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ABSTRACT: Density functional (DFT) calculations were carried out on the B3LYP level of theory on
bridged and unbridged cationic zirconocene complexes to clarify why unbridged [Zr(Cp)2(Me)(thf)][BPh4]
is not active in the polymerization of methyl methacrylate (MMA), whereas [Zr{(Cp)2CMe2}(Me)(thf)]-
[BPh4] polymerizes MMA readily, as we showed experimentally. It is shown, that the initial step of the
polymerizationsthe transfer of the metallocene bound methyl group to the first MMA moleculesis
endothermic for [Zr(Cp)2(Me)(MMA)]+ but exothermic for [Zr{(Cp)2CMe2}(Me)(MMA)]+. Furthermores
and more importantsthe activation energy is higher for the reaction of the unbridged compound compared
to the activation energy of the bridged compound. From these results and an estimation of the rate
constants it follows that in the temperature range investigated experimentally (-30 to +30 °C) either
the endothermic product is not formed at all and/or the reversed reaction to the reactant is much faster
than the reaction with the next MMA molecule. These results are confirmed by the inclusion of solvent
effects by the CPCM solvation model (also known as COSMO). Alternative reaction paths for both cations
were also investigated and found to be energetically much less favorable.

Introduction

The polymerization of methyl methacrylate (MMA) by
cationic zirconocenes was first discovered by Collins et
al. in 1992,1 and since then, this field has attracted
much interest. In the initial work Collins et al. used a
two-component system consisting of [Zr(Cp)2(Me)(thf)]-
[BPh4] and [Zr(Cp)2(Me)2] for the synthesis of PMMA.1
The product obtained showed the same tacticity as
PMMA obtained in nonstereospecific polymerizations.
Later it was reported that the cationic enolate complex
[Zr(Cp)2{OC(OMe)dC(Me)2}(thf)][BPh4] initiates the po-
lymerization of MMA with very low efficiency.2

In the same time Soga et al. showed that the reaction
of dimethylzirconocenes with [Ph3C][B(C6F5)4] or B(C6F5)3
yields cationic zirconcenes that can be activated for
polymerization of MMA with alkyl zinc and alkyl
aluminum coumpounds.3 Both research groups showed
that multicomponent catalytic systems containing bridged
dimethylzirconocenes yield isotactic PMMA. Only re-
cently Collins et al. reported on the bridged Cp-
amidozirconocene [Zr{(C5Me4)(tBuN)Me2Si}{OC(OR)d
CMe2}(L)] (L ) THF, OdC(OR)CHMe2) which polymer-
izes MMA at low temperatures to isotactic PMMA.4
Related work using samarocene catalysts was reported
by Yasuda et al.5

Recently we showed, for the first time, that [Zr{(Cp)-
(Ind)CMe2}(Me)(thf)][BPh4] is a stereospecific, highly
active one-component catalyst for the synthesis of
isotactic PMMA,6 a result which was later confirmed
by others.7 We postulated the mechanism of this reac-
tion by correlating experimental results with the results
of ab initio calculations.8 We also showed that [Zr-
{(Cp)2CMe2}(Me)(thf)][BPh4] yields syndiotactic PMMA
with high efficiency.9 However, we found [Zr(Cp)2(Me)-

(thf)][BPh4] to be inactive, and [Zr{(Cp)2SiMe2}(Me)-
(thf)][BPh4] weakly active. The initial steps of acrylate
polymerizations were calculated by Sustmann et al.
using simplified zirconocene complexes as catalysts and
acrylic acid as a model substrate.10 According to this
work three different mechanisms should be possible,
each of which involving a different active species: a
cationic, a neutral and/or a bimetallic one. Since [Zr-
(Cp)2(Me)(thf)][BPh4] and [Zr{(Cp)2CMe2}(Me)(thf)]-
[BPh4] are inactive and active, respectively, we felt the
need to add more theoretical work in order to better
understand the initial reaction steps and thus under-
took calculations on our catalyst systems, the results
of which are reported here.

