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Using a DFT approach we investigated the geometry and the stability of cationic bisindenyl zirconocenes
paired up with a counterion and of general formula [rac-Me2Si(1-Ind)2ZrR]+/[MeB(C6F5)3]- and [rac-
Me2Si(1-Ind)2ZrR]+/[B(C6F5)4]-, R ) -CH2SiMe3 or -CH2CHMe2 groups. The two R groups are
differently agostic-bonded to the metal. The calculations evidence rather good similarity when systems
bearing the two different R groups are compared in terms of geometry, relative energies, and the ion-pair
separation energies. They validate to a large extent the-CH2SiMe3 group as a model of the growing
chain in catalytic olefin polymerizations. However, they also underline some geometric differences that
should be considered when mechanistic schemes are developed from experiments.

Introduction

Group 4 metallocenium cations paired with a weakly coor-
dinating anion are known to be the active species for metal-
locene-based olefin polymerization. Several kinetic studies have
been carried out on these systems in order to get a deeper insight
into mechanistic features.1-3 Since direct investigation of these
systems is not an easy task, model systems that are as close as
possible to the real catalytic systems have been often considered.
In the search for reliable models of the growing chain, Erker
and co-workers proposed the [Cp2Zr(µ-butadiene)B(C6F5)3]
betaine system as a suitable model to derive mechanistic insights
into the monomer insertion step.4 Other authors investigated
the ion-pair structure and dynamics considering zirconocene
methyl complexes and derived important mechanistic informa-
tion.5,6 However, as noticed by Bochmann and co-workers, the
methyl group is not the ideal model for the growing chain. In
fact, the methyl group has less steric demands relative to a
polymeryl chain, can form methyl-bridged binuclear complexes,
and lacks the possibility of formingâ- andγ-agostic interactions
with the metal. For these reasons, Bochmann and co-workers
proposed recently the-CH2SiMe3 group as a model for the
polymeryl chain, considering it is a better model relative to the
methyl group, particularly in terms of steric hindrance.7,8

Using this model, they have investigated the structure,
dynamics, and reactivity of the [(SBI)Zr(CH2SiMe3)]+/[MeB-
(C6F5)3]- and of the [(SBI)Zr(CH2SiMe3)]+/[B(C6F5)4]- cata-
lysts (SBI ) rac-coordinated Me2Si(1-Ind)2) and have deter-

mined that the former system exists as an inner-sphere ion-pair
(ISIP) whereas the latter is an outer-sphere ion-pair (OSIP).
Additionally, on the basis of the ion-pair interaction they derived
some mechanistic information on the monomer insertion step.7

Their conclusions can be safely extended to the case of the
propene polymerization provided that the-CH2SiMe3 group
is a valid model for the polypropylenyl growing chain.

To check the validity of this model, we have performed DFT
calculations on the systems [(SBI)ZrR]+/X-, with R ) CH2-
SiMe3, CH2CHMe2 and X- ) MeB(C6F5)3

-, B(C6F5)4
-. The

isobutyl group has been used to simulate a polypropylene
growing chain. We have focused our study on the competition
between the different modes of agostic interactions,R, â (when
R ) CH2CHMe2) andγ, and the coordination of the counter-
anion X-.

Of course, even the isobutyl group cannot be considered
representative of a polypropylene growing chain, since it actually
corresponds to the growing chain after the first monomer
insertion into a Zr-Me bond. However, since the geometries
considered here are stabilized byR-, â-, or γ-agostic interactions,
we believe the isobutyl group is able to capture almost
completely the effects that would occur with a much longer
growing chain.

Computational Details

All calculations have been performed with the ADF2004.01
package.9 The gradient-corrected BP86 functional has been used.10-12

A triple-ú quality STO basis set was used for Zr atom, while
double-ú were used for H, B, C, F, and Si atoms (TZP and DZP
basis sets in ADF, respectively). These basis sets were augmented
with one polarization function on each atom: 5p for Zr, 2p for H,
3d for B, C, F, and Si. As it is well known that core electrons
almost do not play any role in the chemical properties, the frozen
core approximation, up to 3d for Zr, up to 1s for B, C, and F, and
up to 2p for Si, was used in order to save calculation time. Geometry
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optimizations were performed in the gas phase and followed by
single-point calculations using the COSMO model of solvation13

implemented in ADF14 for accounting for solvation in toluene
(ε ) 2.379). All the energies have been corrected for the cation-
anion basis set superposition error using the Boys-Bernardi
counterpoise method on gas-phase structures.15

Results and Discussion

1. Gas-Phase Cations.These results are displayed in Table
1. As reported in the literature, the bare cations exhibit a marked
preference for theâ- andγ-agostic interactions rather than for
the R interaction.16 This is due to the strong electrophilic
character of the unsaturated cation.

