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Copolymerization of Ethylene with Polar Monomers by
Anionic Substitution. Theoretical Study Based on
Acrylonitrile and the Brookhart Diimine Catalyst
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Calculations have been carried out on the complexation energy of acrylonitrile and ethylene
using derivatives of the cationic N*N Ni(II)—diimine Brookhart complex. For acrylonitrile
(CHy=CHCN) considerations were given to both 7 binding through the olefinic C=C
functionality and ¢ binding through the NC group. The diimine ring system N*"N = —NR"CR;-
CRoNR" with R" = 2,6-CsHs(i-Pr): and Ry, R; = CH3 was functionalized by substituting a
carbon in the diimine ring by B~ and R; or Ry (or both) by anionic groups (BFs~, OBF;~,
etc.). Substitutions were also carried out at the aryl rings by replacing H or i-Pr with anionic
groups. The objective has been to find substitutions that would reduce or eliminate the
preference for ¢ complexation of acrylonitrile, a prerequisite for ethylene/acrylonitrile

copolymerization.

Introduction

The introduction of polar monomers!? into the poly-
mer chain by coordination copolymerization with eth-
ylene remains a significant challenge. The incorporation
of polar monomers is attractive, as it substantially
enhances polymer properties such as toughness, adhe-
sion, paintability, printability, and solvent resistance.

Currently the copolymerization of ethylene with polar
monomers is carried out by radical polymerization
processes, where the ability to control the polymer
composition is minimal.? Recent studies have shown
that late-transition-metal complexes exhibit some prom-
ise as polar copolymerization catalysts for oxygen- and
nitrogen-containing monomers, whereas early metals*
are poisoned by the polar groups binding to the metal.
Brookhart® and co-workers have focused on the co-
polymerization of ethylene with vinyl ketones and
acrylates using both Pd(II) and Ni(II) cationic di-
imines as catalysts. Other alternatives involve the Ni(II)
salicylaldiminato catalyst developed by Grubbs and co-
workers® and the bidentate P—O nickel system (devel-
oped by Keim for the Shell Higher Olefin Process—
SHOP) studied by Drent and Keim.” Other recent works
include experimental studies by Bazan® and Peters®
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as well as theoretical investigations by Goddard,!°
Svensson,!! and Ziegler.12

Copolymerization of ethylene with acrylonitrile (AN:
CH,=CHCN) has met with less success than for other
polar monomers. The nitrogen-containing monomer can
bind to the metal via the polar CN group (o0 bond) or
the olefinic C=C 7z bond (Scheme 1). For polymerization
of the olefin to take place, the 7 binding mode should
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Scheme 1. 7 vs ¢ Complex Formation
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preferably be energetically more feasible than the o
bonding of CN to the metal, or poisoning will occur. A
theoretical study by Deubel and Ziegler!?2 has shown
that cationic Brookhart catalysts based on both Pd(II)
and Ni(I) metal centers prefer ¢ bonding to AN,
although the preference is most pronounced for Ni(II).
In moving to the neutral Grubbs type catalysts, o
bonding is still preferred for Ni(II) but the margin is
much smaller and for Pd(IT) the preference shifts from
o to 7 coordination. It would thus appear that neutral
catalysts are more promising than cationic systems and
Pd(II) more appropriate than Ni(II). In fact, one might
expect anionic catalysts to be even better in terms of
less poisoning, since the negative AN nitrogen would
be repelled by an anionic metal fragment, whereas the
7 complexation should be enhanced by increased metal
to ligand back-donation. By itself, the cationic Ni(II)
diimine Brookhart catalyst is poisoned substantially.12¢e
To improve on this unfavorable situation, the original
Brookhart catalyst will be modified to make it neutral
or even anionic. For each modification the preference
(poisoning) for AN ¢ coordination over s bonding will
be calculated. In a subsequent study!® the systems with
the least poisoning will be selected for further tests of
polymerization activity by calculating their barrier of
insertion (Scheme 2).

The first series of modifications involve the backbone
of the diimine ring (Chart 1), where we replace the alkyl
group R; by a number of anionic substituents (BHs™,
BFs™, etc.) or a ring carbon by B~. In all cases we
monitor primarily the influence of a negative substitu-
ent on the metal center.

