
www.elsevier.com/locate/jorganchem

Journal of Organometallic Chemistry 692 (2007) 4708–4716
Insertion vs. site epimerization with singly-bridged and doubly-bridged
metallocene polymerization catalysts

Stephen A. Miller

Department of Chemistry, Texas A&M University, College Station, TX 77843-3255, United States

Received 2 April 2007; received in revised form 8 June 2007; accepted 8 June 2007
Available online 29 June 2007

This paper is dedicated to Professor Dr. Gerhard Erker on the occasion of his 60th birthday.
Abstract

A statistical model has been employed to determine the unidirectional site epimerization probability, e, during propylene polymerization
with the following C1-symmetric metallocene precatalysts activated with MAO (MAO = methylaluminoxane): doubly-bridged rac-(1,2-
SiMe2)2{g5-C5H2-4-(CHMe(CMe3))}{g5-C5H-3,5-(CHMe2)2}ZrCl2 (1) and (1,2-SiMe2)2{g5-C5H2-4-(1R,2S,5R-menthyl)}{g5-C5H-3,5-
(CHMe2)2}ZrCl2 (2); and singly-bridged Me2C(3-(2-adamantyl)-C5H3)(C13H8)ZrCl2 (3) and Me2Si(3-(2-adamantyl)-C5H3)(C13H8)ZrCl2
(4). For 1/MAO a steep tacticity dependence on monomer concentration was found, as e increased from 0.114 to 0.909 as [C3H6] decreased
from 12.5 M to 0.5 M; similarly, e increased for 2/MAO from 0.177 to 0.709. For 3/MAO, e was moderately responsive to an increase in
polymerization temperature, as e increased from 0.000 to 0.485 from Tp = 0–90 �C ([C3H6] = 1.1 M). Similarly, e increased for 4/MAO
from 0.709 to 0.913 from Tp = 0–40 �C; at higher temperatures, bidirectional site epimerization was implicated.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Metallocene polymerization catalysts are well appreci-
ated for their steric tunability to produce poly(a-olefins)
having a wide variety of stereochemical structures [1].
The interpretation of a-olefin polymer tacticities through
stereochemical statistical models has long been the subject
of intense research [2]. Despite their idealized nature and
variable applicability to real polymerization systems, such
models are indispensable tools for understanding the fun-
damental processes that occur at the transition metal dur-
ing polymerization [3].

Herein is reported the application of a statistical model
to doubly-bridged [4] and singly-bridged [5] C1-symmet-
ric ansa-metallocene/MAO (MAO = methylaluminoxane)
polymerization systems (Fig. 1). The model employed is
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derived from previous models developed by Farina et al.
[6], by Collins et al. [7], and by Randall et al. [8]. However,
this appears to be the first attempt to quantify the site
epimerization process with doubly-bridged metallocene
polymerization catalysts, thereby providing a direct mech-
anistic comparison with the behavior of singly-bridged
metallocenes.

Monomer approach can occur at either one of two
vacant sites of an active metallocene catalyst (Fig. 2).
The modified Rooney–Green mechanism [9] mandates
alternating employment of these two sites for the bimolec-
ular propagation steps. A unimolecular site epimerization
process, however, can compete with the bimolecular inser-
tion process and becomes stereochemically important when
the two sites are not homotopic—that is, when the precat-
alyst lacks a C2-axis of symmetry. As a result, the alternat-
ing mechanism can yield to the site epimerization
mechanism [10] and the relative frequency of these events
can be quantified [11].
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Fig. 2. Unidirectional site epimerization (e) can complete with an
otherwise regular migratory insertion process, which employs the two
coordination sites in an alternating fashion (P = polymer chain).

Fig. 3. The unidirectional site epimerization model employs two stereo-
chemical parameters (a and b) and the unidirectional site epimerization
parameter (e). The stereoselectivity parameter a applies to the more
stereoselective site while the stereoselectivity parameter b applies to the
less stereoselective site (P = polymer chain).

