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Abstract

Cp,Zr(CH5)R and its derivatives can serve as powerful olefin polymerization catalysts after activation by a Lewis acid A to
form the ion-pair [Cp,ZrR]*[CH;A]™ (I) which is held together by a Zr-u-CH;A™ bridge. It is generally assumed that the cation
Cp,ZrR™ (II) of Iis the active species whereas the influence of the anion CH;A™ (III) is less well understood. We have conducted
an extensive study based on density functional theory (DFT) of ethylene polymerization catalyzed by both I and II in order to
probe the influence of the anion CH;A™ for the case where A = B(C¢Fs)5. The reaction between ethylene and the cation II leads
in the first place to a t—complex in a highly exothermic and exogonic reaction without any (uptake) barrier. Even the subsequent
insertion process has a transition state that is lower in energy than II and C,H, at full separation. The only (internal) barrier is the
modest energy required to proceed from the n-complex to the insertion transition state. For the reaction between the ion-pair and
ethylene the monomer can approach cis or trans to the Zr-u-CH;A™ bridge. In addition with R = Pr, cis and trans approaches are
possible for 4 different orientations of the propyl chain. We find for all of these approaches that the rate determining step is the
(partial) displacement of the anion CH;A™. For the first insertion (R = Me) the total insertion barrier is 13.0 kcal/mol for the most
favorable (trans) approach. The second (R = Pr) insertion (which likely also is a good model for subsequent propagation steps)
prefer a cis-approach in which the ethylene uptake barrier of 9.5 kcal/mol is rate determining whereas the barrier for the subse-
quent insertion process only is 6.8 kcal/mol. Displacement of the anion was found to be more pronounced for R = Pr than
R = Me and larger for the insertion transition state than the uptake transition state. Solvation effects were seen to stabilize anion
displacement and thus reduce especially insertion barriers. Thus for the favored cis-path of the second propagation, the insertion
was the rate determining step in the gas-phase with a barrier of 10.0 kcal/mol whereas the corresponding uptake process became
the rate determining step in solution with a barrier of 8.6 kcal/mol. After the insertion, the ion-pair was found to recombine
completely so that ethylene will have to displace the anion in the next propagation step. Considerations were also given to the
chain termination step by transfer of hydrogen to the monomer. Here the rate determining step is again cis-uptake off ethylene
with a barrier of 12.5 kcal/mol whereas the subsequent hydrogen transfer barrier only is 10.6 kcal/mol. To cite this article: T.
Ziegler, C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

* Corresponding author.
E-mail address: ziegler@ucalgary.ca (T. Ziegler).

1631-0748/$ - see front matter © 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crci.2004.10.036



T. Ziegler et al. / C. R. Chimie 8 (2005) 1552—-1565 1553
Résumé

Cp,Zr(CH;)R et ses dérivés peuvent étre utilisés comme des catalyseurs puissants de polymérisation apres activation par un
acide de Lewis A pour former la paire d’ions [Cp,ZrR]*[CH;A]™ (I) maintenue par un pont Zr-u-CHj;. Il est généralement admis
que le cation Cp,ZrR™ (IT) de I est ’espéce active, tandis que I’influence de 1’anion CH;A™ (III) est moins bien connue. Nous
avons mené une vaste étude de la polymérisation de 1’éthylene catalysée par I et I, basée sur la théorie de la fonctionnelle de la
densité (DFT), afin d’évaluer I'influence de I’anion CH;A™ dans le cas ou A = B(C¢Fs);. La réaction entre I’éthyléne et le cation
II conduit, dans un premier temps, a un complexe 7 par une réaction trés exothermique et exogonique, sans aucune barriere pour
la coordination. Méme le processus d’insertion suivant a un état de transition d’énergie inférieure a celle de II et C,H, pris
séparément. La seule barriere (interne) est la faible énergie nécessaire pour passer du complexe 7 a I’ état de transition d’insertion.
En ce qui concerne la réaction entre la paire d’ions et I’éthyléne, le monomere peut s’approcher de maniere cis ou trans du pont
Zr-p-CH;A™. Dans le cas de 1’addition avec R = Pr, les approches cis et trans sont possibles pour 4 orientations différentes de la
chaine propyle. Pour ces différentes possibilités, nous établissons que le facteur déterminant pour la vitesse de réaction est le
déplacement (partiel) de I’anion CH;A™. Pour la premiére insertion (R = Me) la barriere totale d’insertion est de 13,0 kcal/mol
dans le cas de I’approche la plus favorable (trans). La seconde insertion (R = Pr) (qui est probablement un bon modele pour les
étapes de propagation suivantes) préfere une approche cis, dans laquelle la barriere pour la coordination de 1’éthylene de
9,5 kcal/mol est le facteur déterminant, tandis que la barriere du processus d’insertion suivant est de seulement 6,8 kcal/mol. Le
déplacement de 1’anion est plus accentué pour R = Pr que R = Me et plus grand dans 1’état de transition pour I’insertion que pour
la coordination. Les effets de solvatation stabilisent le déplacement de 1’anion et par la méme réduisent particulierement les
barrieres d’insertion. Par conséquent, pour la seconde propagation par la voie cis, I’insertion est le facteur déterminant pour la
vitesse de coordination en phase gazeuse, avec une barriere de 10,0 kcal/mol, tandis que le processus de coordination correspon-
dant devient le facteur déterminant en solution, avec une barriere de 8,6 kcal/mol. Aprés I’insertion, la paire d’ions se recombine
completement, de telle sorte que 1’éthylene doit déplacer I’anion dans I’étape de propagation suivante. Dans 1’étape de termi-
naison de chaine par transfert d’hydrogene sur le monomere, le facteur déterminant est a nouveau la coordination de 1’éthylene
par la voie cis, avec une barriere de 12,5 kcal/mol, tandis que la barriere suivante de transfert d’hydrogene est seulement de
10,6 kcal/mol. Pour citer cet article : T. Ziegler, C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction influence of the anion AMe™ on the polymerization pro-
cess. However, the role of the anion is still the subject

Group-IV metallocenes can be considered as the of intense scrutiny.

quintessential single-site early transition metal olefin
polymerization catalysts. This type of catalysts was
developed more than 20 years ago when Andersen et
al. [1b] Ewen [1c] and Brintzinger et al. [la—d] dem-
onstrated that derivatives of the generic zirconocene
compound Cp,ZrMe, could be activated by Lewis acids
(A) to polymerize olefins. In the activation process A
will abstract a methide group from Cp,ZrMe, to pro-