Charts 2 and 3 consider substitutions on the aryl ring
in the ortho, meta, and para positions. Here we probe
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Scheme 2. Insertion of Ethylene and Acrylonitrile
into the Ni—Alkyl Bond
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Chart 1. Backbone-Substituted Neutral
Ni—Diimine Complexes
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Chart 2. Side-Group-Substituted Neutral
Ni—Diimine Complexes
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the distance of the negative substituent from the Ni(II)
center and, in the case of the ortho position, a direct
bond between Ni(II) and the anionic group. Finally,
Chart 4 introduces an alkyl chain connecting the aryl
rings. The chain allows for the positioning of anionic
groups at different distances from the Ni(II) center.
Unfortunately, little or no poisoning is only one
requirement for a good polar copolymerization catalyst.
Another is a low barrier for the insertion of AN into the
metal—carbon bond after the 7 complex is formed. Here
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Chart 3. Neutral and Anionic Ni—Diimine
Complexes with Ortho Phenyl Anionic Groups and
Various Bulky Substituents at the Backbone
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Chart 4. Neutral Ni-Diimine Complexes with an
Alkyl Bridge between the Two Side Groups
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both experimental®¢® and theoretical studies!? have
shown that Ni(IT) complexes have a lower barrier than
their Pd(II) homologues. Further calculations'?" dem-
onstrate that the barrier of insertion increases with the
electron density on the metal from cationic to anionic
complexes. Because opposing factors optimize the bar-
riers of insertion and the lack of poisoning, a com-
promise has to be struck in designing a good polar
copolymerization catalyst. This aspect will be covered
in a special discussion on the kinetics of homopolym-
erization and polar copolymerization.

The use of negative substituents to reduce poisoning
has already been attempted experimentally by Bazan,
Peters,? and Piers.!* It has further been suggested on
the basis of theoretical calculations by Michalak,!2c—¢
Deubel, 22} and Szabo.'2h However, this is the first time
where this idea has been pursued systematically.

Computational Details

Molecular geometries have been optimized at the level of
gradient-corrected density functional theory using the Becke—
Perdew exchange-correlation functional.'®=17 The calculations
have been carried out with the Amsterdam Density Functional
(ADF 2004) program package developed by Baerends et al.181?
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and vectorized by Ravenek.?%?! The numerical integration
scheme applied to the calculations was developed by te Velde
et al.22 The geometry optimization procedure was based on the
method of Versluis and Ziegler.?? For nickel (n = 3) a standard
triple-¢ STO basis set, from the ADF database IV, was
employed with ns, np, nd, (n + 1)s, and (n + 1)p treated as
valence and the rest as frozen core. For the nonmetal elements
a standard double- basis set with one set of polarization
functions (ADF database III) was applied, with frozen cores
including 1s electrons for B, C, N, and O and 1s2s2p for Al.24%
Auxiliary?® s, p, d, f, and g STO functions centered on all nuclei
were used to fit the Coulomb and exchange potentials during
the SCF process. The reported relative energies include scalar
relativistic corrections.?’~2% All structures shown correspond
to minimum points on the potential surface. No symmetry
constraints were used.

The combined DFT and molecular mechanics calculations
were performed using the quantum mechanics/molecular
mechanics (QM/MM) implementation in the ADF program.3°
An augmented Sybyl molecular mechanics force field®! was
utilized to describe the molecular mechanics potential, which
includes van der Waals parameters from the UFF force fields®?
for nickel and boron.

Calculations have been carried out studying the solvent
effect using the COSMO model. On the basis of the results we
expect only minor effects due to the solvent (toluene) on the
actual bonding energies of ethylene and acrylonitrile.

For both backbone and side-group-substituted zwitterionic
candidates a specific partitioning format was applied, as
illustrated in Chart 5. The quantum mechanical part contains
the generic metal—diimine complex including an anionic group
at the catalyst backbone (1—10) or an anionic substituted
phenyl group (11—13). The rest of the molecule, including the
aryl group(s) and Me group(s) on the backbone, are treated in
the molecular mechanics region. Ratios, o, of 1.40 and 1.34
were employed for the N(sp?)—C(aryl) and C(sp?)—C(sp?) link
bonds, respectively, to reproduce the average experimental
bond distances® for related compounds. For the cationic Ni
complex (0), a link bond ratio o of 1.385 for the N—C(aryl)
and a link bond ratio of 1.380 for the backbone C(sp?)—Me bond
was adopted from Woo et al.?3
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Chart 5 Partitioning of the System into Molecular
Mechanics (in Dotted Area) and Quantum
Mechanics Regions
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Kinetic Aspects of Ethylene
Homopolymerization and Ethylene/Acrylonitrile
Copolymerization

In ethylene/acrylonitrile copolymerization we have
chain propagation by insertion of both ethylene and
acrylonitrile into the polymer. We shall now discuss the
kinetics of both processes starting with ethylene propa-
gation. The generally accepted mechanism for chain
propagation by ethylene in coordination polymerization!
is shown in Scheme 3A. These reactions, from a kinetic
point of view, are analogous to Michaelis—Menten type
processes.?* In the first step, ethylene can reversibly
bind to the catalytically active species to yield the
intermediate olefin 7 complex. Once bound, the mono-
mer can insert into the metal—alkyl bond. The major
difference from the Michaelis—Menten reactions is that
the insertion product is itself an active species, which
can uptake an other olefin to continue the catalytic
cycle. Thus, for the reaction depicted in Scheme 3A,
using the mass balance [A'] = Ay — [C'], where Ay is
the initial catalyst concentration, the initial rate of the
polymerization can be obtained as shown in eq 1, where
B’ is the initial monomer concentration.

