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Abstract: Calculations utilizing anionic substituted derivates of the cationic N∧N Ni(II) and Pd(II) diimine
Brookhart complex have been carried out on the barriers of ethylene and acrylonitrile insertion into a
M- methyl, propyl and CH(CN)Et bond for M ) Ni, Pd. The possibility of side reactions such as chelate
formation with the polar functionality and oligomerization of the active species after acrylonitrile insertion
are explored. The diimine ring system N∧N ) -NR′′CR1CR2NR′′ with R′′ ) 2,6-C6H3(i-Pr)2 and R1,R2 )
Me was functionalized by adding one or two anionic groups (BF3

-, etc.) in place of i-Pr on the aryl rings or
by replacing one Me diimine backbone group (R1) with BH3

-. The objective of this investigation is
computationally to design catalysts for ethylene/acrylonitrile copolymerization that have activities that are
comparable to that of the cationic Ni(II) diimine or at least the Pd(II) diimine Brookhart system for ethylene
homopolymerization. Complexes that might meet this objective are discussed.

Introduction

Copolymerization of ethylene with polar monomers by late
transition metals is a very challenging and active research area.1,2

Currently, producing polymers involving CH2dCHX polar
monomers is only viable by radical polymerization processes,
which are limited in their performance and variability.3 The
existing and very effective coordination polymerization catalysts
based on early transition metals4,5 are very valuable for nonpolar
copolymerization. However, early metal catalysts are poisoned
by polar groups and thus are unable to copolymerize CH2d
CHX with ethylene.6

Late transition metal complexes are more resistant against
poisoning. Polar group tolerant bidentate N-O and P-O
complexes have been developed by Grubbs7 and Keim,8

respectively. The latter type of complexes have further been
shown by Drent9 to copolymerize ethylene and acrylate (Scheme
1). Also, coordination copolymerization of acrylate and vinyl
ketones with ethylene has been accomplished by Brookhart10

with a cationic Pd(II) diimine type catalyst (Scheme 1).
In both experimental11,12and theoretical13hstudies, the cationic

Brookhart catalyst was considered to be made even more tolerant
toward polar groups by introducing anionic substituents. It
should be noted that copolymerization of vinyl chloride with
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‡ Jagiellonian University.
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ethylene has met with little success for reasons explained by
Jordan.14 Further, polar copolymerization has been the subject
of several theoretical studies.13,15,16

A special challenge in polar copolymerization is posed by
nitrogen containing monomers such as acrylonitrile (AN) where
the tendency toward catalyst poisoning is especially strong.
Nevertheless, Piers17 and Jordan18 have managed to carry out a
single insertion of AN into a Pd(II) alkyl bond, Scheme 1.

The acrylonitrile insertion observed by Piers is viable because
the neutral or anionic Pd-salicylaldiminato complex employed
was tolerant enough against the N-binding of the polar CN
group. This functional group tolerance is made possible because
the π-binding is thermodynamically competitive with the
N-binding of the acrylonitrile (Scheme 2) as shown theoretically
by Deubel and Ziegler.13a,bTherefore theπ-complex can exist
in the reaction mixture and can undergo rapid 2,1 insertion to
give anR-cyanoalkyl complexF, which can stabilize further in
a chelate structureG. The general mechanism for the insertion
of ethylene and acrylonitrile is shown in Scheme 3.

Deubel and Ziegler13a,bfirst reported that the N-complexation
was strongly preferred over theπ-complexation for a cationic
Brookhart catalyst. Therefore, it is somewhat surprising that
Jordan18 could achieve an acrylonitrile insertion even with a
possibly moderately poisoned cationic Pd(II)-N∧N complex.

In our previous study we investigated the relative stabilization
energies for the coordination of theπ andσ functionalities of
acrylonitrile andπ coordination of ethylene to the metal center
of many zwitterionic bulky neutral Ni and Pd diimine Brookhart
type complexes in order to explore ways in which to reduce
catalyst poisoning in the original cationic Brookhart systems
by anionic substitution.19 It was shown that the introduction of
one or two anionic substituents on the backbone of the classical

nickel Brookhart catalyst reduces the poisoning, but the N-
binding mode is still preferred by 7-11 kcal mol-1 over the
π-complex formation. A palladium diimine complex substituted
on the backbone performs better than the nickel complex.13h

An even larger reduction in poisoning was found by substituting
one or twoi-Pr groups on the aryl rings with an anionic group,
even for a nickel diimine framework. In fact theπ-complexation
mode becomes favored with the best catalyst candidates.

The objective of the current investigation in the first place is
to extend the previous study19 on poisoning to also include
activity by taking a number of promising candidates,1-11 of
Scheme 4, with no or modest poisoning and calculate the
corresponding insertion barriers for ethylene and AN. Insertion
activation energies presented here will further be combined with
monomer complexation energies (ethylene or AN) obtained
previously19 in a kinetic scheme19 that affords relative propaga-
tion rates for ethylene and AN insertion. These rates are
ultimately used to rank and evaluate the candidates1-11 as
copolymerization candidates.

Unfortunately, after the first acrylonitrile insertion Piers’17

and Jordan’s18 catalysts deactivated because of the side reactions
starting from a cyanoalkyl insertion product, Scheme 5. A
computational study by Yang et al. has underlined this point.20

Thus, a good polymerization catalyst must in addition exhibit
low affinity toward side reactions involving chelate formation
with the polar functionality after insertion or oligomerization
of the active species after the acrylonitrile insertion. We have
as a second objective studied these possibilities for our best
nickel and palladium based candidates (1, 9-11), Scheme 4.

