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Abstract: Possible pathways for the reaction of ethylene withZ2(C,Hs)* are studied with the CarParrinello
Projector Augmented Wave (CP-PAW) technique, which is based on density functional theory (DFT). “Slow growth”
constrained first-principles molecular dynamics at 300 K were used to sample the phase space in the vicinity of the
saddle points of the reactions. The simulations considered the growing chain in a resting state between insertions
where a hydrogen on thicarbon is attached to the metal. We have investigated three mechanisms, namely frontside
(FS) insertion with ethylene approaching toward fhhagostic Zr-H bond, backside (BS) insertion with ethylene
approaching toward the ZC, bond, and hydrogen transfer (HT) chain termination with transfer ofstagostic

hydride to the incoming ethylene. Which pathway is followed is determined by the out-of-plane rotation of the
ethyl group, which in turn is determined by the agostic interactions of the ethyl group. Agostic interactions are
found to shift rapidly, with typical lifetimes of 0.5 ps for the FS insertion and 2 ps for the BS insertion. The
activation barriers increase in the order front-side insertioback-side insertiors hydrogen transfer. The shape

of the potential surface obtained from previous static calculations was confirmed. The ethylene molecule is mobile
enough to partake in fast exchange equilibria with surrounding substrate in solution.

1. Introduction

The interest in metallocene based olefin polymerization
catalysts, Scheme 1, has steadily grown in the last years and it
is to be expected that metallocenes will eventually replace
conventional ZieglerNatta olefin catalysts based on titanium
chlorides. This expectation has stimulated a number of theoreti-
cal investigations into the reaction mechanisms governing olefin
polymerization catalyzed by metallocenes. Although the shape

of the potential energy surface along the reaction path of Scheme.

1 is fairly well studied by now;? only a single investigatici
has previously dealt with the dynamics of the different reaction
pathways based on first-principles calculations. In the present
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study we attempt to elucidate the dynamics of the reaction
between CgZr(C,Hs)™ and ethylene using the first-principles
molecular dynamics method by Gand Parrinello. Thus, in
our study the growing chain of Scheme 1 is modeled by an
ethyl group and the olefin by ethylene. Méieet al. have
previously applied the CatParrinello method to the process

in Scheme 1 with the growing chain modeled by a methyl group.
However, a methyl group does not model the proper resting
state in between insertion reactions and cannot be used to
investigate some important chain termination reactfns.

Elementary reaction steps in homogeneous catalysis have been
investigated with increasing success by conventional electronic
structure methods over the past decadstudies of this kind
can provide minimum energy paths on the potential energy
surface connecting reactant(s), transition state(s), and product-
(s). The conventional electronic structure methods afford
essentially a static view of chemical reactions, although dynami-
cal aspects and temperature effects can be included by statistical
methods after mapping out the potential energy surface near
the minimum energy paths. However, such a mapping is costly
in terms of man hours and computer resources.

Car* and Parrinello (CP) have proposed a DFT based scheme
in which the dynamics of a system can be studied from first
principles without recourse to precalculated and fitted potential
surfaces. Unfortunately, it is only practical to explore the
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Scheme 1. Olefin Polymerization by Metallocene
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regions of phase space relevant for chemical reactions with the dynamics using SHAKE constraints. It is desirable that the RC
straightforward dynamics if low barriers are involved. For has a high projection onto the IRC(intrinsic reaction coordinate).
processes with high or even moderate barrier8Q kJ/mol), All other degregs of freedom are allowed to evo_lve natu_rgll_y in time.
the events of interest occur sparsely, if at all. Most of the BY slowly varying the constraint, phase space in the vicinity of the
simulation time is thus spent in the more trivial places in phase transition state can be sampled dynamicéiligading to undisturbed

space. rendering the simulation computationally costly and dynamics for all motions which are orthogonal to the RC, and to
inpeffici’ent 9 P y y fictitious dynamics along the RC. This allows us to investigate even

high-lying transition states. The speed of the RC scan was determined
In the present study we employ a technique based onby a third-power polynomial, to avoid sudden accelerations which

constrained CP dynamics, where we introduce fictitious dynam- disrupt the coupled electron-ion dynamics. The total scan time chosen

ics along a chosen reaction coordinate in order to sample thewas about 20 000 time steps4.8 ps) for all simulations.

