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Abstract

DFT calculations have been carried out on the cationic species for the two different Brookhart’s catalyst systems: [{ ArN=CH-
HC=NAr}NiR"1* (3a) and [{ArN=CMe-MeC=NAr}NiR"]* (3b) (where Ar = {2,6-C¢H;(Me),} and R” = Me). These calculations
reveal that the conformation of aryl groups attached to nitrogen atoms could provide a suitable explanation for the large experimental
differences found in the ethylene polymerization activity. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Diimine nickel(II) complexes have recently been used as
catalysts for a-olefin polymerization by Brookhart’s group
[1,2] and have emerged as an alternative to traditional
heterogeneous and homogeneous Ziegler—Natta catalysts.
The general structure of the diimine Ni(II) catalysts is
depicted in Scheme 1. Theoretical polymerization mechan-
ism studies on nickel-based catalysts have been performed
on model [3-7] or real systems [7-11] (see 1 and 2 in
Scheme 1). The Cossee—Arlman [12] and Brookhart—
Green [13] mechanisms are the most accepted for olefin
polymerization by transition metal catalysts. According to
these mechanisms, the first step involves the ethylene coor-
dination into the cationic metal alkyl species, which has
been suggested to be the active species between subsequent
monomer insertions.

An interesting effect on the catalyst activity involving the
pendant groups R and R has been experimentally observed
[1]. When R’ = Me, the catalyst activity is about 4—5 times
greater than when R’ =H under the same experimental
conditions (1800 versus 400 kg of PE (mol Ni) ' h™".

During the course of previous unpublished work, we
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noticed that the aryl rings bonded to the diimine N atoms
could rotate around the N-aryl bond to reach more stable
conformations via conjugation and agostic effects.

Previous published theoretical work has studied similar
systems at the IMOMM (QM/MM) level [7-11]. In this
framework, the aryl groups were only included as part of
the molecular mechanics (MM) calculations. Thus, the
possible electronic effects of these aryl groups (such as
agostic interaction between a hydrogen atom belonging to
any of the substituents attached to the phenyl groups and the
metal atom, see below) cannot be suitably described by the
IMOMM methods. We suggest that, for some cases, it
would be necessary to include all atoms forming the real
system in the quantum mechanical simulation in order to
describe such electronic effects.

The aim of the present work is to investigate how the
different conformations of the ‘floppy’ aryl groups attached
to the nitrogen atoms in the cationic complex could affect
the activity of the catalyst as well as the relationship
between these conformations and the experimental catalytic
activities described above. Work concerning the ethylene
insertion and the elimination reaction for the Brookhart’s
systems and other nickel catalysts will be reported in two
forthcoming papers (Parts 2 and 3). A comparison between
B3LYP and BP86 results for these catalysts will be
published in Part 4.
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Scheme 1.
2. Computational methods

Geometries were optimized using the BP86 method
included in ADF program [14] comprising local density
approximation [15] but adding non-local corrections to
exchange [16] and correlation [17]. Energies were obtained
by applying the hybrid method B3LYP using the LANL2DZ
basis set implemented in the GAUSSIAN 98 software [18]. It is
well known that BP86 methods overestimate some weak
interactions, as ligand—metal and agostic interactions with
respect to B3LYP and higher level models [11]. Geometries
obtained with the BP86 functionals are quite acceptable but
energies are less reliable than the values obtained with
B3LYP. On the other hand, B3LYP is computationally
more demanding than BP86. These are the reasons why
we have not used the B3LYP method for the geometry
optimizations. Musaev et al. [11] showed that the energies
calculated at the B3LYP level on BP86-optimized geo-
metries are accurate enough as compared to higher levels
of theory. We have been performing some calculations on
similar organometallic compounds using BP86//BP86,
B3LYP//BP86 and B3LYP//B3LYP models. The B3LYP//
BP86 and the B3LYP//B3LYP energies found are very
similar (differences lower than 2 kcal mol~ ! were found).
Also, the geometries obtained with the BP86//BP86 and
the B3LYP//B3LYP methods are almost identical, with
differences lower than 0.05 A in distances and 1° in angles.

The approximate reaction paths were evaluated by a
linear synchronous transit (LST) calculation.