Computational Details
All calculations were carried out using the Gaussi-

an98 program package.11a Geometry optimizations and
energy calculations were done on the B3LYP level of
theory. As basis sets we used the 6-31G* basis set as is
implemented in the Gaussian98 program package for
C, H, and O. For Zr we used the DZVP basis set by
Godbout et al.11b This combination we denote as basis
set 1 (B1). Some model complexes, which are mentioned
explicitly in the text, have been optimized on the
B3LYP/3-21G level of theory. Before starting the study
we checked the quality of the B3LYP/B1 method by
comparing calculated structures of known compounds
with their corresponding crystal structures11c,d and
found the theoretical method to yield satisfying results.
For some compounds, which are explicitly mentioned
in the text, solvent effects were included by calculations
of single point energies using the CPCM solvation model
(COSMO) as is implemented in Gaussian98.11e-g

All geometries were checked by frequency calculations
to prove successfully if they were minima (zero imagi-
nary frequencies) or saddle points of order one for
transition states (one imaginary frequency). All opti-
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mized transition states were used as input for IRC
calculations to successfully prove that the transition
state indeed connects the corresponding reactants and
products. All geometry optimizations were carried out
with no constraints. For the discussion in the text we
use the energies as obtained (in kcal/mol, Table 1), and
ZPE-corrected energies are also provided in Table 1
(energies of solvated compounds are listed in Table 2).

Results and Discussion

In a cationic mechanism, as was calculated before,10

the addition of acrylic acid to the zirconocene enolate
complex [Zr(Cp)2{-O-C(OH)dCH2}]+ (A) is an exo-
thermic reaction yielding B (Scheme 1). Also the forma-
tion of a C-C single bond between coordinated acrylic
acid and the CH2dC(OH)O- fragment (via transition
state C), yielding the eight-membered metallacycle D
is exothermic. Only the final step, the dissociation of
the coordinated CdO group of D yielding E is strongly
endothermic, rendering this mechanism unfavorable.
The authors also stated, that addition of another
molecule of acrylic acid to B results in the formation of
F, which is an exothermic process again, and also F
reacts to yield G in an exothermic reaction. The dis-
sociation of the CdO group of Gsleading to Hsis
slightly endothermic or slightly exothermic, depending
on the computational method used. A neutral and a
bimetallic mechanism were also discussed. Since our
catalytic reactions start with dichloromethane solutions
of complexes [Zr(Cp)2(Me)(thf)][BPh4] and [Zr{(Cp)2-

CMe2}(Me)(thf)][BPh4], with MMA being present in a
large excess and with the weakly coordinating BPh4
anion, we considered (i) the cationic mechanism to be
the active one and (ii) the formation of the C-C single
bond between the enolate and the acrylic acid in the
model system (i.e, reaction B to D in Scheme 1) not to
be crucial for the start of the catalytic cycle, since the
reacting carbon atoms are too far away from the
zirconocene fragment to be influenced significantly. To
understand why [Zr{(Cp)2CMe2}(Me)(thf)][BPh4] is a
highly active catalyst whereas [Zr(Cp)2(Me)(thf)][BPh4]
is not, we thought that the different reaction behavior
arises from the methyl transfer step, which would be
necessary if a cationic mechanism were operative. Since
we postulated before that a 5-fold coordinated zirconium
center was necessary to enable a stereoselective reaction

Table 1. Energies E (hartree) and Zero Point Corrected Energies EZPE (hartree) of Compounds Calculated in This Work
on the B3LYP/B1 Levela

