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Metallocene catalysts for the polymerization of ethylene,
propylene and otherR-olefins are the focus of intense current
interest.1 A wide variety of metallocene catalysts from groups
3 and 4 have now been prepared. The tacticity of polypropylene
varies predictably with the structure of the metallocene cata-
lyst: C2V symmetric metallocenes generally afford atactic
polypropylene;C2 symmetric metallocenes produce highly
isotactic polypropylene;C1 metallocenes also produce isotactic
polypropylene, but generally with less stereospecificity. Whereas
the types of isospecific metallocene catalysts are structurally
highly variable, syndiotactic polypropylene has been produced
using essentially a single type ofCs symmetricansa-metallocene
catalyst1, or minor variants thereof.2 According to the original

proposals from Ewen and Razavi,2a the syndiospecificity arises
from propylene insertions occurring from alternating (enan-
tiotopic) sides of the metallocene wedge with the propylene
methyl group directed away from the larger fluorenyl ligand.
Our interests in preparing single-component, syndiospecific
group 3 metallocene catalysts led us to the ligand system of
theCs symmetric zirconocene2,3 seemingly closely related to
that of 1. We anticipated that the bulky [SiMe3] substituents

on the lower cyclopentadienyl ligand would function as does
the fluorenyl ligand of1, directing the methyl group toward
the less sterically hindered (upper) cyclopentadienyl ligand.
Surprisingly,2 in combination with 103 equiv of methylalu-

minoxane (MAO) in liquid propylene at 0°C produces
essentiallyatacticpolypropylene (55%r diads).
Re-evaluation of the relative importance of the various steric

interactions operating for propylene polymerizations with met-
allocene catalysts,4 as well as experiments supportingR C-H
agostic assistance in the transition state for chain propagation,5

led us to conclude that the transition structure for propylene
polymerization with the Ewen/Razavi catalyst system is likely
3.6 The preference for the polymer chain extending from the

R methylene group (P) and the methyl group of the propylene
monomer to assume a trans relationship dominates, forcing the
methyl group down toward the fluorenyl ligand. The relatively
flat fluorenyl ligand with its open region between the benzo
substituents nicely accommodates this orientation. In contrast,
the ligand system for2 lacks this feature.
A new ligand has been designed with 1,2-[SiMe2]2 linking

of cyclopentadienyl and 3,5-diisopropylcyclopentadienyl groups.
Zirconocene4 (eq 1)7 thus incorporates all three features of1:
(a) Cs symmetry, (b) cyclopentadienyls of differing size, and
(c) steric bulk flanking the metallocene wedge with an open
region in center. Furthermore, this ligand design allows

systematic variation of the cyclopentadienyl substituent (R)
contained in the mirror plane, permitting steric changes for the
catalyst while maintainingCssymmetry (e.g.,4a-d) or lowering
the overall symmetry toC1 (e.g.,5a,b).
When activated with MAO,4a-d and 5a,b are active

catalysts for the polymerization of propylene (Table 1). Indeed,
theCs symmetric zirconocenes4a-d are highly syndiospecific.
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Zirconocene4a produces polypropylene of syndiotacticity
comparable to{(Et2C)(fluorenyl)(cyclopentadienyl)}ZrCl2.8 Zir-
conocene4b3 exhibits the highest syndiospecificity: at 0°C in
liquid propylene good yields of polypropylene are obtained
having 98.9%rrrr .
C1 zirconocene5a performs similarly toCs symmetric and

closely related4b. On the other hand, chiral5b produces
moderately syndiotactic polypropylene at 0°C in liquid pro-
pylene (entry 12), but switches to moderatelyisospecificat lower
propylene concentrations and higher temperatures (entries 13
and 14). A likely explanation for the behavior of these catalysts
is that site epimerization by “chain swinging” may compete with
insertion of propylene at lower propylene concentrations and
higher temperatures, thus lowering syndiospecificity (Scheme
1). For catalyst5b, insertions from the same enantioface of
propylene occur mostly from only one side of the zirconocene
wedge under conditions where site epimerization is faster than
chain propagation. Hence, isotactic polypropylene is produced.

The mechanisms for these processes are presently under further
investigation.
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(8) In a parallel run (cf. entry 3 of Table 1) in liquid propylene at 60°C,
{(Et2C)(fluorenyl)(cyclopentadienyl)}ZrCl2 with 300 equiv of MAO yielded
30 300 g of PP/g of catalyst/h with [r] content of 92.6%.

Table 1. Propylene Polymerizations with Catalyst Derived from
4a-d and5a-ba

entry catalyst activityf [rrrr ]g [mmmm]g [r]h [m] i

1 4ab 2160 83.7 0.0 94.0 6.0
2 4ac 300 27.3 0.0 74.1 25.9
3 4ad 74200 76.0 0.1 92.6 7.4
4 4bb 1750 98.9 0.0 99.6 0.4
5 4bc 230 38.8 0.0 75.6 24.3
6 4cb 1730 95.9 0.0 99.0 1.0
7 4cc 230 33.9 0.0 75.2 24.8
8 4db 722 90.5 0.0 96.9 3.1
9 4dc 200 29.6 0.0 76.2 23.8
10 5ab 1500 83.1 0.0 94.4 5.6
11 5ac 200 20.0 4.8 62.0 38.0
12 5bb 930 41.8 5.6 73.5 26.5
13 5bc 156 0.0 61.2 14.6 85.4
14 5be 110 0.0 58.5 17.6 82.4

a See Supporting Information for full experimental details.b Liquid
propylene at 0°C; 2 mg of catalyst and 2000 equiv of MAO.
c Propylene (40 psig) in 35 mL toluene at 25°C; 10 mg of catalyst and
430 equiv of MAO.d Liquid propylene at 60°C; 300 equiv of MAO.
ePropylene (10 psig) in toluene at 25°C; 10 mg of catalyst and 430
equiv of MAO. f Polymer isolated (g)/catalyst (g)/hour.g Percentage
of [rrrr ] or [mmmm] pentad by13C NMR analysis.h [r] ) [rr ] +
0.5[mr]. i [m] ) [mm] + 0.5[mr].

Scheme 1
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