Fig. 1. Doubly-bridged and singly-bridged C1-symmetric metallocene
catalyst precursors 1–4.
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2. Results and discussion

2.1. The unidirectional site epimerization model

Fig. 3 depicts coordination site A as the more stereose-
lective site and coordination site B as the less stereoselective
site of a generic C1-symmetric metallocene. The alternating
mechanism requires an ABABA or BABAB site employ-
ment for creation of a pentad. However, if the growing
polymer chain is allowed to move away from the bulky R
substituent—but not towards it—prior to monomer inser-
tion, such a unidirectional site epimerization [12] permits
eleven additional site sequences. The probabilities of inser-
tion at site A and site B can be calculated in terms of e, the
unidirectional site epimerization probability. In addition to
the parameter e, the unidirectional site epimerization model
has two other independent parameters, a and b, which
describe the enantioselectivity of site A and site B, respec-
tively. Here, these are defined such that a value of 1.0 for a
and a value of 1.0 for b correspond to the same absolute
sense of enantiofacial selectivity at each site. See the Sup-
plementary material for full details.

2.2. Application of the unidirectional site epimerization

model to doubly-bridged metallocenes

Bercaw et al. have previously reported propylene
polymerization results obtained with C1-symmetric,
doubly-bridged metallocenes (1 and 2, Fig. 1) [4]. With
rac-(1,2-SiMe2)2{g5-C5H2-4-(CHMe(CMe3))}{g5-C5H-3,5-
(CHMe2)2}ZrCl2/MAO (1/MAO), a steep tacticity depen-
dence on monomer concentration was found, as the system
gradually changes from syndioselective to isoselective with
decreasing monomer concentration. In liquid propylene
relatively syndiotactic polypropylene is obtained having
[r] = 79.8% for Tp = 20 �C, while under dilute monomer
conditions of 0.5 M propylene in toluene, isotactic poly-
propylene is obtained with [m] = 88.5% for Tp = 25 �C.
Table 1 tabulates the polymerization data obtained with
1/MAO [4b].

A least squares fit [13] was performed on the pentad dis-
tribution for entry 1 (liquid monomer, Tp = 20 �C, see
Table 1). This established the enantiofacial selectivity
parameters and the calculated site epimerization parameter
for this catalyst in liquid propylene at 20 �C. The parame-
ter a was determined to be 0.991 while b was determined to
be 0.166. These numbers suggest that catalyst 1/MAO has
one highly enantioselective site (99.1%) and one moderately
enantioselective site having the opposite enantiofacial
selectivity (83.4%). The parameter e was found to be
0.114, meaning that the less selective site (site B) is skipped
11.4% of the time because unimolecular site epimerization
competes with bimolecular insertion at that point in the
catalytic cycle.



Table 1
Polymerization data for catalyst systems 1–4/MAO

Entry Catalyst/MAO [C3H6] (M)a Tp (�C) [m] (%) [r] (%) Tm (�C)b Reference

1 1 12.5 20 20.2 79.8 102 [4b, Entry 25]
2 1 4.6 25 39.8 60.4 n.o. [4b, Entry 32]
3 1 3.4 25 50.5 49.5 n.d. [4b, Entry 31]
4 1 2.1 25 62.0 38.0 n.d. [4b, Entry 30]
5 1 0.8 25 86.7 13.3 108 [4b, Entry 29]
6 1 0.5 25 87.8 12.1 n.d. [4b, Entry 28]
7 2 12.5 20 25.9 74.1 n.o. [4b, Entry 26]
8 2 4.6 25 24.8 75.2 n.o. [4b, Entry 37]
9 2 3.4 25 29.4 70.6 n.d. [4b, Entry 36]