compd E EZPE compd E EZPE

1b -4084.1786 -4083.9104 1u -3967.4497 -3967.2458
2b -4316.6821 -4316.3038 2u -4199.9608 -4199.6362
3b -4430.0318 -4429.6376 3u -4313.3006 -4312.9698
4b -4430.0343 -4429.6360 4u -4313.2962 -4312.9617
5b -4662.4778 -4661.9631 5u
6b -4662.4909 -4661.9756 6u -4545.7547 -4545.3032
7b -4775.8138 -4775.2938 7u -4659.0786 -4658.6216
8b -4775.8265 -4775.3055 8u -4659.0891 -4658.6318
11b -4775.8644 -4775.3412 11u -4659.1304 -4658.6709
12b -5121.6475 -5120.9982 12u
15b -4775.8751 -4775.3482 15u -4659.1416 -4658.6779
16b -5121.6698 -5121.0169 16u -5004.9373 -5004.3479
17b -4775.8536 -4775.3281 17u -4659.1103 -4658.6498
18b -5121.6792 -5121.0235 18u -5004.9425 -5004.3492
TS3b-4b -4429.9991 -4429.6029 TS3u-4u -4313.2621 -4313.9291
TS8b-17b -4775.7636 -4775.2425 TS8u-17u
TS11b-15b -4775.8495 -4775.3257 TS11u-15u -4659.1139 -4658.6533
TS16b-18b -5121.6515 -5120.9980 TS16u-18u -5004.9113 -5004.3215
3Si -4681.4580 -4681.0731
4Si -4681.4573 -4681.0685
TS3Si-4Si -4681.4231 -4681.0364
MMA -345.7865 -345.6625
THF -232.4494 -232.3321

a Basis set B1, see computational details.

Table 2. Energies E (hartree) of 3, 4, and TS3-4 Obtained
on the B3LYP/B1 Geometries Including Solvent Effectsa

compd E ∆E b

3b -4430.0822
TS3b-4b -4430.0506 +19.83
4b -4430.0853 -1.94
3u -4313.3537
TS3u-4u -4313.3168 +23.15
4u -4313.3511 +1.63

a Calculated using the CPCM solvation model using dichlo-
romethane as solvent. b Relative to reactant (kcal/mol).

Scheme 1. Energy Profile for the Initial Steps of
Acrylic Acid Polymerization after Sustmann et al.10 a

a Energies in kcal/mol; details cf. text; * ) depending on
computational method.
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using [Zr{(Cp)(Ind)CMe2}(Me)(thf)][BPh4] as catalyst,
we investigated also if a 5-fold coordinated zirconium
center is involved in the methyl transfer step.

Alternative Reaction Pathways. All calculated
molecules are schematically depicted in Scheme 2 (see
legend for Scheme 2) and the structures of all calculated
compounds are shown in Figure 1. We refer to all
bridged compounds as nb and to all unbridged com-
pounds as nu.

Compound 1 was calculated for completeness and to
monitor the huge energy release upon adding the oxygen
donors THF and MMA to it (2, 3). Which are the
reactions cation 2 can undergo? The exchange of the
THF molecule in 2 by MMA yields complex 3 (Scheme
2). Alternatively 2 might add one MMA molecule
without losing the THF molecule. In this way com-
pounds 5 and 6 are created. In 5 the methyl group is
moved toward the THF molecule, resulting in a position
in the middle between the THF and the MMA molecule.
In 6 the positions of MMA and the methyl group are
exchanged. Analogously, also 3 might add another MMA
molecule leading to complexes 7 and 8. Furthermore, 3
might undergo the methyl transfer directly. We eluci-
date the different reactions paths, starting with 3.

Assuming that 3 reacts directly, the methyl group is
transferred to the MMA molecule which results in the
formation of the ester enolate 4 in which the oxygen and
the C-C double bond of the enolate unit coordinate to
the zirconium center, with one of the hydrogen atoms
of the transferred methyl group weakly completing the
metal’s coordination sphere (Scheme 2, Figure 1). The
reaction of 3b to 4b is exothermic by -1.57 kcal/mol,
whereas interestingly 4u is by +2.76 kcal/mol richer in
energy than 3u (discussion of activation energies vide
infra). When MMA is added to 4 yielding 11 -28.92 and
-27.17 kcal/mol of energy are liberated for 11b and 11u,
respectively. The reaction of 11 to 12 is not possible.
The transformation of 11b to 12b is endothermic by
+2.13 kcal/mol, whereas all attempts to optimize 12u
resulted in the formation of 11u and one MMA molecule
which moved away completely from the complex. Thus,
11 reacts to 15 at first, resulting in compounds 15b and
15u, which are more stable by -6.71 and -7.03 kcal/
mol respectively, than the corresponding reactants 11b
and 11u. From here on, the reaction proceeds via
addition of a new MMA molecule, thus yielding 16b and
16u, which are lower in energy by -5.14 and -4.20 kcal/
mol, respectively. Then the next C-C bond is formed,
and the resulting products are 18b and 18u, being more
stable by -5.90 and -3.26 kcal/mol than 16b and 16u,
respectively.