Theoretical studies on the insertion process cata-
lyzed by coordinatively unsaturated bare cations such
as Cp,ZrMe* (Fig. 1) have been pioneered by Jolly and
Marynick [2b], Morokuma [2b], Rappé [2c] and others
[2d—f], with the result that there by now is a good
understanding of this process for different central
d®-metals and ancillary ligands [2d—e]. On the other

duce the ion-pair [Cp,ZrMe]" [AMe] . Jordan [le] and
others [1c] have further established that the cation
Cp,ZrMe™ is the active species in the polymerization
process and that the propagation proceeds [ 1c] accord-
ing to the Cossée [ 1f] and Arlman [1e] mechanism, see
Fig. 1. Following the pioneering work by Marks [1h],
attempts have also been made to establish the possible

hand, studies of the insertion process with the anion
included [2-4] are just beginning to emerge with the
work of Lanza et al. [4a], Fusco et al. [4b], Nifant’ev et
al. [4f], Chan et al. [4d] and others [4]. We shall in the
current account follow previous investigations by
Nifant’ev et al. [4f] and Chan [4d] in a study of the
insertion by ethylene into the zirconium—alkyl bond of
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Fig. 1. Mechanism for olefin polymerization by the bare cation [Cp,ZrMe™].

[Cp,ZrR*][B(C4Fs);Me ] with R = CH,, C;H,, Fig. 2.
The Lewis acid A = B(C4F5); was chosen here since it
often is used as an activator in olefin polymerization,
catalyzed by group-I1V metallocenes.

The current investigation will begin with a study of
ethylene insertion into the zirconium—methyl bond with
and without the [B(C4F5);Me]™ counterion present. This
part models the first initial step in the polymerization of
ethylene. In the presence of the anion, olefin will have
to enter cis to the methyl group for insertion to occur
and a Cy;.—C .5, bond to be formed, Fig. 3. This can be
accomplished in an approach where ethylene enters[4f]
either opposite (trans) or cis to [B(C4F5);Me], Fig. 3.
We shall in the following discuss both pathways. The
next part will be concerned with the insertion of ethyl-
ene into a zirconium—propyl bond as a model for the
second and subsequent insertion steps. This insertion
process is more complex than the initiation path since
the growing chain can adopt different orientations with
or without one or more hydrogens forming agostic
bonds to the metal center. The final part deals with ter-
mination of polymer growths. This process can take
place by a number of different pathways [5]. We have
found in previous studies [5] that the transfer of a
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Fig. 2. Molecular structure of ion-pair [ZrCp,Me*][Me-B(C4F5)*7].

——B(CgFs)a

Fig. 3. Cis- and trans-approach of ethylene to ion-pair
[ZrCp,Me*][Me-B(C4Fs);7].

hydride from the B-carbon of the growing chain to one
of the carbons of the incoming ethylene is the most fac-
ile termination mechanism for the bare cation in which
the influence of the B(C¢Fs);Me™ is neglected. We shall
here study how this process is influenced by the pres-
ence of B(C4Fs);Me™. Nifant’ev et al. [4f] has previ-
ously carried out a pioneering and extensive study on
[Cp,ZrR*][B(C4Fs);Me] in which they represented the
growing chain R by an ethyl group and neglected sol-
vent effects. However, it will be shown in this study
that solvation effects are important. Also, studies have
shown [2g] that ethyl is a poor model for the polymer
chain, especially in the description of the agostic inter-
action between chain and metal center. Nevertheless,
as we shall see, a number of key findings obtained by
Nifant’ev et al. [4f] are confirmed by the current study.
The current study is part of a larger attempt [6] in our
group to understand the role of the anion in polymer-
ization carried out by cationic group-IV catalysts.

2. Computational details

The density functional theory calculations were car-
ried out using the Amsterdam density functional (ADF)
program version 2000.01, developed by Baerends et al.
[7] and vectorized by Ravenek [7c]. The numerical inte-
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gration scheme applied was developed by te Velde and
Baerends [8] and the geometry optimization procedure
was based on the method of Verslius and Ziegler [9].
Geometry optimizations were carried out using the local
exchange-correlation potential of Vosko et al. [10] with-
out any symmetry constraints. The electronic configu-
rations of the atoms were described by a triple-{ basis
set on zirconium for 4s, 4p, 4d and 5s, augmented with
a single 5p polarization function. Double-{ STO basis
sets were used for carbon (2s, 2p), hydrogen (1s) and
boron (2s, 2p) and chlorine(3s, 3p), augmented with a
single 3d polarization function except for hydrogen
where a 2p polarization function was used. Shells of
lower energy were treated by the frozen core approxi-
mation. A set of auxiliary s, p, d, f and g STO functions
centered on all nuclei was used to fit the molecular den-
sity and represent Coulomb and exchange potentials
accurately in each SCF cycle [11]. The gas-phase
energy difference was calculated by augmenting the
local density approximation energy with Perdew and
Wang’s non-local correlation and exchange correc-
tions (PWBO91) [12]. The solvation energies based on
gas-phase geometries were calculated by the conductor-
like screening model (COSMO) [13] with a dielectric
constant of 2.023 to represent cyclohexane as the sol-
vent. The radii used for the atoms in A were as follows:
2.0(C), 1.16 (H),B 1.15(B), 1.2 (F), 2.4 (Zr), 2.1 (Cl).
Only the electrostatic contribution [13] to the solvation
energy was calculated in order to evaluate the enthalpy
of the reactions considered in this work. The enthalp-
ies (AH) reported in the following sections are poten-
tial energy differences without zero point corrections
or vibrational finite temperature corrections. Such cor-
rections are still too expensive to calculate for the size
of molecules considered here. We expect these correc-
tions to be of the order of + 2-3 kcal/mol [4f]. The inser-
tion barriers were obtained from linear transit calcula-
tions with the distance between one olefin carbon and
the alpha-carbon of the growing chain as the reaction
coordinate. The barriers for the termination by hydride
transfer were obtained from linear transit calculations
where the difference between the C,,.,—H distance and
the Cg—H distance involving the migrating hydride was
taken as the reaction coordinate. The B(C4Fs);CH;5™
anion was represented by a well tested QM/MM model
[14,6] where the quantum mechanical (QM) part was
represented by BCI;CH;~, whereas the C¢F5 groups
were modeled by molecular mechanics (MM) using the

SYBYL/TRIPOS 5.2 force field constants [15a]. The
remaining parts of the systems discussed here were all
treated by quantum mechanical DFT calculations. The
code for QM/MM in ADF has been implemented by
Woo et al. [15b]. The electrostatic part of the solvation
energy for the species discussed here was determined
from full QM calculations based on QM/MM geom-
etries.

