasized,
however, that all the chelates are more strongly stabi-
lized (relative to the agostic complexes) for the Ni-
catalyst than for Pd (see Table 1 and Figure 1). As in
the case of the initial O-complexes, this reflects higher
oxophilicity of the Ni-system.

The geometries of the acrylate insertion TS and the
insertion products for the Ni-catalyst are qualitatively
similar to those reported previously for the Pd-systems.
Therefore, we do not display the structures here. The
major difference between the structures observed for the
two catalysts are certainly the interatomic distances
between the metal and surrounding atoms, due to the
difference in “sizes” of the two metal atoms. For
example, the chelating Ni—O bonds in 9, 10, and 11 are
shortened to 1.90—1.92 A, compared to 2.09—2.11 A in
the Pd case.

Complexation of the Next Monomer after the
Acrylate Insertion and the Chelate Opening. In
Table 2 are listed the energies of the ethylene z-com-
plexation (9/10/11 + C,H,; — 12/13/14) and acrylate
m-complexation (9/10/11 + C,;H3;COOCH3; — 15/16/17)
for the Ni- and Pd-based catalysts. In addition for the
Ni-systems, the O-binding mode of acrylate was con-
sidered, to check the possibility of catalyst poisoning by
the complexes 18, 19, and 20 after the acrylate inser-
tion.

As in the Pd case, the chelating Ni—O bond is present
in the axial position in the geometries of the ethylene/
acrylate complexes formed from the chelates with the
Ni-catalyst (see Figure 2). The Ni—O distances are
substantially shorter (2.09—2.11 A) than the Pd—O bond
length (2.2—2.5 A). Again, this may be partially at-
tributed to the difference in the “sizes” of the two metal
atoms.

The results of Table 2 clearly indicate that there in
no qualitative difference between the two catalysts as
far as the energetics of the formation of the ethylene/
acrylate complexes derived from the chelates is con-
cerned. As in the Pd case, the ethylene binding energies
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12 13 14

Figure 2. Optimized structures of the most stable isomers
of the ethylene z-complexes derived from the four-, five-,
and six-membered chelates (Ni-catalyst).

14a o 14b

Figure 3. Examples of the alternative structures of the
ethylene z-complexes (without the chelating Ni—O bond).

for the Ni-systems are much lower (—10.7, —8.1, and
—7.7 for the four-, five-, and six-membered chelate,
respectively) than those obtained for the w-complexes
formed from the alkyl complexes (—18.8 kcal/mol). The
same is true for the acrylate w-complexes of nickel.
Unlike in the case of the alkyl-acrylate complexes, the
m-binding mode is strongly preferred (by ca. 3—5 kcal/
mol, see Table 2) in the acrylate complexes derived from
the chelates. This can be attributed to a repulsive
interaction between the chelate oxygen and the carbonyl
oxygen of acrylate, destabilizing the O-complexes.

In a previous study?® we have shown for the Pd-
catalyst that besides the chelated structures there exist
a large number of higher energy isomers of 12, 13, and
14 in which the chelating Pd—O bond has been broken.
This is also the case for the Ni-catalyst. All the
structures without the Ni—O chelating bond are higher
in energy compared to the most stable, chelated struc-
tures (Figure 2). In Figure 3 two examples of such
isomers are presented; they are analogous to the
structures discussed previously for the Pd-catalyst. The
complexes 14a and 14b are higher in energy then 14
by 16.9 and 6.3 kcal/mol, respectively. The correspond-
ing Pd-complexes were found to be higher in energy
than the most stable isomer by 11.8 and 1.7 kcal/mol,
respectively. Thus, the energy differences between the
analogous chelated and nonchelated structures are
larger for Ni than for Pd by ca. 5 kcal/mol. This
difference can be attributed to an increased stability of
the Ni-chelates compared to Pd (see Figure 1), reflecting
the higher oxophilicity of the Ni-systems.

As a next step, we have performed unconstrained MD
simulations (at 300 and 1300 K) for the Pd- and Ni-
complexes 14a and 14b in order to check the free energy
stability of the nonchelated complexes at higher tem-
peratures. The results show that for both metals the
geometries oscillate in the vicinity of the corresponding
local minima. No spontaneous isomerization toward
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14° 14a°

Figure 4. Lowest energy isomer of 14’ (chelated) and an
example of the higher energy complex without chelating
bond (14'b) calculated for the real catalyst.

chelated structures has been observed, nor toward any
other isomers. Thus, it can be concluded that the
nonchelated isomers are stable on their free energy
surfaces. They are in addition separated from other
isomers by barriers larger than 2.5 kcal/mol.