Alternatively, 3 might take up another MMA molecule
yielding 7 and 8. In 7 the methyl group resides in the
middle between the two coordinated MMA molecules,
while in 8 the central ligand position is occupied by
MMA. Both 7b and 7u are clearly endothermic products
by +2.82 and +5.33 kcal/mol with respect to their
reactants 3b and 3u, respectively. Furthermore, com-
plex 9 could not be located, although we tried several
starting geometries. Thus, we did not consider the
reaction path 3 f 7 f 9 further. However, the reaction
to 8 is exothermic. 8b and 8u are more stable by -5.14
and -1.26 kcal/mol than their reactants. The reaction
of 8 to 11 should either proceed via compound 10 or 17.
However, several attempts to locate stationary points
on the hypersurface for 10 were unsuccessful for both
10b and 10u. In all cases we only obtained 11. For 17

the situation is different, since both 17b and 17u could
be located. 17b is more stable than 8b by -17.00 kcal/
mol, and upon forming 17u from 8u, -13.30 kcal/mol
is liberated. Instead of obtaining 11 only via the
sequence 3 f 4 f 11 the sequence 3 f 8 f 17 f 11
now also has to be considered. These two sequences will
be inspected more closely (vide infra).

Turning back to 2 there are two more possible
products, i.e., 5 and 6. Compound 5b was located, and
it is weakly endothermic (+0.50 kcal/mol) relative to 2b.
Complex 5u was not located, although we have tried
several starting geometries: The THF molecule is
always expelled from 5u yielding isolated 3u and THF.
Since 5b is slightly endothermic and since energetically
more favorable reaction paths are available, we consider
the path 2 f 5 f 13 not to be operative. However, 2
can also react to 6, which is a clearly exothermic
reaction for both 6b and 6u, liberating -7.72 and -4.64
kcal/mol, respectively. So we searched for the structure
of 14. But as before with 10, it was not possible to locate
the product 14. We used several starting geometries for
both 14b and 14u but were not able to locate minimum
structures in which the methyl group is transferred
though still being coordinated via one of its hydrogen
atoms. Instead, in all products, the methyl group and
the carbon chain to which it is bound are rotated away
from the metallocene fragment, leading to a sole coor-
dination of the enolate oxygen and the oxygen atom of
the THF molecule to the zirconium center.

Alternatively it can be envisioned that 6 reacts ana-
logously to 8, i.e., to form a product like 17, since the
presence of a THF molecule compared to a MMA mole-
cule as in 8 should not create a noticeable differences
and the THF molecule would have to be replaced by
MMA anyway later on; otherwise, this reaction sequence
would not be operative. For this reason, it is sufficient
to elucidate the reaction steps evolving from 8.

Without having considered activation energies at this
point, the possible reaction pathways are as follows: 2
f 3 f 4 f 11 f 15 f 16 f 18 and 2 f 3 f 8 f 17 f
11 f 15 f 16 f 18.

Activation Energies and Solvent Effects. To
obtain the activation energies of the two sequences
mentioned, we calculated the structure of the transition
states TS3b-4b and TS3u-4u and found their energies
to be higher by +20.52 and +24.16 kcal/mol relative to
the energies of the reactants 3b and 3u, respectively.
The activation energy of the unbridged compound is
higher, and we consider this as the reason for the
inactivity of this molecule in the temperature range
used experimentally (-30 to +30 °C9): the reaction of
3b to 4b is approximately 400 times faster than the
reaction of 3u to 4u.12a However, the energies of the
transition states differ not so much as to easily rule out
solvent effects, which can decrease the energetics of
molecular systems quite substantially. Thus, we recal-
culated the energies of the series 3, TS3-4, and 4 by
performing self-consistent reaction field single point
calculations on the B3LYP/B1 geometries using the
CPCM solvation model.11e-g These results are sum-
marized in Table 2. As expected the energies of all
compounds in this series are lowered (TS3b-4b +19.83
kcal/mol, TS3u-4u +23.15 kcal/mol), though not overly
andsmost importantsthe trend observed for the gas-
phase calculations is confirmed.12b