10 2 2.1 25 44.6 55.3 106 [4b, Entry 35]
11 2 0.8 25 53.0 47.0 80 [4b, Entry 34]
12 2 0.5 25 60.0 39.8 n.d. [4b, Entry 33]
13 3 1.1 0 60.2 39.9 n.o. [5a, Entry 13]
14 3 1.1 20 59.7 40.2 n.o. [5a, Entry 14]
15 3 1.1 40 60.6 39.4 n.o. [5a, Entry 15]
16 3 1.1 60 62.1 37.9 n.o. [5a, Entry 16]
17 3 1.1 75 67.3 32.7 n.o. [5a, Entry 17]
18 3 1.1 90 71.6 28.4 n.o. [5a, Entry 18]
19 4 1.1 0 79.3 20.7 77 [5a, Entry 19]
20 4 1.1 20 87.8 12.0 118 [5a, Entry 20]
21 4 1.1 40 88.5 11.5 127 [5a, Entry 21]
22 4 1.1 60 84.4 15.6 123 [5a, Entry 22]
23 4 1.1 80 83.2 16.8 110 [5a, Entry 23]

a 12.5 M [C3H6] corresponds to liquid monomer. 1.1 M [C3H6] corresponds to 3 mL propylene in 30 mL toluene.
b n.d. = not determined; n.o. = no melting temperature observed by DSC.
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As the monomer concentration is decreased, this unimo-
lecular site epimerization is able to compete more effec-
tively with bimolecular propagation. As the concentration
decreases (12.5, 4.6, 3.4, 2.1, 0.8, 0.5 M), the site epimeriza-
tion probability, e, increases: 0.114, 0.406, 0.578, 0.718,
0.910, 0.909. At the lowest monomer concentration investi-
gated, an insertion at site A is followed by a site epimeriza-
tion 91% of the time, while it is followed by successful
insertion at site B only 9% of the time.

For this analysis, an assumption is made that a and b
are intrinsic to the organometallic catalyst and do not vary
significantly with concentration. Indeed, allowing a, b, and
e to vary independently provides satisfactorily similar
Table 2
Unidirectional site epimerization model applied to 1/MAOa

Entry 1 2 3

obs calc obs calc obs c

[mmmm] 1.3 2.1 9.9 7.1 17.7 1
[mmmr] 4.4 4.5 11.6 10.6 15.0 1
[rmmr] 4.0 4.8 3.7 4.2 3.3
[mmrr] 14.4 13.9 18.9 18.5 19.9 2
[mmrm] + [rrmr] 6.6 7.0 10.3 13.0 9.1 1
[mrmr] 0.0 0.3 0.0 0.5 0.0
[rrrr] 49.5 49.3 23.9 22.7 14.6 1
[rrrm] 17.5 15.4 16.2 15.7 12.0 1
[mrrm] 2.3 2.6 5.7 7.7 8.3 1
[m] 20.2 22.1 39.8 37.8 50.5 5
[r] 79.8 77.9 60.4 62.2 49.5 4
e 0.114 0.406
RMS error 0.854 1.591

a The parameters a (0.991) and b (0.166) are determined by RMS minimizati
2–6.
results for those pentad distributions that contain signifi-
cant fractions of eight or nine pentads (entries 2–4). With-
out this assumption, the parameters obtained for entries 5
and 6 can be varied considerably with only small changes in
the RMS error. This arises because deviations in the
parameter b become less important as e approaches unity.
Table 2 provides the numerical results of the statistical fits,
and Fig. 4 provides a visual comparison between the
observed 13C NMR pentad distributions [2d,14] and those
calculated by the unidirectional site epimerization model.