Further, the opening of the six-membered chelate
prior to ethylene insertion was studied by a slow-growth
MD simulation for Ni and Pd ethylene-chelate com-
plexes 14. The metal—oxygen distance has been used
as a reaction coordinate, increasing from the values in
14 (2.29 A for Pd and 2.08 A for Ni) up to 4.23 A (8
bohr). The TS regions were located at a M—0O distance
of 3.12 and 3.71 A for Ni and Pd, respectively. The
activation energies and free energies are as follows:
AE* = 6.8 kcal/mol, AG* = 11.3 kcal/mol for Pd, and
AE* = 10.9 kcal/mol, AG* = 14.4 kcal/mol for the Ni-
catalyst. Thus, for the Pd-catalyst the activation barrier
has been found to be lower than for the Ni-complex.

The results presented above have been obtained for
the generic catalyst, in which the presence of the bulky
substituents is neglected. It might be expected that the
steric bulk would facilitate the chelate opening, since
the chelating oxygen occupies an axial position and must
interact strongly with the catalyst substituents. To
investigate the steric effect, calculations have been
carried out for the complexes 14" and 14a’ with the real
Ni- and Pd-diimine catalysts (analogous to 14 and 14a).
As an example, the optimized geometries of 14' and 14a’
with the Ni-catalyst are presented in Figure 4. The
results show that, indeed, the energy difference between
14" and 14a’ is strongly decreased compared to the
model systems (14, 14a) for both the Ni- and Pd-
complexes. The opened-chelate complex 14a’ is higher
in energy than 14’ by 4.2 and 7.5 kcal/mol, for the Ni-
and Pd-catalyst, respectively. Thus, for the real systems
the endothermicity of the chelate opening prior to
insertion, 14' — 14a’, is decreased compared to the
generic systems by 12.7 and 4.3 kcal/mol for the Ni- and
Pd-system, respectively. This effect appears as a result
of a strong destabilization of the chelated systems in
the congested geometries of 14'. The systems without
additional chelating bonds, 14a’, are only slightly
influenced by the bulky substituents on the catalyst. It
is not surprising that the effect of the steric bulk is
substantially larger for Ni than for Pd, as all the bonds
involving Ni are typically shorter than those containing
Pd by 0.1—0.2 A, and thus, the nickel systems are more
congested. These results clearly demonstrate that the
steric bulk in real systems facilitates the chelate open-

ing.
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Table 3. Ethylene Insertion Barriers after the
Acrylate Insertion (from MD simulations)

activation barriers?

Ni-catalyst Pd-catalyst

initial complex AE* AG* AE* AG*
four-membered chelate:
12 28.07 32.87 35.79 38.23
five-membered chelate:
13 33.91 36.51 41.20 44.74
six-membered chelate:
14 38.78 40.81 49.89 53.36
l4c 18.79 20.41 23.97 30.37

2 1n kcal/mol.

Ethylene Insertion Starting from the Chelate-
Ethylene Complexes. The activation barriers for the
ethylene insertion starting from the chelate-ethylene
complexes are presented in Table 3; these results have
been obtained from the slow-growth MD simulations,
with the distance between the a-carbon of the chain and
an olefin carbon chosen as a reaction coordinate. The
results clearly show that in each case the barriers are
substantially lower for the Ni- than for the Pd-catalyst.
For all the systems, the ethylene insertion reactions
starting from the most stable chelate structures 12, 13,
and 14 have very high barriers (38—53 and 32—41 kcal/
mol for Pd and Ni, respectively), much higher than the
ethylene insertion barriers into the metal—alkyl bond
(AE* = 16.8 and 14.2 kcal/mol for Ni and Pd, respec-
tively). These results demonstrate that the ethylene
insertion cannot proceed from the most stable ethylene-
chelate structure.

