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Although major advances have been made during the past
decade, the prize of developing highly active homogeneous
catalysts that can effect theliVing and stereospecificZiegler-
Natta polymerization ofR-olefins remains unclaimed.1-5 Herein,
we make a bid for this challenge by presenting a class of dimethyl-
monocyclopentadienylzirconium acetamidinates, Cp*ZrMe2-
[NR1C(Me)NR2] (Cp* ) η5-pentamethylcyclopentadienyl), that
function as catalyst precursors for the living Ziegler-Natta
polymerization ofR-olefins upon activation by a borate cocatalyst.
By manipulating the steric bulk of the twoN-acetamidinate
substituents, R1 and R2, and most importantly, by going fromCs

to C1 symmetry as exemplified by compounds1 and 2, the
stereospecific living polymerization of 1-hexene has been achieved
to provide highly isotactic, high molecular weight materials
possessing low polydispersities. With all the possibilities for
materials engineering that living polymerization processes pro-
vide,6 this new class of Ziegler-Natta catalyst precursor should
make available, for the first time, a large number of new
stereoregular polyolefins possessing desirable physical properties.

We have previously shown that insertion of symmetric and
unsymmetric carbodiimides, R1NdCdNR2 (R1 ) R2 and R1 *

R2, respectively), into a titanium-methyl bond of (η5-C5R5)TiMe3

(R ) H and Me) cleanly provides dimethylmonocyclopentadienyl
titanium acetamidinates that are chiral at the metal center for
R1 * R2.7 By employing Cp*ZrMe38 as the starting material, this
procedure was extended here for the synthesis of several deriva-
tives of Cp*ZrMe2[NR1C(Me)NR2] represented by compounds
1, 2, 3 (R1 ) t-Bu, R2 ) cyclohexyl), and4 (R1 ) t-Bu, R2 )
2,6-diisopropylphenyl).9 Variable-temperature1H NMR studies
of the racemic complexes2 and3, which possess diastereotopic
methyl groups bonded to zirconium, established that much lower
barriers to racemization are present in these complexes relative
to their titanium analogues.7a,10Further, crystallographic analysis
of 2 revealed that it is monomeric in the solid state with no
unusual bond lengths or coordination geometry being present.10

Prior studies with compounds closely related to1-4 have
provided only disappointing results with respect to the Ziegler-
Natta polymerization of either ethene or propene.7a,11As Table 1
shows, however, upon activation with the borate, [PhNMe2H]-
[B(C6F5)4],12 compound1 surprisingly proved to be capable of
functioning as a competent catalyst precursor for the polymeri-
zation of 1-hexene at 0°C in chlorobenzene. Importantly, the
narrow polydispersity (monomodal,Mw/Mn ) 1.10), and the lack
of olefinic resonances in both the1H and 13C NMR spectra of
the poly(1-hexene) formed,2d strongly suggested a living character
for this polymerization process that is devoid of termination via
â-hydride elimination. Unfortunately, the13C NMR spectrum of
this material also clearly pointed to a lack of stereocontrol of
polymer microstructure with this particular system (Figure 1a).13

Given the promising results with1, and the known ability to
produce highly isotactic polypropylene from chiralC1 symmetric
ansa-bridged metallocenes,14 it was of interest to determine if
the racemic compounds,2-4, could serve in a similar capacity.
In this regard, while compounds3 and4 exhibited dramatically
reduced activity, with only oligomers being produced under
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Table 1. Hexene Polymerization Data9

entry catalysta
[Hex]
(M)

temp
(°C)

time
(min) activityb Mn

c Mw/Mn

1 1 32 0 30 9 11 032 1.10
2 2 32 25d 15 110 32 572 1.50
3 2 2 0 15 76 43 544 1.23
4 2 2 -10 15 64 49 251 1.03
5 2 2 -10 30 nd 69 544 1.10

a Prepared from equimolar (25µmol) amounts of the zirconium
complex and [PhNMe2H][B(C6F5)4] in chlorobenzene; total reaction
volume,10 mL.b gpoly‚mmolcat

