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ABSTRACT: Density functional calculations have been performed on different conformers and isomers
of the propyl group in alkyl cations [LeZr—Pr]* (L. = Cp, Cp*; Pr = n-propyl), corresponding to two catalysts
with different observed rate orders (n) for ethylene polymerization, to explore the single-center, two-
state kinetic model for olefin polymerization. For L. = Cp (n ~ 1), the -agostic conformer is found to be
the most stable structure and also the most reactive with respect to ethylene coordination, which is
commensurate with unity rate order. For L. = Cp* (n ~ 1.4), the favored propagation route involves the
y- and o-agostic conformations of the alkyl complex, with coordination taking place to an o-agostic
conformation in order to minimize the steric hindrance experienced by the incoming ethylene. The barriers
to rearrangement from the - and y-agostic conformers to the more stable f-agostic structure are
significantly lower than those of propagation. Moreover, no structure was found to be of lower energy
than the f-agostic conformation, and the latter thus takes the role of the resting state for both catalysts
in the present study. Assuming that the single-center, two-state model applies to zirconocene-catalyzed
ethylene polymerization, our calculations thus suggest that the corresponding fast and slow, or dormant,

states do not originate from equilibria of the alkyl group as investigated here.

Introduction

The introduction and availability of structurally well-
defined homogeneous catalysts, in particular the met-
allocene-based class of catalysts, has formed the basis
for an impressive level of mechanistic insight into the
field of transition metal catalyzed olefin polymerization.
The active species in metallocene-based polymerization
has been identified as a transition metal alkyl cation of
the general formula [LeMR]* (L. = Cp or related ligands;
M = transition metal; R = alkyl group).! It is clear that
the determination and characterization of the active
polymerizing complex have had tremendous impact on
the subsequent mechanistic investigations and on the
further developments in the field of olefin polymeriza-
tion. The metal alkyl cation has often been the starting
point for mechanistic discussions and investigations,
exemplified by the numerous molecular-level computa-
tional studies that have relied on the alkylmetallocene
cation as model for the active catalyst (see e.g. refs
2—11). These investigations have added detail and
resolution to the propagation mechanism developed by
Cossee and Arlman!? as well as to the mechanism of
most of the other key elementary reactions of olefin
polymerization. The computational efforts have pro-
duced a particularly detailed picture for the reaction
pathway of olefin insertion into the metal—alkyl bond
from the preinsertion metal—olefin complex, highlight-
ing the role of agostic interactions at different stages of
the reaction. Results from such calculations have often
compared favorably to experimental observations when
such comparisons have been possible. In polymerization
of propene using ansa-zirconocenes, for example, struc-
tural considerations limited to the central reacting
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cation may explain the tacticity of the polypropene
formed!® and even suffice for predictions thereof with
surprisingly high accuracy.®

The properties of the catalyst may, however, also be
heavily influenced by the degree of cation—anion as-
sociation, as determined by factors such as the exact
nature of the solvent or the anion.* The role of the
cocatalyst anion has been the subject of a series of
theoretical investigations and has been studied particu-
larly intensively in recent years (see, e.g. refs 2, 4, 15—
18). These modeling efforts have been facilitated and
stimulated by the development of the borate family of
anions and structurally well-characterized catalysts
such as CpgZrPr*(YB(CgF5)3)~ (Y = H, CHs).1? The
detailed control of the molecular structure of the catalyst
has also been extended to synthesis of single molecule
catalysts with tethered cocatalyst anions and olefins.?%-21
Such systems have allowed for the observation of
insertion events using advanced NMR techniques and
an unprecedented microscopic insight into the workings
of the metallocene catalysts.

Despite these developments and advances, there are
still mechanistic problems that remain to be solved. The
perhaps most puzzling discrepancy between the exist-
ing, largely accepted, mechanism and experimental
observation concerns the influence of monomer concen-
tration on the propagation rate. The Cossee—Arlman
mechanism involves the coordination and insertion of
only one monomer at the time, resulting in a propaga-
tion rate law which is first-order in monomer concentra-
tion, i.e.

R,=k,[CIIMI" (n=1) (1)

where [C] is the concentration of active centers and [M]
the concentration of monomer. However, the observed
reaction order with respect to monomer concentration
is not restricted to unity, and rate orders higher than
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unity have been reported for a broad spectrum of
catalysts and monomers.2272¢ For metallocene-based
polymerizations in the homogeneous phase, all conceiv-
able indirect effects such as mass- or heat-transfer
limitations have been ruled out.23-2 This led Miilhaupt
et al.2* to claim that the observed broken rate order
must be caused by “equilibria involving the active
species” and that the monomer “might be involved in
an equilibrium between dormant and active catalyst
sites” whereas Schaper et al.?> pointed out that this
must be due to the “intrinsic mechanisms of the polym-
erization catalysis”. One possible mechanistic explana-
tion for a rate order higher than unity in monomer
concentration would be the simultaneous participation
of more than one monomer in the propagation cycle.
Mechanisms that postulate the presence of two mono-
mers at the transition metal center have been sug-
gested,?6 and these ideas have also been subjected to
quantum chemical investigation.22” However, as pointed
out by Fait et al.,28 a mechanism based on the involve-
ment of more than one monomer is not necessary in
order to obtain a rate law implying an effective order
higher than one in monomer concentration. With the
assumption that the active center of a catalyst exists
in two states, one affording slow and the other fast
propagation, it is possible to explain rate orders 1 < n
< 2,

The Single-Center, Two-State Model. The model
by Fait et al.2® places certain requirements and limita-
tions on the allowed relative energies and kinetic
constants of the propagation: (1) The catalytic center
has two active, monomer-free states, Cggt and Cgiow, with
different propagation rate constants, &p st and kpsiow-
(2) Cglow has a lower free energy than Cr,g. (3) The rate
of interconversion from the fast to the slow state (Cgast
— Cglow) 1s intermediate between the rate of propagation
for the fast and slow state, respectively, i.e., kp fast[M]
> kees > kpsowM] > ks (4) Monomer insertion
transforms Cgloyw int0 Crast.

