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Summary: The reaction dynamics of �-hydrogen transfer in the
zirconocene olefin polymerization catalyst was modeled using
DFT path sampling. Trajectories were found to cross the
reaction barrier at a broad range and showed that Zr-H
bonding increases during the reaction due to dynamic effects
and a Zr-(η2-C2H4) fluctuation is critical to inducing the
transfer.

Since the advent of density functional theory (DFT), computer
modeling has made significant contributions to the study of
organometallic reaction mechanisms.1 One limitation of con-
ventional DFT mechanistic studies is that only the potential
energy minima and transition states (TS) are characterized. Finite
temperature effects arising from the dynamic behavior of these
complexes, such as vibrational and fluxional effects,2 are difficult
to investigate thoroughly using these methods.

Molecular dynamics (MD) provides an elegant and direct
means to examine finite temperature effects by simulating the
motion of the atoms of a system through time. In combination
with DFT, MD has made significant contributions to our
understanding of both fundamental3 and complex chemical
systems,4 including many notable examples in organometallic
chemistry.5 As this method is computationally demanding, the
time scales that can be simulated are generally too short (<100
ps) to observe chemical reactions, unless artificial forces or
constraints are imposed. However, when such biases are
imposed on the MD simulation, the true dynamics of the system
are masked. Transition path sampling is a novel Monte Carlo
technique that overcomes this limitation by focusing an MD

simulation on a reaction, efficiently generating an unbiased
ensemble of short, reactive trajectories.6 In recent years, path
sampling has been used in several landmark studies of chemical
reaction dynamics7 and is emerging as a promising tool to study
organometallic reaction mechanisms.8

Group 4 metallocene olefin polymerization catalysts have
been the subject of intense study during the last 25 years and
have served as a framework for the development of alternatives
to heterogeneous Ziegler-Natta catalysts.9 The length of the
polymer chain produced by these catalysts is largely determined
by the relative rates of chain propagation and chain termination.
As polymer chain length has a major influence on the physical
properties of the resultant material, there is significant interest
in better understanding the chain termination processes. �-Hy-
drogen transfer from a growing polymer chain to a monomer
has been identified as an important chain termination mecha-
nism, wherein a hydrogen (denoted here as HT) is transferred
from C� of the growing chain to a coordinated olefin monomer.
There has been extensive computer modeling of this pathway,10

as this reaction mechanism is of considerable academic and
industrial importance. With the aim of gaining novel insights
into this mechanism, we used path sampling to examine its
reaction dynamics. We harvested 350 reactive trajectories of
the degenerate transfer a �-hydrogen from an ethyl ligand to
ethene in the cationic Cp2Zr(C2H5)(C2H4) complex, a popular
model for chain transfer in the mainstay zirconocene olefin
polymerization catalyst.

The established structural and bonding features of the
�-hydrogen transfer are apparent in the reaction potential energy
surface, using coordinates of the length of the C�-HT bond
broken and the Zr-HT distance (Figure 1). The long, elliptical
reactant minimum is characteristic of a strong �-agostic interac-
tion, which stabilizes configurations with short Zr-HT distances
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and long C-HT bonds. A partial Zr-HT bond plays a critical
role in the transfer. Although the Zr-HT interaction stabilizes
the transition state to a greater degree at short Zr-HT distances,
this is offset by increasing C-Zr-C bond angle strain when
this distance is decreased further. Due to the close competition
of these two effects, there is a broad TS region (1.95 Å < Zr-HT

distance < 2.05 Å) where the energy is within 1 kcal mol-1 of
the 9.7 kcal mol-1 TS, a feature first noted by Talarico and
Budzelaar.11

Due to the broad TS, trajectories in the path ensemble are
able to cross the barrier throughout the range of Zr-HT )
1.95-2.05 Å.12 Although analysis of the path ensemble shows
that the barrier crossing occurs quickly, with an average
transition time of 38 ( 9 fs, the range is broad (20-63 fs) and
the trajectories exhibit complicated reaction dynamics. We have
selected four trajectories to illustrate the variety of transitions
in the path ensemble: A crosses the barrier near the potential
energy TS, B crosses the barrier low on the Zr-HT coordinate,
C crosses the barrier high on the Zr-HT coordinate, and D
shows an interesting partial recrossing.