Using the previously developed kinetic model19 for ethylene
and acrylonitrile propagation we shall finally examine a few
existing Pd(II) complexes,14 and 15, that have been shown
experimentally to perform a single AN insertion into a palladium
carbon bond.17 We are as a final objective going to compare
the few experimental data with the calculated values (12 and
13presented in Scheme 6) in order to validate our kinetic model.
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Scheme 1. Existing Catalysts for Polar/Nonpolar
Copolymerization

Scheme 2. π- vs σ-Complexation of Ethylene and Acrylonitrile
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Computational Details

Molecular geometries have been optimized at the level of gradient-
corrected density functional theory using the Becke-Perdew exchange-
correlation functional.21-23 The calculations were carried out with the
Amsterdam Density Functional (ADF 2004) program package devel-
oped by Baerends et al.24,25 and vectorized by Ravenek.26,27 The

numerical integration scheme applied for the calculations was developed
by te Velde et al.28 The geometry optimization procedure was based
on the method of Versluis and Ziegler.29 For nickel (n ) 3) and
palladium (n ) 4) a standard triple-ú STO basis set, from the ADF
database IV, was employed withns,np, nd, (n + 1)s, (n + 1)p treated
as valence and the rest as frozen core. For the nonmetal elements a
standard double-ú basis set with one set of polarization functions (ADF
database III) was applied, with frozen cores including 1s electrons for
B, C, N, O and 1s2s2p for Al.30,31 Auxiliary32 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.33-35 All structures shown
correspond to minimum points on the potential surface, except those
prefixed by TS, which represent transition states. Transition states were
fully optimized using the algorithm of Banerjee et al.36,37starting from
the structures obtained by linear transit calculations. No symmetry
constraints were used.
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Scheme 3. Insertion of Ethylene and Acrylonitrile into a Metal-Carbon Bond

Scheme 4. Neutral and Anionic Diimine Complexes with Anionic
Groups and Various Bulky Substituents at the Backbone
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The combined DFT and molecular mechanics calculations were
performed using the quantum mechanics/molecular mechanics (QM/
MM) implementation in the ADF program.38 An augmented Sybyl
molecular mechanics force field39 was utilized to describe the molecular
mechanics potential, which includes van der Waals parameters from
the UFF forces field40 for nickel, palladium, and boron.

For backbone substituted zwitterionic complexes a specific partition-
ing format was applied as illustrated in Scheme 7A. The quantum
mechanical part contains the generic nickel or palladium diimine
complex including the anionic substituent. The rest of the molecule
including the (i-Pr)2Ph ring and the Me group on the backbone is part
of the molecular mechanics region. A ratio,R, of 1.40 and 1.34 was
employed for the N(sp2)-C(aryl) and C(sp2)-C(sp3) link bonds,
respectively, in the nickel complexes of ligand9, to reproduce the
average experimental bond distances13g for related compounds. For the
palladium complexes of ligand11, a ratio,R, of 1.321 and 1.34 was
adopted from previous work13h for the N(sp2)-C(aryl) and C(sp2)-
C(sp3) links, respectively.

The partitioning scheme, shown in Scheme 7B, was used to study
the possible ring structuresP andQ produced by oligomerization of
the 2,1 acrylonitrile insertion productsF or J containing anR-CN group.

(38) Woo, T. K.; Cavallo, L.; Ziegler, T.Theor. Chem. Acc.1998, 100, 307-
313.

(39) Clark, M.; Cramer, R. D., III; van Opdenbosch, N.J. Comput. Chem.1989,
10, 982-1012.

(40) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., III.; Skiff,
W. M. J. Am. Chem. Soc.1992, 114, 10024-10035.

Scheme 5. Possible Reactions after a Prior 2,1 Acrylonitrile Insertion

Scheme 6. Different Polymerization Catalysts
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A disconnected QM unit was applied to mimic the effect of the ortho-
phenyl anionic BF3- group. Based on quantum chemical calculations
for complexes1 and10, an R)1.30 link parameter was employed to
reproduce the B-C(aryl) bond length in the QM/MM model. Hydrogens
were used as capping atoms. This hybrid model successfully (within 1
kcal mol-1) reproduced the difference between theπ- and N-
complexation energy, obtained from a calculation from which the full
1/E structure was treated by quantum chemical method.

Scheme 7C shows the partitioning of the complexes12-13 studied
by Yang and co-workers. In this previous study,20 a ratio,R, of 1.328
and 1.420 was adopted for the N(aryl) and C(aryl)-C(R) link bonds,
respectively, to reproduce the average experimental bond distances in
related neutral Pd-N∧O compounds.

The solvation energies based on gas-phase geometries were calcu-
lated by the conductor-like screening model (COSMO)41 with a
dielectric constant of 2.379 corresponding to toluene as the solvent.
The radii used for the atoms (in Å) were as follows: C, 2.0; H, 1.18;
B, 1.15; N, 1.5; F, 1.2; Ni, 2.5. We have tested the effect of the solvent
for the zwitterionic neutral complex1. The energetics of the key reaction
steps using the solvation model only differ by a maximum of 2.4 kcal
mol-1 from the gas phase results. Therefore we expect only a minor
solvation effect for the zwitterionic Ni-neutral complexes. The energet-
ics discussed below are missing zero-point vibrational energy and
entropic corrections, since it was impractical to perform a vibrational
analysis on systems of the size considered here. We expect these
corrections to be on the order of(2-3 kcal/mol.