phase space in the vicinity of the transition state (TS). The The free energy differenc&F between two arbitrary points = 0

appropriate reaction coordinate as well as the area around theand 1 along the reaction coordinate can be determined as

transition state has already been mapped by conventfonal

electr_onic structure calculations based on the Amst_erdam AFE = fltaElalEu“di @

Density Functional program systé®DF). The CP dynamics 0 ’

is carried out with the projector augmented wave method (PAW)

due to Blaehl.? where is just a linear parameter representing any path connecting

the two points and the integrand is the appropriately scaled averaged

force on the RC sampled at constant temperatureldfidFor eq 1 to

give correct resultsdE/dA0must be determined at a large number of

All reported molecular dynamics simulations were carried out with 4-points between 0 and 1. Furthermore, for ezqtoint an extensive
the Car-Parrinello Projector Augmented Wave (CP-PAW) code Sampling is required at constéhto determine the proper average/
developed by Blohl? The wave function is expanded in plane waves OALir. In the “slow growth™ limit, 1 is scanned continuously so that
up to an energy cutoff of 30 Ry. The frozen-core approximation was Only a single value obE/A is determined at each value df This
applied for shells below the 4d electrons of Zr and for the 1s electrons Method® has the advantage of not disrupting the dynamics when the
Of C. Core data were imported from Scalar re'ativistic atomic Value Of}. iS Changed. HOWeVer, SinCe SyStematiC errors are |ntr0duced
calculations. All simulations were performed using the local density by the finite scan speed, has firstly to be scanned very slowly and
approximation in the parametrization of Perdew and Zufiggith secondly a hysteresis curve has to be sampled to remove systematic
gradient corrections due to Beckand Perdew® This enables us to errors from the simulation. Preliminary tests have shown that in order
directly compare structures and energetics with ref 3a, which used to obtain accurate values faxF, the simulation time (currently5
equivalent functionals. We use periodic boundary conditions with a PS) for a scan in one direction must probably be increased by a factor
11.3 A fcc cell, which was found to be sufficiently large to prevent Of 5. We therefore will give tentative values fasF* and AF based
wave function Overlaps between neighboring imageS. Long_range ona unidil’eCtional scan along the RC. These tentative VaIUeS W|” be
electrostatic interactions between different cells are eliminated using a designated\Fy* and AFy to indicate their nonequilibrium character.
method developed by Bbtil.1* A time step of 10 au is used to integrate We can further use the integrbl) = fIOE/OALr dA to identify
the equations of motion, correcting the mass of the nuclei to account stationary points along RC by observing thét) has a minimum at
for the drag of the electrof%in the coupled dynamics integrated with  equilibrium geometries and a maximum at transition states. Throughout
the Verlet® algorithm. The temperature of the nuclei is controlled by the following sections, we use the following nomenclature to designate
a Nosé* thermostat, which creates a canonical (NVT) ensemble. To stationary points on the potential surface: The reaction pathway along
achieve an evenly distributed thermal excitation, all systems were which the stationary point is found will be described by a prefix, i.e.
equilibrated for 30 ps with classical molecular dynamics with the FS, BS, or HT for front-side insertion, back-side insertion, and hydrogen
MacroModel program, using a force field fitted to the results of nonlocal transfer reaction, respectively. Furthermore, a suffix will be used to
ADF calculations® indicate whereon the RC a specific stationary point is foune:S

To sample phase space in the vicinity of the transition state, we (starting structure) indicates the precursor compteXs indicates the
choose a reaction coordinate (RC) which is kept constrained during transitionstate, and—E (end structure) designates the product of the

2. Computational Details and Methodology

(6) ADF version 1.1.3. (16) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, Hl. Lomp Phys 1977,

(7) Blochl, P. E.Phys Rev. B 1994 50, 17953. 23, 327.

(8) Perdew, J. P.; Zunger, hys Rev. B 1981 23, 5048. (17) Fukui, K.Acc Chem Res 1981, 14, 363.

(9) Becke, A. D.Phys Rev. 1988 A38 3098. (18) (a) Straatsma, T. P.; Berendsen, H. J. C.; Postma, J. B.Ghem

(10) Perdew, J. PPhys Rev. B 1986 33, 8822;1986 34, 7406. Phys 1986 85, 6720. (b) Singh, U. C.; Brown, F. K.; Bash, P. A.; Kollman,

(11) Blochl, P. E.J. Chem Phys 1995 103, 7422. P. A.J. Am Chem Soc 1987 109, 1607.

(12) Blochl, P. E.; Parrinello, MPhys Rev. B 1992 45, 9413. (19) Milman, V.; Payne, M. C.; Heine, V.; Needs, R. J.; Lin, J. S.; Lee,

(13) Verlet, L.Phys Rev. 1967, 159, 98. M. H. Phys Rev. Lett 1993 70, 2928.

(14) (a) Nose S. Mol. Phys 1984 52, 255. (b) Hoover, W. GPhys (20) (a) Burger, B. J.; Thompson, M. E.; Cotter, W. D.; Bercaw, JI.E.
Rev. A 1985 31, 1695. Am Chem Soc 199Q 112 1566. (b) Thompson, M. E.; Buxter, S. M,;

(15) Lohrenz, J. C. W.; Ziegler, T. presented at the 209th ACS National Bulls, A. R.; Burger, B. J.; Nolan, M. C.; Santarsiero, B. D.; Schaefer, W.
Meeting, Anaheim, CA, April 26, 1995. P.; Bercaw, J. EJ. Am Chem Soc 1987 109 203.



