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Abstract

The ethylene polymerization reaction of a neutral nickel catalyst was studied by DFT calculations at the Becke3LYP/6-31G(d) level
of theory. As in related cases a B-agostic bond stabilizes the nickel alkyl ground states. Transition states for the insertion of the olefin
show a distinct a-agostic interaction, which has not been observed for late metal polymerization catalysts before. An ethylene—alkyl com-
plex was identified as the resting state of the reaction. The overall barrier height of the reaction amounts to 17.54 kcal/mol, which slightly
increases to 17.60 kcal/mol for the polymerization of deuterated ethylene. Therefore, a small positive kinetic isotope effect (ky/kp = 1.09)
can be calculated, which is caused by the a-agostic interaction in the transition state. A comparison to other late metal based polymer-
ization systems reveals that the ethylene coordination step of highly active catalysts is significantly lower in energy compared to catalysts

which are only moderately active.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Kinetic isotope effects (KIE) are a great tool to get
insight into reaction mechanisms, since changes in the
mechanism can lead to major differences in the KIE of
the overall reaction [1,2]. Especially in the field of olefin
polymerization catalysis, kinetic isotope effects reveal the
presence or absence of agostic interactions in intermediates
of the catalytic cycle. a-Agostic interactions in the transi-
tion state of the olefin insertion were discussed for metallo-
cene catalysts, leading to a KIE in the range of 1.2-1.3
[3-7]. A theoretical study confirmed that this interaction
lowers the barrier for the olefin insertion by stabilization
of the transition state and contributes to the stereospecific-
ity of the reaction [8]. Up to now a-agostic interactions of
this type have only been observed for early transition metal
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catalysts, where their existence could be confirmed by a
large number of theoretical studies [9-14]. For all single-
site catalysts it is known, that polymerization ground states
(usually low-coordinate metal-alkyl complexes) can exhibit
different agostic interactions, most importantly o-, B- and
y-interactions [9,15,16]. In most cases the B-agostic geome-
try corresponds to the most stable form. This is also true
for late transition metal catalysts [17,18] as shown by sev-
eral theoretical studies [19-25]. For a Co(Ill)-catalyst the
B-agostic complex is equivalent to the resting state of the
polymerization reaction which leads to a pronounced
inverse kinetic isotope effect [26,27].

Recently, the Grubbs group introduced a new class of
neutral nickel olefin polymerization catalysts based on sal-
icylaldiminato ligands (Fig. 1, Structure I) [28,29]. They are
particularly attractive, as they do not require activation by
MAO and tolerate functional groups in polar monomers.
Later, the catalyst was modified by Brookhart et al. by
incorporating five-membered chelate ligands instead of
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Fig. 1. Highly active neutral nickel ethylene polymerization catalysts.

the initially used six-membered system (Fig. 1, Structure II)
[30-32]. Whereas for the later class a full quantum-mechan-
ical DFT study on the complete ethylene polymerization
cycle was presented [33], related reports on the Grubbs sys-
tem rely on smaller model systems or a QM/MM-approach
[34-37]. Moreover, energetic discussions are based on elec-
tronic energies. Additionally, detailed calculations on the
polymerization with higher olefins or functionalized mono-
mers have been performed [35,36,38,39].

Herein, we want to report DFT calculations for the cat-
alyst system I. One entire polymerization cycle was investi-
gated including a free energy analysis. This is crucial for
identifying the resting state and the rate-determining tran-
sition state of the reaction. To obtain information about
the influence of agostic interactions, which could be identi-
fied in several intermediates, the results were used for a the-
oretical prediction of the kinetic isotope effect of the

polymerization. Furthermore, a comparison to other late
metal based catalysts may lead to valuable insight into
structure—activity relationships.

2. Results and discussion
2.1. Mechanism of the polymerization reaction

A polymerization cycle of the active species, derived
from catalyst I (R = H) by dissociation of the weakly coor-
dinating ligand, was optimized according to the Cossee—
Arlman mechanism [40-42] on the Becke3LYP/6-31G(d)
level of theory without simplifications on the ligand
(Scheme 1). Three-dimensional representations are
depicted in Fig. 2; geometric parameters can be found in
Table 1. To model the influence of the polymer chain prop-
erly we chose the propyl complexes 1o and 1y as starting
points of the cycle. As reported previously [34], due to
the asymmetry of the ligand two alternative reaction path-
ways have to be considered. They either start from an alkyl
substituent coordinated trans to the oxygen atom (Pathway
A) or trans to the nitrogen atom of the ligand (Pathway B).
In the course of the ethene insertion the alkyl substituent
changes it position, i.e. if it is bound in trans position to
the oxygen atom the longer alkyl chain appears in trans
position to the nitrogen atom (and vice versa). We did
not look at transition states for the coordination of ethene
as they are known to be energetically well below the inser-
tion transition states [27,43].