Let us now discuss the trajectories obtained from the
simulations in more detail. In the following we will
discuss only the trajectories for the six-membered
chelate. The results obtained for the five- and four-
membered chelates are qualitatively similar. The ex-
amples of the structures observed for the insertions
starting from the six-membered chelates (14) are shown
in Figure 5, together with the metal—oxygen and the
metal—y-hydrogen distances along the MD trajectories.
For both metals, the chelating bond is practically
present along the whole insertion pathway. The Ni—O
and Pd—O bonds are weakened after passing the TS
region; they are extended by 0.07 and 0.35 A compared
to the initial structures, respectively. In both cases, the
insertion leads directly to the eight-membered chelate,
as reflected by the Ni—O and Pd—O bond shortening
after passing the TS. For both Ni- and Pd-catalysts
there is practically no interaction between the metal and
the y-hydrogen (i.e., a-hydrogen in the initial structure);
the distance between the metal atom and the y-hydro-
gen increases as the insertion proceeds. This is different
from the usual olefin insertions observed in the homo-
polymerization reactions, where the TS is usually
stabilized by a y-hydrogen interacting with the metal.
It seems very likely that the lack of this y-hydrogen
stabilization is responsible for the very high insertion
barriers observed here. In the most stable structures of
14, 15, and 16 the o-hydrogen of the —CH(RY)(R?)-
COOCH;3; group (i.e., the y-hydrogen of the product)
points toward ethylene (see Figures 2 and 6), and during
the insertion pathways the —CHR!R? group rotates in
a direction that increases the metal—hydrogen distance.
Therefore, we also performed simulations for the alter-
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Figure 5. Changes in the interatomic distances for M—O (carbonyl) and M—H, (M = Ni, Pd) along the MD trajectory
obtained from the ethylene insertion starting from complex 14 (see Scheme 1) [left] and examples of the structures from

the simulations [right]; S denotes a reaction progress variable.

-
N o 14c
4
_ ‘};‘ 1
2 14¢
! d -

Figure 6. Schematic representation of formation of the
alternative chelate-ethylene complexes 14 and 14c from
the chelate 11 [left] together with the optimized structure
of 14c [right].

native isomers of 14, in which the hydrogen is located
“on the opposite side” of ethylene (see Figure 6). In the
insertion reaction starting from such a structure 14c,
the y-hydrogen interaction along the pathway is pos-
sible. However, complex 14c is higher in energy com-
pared to 14 by 4.1 and 5.1 kcal/mol for Pd and Ni,
respectively.

Figure 7 displays the metal—oxygen and metal—y-
hydrogen distances along the trajectories for the inser-
tions starting from the Ni- and Pd-complexes 14c. The
insertion barriers are listed in Table 3. The activation
barriers for the insertion starting from 14c are sub-
stantially lower than those obtained for 14. However,

for both metals they are still noticeably higher than the
activation barriers for olefin insertion observed in the
homopolymerization processes.

The curves of Figure 7 show that, indeed, during the
reaction the y-hydrogen approaches the metal, and in
the TS region the Pd—H, and Ni—H, distances are
typical for y-agostic interactions (1.93 and 1.81 A for
Pd and Ni, respectively). Together with the fact that the
insertion barriers are much lower than those discussed
previously, this result emphasizes the role of the y-ago-
stic interactions in the olefin insertion reactions. How-
ever, the system spontaneously evolves toward an eight-
membered chelate for both metals after passing the TS.
This is reflected in a decrease in the metal—oxygen
distances. It should be pointed out here that the
chelating metal—oxygen bond is present along the whole
pathway also in the case of insertions starting from 14c.
In the TS region the metal—oxygen distance is extended
only by 0.16 and 0.22 A for Ni and Pd, respectively. The
conclusions reached here from our finite temperature
MD calculations differ from those obtained previously?®
from static DFT calculations where the chelating bond
breaks before reaching the insertion TS. This demon-
strates that the MD approach is especially valuable for
studying reactions for which there exist a large number
of isomeric structures, giving rise to many alternative
pathways with different isomeric TS geometries.

$=0.70 (TS)

Figure 7. The same as in Figure 5 for the ethylene insertion starting from complex 14c.
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Figure 8. The same as in Figure 5 for the ethylene insertion starting from complex 14a.

Finally, for the Pd-catalyst we would like to discuss
the MD results for yet another ethylene insertion
pathway, starting form the higher energy complex 14a,
in which the chelating Pd—O bond has been broken. In
the previous paper we suggested the two-step chelate
opening mechanism (see Scheme 1c), in which the
chelating bond is broken at the m-complex stage, i.e.,
prior to the ethylene insertion. The static DFT calcula-
tions have demonstrated that the barriers for insertion
starting from s-complexes without chelating M—0O
bonds are comparable to the barriers of ethylene inser-
tion in the homopolymerization processes. Further, the
oxygen atom practically does not play a role in the
insertion involving -complexes without chelating M—O
bonds. Here, we have performed MD simulation for the
insertion involving z-complexes without chelating M—O
bonds, to check whether the same is true at the free
energy surface when higher temperatures are taken into
account. Figure 8 shows the Pd—O and Pd—H, distances
along the MD trajectory, and the activation barriers are
listed in Table 3. The results demonstrate that at T =
300 K the insertion proceeds according to the mecha-
nism typical for ethylene homopolymerization. The
distance between the metal and the y-hydrogen de-
creases along the pathway, and the insertion product
is a y-agostic complex. The presence of carbonyl oxygen
does not influence the reaction; it stays remote (5.3—6
A). The calculated activation barrier [AE* = 17.1 kcal/
mol, AG* = 19.1 kcal/mol] for the insertion is comparable
with the homopolymerization activation barriers. Very
similar results were obtained for the insertion starting
from 14b: AE* = 17.02 kcal/mol, AG* = 22.3 kcal/mol.