— kalAOB'O
BB+ kRt

(D

kET

The efficiency of any late-transition-metal polymeri-
zation catalyst candidates, which work in the same
manner as shown in Scheme 3, can be characterized by
using eq 1.

Figure 1 displays log(k..1), the log of the relative rate

by = kETO/kET (2)

where kgt is the rate of ethylene propagation for the
original cationic Brookhart catalyst (BR) according to
eq 1 and kgt is the rate of ethylene propagation for a
general catalyst with rate constants k1, k171 and ko,
again according to eq 1. Thus, log(ky) > 0 means that
the general catalyst has a lower rate of propagation than
BR. The graph in Figure 1 displays log(k..) values for
different values of internal insertion barrier AE* that
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Figure 1. Log of the relative rate (k. = krr%kgr) for
ethylene propagation as a function of the ethylene com-
plexation energy (AE,) for different internal insertion
barriers (AE¥). kgr is the rate of ethylene propagation for
a general catalyst and kgr? is the rate of ethylene propaga-
tion for the original cationic Brookhart catalyst according
toeq 1.

Scheme 3 Mechanism of Chain Propagation for
Late-Transition-Metal Polymerization
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are related to k2 and different values of 7 complexation
energy that are related to 2;71. Thus, a low AE* leads
to a high rate constant k2 and a strong complexation
affords a low rate constant ;! for complex dissociation.
Finally, molecular dynamic simulations3® on BR have
shown that %; is related to a barrier of ~9 kcal mol™!
due to the entropic loss when the monomer is captured.
The rate constant %; is going to be nearly the same for
different catalyst and monomers. It should be mentioned
that kgt is calculated for the insertion of ethylene into
the Ni—propyl bond of the cationic Brookhart diimine
catalyst, with AE, = —12.2 kcal mol~! and AE* = 14.5
keal mol™1.

The reaction rate constants %1, 2171, and ks have been
calculated by the standard Eyring equation. This model,
however, contains several assumptions. We calculated
the ratio of the reaction rates at 7= 263 Kand p = 1
bar. Under these conditions the ethylene concentration
in toluene®® is 0.23 mol dm™3. Since the catalyst
concentration is much lower than the ethylene concen-
tration, we also assume that the olefin concentration
B' is constant: B'j.
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Figure 2. The log of the relative rate (', = kr1%kan) for acrylonitrile propagation as a function of the acrylonitrile &
complexation energies (AE,) for different internal insertion barriers (AE*) and poisoning P. £,y is the rate of acrylonitrile
propagation for a general catalyst according to eq 3 and kg1° is the rate of ethylene propagation for the original cationic

Brookhart catalyst according to eq 1.

For the type of late-metal catalyst under consideration
here, the internal barrier of insertion!? AE* is 15 kcal
mol~! or above and, thus, is higher than the uptake
barrier3” (~ 9 kcal mol™!). We can as a consequence
assume that k1 > k. There are now two limiting cases
to consider for kgt in relation to k. and Figure 1. The
first is a strong & complexation (left side of Figure 1)
where AE, < —35 kcal mol™L. In that case k171 < ky, ko
and kgt ~ k9Ay. Thus, the rate of propagation as well
as 1/log(kye1) decreases exponentially with the internal
insertion barrier but is independent of k21 and £;71. The
second limiting case is weak & complexation with AE,
> 0 (right side of Figure 1). In this case k171 > ki, ko
and kgr ~ (k1/k1 DkoAoB'o. Now the propagation rate
depends on k2 as well as the equilibrium constant (k1/
k171). Thus, the propagation rate and 1/log(k.) will
decrease as the 7 complexation becomes weaker. It is
clear from the considerations given here that a good
ethylene polymerization catalyst should have a low
barrier of insertion and a strong 7 complexation (AE,
< —10 kecal mol™1).

Turning next to chain propagation by acrylonitrile
uptake and insertion, we note that the kinetics is more
complex than for pure ethylene, as illustrated in Scheme
3B. Thus, acrylonitrile can, in addition to & complex-
ation (k1, k171) and insertion (ks), also coordinate
through —CN ¢ complexation (ks, k371). Finally the o
complex can interconvert to the & complex (k4) without
ligand dissociation and vice versa (k4s1!). The rate of
propagation for acrylonitrile according to Scheme 3B is
given by
kan =

ksBy'Ay(k By — ky)

kyBy' +ky kR,
(kgBy" — k4_1)(k1Bo” — kY
kB, + ks '+ Ry
(3)

ko| (R1A(By") —

kB +k Ryt k-

under the assumption of constant acrylonitrile concen-
tration By'"'. We have found the barrier for interconver-
sion between the o complex E'" and the 7 complex C" to
be AE4* = 25 kcal mol ! (AE4s ¥ = AEs — AE, + AE,)
for the cationic diimine Brookhart catalyst, and we shall
use this value as an estimate for all systems.