Further confirmation is provided by the reaction of
[Zr{(Cp)2SiMe2}(Me)(thf)][BPh4]. This compound is ac-
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Scheme 2. Alternative Reaction Pathways for the Initial Steps of MMA Polymerization Using Bridged and Unbridged Zirconocenes and Energies on the
B3LYP/B1 Level of Theory (Only Bridged Compounds Are Shown)a

a Figures close to or above reaction arrows are energy differences E ) Eproduct - Ereactant of bridged/unbridged zirconocenes nb/nu [kcal/mol] (the ZPE corrected energy differences
are given in italics). Figures over a bow give the energy of the corresponding transition statesdesignated as TSn-msfor the particular reaction relative to the energy of the reactant.
n.d. ) not determined (details see text). The insert in the upper right shows the energy profile of the methyl transfer in Me2Si-bridged zirconocenes, and the insert in the lower left
shows the energy profile of the methyl transfer using the 6-fold demethylated model complexes 8-6Me f 17-6Me (calculations on these model compounds were carried out on the
B3LYP/3-21G level of theory; see also ref 14).
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tive; however, the turnover numbers are significantly
lower compared to those for [Zr{(Cp)2CMe2}(Me)(thf)]-
[BPh4]. According to the calculated energies of Me2Si-
bridged 3 and 4 (3Si, 4Si), the product 4Si is richer in
energy by +0.44 kcal/mol relative to 3Si (see upper
insert in Scheme 2). The energy of the transition state
TS3Si-4Si is by +21.90 kcal/mol above the energy of
3Si and thus lies between the energies of TS3b-4b and
TS3u-4u. It is noteworthy that the relative order of

stability of all products 4 andsmore importantsof all
transition states TS3-4 is in accordance with the reac-
tion behavior of the true catalysts.

In the sequence 8 f 17 the picture is a little different.
Here both 17b and 17u are clearly exothermic products
relative to 8b and 8u. However, the energy of the
transition state TS8b-17b is higher than the reactant’s
energy by +39.5 kcal/mol. This activation energy is too
high for the reaction to proceed via 8b f 17b.12
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Interestingly, 17u cannot be formed starting from 8u,
since we were not able to locate the transition state for
this reaction. Many attempts to find TS8u-17u resulted
in the formation of transition states of 11u (in which
the rotations of methyl groups were the only result of

the search of the transition state).13 As a result 17b will
not be formed from 8b, because the activation energy
is too high and 17u will neither be formed from 8u, since
the transition state is not existing (see also ref 13 and
the lower insert in Scheme 2).

Figure 1. Ball and stick representation of the structures of all calculated compounds shown in Scheme 2 (elements in decreasing
size: Zr, Si, C, O, H).
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Consequently the reaction does only proceed via the
sequence 3 f 4, which is predicted to be more difficult
for 3u than for 3b. Thus, the unbridged catalyst is
incative, in accordance with our experimental results.

Upon reaction of 11 to 15, the first C-C bond is
formed between the ester enolate moiety and the
coordinated MMA molecule. The energies of the transi-
tion states are considerably lower compared to the ones
in the methyl transfer step and amount to +9.35 and
+10.35 kcal/mol for TS11b-15b and TS11u-15u, re-
spectively, indicating that this reaction is not only
possible but also not influenced by the geometry of the
metallocene. As we assumed before, the similarity in
energies for the two transition states is a clear indica-
tion that the metallocene fragment does not influence
the energetics of the C-C bond formation. As we have
shown earlier,8 the carbonyl oxygen atom does not
dissociate from the Zr center to create a vacant coordi-
nation site for the next MMA molecule; instead, the
whole eight-membered ring moves to one side and in
this way creates a vacant coordination site for MMA
(16). The reaction from 16 to 18 proceeds via transition
states TS16b-18b and TS16u-18u which are higher in
energy by +11.48 and +16.31 kcal/mol relative to the
reactants, respectively.