Kinetic Model for Propagation of Ethylene and Acrylonitrile by
Coordination Polymerization. The mechanism for ethylene and
acrylonitrile (coordination) copolymerization is shown in Scheme 8.
Both ethylene and acrylonitrile can form aπ-complex with the
catalytically active species in a reversible step. Acrylonitrile can in
addition form an N-complex through its CN functional group. Ad-
ditionally, the N-complex of acrylonitrile is able to isomerize to a
π-complex, without dissociating from the catalyst. Once ethylene or
acrylonitrile isπ-coordinated it can insert into the metal-alkyl bond
forming a new catalytically active species. This mechanism is analogous
to that found for Michaelis-Menten enzyme catalyzed reactions, except
that the insertion product is a catalytically active species which is able
to uptake the next monomer to repeat the catalytic cycle.42

The expression for the initial rate of ethylene chain propagation (kET)
according to the mechanism illustrated at the top part of Scheme 8 is

given in eq 1. Here use has been made of the mass balance [A′] ) A0

- [C′], where A0 is the initial catalyst concentration andB′0 is the
initial monomer concentration.19

The expression for the rate of acrylonitrile chain propagation (kAN)
according to Scheme 8 is more complex, as can be seen in eq 2, due
to the two possible binding modes of acrylonitrile and theπ-σ
interconversion.

The efficiency of propagation of any late transition metal catalyst
candidates can be characterized by calculating the propagation rate
krel relative to an internal standard. For ethylene propagation

(41) Pye, C. C.; Ziegler, T.Theor. Chem. Acta1999101, 396-408.
(42) Peuckert, M.; Keim, W.Organometallics1983, 2, 594-597.

Scheme 7. Partitioning of the System into Molecular Mechanics (in Dotted Area) and Quantum Mechanics Regions

Scheme 8. Mechanism of the Chain Propagation for Ethylene and
Acrylonitrilea

a The initial rate of the product formation is expressed in terms of the
elementary reaction rates, the initial catalyst concentrationA0, and initial
monomer concentrationB′0 andB′′0.

kET )
k2k1A0B′0

k1B′0 + k1
-1 + k2

(1)

kAN )

k2[(k1A0B0′′) -
k3B0′′A0(k1B0′′ - k4)

k3B0′′ + k3
-1 + k4

]
k1B0′′ + k1

-1 + k2 + k4
-1 -

(k3B0′′ - k4
-1)(k1B0′′ - k4)

k3B0′′ + k3
-1 + k4

(2)
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krel is defined by eq 3.

As a reference reaction ratek0
ET we choose the original cationic nickel

based Brookhart catalyst. On the other handkET is the rate of ethylene
propagation for a particular catalyst with rate constantsk1, k1

-1 andk2.
For acrylonitrile propagation, similarly, we use the same internal
standardk0

ET and we define the relative rate for the acrylonitrile
propagationk′rel according to eq 4, wherekAN is calculated based on
eq 2.

The relative ethylene and polar monomer propagation rateskrel and
k′rel are inversely proportional to the corresponding actual rates of
monomer chain propagationkET andkAN, respectively. An increase in
the relative monomer propagation rates (krel and k′rel) demonstrates a
decrease in the actual monomer propagation rates (kET andkAN) and,
therefore, a decrease in the activity of the catalyst. This increase/
decrease in activity is always relative to the internal standard (k0

ET).
Reaction rate constantsk1, k1

-1, k2, k3, k3
-1, k4, andk4

-1, correspond-
ing to the elementary steps shown in Scheme 8 and appearing in eqs
1 and 2, have been calculated by the standard Eyring equation for a
given temperatureT ) 263 K andp ) 1 bar. The concentration of
ethylene is 0.23 mol dm-3 under these conditions,43 and we used the
same approximate value for acrylonitrile. Since the concentrations of
the monomers are much higher than the concentration of the catalyst
we also assume that the olefin concentrations have the constant values
B0′ and B0′′, respectively. Molecular dynamics simulations on the
Brookhart catalyst have shown that the values of the olefin uptake rates,
k1 and k3, are determined by an entropic uptake barrier of∼9 kcal
mol-1 due to loss in the rotational and translational degrees of freedom
when the monomer is captured.44 Furthermore, for the barrier of the
interconversion ofπ andσ acrylonitrile complexes, we use an estimate
value ∆E4

‡ ) 25 kcal mol-1 in all systems based on the cationic
Brookhart catalyst.

From our kinetic model, which has already been explained in detail
in the first part of our studies,19 we can formulate the prerequisite for
an ideal catalyst candidate, which might be able to copolymerize
ethylene and acrylonitrile.

(i) A good ethylene propagating polymerization catalyst should have
a low barrier of insertion and a strongπ-complexation, preferably∆Eπ

< -10 kcal mol-1.
(ii) Polar monomer incorporation into the polymer chain is only

viable if the catalyst is tolerant against the poisoning effect of the polar
functionality. However, it must also have a low monomer insertion
barrier and aπ-complexation energy between∆Eπ > -20 and∆Eπ <
-5 kcal mol-1.

(iii) The overall propagation rate of acrylonitrile should be close to
the corresponding propagation rate of ethylene.

(iv) Finally, in addition to conditions (i)-(iii), a good polymerization
catalyst should have a low affinity toward other side reactions such as
chelate formation with the polar functionality after insertion or
oligomerization of the active species after the acrylonitrile insertion;
see Scheme 5. We have also studied these possibilities for our best
candidates, which were chosen based on conditions (i)-(iii).

Results and Discussion

Based on the kinetic models for ethylene and acrylonitrile
propagation we have formulated the prerequisites for an ideal
catalyst candidate under points (i)-(iv). The ideal catalyst

should have the same ethylene polymerization activity as
cationic nickel or palladium based Brookhart systems, in
addition to the ability to integrate-CH2CH(CN)- units into
the polymer chain. The first challenging problem in ethylene/
acrylonitrile copolymerization is to promoteπ-complexation
over N-coordination in order to avoid catalyst poisoning. Ways
in which to reduce poisoning has already been addressed in a
previous study.19 It was further shown in the same investigation
that the overall rate of propagation depends not only on the
internal insertion barrier as well as catalyst poisoning but also
on the ability to form a stableπ-complex after the monomer
uptake. The previously defined relative reaction rates incorporate
all these factors; therefore log(krel) and log(k′rel) are probably
the best indexes for a ranking of different prospective ethylene/
AN copolymerization catalysts.