The uptake rate constants k; and k3 are again
determined from the entropic uptake barriers of 9 kcal
mol~!, whereas k17! and k37! are determined from the
uptake barrier as well as the ;r complexation energy AE,
and o complexation energy AE,, respectively. We shall
in the following refer to AE,—AE, as the poisoning P.
Figure 2 displays the log of the ratio

k'rel = kETO/kAN (4)

as a function of AE, for different values of P and AE*.
Here kg1¥ is again the same propagation rate for eth-
ylene whereas kan is the propagation rate for acrylo-
nitrile according to eq 3.

There are three limiting cases for kan in relation to
k'vel and Figure 2. The first two are for a strong x
complexation (left side of Figure 2), where k31, k171
k1, k2, k3. If k2 < k471, kAN ~ kz(kdk;fl)Ao and in this
case the rate of propagation of acrylonitrile and 1/log(%';e1)
decrease with the insertion barrier and the poisoning
P through the equilibrium constant (k4/k41). Note that
for P = 0 the limit is the same as for pure ethylene,
since k4/ks~1 in that case is 1. If kg > ky71, kan & k4Ag
and the rate of propagation of acrylonitrile and log(%'ye1)
depends only on the barrier for interconversion between
the o and 7 complexes. The third limiting case is weak
7z complexation with AE,; > +10 (right side of Figure
2). In this case k17! and k3! are the dominating rate
constants and kan ~ (k1/k171)k2ABy"". Thus, this limit
becomes the same as for ethylene and is independent
of P. We note again that at this limit the propagation

(37) Deng, L.; Ziegler, T.; Woo, T. K.; Margl, P.; Fan, L. Organo-
metallics 1998, 17, 3240.
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Table 1. Relative Energies (kcal mol!) of the
Acrylonitrile and Ethylene 7 and o6 Complexes
with Various Anionic Substitutions at the
Backbone of the Ni—Diimine Type Catalyst

anionic ET AN
ID group R 7 4 o -0
0 Me —34.2 —27.5 —49.5 22.0
1 BH;~ Me —29.3 -30.2 —38.6 8.4
2 BF3~ Me —29.4 —28.0 -39.2 11.2
3 BMes™ Me —26.9 —27.6 —37.2 9.6
4 SOz~ Me -31.1 —29.9 —40.9 11.0
5 OBHj3~ Me —33.8 —34.3 —41.4 7.1
6 OAIH;3~ Me —34.2 —34.4 —42.3 7.9
7 OBF3~ Me —33.7 —32.2 —40.8 8.6
8 OAIlF5~ Me —34.0 -31.7 —41.0 9.3
9 OBMes~ Me —-31.0 -31.7 —41.2 9.5
10 -B~ Me —28.4 -31.3 —-37.9 6.6

rate and 1/log(k',¢1) will decrease as the 7 complexation
becomes weaker.

Inspection of Figure 2 reveals that the best propaga-
tion rates for a given AE* and poisoning are obtained
when ko > k41 for = complexations in the region AE, >
—20 and AE, < —5 kecal mol™!; as an example, see the
isoline for AE* = 15 kcal mol~! and P = 0 kcal mol 1.
Thus, in this region increasing the barrier of insertion
from AE* = 15 kcal mol~! to AE* = 24 kcal mol ! will
only decrease log(k'.e1)) by a factor of 8 for P = 0. We
will keep this in mind as we now turn to study 7 com-
plexation and poisoning in complexes between acrylo-
nitrile and Brookhart type diimine complexes that have
been modified by anionic substitution.

Results and Discussion

Enhancing 7 Complexation Compared to N Co-
ordination. The original cationic nickel Brookhart
catalyst has, as already mentioned,!?? a preference of
22.0 kecal mol~! with an R = Me polymer chain (0) for ¢
coordination to acrylonitrile. We shall in the following
examine to what degree this preference can be reduced
by introducing neutral zwitterionic Brookhart type Ni
complexes with various anionic backbone and side-group
substituents (Charts 1—3).

Backbone Substitution of the Ni—Diimine Type
Brookhart Catalyst. We shall begin our investigation
by exploring the effect of replacing a methyl group on
the diimine backbone (Chart 1) by anionic substituents.
Table 1 presents 7 complexation energies for ethylene
and acrylonitrile as well as o bonding energies for
acrylonitrile, all based on QM/MM calculations. The
corresponding complexation energies for the cationic
Brookhart complex (0) are also given in Table 1, as a
reference.