A propagation cycle for polymerization of ethylene
adhering to these requirements is illustrated in Scheme
1, where m and m + 1 indicate the number of monomer
units inserted into the polymer chain.

The Strategy. The single-center, two-state model is
attractive in its simplicity. For example, no major
revision of the Cossee—Arlman mechanism, e.g., through
inclusion of a second monomer molecule, is required.
The model is purely kinetic in nature, but the authors
suggest that the two states of the active center “could
differ in the conformation of the growing polymer chain”,
an explanation in agreement with the suggestions cited
above,2425 i e., that the reasons for the broken rate order
are more likely due to mechanistic details such as
equilibria between different species, or states, of the
active catalyst. In principle, it should be possible to
locate candidates for such species, for example by
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quantum chemical modeling. We are not aware of
studies that have been specifically aimed at detecting
such equilibria, but one computational study reported
a stable zirconocene cation with a secondary alkyl chain
to be a candidate for a slow propagating state.? Other
computational studies have investigated possible
active and dormant states arising from different
adducts between [CpgZrMe]t, trimethylaluminum
(TMA), and models of methylated methylaluminoxane,
[MeMAOQ]~.29:30

An attractive strategy in order to search for candidate
slow and fast states could involve computational com-
parison of catalysts with confirmed different rate orders
in monomer concentration. These catalysts should be
as similar as possible and, of course, computationally
tractable. An excellent pair of catalysts for this task
seem to be the simple zirconocenes LoZrCls (L = Cp,
i.e., cyclopentadienyl, and L. = Cp¥*, i.e., pentamethyl-
cyclopentadienyl). These catalysts are structurally closely
related, yet an analysis of kinetic data from two differ-
ent laboratories shows that they have different rate
orders, n = 0.99 for L. = Cp and n = 1.4 for Cp*, for
polymerization of ethylene with methylaluminoxane
(MAO) as cocatalyst.?10 A difference of 0.4 between the
two rate orders was confirmed by explicit comparison
of the two catalysts in the laboratory of Gerhard Fink,3!
albeit with higher absolute values (n = 1.3 for L = Cp
and n = 1.7 for Cp¥), and these two catalysts were thus
selected for an explicit search for slow and fast states
that could possibly match the single-center, two-state
kinetic model. Thorshaug et al.®!? have reported a
detailed combined experimental and computational
study of these two catalysts. A pattern of energies
matching a single-center, two-state model cannot be
discerned among their computational results, and a new
comparative study of these two catalysts should focus
on sections of the potential energy surface not covered
by the investigation of Thorshaug et al.

To this end, we have performed a density functional
theory investigation of different conformers and isomers
of the alkyl cation models of the active centers, [LoZr—
Pr]* (L = Cp, Cp*; Pr = n-propyl as the model of the
growing polymer chain), of the two catalysts as well as
their corresponding ethylene coordination and insertion
reactions. In addition to our highly specific goal to
search for potential explanations for the difference in
rate order recorded for these two catalysts, the current
study will focus especially on the entrance side of the
potential energy surface of propagation and thereby
complement earlier mechanistic studies of these met-
allocenes.?10

Computational Details

We used gradient-corrected density functional theory
(DFT) with the gradient corrections included self-
consistently both during geometry optimization and
energy evaluation. The local exchange-correlation po-
tential developed by Vosko et al.?2 was augmented with
Becke’s33 nonlocal exchange corrections and Perdew and
Wang’s?* nonlocal correlation corrections. The resulting
BPW91 functional was used in the spin-restricted
formulation implemented in the Gaussian 983> and 0336
set of programs. Detailed studies show that the BPW91
functional is capable of providing accurate energy
profiles for the monomer insertion step during metal-
catalyzed olefin polymerization.?” Some validation cal-
culations (where indicated) were performed, using the
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Gaussian set of programs with the three-parameter
hybrid density functional method of Becke (termed
“B3LYP”)3® and with the coupled-cluster approximation
including single and double excitations and with con-
tributions from connected triples added perturbatively
(CCSD(T)).?? All valence electrons were correlated in the
CCSD(T) calculations.

In the geometry optimizations, effective core poten-
tials (ECP)* for the small Ar core of zirconium and the
small Ne core of titanium were used in combination with
valence basis sets contracted to [3s,3p,2d].*° For alu-
minum, an ECP*! was used for the Ne core in combina-
tion with a [2s,2p] contracted valence basis*! set ex-
tended with a polarization function (aq = 0.325). Oxygen,
carbon, and hydrogen atoms were described by standard
Dunning—Hay*2 valence double- basis sets, with a scale
factor of 1.2 (1.15) applied for the inner (outer) expo-
nents of H. Polarization functions were added to O (ogq
= 0.961) atoms and to C (aq = 0.75) atoms of the
ethylene or the polymer chain. The Gaussian 98 de-
faults®® were applied for convergence criteria whereas
the “ultrafine” (99,590) grid was used in numerical
integrations. Each stationary point was characterized
by analytic calculation of the second-derivative matrix.
Zero-point and thermal corrections to the energies were
computed from the harmonic frequencies using standard
procedures. The TAS contributions calculated for eth-
ylene coordination in the gas phase (10—12 kcal/mol)
at 298.15 K do not reflect the actual entropic cost of
binding the olefin to the catalyst complex in solution.
The discrepancy can be reduced by taking into account
the solvation entropy of ethylene since the solvation
entropies of the catalyst complex with and without
ethylene should be similar.*3 The ethylene solvation
entropy amounts to 15.4 eu in toluene,** equivalent to
4.6 kecal/mol at 298.15 K, or ca. 40% of the calculated
gas-phase value for TAS. Similar reasoning leads to the
same percentage (40%) for the solvation entropy of Hy

