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AbstractÐThe reaction of molecular hydrogen with the active species of a model metallocene catalyst is investigated through quantum
mechanical calculations. The results are compared to ethylene insertion in the corresponding polymerization reaction. Hydrogenolysis and
ethylene insertion exhibit both frontside and backside mechanisms. However, while ethylene insertion proceeds preferably through frontside
mechanism, hydrogenolysis occurs mainly through the backside one. The activation energies are close but hydrogenolysis is slightly more
favorable than ethylene insertion, in agreement with experimental ®ndings. Agostic interactions have been found to play an important role,
like in the chain propagation process. q 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The most important industrial application of organometallic
chemistry is the Ziegler±Natta catalysis of ole®n polymeri-
zation. It involves a heterogeneous catalyst such as TiCl4

supported on an MgCl2 matrix. The length of the polymer
chains obtained depends on the competition between chain
propagation and chain termination reactions. In most cases,
propagation is much easier than termination so that, in
industrial production, the chain growth is regulated by injec-
tion of molecular hydrogen into the reactor. The sensitivity
of heterogeneous catalysts to H2 is highly variable and is not
completely understood. Therefore, a better knowledge of
the hydrogenation process would be useful to control
ef®ciently the chain growth of the polymer as well as its
physical properties (molecular masses, melt index, crystal-
linity¼). Unfortunately, the molecular modeling of such
industrial reactions is a very hard task for different reasons,
particularly because the structure of the active species is
unknown.

Nevertheless, it is generally accepted in the literature that
heterogeneous and homogeneous polymerization mecha-
nisms are very close. Homogeneous catalysis with metallo-
cenes has seen an important development since the
discovery of their activation by MAO1,2 and much theo-
retical work has been devoted to it.3±23 One may then be
inclined to extrapolate the conclusions reached in the study

of hydrogenolysis in metallocene catalysis to the case
of heterogeneous catalysis. Moreover, hydrogenolysis
processes in metallocene catalysis are of substantial interest
for industrial companies since, in practice, injection of H2

stops the polymerization, which renders the control of the
chain growth dif®cult.

In a previous work,24 we have reported a theoretical analysis
of the reaction mechanism for ethylene polymerization in
the presence of a model metallocene catalyst. Here, we
focus on the reaction of such a system with molecular
hydrogen. Our aim is to compare both processes in order
to get a deeper insight on the factors determining the com-
petition between propagation (reaction with ethylene) and
termination (reaction with H2). To the best of our know-
ledge, the hydrogenolysis process has not been theoretically
investigated, though related reactions has received some
attention.25±28

2. Computational detailsÐmodel description

The calculations have been carried out using the Density
Functional Theory (DFT) approach and the gaussian 94
package.29 The basis set D9530 has been employed for C
and H atoms. For Zr a double-z basis set together with
Los Alamos effective core potentials for the description of
core electrons have been used.30 All calculations have been
done with the BLYP exchange-correlation functional.30

The geometries have been fully optimized without any
constraints or symmetry conditions. Transitions structures
(TSs) have been located using a quasi-Newton approach.31
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Free energy values have been computed in some cases using
standard methods.

As in previous works, the active species is assumed to be the
cation [Cp2ZrEt]1, where Cp represents a cyclopentadienyl
ring (see Scheme 1). For such a species, several agostic
bonds may be imagined. These bonds result from the inter-
action of an H-atom in the chain with the metal. In principle,
depending on the position of the H-atom, a-H, b-H, g-H or
d-H agostic are possible (see Scheme 2). Nevertheless, it has
been already shown that the b-H agostic interaction is the
most favorable one in the resting state.32 The structure of the
predicted b-H active species is shown in Fig. 1.

Like in the case of the propagation reaction, the attack in the
hydrogenolysis step may proceed in two ways depending on
the relative position of the H2 molecule with respect to the
b-agostic hydrogen. Thus, syn or anti processes must be
considered that lead to reaction mechanisms known as
frontside and backside. They are schematically explained
in Scheme 3 and will be described in detail below. For
clarity, we present the structures in the Figs. 1±4 with one
apparent Cp ring only.