3. Results and discussion
3.1. The first insertion

We shall first consider the insertion into the zirconi-
um-methyl bond as a model for the initial propagation
step. The energy profiles presented in the following are
all with respect to changes in the (electronic) enthalpy.
However one can obtain a rough estimate of the corre-
sponding free energy profiles by adding 8—10 kcal/mol
to all the enthalpies given relative to free ethylene and
the ion-pair (bare cation) [4f]. This correction corre-
sponds to the entropic contribution to the free energy
change due to ethylene complexation [4f].

3.1.1. The first insertion in the presence
of B(C4F5);CH;~

The cis-approach. In the cis-approach of Fig. 3 eth-
ylene enters the crowded space between the counterion
B(C4F5);CH;™ and the methyl group. The energy pro-
file for the cis-attack is displayed in Fig. 4. The profile
gives energies in solution (cyclohexane) as well as in
the gas-phase (numbers in parentheses). We shall only
discuss the solution data in details.

One cis-path (2a — 2b of Fig. 4) has the ethylene
C=C double bond in the CH;-Zr-CH;A™ coordination
plane. This approach leads to the m-complex 2b with
an endothermic complexation energy of 8.8 kcal/mol
and an uptake barrier associated with the transition state
TS[2a-2b] of 10 kcal/mol. As ethylene proceeds
towards the zirconium center in the cis-path 2a — 2b,
the CH;—Zr—CH;A™ angle opens up from 98° in 2a to
145° in TS[2a-2b] and 154° in 2b. The opening of the
CH;—Zr—CH;A™ angle towards 180° forces the CH; and
CH;A™ ligands to compete for the same acceptor orbit-
als with the consequence that their bonds to zirconium
are weakened. Thus, the Zr-CH;A™ bond is elongated
from 2.46 A in 2a to 2.73 A in TS[2a~2b] and 3.09 A
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Fig. 4. Energy profile for insertion of ethylene into the Zr-Me bond of [ZrCp,Me"][Me-B(CFs);7] by cis-approach of ethylene. Energy in

kcal/mol.

in 2b, whereas the Zr-CHj; distance increases from
2.26 A in 2a to 2.36 A in 2b. The geometrical changes
mention above in conjunction with the steric interac-
tion between ethylene and the ion-pair [Cp,ZrMe]*
[B(C4Fs);Me], 2a, all contributes to the endothermic
ethylene uptake energy. The only stabilizing factor is
the bonding interaction between zirconium and ethyl-
ene.

The ethylene monomer of the ‘in-plane’ m-complex
2b can readily insert into the Zr—CH; bond. The inter-
nal barrier for this process (2b — 3a) is 7.0 kcal/mol
corresponding to an energy of 15.8 kcal/mol for the
transition state TS[2b—3a]. In TS[2b-3a] the Zr—CHj;
bond is weakened further to a distance of R(Zr-
CH;) =2.45 A as the local methyl Cs-axis is rotated
from pointing towards zirconium to pointing in the
direction of one of the ethylene carbons. At the same
time the ethylene unit slides so as to form one short
(2.34 A) Zr-C bond and one emerging C—C bond
(2.05 A). The kinetic product from the insertion pro-
cess is the ion-pair [Cp,ZrPr]* [B(C¢F5);Me] ™, 3a, with
an energy of —21.8 kcal/mol. It is interesting to note
that the ion-pair has completely recombined in 3a with
a R(Zr-u-Me)) distance of 2.48 A that is similar to the
value of 2.46 A for 2a. Thus, in the second insertion

ethylene will again have to displace the anion. It is worth
to mention that the propyl chain in 3a is oriented in
such a way that the dihedral angle C~Zr-C,~Cg is
nearly 180°.

An alternative cis-approach has the ethylene C=C
double bond perpendicular to the CH;—Zr—CH;A™ coor-
dination plane, so as to minimize the steric interaction
between ethylene and the CH;A™ anion. This approach
leads to the ‘perpendicular’ ethylene m-complex 2¢ of
Fig. 4 with an endothermic complexation energy of
4.1 kcal/mol. The complexation or uptake process (2a
— 2c¢) is associated with a barrier of 5.2 kcal/mol,
TS[2a—2c¢] of Fig. 4. The perpendicular approach dis-
torts the [Cp,ZrMe]* [B(C¢F5);Me]™ ion-pair in the
same way as the ‘in-plane’ ethylene attack, but to a
lesser extend due to the smaller steric interaction
between ethylene and the ion-pair. The complexation
energy and uptake barrier is as a consequence less
endothermic in this approach. Insertion is not possible
from 2¢ without rotation of the ‘perpendicular’ ethyl-
ene monomer into the CH;—Zr—CH;A™ coordination
plane. Such a rotation has a barrier of 0.3 kcal/mol and
leads to the ‘in-plane’ ethylene m-complex 2b from
which insertion can proceed readily as discussed above.
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We shall finally note that gas-phase and solution
energies are quite similar. The largest differences are
for species with a substantial charge separation such as
TS[2b—3a] where the gas-phase energies as expected
are higher. However the difference is not more than
1 kcal/mol for a non-polar solvent such as cyclohex-
ane.