-1‚h-1. c Determined by GPC analysis at
35 °C using polystyrene standards and THF as the eluant.d Exotherm
observed for polymerization initiated at this temperature.
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identical conditions as a possible result of too much steric
hindrance imposed by these particular acetamidinate substituents,
2 proved to be an exceptional catalyst precursor for the polym-
erization of 1-hexene with respect to providing both a higher
activity and a higher molecular weight for the poly(1-hexene)
formed when the process was begun at room temperature (see
Table 1, entry 2). Inspection of the13C NMR spectrum for this
material now also revealed it to be highly isotactic (mmmm
>95%).9,13 Indeed, the only indication that these conditions were
potentially nonideal for both the stereospecific and living
polymerization of 1-hexene was provided by the broader poly-
dispersity index (Mw/Mn) of 1.50 that was obtained for this poly-
(1-hexene). Fortunately, though, performing the polymerizations
with 2 at lower temperatures had the beneficial impact of both
increasing the molecular weights and decreasing the polydisper-
sities of the poly(1-hexene)s produced while maintaining relatively
high activities (entries 3 and 4). Most significantly, the high
molecular weight poly(1-hexene) obtained at-10 °C now had a
polydispersity of only 1.03, thereby indicating that this polym-
erization was most likely living and, as the13C NMR spectrum
shown in Figure 1b reveals, stereospecific for the formation of
isotactic material (mmmm>95%).13 Additional proof for the
living character of the polymerization of 1-hexene conducted
under these last conditions was provided by a plot of the number-
average molecular weight,Mn, of the poly(1-hexene) produced
vs the extent of monomer consumed which yielded a linear
correlation as shown in Figure 2.15 Finally, it was shown by one
polymerization experiment [initial conditions: 180 equiv of
1-hexene; 50µmol of 2/[B(C6F5)4] in chlorobenzene,-10 °C;

total reaction volume,10 mL] that the polymer formed (Mn )
20732, Mw/Mn ) 1.03) after complete consumption of the
monomer (t ) 60 min) was still living by the formation of a higher
molecular weight polymer (Mn ) 35372,Mw/Mn ) 1.13) upon
introduction of another 180 equiv of 1-hexene and carrying out
the polymerization for an additional 40 min.

Although the ability to produce highly isotactic poly(1-hexene)
with 2 may appear somewhat surprising in light of the low barrier
to racemization that is present in this compound, it is reasonable
to assume that this barrier is higher in the catalytically active
cationic complex where propagation must proceed much faster
than amidinate ring-flipping.7 Indeed, we attribute the latter
racemization process as being responsible for the small degree
of stereoerror observed for the C3 resonance in the13C NMR
spectrum of Figure 1b, marked with the asterisk and tentatively
assigned to the mmmr resonance,13 that potentially gives rise to
an isotactic stereoblock microstructure similar to that observed
by Ewen16 for polypropylene. The isospecificity of the2/[B(C6F5)4]
system further suggests that site-isomerization after olefin insertion
must occur much more rapidly than olefin complexation and
propagation.14 Whether a similar rapid site-isomerization process
is responsible for the nonstereospecificity of the1/[B(C6F5)4]
system awaits further investigation.

In conclusion, we present the first catalyst system for the
stereospecific living Ziegler-Natta polymerization of anR-olefin.
Given the rich variation that is possible with both the cyclopen-
tadienyl and amidinate ligands in Cp*ZrMe2[NR1C(Me)NR2],
together with a facile single-step synthesis for this precatalyst
that does not require the separation of stereoisomers, it should
be possible to further improve upon these preliminary results.17

Supporting Information Available: Details of catalyst and polymer
synthesis and characterization (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.
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Figure 1. (a) 13C NMR (100 MHz, CDCl3, 25 °C) spectrum for poly-
(1-hexene) produced from1/[B(C6F5)4] at 0 °C in chlorobenzene (Mn )
11032;Mw/Mn ) 1.10). (b)13C NMR (100 MHz, CDCl3, 25°C) spectrum
(δ 40.19, 34.57, 32.33, 28.69, 23.22, 14.19) for poly(1-hexene) produced
from 2/[B(C6F5)4] at -10 °C in chlorobenzene (Mn ) 49251;Mw/Mn )
1.05). The small resonance marked by the asterisk is tentatively assigned
to the mmmr pentad [∆δ(from mmmm)) -0.21 ppm13].

Figure 2. Plot of Mn versus percent conversion of 1-hexene (initial
conditions: 1.97 M in 1-hexene; 50µmol each of2 and [PhNMe2H]-
[B(C6F5)4] in chlorobenzene,-10 °C; total reaction volume, 10 mL) (Mw/
Mn ) 1.03-1.09 for each data point). The dashed line is a linear curve
fit of the data. The inset shows a plot of the percent conversion of
1-hexene vs time where the dashed line is a guide for the eye.
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