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Novel heterobimetallic complexes that consist of zirconium and rhodium, LRh(η2-
CH2dCH)2Si(η5-C5H2-2,4-Me2)2ZrCl2 (3a L ) η5-C9H7, 3b η5-C5H5, 3c η5-C5Me5), were
synthesized, and 3b was structurally characterized. The complexes have a “C2-symmetric”
ansa-zirconocene part and the rhodium metal on the bridge part. The complexes 3a-c in
combination with methylaluminoxane catalyzed highly isospecific polymerization of R-olefins.
Their catalytic activities were higher than that of the parent zirconocene complex, and the
obtained polymer had a larger molecular weight.

Introduction

Early-late heterobimetallic complexes have been
extensively investigated in the past few decades.1-3

Group 4 metallocenes are attractive components of these
complexes because of their high reactivity as olefin
polymerization catalysts.4 Although a number of such
heterobimetallic complexes have been prepared,3 sur-
prisingly few cases report their utilization as polymer-
ization catalysts.5 It is, in many cases, probably because
the reactive sites of metallocenes are used to construct
the bimetallic structures and the olefins may not be
allowed to interact with the metal center. Although such
complexes show catalytic activity in a few cases, it is
simply because they dissociate into monometallic com-

ponents in catalytic systems.5a,b In view of catalysis, a
bimetallic structure should be designed so that late
transition metals do not block the reaction sites of the
group 4 metallocenes. There have been two examples
of olefin polymerization catalyzed by heterobimetallic
complexes which have late transition metal units as
substituents on the Cp rings of metallocenes. Mitani et
al. reported that dimethyl(ferrocenyl)silyl-substituted
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zirconocene dichloride has enhanced catalytic activity,
although comparison with the trimethylsilyl-substituted
zirconocene has not been made.5c,d Green et al. reported
zirconocene and hafnocene complexes with (diene)RhCp-
substituted cyclopentadienyl rings and methylalumi-
noxane(MAO)-activated polymerization of ethylene or
propylene.5e However, the complexes have much lower
activities than the parent unsubstituted zirconocene
dichloride probably due to steric hindrance of the Rh
moiety bound to Cp rings. Since their metallocenes have
no chirality, the polypropylene produced by these bi-
metallic catalysts were atactic. We reasoned that at-
tachment of a late transition metal moiety to the bridge
part of the ansa-metallocene, instead of Cp rings, would
be one effective strategy for the synthesis of chiral
bimetallic catalysts. To the best of our knowledge,
isospecific polymerization using heterobimetallic com-
plexes has not appeared in the literature. Herein we
report the synthesis and structural characterization of
early-late (Zr-Rh) heterobimetallic complexes that
have a C2-symmetric ansa-zirconocene moiety. We also
describe isospecific olefin polymerization using the
complexes as catalyst precursors and the enhancement
of the catalytic activity due to the presence of late
transition metals.

Results and Discussion

We recently reported the “C2-symmetric” ansa-zir-
conocene complex 1 with a divinylsilylene bridge.6 When
1 was treated with bis(ethylene)rhodium complexes
2a-c (a L ) η5-C9H7,7 b η5-C5H5,8 c η5-C5Me5

9) in THF
or DME under refluxing conditions, olefin exchange
cleanly took place to give the zirconium-rhodium di-
nuclear complexes 3a-c in moderate to good isolated
yields (eq 1). 1H NMR spectroscopy of 3a-c showed
upfield shifts of the vinyl protons (1.4-3.5 ppm), indi-
cating their coordination to rhodium. Coupling of the
vinyl carbons to rhodium metal was observed in the 13C
NMR spectra (JRh-C ) 9-14 Hz). The four methyl
groups on the cyclopentadienyl rings, which appeared
as two signals in 1, were observed as four singlets in 3.

This inequivalence of the two Cp rings implies that the
vinyl groups are fixed due to their coordination to
rhodium.

The crystal structure of 3b was determined by X-ray
diffraction analysis (Figure 1). The bond lengths of the
vinyl carbons (C1-C2 1.407(4) Å, C3-C4 1.402(4) Å)
were longer than those observed in 1 (C1-C2 1.307(4)
Å, C3-C4 1.284(4) Å; Figure 2) and similar to those
reported in other rhodium-olefin complexes.10 The
angle of C1-Si-C3 (99.0(1)°) in 3b is smaller than the
one observed in 1 (109.8(1)°) due to coordination to
rhodium. The bond distances and angles around the
zirconocene part of 3b are similar to those of 1 (Table
1). Thus the “C2-symmetric” environment of the metal-
locene moiety is virtually identical to that of the parent
complex 1.