Structural Features of 4b and 4u. A closer inspec-
tion of the structural parameters of 4b and 4uswhich

are summarized in Figure 2smade clear that (i) the
bond lengths and angles are practically equal within the
enolate moieties of the two compounds, (ii) that in 4u
the atoms of the enolate unit are significantly further
away from the zirconium center compared to 4b, (iii)
that the zirconium center in 4b is located further away
from/outside the Cp region, and (iv) that the larger
distance between the enolate moiety and the zirconium
center in 4u compared to 4b is most probably respon-
sible for weaker attractive interactions in 4u; i.e., there
is no energy gain by transferring the methyl group, and
the attractive interactions between enolate and zirco-
nium center are substantially weaker in 4u. In other
words, the zirconium center is better accessible in 4b
than in 4u. This is reflected by the enolate-zirconium
distance: The enolate moiety is bent away from the
zirconocene fragment in the order 4b, 4Si, and 4u, with
the Zr-O distance remaining nearly unchanged (see
table included in Figure 2; values for 4Si not shown
graphically). The Cp-Zr-Cp angle which varies sig-
nificantly from 115.2° (4b) over 124.0° (4Si) to 127.5°-
(4u) indicates the same trend: The Cp orbitals overlap
better with the ones of the zirconium center in 4u,
compared to 4Si and 4b. The enolate moieties in 4b and
4u, being partly delocalized systems, should generally
interact in a better way with the zirconocene than a
single bonded methyl group and a MMA molecule

Figure 2. Ball and stick representation with selected atom distances (Å) of 3, 4, and TS3-4.
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coordinated by its carbonyl oxygen (3b and 3u), however
only if the overlap is strong enough, which is not the
case in 4u. Furthermore, the relative orientation of the
Cp rings to each other in 4u might also play a role: The
partly staggered conformation of the Cp rings in 4u
leads to shorter distances between the hydrogen atoms
of the Cp ring and the hydrogen atoms of the methyl
group of the former MMA in 4u (atom distances ca. 2.35
and 2.68 Å). In 4b, the eclipsed conformation of the Cp
rings causes larger distances between hydrogen atoms
of the Cp ring and hydrogen atoms of the methyl group
(dmin ) 2.90 Å). In other words, energetically it will be
relatively more unfavorable to push the enolate unit in
4u closer to the zirconium center because (i) the electron
demand of the zirconium center is not pronounced
enough to benefit from this and (ii) repulsive interac-
tions between hydrogen atoms of the Cp rings and
hydrogen atoms at C1 will be of a more pronounced
strength.