If the enantiofacial selectivity parameters a and b
remain constant for 1/MAO and epsilon is extrapolated
to e = 0 (no site epimerization), the model yields values
4 5 6

alc obs calc obs calc obs calc

5.4 29.3 28.6 65.5 65.5 65.6 65.1
4.8 16.6 16.9 13.0 11.7 14.4 11.8
3.6 3.2 2.5 0.9 0.5 0.5 0.5
1.6 18.1 21.6 12.8 12.6 13.6 12.7
0.7 7.3 6.9 0.9 1.4 0.5 1.4
0.5 0.5 0.5 0.9 0.2 0.5 0.2
1.8 7.2 5.5 0.9 0.7 0.5 0.7
1.5 8.8 6.9 0.9 1.2 0.5 1.2
0.2 9.1 10.6 4.2 6.3 3.8 6.3
0.2 62.0 62.5 86.7 84.8 87.8 84.7
9.8 38.0 37.5 13.3 15.2 12.1 15.3
0.578 0.718 0.910 0.909
1.603 1.584 0.876 1.313

on of entry 1 and are maintained at these values for application to entries



Fig. 4. Observed (light) vs. calculated (dark) pentad distributions for the
unidirectional site epimerization model applied to 1/MAO (Table 2,
entries 1–6).

Fig. 5. Comparison of the pentad distribution for perfectly atactic
polypropylene (light) to that predicted for 1/MAO with [m] = [r] = 50%
(dark).

Fig. 6. Since consecutive insertions at site B are forbidden under the
unidirectional site epimerization model, the mrmr pentad implies an
enantiofacial misinsertion at the more stereoselective site A.
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of [r] = 82.8% and [rrrr] = 62.4%. This suggests that even
under ideal polymerization conditions, only modestly syn-
diotactic polypropylene could be obtained. Similarly, if
epsilon is extrapolated to e = 1.0 (exclusive site epimeriza-
tion), the model yields values of [m] = 98.2% and
[mmmm] = 95.6%. In principle, considerably isotactic poly-
propylene could be obtained with 1/MAO. In practice,
such conditions (low monomer concentration and high
temperature) might effect low molecular weight polymers
and chain epimerizations [15].

If epsilon is interpolated until [r] = [m] = 50%, the
model predicts e = 0.576. With this epsilon value, 1/MAO
Table 3
Unidirectional site epimerization model applied to 2/MAOa

Entry 7 8 9

obs calc obs calc obs c

[mmmm] 3.3 2.0 1.6 2.8 4.3
[mmmr] 4.5 4.8 6.8 6.1 8.1
[rmmr] 6.0 4.3 2.6 4.2 3.9
[mmrr] 12.9 13.0 16.1 14.1 14.7 1
[mmrm] + [rrmr] 11.4 10.3 11.4 12.4 11.4 1
[mrmr] 0.0 0.5 0.0 0.5 0.0
[rrrr] 45.4 45.5 38.3 38.2 34.4 3
[rrrm] 13.7 16.4 19.3 17.2 17.2 1
[mrrm] 2.8 3.2 3.8 4.4 5.9
[m] 25.9 23.0 24.8 26.7 29.4 2
[r] 74.1 77.0 75.2 73.3 70.6 7
e 0.177 0.248
RMS error 1.234 1.281

a The parameters a (0.987) and b (0.141) are determined by RMS minimizati
8–12.
is more likely to site epimerize than not, site A is employed
70.2% (=1/(2 � e)) of the time, and site B is employed
29.8% (=(1 � e)/(2 � e)) of the time. Interestingly, this cat-
alyst system is unable to produce atactic polypropylene, as
[rrrr] = 11.9% and [mmmm] = 15.2% for this polymer. The
pentad distribution for this polymer is compared with that
for perfectly atactic polypropylene ([rrrr] = [mmmm] =
6.25%) in Fig. 5. One striking difference is that the calcu-
lated mrmr peak (0.5%) is almost absent. This absence is
readily understood by analyzing the most likely route to
form the mrmr pentad, as depicted in Fig. 6. Since the
probability of employing a site sequence with two consecu-
tive B sites is zero for the unidirectional site epimerization
model, the only way to create the mrmr pentad is for an
10 11 12