4436 J. Am. Chem. Soc., Vol. 118, No. 18, 1996

reaction. The latter were detected by minimd(it), transition states

by the respective maxima. Precursor structures were taken from ref

3a since the respective minima li(l) were too flat to localize them

reliably. This approximation is validated by the close agreement
observed between both our results and those of ref 3a for transition
states and product structures (section 3). Note that suffixes (-S, -E)
refer to the locations of stationary points on the path and do not indicate

where the simulation was actually started and terminated, respectively.

Our treatment of atomic nuclei is purely classical and therefore
cannot account for effects which are contributed by the quantum
mechanical behavior of the atomic nuclei, such as the zero-point

vibrational energy. Since in the present system the barrier heights are
in the order of magnitude of the zero-point energies, care must be taken

in comparing our results to experiment or other theoretical results which
might account for these phenomena.

3. Results and Discussion

One of the recurring problems encountered in modeling of
the insertion process is associated with a lack of structural
information about the active speciéa of Scheme 1. Thus,
little is known about the coordination geometry of the growing
chain attached to the,M fragment in its resting state between
insertions. Calculatiod&'3 on LLMR™ systems in which R is
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propyl have revealed that the most stable structure has a a. Simulation of the Front-Side Attack without Con-

B-agostic conformation2a, in which a single g—H bond is

straints (FS-BS). For our CP-PAW simulation of the front-

directed toward the metal center. Of somewhat higher energy side approact8a, we chose the distance between thearbon

is the y-agostic specie2b. In this investigation, we regard
the structure2a as a possible resting state féa with R’
representing the growing chain. fagostic conformation has
been established by Bercé#fet al. for Cp%Sc(Et).
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With 2a as a model for the resting state &, one might
envision two insertion paths for an approaching olefin. The
first, 3a, involves an approach of olefin toward the- agostic
bond. It will be referred to as the front-side (FS) attack. The
second3b, has olefin attacking the ZC, bond, and will be
referred to as the back-side (BS) attack. We shall investigate
both paths in detail with Rof 2a modeled by hydrogen.
Lohrenz et af2have already shown from static DFT calculations
that the ethylene molecule forms stableomplexes 1b) with
CpZr(CoHs)™ which act as precursors for the actual insertion
processe8a and 3b.

H
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The growth of the polymer will eventually be stopped by
chain termination. Experimental wdrlas well as theoretical
calculationgPdfgindicate that one of the more likely chain

atom of the ethyl group (9§ and the center-of-mass of the
ethylene carbon atoms (M) as our reaction coordinate (RC)
(Scheme 2). Previous calculatidasvith density functionals
equivalent to ours have shown that the equilibriumg—®
distance of the front-side olefin-complex1b is 4.27 A. We
initialize the simulation at a point in phase space where the
C.—M distance is 4.5 A (Table 1), in order to “capture” the
behavior of the ethylene before the actwatomplex is formed.
The reaction coordinate length (RCL) was slowly decreased over
the next 4.8 ps=20 000 time steps). We did not apply any
constraints other than the RC in this simulation. As we now
shall show, this unconstrained simulation leads to a rotation of
the ethyl group around the MC, axis resulting in a precursor
state for the back-side insertion react®im Therefore we will
refer to this simulation as the FS-BS simulation. We performed
a total of two simulations of this kind, which were started from
different points in phase space. Since they yielded almost
identical results, only one of them is presented here.
Structure. In Figure 1, we show selected snapshots from
the simulation, whereas important structural and energetic
guantities of the reactants are monitored as a function of RCL
in Figure 2. Although the reaction @r(CoHs)*t + CoHg —
[Cp2Zr(C2Hs)(CzH4)] ™ is exothermic by-37 and—44 kJ/mol,
respectively, for the front-side and the back-side pathways
according to ref 3a, the ethylene moiety is quite mobile
throughout the reaction. Figures +& show that it rotates
freely about the ZrM axis. It also undergoes large-amplitude
wagging motions out of the plane which separates the two Cp
rings. The extent of this rotation is visible in Figure 2B (angle
C,—M—Zr—C,). Its amplitude diminishes at smaller values
of the RCL, since the incipient formation of the€C, bond
(at RCL~ 2.5 A) fixes its spatial orientation. This confirms
results from a previously conducted CP-PAW simulation without
RC constraing! which show that the ethylene moiety is quite
capable of dissociating from the metal center at 308 Refore

(21) Margl, P.; Lohrenz, J. C. W.; Ziegler, T.; Rlol, P. E. Unpublished

terminating mechanisms involves the hydrogen-exchange reacesyit.