It follows from a comparison between compound 0 and
the zwitterionic systems (1—10) that the preference for
o-complexation indeed is reduced (by 11—16 kcal mol™1)
after the anionic substitution. This has been primarily
accomplished by the anticipated reduction in the acrylo-
nitrile o bond energy. It is also clear from Table 1 that
the individual anionic groups (Y™) used in substitution
give rise to certain variations in the ethylene and
acrylonitrile complexation energies as well as the
preference for o coordination. These variations cannot
be understood without taking into account the steric
influence of the substituent Y. The anionic substituent
makes the two sites occupied by the methyl group and
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Chart 6. Geometric Parameters for the
Backbone-Substituted Complexes
Pr Pr
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Table 2. Relative Energies (kcal mol1) of the
Acrylonitrile and Ethylene 7 and ¢ Complexes
with Various Anionic Substitutions on the Aryl

Group of the Ni—Diimine Type Complex

anionic ET AN
D group R 7 g o T—0
11  p-BHj3™ Me —20.2 —18.8 —34.2 15.4
12 m-BH3~ Me —-21.5 -19.9 —34.5 14.6

13 o-BHMes~ Me —11.3 —14.2 —13.2 -1.0

the monomer (L), acrylonitrile or ethylene, inequivalent,
with methyl preferring to be trans to Y~ (Chart 6). The
Y~ group will to some degree further interact sterically
with the aryl ring, resulting in a change in the C;'—N—
Cs' angle. This change will in turn influence the steric
interaction between the aryl group and L. Thus, Y~ can
sterically change the complexation energy of L. This
factor is clearly seen for Y = BH3~, BF3~, and BMes™,
where the order of the binding energies in each of the
two o complexation modes follows the trend BHs~ >
BF3~ > BMes™ in absolute terms.

In going from BX3~ to OBX3~ and OAIX35~, one would
expect a reduction in the steric interaction with the aryl
group resulting in an increase in the strength of the &
complexation energies (BX3~ < OBX3~ < OAIX37), in
agreement with the calculated numbers. Further, among
BX3~ substituents, BF3~ gives rise to the strongest o
bond, as a result of its electron-withdrawing ability,
which enhances the M—NC bond strength. Complex 10,
with a carbon in the chain substituted by a B~ unit, is
sterically closest to Brookhart’s original catalyst. Thus,
its reduction of the preference for o complexation to only
6.6 kcal mol ! is largely electronic. Complexes 1—10 are
not promising candidates in terms of 7 complexation
and poisoning, according to the discussion given in the
previous section on kinetics.

Anionic Substitution on the Aryl Group of the
Ni—Diimine Type Complex. We shall next move from
the diimine backbone to the aryl side group and
substitute a para or meta hydrogen by BHs~. The ortho
position holding the i-Pr group will also be substituted.
However, the replacement will be BHMe; ™, rather than
BHj;™, to maintain some of the steric bulk exerted by
the i-Pr group. The calculated complexation energies are
given in Table 2, and the complexes (11—13) are shown
in Chart 2. Only the energies of the most stable isomers
are shown.

The QM/MM calculations underline that anionic
substitutions in the para and meta positions only have
a marginal influence on the preference for ¢ complex-
ation with 15.4 kcal mol~! for para (11) and 14.6 kcal
mol~! for meta (12) compared to 22.0 kcal mol~! for the
original Brookhart catalyst (0). In contrast, the 7 and o
complexes of 13 are destabilized by about 6 and 21 kcal
mol~1, respectively, compared to the meta (12)- and
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13/C

11/D

Ni-Ngyn=1.81A
Nen-Ni-N-C=0°
Cpy-Car N-Ni=69°

13/D

Ni-Nep=1.85A
Nn-Ni-N-C=38°
Coy-Coy-N-Ni=49°

Figure 3. Optimized QM/MM molecular structure of p-BH3~ and o-BHMe;~ substituted complexes.

para-substituted (11) complexes. The ¢ complex is
destabilized 15 kcal mol~! more than the 7 complexes;
thus, the AE, — AE, poisoning value is reduced to —1
kecal mol~!. In fact, the 7 complexation mode becomes
favored over the o binding. This functional group
tolerance in 13 is the best we have encountered so far.

One may rationalize the difference among 11, 12, and
13 by comparing the molecular structure of the extra-
ordinarily tolerant ortho complex 13 and the highly
poisoned para and meta complexes 11 and 12. The
molecular structures of the o-acrylonitrile complexes are
shown in Figure 3. In the ortho zwitterionic complex
13 the anionic BH(Me);~ group is much closer to the Ni
center than in structures 11 and 12. The ortho anionic
group is able to establish a direct contact to the Ni
center, with a 1.6 A Ni—H distance, while the para-
substituted complex can only influence the metal center
via the 2,6-C¢Hs(i-Pr)2 phenyl ring. There is a clear
competition between the CN group and the ortho anionic
substituent. This can be seen by comparing the o
complex structures of 11 and 13. The Ni—N bond
distance is longer in complex 13 than in complex 11 by
0.04 A, indicating the destabilization of the N-binding
mode in the ortho-substituted complex 13. Looking at
the N—Ni—N-C dihedral angles, one can see that the
acrylonitrile is forced out from the diimine plane by 38°
(Figure 3). The ortho-substituted aryl ring is also rotated
by 20°, driven by the direct BHMes —Ni interaction.
The C—C—N-Ni dihedral angles are 49° and 69° in
complexes 11 and 13, respectively. The ortho anionic
group destabilizes the 7 complex as well, but the
destabilization is larger for the o complex than for the
7 complex.