alc obs calc obs calc obs calc

3.4 11.5 9.6 18.6 17.5 26.3 25.6
7.0 12.9 12.3 15.9 15.4 15.3 16.7
4.2 4.4 4.1 2.6 3.5 3.8 2.8
4.9 19.5 19.8 21.5 21.7 17.2 21.7
3.2 12.1 13.1 9.4 10.3 8.9 7.8
0.6 0.0 0.8 0.8 0.8 3.0 0.7
4.2 18.8 17.1 11.2 9.8 7.0 6.2
7.2 13.3 14.2 11.8 10.5 8.5 7.7
5.2 7.4 9.0 8.2 10.5 9.7 10.7
8.9 44.6 42.8 53.0 52.8 60.1 60.3
1.1 55.4 57.2 47.0 47.2 39.9 39.7
0.289 0.504 0.629 0.709
0.854 1.161 1.144 1.910

on of entry 7 and are maintained at these values for application to entries



Fig. 7. Observed (light) vs. calculated (dark) pentad distributions for the
unidirectional site epimerization model applied to 2/MAO (Table 3,
entries 7–12).

Fig. 8. The site epimerization parameter e varies as a function of
propylene concentration for 1/MAO (circles) and 2/MAO (squares) at
25 �C.
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enantiofacial misinsertion to occur at site A, which is
99.1% selective. Indeed, this pentad is virtually absent in
every polymer from 1/MAO [16].

An analysis with similar results can be performed on
polypropylenes obtained from (1,2-SiMe2)2{g5-C5H2-4-
(1R,2S,5R-menthyl)}{g5-C5H-3,5-(CHMe2)2}ZrCl2/MAO
(2/MAO) over a range of monomer concentrations (entries
7–12). The least squares minimization of entry 7 (Table 3)
provides the following parameters: a = 0.987; b = 0.141;
e = 0.177. With fixed values of a and b, the unidirectional
site epimerization parameter increases with decreasing
monomer concentration. As the concentration decreases
Table 4
Unidirectional site epimerization model applied to 3/MAOa

Entry 13 14 15

obs calc obs calc obs c

[mmmm] 26.4 26.8 26.0 26.8 27.2 2
[mmmr] 14.3 14.6 14.6 14.6 15.7 1
[rmmr] 6.5 4.8 5.9 4.8 4.5
[mmrr] 23.2 22.9 23.6 22.9 22.7 2
[mmrm] + [rrmr] 2.2 2.4 2.2 2.4 3.0
[mrmr] 0.6 1.2 0.6 1.2 0.6
[rrrr] 9.6 10.5 9.9 10.5 8.9
[rrrm] 9.0 9.6 9.1 9.6 8.2
[mrrm] 8.3 7.3 8.0 7.3 9.1
[m] 60.2 59.4 59.8 59.4 60.6 6
[r] 39.9 40.6 40.2 40.6 39.4 3
e 0.000 0.000
RMS error 0.806 0.657

a The parameters a (0.974) and b (0.599) are determined by RMS minimizati
14–18.
(12.5, 4.6, 3.4, 2.1, 0.8, 0.5 M) the site epimerization prob-
ability, e, increases: 0.177, 0.248, 0.289, 0.504, 0.629, 0.709.
The observed and calculated pentad distributions for 2/
MAO can be compared in Fig. 7. Fig. 8 plots the unidirec-
tional site epimerization parameter, e, as a function of
monomer concentration for both 1/MAO and 2/MAO
with a polymerization temperature of 25 �C.

2.3. Application of the unidirectional site epimerization

model to singly-bridged metallocenes

The singly-bridged metallocene catalyst Me2C(3-(2-ada-
mantyl)-C5H3)(C13H8)ZrCl2/MAO (3/MAO) has been sub-
jected to a series of propylene polymerizations conducted at
increasing polymerization temperatures [5a]. A least squares
fit of the unidirectional site epimerization model to entry 13
([C3H6] = 1.1 M, Tp = 0 �C) produces the following param-
eters for this catalyst: a = 0.974, b = 0.599 and e = 0.000
(Table 4). This indicates that both sites of the metallocene
prefer the same enantioface of the incoming monomer. With
16 17 18