3.1.2. The trans-approach for the first insertion
in the presence of B(CgFs);CH;3~

For the trans mechanism (Fig. 3) ethylene can
approach the metal center with the C=C bond in the
CH;—Zr—CH;A™ coordination plane, Fig. 5. This path
leads directly to the insertion transition state TS[2a—
3b] without any uptake barrier or m-complex forma-
tion, Fig. 5. In the course of the approach CH;A™ is
displaced to a R(Zr-u-Me) distance of 3.08 A and the
total insertion barrier is 13.0 kcal/mol in solution com-
pared to 14.3 kcal/mol in gas-phase. The geometry of
the transition state TS[2a—3b] resembles to some degree
that of a typical Sy2 type reaction with the incoming
(C,H,) and leaving (CH5A") nucleophiles in the axial
positions and the two Cp-centroids and the methyl—
carbon in the equatorial positions. One notice in addi-
tion as for TS[2b-3a] the four center pattern for the
insertion transition state TS[2a-3b]. However, the
emerging C—C and Zr—C bonds are seen to be longer in
the trans attack. One might also imagine an approach
in which the ethylene C=C double bond is perpendicu-
lar to the CH;—Zr—CH;A™ coordination plane. How-
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K5
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2\ 4
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/7Rt
H

Fig. 5. Energy profile for insertion of ethylene into the Zr—Me bond
of [ZrCp,Me*][Me-B(CFs);] by trans-approach of ethylene. Energy
in kcal/mol.

ever, as the ethylene approach the zirconium center the
C=C double bond invariably rotates down into the CH;—
Zr—CH;A™ coordination plane. Thus, we were unable
to locate a ‘perpendicular’ t-complex for the trans case.

The kinetic insertion product for the trans-approach
is a new ion-pair [Cp,ZrPr]" [B(C4¢F5);Me], 3b, with
an anion that has reattached itself to the metal center at
a R(Zr-p-Me) distance of 2.46 A. The ion-pair 3b dif-
fer slightly from the cis product 3a in that the dihedral
angle C,~Zr—C,~Cg is nearly 60° rather then 180°. Fur-
ther on, 3b has an energy of —21.9 kcal/mol which is
lower than 3a by 0.1 kcal/mol. We shall discuss the
structures of 3a and 3b in more details in a later sec-
tion.

3.1.3. A comparison of the insertion pathways
with and without the anion B(C4Fs);CH ;™

Insertion of ethylene into the zirconium methyl bond
of the bare cationic species Cp,ZrMe* (2A) has already
been studied extensively [2]. The uptake (2A — 2B) of
ethylene to produce the m-complex 2B is exothermic
by —17.4 kcal/mol and proceeds without any barrier,
Fig. 6. From 2B ethylene can insert with a modest inter-
nal barrier of 0.8 kcal/mol via the transition state
TS[2B-3A] (-16.6 kcal/mol) to produce the propyl spe-

cies Cp,ZrPr" , 3A, at an energy of —28.1 kcal/mol.
0.0: Solvation
(0.0):Gas-Phase
2A
Cpy,
CP{MH TS[2B - 3A
% Zen, 283
. 16.6
AN L 174 (-19.6)
(-20,4), e
_ 2B
\'—C 2
y N :
C v il
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Cp™ N\g o
S
oy
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Fig. 6. Energy profile for the insertion of ethylene into the Zr-Me
bond of [ZrCp,Me"*]. Energy in kcal/mol.
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The energy profile for the insertion process of the
bare cation 2A (Fig. 6) differ considerably from that of
the ion-pair 2a (Figs. 4 and 5). In the latter case the
uptake is endothermic since ethylene has to compete
with the anion for coordination space. As a conse-
quence, compared to 2B ethylene is not as tightly bound
and closely spaced to the metal in 2b (Fig. 7). Also due
to the higher coordination, the Zr—-CH; bond in 2b is
elongated compared to 2B (Fig. 7). A decomposition
analysis revealed that roughly 25% of the difference in
uptake energy between 2b and 2B is due to the stretch
of the Zr-Me and Zr—ethylene bond distances in 2b
compared to 2B, 25% comes from increasing the R(Zr-
p-Me) distance (compared to 2A) whereas the rest is
due to increased steric interaction.

3.2. The second insertion

We shall now turn to a discussion of the second
propagation step in which ethylene is inserted into the
Zr—C, bond of the [Cp,ZrPr]"[AMe]” ion-pair. This
process should also serve as a good model for subse-
quent propagation steps to the extent that different sub-
stituents on the y-carbon have a minor influence on the
rate of insertion.

Kcal/mol

Owwll L i1 il i1 La 0
-200 -150 -100 -50 O 50 100 150 200

¢

Fig. 8. The energy of [ZrCp,Pr*][Me-B(C4Fs);] as a function of
the rotation of the propyl chain (Pr) around the dihedral angle Ame—
Zr-C,~Cg. Energy in kcal/mol.

3.2.1. Conformation of the propyl chain
in the ion-pair [Cp,ZrPropyl” J[AMe™]

The possible orientation of the propyl group around
the C,~Cg bond is shown in the Newman diagram of
Fig. 8. The chain has three minimum structures of simi-
lar energy (+ 0.2 kcal/mol) corresponding to the stag-
gered conformations with ¢ of Fig. 8 at 54° (3b), 163°
(3a) and —50° (3c¢), respectively. On the other hand, the
eclipsed conformations at 0°, 110° and —100° repre-
sent rotational transition states with barriers of
2.2 kcal/mol (-110°), 2.6 kcal/mol (110°) and
3.8 kcal/mol (0°) (3d), respectively. Thus, under poly-
merization conditions at 100-200 °C the chain can
rotate around the C,~Cg bond between the staggered
equilibrium structures. The chain does not form agos-
tic bonds between the metal and hydrogens on the a-,
[3- or y-carbons of the chain. Presumably, the metal cen-
ter is already coordinately saturated from the interac-
tion with the anion ACH;™ and the ancillary ligands. It
is important to note that the three minima (3b-3d) are
distinct due to the unsymmetrical structure of ACH;~
Fig. 2. However, 3b and 3c are closely related.

In the following discussion we will encounter inser-
tion processes in which the interaction between a hydro-
gen on the B-carbon of the propyl (growing) chain is of
crucial importance, as well as cases in which such an
interaction is absent. We shall begin with the latter case



T. Ziegler et al. / C. R. Chimie 8 (2005) 1552—1565 1559

12.8 (14.1)
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Fig. 9. Energy profile for insertion of ethylene into the Zr—Pr bond of
[ZrCp,Pr*][Me-B(C¢F5);7] by trans-approach of ethylene without
formation of a B-agostic interaction. Energy in kcal/mol.

which involves the cis and trans-approach (Fig. 3) to
the ion-pair conformations 3b and 3c.