tion, 4. In this process, olefin approaches the metal center from
its front-side and forms a-complex. In the transition state
theS-hydrogen is transferred to the olefin and a vinyl-terminated
polymer chain is eliminated. The newly formed alkyl

(22) The average kinetic energy of the ethylene moiety at 300 K can be
calculated to be 22.4 kJ/mol according to the equipartition theorem,
compared to a dissociation energy of 37 kJ/mol for therfe®mplex. Since
the instantaneous kinetic energy can be much higher, dissociation is quite
facile.
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Table 1. Parameters for Molecular Dynamics Simulations of the Front-Side Insertion, Back-Side Insertion, and Hydrogen Transfe? Reaction

RCL
simulation reaction coord staft  endc RCLgM RCLysPe RCLg AR (S— TSy AFy (S—E)p
front-side insertion M-Cq, 4.27 1.85 2.76 2.15 26 10 —30+ 10
[4.271] [2.769] [2.153] [8.55]" [—34.2]
back-side insertion MCy 3.15 1.85 2.51 2.11 2110 —28+ 10
[2.974] [2.520] [2.106] [33.2] [—25.91
hydrogen transfer £-6@1) 2.50 1.1 1.51 1.16 35 0
[1.87] [1.422] [1.179] [29.6]" [o.op"

a AFy* values are compared withG* values of Lohrenz et al., calculated accordingM8* = AHeed — 300 AS,* from Table 1 in ref 3a.AFy
values are compared H values from ref 3a. Values for FS insertion are derived from the simulation with rotational constraint (section 3b). No
AFy values are given for the front-siedack-side simulations since nonequilibration effects led to meaningless results. No vibrational quantum
corrections are added to PAW energies. No vibrational quantum corrections are included in energies taken frobirafr@s. of angstrem.
¢ Length of the RC at the beginning/end of the simulatibbhength of the RC for the stable precursor complex. Values were inferred from ref 3a
(see text)¢ Length of the RC for the transition stafd.ength of the RC for the product.In units of kJ/mol." Value taken from ref 3a.
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Figure 1. Selected snapshots from the FS-BS reaction simulation, sy i 1 i —
sequentially numbered from A to F. Numbers in the upper left corners T ‘f !u |r|. :'! v
of the snapshots refer to the RCL at which the snapshot was taken, 7 .| I “J o = 5=. |
together with the hydrogen atom with the dominant agostic interaction. g ‘ “k ';I‘.':-t.. i
Bond distances in angstrom units and angles in degrees. E T .,'I'J:W'-'
1 g L1 S
20t .
- 1
formation of the interaction between, @nd G, (RC > 3 A), .  syn-edl) Bi2) A
the Zr—M distance oscillates between 2.5 and 3.5 A (Figures 20 aa 40
1A—C). We conclude from these data that in solution the Raom Cooriing i
complexed ethylene molecule will probably partake in rapid Figure 2. Structural and energetic quantities of the FS-BS insertion
exchange equilibria with the surrounding solvent. simulation as a function of RCL. (A) Agostic bond distances between

. o . . Zr and various hydrogen atoms. For the sake of clarity only the
We find the agostic interactions of the ethyl group (Figure dominant interaction at a time is shown. (B) Skeletal angles of the

2A) to be highly correlated with the torsion angle-r—C,— C:Ha—Zr—C;Hs moiety. (C) Force on the RC (shaded line) and its

Cs and the angle ZrC,—Cgs (Figure 2B). The agostic integral (full line, see text). Arrows indicate the locations of the FS
interactions are more stable in the eventually formed back-side insertion precursor structure (FS-SFS resting state determined by