The zirconocene part of 3 can be considered structur-
ally equivalent to rac-Me2Si(C5H2-2,4-Me2)2ZrCl2 (5),
which is known to be an isospecific catalyst for olefin
polymerization.11 The results of the polymerization of
1-hexene using 3/methylaluminoxane (MAO) are shown
in Table 2. Interestingly, the catalytic activity of the
rhodium-ligated complexes 3a-c was found to be sig-
nificantly higher than the parent zirconocene complex

(6) Huhn, T.; Suzuki, N.; Yamaguchi, Y.; Mise, T.; Chihara, T.;
Wakatsuki, Y. Chem. Lett. 1997, 1201.
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J. Chem. Soc., Dalton Trans. 1980, 962.

(8) Moseley, K.; Kang, J. W.; Maitlis, P. M. J. Chem. Soc. 1970A,
2875.
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M. H.; Perutz, R. N.; Wilson, G. Organometallics 1996, 15, 1392. (b)
Arthurs, M.; Piper, C.; Morton-Blake, D. A.; Drew, M. G. B. J.
Organomet. Chem. 1992, 429, 257. (c) Mlekuz, M.; Bougeard, P.; Sayer,
B. G.; McGlinchey, M. J.; Rodger, C. A.; Churchill, M. R.; Ziller, J. W.;
Kang, S.-K.; Albright, T. A. Organometallics 1986, 5, 1656. (d) Marder,
T. B.; Calabrese, J. C.; Roe, D. C.; Tulip, T. H. Organometallics 1987,
6, 2012.
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H.-H. J. Organomet. Chem. 1989, 369, 359.

Figure 1. ORTEP drawing of 3b. Thermal ellipsoids are
drawn at the 50% probability level. Hydrogen atoms are
omitted in part for clarity. Figure 2. ORTEP drawing of 1. Thermal ellipsoids are

drawn at the 50% probability level. Hydrogen atoms are
omitted in part for clarity.
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1 or its anologue, 5. Furthermore, the molecular weight
of the polyhexene obtained with 3a-c was larger than
those produced by 1 and 5. We carefully repeated the
reactions at least five times for each catalysts to confirm
the reproductivities of the activity and of the molecular
weight values. The molecular weight distributions, Mw/
Mn, were nearly 2.0, indicating that a single catalytic
species was responsible for the polymerization. The
isotacticity of the polymers obtained with 3 was excel-
lent. When a mixture of 1 and the bis(ethylene)rhodium
complex 2c was used as a catalyst system instead of
3c, it showed activity similar to 1, implying that the
active species derived from 3c maintained its bimetallic
structure during the polymerization even in the pres-
ence of large excess of 1-hexene. In fact, when 3c was
dissolved in a 1-hexene/toluene-d8 (3:1) solution, 1H
NMR monitoring showed that 87% of 3c remained intact
after 1 h at 30 °C in the presence of 100-fold excess of
1-hexene.12

Polymerization of propylene using 3a-c gave results
similar to those observed in the 1-hexene polymerization

(Table 3). Compared to 1, the heterobimetallic com-
plexes showed higher catalytic activity and gave poly-
mers with larger molecular weight. Isotacticity of the
obtained polypropylene was again excellent.

It is noteworthy that coordination of rhodium at the
backside of the ansa-zirconocenes gave rise to enhanced
catalytic activity of the zirconium center although the
Zr and Rh centers are far remoted from each other
(6.1296(6) Å).13 To obtain some information on the effect
of rhodium, dimethyl derivatives of 3 were prepared and
their 1H and 13C NMR were examined.

Treatment of 3a-c with 2 equiv of methylmagnesium
bromide in THF at 50 °C for 1 h cleanly gave the
dimethyl compounds LRh(η2-CH2dCH)2Si(C5H2-2,4-
Me2)2ZrMe2 (4a-c). The methyl groups on zirconium
appeared upfield (-0.65 to -0.69 ppm) of the corre-
sponding signal of the dimethyl derivative of 1 (-0.62
ppm) in the 1H NMR spectra. The 13C NMR resonances
also shifted upfield (30.90-31.21 ppm in 4a-c, while
31.75 ppm in dimethylated 1). These shifts would
indicate the influence of an electron-donating character
of the Rh unit in the complexes. Mulliken population
analysis, based on ab initio MO calculation of the
cationic zirconium hydride species (Zr+-H) derived from
3b and 1, showed that the Zr center of the Rh-Zr
complex (3b+) had a smaller positive charge (∆ )
-0.0179) than the mononuclear complex (1+): (+0.4998
for 3b+ and +0.5177 for 1+, Figure 3). This result is
consistent with the NMR observation.14

In conclusion, it was found that a late transition metal
located far away (>6 Å) from the early transition metal
still could influence the catalytic activity of the latter.
This should allow us various ways of designing effective
heterobimetallic catalysts. Further investigation in this
area is now in progress in our laboratory.