We will study the insertion of ethylene and acrylonitrile into
three different types of M-P metal alkyl bonds, where P)
methyl, propyl, andR-cyano-propyl groups. Here P) Me
models the insertion, whereas P) propyl and P) R-cyano-
propyl models propagation after subsequent ethylene and AN
insertions, respectively. Table 1 displays the absolute barrier
(∆E‡

ab) for the ethylene and acrylonitrile insertion with respect
to the separated alkyl complex and a free monomer. Internal
barriers (∆E‡

in) are also shown with respect to the energy of
the π-complex. It should be mentioned that in Tables 1 and 2
we only tabulate the transition state energies for the lowest
energy insertion pathway for each system. For many neutral
systems, the anionic substitution reduces the C2 symmetry of
the original diimine complex to C1, thus introducing cis-trans
isomerism. In Scheme 9, we sketch the transition states for both
the cis and trans pathways. We define the terms “trans” or “cis”
according to the position of the alkyl group in the square planar
geometry with respect to the BF3

- substituent. For acrylonitrile
insertions the trans pathway is favored over the cis mechanism.
However in the case of ethylene insertion the difference between
the two insertion pathways is negligible. Further, since the
π-complex also prefers a cis conformation, no isomerization is
required before insertion.

The log of the calculated relative rates, log(krel) and log(k′rel),
as defined in eqs 1-4 are given in Table 2 for the systems
0-11. Graphical representation of the log of the relative rate
krel with respect to ethylene insertion into an M-propyl bond
is demonstrated for catalysts0-11, along with the respective
π-complexation energies, in Figure 1. In the cationic Ni(II)-
based Brookhart catalyst (0) log(k′rel) of acrylonitrile (AN) is
some 18 times larger than log(krel) for ethylene. As a conse-
quence AN propagation is 1018 times slower than ethylene
propagation. The primary reason for this is catalyst poisoning
due to a strong Ni-NC bond that prevents coordination of AN
through its CdC double bond as a first step toward insertion.

The objective of anionic substitution is to reduce the
poisoning and thus enhance the rate of AN propagation without
lowering significantly the activity of the catalyst toward ethylene
propagation. A good candidate for ethylene/acrylonitrile inser-
tion should have the same affinity toward ethylene and AN,
and an activity comparable to that of the cationic Ni(II)-based
Brookhart catalyst (0) with log(krel) ) 0 or at the least its Pd(II)-
based homologue with log(krel) ) 2. That is,krel ≈ k′rel and
log(krel), log(k′rel) < 2. This is best achieved, for AN propaga-
tion, when k2 > k4

-1, and therefore the monomer insertion

(43) Waters, J. A.; Mortimer, G. A.; Clements, H. E.J. Chem. Eng. Data1970,
15, 174-176.

(44) Woo, T. K.; Blöchl, P. E.; Ziegler. T.J. Phys. Chem. A2000, 104, 121-
129.

krel ) k0
ET/kET (3)

k′rel ) k0
ET/kAN (4)
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barrier is lower in energy than the isomerization barrier minus
the poisoning of the system (∆E‡

in < ∆E4
‡ - P).

Neutral Ni(II)-Based Aryl Substituted BF 3
- and SO3

-

Systems.We shall start by discussing two candidates as anionic
substituents, namely BF3

- and SO3
-. The first single substi-

tution with BF3
- and SO3

- will be at the ortho position of one
of the aryl rings since a previous study19 has shown that anionic
groups in this position considerably reduce catalyst poisoning
by AN.

Considering first ethylene insertion into the Ni-P bonds (P
) methyl, propyl, andR-cyano-propyl), we note that log(krel)
has increased by factors of roughly 5 (1) and 6 (2), respectively,
compared to0, Table 2. The reduction in activity is partially
due to larger insertion barriers, Table 1, and they are also caused
by a reduction in theπ-complexation energies19 as ethylene has
to disrupt the Ni-BF3 and Ni-SO3 interactions. In addition
ethylene will suffer some steric destabilization from the anionic
groups after theπ-complex is formed. The reduction in the
π-complexation energy will increasek1

-1 and thus reducekEt;
see eq 1. As a consequencekrel of eq 3 will increase. The
increase inkrel is most noticeable for the bulkier anionic group
SO3

-.

Turning next to the insertion of AN into the Ni-Me and Ni-
Pr bonds, we generally note hardly any change in log(k′rel) for
AN compared to log(krel) in the case of ethylene, Table 2. This
is in contrast to compound0 where log(k′rel) is a factor of 18
larger than log(krel). This improvement is not so much due to a
reduction in the insertion barriers of1 and2 compared to0 as
in the destabilization of the ANσ-complex. The destabilization
comes from the interaction between the negative substituent and
the negative charge on the nitrogen group of AN. A reduction
in the σ-complexation energy (and catalyst poisoning) will
increasek3

-1 (Scheme 8) in eq 2 and thuskAN of eq 2. The
result is the desired decrease ink′rel. We note as a further bonus
that double AN insertion has a lower propagation rate than
double ethylene propagation or alternating Et/AN propagation.
This is an advantage if the target is polymers with 10-20%
AN incorporations.