alc obs calc obs calc obs calc

8.0 28.4 30.4 34.2 35.4 40.1 40.7
5.2 16.5 15.9 16.8 16.4 16.4 16.2
4.1 3.7 3.3 2.9 2.3 3.0 1.8
2.3 20.2 21.3 17.4 20.0 15.8 18.8
3.2 5.5 4.2 6.6 4.7 6.4 4.4
1.2 1.2 1.2 2.7 1.1 2.1 1.1
9.3 6.3 7.5 3.7 5.1 2.7 3.5
9.1 7.7 8.1 5.8 6.3 4.8 4.9
7.6 10.4 8.1 9.8 8.6 8.8 8.7
0.7 62.1 62.9 67.3 67.1 71.6 70.8
9.3 37.9 37.1 32.7 32.9 28.4 29.2
0.069 0.180 0.354 0.485
0.722 1.260 1.432 1.365

on of entry 13 and are maintained at these values for application to entries



Fig. 9. Observed (light) vs. calculated (dark) pentad distributions for the
unidirectional site epimerization model applied to 3/MAO (Table 4,
entries 13–18).
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fixed values of a and b, conditions of dilute monomer
(1.1 M), and increasing polymerization temperature (0, 20,
40, 60, 75, 90 �C) the unidirectional site epimerization
parameter, e, increases: 0.000, 0.000, 0.069, 0.180, 0.354,
0.485. Fig. 9 compares the observed and calculated pentad
distributions with 3/MAO and illustrates that this system
is moderately responsive to changes that increase the likeli-
hood of unimolecular site epimerization over that of bimo-
lecular propagation. For this system with [C3H6] = 1.1 M
and Tp = 20 �C, e = 0.000; in contrast, for 1/MAO and
2/MAO under similar conditions ([C3H6] = 0.8 M, Tp =
25 �C), e = 0.910 and 0.629, respectively.
Table 5
Unidirectional site epimerization model applied to 4/MAOa

Entry 19 20

obs calc obs calc

[mmmm] 53.3 54.1 69.5 70.2
[mmmr] 12.4 14.3 10.0 10.4
[rmmr] 2.4 1.0 2.0 0.4
[mmrr] 12.7 15.5 8.9 10.7
[mmrm] + [rrmr] 7.0 2.9 2.3 1.3
[mrmr] 2.6 0.8 1.4 0.5
[rrrr] 1.1 1.4 0.5 0.5
[rrrm] 2.9 2.4 0.9 0.8
[mrrm] 5.5 7.6 4.3 5.3
[m] 79.3 79.0 87.8 87.2
[r] 20.7 21.0 12.0 12.8
e 0.709 0.876
RMS error 2.084 1.007

a The parameters a (0.974) and b (0.599) are determined by RMS minimiz
application to entries 19–23.
The seemingly minor substitution of the isopropylidene
bridge of 3 for the dimethylsilylene bridge of Me2Si(3-(2-
adamantyl)-C5H3)(C13H8)ZrCl2 (4) results in a drastically
different polymerization behavior [17]. A least squares fit
of the unidirectional model to entry 19 ([C3H6] = 1.1 M,
Tp = 0 �C) provides the following parameters: a = 0.888,
b = 0.872, and e = 0.437 (RMS error = 1.440). Although
the extent of site epimerization for 3/MAO under these
conditions is negligible, 4/MAO site epimerizes extensively.
Thus, there is considerable uncertainty in the above calcu-
lated parameters for 4/MAO and they are furthermore sus-
pect because such C1-symmetric catalysts do not usually
exhibit congruent a and b parameters. Consequently, the
stereochemical parameters from the isosteric catalyst
3/MAO (a = 0.974 and b = 0.599) are preferentially
applied to 4/MAO in the calculation of the corresponding
e values, which are reported in Table 5. Fig. 10 depicts the
observed and calculated pentad distributions for 4/MAO
and confirms that they are consonant despite the applica-
tion of a and b from 3/MAO.