3. Results

3.1. Frontside mechanism

The structures corresponding to this mechanism are drawn
in Fig. 2. As already explained, the reaction begins with the
formation of a b-H syn complex I in which H2 adopts a
perpendicular orientation with respect to the middle plane
of the molecule. In complex I, the hydrogen molecule is not
in a favorable position to react with the carbon atom linked
to the metal (Ca). Thus, the process proceeds in two steps:
(a) chain rotation through transition structure II to yield the
a-H agostic complex III and (b) hydrogenolysis through TS
IV to yield V. In other words, the reaction path parallels
that predicted for the frontside insertion of the ethylene
molecule in the polymerization reaction.

Complexation does not affect much the structure of the b-H
active species, as shown by comparison of structure I with
the resting state in Fig. 1. Note, however, that the Zr±C, Zr±
H and H±H bond lengths are slightly increased although the
changes are small compared to those predicted for the
complexation of the same active species with ethylene.24

This is the expected result on the basis of the higher electron
donation power of ethylene.

In transition structure II, the chain rotates and an a-H bond
is partially formed. Complex III is an a-H species in which
H2 lies in the middle plane of the molecule24 with shorter

Scheme 1.

Scheme 2.

Figure 1. Computed structure for the active species resting state.

Scheme 3.
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Figure 2. Structures involved in the frontside mechanism, which involves complexation (I) chain rotation (TS II, intermediate III) and hydrogenolysis (TS IV, product V).
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metal±H2 distance. The H±H bond is elongated by 0.02 AÊ .
Note that the metal±H2 coordination becomes asymmetric.
As a consequence, the hydrogen atom situated closer to the
metal may now react with the carbon atom. Note also that
the a-H bond is 0.04 AÊ shorter than the one observed in the
corresponding ethylene complex.24

The transition structure IV of the insertion step is similar to
structure III. The main features are the lengthening of
the H±H distance (by 0.18 AÊ ), the shortening of the H±Ca

distance (by 0.65 AÊ ) and the shortening of the H2 molecule±
Zr distance (by 0.2 AÊ ). Another remarkable result is that the
a-H bond is weakened in this transition structure. Finally, in
product V, the formed ethane molecule is still linked to the
metal through hydrogen atoms. The length of the formed
Zr±H bond is comparable to those found in hydrides.

3.2. Backside mechanism

In the starting complex, the carbon linked to the metal is

already accessible for reaction with hydrogen so that back-
side hydrogenolysis proceeds in a one step process. Struc-
tures obtained for the initial complex VI, the transition state
VII and the ®nal product VIII are drawn in Fig. 3. The
reaction is close to the backside ethylene insertion described
in previous work.24

In complex VI, the H2 molecule lies in the middle plane of
the catalyst. The Zr±H and the H±H distances are com-
parable to those observed for complex III. The Zr±Ca±
Cb±Hag plane is not modi®ed by H2 complexation. Structure
VI is comparable to that found for the ethylene-resting state
complex in our previous work.24 In TS VII, one notes the
expected trends for the reaction coordinate: H±H elongation
(0.2 AÊ ), Zr±H2 shortening (0.2 AÊ ) and Ca±H shortening
(1.01 AÊ ). A striking feature is the contraction of the agostic
bond (0.03 AÊ ), which demonstrates the importance of the
role this type of bond plays in the process. One can also
remark that the H2 molecule does not move out of the
middle plane of the system. The product VIII displays

Figure 3. Structures involved in the backside mechanism, which involves complexation (VI) and direct insertion (TS VII, product VIII).

Figure 4. Comparison of frontside (single line) and backside (dashed line) hydrogenolysis energetics.
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two metal±H agostic bonds, like V, although now the
hydrogen atoms belong to different carbon atoms. The
corresponding distances in VIII are shorter than that in V.
Finally, the non-agostic metal±H bond is strong, its length
being comparable to that predicted in V.