Pathway A

_N— — . _N—-A
O‘Ni N-Ar + (o) Ni r
1o 20
0.0 -0.6

I
O. i,N—Ar

O, ...N—A — ... N— .. ,.-N—
Ni + (o) N—Ar Ol N—-A N
In 2y 3'°
+3.0 -0.3 +17.0

Pathway B

Scheme 1. Important intermediates in the polymerization cycle of catalyst I (structures with an alkyl chain in trans-position to N or O are denoted by N

and O, respectively).
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Fig. 2. Three-dimensional representations of 1-3 (hydrogen atoms on the ligand have been omitted for clarity).

As in related threefold coordinated nickel alkyl struc-
tures the starting ground state structures lo/4o and
1n/4n are stabilized by an B-agostic interaction. This inter-
action is somewhat stronger for the oxygen atom situated
in the trans-position in 1g/4¢ (obvious from the shorter
Ni—Hgp ag0st. and longer Cg—Hp a0 -distance). Accord-
ingly, the complex 1y is 3.0 kcal/mol higher in energy rela-
tive to 1¢ (3.9 kcal/mol for 4y and 4¢). The reason is, that
in 1y and 4N the alkyl chain is forced in a sterically unfa-
vorable position close to the aryl substituent, which is
not the case for 1p and 4¢. Coordination of ethylene gen-
erates the alkyl-ethylene structures 2o and 2y, respectively.
They both show structural displacements due to steric con-
straints induced by the bulky aryl residue. In 2¢ this leads
to a distortion around the nickel center, whereas in 2y the

diisopropylphenyl substituent is forced in an almost
upright position with respect to the metal-ligand plane.
Despite their crowded arrangement, structures 2o and 2n
are slightly lower in energy compared to the B-agostic pre-
cursors. In the following transition states (3§’ and 3%’) the
ethylene ligand rotates into the metal-ligand plane. In this
manner steric constraints should be reduced, but in fact
this is only possible for the sequence 2n /3;5. Within 3(T)S
strong steric interactions remain between the propyl
and the aryl group. This seems to be the reason why 3§S
is much more energetically favorable compared to 33,5
(AAG = 7.4 kcal/mol) [44]. This suggests that the polymer-
ization reaction proceeds almost exclusively via transition
state 3%°. The barrier height for 3%° (17.6 kcal/mol relative
to ground state 2p) compares very well with previously



4382 A. Zeller, T. Strassner | Journal of Organometallic Chemistry 691 (2006) 43794385

Table 1 . Table 2 .
Selected bond distances of 1-3 in A Selected bond distances of 5™ and 6™ in A

1o/40 In/4n 5™s 6"s
Ni—O 1.85 1.81 Ni—O 1.89 Ni—O 1.90
Ni—N 1.83 1.91 Ni—N 1.94 Ni—N 2.02
Ni—C,, 1.86 1.87 Ni—C,, 1.84 Ni—C, 1.91
Ni—Cy 2.15 2.11 Ni—Cy 2.18 Ni—Cy 2.86
Ni—Hjp_qgost. 1.69 1.63 Ni—Hgpqgost. 1.72 C,—Cp 1.52
C—Cp 1.50 1.49 Ci—Cp 1.50 Ni—CEhen 1.93/1.95
C[i_HB-agosL 1.16 1.13 CB_HB-agost, 1.16 Cethen—CEthen 1.42

2 2N 35 3%
Ni—O 1.90 1.86 1.85 1.89 In 5™ the vertically arranged propyl substituent remains
Ni—N 1.97 2.03 1.99 1.90 . . . he Ni—C d Ni—H
Ni—C, L9 193 208 205 in a B-agostic geometry, i.e. the Ni—Cpg_yg0s. and Ni—Hg.
Ni—H,agost. _ _ 509 205 agost. CONtacts are almost as close as in 1p and 1n. In the
Ni—Cp 2.79 2.84 3.37 3.19 alkyl-ethylene transition state 6™ a slightly longer C—C
Co—Hyagost. - - 1.10 1.10 bond distance for ethene (compared to the ground states
%‘SB ;3(3)/2 o i.gg/z 0 i-gi/z o }.3?/2 0 20 and 2y) is observed, indicating a stronger interaction
Cl E‘g“ 139 L3 L4 Laa of the m-orbitals with the metal. Interestingly, the olefin
hen hen . . . B . . . .