(12) Although 13% of 3c disappeared, the formation of 1 was not
observed by 1H NMR spectroscopy. It seemed that 3c decomposed to
some other species.

(13) A few examples of “metal ligand effect” in heteromultimetallic
complexes were reported recently. (a) Dias, E. L.; Grubbs, R. H.
Organometallics 1998, 17, 2758. (b) Adams, R. D.; Barnard, T. S.
Organometallics 1998, 17, 2885.

(14) The possibility that the rigid structure of the bridging part due
to the coordination to rhodium caused the increase of the catalytic
activity cannot be ruled out. However, the reported C2-symmetric
complexes with the sila-cylcopentyl bridge did not show significant
improvement in their ability as polymerization catalysts compared to
that with a dimethylsilylene bridge. Tsai, W.-M.; Chien, J. C. W. J.
Polym. Sci.: Part A: Polym. Chem. 1994, 32, 149.

Table 1. Selected Bond Lengths (Å) and Angles
(deg) for 1 and 3b

Complex 1
Zr-Cl1 2.4303(7) Zr-Cp1(c) 2.223
Zr-Cl2 2.4357(7) Zr-Cp2(c) 2.212
Si-C1 1.848(3)
Si-C3 1.845(3) Zr ⊥ Cp1 2.219
C1-C2 1.307(4) Zr ⊥ Cp2 2.208
C3-C4 1.284(4)

Cl1-Zr-Cl2 99.49(3)
C1-Si-C3 109.8(1) Cp1(c)-Zr-Cp2(c) 126.5
C5-Si-C12 94.98(9) ∠Cp1-Cp2 119.6
Si-C1-C2 123.2(3)
Si-C3-C4 124.6(2)

Complex 3b
Rh-C1 2.161(4) Zr-Cp1(c) 2.224
Rh-C2 2.134(4) Zr-Cp2(c) 2.206
Rh-C3 2.172(4) Rh-Cp3(c) 1.882
Rh-C4 2.149(5) Zr ⊥ Cp1 2.221
Zr-Cl1 2.425(1) Zr ⊥ Cp2 2.202
Zr-Cl2 2.415(1) Rh ⊥ Cp3 1.882
Si-C1 1.840(4)
Si-C3 1.832(4) (Rh‚‚‚Si 2.837(1))
C1-C2 1.401(6) (Rh‚‚‚Zr 6.1296(6))
C3-C4 1.401(6)

C1-Rh-C2 38.1(2) Rh-C3-Si 89.8(2)
C1-Rh-C3 80.2(1) Si-C1-C2 120.3(3)
C2-Rh-C4 89.7(2) Si-C3-C4 119.5(3)
C3-Rh-C4 37.8(2)
Cl1-Zr-Cl2 98.47(6) Cp1(c)-Zr-Cp2(c) 127.3
C1-Si-C3 98.9(2) ∠Cp1-Cp2 120.2
C5-Si-C12 95.6(1)
Rh-C1-Si 89.9(1)

a Cp1: C5-C9. Cp2: C12-C16. Cp3: C19-C23. Cpn(c): cen-
troid of Cpn. Estimated standard deviations in the least significant
figure are given in parentheses.

Table 2. Polymerization of 1-Hexene Catalyzed by
3a-ca

catalyst yield/g rateb Mw Mw/Mn [mmmm]

1 0.62 24.7 390 000 2.25 98.8
3a 1.08 43.2 750 000 2.35 96.2
3b 1.17 46.9 641 000 2.41 98.5
3c 1.07 42.6 623 000 2.27 97.8
5 0.73 29.2 446 000 2.25 94.0
1+2c 0.50 20.0 373 000 2.06 94.5
a Zr, 0.05 µmol, Al/Zr ) 10 000, 1-hexene ) 25 mL, 30 °C, 0.5

h. b × 106 g polyhexene/(mol Zr h).