Further Anionic Ortho Substitution in the Aryl
Group of the Ni—Diimine Type Complex. The ortho

substitution motif shows great promise in terms of
reducing the poisoning, and we shall in the following
consider different anionic substituents (see 15—21 in
Chart 3). Further, we shall consider not only n-propyl
but also Me and CH(CN)Et as the growing chain R. The
complexation energies of the ethylene and acrylonitrile
m and o complexes are shown in Table 3.

We shall start our discussion with the neutral zwit-
terionic complex 16, in which the ortho hydrogen atom
of one of the aryl rings is substituted with a BFs~ group.
The poisoning is ~1 kecal mol~! with both Me and n-Pr
as the growing chain. A growing chain with an a-CN
group has a poisoning by 5.8 kcal mol™!, since the
strongly electron withdrawing CN group makes the
metal center more electrophilic.

The SO3;~ group containing complex 17 is more
tolerant to the polar CN group than is complex 16, with
a BF3~ substituent. Both ¢ and 7 complexes are de-
stabilized in comparison to BFs;~ derivatives, but o
complexes are destabilized more, thus reducing the
poisoning by 4.7, 4.0, and 4.4 kcal mol™! for R = Me,
n-propyl, CH(CN)Et chain, respectively.

Complex 16 and 17 exhibit exceptional tolerance
toward the polar CN group. To understand better the
role of the BFs~ and SO3~ groups, we looked at the bond
orders of the alkyl complexes 16A and 17A and the
corresponding ;7 and N complexes 16B—D and 17B—D
(see Chart 7), using the ADF implementation of the
Nalewajski—Mrozek38 bond-order scheme. Both BF3~
and SO3~ groups exhibit a direct contact to the metal
center with R(Ni—F) = 1.90 A and R(Ni—-0) = 1.89 A
for complexes 16A and 17A, respectively. The corre-
sponding bond orders for the alkyl complexes (A) are
0.32 and 0.47 for the Ni—F and Ni—O bonds. It is
further worth mentioning that the B—F and S—O
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Table 3. Relative Energies (kcal mol1!) of the
Acrylonitrile and Ethylene 7 and o0 Complexes
with Various Anionic Ortho Substitutions on the
Aryl Ring of the Ni—Diimine Type Complex

Ri, ET AN
ID Rs Ry Ry R 7T T o T—0
15 CF;3 iPr Me Me —-25.8 —219 -39.3 174
16 BF3;~ Pr Me Me -13.8 -158 -17.1 1.3
nPr -125 -16.3 -174 1.1
CH(CN)Et —14.4 -17.0 —22.8 5.8
17 SO3~ iPr Me Me -109 -150 -11.6 —-34
nPr -10.0 —-154 -125 -29
CH(CN)Et —13.3 —17.2 -—18.6 14
18 OBF;~ iPr Me Me -13.2 -12.8 —-195 6.7
19 BF;~ Pr CF; Me -99 -10.0 -154 5.4
nPr -10.6 —11.1 —-154 43
CH(CN)Et -3.8 -3.6 —15.5 119
20 BF;~ Pr tBu Me -34 —46 —45 -0.1
nPr -27 —-68 —46 -—-22
CH(CN)Et -46 -3.1 —-11.3 8.2
21 SO3~ Pr tBu Me 02 -20 -11 -09
"Pr -09 —-45 —-28 -1.7
CH(CN)Et 3.0 14 -15 29
22 BF;~ BF3~ Me Me -15.0 —-19.6 —-184 -1.2
nPr -13.7 -16.0 —-17.3 1.3
CH(CN)Et -9.2 -81 -17.0 89
23 BF;- BF;~ CF; Me -114 -9.7 -12.0 23
"Pr -95 —53 -10.8 5.5
CH(CN)Et -3.8 05 —-11.8 12.3
24 BF;~ BF3;~ 'Bu Me -74 -11.8 —-69 -4.9
nPr 1.2 -82 —-59 -23

CH(CN)Et -0.3 0.9 -103 11.2

linkages interacting with Ni have reduced bond orders
compared to the noninteracting bonds. This can be
rationalized by a back-donation type charge transfer
from the occupied nickel d orbitals to the unoccupied
a* and o* orbitals of the B—F and S—O bonds. Coordi-
nation of ethylene or acrylonitrile to the metal weakens
the Ni—F and Ni—O bond orders. Thus, ethylene or
acrylonitrile coordination comes at the expense of Ni—F
and Ni—O interactions. This explains why the complex-
ation energies of ethylene and acrylonitrile are reduced
considerably compared to the meta- and para-substi-
tuted species, where Ni—F and Ni—O interactions are
absent. We note further that the Ni—F and Ni—O bond
orders are reduced the most for the o-complex, in line
with the acrylonitrile complexation energy, which is
weakened the most, resulting in the poisoning of 16 and
17 being eliminated. We have also examined the OBF3~
substituent (18). It does not reduce the poisoning to the
same degree, because the Ni—F bond is weaker.