3.3. Energetics

The energy pro®les for the two hydrogenolysis mechanisms
are given in Fig. 4. The ®rst step in the frontside path is
endothermic (3.5 kcal/mol) with an activation energy of
6.4 kcal/mol. Conversely, the second step is quite exo-
thermic (16.1 kcal/mol) with smaller activation barrier,
2.4 kcal/mol. The starting complex of the backside reaction
is more stable than the corresponding frontside one by
2.2 kcal/mol. Moreover, the backside mechanism is
exothermic (10.2 kcal/mol) and displays a small barrier of
2.8 kcal/mol. Although the differences between the different
activation energies are not quite large, our computations
suggest that the backside reaction path could be slightly
more favorable than the frontside one. This result is in
contrast with the conclusions reached for ethylene insertion,
for which the frontside mechanism is preferred.24 The origin
of this difference could be related to steric hindrance factors.
Indeed, the hydrogen molecule can approach the growing
chain in the anti orientation easily, which is suitable for the
reaction to proceed. Conversely, the ethylene molecule
interacts strongly with the chain in the anti approach and
the syn conformation appears to be more favorable. (see
Scheme 4)

If one compares the activation barriers for hydrogenolysis
and insertion (2.8 and 3.1 kcal/mol,24 respectively) the
former reaction is predicted to be a little bit more favorable,
although the energy difference is below the computational
accuracy. On the other hand, complexation of the active
species with H2 is less exothermic than complexation with
ethylene (25.3 and 26.6 kcal/mol,24 respectively).

Thermodynamic computations have been carried out in
order to compare the free energies of activation for the
hydrogenolysis and insertion processes. Our results predict:

DGhydrogenolysis�2.7 kcal/mol and DGinsertion�4.6 kcal/mol.
The latter value is an estimation that we have made using
structures III and XI of Ref. 24 for which we have carried
out the calculation of the frequencies of vibration. Structure
III has been assumed to be the reactive species in the front-
side insertion mechanism19 although in our previous work24

we have shown that another (less stable) complex could play
such a role. Structure XI is the highest TS in frontside
ethylene polymerization. We recall that such a reaction
proceeds through a stepwise mechanism. The rate-limiting
step is the last one, which corresponds to insertion (struc-
tures VIII and XI in Ref. 24). Further calculations have
shown that the free energy of activation for this insertion
step is 3.4 kcal/mol. Therefore, all these thermodynamic
data con®rms the preference for hydrogenolysis with respect
to ethylene insertion. Our results are consistent with experi-
mental studies that describe H2 as an ef®cient transfer agent
in polymerization processes with metallocene catalysts.

On the basis of the above results, it is interesting to look at
the factors that can decrease the af®nity of the metallocene
catalyst for molecular hydrogen. In fact, if one is able to
control this af®nity, the chain growth might be regulated
modulating the hydrogen pressure in the reactor. This goal
could possibly be achieved by increasing the steric
hindrance in the middle plane of the molecule. In such
conditions, the backside hydrogenolysis mechanism should
be disfavored because the formation of the transition state,
in which ®ve atoms are coplanar (the H2 molecule and the
Ca, Cb, Hb atoms), would require a larger activation energy.
Then, hydrogenolysis and ethylene insertion would both
proceed through the frontside mechanism and the latter
reaction would be the preferred one.

The same reasoning can also explain why H2 is less ef®cient
in heterogeneous catalysis. Though such a hypothesis would
require con®rmation by further computations, one can do a
qualitative analysis based on symmetry considerations.
Whereas in the case of a metallocene, the Zr atom lies in
a pseudo-tetrahedral environment, in heterogeneous
systems, the Ti atom lies in an octahedral environment.
As shown in Scheme 5, one may expect larger steric
hindrances in the middle plane of the molecule for the
octahedral arrangement, disfavoring the backside hydrogen-
olysis mechanism.

4. Conclusions

Hydrogenolysis proceeds through a backside mechanism, in
contrast with ethylene insertion. Both processes involve
small activation energies, the computed hydrogenolysis
barrier being 0.3 kcal/mol lower than the insertion one.
Though this value is probably below the accuracy of the
theoretical model, the main conclusions of the present
work is that the observed preference for hydrogenolysis
with respect to ethylene insertion may be related to the
stereochemistry of the reactions.

A possible way to control the kinetics of the hydrogenolysis
reaction has been proposed. It consists on the increase of
steric hindrance in the middle plane of the system in order to
impede backside hydrogenolysis. A similar reasoning leads

Scheme 4.

Scheme 5.
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to the hypothesis that differences on H2 sensibility between
heterogeneous and homogeneous catalysis could be related
to local symmetry around the metal center. Thus, the present
results could be useful in the design of new homogenous
catalysts with reduced hydrogen af®nity.
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