Finally, as for ethylene insertion, the AN propagation activity
is seen to be lower for SO3- compared to BF3-. This can again
be attributed to the larger steric bulk of SO3

-.
Anionic Aryl Substitution with Me, CF 3, and t-Bu Back-

bone Substituents.We shall next expand on the motif with
one anionic substitution in the ortho position of an aryl ring by

Table 1. Absolute (∆E‡
ab, kcal mol-1) and Internal (∆E‡

in, kcal mol-1) Barriers for Ethylene and Acrylonitrile Insertion Catalyzed by the
Brookhart Complex and Its Derivatives

ET AN

ID [M] R3
a R4

a R1, R2
a Pa ∆E‡

ab
b ∆E‡

in
c ∆E‡

ab
b ∆E‡

in
c

0 Ni Pri Pri Me Prn 2.4 14.5 2.4 14.5

1 Ni BF3
- Pri Me Me 5.8 19.5 2.9 18.7

Prn 7.4 19.9 4.2 20.5
CH(CN)Et 4.6 20.1 5.8 23.8

2 Ni SO3
- Pri Me Me 9.9 20.8 7.0 21.9

Prn 12.1 22.1 12.1 22.1
CH(CN)Et 7.9 21.2 11.0 28.2

3 Ni BF3
- Pri CF3 Me 7.1 17.0 6.9 16.9

Prn 8.3 18.9 6.4 17.6
CH(CN)Et 12.2 16.0

4 Ni BF3
- Pri But Me 11.9 15.3 8.7 13.3

Prn 9.5 12.2 8.3 15.1
CH(CN)Et 10.2 14.8

5 Ni SO3
- Pri But Me 20.4 20.3 18.5 20.5

Prn 19.3 20.2 16.3 20.8
CH(CN)Et 14.2 18.0

6 Ni BF3
- BF3

- Me Me 7.1 17.0 6.9 16.9
Prn 8.3 18.9 6.4 17.6
CH(CN)Et 12.2 16.0

7 Ni BF3
- BF3

- CF3 Me 11.9 15.3 8.7 13.3
Prn 9.5 12.2 8.3 15.1
CH(CN)Et 10.2 14.8

8 Ni â-BF3
- Me -0.6 18.3 -1.2 20.4

(bridge structure) Prn 9.7 19.2 -1.3 20.1
CH(CN)Et -2.1 18.2

9 Ni Pri BH3
- Me Me -13.0 16.3 -15.4 14.8

Prn 2.2 14.6 -0.6 13.1
CH(CN)Et 7.7 20.6

10 Pd BF3
- Pri Me Me 2.3 20.8 0.9 20.0

Prn 3.5 20.6 0.6 19.1
CH(CN)Et 4.1 23.9

11 Pd Pri BH3
- Me Me -10.7 21.4 -12.9 19.9

Prn 3.8 21.4 1.0 21.8
CH(CN)Et 5.7 26.5

a For numbering of groups see Scheme 4.b ∆E‡
ab is the lowest insertion barrier relative to the alkyl complex and the free monomer. See Scheme 9 and

text. c ∆E‡
in is the lowest internal barrier of insertion relative to the transπ-complex.
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exploring how the corresponding activities are changed by steric
and electronic modifications of the diimine backbone. To this
end the two methyl groups on the backbone will be replaced
by the bulky and more electron-withdrawing CF3 substit-
uents or with the even more bulky and electron donating But

groups.
Starting first with BF3- and introducing the steric backbone

substituents CF3 (3) and But (4) will reduce the monomer
complexation energies,19 especially for But, as the aryl groups
are pushed forward toward the monomer. By itself this should
lead to a reduction in both the ethylene and the AN propagation
rate; however, this effect is compensated by a reduction in the
insertion barriers (Table 1). Comparing the backbone substituent
CF3 (1,3), the propagation activities for ethylene insertion into
a Ni-Me and Ni-Pr bond increase due to the reduction in the
insertion barriers. This general increase in the propagation rate
of ethylene is offset by a decrease in the remaining activities.
The decrease in the activity of ethylene insertion into a Ni-
CH(CN)Et bond is due to substantial destabilization of the
π-complex caused by greater steric interaction between the
monomer and the aryl rings. The decrease in the activity of
AN is due to the increased poisoning of the system, as well as

the destabilization of the monomer complexation energies.
Considering the backbone substituent But (1,4), all monomer
insertions cause an increase in activity due to a considerable
reduction in the insertion barriers. The only exception is ethylene
insertion into the Ni-Me bond, where a decrease in activity is
caused by a very destabilizedπ-complex (<-5 kcal mol-1)
coupled with a greater insertion barrier (>15 kcal mol-1).
As a result, generally, the activity decreases very slightly in
going from1 to 3, while it increases in going from1 to 4, Table
2.

For the bulkier anionic group SO3- we have only considered
the substitution from methyl (2) to But (5). This substitution
has hardly any influence on the insertion barriers, Table 1.
However, it considerably reduces theπ-complexation energies19

and thus the propagation activities, Table 2.
Anionic Ni Aryl BF 3

- Substituted Systems.The promising
results from a single anionic BF3

- substitution on one ring led
us to consider an additional BF3

- substitution on the other aryl
ring. The performance of the resulting anionic complexes6 and
7 with, respectively, Me and CF3 at the backbone is compared
to that of the corresponding monosubstituted neutral complexes
1 and3 in Table 2.