With fixed values of a and b, conditions of dilute mono-
mer (1.1 M), and increasing polymerization temperature
(0, 20, 40, 60, 80 �C) the unidirectional site epimerization
parameter, e, increases and then decreases for 4/MAO:
0.709, 0.876, 0.913, 0.842, 0.792. The calculated decrease
in e with higher temperatures is inconsistent with the gen-
eral observation that unimolecular reactions compete more
effectively with bimolecular ones with increasing tempera-
tures. The simplest explanation is that bidirectional site epi-
merization [12] engages above 40 �C. The decrease in
isotacticity at higher temperatures is then rationalized
because the less stereoselective site (site B) is increasingly
employed. No sign of this unusual behavior is observed
with 3/MAO; a steady rise in e and [m] is found with
increasing polymerization temperature. Fig. 11 plots the
unidirectional site epimerization parameter, e, as a function
of polymerization temperature for 3/MAO and 4/MAO
with a monomer concentration of 1.1 M.
21 22 23

obs calc obs calc obs calc

74.0 74.8 65.3 66.3 60.7 61.2
6.5 9.0 10.4 11.4 12.8 12.7
1.5 0.3 1.4 0.5 1.2 0.7
9.3 9.1 9.0 11.9 11.4 13.5
2.3 1.0 4.0 1.6 4.2 2.1
1.4 0.4 1.5 0.6 1.6 0.7
0.9 0.3 1.2 0.6 0.8 0.9
0.9 0.6 2.6 1.9 1.6 1.6
3.2 4.6 4.6 5.7 5.8 6.7

88.5 89.3 84.4 85.3 83.3 82.7
11.5 10.7 15.6 14.7 16.8 17.3

0.913 0.842 0.792
1.220 1.565 1.095

ation of entry 13 (from 3/MAO) and are maintained at these values for



Fig. 11. The site epimerization parameter e varies as a function of
polymerization temperature for 3/MAO (circles) and 4/MAO (squares) for
[C3H6] = 1.1 M.

Fig. 10. Observed (light) vs. calculated (dark) pentad distributions for the
unidirectional site epimerization model applied to 4/MAO (Table 5,
entries 19–23).
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3. Conclusions

A satisfactory stereochemical description of polypropyl-
enes obtained with C1-symmetric metallocenes 1–4/MAO
relies on the inclusion of the parameter e, which quantifies
the likelihood of unidirectional site epimerization, relative
to propagation. Inclusion of this parameter—in addition
to the enantiofacial selectivity parameters a and b—was
necessary and sufficient since no evidence for site epimer-
ization in the opposite direction was identified, except for
4/MAO at higher temperatures. In general e was found
to increase with decreasing monomer concentration and
increasing polymerization temperature—although the spe-
cific dependence is highly sensitive to the nature of the cat-
alyst employed. The singly isopropylidene-bridged catalyst
3/MAO was the least susceptible to site epimerization. A
wide range of e values was calculated for the doubly
dimethylsilyl-bridged catalysts 1/MAO and 2/MAO, with
the obtained value being highly dependent on the polymer-
ization conditions. The singly dimethylsilyl-bridged
metallocene 4/MAO was the most susceptible to site
epimerization and afforded large e values under all poly-
merization conditions. For more complex polymerization
systems, it may be necessary and instructive to apply more
complex site epimerization models, including those that
account for bidirectional site epimerization [3].

4. Experimental

4.1. Metallocene synthesis

Polypropylene pentad distribution data from 1/MAO
and 2/MAO were obtained from the literature [4b]. Metal-
locene precatalysts 3 and 4 were synthesized according to
reported methods [5a,11].