This effect is even larger for R) CH2SiMe3, in which case
the γ-agostic interaction is as much as 15 kcal/mol lower in
energy. In fact, in this case, as previously reported by Klooster
et al. for the complexes [(C5Me5)Y(OC6H3

tBu2){CH(SiMe3)2}]
and [(C5Me5)La{CH(SiMe3)2}2], the most stable conformer
exhibits mainly aâSiC-agostic rather than aγCH-agostic interac-
tion, even if this interaction is still present.17 This is indicated
by a significative lengthening of the Si-Me bond close to the
metal center, by an amount up to 0.11 Å with respect to the
other two Si-Me bonds (see Figure 1c), while the lengthening
of the C-H bond is only 0.02 Å. However, for consistency
with existing literature, this agostic binding mode will still be
referred asγCH or simply γ in the following. An additional
stabilizing factor could be geometric: the Si-C bonds being
longer than the C-C, the binding of CH2SiMe3 in this agostic
fashion allows a more efficient “capping” of the metal center.

2. Comparison of Agostic Binding Modes in Ion-Pairs.In
the case of ion-pairs, both models for the growing chain behave
in the same way for the same anion (Table 1). With MeB(C6F5)3-,
theR-agostic interaction and an ISIP geometry are preferred to
the âCH- or theγCH-agostic interaction, as they allow a better
coordination of the anion. Differently, with B(C6F5)4

-, bothâ-
and γ-agostic interactions are favored due to the weaker
coordinating character of the anion. Moreover, in the case of R
) CH2SiMe3 theγ-agostic interaction corresponds to an OSIP
geometry. These results are in agreement with Bochmann et
al.’s findings. Indeed, on the basis of X-ray and NMR
experiments they determined that in [(SBI)Hf(CH2SiMe3)]+-
[MeB(C6F5)3]- the silyl group adopts a conformation allowing
an RCH-agostic interaction and an ISIP geometry, while there
is a γ interaction and an OSIP geometry in [(SBI)Hf-
(CH2SiMe3)]+[B(C6F5)4]-.7
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Table 1. Energies, in kcal/mol, of the Various Agostic Interactions Formed by the-CH2C(H)Me2 and the -CH2SiMe3 Models
of a Growing Chain (the r-agostic geometries are taken as reference at 0 kcal/mol)

no counterion MeB(C6F5)3
- B(C6F5)4

-

interaction CH2CHMe2 CH2SiMe3 CH2CHMe2 CH2SiMe3 CH2CHMe2 CH2SiMe3

R-ISa 0 0 0 0 0 0
â-ISa 2.8 -5.1
â-OSb -9.7 d -3.3
γ-ISa c c 0.1 -4.2
γ-OSb -6.6 -15.0 c 6.4 0.9 -5.9

a IS: inner-sphere coordination of the anion.b OS: outer-sphere coordination of the anion.c It was not possible to locate a minimum with theγ-agostic
interaction in this case, the alkyl chain being pushed away by the anion.d It was not possible to locate a minimum corresponding to an OS anion.

Figure 1. Optimized geometries of some structures discussed in
the text. The C6F5 groups away from Zr are represented as single
spheres.
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Thus, our calculations confirm that CH2SiMe3 proves to be
a suitable model for the real growing chain if one keeps in mind
that this model allowsRCH- andγCH-agostic interactions, while
an isobutyl-like growing chain, i.e., with a H atom inâ, allows
RCH and âCH ones. In fact, for R) CH2CHMe2 the γCH

interaction seems to play no significant role since it is always
significantly higher in energy than either theR or theâ. Another
dissimilarity is that with X- ) MeB(C6F5)3

- the energy
difference betweenR andγ geometries with the silyl group is
much larger than the difference between theR andâ geometries
with the isobutyl chain (6.4 vs 2.8 kcal/mol).