Table 2. Log of the Relative Reaction Rates (log(krel) and log(k′rel)) for the Brookhart System and Its Derivatives

ID [M] R3
a R4

a R1
a R2

a Pa

ET
log(krel)b

AN
log(k′rel)c

average
log(kArel)d

0 Ni Pri Pri Me Me Prn 0.0 18.0

1 Ni BF3
- Pri Me Me Me 4.2 4.6 4.8

Prn 4.5 6.0
CH(CN)Et 4.7 12.6

2 Ni SO3
- Pri Me Me Me 5.3 6.2 6.0

Prn 6.5 6.3
CH(CN)Et 5.6 12.6

3 Ni BF3
- Pri CF3 CF3 Me 2.3 6.5 5.0

Prn 3.8 6.2
CH(CN)Et 6.2

4 Ni BF3
- Pri But But Me 6.0 3.3 4.2

Prn 4.0 3.0
CH(CN)Et 4.6

5 Ni SO3
- Pri But But Me 13.1 11.5 12.0

Prn 12.1 9.6
CH(CN)Et 13.5

6 Ni BF3
- BF3

- Me Me Me 2.9 3.3 3.9
Prn 3.9 2.3
CH(CN)Et 6.8

7 Ni BF3
- BF3

- CF3 CF3 Me 1.9 2.8 4.1
Prn 2.0 4.2
CH(CN)Et 9.7

8 Ni â-BF3
- Me 3.2 8.8 6.8

(bridge structure) Prn 4.4 8.7
CH(CN)Et 8.6

9 Ni Pri Pri BH3
- Me Me 1.5 8.5 4.5

Prn 0.1 7.4
CH(CN)Et 5.1

10 Pd BF3
- Pri Me Me Me 5.3 4.7 5.4

Prn 5.1 4.4
CH(CN)Et 7.7

11 Pd Pri Pri BH3
- Me Me 5.8 8.4 7.3

Prn 5.8 6.5
CH(CN)Et 10.0

a For numbering of groups see Scheme 4.b Ethylene propagation rate relative to the internal standard, complex0, using eq 3.c Acrylonitrile propagation
rate relative to the internal standard, complex0, using eq 4.d Average relative propagation rate with respect to ethylene insertion (krel) into the M-P bond,
where P) Me, Prn and CH(CN)Et, and acrylonitrile insertion (k′rel) into the M-P bond, where P) Me and Prn.
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We notice a considerable increase in activity in going to the
double substituted species6 and7. In fact 6 is our best Ni(II)-
based catalyst. Both6 and7 are more active for insertion into
the Ni-Me and Ni-Pr bonds, whereas1 and3 have the highest
activity with respect to Ni-CH(CN)Et insertion. In both cases
the increased activity is due to lower insertion barriers. A more
substantial increase in activity is apparent for AN insertion,
compared to ethylene insertion.

Neutral Ni Substituted Systems with Bridge Structure.So
far in this investigation, the anionic BF3

- substituent has been
positioned on the ortho carbon of the aryl ring. An alternative
possibility is to position the BF3- group directly above the metal
on an alkyl chain consisting of five carbon atoms that connects
the two aryl rings from ortho to ortho position. Based on
complexation energy data and catalyst poisoning, the optimum

position of the anionic BF3- group on the alkyl chain is at the
â-carbon,19 as in complex8.

In comparing8 with 1 we note that8 is less active with
respect to AN insertion due to an increase in catalyst poisoning
and a decrease inπ-complexation energy.19 A decrease in
π-complexation19 is also making8 less active with respect to
ethylene insertion into the Ni-CH(CN)Et bonds. It would seem
that the motif contained in8 is less effective than the simple
BF3

- substitution at the ortho position of the aryl rings.
Anionic Substitution at the Diimine Backbone.The final

substitution motif we shall consider here has the Me group on
the backbone replaced by BH3

-, 9. The BH3
- group in9 cannot

interact directly with the metal center. It can, however, donate
electron density to nickel with the result thatπ-complexation
is enhanced through increased metal to ligandπ back-donation.

Scheme 9. Schematic Representation of the Transition States of Cis and Trans Insertion Pathways for Ethylene and Acrylonitrile Insertiona

a The internal barriers (∆E‡
in, kcal mol-1) are with respect to the energy of the transπ-complex. The absolute barriers (∆E‡

ab, kcal mol-1) are with respect
to the separated alkyl complex and the free monomer.

Figure 1. Log of the relative rate (krel ) k0
ET/kET) for ethylene propagation into a propyl chain as a function of the ethylene complexation energy (∆Eπ) for

different internal insertion barriers (∆E‡). kET is the rate of ethylene propagation into a propyl chain for each catalyst andk0
ET is the rate of ethylene

propagation for the original Ni(II) Brookhart catalyst according to eq 1.
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Thusπ-complexation in9 is somewhat stronger than that in0
and considerably stronger than that in1-8 where the anionic
group is on the aryl ring.19 On the other hand ANσ-bonding is
reduced in strength compared to0 as one might hope for due
to the increased electron density on nickel, still9 has a residual
preference forσ- rather thanπ-complexation to AN of 8.4 kcal
mol-1 (Table 3).19

Turning next to the insertion barriers, Table 1, we note that
insertion of ethylene generally has a higher activation energy,
while AN has a lower activation energy for9 compared to1.
In the final analysis9 is the most active of the investigated
Ni-based catalysts (1-9) for ethylene insertion, Table 2. On
the other hand,9 is not as good for AN insertion as the best
among the aryl substituted catalysts (e.g.,4, 6, and7) due to
the residual poisoning of 8.4 kcal mol-1.

Comparing Theoretical and Experimental Data. A Vali-
dation of the Kinetic Model. A previous theoretical investiga-
tion carried out by Yang et al.20 studied ethylene and acrylo-
nitrile insertion into an M-methyl or M-CH(CN)Et bond in
the neutral (12) and anionic (13) Grubbs type Pd-N∧O catalysts.
A very similar neutral and anionic catalyst (14,15) was
investigated experimentally by Piers,17 in a study on the activity
of acrylonitrile insertion into an M-methyl bond. Piers deter-
mined experimentally that propagation using an anionic catalyst
was 1.6 times faster than propagation using a neutral catalyst
for insertion of AN into the Pd-Me bond. Based on the
complexation data and insertion barriers calculated by Yang,
the kinetic model employed throughout this work affords the
absolute relative rate of reaction (k′rel) for acrylonitrile insertion
into a methyl chain to be 2.1 and 1.0 for the neutral and anionic
systems, respectively. Thus we find, computationally, that the
neutral catalyst is 2.1 times slower than the anionic system, in
fair agreement with experimental results.