B-agostic insertion precursor (Figure 2A=3 A RCL) than in ADF33), the BS insertion precursor structure (BS=8S resting state
the initial front-side insertion precursor (Figure 2A; 43.5 A determined by AD), the BS insertion transition state (BS-TS), and
RCL). Due to the steric pressure which is exerted by the the BS insertion-agostic resting state (BS-E). The locations of BS-
approaching olefin, thg8-agostic interaction of the terminal TS and BS-E were determined from the maximum and minimum,
methyl group with Zr is weakened considerably as long as the respectively, of the integral over thg force on the RC. $uﬁlxes_—S and
ethyl group points toward the ethylene molecule. Due to this _-E refer to start_and end of the reaction channel, respectively. _Dls_tances
hiah bilit tic interactions in the front-side precursor in angstrom units, angles in degrees, and force on the RC and its integral
gh mobility, agostic interactions e front-side precurso
3 . . C e s . . in atomic units.
shift rapidly, with a characteristic lifetime in the order of 0.5
ps. Switching between agostic interactions occurs on a time widening of the Zr-C,—Cg angle upon rotation of the ethyl
scale of about 0.1 ps, in accordance with the oscillation periods out of the molecular plane has also been observed by Lohrenz
of typical skeletal frequencies which mediate the change. The et al3® Between 3.7 ath 3 A RCL, thea-agostic interactions
first agostic interaction formed3{) remains intact for about  are very flexible and extremely weak. Instead of forming a
0.5 ps (Figure 2A), to be replaced by another agostic interaction strong single agostic bond, both of thehydrogen atoms form
of the same type%), by rotation of the terminal methyl group.  a loose interaction with Zr (Figure 1C). We note that the
AtRCL = 4 A, arotation of the ethyl group around thg-€Zr favorableanti a-agostic interaction found by Lohrenz et3al.
axis and a widening of the Z2C,—Cs angle (Figure 2B) causes is only rudimentarily formed in this simulation (below RGEt
the B, interaction to break, and to be replaced by sm 3.6 A). The reason for this is that the rotation of the ethyl group
a-agostic interactiond, Figure 1B) at RCL= 3.8 A. This proceeds too fast to allow this interaction to be formed. As
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rotation around the £-Zr axis is completed and the ZC,—
Cs angle closes to form the precursor for back-side att&ck (
3 A), theB-agostic interaction is restored (Figures 1D and 2A).
The ethyl group is held in place rigidly throughout the following
back-side insertion reaction by this very stalfieagostic
interaction.

Given that our simulation involves no steric barrier to ethyl

Margl et al.
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rotation other than the one presented by the Cp hydrogen atoms;

it is understandable that a reaction pathway is chosen which
involves creating the starting complex for BS insertion, which
is stabilized?over the starting complex for FS insertion by about
7 kJ/mol.
inversion of the metal center.

Energetics. Figure 2C shows the force on the RGE{d4;
shaded line) and the integralF\O "R = /RC (3E/31) di,
whered = 0 corresponds to the start of the simulatf®nSince

the reaction starts out in the FS channel and is pushed over,

into the BS channel, we marked the startingS|), transition
state £ TS), and end+E) structures of the different pathways
with arrows (values for starting structures taken from ref 3a).
The TS and end point were marked where the integral curve
had a maximum and minimum, respectively. Starting points
were inferred from ADF calculatior®8. The force on the RC
rises slowly, and the transition state (zero of force) for bac
side insertion is reached at RCE 2.43 A. Thed-agostic
product state is reached at 2.01 A RCL.

b. Simulation of the Front-Side (FS) Insertion with
Rotational Constraint. The FS-BS simulation presented in
Section 3a showed that without steric blockage of the bac

k-

k-

It should be noted that this FS-BS attack involves ¢

D:3.245 A

Figure 3. Selected snapshots from the FS reaction simulation,
sequentially numbered from A to F. For legends and units see also
Figure 1.

ethylene and which forces the ethyl group to move out of the
molecular midplane. This is accompanied by growth of the Zr
Co—Cp angle (Figure 3B/4B) to about 130 In accord with

the switching of agostic interactions, the-Mr—C,—Cj torsion
angle rises at the same time (Figures 3B/4B). The effect of the
external potential is to keep the system from falling into the
back-side channel, therefore the latter angle stays in the region
between 110 and 60 most of the time. As expected (see
Section 3a), the ethylene molecule is very mobile (Figure-3A
D). Due to its high mobility the ethylene hydrogens form

side insertion path, the system chose the BS insertion path rathelextremely short lived (lifetime=0.05 ps) intermediate agostic

than the FS insertion path, even when the simulation was starte
from the precursor complex of front-side insertion. This

crossing of reaction channels not only prevented a quantitative

evaluation of the force on the RC, but also hindered further
analysis of the specific reaction channels.

To force the system to undergo front-side insertion, we
blocked the pathway to back-side insertion by introducing an
external potential for the torsion anglg-€Zr—C,—Cg, which
serves to mimic the steric influence of a restraining group. The
potential is constructed to be zero if the angle is smaller than
100, and is parabolically increasing with a spring constant of
2 kJ/(mol deg? beyond that. Introducing a hard-wall-like
potential as described is equivalent to blocking the channel in
phase space which interconnects the front-side and back-sid
insertion pathway3! The initialization procedure of the simula-
tion was identical to the one applied in Section 3a. The reaction
coordinate (M-C,) was scanned from 4.27 to 1.85 A over
20 000 time steps (Table 1).

Structure. Restraining the torsion angley€Zr—C,—C;s has
no notable effect on the agostic interactions, which show a
behavior very similar to the FS-BS simulation without the
confinement potential. Figure 4A shows that the dominant
agostic interaction at the onset of the simulation is mediated
by H(31) (Figure 3A). As in Section 3a, thig-agostic
interaction is soon replaced by ap-agostic §yr) one (Figure
3B) at RCL~ 4 A. The short lifetime of thg-agostic bond is
due to the steric “pressure” which is exerted by the approaching

(23) Since in this simulation multiple reaction channels are scanned, this
particular simulation is highly nonequilibrated. Therefore we refrain from
discussing free energy differences along the RC.