Cp—HB=1.16
Iyt [Iy1—Ip1}#
5.3/5.8 8.7/9.8
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in toluene. The entropic cost of olefin and dihydrogen
coordination to or elimination from the transition metal
complex in solution (toluene) has thus been approxi-
mated by 60% of the corresponding gas-phase values.
This correction strategy has been applied also to transi-
tion states of coordination/elimination and is expected
to be a good estimate of the true entropy contribution
in condensed phase.*3

All energies reported in the current work are based
on single-point energy calculations using basis sets that
were improved compared to those of the geometry
optimizations described above: C and H atoms of the
ethylene or the polymer chain were described by aug-
mented Dunning triple-{ sets denoted TZD2P37 to
account for known basis set sensitivities,?” and polariza-
tion functions were included for the C atoms of the Cp
rings (0g = 0.75). The outermost primitive was split off
from each of the contracted 5s, 5p, and 5d functions in
the Zr valence basis set described above to give a final
[4s,4p,3d] basis set involving 311, 111, and 211 contrac-
tions for the 5s, 5p, and 5d functions, respectively.
Titanium was described by Wachters (14s,11p,6d) primi-
tive basis set extended by (60)* and contracted to
[8s,7p,4d,2f], whereas hydrogen atoms directly bound
to Ti were described by Dunning basis sets contracted
to [3s,1p] as described in ref 37. The SCF convergence
criterion used for these single-point calculations was
1075 (rms density change), and the “ultrafine” (99,590)
grid was used for the numerical integrations. With the
above-described method and basis sets for energy evalu-
ation, the basis set superposition errors (BSSEs) of the
Zr—ethylene interaction in zirconocene & complexes,
[CpaZr—Pr(CoHy)]™, were calculated to be 1.1 and 1.2
kcal/mol for the f5- and a-agostic conformations, respec-
tively, using the counterpoise method. Our computa-
tional protocol thus gives small BSSEs that do not affect
the calculated relative stabilities to any significant

Co—Ha=1.123 Cp—Hp=1.188
[Iy1—Tel]# Ip1
11.4/11.2 0.0/0.0

Co—Ha=1122 Co—Ha=1.154
Cp—Hp=1.108
[Ip1—Tal] Tol
11.2/10.6 8.9/8.5

Co—He=1.150 Co—Ha=1.151
[Ta1—To2]# To2
10.9/11.5 9.3/9.0

Figure 1. Different conformers of the primary alkyl cation, [Cp2Zr—Pr]*, and the corresponding transition states of their
interconversion. Bond distances are given in angstroms, whereas energies are given in kcal/mol (AH295/AGazgs) relative to Iffi1 and
free ethylene. Hydrogen atoms of the Cp ligands have been omitted for clarity.
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Cy—Hy=1.129 Cp—Hp=1.108 ?J_ﬁl{(’;z ff‘:’i
Cy—Hy=1.108
Tyt [Tyl —IIp1]¢ [TTy1 —TTa2]*
6.0/6.4 9.8/10.5 8.9/7.9

Cp—Hp=1.164 Co—Ha=1.135 Co—Ho=1.139
Cp—Hp=1.104
TR [T1p1—TIa2]¢ a2
0.0/0.0 9.4/8.3 8.6/6.3

Figure 2. Different conformers of the primary alkyl cation, [Cp*Zr—Pr]|*, and the corresponding transition states of their
interconversion. Bond distances are given in angstroms. Energies are given in kcal/mol (AH395/AGagg) relative to IIf1 and free
ethylene. Hydrogen atoms of the Cp* ligands have been omitted for clarity.

extent, and estimates thereof are therefore not included
in the current contribution.

Results and Discussion

In the following we will present computational results
for the various elementary reactions of the monomer-
free alkyl cations, [LgZr—Pr]* (L = Cp, Cp*; Pr =
n-propyl), as well as its coordination and insertion of
ethylene. We will compare our results with published
computational and experimental data and with the
pattern required for the single-center, two-state model
(vide supra), at first assuming that the slow center can
be identified among the conformations formed by the
n-propyl with the zirconocene fragment LoZr. Finally,
we will also investigate the possibility of generating a
slow state by isomerization of the n-propyl group.
Structures involving L. = Cp are labeled by a leading
“I” and those of L = Cp* by “II”. In the case of an agostic
Zr—H—C structure, this is followed by a Greek letter
identifying the carbon atom involved.

Primary Alkyl Cations. The calculated structures
and relative energies of zirconium alkyl cations [Cpq-
Zr—Pr]* with primary alkyl groups in a-, -, and
y-agostic conformations, and their respective unimo-
lecular interconversion reactions are shown in Figure
1, whereas the corresponding results for [Cp*oZr—Pr]™*
are given in Figure 2. The usual order with respect to
relative stability of these three conformations for zir-
conocenes emerges from our calculations, with the
pB-agostic structure being the most and the a-agostic the
least stable structure. The free energy difference be-
tween these two structures amounts to more than 8

kecal/mol for L = Cp and more than 6 kcal/mol for L =
Cp*. The stability for the -agostic structure is reflected
in the structures, with the C—H/ bond being elongated
by 6—9 pm due to the agostic interaction (see Figures 1
and 2). For the Cp* complex, however, the y- and
a-agostic conformations are in fact of similar energies.
The stabilization of the a-agostic structure with respect
to the other two conformations upon going from L. = Cp
to Cp* is due to destabilization of pyramidal (bent)
structures for the three-coordinate metal complex, [Lo-
Zr—Pr]* for bulkier ligands, L. The a-agostic structure
IIo2 is planar, ® = 0.0°,*6 whereas the other agostic
structures are more pyramidal, with deviations from
planarity of ® = 3.0° (IIf1) and © = 9.8° (IIy1).