We shall now turn to our second objective, the discussion of
the catalyst poisoning after the first AN insertion.

Isomerization and Chelate Formation after a Prior 2,1
Acrylonitrile Insertion. The 2,1 insertion of the acrylonitrile
into an M-P bond leads to anR-cyano complex, as it is shown
in Schemes 5 and 10. The cyano group is able to form a stable
four member chelate ring with the metal atom. The stability of
the R-cyano chelate depends on the electrophilic nature of the
central atom. For cationic palladium Brookhart systems the
Pd(II)-N bond is much stronger than that for the neutral
systems.20 For a neutral system like complex1 where the BF3-

anionic substituent is close to the metal center, its fluorine atom

binds strongly to the nickel atom causing a competition with
the CN group. Therefore the four member chelate structure is
only more stable than the nonchelated complex1/J by 4.1 kcal
mol-1. H-agostic complexes on the other hand are thermody-
namically less stable than the complexes without an H-agostic
bond by 1.7 kcal mol-1. This is in contrast to the cationic or
backbone substituted neutral complexes where the N-chelated
complexes are much more stable than the nonchelated or
H-agostic conformations. The difference is again attributed to
the destabilizing influence of the anionic substituent in the ortho
position of the aryl ring on the Pd-N chelating bond.

Four or five member cyano-chelate complexes can be formed
by chain walking involving a H-transfer reaction, as illustrated
in Scheme 10. None of the products of the H-transfer isomer-
ization reactions give rise to chelating isomers with a higher
thermodynamic stability than theR-CN-chelate complex. The
energies of the five- and six-member CN chelateing complexes
are higher than theR-chelated cyano isomer by 4.3 and 4.9 kcal
mol-1, respectively, Scheme 10. The barrier for the chain
walking isomerization reactions is fairly high (∼16 kcal mol-1).
Therefore higher member chelate formation is both kinetically
and thermodynamically disfavored over uptake of the next
monomer and are thus not likely to poison the catalyst.

Catalyst Dimerization and Trimerization Reactions after
the Monomer Insertion. In recent experimental studies, stable
oligomer formation of the catalyst itself has been observed, using
neutral Grubbs-type Pd-N∧O complexes or cationic Brookhart-
type Pd-N∧N catalysts, after the first 2,1 acrylonitrile inser-
tion.17,18 The dimers and trimers formed after the first AN
insertion are very stable, and although they can be broken up
with strong donors such as PMe3, they are unreactive toward
ethylene or acrylonitrile, thus giving rise to a thermodynamic
sink in the cycle. These observations were also supported by
theoretical calculations due to Yang et al. for the neutral Pd-
N∧O systems12 and13.20

To avoid the oligomerization of the active species, the dimer
(P) or trimer (Q) must be thermodynamically less favored than
the formation of the N- orπ-complex (M , N, O) after the next
ethylene or acrylonitrile uptake (Scheme 5). In the following
we shall investigate oligomerization vs acrylonitrile coordination
by N-complexation for the neutral nickel and palladium
Brookhart diimine complexes. Once oligomer formation is
unfavored againstπ- or N-complex formation, even with a
moderately poisoned system, theπ-σ equilibrium can produce
a π-complex which can undergo an insertion reaction. The
relative stabilization energies for the competitive oligomerization
and N-complexation reactions, with respect to the 2,1 acrylo-
nitrile insertion productF, are shown in Table 4 and illustrated
in Scheme 11.

The ortho aryl substitution motif in complex1 shows great
promise in terms of increased functional group tolerance, since
it weakens primarily the Ni-N(cyano) bond. This can already
be seen on the remarkableπ- vs σ-complexation energy of
acrylonitrile.19 The next monomer uptake with N-complexation
of an ortho aryl BF3- nickel complex,1/Ff1/O, is remarkably
competitive with the formation of oligomers,1/Ff1/P or
1/Ff1/Q. One may rationalize this behavior with the presence
of the BF3

- anionic group close to the metal center. Based on
the direct Ni-F3B- contact, similar to the acrylonitrile N-
coordination, the N-binding of the adjacentR-cyano-alkyl groups

Table 3. Complexation Energies of Compounds 9-11

ID [M] R3
a R4

a R1
a R2

a Pa ET/πb AN/πc AN/σd AN(π−σ)e

9 Ni Pri Pri BH3
- Me Me -29.3 -30.2 -38.6 8.4

Prn -12.3 -13.7 -23.3 9.6
CH(CN)Et -12.9 -12.2 -25.4 13.2

10 Pd BF3
- Pri Me Me Me -18.5 -19.1 -18.5 -0.6

Prn -17.0 -18.5 -18.8 0.2
CH(CN)Et -19.7 -19.1 -22.8 3.6

11 Pd Pri Pri BH3
- Me Me -32.1 -32.8 -33.7 0.9

Prn -17.1 -20.6 -20.8 0.2
CH(CN)Et -20.8 -21.2 -23.7 2.7

a For numbering of groups see Scheme 4.b Monomer binding energies
for ethyleneπ-complexes.c Monomer binding energies for acrylonitrile
π-complexes.d Monomer binding energies for acrylonitrileσ-complexes.
e Poisoning of the CN group,∆Eπ-∆Eσ.
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is weakened. However, we note that the Brookhart-type N∧N
catalyst is considerably bulkier than the Grubbs-type N∧O
complex, since it contains two bulky 2,6-diisopropyl-phenyl side
groups in contrast with the N∧O systems, which contains only

one bulky side group. Therefore we have also studied the
palladium(II) and nickel(II) backbone substituted complexes
with two bulky side groups.