(24) In the context of our simulation, its only effect upon the dynamics
is to mimic stochastic collisions which force the ethyl group back into the
plane which separates the Cp rings. This is not detrimental to the results

of the simulation as long as the torsion angle does not make continuous

contact with the “wall”. In our simulation, the torsion angle connected
only about 5 times with the external potential, each contact lasting less
than 0.02 ps.

e

Jnteractions with the Zr center (see Figure 3C) by simultaneous

rotations about the €C and Zr-M axes. Invitro, this could

be a source of Zr-mediated— activation. The orientation

of the ethylene molecule is stabilized by contact betwegn C
and G, (arourd 3 A RCL, Figure 4B). As in the FS-BS case,
the change betweeynandanti a-agostic bonds, which leads

to the transition state for FS insertion (Figure 3E), proceeds
slowly over a longer period of the reaction scan (R€I3.7—

3.3 A, Figure 3C/4A) where no appreciable agostic bonding
exists. At RCL= 3.3 A, theanti os-agostic bond is formed
which anchors the transition state geometry. The agostic bond
via H(o;) remains stable until the end of the reaction (Figure
4A). As the reaction reaches the transition state (2.76 A RCL,
Table 1, Figure 4C), the potential superimposed on the torsion
angle G—Zr—C,—Cg becomes redundant, since the ethyl group
is now spatially removed from the metal center and forms part
of the alkyl chain. The external potential was therefore removed
at RCL= 23 A

However, we did not find evidence of further stationary points
on the potential surface except the FS precursor (which remains
stable from 4.27 to 4.0 A RCL), the FS transition state, and the
y-agostic FS insertion product. We therefore reason that the
fB-agostic conformation is indeed the true precursor for the front-
side insertion path.

Energetics. The slow growth method yields free energy
differences between species lying on the reaction path. How-
ever, prior experience states that for accurate estimatés-of
for systems comparable to ours, the total simulation time has
to be extended by a factor of at least 5, including sampling of
hysteresis behavior. Therefore we confine ourselves to a more
qualitative interpretation of the force on the constraint and its
integral. In Figure 4C, arrows indicate the locations of the FS
precursor resting state (right), the FS-insertion transition state
(middle) and the-agostic product state (left) along the RC axis,
as determined from the extremum points of the force integral
(transition state and product) and ADF calculatfdsrecursor).
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Figure 5. Selected snapshots from the BS reaction simulation,
sequentially numbered from A to C. For legends and units see also
8 Figure 1.
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Figure 4. Structural and energetic quantities of the FS insertion o) '

simulation as a function of RCL. (A) Agostic bond distances between
Zr and various hydrogen atoms. Only the three dominant agostic 0.0
interactions are shown for the sake of clarity. (B) Skeletal angles of

the GHs—Zr—C;Hs moiety. (C) Force on the RC (shaded line) and 3or
its integral (full line). Arrows indicate the locations of the FS insertion
precursor structure (FS-S), the FS insertion transition state (FS-TS),
and the FS insertiop-agostic product state (FS-E). Units as in Figure
2.

Distance Zr-H

The force on the RC is predominantly positive in the beginning, . \ A
as theS-agostic interaction is not yet destroyed and the ethyl 20 . . 3.0

and ethylene moieties interfere sterically, but drops to small Reaction Coordinate

negative values as soon as the ethyl group rotates out of thefigure 6. Structural and energetic quantities of the BS insertion
molecular midplane at 4.0 A RCL. The force is only slightly simulation as a function of RCL. (A) Agostic bond dlstar_lces betwee_n
positive until the transition state is reached, which is smeared Zr and various hydrogen atoms. Only the two dominant agostic

outover 0.5 A of RC (32,5 A RCL). We locate the maximum interactions are shown. (B) Skeletal angles of th#&l£-Zr—C;Hs

” A moiety. (C) Force on the RC (shaded line) and its integral (full line).
of the integral curve (TS) at 2.76 A RCL, in good agreement v (©) ( ) aral ( )