Cfl—CEthefl _ _ 201 2.05 ligand remains in the metal-ligand plane, whereas the alkyl

determined experimental values of 16-17 kcal/mol [43] for
ethylene insertion in the anilinotropone system II [44].
An interesting feature of both transition states for olefin
insertion is a distinct a-agostic interaction of the alkyl
chain with the nickel center (Ni—Cagost. = 2.08/2.05 A;
Ni—H,,.ag0st. = 2.09/2.05 A). To the best of our knowledge,
this has not been reported for late transition metal catalysts
before. In DFT studies of Brookhart’s nickel diimine sys-
tems [19,45] significantly longer Ni—H, o505t distances of
about 2.3 A were found. The same is true for a recently
investigated, tetrahedral Co(III)-catalyst [27].

As reported previously, due to the large energy differ-
ence between both insertion transition states a change of
the relative position of the alkyl chain during the polymer-
ization cycle is likely. This exchange can occur between the
B-agostic ground states 1o and 1y or between the alkyl-
ethylene structures 2o and 2n. Both transition states (57>
and 6"%) could be optimized (three-dimensional representa-
tions are depicted in Fig. 3; geometric parameters can be
found in Table 2).

5TS

o
o
\%%

group is bent towards an octahedral position of the nickel
center. If one compares the energy of the transition states
5TS and 6™ (+28.5 and +8.0 kcal/mol, respectively), it is
obvious that the change of the coordination sites has to
proceed via the latter [44].

2.2. Prediction of the kinetic isotope effect

For a prediction of the KIE the course of the reaction
on the free energy surface is important, since the KIE is
determined by the barrier height between the resting state
and the rate-determining transition state. From our calcu-
lations, the ethylene—alkyl complexes 2p and 2y are the
lowest ground states in the gas phase. This assumption is
supported by experimental studies of the related catalyst
II, which revealed that under actual polymerization condi-
tions a nickel alkyl-ethylene complex is the resting state of
the reaction [43,46]. For the KIE calculation 2g was used
since it is 0.3 kcal/mol lower in energy than 2y (and it is
predicted that the lowest energy pathway proceeds via
both ground states). The rate-determining transition state
on the lowest energy pathway corresponds to 3;5. Based

6%(@

O\

Fig. 3. Three-dimensional representations of isomerization transition states 5™ to 6™ (hydrogen atoms on the ligand have been omitted for clarity).
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Table 3
Ethylene complexation energy of various late metal catalysts

LM(B/

PR

H n=0,+1 \/

M = Co, Ni

L = ligand(s)
Catalyst (ligand system) Activity AEComplexation (in kcal/mol) AGcomplexation (in kcal/mol) Literature
Co(III) (Cp*; P(OMe);) Moderate —4.8° +10.1* [27]
Warren (B-diketiminate) Moderate —5.0* +13.2¢ [25]
Grubbs (salicylaldiminato) High —15.9/-15.6* -0.3/-0.6* This work
Brookhart (diimine) High —13.7° +1.9° [62]
Brookhart (anilinotropone) High —18.8/—=20.5° ~—6 to —85¢ [33]

% Becke3LYP/6-31G™.
° ADF calculations.
¢ A general value of +12.5 kcal/mol for —TAS was given.

on these assumptions the activation barrier of the polymer-
ization amounts to AGy = 17.54 kcal/mol. If ethylene is
replaced by ethylene-d; the barrier slightly increases to
AGp = 17.60 kcal/mol. This difference leads to a small
positive KIE of ky/kp = 1.09 for the polymerization reac-
tion [44]. This secondary isotope effect is caused by the a-
agostic C—H bond in the transition state, which remains
unbound in the ground state. Therefore, the vibrational
frequency of the C—H(D) bond in the transition state is
lower relative to the ground state. This results in a larger
zero point energy difference in the ground state relative
to the transition state, which leads to the positive KIE
[26]. Calculations of the KIE were repeated for the case
of a B-agostic resting state. For 1o as the ground state,
an inverse kinetic isotope effect of 0.58 is predicted
(AGy =16.95 and AGp = 16.63 kcal/mol). This means,
that the strength of the B-agostic bond in 1g/n should
exceed the strength of the a-agostic interaction in the tran-
sition state. From these results experiments comparing
activities in the polymerization of ethylene and ethylene-
dy should provide detailed insight about the lowest-energy
ground state and the reaction mechanism of this catalyst.
From our calculations the salicylaldimine catalyst is the
first system containing a late transition metal for which a
KIE of larger than 1 is possible.

Herein, we also want to report theoretically derived
KIEs for the polymerization of '*C-enriched ethylene.
Our calculations show a predicted k('*C)/k('*C) = 1.041
for the case of an alkyl-ethylene resting state in the poly-
merization catalyzed by I. For a B-agostic resting state the
corresponding KIE would be 1.043, which means that an
experimental measurement of the 'C/'*C-KIE could
hardly discriminate between both mechanisms. Therefore
in this case it is not possible to use the elegant technique
for the measurement of '*C/"*C- (and 'H/?H-) KIEs,
which was recently introduced by Singleton and cowork-
ers [47-49]. It provides the possibility to detect position-
specific KIEs at natural abundance. This technique has
for example been used to investigate the mechanism of
the 1-hexene polymerization by an ansa-metallocene cata-
lyst [50].