It should also be noted that the most stable (by 0.5
kcal/mol) a-agostic conformation located for L. = Cp
(structure Ial, Figure 1) is, in fact, not a minimum for
L = Cp*. The conformation of the propyl chain in Io2
(ITa2) is similar to that of Iy1 (IIy1) (see below for the
interconversion between Ia2 and Iy1), whereas Ial can
be generated from Io2 by a facile ~180° rotation (AG¥z9g
= 2.5 kcal/mol relative to Io2) of the terminal ethyl
group around the Ca—Cp bond. This rotation places a
fB-agostic hydrogen in position for coordination to the
metal through the base of the LoZrPr pyramid. Because
the LoZrPr fragment is planar in the case of L = Cp*
(® = 0.0° for I1Ia2), access to the metal atom from the
base of the pyramid is easier than for L=Cp (6 = 11.5°
for Ia2). Relaxation to IIf1 is thus the reason for the
lack of stability for this a-agostic conformation of the
chain for the bulkier Cp* ligand.
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We have located transition states for interconversion
between pairs of agostic structures for both L = Cp and
Cp*. Interconversion between the primary product of
ethylene insertion, Iy1l, and the most stable conforma-
tion, If1, is dominated by rotation around Co—Cp and
proceeds with a free energy barrier of ca. 4 kcal/mol for
L = Cp or close to 10 kcal/mol for the reverse reaction.
Slightly more energy (ca. 5 kcal/mol) is needed to
overcome the barrier to give the o-agostic reactant, Ial,
directly from the y-agostic reactant through widening
of the Zr—Co—Cp angle by more than 50°. In contrast,
more than 10 kcal/mol is required to overcome the
corresponding barrier from If1. For L. = Cp¥*, the
stabilization of the a-agostic conformation for the steri-
cally more demanding ligand results in a lowering of
barriers to forming the a-agostic conformation from both
of the other two conformations, to below 2 kcal/mol in
order to reach [IIy1—IIo2]*. The corresponding barrier
starting from IIf1 is higher than 8 kcal/mol. Our results
for the y- and f-agostic structures and their intercon-
version are comparable to those of Thorshaug et al.,?
whereas the stabilization of the a-agostic structure for
the [Cp*eZr—Pr]* complex and the lowering of the
barriers for its formation have apparently not been
reported previously.

We now turn to the question of whether the pattern
seen for these unimolecular rearrangements could be
commensurate with the interconversions described by
Fait et al.2® for a single-center, two-state mechanism.
For both catalysts, the only candidate so far for Cgoy is
the f-agostic structure. The primary, kinetic product of
insertion, the y-agostic conformation, Iy1, seems to be
an interesting candidate for Cgg, provided that the
subsequent coordination and insertion of ethylene pro-
ceed with lower barriers than the unimolecular conver-
sion to the f-agostic conformation. In addition, for L =
Cp, coordination of ethylene would have to take place
for Iy1, and not for Ia1, because the barrier to formation
of If1 (the assumed Cgoy) is lower than that for
formation of Iol. Thorshaug et al. reported virtually
barrierless coordination of ethylene to y-agostic alkyl
cations [CpeZr—R]*, making this scenario seem possible.
For L. = Cp¥*, the a-agostic species may in principle be
responsible for the “fast” reaction with ethylene since
its formation from IIyl (Cgg) is associated with the
lowest of all the interconversion barriers calculated for
the present primary propyl cations. Thus, our results
for the ethylene-free alkyl cations indicate that ethylene
approach to the catalyst complex should be explicitly
investigated for all three agostic conformations and that
the a-agostic conformer in particular may turn out to
be important for [Cp*sZr—Pr] ™.

Frontside Olefin Coordination and Insertion.*’
We start this section by considering coordination of
ethylene to the candidate fast state discovered above,
the y-agostic conformation for L. = Cp, Iy1l. However,
our calculations suggest that approach of ethylene to
this conformer is less favored than other modes of
monomer approach and is associated with a free energy
barrier of 7.2 kcal/mol relative to Iyl (12.9 kcal/mol
relative to If1, cf. Figure 3). The major part of this
barrier arises from the entropic costs (5.5 kcal/mol) of
approaching an ethylene molecule toward the apex of
the LoZrPr pyramid which is essentially covered by the
propyl chain (see Figure 3). The electronic contribution
(1.7 kecal/mol) is very similar to the energy barriers of
Thorshaug et al.? for [Cp2Zr—Pr]". Taking into account
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their reported increase in the electronic barrier to
coordination for Zr cations with longer (and more
realistic) alkyl chains than propyl, we can safely assume
that the true free energy barrier for ethylene coordina-
tion to realistic y-agostic complexes is higher than that
reported here and that coordination to this conformer
is unimportant.

In contrast, ethylene coordination to the two other
conformations of the growing polymer chain results in
transition structures that are significantly less sterically
crowded and thus more stable.*® Coordination to the
pB-agostic reactant is even thermoneutral and barrierless
relative to If1.4° For L = Cp, our gas-phase calculations
predict that the y-agostic kinetic product of ethylene
insertion rearranges (AG¥a9s = 4.0 kcal/mol) to the more
stable $-agostic conformer and that ethylene coordinates
to the latter species without a barrier.

The unfavorable coordination to Iyl for L = Cp
induced us not to investigate coordination of ethylene
to IIy1 since the crowding of the pentamethyl-substi-
tuted analogue is expected to be even more pronounced.
The results for coordination to the - and a-agostic
species support this expectation (see Figure 4). Coordi-
nation to the sterically more demanding Cp* analogue
preferably takes place when the propyl group has the
least possible association with the metal atom, namely
the a-agostic structure, ITo2. The free energy barrier
for this complexation is 7.2 (13.5) kcal/mol relative to
ITo2 (IIf1), lower than the corresponding barrier (14.2
kcal/mol) of coordination to IIf1. Thus, for L = Cp*, our
gas-phase calculations predict that the y-agostic kinetic
product of ethylene insertion rearranges (AG¥a9s = 1.5
kcal/mol) to the a-agostic conformer and that ethylene
coordinates to the latter species (via TS [IIa2—IIFa1]*)
with a low barrier,% in contrast to the clear preference
for coordination to the (-agostic reactant seen for L =
Cp. A growing polymer chain in an a-agostic conforma-
tion shields the metal against attack from an olefin to
a lesser extent than a chain in a (- or y-agostic
conformation (Figures 3 and 4). The preferred type of
ethylene coordination (§ for L = Cp vs o for L. = Cp¥)
thus depends on the steric hindrance experienced by the
approaching olefin. A similar preference for olefin
coordination to the a-agostic alkyl cation has been noted
already for half-sandwich Cr(III)-based catalysts for
ethylene oligomerization®! but has, to our knowledge,
not previously been reported for zirconocenes.