4.2. General polymerization procedure

Caution: All polymerization procedures should be per-
formed behind a blast shield. All polymerization reactions
were prepared in nitrogen filled gloveboxes. Methylalumi-
noxane (MAO) was purchased as a toluene solution from
Albemarle Corporation and used as the dry powder
obtained by in vacuo removal of all volatiles. Toluene
was dried over sodium and distilled. Propylene from Scott
Specialty Gases (>99.5%) was used following passage
through a Matheson 6410 drying system equipped with
an OXYSORB� column. Polymerizations were conducted
in a graduated Lab-Crest� (Andrews Glass) glass reaction
vessel (3 oz. nominal volume) and were stirred with a mag-
netic stir bar. Monomer was condensed into the vessel
(containing toluene and MAO) over several minutes at
room temperature. The vessel was then equilibrated at
the polymerization temperature with an ice or water bath
for 10 min. A given reaction commenced upon injection
of a toluene solution of the metallocene into the vessel with
a 2.5 mL Hamilton syringe rated to 200 psi. Polymerization
reactions were vented and quenched with a small volume of
methanol/concentrated aqueous HCl (12:1) and the poly-
mers were separated from hydrolyzed aluminoxanes by
precipitation from methanol. Toluene and methanol were
removed from the obtained polymers by in vacuo drying.

4.3. Representative polymerization procedures

4.3.1. Entry 13

In the glove box, a 3 oz. Lab Crest pressure reactor was
charged with MAO (0.102 g, 1.76 mmol [Al], 2000 equiv.)
and 28.0 mL toluene. Propylene (3 mL) was condensed in
at room temperature and the vessel equilibrated at 0 �C
for 10 min. A solution of Me2C(3-(2-adamantyl)C5H3)
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(C13H8)ZrCl2 3 (0.0005 g, 9 · 10�4 mmol) in toluene
(2.0 mL) was injected and the reaction was stirred in a
0 �C ice/water bath for 30 min. The reaction was vented
and quenched with methanol/aqueous HCl. 0.13 g of poly-
propylene were obtained. Reaction durations and isolated
yields were as follows: Entry 14, 10 min, 0.25 g; entry 15,
10 min, 0.44 g; entry 16, 10 min, 0.18 g; entry 17, 30 min,
0.15 g; entry 18, 60 min, 0.21 g.

4.3.2. Entry 19

In the glove box, a 3 oz. Lab Crest pressure reactor was
charged with MAO (0.100 g, 1.72 mmol [Al], 1000 equiv.)
and 28.0 mL toluene. Propylene (3 mL) was condensed in
at room temperature and the vessel equilibrated at 0 �C for
10 min. A solution of Me2Si(3-(2-adamantyl)C5H3)-
(C13H8)ZrCl2 4 (0.0010 g, 1.7 · 10�3 mmol) in toluene
(2.0 mL) was injected and the reaction was stirred in a 0 �C
ice/water bath for 90 min. The reaction was vented and
quenched with methanol/aqueous HCl. 1.10 g of polypro-
pylene were obtained. Reaction durations and isolated yields
were as follows: Entry 20, 45 min, 1.07 g; entry 21, 15 min,
1.38 g; entry 22, 15 min, 1.54 g; entry 23, 15 min, 1.86 g.

4.4. Polymer characterization

Polymer melting temperatures were determined by dif-
ferential scanning calorimetry (Perkin–Elmer DSC 7).
The second scan (from 50 �C to 200 �C at 10 �C/min) was
used when subsequent scans were similar. The polymer
pentad distributions were determined by integration of
the nine resolved peaks in the methyl region (19–22 ppm)
of the 13C NMR spectra obtained [14]. Spectra were
acquired at 124 �C with tetrachloroethane-d2 as solvent.
A 90� pulse was employed with broadband decoupling. A
delay time of 3 s and a minimum of 1000 scans were used.

Acknowledgments

This research is supported by grants from The Robert
A. Welch Foundation (No. A-1537) and the Texas Ad-
vanced Technology Program (No. 010366-0196-2003).
The National Science Foundation (CAREER CHE-
0548197) is also graciously acknowledged for financial
support.

Appendix A. Supplementary material
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