The poisoning is not influenced a great deal by using
either Me or n-propyl as the growing chain. However,
for R = CH(CN)Et, the ¢ complexation is stabilized
relative to 7 complexation due to the electron-withdraw-
ing ability of the a-CN group, leading to an increase in
the poisoning (Table 3).

(38) Michalak, A.; DeKock, R. L.; Ziegler., T. Manuscript in prepara-
tion. The bond order method employed in this work is a modification
of that published by Nalewajski and co-workers: (a) Nalewajski, R.
F.; Mrozek, dJ. Int. J. Quantum Chem. 1994, 51, 187. (b) Nalewajski,
R. F.; Mrozek, J.; Michalak, A. Int. J. Quantum Chem. 1997, 61, 589.
(c) Nalewajski, R. F.; Mrozek, J.; Mazur, G. Can. J. Chem. 1996, 74,
1121. (d) Nalewajski, R. F.; Mrozek, J.; Michalak, A. Polish J. Chem.
1998, 72, 1779. (e) Michalak, A.; Ziegler, T. Organometallics 2003, 22,
2069.
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Chart 7. Bond Orders of the Acrylonitrile and
Ethylene 7 and ¢ Complexes of 16 and 17
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Combining Anionic Substitution on the Aryl
Ring with Steric Bulk at the Diimine Backbone.
We have also considered introducing steric bulk on the
diimine backbone by replacing the methyl groups in the
R; and Ry positions by two electron-withdrawing CF's
substituents (19) or two ¢-Bu groups (20) while main-
taining one BF5~ or SO3~ substituent on one of the aryl
rings. We find in accordance with the previous discus-
sion regarding Chart 6 that the increase in steric bulk
by pressing forward the aryl groups decreases both the
s and o complexation energies for all three systems (19
and 20). The bulk of the CFj is enough to push the aryl
groups forward. However, it is not enough to prevent
the aryl rotating from the perpendicular position in
order to reduce the interaction with ethylene and AN.
This helps especially AN in the 0 mode, with the result
that 19 is more poisoned than the complex 16. The o
mode in 19 is also helped by the electron-withdrawing
ability of CFs.

The ¢-Bu at the backbone is sufficiently bulky to keep
the aryl groups more upright, with the result that the
degree of poisoning in 20 and 21 only differs marginally
from that in the molecules 16 and 17, as all three
bonding modes are roughly destabilized to the same
degree. As noted before for 16 and 17, changing the
growing chain in 19 and 20 from Me to n-propyl does
not change the poisoning. However, the poisoning is
increased by introducing CH(CN)Et, with an electron-
withdrawing a-CN substituent.

Anionic Substitution on Each Aryl Ring To
Produce an Anionic Diimine Ni(II) Complex. Ad-
dition of a second BF3~ group to the unsubstituted aryl
ring in 16, 19, and 20, instead of an i-Pr group, gives
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Chart 8. Possible Anionic Substitutions on the
Bridged Complex
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rise to the anionic species 22—24, respectively. The two
BF3~ groups in the anionic species are not equivalent,
in that one is more closely attached to the metal. The
second BF3~ substitution only results in minor changes
in terms of both absolute bonding energies for ethylene
and acrylonitrile and poisoning (Table 3). All of the aryl-
substituted complexes 16—24 are promising in terms
of poisoning. However, only 16—19, 22, 23 are real
candidates if we also consider the criteria of AE, < —5
kcal mol~1, unless these systems prove to have modest
barriers of insertion (AE* < 15 kcal mol™1).

Anionic Group Substituted Chain between the
Two Aryl Groups. On the basis of our studies on the
various backbone and aryl group substituted complexes,
we believe that it is possible to promote the acrylonitrile
7w complex formation over the ¢ coordination. To find
other effective places for the anionic group, we have
carried out additional calculations for a modified
Brookhart system.

In an earlier study by Deng et al., a very similar
approach was used to boost the molecular weight in
polymerization catalyzed by early-transition-metal com-
plexes.3” In our case, this bridge, shown in Chart 8,
would provide a novel framework for the anionic sub-
stitution (Chart 8A,B).