For L. = Cp, the 8- and a-agostic z-complexes are of
similar stability, and the interconversion between them
is facile, with a free energy barrier of 2.7 kcal/mol from
IFf1. There exist several frontside a-agostic -complex-
es that are slightly less stable than IFal. They differ
mainly in their relative ethylene—propyl conformations
(structures not reported), and their interconversions are
facile. The lowest energy path of ethylene insertion
starts from a frontside a-agostic m-complex®? and is
triggered by a rotation (AG¥ys = 2.3 kcal/mol relative
to IFal) around the Zr—Pr bond to obtain an a-agostic
interaction opposite to ethylene. No minimum exists for
this conformation, and insertion of ethylene proceeds
without barrier after passing the TS of rotation around
the Zr—Pr bond, [IFo1—IyP]*. A Co—Ho bond distance
of 1.119 A indicates the beginning formation of a
backside Zr—Ha agostic interaction that assists inser-
tion and later manifests itself as a y-agostic bond in the
Zr—pentyl insertion product (IyP, Figure 3).
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Zr—Hy = 2.404 Cl1—C2=1349 Ccl—C2=1351
Cy—Hy=1123 Cp—HB=1.176 Co—Ho=1.150
Cl—C2=1352
[Iy1—IFo2]* [Ip1—IFp1}t [To1—IFa1]#
6.9/12.9 -0.2/2.5 7.2/10.9

TR Cp—Hp=1.108 L
] Ca o 11 o I
: Cl—C2=1363 '
IFp1 [IFp1—IFel] IFol
-4.5/2.3 -1.5/5.1 -2.9/3.0

Co— C2=3.194

Co—Ha=1.119 i Cy—Hy=1.142
= Cl—C2=1.362 R
Zr—Ha=2.631 e s Zr—Co—Cp = 86.8
IFo2 [IFe1—IPy]* IPy
2.2/83 -1.2/5.3 -15.6/-8.4

Figure 3. Transition states and minima along the pathway of frontside ethylene coordination and insertion for [CpsZr—Pr]™.
Bond distances are given in angstroms, whereas energies are given in kcal/mol (AH29s/AGags) relative to the If1 and free ethylene.

Hydrogen atoms of the Cp ligand have been omitted for clarity.

For L = Cp¥*, the most stable s-complex is in fact
a-agostic (see structure IIFal, Figure 4). A second
o-agostic -complex, IIFa2 (Figure 4), has the propyl
group in the same conformation as in Ila2 and is 5.3
kcal/mol less stable than ITFal. The high energy of
ITF o2 indicates that this 7-complex is unimportant for
propagation, and therefore ethylene coordination and
insertion have not been investigated for this conforma-
tion of the propyl group. Ethylene insertion for IIFal
is facile, with a barrier from the s-complex of 4.9 kcal/
mol, or 17.6 kcal/mol relative to IIf1.

Backside Olefin Coordination and Insertion.*’
For sterically less crowded constrained-geometry cata-
lysts, barriers to frontside and backside insertion have
been found to be similar,!! whereas for metallocenes,
the backside approach seems to be unimportant. Lo-
hrenz et al.52 noted already 10 years ago that “backside

insertion, although feasible, has a higher activation
barrier than the frontside propagation, and is entropi-
cally disfavored.” Similar results were reached both for
L = Cp and Cp* in the comparative study of ethylene
polymerization with [LeZr—R]" conducted by Thorshaug
et al.,? who noted that “backside insertion to a S-agostic
conformation is very unlikely for L, = Cp*.” These results
suggest that it is not worthwhile to investigate the
backside approach to - or y-agostic conformations of
the alkyl cation over again for the present zirconocenes.
On the other hand, since ethylene coordination to the
a-agostic conformation is most favorable for the bulky
system, L. = Cp*, one may expect the backside approach
to be feasible in this case. We indeed find that such
backside approach of ethylene to the pentamethyl-
substituted zirconocene results in direct insertion (i.e.,
not passing through a 7-complex) with a barrier relative
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Zr—HB=2274 Zr—Ha=2274 Zr—Hp=2232

Cl1—C2=1352 C1—C2=1350 CP—HP=1.156

CP—HP=1.146 Co—Ha=1.118

[TIp1—IIFp1]¢ [ITa2—IIFa1]# IIFp1
7.4/14.2 9.1/13.5 6.6/14.1

Zr—Ho = 2497 _ Co— C2=3.453
C1—C2=1359 (Z:f__}?fz'; '218279 Cl—C2=1362
Ca—Ha=1.119 ' Co—Ha=1.146
IIFal IFa2 [IIFe1—IIPY]¢
6.4/12.7 11.2/17.7 10.0/17.6

Cy—Hy=1.133
Zr—Co—Cp=92.3°

TPy
-13.3/-6.3

Figure 4. Transition states and minima along the pathway of frontside ethylene coordination and insertion for [Cp*Zr—Pr]™.
Bond distances are given in angstroms, whereas energies are given in kcal/mol (AH395/AGagg) relative to IIf1 and free ethylene.
Hydrogen atoms of the Cp* ligands have been omitted for clarity.