] ) - . - 3 Arrows indicate the locations of the BS insertion precursor structure
with a static ADF calculation which yields 2.769 3. The (BS-S), the BS insertion transition state (BS-TS), and the BS insertion

y-agostic product state is found at 2.15 A RCL (ADF: 2.153 ¢-agostic product state (BS-E). Units as in Figure 2.
A3 Integrating the force on the constraint from the precursor
to the TS and from the precursor to the product yield* = and 6A), in which steric crowding of the alkyl chain around
+20 kJ/mol andAFy = —30 kJ/mol, which is in good the Zr weakens the agostic bond and enables rotation of the
qualitative agreement with the values derived by Lohrenz et terminal methyl to form &-agostic interaction via H3). The
al32 (AG* = 48.55 kJ/mol,AH = —34.2 kJ/mol; Table 1). relative immobility of the molecule during the reaction is
We estimate the error bars fay values to bet10 kJ/mol. confirmed by the structural quantities monitored in Figure 6B.
c. Simulation of the Back-Side (BS) Insertion. In order Since the approaching ethylene molecule is not impeded by the
to obtain more detailed information about the back-side insertion steric bulk of the terminal methyl group, the €M—Zr—C,
than it was possible to extract from the FS-BS simulation, a torsion angle oscillates oni40° around zero, slowly increasing
CP-PAW simulation of the back-side insertion reactinhas from RC = 2.5 A because the formation of a butyl chain
been done. The simulation was started from a back-side conformation introduces a nonplanar structure. At the same
p-agostic conformation (Figure 5A). We used the—K, time the Zr-C,—Cjy angle decreases, since the-Z, bond is
distance as a RC, scanning it from a value of 3.15 A down to being broken. The MZr—C,—Cg torsion angle, which serves
1.85 A, which forces the insertion of the ethylene into the-Zr  to indicate out-of-plane rotation of the ethyl group, shows that
Cq bond. no appreciable rotation takes place during the back-side inser-
As already seen in Sections 3a and 3b, hegostic tion. Clear formation of an alkane chain occurs around 2.4 A
interaction stabilizing the precursor for back-side attack is much RCL (Figure 5C). Thej-agostic state was also found to be
more stable than th@-agostic interaction of the front-side the direct product of back-side insertion by Lohrenz e¥al.
precursor. In the present simulation theagostic interaction Since no evidence of potential energy minima adjacent to
(Figures 5A and 6A) is immobile until the reaction is quite the back-side precursor has been detected, it can be assumed
finished, i.e. thej-agostic product state is formed (Figures 5C that theS-agostic precursor configuration as used in the present
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Figure 7. Selected snapshots from the hydrogen transfer reaction
simulation, sequentially numbered from A to C. For legends and units
see also Figure 1.

60.00
dynamics simulation is the true precursor for the BS insertion
path.

Energetics. Integrating the force on the RC constraint yields
AF\t = 421 kJd/mol andAFy = —28 kJ/mol. As in the
previous simulations, the locations of transition state and product 2.0

Skeletal Angles

on the RC agree perfectly with previous ADF calculations (Table =z ,

1). Similar to the front-side insertion path, the barrier is rather %

broad. We estimate the error bars #5Fy values to bet10 g 2

kd/mol. In ref 3a, the insertion was calculated to have an § 220} l N
electronic barrier oAH¥gec= +28.4 kJ/mol with a free energy 2.00 |- .

of activation given byAG* = +33.2 kJ/mol at 300 K and an 180 . \ . A
exothermicity of—24.9 kJ/mol, relative to the B3-complex 1.0 1.5 2.0 25

Reaction Coordinate

1b of Scheme 1. Figure 8. Structural and ti tities of the hyd transf
. . : igure 8. Structural and energetic quantities of the hydrogen transfer
d. .Slmma“on of the Hydrqgen Transfer_ (HT) Chain simulation as a function of RCL. (A) Agostic bond distances between
Termination. The polymer chain can be terminated by transfer z; ang various hydrogen atoms. The dominant agostic interaction is

of a hydride from g3-agostic hydrogen to the olefid, We shown by a thick line, while all others are shown in the upper part of
studied the dynamics of this process by using the-18(31) the graph as thin lines. (B) Skeletal angles of th#lf-Zr—CyHs
distance of Scheme 2 as a reaction coordinate, slowly decreasingnoiety. (C) Force on the RC (shaded line) and its integral (full line).
it from a value of 2.5 A down to 1.1 A, which forces the Arrows indicate the locations of the HT precursor structure (HFS
elongation and subsequent rupture of the-8(81) bond and FS-S), the HT transition state (HT-TS), and the HT product state (HT-
the formation of a G—H(81) bond. The starting geometry was ~E)- Units as in Figure 2.

similar to the one used in Section 3b.