3. Results and discussion

Several conformations of [{ ArN=CR’'—CR'=NAr}NiR"]"*
cationic complexes (where Ar = {2,6-CcH3z(Me),}, R =
H or Me and R" = Me) have been studied, which differ
on the relative position of the aryl groups with respect to
the plane formed by the diimine ligand. The R’ substituents
have a great influence in the stability of the different con-
formers, as will be shown below. The ¢ angle is monitored

Plane containing lhe/
first aryl ring at X
Ty r@i“s First Aryl Second Aryl

Ring

Plane containing the
diimine-Ni ring

atoms

Scheme 2.

to quantify the position of the aryl groups as described by
Ziegler et al. [8,9]. The definition of the ¢ angle is shown in
Scheme 2. When ¢ is 90°, the aryl groups and the diimine—
Ni ring are mutually perpendicular and when ¢ is 0° the two
ligands are coplanar. It might be expected that conforma-
tions with ¢ angle close to 0° should hinder the monomer
coordination into the active site catalyst reducing thus the
polymerization activity (see below).

In the case of the complexes with hydrogen attached to
diimine ligands (3a system), the three conformers found are
shown in Fig. 1 along with the main geometrical parameters.
Of the two aryl groups, only the first one can rotate because
the rotation of the second one is hindered by the presence of
methyl group. As a consequence, there exist three confor-
mers depending on the first aryl ring ¢ angle (see Fig. 1).
For conformer 3a.l, the first aryl ring lies almost parallel to
the Ni—diimine ligand (¢ = 7.9°). This structural disposi-
tion allows the hydrogen atoms (H1 and H2) of the methyl
group attached to the phenyl ring to form agostic inter-
actions with the nickel atom, thus blocking the vacant
coordination site of the catalyst. In addition to this, some
conjugative effect between the first aryl ring and the Ni—
diimine plane is expected to even further stabilize the catio-
nic complex. The conformer 3a.Il also presents agostic
interaction between the methyl group hydrogen atom and
the nickel atom but, in this case, only one agostic interaction
for the first aryl ring was observed. Conjugation effects are
expected to be less evident in this conformer as the angle ¢
becomes larger (32.2°) in structure 3a.Il. Both conformers
3a.l and 3a.Il present a partial blocking of the vacant site to
monomer coordination, being more remarkable for 3a.l
(see Fig. 1). The conformer 3a.Ill has the two aryl groups
almost perpendicular to the diimine plane (¢ = 82.2° and
¢’ = 83.6°). In this case, the cationic species presents a less
hindered vacant site accessible for ethylene coordination.

As mentioned above in the olefin polymerization
mechanism [12,13], the ethylene coordination to Ni—
diimine complex is the previous step to that of ethylene
insertion into the metal—carbon bond. Therefore, these
conformations should have a strong influence on the catalyst
activity.

The relative energies for conformers 3a.I, 3a.Il and
3a.Ill are shown in Fig. 2. These numbers support the
expected trends mentioned above. The conformer 3a.l is
the most stable one, 6.17 kcal mol~ ! below 3a.Jl and
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N2-Ni-Ca 95.4
Geometry
Second Aryl parameters
Ni-Ca 1.937
Ni-H#1 1.895
Ni-H#2 3.377
C#-H#1 1.119
Ci#t-H#2 1.101
Ni-N1 2.005
Ni-N2 1.873
N1-C* 1.327
N2-C** 1.329
C*-C* 1.442

N1-CPhe1 1.418
N2-CPhe2 1.446
CPhe1-N1-Ni 124.2
CPhe2-N2-Ni 126.4

N2-Ni-Co 96.3
Geometry
parameters
Ni-Ca 1.932
Ni-H#1 3.273
Ni-H#2 4.700
C#-H#1 1.099
Ci#-H#2 1.099
Ni-N1 1.983
Ni-N2 1.875
N1-C* 1.313
N2-C** 1.325
C*-C* 1.451

N1-CPhe1 1.440
N2-CPhe2 1.444
CPhe1-N1-Ni 123.8
CPhe2-N2-Ni 124.2
N2-Ni-Ca 98.4

Fig. 1. Optimized geometries calculated at the BP86/IT level and nomenclature used for the 3a system [{ Ar'N=CH-HC=NAr}NiCH;] . Distances and angles
are in angstroms and degrees, respectively. The ¢-angle definition is depicted in Scheme 2.

11.77 kcal mol ' below 3a.IIL The formation of agostic
interactions with the nickel atom and the conjugation
between m clouds of the Ni—diimine ring and the aryl
groups should account for the additional stabilization with
respect to 3a.IIl. On the other hand, 3a.l and 3a.Il presents
a less accessible coordination site for the ethylene to form
the m-complex necessary for the monomer insertion step
in the polymerization reaction. These facts provide an

additional explanation to the lower activities experimentally
found for the 3a systems.