The results presented here clearly demonstrate that
the insertions starting from the higher energy isomers
of the ethylene-chelate complexes in which the chelating
bond has been broken have much smaller activation
barriers, comparable to those observed in ethylene
homopolymerization. This, however, does not explain
the differences in the copolymerization activity of Pd-
and Ni-diimine complexes, as the barriers for the
ethylene insertion into the Ni—alkyl bond are smaller
(14.2 kcal/mol) than those for the Pd—alkyl bond (16.8
kcal/mol). Thus, it may be concluded that the ethylene
insertion following the insertion of the polar monomer
is not a crucial factor for the copolymerization activity.
It is the initial poisoning of the catalyst by formation of

the O-complexes and the chelate opening prior to the
ethylene insertion that seems to be responsible for
differences in catalytic activity of the Ni- and Pd-diimine
complexes.

Concluding Remarks

We have carried out a study in which we compare Pd-
and Ni-diimine complexes as acrylate/ethylene copo-
lymerization catalysts. The main goal was to under-
stand the differences between the Pd- (active copolym-
erization catalyst) and Ni-systems (inactive in polar
copolymerizatation under the same conditions). We have
demonstrated that the acrylate insertion follows the
same mechanism for the Ni- and Pd-complexes. For the
real diimine catalyst, the insertion of the methyl acry-
late into the metal—alkyl bond has a slightly higher
barrier for the Ni- (13.5 kcal/mol) than for the Pd-
catalyst (12.4 kcal/mol).2° In both cases, however, the
activation barriers for the acrylate insertion are lower
than the ethylene insertion barriers (16.8 and 14.2 kcal/
mol for Pd- and Ni-catalyst, respectively). Thus, the
acrylate insertion barriers do not explain the difference
in the catalytic activity of the Pd- and Ni-complexes.

The acrylate insertion leads to the formation of a
chelate complex with an oxygen atom bound to the
metal. Further insertion of ethylene into the M—C bond
starting from the chelate must follow a multistep
process. The first step involves z-complexation of eth-
ylene to the metal center of the chelate followed by
opening of the chelate (M—O bond breaking) and
subsequent insertion of ethylene into the M—C bond.
For the generic catalyst [Ar = H, R = H] the endother-
micity of such a chelate opening prior to the insertion
is higher for Ni- than for the Pd-system (by ca. 5 kcal/
mol); so is its activation barrier (by ca. 3 kcal/mol).
However, the steric bulk on the catalyst facilitates the
chelate opening, and this effect is stronger for nickel
than for palladium. We have found that for the real
catalysts [Ar = 2,6-C¢H3(i-Pr),; R = CHj3] the endother-
micity of the chelate opening reaction is decreased
compared to the generic systems by ca. 12.7 and 4.3
kcal/mol for the Ni- and Pd-system, respectively. It is
thus clear that for the real systems with bulky substit-
uents the chelate opening reactions are not responsible
for the differences in catalytic activity between the Ni
and Pd.
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The present results suggest that the most important
difference between Pd- and Ni-diimine complexes as
catalysts for methyl acrylate/ethylene copolymerization
is the fact that the Ni-catalyst initially is poisoned by
O-binding of methyl acrylate to the metal center. For
the Ni-catalyst the O-binding mode is energetically
preferred by ca. 3 kcal/mol, while for the Pd-system the
m-complex has the lower energy.!’® Thus, it may be
concluded that the use of bulky catalysts with a less
oxophilic character (i.e., neutral systems) should be
promising in polar copolymerization.

Our results have further revealed a new role for steric
bulk in polar copolymerization processes. Thus, steric
bulk is seen to weaken chelate bonds between the metal

Organometallics, Vol. 22, No. 13, 2003 2669

center and the polar group that might otherwise poison
the catalyst. Understanding this role should be helpful
in the design of new catalysts.
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