Structure. Since the RC constraint effectively prohibits
changes in the agostic bonding pattern, the injfighgostic

bond (Figure 7A) persists throughout the simulation (Figure 8A). "¢~ General Discussion. The activation barriers calculated
All ot_her hydrogen atoms can no Ip_nger partake in agostic by PAW for the FS AFy* = 420 kd/mol) and BS AFy* =
bonding favored, so that at the transition state (R€L.51 A +21 kJ/mol) insertions are almost identical, whereas the HT
RQL, F|gure 7B), the agostic bond is substantially strengthgned activation has a higher barrieAEx* = 35 kJ/mol). However,
which gives the TS geometry the semblance of a hydride, | 5pren; et afa have pointed out that by taking into account
although the ZrH distance is much longer than the typical ;hrational quantum effects, FS and HT transition states become
Zr—hydride distance of 1.8 A. lowered in energy by 8.25 and 5.36 kJ/mol with respect to the
The plots of the g-Co—Zr—M and the G—M—-Zr—C, B-agostic FS complex (FS<S HT-S), whereas the BS transition
torsion angles (Figure 8B) show that the RC constraint largely state is stabilized by only 0.7 kJ/mol. Adding these quantum
prohibits out-of-plane motion of the ethyl and ethylene moieties. corrections (QC) taken from ref 3a to our PAW results gives a
At the end of the reaction, the newly formed ethylene (previ- clear preference of the FS path over the other pathways (FS:
ously ethyl) is no longer bound to the rest of the complex by a AFyoc = +12 kd/mol; BS: AFnoc" = +20 kJ/mol; HT:

kJ/mol, Table 1). We find the transition state for the HT
reaction at 1.51 A RCL, in good agreement with ref 3a (Table

constraint. It dissociates from the complex at REL1.15 A. AFnoc = +30 kd/mol). This effect of quantization does not
This dissociation is largely due to the abrupt release of energy appear in our classical treatment of the dynamics of the nuclei,
from the rupture of the g-H(f1) bond. but is certainly essential to consider.

Energetics. From Figure 8C it becomes obvious that the In all simulations we found that the Cp rings do not change
hydrogen transfer reaction has the most localized transition statestructurally during the reactions. They rotate almost freely, as
of all the reactions investigated in this paper. Integrating the has already been observed in a CP-PAW simulation of fer-
force on the constraint yieldSFy* = +26 kJ/mol (integrated ~ rocene?® The shape of the CpzZr—Cp skeleton does not
from HT-S to HT-TS) and\Fy = —18 kJ/mol (integrated from  change markedly during the reaction, and-@p tilt and Cp-
HT-S to HT-E). The integral from the product (HT-E) to the Zr—Cp angles do not show any RC-dependent trends. Since
TS yields aAF* of +44 kJ/mol. Since the reaction is per se the butyl product chain of the insertion processes studied has a
thermoneutral AF = 0), our calculated\F value of —18 kJ/ comparatively huge configuration space, CPU time did not allow
mol gives a direct estimate of the nonequilibrium character of for enough time to pass in the FS and the BS simulation to
the simulation. As expected for a short simulation, the error observe the product rearrangement frpm(FS) ando- (BS)
bars are of the same order of magnitude as the valueskinetic insertion products to thg-agostic resting state.
themselves. From the average of both obtainéd values, (25) Marg], P.; Schwarz, K.; Bihl, P. E.J. Chem Phys 1994 100,
we give a finalAF\* = 35+ 15 kJ/mol (ref 3a:AG* = +29.6 8194.
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4. Conclusion preference of the FS path over the other pathways (S ocf

= +12 kJ/mol; BS: AFyocf = +20 kd/mol; HT: AFyoc =

-+30 kJ/mol), which is in agreement with previous calculati®ns.
(vi) We tentatively identify the following stationary points
encountered in our simulations: tfeagostic precursor complex

for FS insertion (FS-S), which is identical to the precursor for
the HT reaction (HT-S), and th@-agostic precursor complex
for BS insertion (BS-S). These were assigned by the absence

Our molecular dynamics calculations allow the following
conclusions to be drawn: (jj-agostic resting states form the
precursors for both back-side, front-side insertion and hydrogen
transfer reaction, the latter two resting states being identical.
The back-sidg3-agostic resting state is more stable than the
front-side resting state, since the approaching olefin exerts steric

ressure which destabilizes the front-silagostic interaction. . _ ) . .
p sitiag of other obvious stable configurations during the dynamics

ii) The olefin in the precursor complexes is very mobile. 1t ™’ i " :
(i) P P y simulation. We locate one transition state for each reaction (FS-

has been observed to dissociate from the metal center in roo " :
temperature simulations, which indicates that it probablymrs' B_S'TS’ and HT-TS). The transition state geometries are
very similar to those found by Lohrenz et®l.We find two

partakes in rapid solvent exchange equilibria in solution. (iii) > =Y > . . .
The ethylene can establish weak agostic interactions with the (Kinetic) products for FS and BS insertion, respectively, namely

Zr center by simultaneous rotations about the@and Zr-M the y-agostic FS product (FS-E) and theagostic BS product

axes. These might be possible sources-eHCactivation side (BS'_E)' Rearrangement of the buty_l proc_iu_ct ch_ain is_dee_med
reactions. (iv) The transition states determined for all three feasible but was not observed due to insufficient simulation time.

reactions are stabilized by strong agostic interactions. Agostic
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