to IIf1 which is less than 1 kcal/mol higher than that insertion (see structure [IIa2—IIPy]* in Figure 5). The
estimated for frontside insertion. The TS occurs much C—C bond of the inserting ethylene (1.349 A) is not
earlier than typical four-center transition states of olefin elongated compared to the bond in free ethylene, and



Macromolecules, Vol. 38, No. 24, 2005

Cl—C2=1.349
Co—Ha=1.144

[ILe2—IIPyJ

13.2/18.4
Figure 5. Transition state for direct backside ethylene
insertion for [Cp*Zr—Pr]*. Bond distances are given in
angstroms, whereas energies are given in kcal/mol (AHggs/
AG2gg) relative to the corresponding S-agostic primary alkyl
cation (IIf1) and free ethylene. Hydrogen atoms of the Cp*
ligands have been omitted for clarity.

the bond to be formed during insertion (C2—Ca) is very
long (3.886 A). Thus, we have located feasible frontside
and backside routes of olefin coordination and insertion
for the active species [Cp*oZr—Pr]™, which in both cases
has an a-agostic conformation of the propyl group.

For the Cp analogue, the feasibility of backside
ethylene approach to an a-agostic conformation seems
more questionable (see Figure 6). Ethylene coordination
to Io2 is associated with a substantial free energy
barrier (14.2 kcal/mol relative to If1), whereas frontside
coordination to If1 was found to be practically barri-
erless. Coordination leads to the formation of a -com-
plex, IBo2 (AG¥s = 7.2 keal/mol relative to If1), with
the C—C bond of ethylene being far from parallel to the
Zr—propyl bond and not to direct insertion. However,
only a tiny barrier from this z-complex (AG*s9g = 0.3
kcal/mol) must be overcome in order for insertion to take
place. The high barrier for ethylene coordination, how-
ever, excludes this route as part of the propagation
mechanism.

Comparison to the Single-Center, Two-State
Model. So far, we have assumed that both the slow and
fast states of the catalyst, if they exist, are to be found
among the conformations formed by the n-propyl group
with the zirconocene fragment, LoZr. For L. = Cp, our
calculations show that the most stable of the ethylene-
free complexes is also the most reactive state with
respect to ethylene coordination, a pattern which is
clearly not commensurate with that required for the
single-center, two-state model (Scheme 1).

For L. = Cp¥, the situation looks better at first glance.
We have already pointed out that a propagation involv-
ing fast rearrangement from the kinetic product of
ethylene insertion, IIy1, to the a-agostic species may
be a viable route since the corresponding formation of
the more stable IIf1 conformer involves a higher
barrier. Now it turns out that ethylene coordination
preferably takes place to the a-agostic reactant for L =
Cp*, which further seems to strengthen the idea that
the y-agostic conformation of the alkyl cation may be a
candidate for the fast state. The transformation Cgst —
Cglow would then correspond to rearrangement from the
y- to the f-agostic, and from the o- to the (-agostic
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conformation, with barriers amounting to 4.1 and 2.0
keal/mol, respectively. These reactions should be slower
than that of fast propagation according to point 3 among
the requirements of the kinetic model (vide supra).
However, as explained above, the calculated propagation
barriers for ethylene polymerization with [Cp*sZr—Pr]*
are estimated to be in the range 17—18 kcal/mol
(frontside approach) and 18—19 kcal/mol (backside
approach) relative to the most stable, $-agostic, confor-
mation of the propyl cation, or 9—10 kcal/mol and 12—
13 kcal/mol, respectively, relative to the a-agostic
conformation. The differences between the barriers for
Ctast — Cslow and propagation thus appear far too large
for the corresponding rates to become comparable as a
result of high monomer concentration.

One should keep in mind, of course, that the computed
free energy change resulting from ethylene binding to
the metal complex is associated with inaccuracies. The
largest of these inaccuracies is the entropic cost of
ethylene capture as obtained in our gas-phase calcula-
tions, which has been corrected (reduced) by the ethyl-
ene solvation entropy as described under Computational
Details. It is difficult to see how a further (reasonable)
reduction of the entropic cost or other corrections could
reduce the propagation barriers of ethylene coordination
and insertion enough to be comparable with the barriers
to formation of the f-agostic conformation from the y-
and o-agostic conformations, i.e., with the barriers for
Crast = Cslow-

Comparison to Experiment. Our gas-phase calcu-
lations thus suggest that the -agostic alkyl cation can
be regarded as a resting state for both catalysts, but
that the preferred pathways of ethylene approach are
different in the two cases. For L. = Cp, ethylene
coordinates to the f(-agostic resting state, whereas
ethylene complexation for L. = Cp* preferably involves
an o-agostic conformation. Thorshaug et al.? reported
observed activation energies corrected by kinetic model-
ing in order to separate effects from propagation and
deactivation, but the resulting barriers to propagation
of 14.6 kcal/mol for L. = Cp and 4.1 kcal/mol for L. =
Cp* were found to differ from their computed DFT
barriers of 2—5 and 6—8 kcal/mol, respectively.® Accord-
ing to our present DFT calculations, insertion does not
require enthalpic activation for L = Cp, whereas there
is an enthalpic insertion barrier of ca. 9—10 kcal/mol
for the bulkier catalyst with L = Cp*. Compared with
the corrected experimental activation energies,’ the
available two sets of computed DFT barriers are thus
too low by 10—15 kcal/mol for L. = Cp and too high by
2—6 kcal/mol for L. = Cp*. Uncertainties with respect
to the accuracy of the presently applied density func-
tional method as well as of the measured barriers to
propagation suggest that a close agreement between the
theoretical and experimental barrier heights should not
be expected. However, at least for L = Cp, the difference
seems large enough to warrant explanation. We note
that the Cp* ligands should afford a better separation
of the catalyst—cocatalyst ion pairs in solution than the
smaller Cp rings, and therefore gas-phase model cal-
culations are expected to be more realistic (smaller
errors) for L = Cp*. It is reasonable to believe® that the
poor agreement for L = Cp in the gas-phase calculations
results from the lack of counterion and solvent. Nifant’ev
et al.’® have reported a thorough comparison of the
energy coordination and insertion profiles for the naked
zirconocene ethyl cation with those including two dif-