3. Comparison to other late metal polymerization catalysts

Generally, for ethylene polymerization catalysts the
migratory insertion is the rate-determining step in the reac-
tion, but the catalyst behavior significantly changes
throughout the periodic table. For early transition metals
a first-order or higher dependence on olefin concentration
is observed [9,15,51]. In contrast, NMR studies of the
nickel diimine catalysts by Brookhart et al. revealed that
the chain growth is zero-order in ethylene, which is evi-
dence for an alkyl-ethylene resting state [52,53]. This was
also experimentally observed for other highly active cat-
ionic nickel systems [54]. Earlier calculations, especially
on small model systems, had problems to describe the ener-
getics of the olefin coordination properly [9,27]. For the
Becke3LYP functional at least a 6-31G(d) basis set is nec-
essary for an accurate description of the olefin bond.

From the data we collected we propose that the poten-
tial activity of a catalyst might be derived from the corre-
sponding olefin complexation energy of the [-agostic
structure. Results are shown in Table 3, where known
activities of various cobalt and nickel catalysts are summa-
rized, together with literature values of the complexation
energy of ethylene.

The height of the insertion barrier is decisive for the
activity of a polymerization catalyst. Results from many
DFT studies suggest that this barrier is comparable for
most first-row late metal polymerization systems. From
the data in Table 3 it is evident, that the olefin complexa-
tion energy is more important for the observed polymeriza-
tion activity. Thus, screening for further promising catalyst
candidates can be supported by a determination of the free
energy difference of this polymerization step, which should
be well below —10 kcal/mol for AE and around or below
0 kcal/mol for AG on the Becke3LYP/6-31G(d) level of
theory.

4. Conclusion

The ethylene polymerization catalyzed by a neutral sali-
cylaldiminato nickel catalyst was studied by double-{ DFT
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calculations without simplifications of the ligand system.
This allows the calculation of thermodynamic data for this
particularly interesting polymerization catalyst. It was
found, that the barrier of ethylene insertion on the lowest-
energy pathway amounts to 17.3 kcal/mol, which agrees
very well with experimental results of related nickel systems.
Furthermore, an analysis of the catalytic cycle including
entropic contributions allows an identification of the resting
state of the reaction, which corresponds to the alkyl-ethyl-
ene complex. In the insertion transition state an a-agostic
interaction of the alkyl chain with the metal center was
observed. Accordingly, a positive kinetic isotope effect of
1.09 was calculated for the polymerization of C,Hy vs.
C,Dy4. This was previously only found for early transition
metal catalysts, which showed KIEs in the range of 1.2-1.3.
We identified a possible correlation between the energet-
ics of the olefin coordination, the activation barrier and the
activity of the late transition metal catalyst systems. It
turned out, that for all highly active catalysts the coordina-
tion of the olefin is substantially lower in energy compared
to less active systems. We are currently investigating other
systems to verify the predictive power of this criterion for
the search of even more active polymerization catalysts.

4.1. Computational details

All calculations were performed with GAussian98 [55].
The density functional hybrid model Becke3LYP [56-59]
was used together with the valence double-{ basis set 6-
31G(d). Selected structures were additionally optimized
using the triple-C basis set 6-311+G(d,p). No symmetry
or internal coordinate constraints were applied during opti-
mizations. All reported intermediates were verified as true
minima by the absence of negative eigenvalues in the vibra-
tional frequency analysis. Transition-state structures (indi-
cated by TS) were located using the Berny algorithm [60]
until the Hessian matrix had only one imaginary eigen-
value. The identity of all transition states was confirmed
by the presence of one negative eigenvalue in the frequency
analysis and animating this eigenvector coordinate with
MOLDEN [61]. Approximate free energies were obtained
through thermochemical analysis of the frequency calcula-
tion, using the thermal correction to the Gibbs free energy
as reported by Gaussian98. This takes into account zero-
point effects, thermal enthalpy corrections, and entropy.
All energies reported in this paper, unless otherwise noted,
are free energies at 298 K and 1 atm. Frequencies remain
unscaled. All transition states are maxima on the electronic
potential energy surface. These may not correspond to
maxima on the free energy surface. We did not attempt
to correct the free energy for hindered internal rotations.

Kinetic isotope effects were calculated from free energy
differences obtained from frequency calculations:

k AGp —AGY
H_ e T

(1)
AGy = Gy — GE X —=Hor D (2)
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