3.2.2. Cis and trans-approach to the ion-pair
conformations 3b and 3¢

The two conformations 3b (¢ = 54°) and 3¢ (¢ =
—50 °) with the chain out of the CH;—Zr—CH;A™ coor-
dination plane are very similar. Thus we shall restrict
our investigation to the cis and trans-approach of eth-
ylene towards 3b. In the trans-case ethylene can attack
while situated either in the CH;—Zr—CH3;A™ coordina-

tion plane or oriented perpendicular to the same plane.
The in-plane ethylene approach has no uptake barrier
or m-complex. It leads instead directly to the insertion
transition state TS[3b-10a] with a barrier of
12.8 kcal/mol, Fig. 9. On the other hand, any initial
approach of ethylene in the perpendicular position
invariably results in a rotation of the C=C bond down
into the CH;—Zr—CH;A™ coordination plane without the
formation of a “perpendicular” n-complex. After inser-
tion, the counterions recombine to form the pentyl ion-
pair 10a. Thus, in the next insertion ethylene will again
have to displace the anion. It is worth noting how simi-
lar the trans-reaction profile is for the first (Fig. 5) and
second insertion, Fig. 9. Even comparable geometrical
parameters are quite similar in magnitude. Thus replac-
ing the methyl group by a propyl chain does not change
the essential features of the trans attack.

In the cis-case ethylene can attack while either situ-
ated in the CH;—Zr—CH;A™ coordination plane or ori-
ented perpendicular to the same plane, Fig. 10. In the
first case the path leads to a considerable uptake barrier
of 15.4 kcal/mol (TS[3b-4b]), followed by the
n-complex 4b (5.8 kcal/mol) in which the anion is dis-
placed to a R(Zr-u-Me) distance of 4.23 A, Fig. 10. On
the other hand, the path with ethylene in the perpen-
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Fig. 10. Energy profile for insertion of ethylene into the Zr—Pr bond of [ZrCp,Pr*][Me-B(C4F;);] by cis-approach of ethylene without forma-
tion of a f-agostic interaction. Energy in kcal/mol.



1560 T. Ziegler et al. / C. R.

CH,A
CH3A
..:'-
C
X, Et
i) PN
s a
Cplitnne. 7Y Cpy, 1
i Cpw=Zr——
o L ScH P Qv
1
H—C
[—{;/E i) =Chuy
5b: cis-back 6b : trans-back

Chimie 8 (2005) 1552-1565

CH;A

\ v
"
Cp.‘n,, % \ CP/.«/»,,'__ / \C

i ey Ve
.C/C‘"“""El \
‘ C..Il\
~

T C =
H b'e

7h: cis-front 8b: trans-front

Fig. 11. Possible conformations of the $-agostic ethylene complexes.

dicular orientation leads to less steric congestion thus
resulting in a smaller uptake barrier of 9.5 kcal/mol
(TS[3b—4c]) and a more stable m-complex 4c
(4.5 kcal/mol) with a shorter R(Zr-p-Me) distance of
3.29 A. Finally, insertion from either of the two
n-complexes 4b or 4c takes place via the same transi-
tion state TS[4b—10a] with a barrier of 6.8 kcal/mol,
Fig. 10. Our calculations indicate that the most facile
cis-approach initially proceeds along the perpendicu-
lar path 3b — TS[3b—4c] - 4c followed by a rotation
of ethylene into the CH;—Zr—CH3A™ coordination plane
to reach the insertion transition state TS[4b—10a], just
as in the cis-approach for the first insertion. We note as
well that the distortions of the ion-pair due to the
approaching ethylene are similar for the first and sec-
ond cis insertion. The most important geometrical
changes are the opening of the CH;—Zr—-CH;A™ angle
and the elongation of the Zr-alkyl and Zr—CH;A™ bonds.

It is interesting to point out that after solvent effects
have been taken into account, the rate determining step
along the path 3b — TS[3b—4¢] — 4¢ — TS[4b-10a]
is the olefin uptake since the insertion transition state
TS[4b—10a] has a substantial charge separation that is
stabilized by solvation. Of the two cis-insertion pro-
cesses the second is seen to have a lower barrier than
the first even in the gas-phase. This is due to the fact
that the Zr—Pr bond is weaker than the Zr—methy]l link-
age. Also, in the second insertion the transition state
TS[4b—10a] is stabilized by the interaction of one of
the hydrogens on the a-carbon of the growing (propyl)
chain. Such an a-agostic interaction was not found in
the case of TS[2b-3a]. On the other hand the uptake
barriers associated with the second insertion are seen
to be larger than the corresponding barriers of the first
insertion due to the added steric bulk on the growing
chain. However, we do not expect the uptake barriers
to grown further for longer chains.

We shall now turn to insertion processes in which
the interaction between a hydrogen on the -carbon of
the propyl (growing) chain and the metal center is of
crucial importance. Such B-agostic species can form
during the approach of the ethylene monomer, and they
have been discussed extensively [2] in studies on eth-
ylene polymerization catalyzed by the bare cation
Cp,ZrPr™. In the case of [Cp,ZrPr]"[CH;A]™ one can
envision four conformers for the corresponding
[-agostic m-complex, Fig. 11. Thus, ethylene can enter
cis or trans to the anion CH;A™ with the B-agostic
hydrogen on the opposite side of the Zr-C, bond to
form the two back-side [Sa] m-complexes with the cis-
back (5b) and trans-back (6b) conformations, Fig. 11.
Alternatively, ethylene can enter cis or trans to the anion
CH;A™ with the B-agostic hydrogen on the same side
of the Zr—C, bond to form the two front-side [5a]
n-complexes with the cis-front (7b) and trans-front (8b)
conformations. We shall first discuss the role of the cis-
back and trans-back conformations.