Conclusions

The study presented herein provides theoretical clari-
fication for the different reaction behavior of [Zr-
{(Cp)2CMe2}(Me)(thf)][BPh4] and [Zr(Cp)2(Me)(thf)]-
[BPh4] in the polymerization of MMA. It was shown that
the crucial step for the reaction is the methyl transfer
step which is energetically favorable for the reaction of
3b to 4b due to the corresponding low activation energy.
For the reaction of 3u to 4u it is too high, which is the
reason why [Zr(Cp)2(Me)(thf)][BPh4] is inactive in MMA
polymerization. A participation of 5-fold coordinated
zirconium complexes in the methyl transfer was con-
sidered to be less likely, since the obtained products are
either endothermic (5b, 7b, 7u) or do not exist (5u). In
cases where complexes with 5-fold coordinated zirco-
nium centers are exothermic (6b, 6u, 8b, 8u), we were
unable to locate the following reaction products (10, 14),
which means that 6 and 8 would have to react directly
to yield 11. However, a direct transfer of the methyl
group in 8 and 6 to yield 11 (and a product like 11,
respectively, in which the MMA unit is replaced by
THF) is most improbable, since a complete cleavage of
the Zr-Me bond would be necessary without compen-
sating for the increased eletron demand of the zirconium
center by other organic moieties present in these
complexes. An alternative reaction path from 8 to 11
via 17 is not possible due to the high energy of the
transition state TS8-17 (as was confirmed by calcula-
tions on model complexes). Furthermore, the energies
of all other transition states (TS3-4, TS11-15, and
TS16-18) are low enough for the reaction to proceed.
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(12) (a) As a rough estimation of how the obtained activation
energies are related to the rate of the reaction we used the
Arrhenius equation: k ) Ae(-Ea)/(RT). With frequency factors
of 109 and 1014 s-1 (values like this are common for many
reactions both in the gaseous and in the liquid phase) and a
temperature of 300 K we obtained k values of 1.1 × 10-6 and
0.11 s-1 respectively, when an activation energy of 20.52 kcal/
mol (85.91 kJ/mol; transformation of 3b to 4b) is used.
Assuming that the rate constant k for this step represents
one turnover, there are ca. 0.004 and 400 turnovers/h,
respectively. Regarding the reation of 3u to 4u the activation
energy is 24.16 kcal/mol (+101.06 kJ/mol), which leads to k
values of 2 .5 × 10-9 and 2.5 × 10-4 s-1 (which represent 9
× 10-6 and 0.9 turnovers/h, respectively). This means that
the reaction of the bridged system is roughly 400 times faster
than the one of the unbridged system. However, when the
activation energy is ca. 40 kcal/mol (167 kJ/mol), as in the
tranformation of 8b to 17b, with the frequency factors and
the temperature being the same, then the turnovers/h are
3.0 × 10-17 and 3.0 × 10-12, respectively. Concluding from
the activation energies, they are low enough for 3b to react
to 4b in short reaction times, and the transformation 3u f
4u is too slow to produce polymer in reasonable times.
Furthermore 8b will not react to form 17b; (b) We would like
to bring clearly to the readers’ attention that systems of this
kind might contain more complexity than was elucidated so
far by experiments and calculations: one reviewer pointed
out to us that the calculated activation barriers seem to
oppose the experimentally derived activation energy for
initiation for the bridged system as was reported in ref 9.
However, this observation is most probably an artifact, since
in ref 9 we reported only on the experimentally derived
activation energies for the catalyst containing the Me2C(Cp)-
(Ind) ligand. It might be argued that the Me2C(Cp)(Ind)
ligand behaves electronically exactly the same as the Me2C-
(Cp)2 ligand (which we have not investigated), and thus we
note that experimental and theoretical results stand as is
and should stimulate further investigations (the reader might
want to take into consideration that our laboratory tech-
niques do not allow for a precise monitoring of a truly
representative amount of datapoints for the very first seconds
of the reaction - one possible reason, why the experimental
results might contain a substantially larger error than was
estimated in ref 9).

(13) We are aware of the fact that not having located TS8u-17u
does not necessarily mean that it does not exist. It might have
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been overseen since the hypersurface is complex and subtle
differences in the starting geometry of the transition state
(i.e., in the position on the hypersurface) might well be the
reason for this. However, even if it were overlooked, it can
easily be imagined that the energy of the transition state has
to have a value similar to that of TS8b-17b, since the MMA
molecule needs to be rotated and bent in the same way. Also
the methyl group would have to be moved into the same
direction by approximately the same amount. For this reason,
we consider the reaction from 8u to 17u to be as unfavorable
as the one from 8b to 17b (vide supra). To support this
assumption, we performed the same calculations on the
B3LYP/3-21G level of theory using model complexes 8-6Me

and 17-6Me in which six of the seven methyl groups of 8 and
17 were replaced by hydrogen atoms (see lower inset in
Scheme 2). As expected the energy profiles are similar to the
ones of the reaction 8 f 17. Upon forming 17b-6Me out of
8b-6Me, -21.33 kcal/mol is released (-16.81 kcal/mol for the
unbridged system) and the transition state TS8b-6Me-
17b-6Me is by +31.60 kcal/mol richer in energy than the
corresponding reactant. The energy of the unbridged transi-
tion state TS8u-6Me-17u-6Me is somewhat higher (+33.50
kcal/mol), which in turn confirms our assumption: The
activation energies for the sequence 8 f 17 are too high for
the reaction to proceed.

MA020413F

8202 Hölscher et al. Macromolecules, Vol. 35, No. 21, 2002