10274 Jensen et al.

Co—Ho=1.158 Co—Ho=1.113
Zr—Ho = 2.208 Zr—Ho = 2.729
Cl—C2=1.349 Cl—C2=1.365

Co—Zr—C2—C1=122.7
X1—Zr—X2=1378

Zr—Ca—CB=125.3
Co—Zr—C2—C1=112.9
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Co—Ho=1.135
Zr—Ha.= 2.408
Cl—C2=1.364

Co—Zr—C2—C1=123.1
X1—Zr—X2=1322

®=23 X1—Zr—X2=1293 ®=143
®=23.6
[Te2—IBa2]* IBa2 [IBa2—IPy]
10.3/14.2 0.7/1.2 0.6/7.5

Figure 6. Transition states and minima along the pathway of backside ethylene coordination and insertion for [CpsZr—Pr]™.
Bond distances are given in angstroms, whereas energies are given in kcal/mol (AH29s/AGagg) relative to the corresponding f-agostic
primary alkyl cation (If1) and free ethylene. Hydrogen atoms of the Cp ligands have been omitted for clarity.

ISp1 1Sp2
1.5/3.0

1H2

6.9/8.4

11.3/7.0

IH1
8.3/9.3

Ty

2.591

Figure 7. Minima resulting from isomerization of [CpsZr—Pr]". Bond distances are given in angstroms, whereas energies are
given in kcal/mol (AH39s/AGags) relative to the corresponding f-agostic primary alkyl cation (If1) and free ethylene. Hydrogen

atoms of the Cp ligands have been omitted for clarity.

ferent borate anions for the system CpoZrEttA~ (A~
counterion). For the least nucleophilic borate, A~ =
B(CgF5)4~, which is expected to show similarities to
methylaluminoxane (MAO), their enthalpic propagation
barrier, corresponding to ethylene coordination to
Cp2ZrEt*A~, is also close to zero and thus far from the
experimental activation energy for CpyZrCly/MAO. It
appears that a more realistic modeling of metallocene-
catalyzed polymerization, through inclusion of counte-
rion, solvent, and dynamic effects,*15~17 will be required
to clarify these discrepancies.

Isomerization of the Primary Alkyl Cations. As
discussed above, our calculations suggest that equilibria
between the different conformers of the n-propyl chain

do not correspond to the fast and slow states appearing
in the kinetic model of Fait et al.,2® mainly because the
rearrangements from the y- and a-agostic conformations
to the more stable -agostic conformations are associ-
ated with low barriers. The existence of an active state
more stable than the f-agostic conformer, i.e., an
alternative Cgw, however, may lead to a pattern
consistent with the single-center, two-state model. There
are of course many possible structures that may turn
out to have lower energies than the -agostic state, and
the present study will be limited to isomerization
reactions of the Zr—alkyl cation that have already been
reported to lead to structures with stabilities compa-
rable to the S-agostic conformation.
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ITH2

10.2111.5
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Zr—H=1842

ITH1
11.2/9.6

ITA
11.1/6.4

Figure 8. Minima resulting from isomerization of [Cp*sZr—Pr]". Bond distances are given in angstroms, whereas energies are
given in kcal/mol (AH29s/AGags) relative to the corresponding (-agostic primary alkyl cation (IIf1) and free ethylene. Hydrogen

atoms of the Cp* ligands have been omitted for clarity.

One possible isomerization is initiated by f-hydrogen
transfer from the alkyl chain to the metal. Subsequent
rotation of the thus formed olefin and reinsertion into
the metal—hydrogen bond affords a secondary metal—
alkyl species. On the basis of hybrid DFT/MM calcula-
tions on propene polymerization with the catalyst rac-
MezC(3-‘Bu-Ind)2ZrCly/MAO, Moscardi et al. claimed5
that the zirconocene complex with a secondary alkyl
group represents a suitable model for the catalyst
resting state, i.e., for the slow state. Given that a broken
rate order has been observed for a large variety of
polymerization catalysts (and monomers), it is reason-
able to believe that these catalysts should have similar
fast and slow states. We thus decided to investigate the
stability of complexes with an isopropyl group, i.e., [Lo-
Zr—CH(CHs)ol ™ (I = Cp, Cp¥), relative to If1 and II#1.
Moscardi et al. found that their secondary alkyl species,
with two -agostic hydrogen atoms, was 1 kcal/mol more
stable than the corresponding primary (-agostic alkyl.
In contrast, we observe a preference for the primary
alkyl complex over secondary alkyl complexes with one
and two -agostic hydrogen atoms, by 3 kcal/mol for L
= Cp (cf. Figure 7) and 5—6 kcal/mol for L. = Cp* (Figure
8). Our results for the relative stability of primary and
secondary zirconium—alkyl species thus agree with
those reported by several other authors (see e.g. refs 7,
9, 53), and it seems doubtful whether secondary or
tertiary alkyl species of early transition metals can be
more stable than primary ones except in very special
cases.?®

Margl et al.® observed the formation of a stable
titanium—dihydrogen complex while performing an ab
initio molecular dynamics study of f-hydrogen elimina-
tion from the alkyl chain to titanium in a constrained-
geometry catalyst. Subsequent elimination of Hy leads

to a cationic metal—allyl complex that is also suggested
to have considerable stability.8:17.205¢ For L. = Cp, the
present calculations suggest that the zirconium—olefin
hydride complex (IH1, the product of the first hydrogen
elimination to the metal) and the metal—allyl dihydro-
gen complex (IH2) are of similar free energy, ~9 kcal/
mol less stable than Iff1, whereas the metal—allyl
complex (IA) is ca. 7 kecal/mol less stable than If1. The
increased steric bulk of the Cp* ligands results in
destabilization of the hydride and dihydrogen structures
ITH1 and ITH2 with respect to both the S-agostic
structure IIf1 and the allyl complex ITA. The latter
structure still remains ca. 6 kcal/mol less stable than
the -agostic resting state in terms of free energy where
the entropy change associated with elimination of Hg
has been corrected (reduced) by 40% as described under
Computational Details. If one adopts the uncorrected
gas-phase entropy change, the allyl complex is only 2
kcal/mol less stable than the [(-agostic resting state,
IIf1. The slight preference for the f-agostic complex
over the allyl structure is confirmed with a hybrid
method (B3LYP), which predicts a 1 kcal/mol larger
energy difference. The applicability of density functional
methods at describing relative stabilities between ago-
stic metal—alkyl species and corresponding metal—allyl
complexes was furthermore confirmed in validation
calculations on model reaction 2.