3.2.2.1. The role of the cis-back (5b) and trans-back
(6b) conformations. The B-agostic ethylene complex
Sb with the cis-back conformation is formed with an
endothermic complexation energy of 4.9 kcal/mol,
Fig. 12, from a cis-attack of ethylene towards 3a. It
follows that Sb is slightly more stable than the a-agostic
ethylene complex 4b (5.8 kcal/mol) formed from the
cis-approach discussed above and involving 3b, Fig. 9.
The uptake barrier for the formation of 5b is as high as
18.2 kcal/mol with a transition state TS[3a-5b] where
the B-agostic bond already is formed. The high barrier
is due to the steric congestion around the zirconium
center which makes it impossible for ethylene to coor-
dinate properly to zirconium. Thus ethylene is situated
completely in the CH;—Zr—CH;A™ coordination plane
in a way that minimize the steric interaction without
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Fig. 12. Energy profile for insertion of ethylene into the Zr—Pr bond via the B-agostic cis-back ethylene complex 5b, see Fig. 11. Energy in
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gaining any stabilizing bonding to zirconium. After
TS[3a—5b] the anion dissociate to provide ethylene with
an axial coordination in 5b. In the final insertion step,
the B-agostic bond is maintained in the transition state
TS[5b-10a] with a barrier of 10.8 kcal/mol. The cis-
attack discussed here in Fig. 12 is less favorable than
the cis-attack in Fig. 9 because of the higher uptake
barrier. Thus the formation of a B-agostic bond is not
necessary going to make the insertion more facile in
the presence of the anion CH;A™.

The B-agostic ethylene complex 6b, Fig. 13, can for-
mally be considered formed in a trans-approach of eth-
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ylene towards the ion-pair where the latter adopts the
high energy geometry 3d (¢ = 0°). The complexation
process is endothermic (6.4 kcal/mol) with an uptake
barrier of 14.1 kcal/mol, Fig. 13. The uptake transition
state TS[3d-6b] already reveals a [-agostic bond. It
has further a bipyramidal structure with the entering
(ethylene) and leaving (CH;A™) nucleophiles situated
in the axial positions as it is typical for Sy2 type reac-
tions. The insertion transition state TS[6b-10a] in
which the -agostic bond is maintained has a barrier of
9.4 kcal/mol, which is somewhat lower (12.8 kcal/mol)
than the barrier obtained in the previously discussed
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Fig. 13. Energy profile for insertion of ethylene into the Zr—Pr bond via the -agostic trans-back ethylene complex 6b, see Fig. 11. Energy in

kcal/mol.
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trans approach, Fig. 9, where an agostic bond was absent
in the transition state structure TS[3b—10a]. In total, the
trans-approach involving -agostic bonds is seen to be
marginally less facile due to the uptake barrier.

We have also studied ethylene polymerization by the
bare cation Cp,ZrPr* IIIA which has a B-agostic hydro-
gen—zirconium bond in its most stable conformation,
Fig. 14. The formation of a back-side ethylene com-
plex VB is exothermic by 19.0 kcal/mol and proceeds
without any uptake barrier. The final insertion takes
place with an internal barrier of 7.2 kcal/mol via the
transition state TS[VB-XA] which is 11.8 kcal/mol
below ITIA and free ethylene. We note that the
n-complex VB and transition state TS[VB-XA] have
many features in common with, respectively, the
n-complexes Sb, 6b and transition states TS[Sb-10a],
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TS[6b—-10a], if one disregard the counterion in the lat-
ter species. Further, the internal insertion barrier for
TS[VB-XA] of 7.2 kcal/mol is somewhat larger than
the corresponding barrier for TS[Sb-10a] of
5.9 kcal/mol and more than double as large as the bar-
rier for TS[6b-10a] of 3.0 kcal/mol.

3.2.2.2.  Chain termination and the role
of the cis-front (7b) and trans-front (8b) conforma-
tions. We shall finally discuss the role of the f-agostic
n-complexes 7b and 8b. The first can be considered as
a product from a cis-attack of ethylene on the ion-pair
3d, Fig. 15, whereas the second is produced by a trans-
approach of ethylene towards 3a, Fig. 16.

The B-agostic m-complex 7b has a relatively low
energy of 3.8 kcal/mol, Fig. 15. However, the forma-
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Fig. 15. Energy profile for hydrogen transfer via the B-agostic cis-front ethylene complex 7b, see Fig. 11. Energy in kcal/mol.
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Fig. 16. Energy profile for hydrogen transfer via the B-agostic trans-front ethylene complex 8b, see Fig. 11. Energy in kcal/mol.

tion of 7b is associated with a substantial uptake bar-
rier of 12.5 kcal/mol corresponding to the transition
state TS[3d-7b] in which a B-agostic bond already is
formed in order to compensate for the partial dissocia-
tion of the anion CH;A~ with R[Zr-u-CH,] = 3.81 A.
Unfortunately, the steric requirement of the f-agostic
bond makes it difficult for ethylene to participate in the
stabilization of TS[3d—7b] and it remains weakly coor-
dinating with R[Zr-X] = 3.40 A. The position of the
B-hydrogen between the a-carbon and the approaching
monomer prevents a direct insertion to take place unless
the B-hydrogen is removed from the Zr-C,-Cg plane
by a rotation around the C,~Cg bond. However such a
rotation has a barrier of more than 15 kcal/mol and will
not be considered further. Instead 7b can undergo a ter-
mination process in which the B-hydrogen is trans-
ferred from the propyl chain to the ethylene monomer,
Fig. 15. The result is a new ion-pair 9b with an ethyl
chain and a propene monomer originating from the
former propyl group. The total barrier for the elimina-
tion process is 10.6 kcal/mol corresponding to the tran-
sition state TS[7b—9a].

The corresponding trans-front -complex 8b is also
stabilized by a B-agostic interaction and requires again
a high uptake barrier (14.0 kcal/mol) to be formed,
Fig. 16. The uptake transition state TS[3a-8b] is typi-
cal of an S\2 reaction with the two nucleophiles CH;A™
and ethylene in the axial positions. As in the case of
7b, the trans-front m-complex 8b can not readily
undergo insertion as the B-agostic hydrogen blocks the
approach of the monomer towards the a-carbon of the

propyl chain. Instead, the B-hydrogen is transferred to
the monomer resulting in the elimination of the propyl
chain as propene and the formation of a new ion-pair
9a with an ethyl chain. The barrier TS[8b—9a] for this
process is 11.9 kcal/mol. It is interesting to note that the
rate for the two hydride transfer processes discussed here
is determined by the barriers of the olefin uptake rather
than the hydride transfer, Fig. 17. This is in contrast to
studies of hydride transfer based on the bare cation where
the uptake proceeds without any activation energy and
the only (internal) barrier is the energy required to move
from the cis-front and trans-front m-complexes to the
hydride transfer transition state [2e,5].