The data in Table 4 show that for the Ni(II) complex1 the
N-complex formation,∆G(O), is favored over trimerization,
∆G(Q). For the Pd(II) complex the trimer formation,∆G(Q),
is still preferred by 6 kcal mol-1; however the dimer formation,
∆G(P), is comparable with the N-complexation,∆G(Q), in
stability.

We have also looked at the competition between N-complex
formation and catalyst oligomerization for the Ni(II),9, and
Pd(II), 11, Brookhart systems where the anionic substitution in
terms of BH3

- is introduced at the backbone of the diimine
ring where it cannot directly interact with the metal center. For
both systems there is a clear preference for trimerization,∆G(Q),
over N-complexation,∆G(O). It is clear that the anionic group
must be able to interact with the metal center in order to prevent
oligomerization as in1.

Scheme 10. Isomerization by H-Transfer Reaction after 2,1 Acrylonitrile Insertiona

a Relative energies, in kcal mol-1, are shown with respect to complex1/J. Isomerization barriers are shown in parentheses in kcal mol-1.

Table 4. A Comparison between AN Complexation Energies to
Catalyst Unit and Catalyst Di- and Trimerization Energies Per Unit

ID
N-complex
∆H(O)a,b

dimer
∆H(P)a,c

trimer
∆H(Q)a,d

N-complex
∆G(O)a,e,h

dimer
∆G(P)a,f,h

trimer
∆G(Q)a,g,h

1 -22.8 -9.3 -17.4 -13.8 -0.2 -11.4
10 -18.0 -13.2 -20.8 -9.0 -8.7 -14.8

9 -25.4 -27.3 -29.6 -16.4 -15.2 -23.6
11 -23.9 -25.7 -32.1 -14.9 -21.2 -26.1

a For definitions ofO, P, andQ see Scheme 11.b The enthalpy of AN
complexation to one catalyst unit, see Scheme 11.c The enthalpy per unit
for catalyst dimerization.d The enthalpy per unit for catalyst trimerization.
e The free energy of AN complexation to one catalyst unit, see Scheme 11.
f The free energy change per unit for catalyst dimerization.g The free energy
change per unit for catalyst trimerization.h The entropic contribution-T∆S
to the free energies was taken as 9 kcal mol-1 per catalyst unit.
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We finally suggest that the introduction of a BF3
- group into

the aryl ring of the Grubbs system, rather than at the backbone,
might prevent oligomerization of this catalyst as well.

Conclusions

It is a prerequisite for a good polar copolymerization catalyst
that theπ-complexation be at least competitive in strength with
the σ-binding, so that the catalyst is not poisoned. However, a
good ethylene propagating polymerization catalyst should have
a low barrier of insertion and a strongπ-complexation. The
overall propagation rate of acrylonitrile should be close to the
corresponding propagation rate of ethylene, and the catalyst
should have a low affinity toward side reactions, such as chelate
formation and catalyst oligomer formation after the acrylonitrile
insertion.

Based on the presented kinetic model for propagation we were
able to rank the various diimine-based catalyst candidates. The
efficiency of a catalyst candidate is measured in terms of the
log of the relative rate of propagation, log(krel) and log(k′rel),
for ethylene and acrylonitrile, respectively, with respect to the
cationic Brookhart catalyst. The calculated relative propagation
rates for acrylonitrile insertion are in good agreement with Piers’
experimental measurements (presented herein).

In terms of the relative propagation rate the best catalyst
candidates for copolymerization of ethylene and acrylonitrile
are complexes1, 4, 6, 7, and9. Complex9 can insert ethylene
only 101 times slower than the cationic Ni-Brookhart catalyst,
while complex6 can insert acrylonitrile about 103 times slower,
with both being superior in functional group tolerance compared
to the original cationic Brookhart catalyst. The presented kinetic
model is based on monomer concentration estimates that are
identical for ethylene and acrylonitrile. Since experimental polar
copolymerization reactions are run with an excess of acrylonitrile
relative to ethylene, these results are even more promising given
that one can easily use a greater concentration of acrylonitrile.

In the second part of our study, for the neutral catalyst1 we
illustrate that none of the products of the H-transfer isomeriza-
tion reactions give rise to chelating isomers with a higher
thermodynamic stability than theR-CN-chelate complex. The
barrier of these reactions is fairly high and are not competitive
with the next monomer uptake.

Catalyst oligomerization reactions can be disfavored inserting
the BF3

- anionic substituent into the aryl group at the ortho
position of the neutral nickel diimine complex (1 and6). The
anionic group at the front side of the catalyst is able to establish
a direct contact to the metal center and thus destabilize the
oligomers. We also demonstrated that the substitution on the
catalyst backbone (9) does not destabilize the dimer or trimer
structures to the same degree.

Furthermore we propose that the experimentally observed
oligomerization reactions after the first acrylonitrile insertion
for N∧O type complexes can also be eliminated by using anionic
substitution at the ortho position of the aryl group.
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Scheme 11. Oligomerization vs N-Complexation Reaction, with ∆H Values Shown for Complex 1

a For enthalpy values for other catalysts and corresponding free energy values, see Table 4.bThe enthalpy of AN complexation to one catalyst unit.cThe
enthalpy per unit for catalyst dimerization.dThe enthalpy per unit for catalyst trimerization.
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