The energy profile and the evolution of ¢ angle for the
ethylene approach to the cationic structures 3a.I and 3a.Il
are both displayed in Fig. 3. The reaction coordinate
selected was the distance between the olefin midpoint and
the nickel atom. When the ethylene approaches the nickel
active site, it forces the rotation of the aryl group by increasing
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Fig. 2. Relative energies (kcal mol ') calculated at the B3LYP/LANL2DZ
level on BP86-optimized geometries for the 3a and 3b systems.

the ¢ angle and finally going to a perpendicular conforma-
tion. As a result, it breaks up the agostic interactions and the
delocalization of the m system (see Fig. 3a). Furthermore,
energy barriers for ethylene uptake are observed for both
3a.l and 3a.Il conformers (see Fig. 3b). As it would be
expected, the energy cost for the mw-complex formation
with the 3a.I conformer is higher than with the 3a.II confor-
mer (+17.56 versus +7.38 kcal mol ). Although it is not
represented here, the ethylene m-complex with structure
3a.IIl occurs without electronic energy barrier. The energy
barrier of the ethylene insertion into the m-complex 3a
system was found to be 12.64 kcal mol .

Taking into account the whole insertion reaction from
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Fig. 3. (a) Energy profiles and (b) evolution of ¢ angles for the ethylene
approaching to the cationic species 3a.I (square + solid line) and the 3a.Il
(circle + dashed line). The reaction coordinate corresponding to the
distance between ethylene midpoint and nickel atom. Energy profiles
were obtained by constraining the reaction coordinate in steps while opti-
mizing all other coordinates. An additional constraint was used to restrict
the ethylene approaching the catalyst along the equatorial plane.

resting state to resting state, the ethylene complexation step
presents a higher energy barrier than ethylene insertion. There-
fore, m-complex formation is expected to be the rate-limiting
process in olefin polymerization with the 3a catalysts, which
have H atoms as substituents on the diimine ligand.

On the other hand, for the complexes with the methyl
groups attached to the diimine ligand (3b system, see
Scheme 1), only two conformers (3b.II and 3b.III) were
found (see Fig. 4). Again the main difference observed
concerns the ¢ angle. In this case, a conformer for 3b simi-
lar to 3a.I was not observed. The first aryl group cannot
stand completely parallel to the diimine—Ni ring due to
steric hindrance between the methyl groups attached to
the diimine ring and the aryl ligands.

For this molecule, conformer 3b.III is slightly more
stable than conformer 3b.II by 0.3 kcal mol ' (see Fig. 2).
Therefore, an energy barrier for the m-complex formation is
hardly expected in this case. The insertion process itself
would be responsible for the activation energy, being
lower than the energy barriers obtained for ethylene coordi-
nation to the 3a catalysts. This could provide an explanation
for the higher activity experimentally found for the 3b struc-
tures as compared to 3a compounds (1800 kg of PE
(mol Ni) "' h™" for the 3b systems versus 400 kg of PE
(mol Ni)_1 h™! for the 3a systems) [1].

4. Conclusions

In the present paper, we have studied the different confor-
mations of the active catalyst species for two Brookhart’s
type catalysts (3a and 3b systems). The relationship
between these conformations and the catalyst activities
has been suggested. The most important drawn conclusions
are:

1. Three conformers for the active cationic species (3a.l,
3a.Il and 3a.IIl) have been found for the 3a catalyst,
which differ in the relative position of aryl groups
attached to the diimine ligand (¢ angle in Fig. 1. Con-
formers 3a.l and 3a.ll are found to be more stable than
the conformer 3a.Ill, due to agostic interactions and
conjugative effects, which are responsible for this
additional stabilization.

2. 3a.I and 3a.II conformers hinder the ethylene coordination
to the nickel atom. Thus, the formation of the ethylene -
complex presents an energetic barrier, which in this case is
higher than the ethylene insertion barrier itself. This could
provide a plausible explanation for the lower activity
experimentally found for ethylene polymerization with
the 3a catalyst as compared to the 3b system.

3. For the 3b system, which contains methyl groups attached
to diimine ligand, the most stable conformer found corre-
sponds to the structure named 3b.III, where the two aryl
rings lie perpendicular to the dimine plane. This geometri-
cal disposition leaves the coordination site readily available
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d Ni-N1 1.974
Ni-N2 1.874
i N1-C* 1317
f o N2-C** 1.331
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N1-CPhe1 1.445
N2-CPhe2 1.447
CPhe1-N1-Ni 123.0
CPhe2-N2-Ni 123.4
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Fig. 4. Optimized geometries calculated at the BP86/11 level and nomenclature for the 3b system [ { ArN=CMe—MeC=NAr}NiCH;] . Distances and angles are

in angstroms and degrees, respectively.

for ethylene coordination, so the insertion barrier is
expected to be the rate-limiting process for ethylene poly-
merization in this case.

Structures having bulky ligands attached to the diimine and
capable of maintaining the aryl groups perpendicular to the
Ni—diimine plane should be considered as firm candidates for
the purpose of designing more active catalysts.
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