4. Concluding remarks

We have studied the reaction of ethylene with the
ion-pair [ZrCp,R]* [Me-B(CF5);]™ as well as the bare
cation [ZrCp,R*] for R = Me, Pr in order to probe the
influence of the anion [Me-B(C4F5);]™ on the insertion
of ethylene into the Zr—R bond.

The reaction between ethylene and the bare cation
[ZrCp,R]" leads in the first place to a m-complex in a
strongly exothermic and exogonic reaction without any
(uptake) barrier [2,3], Figs. 6 and 13. Even the subse-
quent insertion process has a transition state that is lower
in energy than ethylene and the cation at full separa-
tion. The only (intrinsic) barrier is the energy required
(1.2 kcal/mol R = Me; 7.2 kcal/mol R = Pr) to proceed
from the m-complex to the insertion transition state.
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For the ion-pair [ZrCp,R]*[Me-B(C¢Fs);]™ ethyl-
ene can approach cis and trans to the Zr-u-CH; bridge
that binds the ion-pair together, Fig. 3. For the second
(and subsequent) approaches of the ethylene monomer
(R = Pr) the insertion process is further complicated by
the fact that the chain in the ion-pair have three equi-
librium (staggered) conformations with respect to rota-
tion around the C,—Cg bond at ¢ = 163° (3a), ¢ = 54°
(3b) and ¢ =-50° (3¢), Fig. 8. The barrier for a com-
plete rotation of the chain is 3.8 kcal/mol. It is thus
reasonable to assume that the chain can rotate freely
around the C,~Cg bond under normal polymerization
conditions (140-200 °C). We have studied both the cis
and the trans-approach for three orientations of the chain
corresponding to 3a (¢ = 163°); 3b (¢ = 54°) and 3d
(¢ =0°), Figs. 8 and 17.

The cis-approach leads in general to an endogonic
and endothermic n-complexation that is associated with
a substantial (uptake) barrier. The uptake transition state
is approximately bipyramidal with the anion and R in
the axial positions and ethylene in the equatorial plane,
Figs. 4 and 10. The uptake barrier is caused by increased
steric congestion and the partial dissociation of the
anion as well as trans-destabilization between R and
the anion. The anion dissociation is larger for R = Pr
(AR(Zr-u-CH;) = 0.19 A) than for R = Me (AR(Zr-p-
CH,) = 0.11 A). The subsequent insertion process leads

to a new barrier and associated transition state in which
the anion is displaced further with AR(Zr-p-
CH,) = 0.65 A for R = Me (Fig. 4) and AR(Zr-p-
CH;) =1.64 AforR =Pr (Fig. 10). Solvent effects tend
to stabilize the insertion transition state with the larger
(charge) separation more (3.2 kcal/mol R =Pr;
0.9 kcal/mol R = Me) than the uptake barrier with the
modest anion displacement. Solvent effects are for the
same reason more important for R = Pr than for R = Me.

The trans-approach leads for R = Me directly to
insertion without the formation of a m-complex, Fig. 5,
and this is also the case for the trans-approach towards
3b, Figs. 9 and 16. All other cases give rise to the for-
mation of an endogonic n-complex. Both uptake barri-
ers and insertion barriers are Sy2-like with the nucleo-
philes (the anion and ethylene) in the axial positions of
a bipyramide. The anion displacement is again more
pronounced for R = Pr than for P = Me and more sub-
stantial in the insertion transition state than in the uptake
transition state, Figs. 5,9,11 and 14. Solvent stabiliza-
tion is likewise most important (~4 kcal/mol) for the
insertion transition state, Fig. 17.

We find the first insertion (R = Me) to favor a trans-
attack without the formation of an intermediate, Fig. 5.
The corresponding (insertion) barrier was calculated to
be 13.0 kcal/mol. For the second insertion (and likely
also all subsequent insertions) we find that a cis-
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approach is preferred with a barrier of 9.5 kcal/mol,
Fig. 10. This trend is in agreement with the work of Liu
et al. [16] where it was found that the activation energy
for the first insertion of 1-hexene into the Z-Me bond
of [rac(C,H,(1-indenyl),ZrMe]" [MeB(C¢F5);]~ was
11.2 kcal/mol whereas the subsequent insertion has a
barrier of 6.4 kcal/mol.

It is important to note that the barrier for the second
propagation step is associated with olefin uptake rather
than with olefin insertion into the Zr—Pr bond, Fig. 10.
This observation indicates in the first place that barri-
ers of activation for propagation might be strongly
related to the ion-pair separation energy [4f, 6a—e, 14]
so that more tightly bound ion-pairs give rise to higher
propagation barriers and reduced polymerization activ-
ity. Further, the uptake transition state has the incom-
ing monomer much further away from the metal center
than the insertion transition state. This might have impli-
cations for the way in which one rationalize stereoregu-
lar polymerization of higher a-olefins, a point we will
return to in a later investigation. Finally, even the rate
of termination might be determined by olefin uptake,
Figs. 14 and 15, with the results that one will need new
consideration to determine molecular weights.

Acknowledgements

This investigation was supported by the Natural Sci-
ence and Engineering Research council of Canada
(NSERC) and by Nova Research and Technology Cor-
poration (NRTC). T.Z. would like to thank the Cana-
dian government for a Canada Research Chair in theo-
retical inorganic chemistry.

References

[1]  (a) H.H. Brintzinger, D. Fischer, R. Miilhaupt, B. Rieger,
R.M. Waymouth, Angew. Chem., Int. Ed. Engl. 34 (1995)
1143. (b) A. Andersen, H.-G. Cordes, J. Herwig, W. Kamin-
sky, A. Merck, R. Mottweiler, J. Pein, H. Sinn, H.-J. Vollmer,
Angew. Chem., Int. Ed. Engl. 15 (1976) 630. (c) J.A. Ewen, J.
Am. Chem. Soc. 106 (1984) 6355. (d) W. Kaminsky, K.
Kiilper, H.H. Brintzinger, ER.W.P. Wild, Angew. Chem., Int.
Ed. Engl. 24 (1985) 507. (e) R.F. Jordan, Chem. Educ. 65
(1988) 285. (f) P. Cossée, J. Catal. 3 (1964) 80. (g) E.J.
Arlman, J. Catal. 3 (1964) 89. (h) E.Y.-X. Chen, T.J. Marks,
Chem. Rev. 100 (2000) 1391.