To examine dynamic effects on the transfer reaction, we have
calculated the Zr-HT Mayer bond orders in the four selected
trajectories, as shown in Figure 2. B crosses the barrier closest
to the metal and consequently experiences strong Zr-HT

bonding, although D experiences even stronger bonding during
its descent to the product minimum. Despite crossing consider-
ably further from the metal, C experiences Zr-HT bonding
comparable to A, which crosses near the TS. Interestingly, all
four trajectories show Zr-HT bond orders that are notably
greater than the bond order value from the transition state.13

This indicates that the dynamic effects increase the role of

Zr-HT bonding during the transfer. Another notable dynamic
effect is observed with the sum of the two C�-HT bond orders
(C�1-HT + C�2-HT). As shown in the lower part of Figure 2,
this sum of bond orders for the dynamic trajectories is
consistently below the value experienced at the potential energy
TS.

These two effects can be quantified by comparing the bond
orders of the static transition state to the bond orders of the
step in the dynamic trajectories where HT is equidistant from
C�1 and C�2. The average Zr-HT bond order at these “dynamic
transition states” is 0.49 ( 0.02, indicating a systematically
larger bond order than the static value of 0.43 with a significant
range. Similarly, the average sum of C�-HT bond orders is 1.53
( 0.03, a fairly broad range that is significantly lower than the
static transition state value of 1.8. These results can be
interpreted by considering the dynamics of the hydrogen transfer.
The fluctuation that breaks the C�-HT bond results in a
distortion away from the optimal TS geometry where C�-HT

bonding is maximized. The Zr bonding adjusts to compensate
for this via the Zr-HT interaction, originating from persistent
Zr(dz2)-HT(1s) overlap.

The large fluctuations in Zr-HT bond orders prior to the
transfer led us to analyze the geometric parameters of the
reactive trajectories in order to identify the important molecular
fluctuations involved this reaction (Figure 3). The C�-HT bond
broken in the reaction undergoes only modest oscillations prior
to the reactive event. Similarly, although the Zr-HT distance
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Figure 1. Potential energy surface of the �-hydrogen transfer
reaction with selected trajectories plotted. R and P indicate the
reactant and product potential energy minima, respectively, and X
indicates the TS. Contours are at 0.83 kcal mol-1 intervals.

Figure 2. Zr-HT bond order and sum of C�-HT bond orders during
the transition event of trajectories A-D. Bond orders of potential
energy TS and minimum are shown in gray.

Figure 3. Structural fluctuations in trajectory A during the transfer.
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undergoes a fluctuation into the 2.0 Å range during the transfer,
this fluctuation occurs a number of times in the simulation
without inducing a reaction. The distance between the incoming
ethene and the metal is more determinative; in each trajectory
sampled, there is a sharp decrease in the Zr-η2(C2H4) distance
prior to the insertion. This fluctuation, beginning 120 ( 27 fs
prior to the reactive event, corresponds to the orientation of the
incoming ethene close to the metal, where it can accept the
�-hydrogen from the ethyl ligand.

Path sampling has allowed us to examine the reaction
dynamics of the �-hydrogen transfer in the zirconocene olefin
polymerization catalyst. The path ensemble shows that this
reaction exhibits diverse and complex reaction dynamics due
to the broad reaction barrier. Remarkably, in the dynamic
trajectories, Zr-HT bonding became stronger and C�-HT

bonding became weaker during the transfer, suggesting that finite
temperature effects in organometallic reactions can significantly
affect metal bonding interactions. While C�-HT and Zr-HT

fluctuations are essential to the transfer, a decrease in the

Zr-η2(C2H4) beginning on average 120 fs prior to the transfer
appears to be the critical event to induce the reaction. We are
currently using path sampling to examine finite temperature
effects involving counterions and solvents in this and other
organometallic reactions. In particular, the effect of finite
temperature effects on metal-ligand binding during chemical
reactions demands further investigation.
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