Moreover, while B(C6F5)4
- is usually referred to as an outer-

sphere anion, we found that it can coordinate to the metal, thus
behaving like an inner-sphere anion. In the case of structures
bearing anR-agostic interaction this is not very surprising, as
the metal has a coordination vacancy. It was less expected to
find that the ISIP geometry is the most stable situation for the
â-agostic geometry and R) CH2CHMe2, with the OSIP
geometry 1.8 kcal/mol higher in energy. The ISIP geometry is
shown in Figure 1a. The relatively compactâ-agostic interaction
leaves enough space for coordination of one of the meta fluorine
atoms. This kind of interaction had already been found by Marks
through X-ray diffraction on the [(Me5Cp)2ThMe]+[B(C6F5)4]-

complex18 and by Ziegler’s DFT calculations on a zirconocene
complex.19 In both cases, the anion was coordinated by two
fluorine atoms. Here, due to the bisindenyl ligand steric
hindrance and to a more bulky alkyl group, only one fluorine
atom can coordinate to the metal center.

Differently, for theγ-agostic geometry and R) CH2SiMe3

the ISIP geometry is higher in energy, because anion coordina-
tion requires partial displacement of the bulkyγ-agostic
interaction, whereas in the OSIP geometry an optimal
Zr-H(agostic) distance occurs (compare Figures 1b and 1c).

3. Ion-Pair Separation Energies.Another point to consider
when one wants to study the behavior of an ion-pair is how
strongly bound the pair is. The results are shown in Table 2.
The binding energies are given with respect to separated anion
and cation in their most stable conformation (i.e.,âCH or γCH).
When compared to values reported by Ziegler et al., 38 kcal/
mol for [(1,2-Me2Cp)2ZrMe]+/[MeB(C6F5)3]-, our values may
appear small, as we obtained 22.2 kcal/mol for R) CH2CH-

(CH3)2 and X) MeB(C6F5)3. However, in this case, the BSSE
is as large as 9.9 kcal/mol, leading to an uncorrected value of
32.1 kcal/mol. The remaining difference can be safely attributed
to the larger steric demand of the SBI ligand with respect to
Cp2 and to the fact that the isobutyl growing chain is able to
form a stabilizingâ-agostic interaction with the metal in the
naked cation, whereas the methyl group can only form an
R-agostic interaction. The rather low binding energy for X)
B(C6F5)4 in the presence ofR-agostic interactions is a conse-
quence of the fact that binding energies are calculated from a
high-energyR-agostic geometry with respect to separated anion
and cation in their most stable conformation. Thus, the energy
penalty due to separation of the ion-pair is compensated by the
energy gain due to formation of theâCH- or γCH-agostic
interaction.

It can be seen that when R) CH2CH(CH3)2, the ion-pair
binding energy is significantly larger, by an amount of ca. 4
kcal/mol, than when R) CH2Si(CH3)3. Indeed, the CH2Si-
(CH3)3 group is a stronger coordinating group than CH2CH-
(CH3)2, due to theγCH- and theâSiC-agostic interactions, which
results in a stabilization of the cation and, thus, in a decrease
of the ion-pair binding energy. Another factor comes from the
larger steric demand of CH2Si(CH3)3, which prevents an efficient
binding of the cation and also leads to a decrease of the binding
energy.

This different behavior could play an important role in any
study concerning the displacement of the anion. Indeed the
energy difference of ca. 4 kcal/mol is far from being insignifi-
cant, as the ion-pair binding energies for the most stable
conformers range from 22.2 kcal/mol (R) CH2CH(CH3)2, X
) MeB(C6F5)3) to 7.1 kcal/mol (R) CH2Si(CH3)3, X )
B(C6F5)4).

Conclusion

Our calculations validate to a large extent the CH2SiMe3

group as a model of the growing chain in catalytic olefin
polymerizations. This is particularly true when the energetics
of the various agostic interactions and of the different counter-
ions are considered. However, they also underline some
geometric differences that should be considered when mecha-
nistic schemes are developed from experiments.

About the weaker ion-pair binding energy with CH2Si(CH3)3,
this could turn to be an advantage rather than a drawback, as a
decrease of the binding energy could be expected when the size
of the growing chain increases, due to an increased steric
hindrance.
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Table 2. Ion-Pair Binding Energies in kcal/mola

MeB(C6F5)3
- B(C6F5)4

-

interaction CH2CHMe2 CH2SiMe3 CH2CHMe2 CH2SiMe3

R-IS 22.2 18.1 6.1 1.2
â-IS 19.4 11.2
â-OS 9.4
γ-IS 6.0 5.4
γ-OS 11.7 5.2 7.1

a The binding energies are given with respect to separated anion and
cation in their most stable conformation (i.e.,âCH or γCH).
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