On the basis of MM calculations we decided to use a
pentylene chain, linking the two ends of the chain on
the ortho carbon atoms of the aryl rings (Chart 8B).
Using a chain shorter or longer than five CHy units
would distort considerably the original diimine structure
by bending the connecting aromatic carbon atoms out
of the equatorial plane. The formally cationic complex,
in Chart 8C and Figure 4, is the starting point for our
further investigation. This structure contains at least
three hydrogen atoms which can potentially be subjects
for anionic substitution. The a-, 8-, and y-hydrogen
atoms point toward the front side of the catalyst from
the axial direction (Figure 4). Substituting these hy-
drogen atoms with anionic groups leads to new neutral
catalyst candidates.

We have screened five different neutral bridge-type
derivatives (25—29, Chart 4), to test the poisoning effect
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Figure 4. (CHy); bridge between the side (Ph) groups.
Anionic substitution on the bridge at the o-, 8-, and
y-hydrogen atoms.

Table 4. Relative Energies (kcal mol1) of the
Ethylene and Acrylonitrile 7 and ¢ Complexes
with Various Anionic Substitutions on the (CHy);
Chain for the Bridge Type Complexes

alkyl anionic ET AN
ID chain group 14 b4 o T—0
25 [Ni]-Me y-BF3~ -272 -26.2 -37.7 115
26 [Ni]—Me y-CHyBF3~ -88 —9.0 -240 15.0
27 [Ni]-Me y-(CHo)BF3~ —4.1 —5.6 —24.4 18.8
28 [Ni]-Me p-BFs~ —-189 -21.6 -26.0 44
28 [Ni]-"Pr p-BFs~ -94 -124 -173 4.9
28 [Ni]-CH(CN)Et [-BFs~ -31 -86 -194 10.8
29 [Ni]-Me o-BF3~ -6.0 -7.6 -10.7 3.1
29 [Ni]-"Pr o-BF3~ -38 —-59 -94 35

of the polar CN group. On comparison of the ¢ and &
complexation of acrylonitrile (Table 4), BF3~ substitu-
tions at the y-carbon atom give rise to highly poisoned
complexes. The y-position is the most distant from the
metal center; therefore, the anionic group cannot com-
pete effectively with the polar group. Positioning the
BF3~ group closer to the Ni center, by growing an alkyl
chain between the BF3s~ group and the y-carbon atom,
does not reduce the poisoning. This modification blocks
the front side of the complex, therefore hindering the
NC or double-bond coordination. Since ;x complexes are
destabilized even more than ¢ complexes, the poisoning
values increase for complexes 26 and 27 by 3.5 and 7.3
keal mol 1, respectively, with respect to that of complex
25.

Substitutions on the a- and S-carbon atoms are more
effective. The complexation energies of the S-BFs-
substituted o- and m-acrylonitrile complexes (28) are
considerably lower than for the a-BFs-substituted com-
plexes (29), indicating a sterically less bulky complex.
However, the poisoning is slightly reduced for 29
compared to 28; thus, our best bridge type candidate is
still poisoned by 3.1 and 3.5 kcal mol~! with the methyl
and propyl chains, respectively. Of the bridged com-
plexes 25—29, the system 28 seems most promising in
terms of P and AE,,.

Concluding Remarks

Polar olefinic monomers tend to poison olefin polym-
erization catalysts by bonding through their polar group
(AE,) rather than through their 7 functionality (AE,).



2156 Organometallics, Vol. 24, No. 9, 2005

Thus, the classical cationic Ni(II) diimine complex, due
to Brookhart, exhibits a preference of binding through
the CN group of 22.0 kcal mol~!. We have examined how
the poisoning P = AE, — AE, can be reduced by anionic
substitution on the classic Brookhart catalyst 0. It is
shown that the introduction of one or two anionic groups
(BH;3™, BF5~, SO37, etc.) at the diimine backbone reduces
the poisoning by up to 16 kcal mol~! (1—-10). An even
larger reduction was found by substituting one (13—
18) or two (22—24) i-Pr groups on the aryl rings,
whereas substitution on other parts of the ring (11 and
12) is less effective.

An attempt at placing anionic groups on an alkyl
chain connecting the two aryl rings was also effective
in the S-position (28) but not in the a- and y-positions
(25—27, 29).

An extensive analysis of the kinetics for propagation
of acrylonitrile polymerization revealed that a good
polar polymerization catalyst in addition to a low
monomer insertion barrier and poisoning also must
have a 7—complexation energy between AE, > —20 and
AE, < —5 keal mol~1. On the basis of this criteria we
were able to select the most promising candidates of
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modified Ni(II)—diimine complexes for ethylene/acrylo-
nitrile copolymerization. These candidates will be tested
by calculating their barrier of ethylene and acrylonitrile
insertion into the Ni—alkyl bond in a forthcoming
investigation, where we will examine a few Pd(II)
catalysts as well.
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