[H,Ti(p'-C,H)I " = [H,Ti(*-C,H )" + Hy,  (2)

The reaction energy calculated for (2) with the standard
functional used in the present work (BPW91) is slightly
lower than that obtained with a high-level ab initio
method (CCSD(T)).%®



10276 Jensen et al.

Zr—Ho=2.730
Co—Ha=1.111
Zr—Ho—CB =120.6
Xl —Zr—X2=1325
Zr—X1=2.269
Zr—X2=2271

Zr—Co=2.476
Zr—Cy=2.626
Xl— Zr—X2 = 1282
Zr—X1=2.280
Zr—X2=2.279

17.4/13.3

Figure 9. [Cp.Zr(n'-CsH7)]"TMA[MeMAO]~ (TIo1-M) and [Cpz-
Zr(3-C3H3) | "TMA[MeMAO]~ (IA-M). Bond distances are given
in angstroms, whereas energies are given in kcal/mol (AH29s/
AG2gg) relative to the primary alkyl (Io1-M). The energy of
IA-M also includes Hs. Hydrogen atoms of the Cp ligands have
been omitted for clarity.

Finally, one may argue that the fine balance between
the alkyl and allyl complexes could shift due to influence
of the cocatalyst anion, and we have thus investigated
also models of catalyst—cocatalyst adducts of If1 and
IA. Zurek and Ziegler?® have investigated a series of
different adducts between [CpoZrMe] ", trimethylalumi-
num (TMA), and a model of methylated methylalumi-
noxane, [MeMAO]~ (where MAO is modeled as the
hexagonal cage structure (MeAlO)s). We have adapted
their most likely candidate for the active polymerizing
species, [CpeZrMe] "TMA[MeMAO]~ (structure C in ref
30), as starting points for optimization of the current
alkyl- and allylzirconium complexes, [CpaZr(5'-C3H7)] *-
TMA[MeMAO] ™ and [CpaZr(3-CsH;) " TMA[MeMAO] .
In the starting structure of [CpoZr(n!-CsH7)]TTMA-
[MeMAO]~ a f3-agostic conformation was used for the
alkyl chain, which, however, relaxed to give a-agostic
conformation in the optimized structure (Ial-M in
Figure 9). The allyl structure, [CpeZr(n3-CsH;)] " TMA-
[MeMAO], retained the hapticity of the metal-bound
allyl during optimization (IA-M in Figure 9). The
catalyst—cocatalyst adducts investigated here show a
clearer preference for the alkyl isomer, Ia1-M, than the
naked cations do (vide supra). IA-M is more than 13
kcal/mol less stable than Ia1-M in terms of free energy.
In summary, our calculations involving different con-
formers and isomers of the zirconium—alkyl species
have not revealed structures that are predicted to be
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more stable than the -agostic alkyl complexes, If1 and
IIp1. This further strengthens the hypothesis that
dormant, or “slow”, states originate from particularly
stable configurations of catalyst—cocatalyst complexes.29:30

Conclusion

Density functional theory calculations on equilibria
involving different conformations for zirconium alkyl
cations [LoZr—Pr]™ (L = Cp, Cp*; Pr = n-propyl) and
subsequent insertion into the zirconium—propyl bond
have not revealed a pattern matching that described for
the single-center, two-state model.?8 For [CpoZr—Pr]™,
the most stable of the ethylene-free complexes, the
pB-agostic conformer, is also the most reactive state with
respect to ethylene coordination. For [Cp*sZr—Pr]*, the
most facile route involves the y- and a-agostic confor-
mations of the alkyl complex, which thus at first glance
appear to be candidate fast states, Ce,gt, but the barriers
to rearrangement to the more stable $-agostic confor-
mation are significantly lower than those of propagation.

Several isomerization reactions involving the propyl
group of the [LgZr—Pr]* cation have been investigated
in order to look for candidate slow states. For the most
promising candidate slow state, these studies have also
included a model of the MAO cocatalyst anion and high-
level ab initio validation calculations. However, no
structure was found to be of lower energy than the
[B-agostic conformation, and the latter thus takes the
role of the resting state for both catalysts in the present
study. Assuming that the single-center, two-state kinetic
model applies to zirconocene-catalyzed ethylene polym-
erization, our failure to locate the corresponding fast
and slow states suggests that these involve the cocata-
lyst anion. The slow, or dormant, states could be due to
particularly stable configurations of catalyst—cocatalyst
complexes, possibly originating from interactions with
a catalyst featuring a growing polymer chain in favor-
able conformations. Accurate theoretical treatment of
these complexes probably requires realistic models of
(large) noncoordinating anions as well as inclusion of
solvent effects.

The preferred pathways for the approach of ethylene
are different in the two catalysts. For L. = Cp, ethylene
coordinates to the -agostic resting state, whereas for
L = Cp*, the favored propagation route involves ethyl-
ene approach to an a-agostic conformation. We antici-
pate that future studies will confirm the role of a-agostic
or nonagostic conformations of the polymer chain in
reducing the steric hindrance experienced by the incom-
ing olefin, also in the case of other polymerization
catalysts.
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