[2] (a) H. Kawamura-Kuribayashi, N. Koga, K. Morokuma, J.
Am. Chem. Soc. 114 (1992) 8687. (b) C.A. Jolly, D.S.
Marynick, J. Am. Chem. Soc. 111 (1989) 7968. (b) L.A.
Castonguay, A.K. Rappé, J. Am. Chem. Soc. 114 (1992) 5832.

[3]

[4]

[5]

[6]

[7]

[8]

(9]
[10]
[
[12]
[13]
[14]

[15]

[16]

(c) A.A. Rappé, W.A. Skiff, C.J. Casewit, Chem. Rev. 100
(2000) 1391. (d) P. Margl, L. Deng, T. Ziegler, J. Am. Chem.
Soc. 121 (1999) 154-162. (e) P. Margl, L. Deng, T. Ziegler,
Organometallics, 17 (1998) 933. (f) T.K. Woo, L. Fan, T.
Ziegler, Organometallics 13 (1994) 432. (g) G. Talarico, A.
Blok, T.K. Woo, L. Cavallo, Organometallics 21 (2002) 4939.
(a) K. Vanka, M.S.W. Chan, C.C. Pye, T. Ziegler, Organome-
tallics 19 (2000) 1841. (b) G. Lanza, I.L. Fragala, T.J. Marks,
J. Am. Chem. Soc. 122 (2000) 12764. (c) R. Fusco, L. Longo,
A. Proto, F. Masi, F. Garbassi, Macromolecules 30 (1997)
7673. (d) K. Vanka, T. Ziegler, Organometallics 21 (2001) 83.
(a) G. Lanza, I.L. Fragala, T.J. Marks, J. Am. Chem. Soc. 120
(1998) 8257. (b) R. Fusco, L. Longo, A. Proto, F. Masi, F.
Garbassi, Macromol. Rapid. Commun. 19 (1998) 257. (c) F.
Bernardi, Z. Bottoni, G.P. Miscione, Organometallics 17
(1998) 16. (d) M.S.W. Chan, K. Vanka, C.C. Pye, T. Ziegler,
Organometallics 18 (1999) 4624. (e) M.S.W. Chan, T. Ziegler,
Organometallics 19 (2000) 5182. (f) LLE. Nifant’ev, L.Y.
Ustynyuk, D.N. Laikov, Organometallics 20 (2001) 5375. (g)
F. Schaper, A. Geyer, H.H. Brintzinger, Organometallics 21
(2002) 473.

(a) C.W. Lohrenz, T.K. Woo, L. Fan, T. Ziegler, J. Organomet.
Chem. 497 (1995) 91. (b) P. Margl, L. Deng, T. Ziegler, J. Am.
Chem. Soc. 121 (1999) 154.

(a) Z. Xu, K. Vanka, T. Ziegler, Organometallics 23 (2004)
104. (b) E. Zurek, T. Ziegler, Faraday Discuss. (2003) 93. (c)
K. Vanka; Z. Xu, T. Ziegler, Isr. J. Chem. 42 (2003) 403. (d) K.
Vanka, Z. Xu, T. Ziegler, Can. J. Chem. 81 (2003) 1413. (e) E.
Zurek, T. Ziegler, Prog. Polym. Sci. 29 (2004) 107.

(a) E.J. Baerends, D.E. Ellis, P. Ros, Chem. Phys. 2 (1973) 41.
(b) EJ. Baerends, P. Ros, Chem. Phys. 2 (1973) 52. (c) G. te
Velde, E.J. Baerends, J. Comput. Phys. 92 (1992) 84. (d) C.G.
Fonseca, O. Visser, J.G. Snijders, G. te Velde, E.J. Baerends,
in: E. Clementi, G. Corongiu (Eds.), Methods and Techniques
in Computational Chemistry, METECC-95, STEF, Cagliari,
Ttaly, 1995, p. 305. (e) W. Ravenek, in: H.J.J. te Riele, T.
Dekker, H.A. Van de Horst (Eds.), Algorithms and Applica-
tions on Vector and Parallel Computers, Elsevier, Amsterdam,
The Netherlands, 1987.

(a) G. te Velde, E.J. Baerends, J. Comput. Chem. 99 (1992) 84.
(b) PM. Boerrigter, G. te Velde, E.J. Baerends, Int. J. Quantum
Chem. 33 (1998) 87.

L. Verslius, T. Ziegler, J. Chem. Phys. 88 (1988) 322.

S.H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 58 (1980) 1200.
J. Krijn, E.J. Baerends, Fit Functions in the HFS-Method, Free
University of Amsterdam, 1984.

J.P. Perdew, Phys. Rev. B 46 (1992) 6671.

(a) A. Klamt, G.J. Schuurmann, Chem. Soc. Perkin Trans. 2
(1993) 799. (b) C.C. Pye, T. Ziegler, Theor. Chem. Acc. 101
(1999) 11111 396.

Z. Xu, K. Vanka, T. Firman, A. Michalak, E. Zurek, C. Zhu,
T. Ziegler, Organometallics 21 (2002) 2444.

(a) M. Clark, R.D. Cramer III, N. van Opdenbosch, J. Comput.
Chem. 10 (1989) 982. (b) T.K. Woo, L. Cavallo, T. Ziegler,
Theor. Chim. Acta 100 (1998) 307. (c) F. Maseras, K. Moro-
kuma, J. Comput. Chem. 16 (1996) 1170.

Z. Liu, E. Somsook, C.B. White, K.D. Rosaaen, C.R. Landis,
J. Am. Chem. Soc. 123 (2001) 11193.



	The influence of the counterion B(C6F5)3CH3– and solvent effects on the propagation and termination steps of ethylene polymerization catalyzed by Cp2ZrR+ (R = Me,Pr). A density functional study
	Introduction
	Computational details
	Results and discussion
	The first insertion
	The first insertion in the presence of B(C6F5)3CH3–
	The trans-approach for the first insertion in the presence of B(C6F5)3CH3–
	A comparison of the insertion pathways with and without the anion B(C6F5)3CH3–

	The second insertion
	Conformation of the propyl chain in the ion-pair [Cp2ZrPropyl+][AMe–]
	Cis and trans-approach to the ion-pair conformations 3b and 3c


	Concluding remarks

	Acknowledgements
	References