Table 3. Polymerization of Propylene Catalyzed
by 3a-ca

catalyst yield/g rateb Mw Mw/Mn [mmmm] mp (°C)

1 1.32 4.38 136 000 1.94 96.6 161.9
3a 2.25 7.52 150 000 2.10 97.4 162.0
3b 1.85 6.18 161 000 1.94 96.8 162.1
3c 2.26 7.53 166 000 2.03 97.1 161.4
a Zr, 0.1 µmol, Al/Zr ) 10 000, propylene ) 3 atm, toluene ) 30

mL, 23 °C, 1 h. b × 106 g polypropylene/(mol Zr h atm).
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Experimental Section

General Comments. All manipulation was carried out
under an atmosphere of dry argon by using standard Schlenk
techniques. Tetrahydrofuran, dimethoxyethane, and toluene
were distilled from sodium benzophenone ketyl prior to use.
Zirconium tetrachloride was purchased from Aldrich Chemical
Co., Inc. Divinyldichlorosilane was purchased from Chisso
Corporation. n-Butyllithium (as hexane solution) was pur-
chased from Kanto Chemical Co., Inc. The bis(ethylene)-
rhodium complexes 2a-c (a L ) η5-C9H7,7 b η5-C5H5,8 c η5-
C5Me5

9) were prepared according to the literature. 1-Hexene
was distilled from sodium and kept over potassium-sodium
alloy. Propylene (research grade) was purchased from Takachi-
ho Chemical Industry Co., Ltd., and used without further
purification. Methylaluminoxane was purchased as a toluene
solution (MMAO-3A, 5.98 wt %) from Tosoh-Akzo corporation.
13C NMR of isotactic polyolefins was measured at 120 °C in
1,2-dichlorobenzene-d4. The molecular weight of polyolefins
was determined by gel permeation chromatography (GPC). The
GPC for poly-1-hexene was recorded on SHODEX GPC-System
11 eluted with THF at 40 °C using monodispersed polystyrene
as standards. The GPC for polypropylene was recorded on
SSC-7100 high-temperature GPC (Senshu Scientific Co., Ltd.)
at 135 °C using 1,2-dichlorobenzene as an eluent and mono-
dispersed polystyrene as standards. NMR was performed on
JEOL GX500 and AL-300 spectrometers; DSC, on Rigaku
DSC8230.

Preparation of rac-(CH2dCH)2Si(η5-C5H2-2,4-Me2)2ZrCl2

(1). To a solution of divinylbis(2,4-dimethylcyclopentadien-1-
yl)silane (4.67 g, 17.4 mmol) in dimethoxyethane (100 mL) was
added n-butyllithium (1.69 M hexane solution, 35 mmol)
dropwise at -78 °C. The mixture was stirred at room tem-
perature overnight. This mixture was added dropwise to a
DME solution of zirconium tetrachloride (4.04 g, 17.3 mmol)
at -78 °C and then heated at 80 °C for 68 h. The solvent was
removed in vacuo, and the residue was dissolved in toluene.
Filtration to remove Li salts and cooling the filtrate at -30
°C gave the crystals of the title compound. The crystals were
repeatedly recrystallized from toluene or hexane, yielding
finally a total of 1.13 g (15% yield) of the rac-isomer of 1. 1H
NMR (CDCl3, Me4Si): δ 2.04 (s, 6H), 2.29 (s, 6H), 5.34 (d, J )
2.3 Hz, 2H), 6.27 (dd, J ) 19.5, 4.1 Hz, 2H), 6.43 (dd, J ) 14.7,
4.1 Hz, 2H), 6.45 (d, J ) 2.3 Hz, 2H), 6.57 (dd, J ) 19.5, 14.7
Hz, 2H). 13C NMR (CDCl3, Me4Si): δ 15.68, 16.97, 101.00,
113.21, 129.15, 129.60, 131.22, 138.05, 138.13. Anal. Calcd for
C18H22Cl2SiZr: C, 50.44; H, 5.17. Found: C, 50.62; H, 5.21.

Preparation of rac-(η5-C9H7)Rh(η2-CH2dCH)2Si(η5-C5H2-
2,4-Me2)2ZrCl2 (3a). To a solution of (η5-C9H7)Rh(η2-CH2d
CH2)2 (2a) (31 mg, 0.11 mmol) in THF (50 mL) was added 1
(46 mg, 0.11 mmol). The mixture was refluxed with stirring
for 60 h. After the volatile was removed in vacuo, the residue
was dissolved in toluene (20 mL) and filtered. The filtrate was
concentrated and recrystallized from toluene/hexane at -30
°C. Yellow crystals of the title compound were obtained in 81%
yield. 1H NMR (CDCl3, Me4Si): δ ) 1.83 (dd, J ) 14.7, 1.4 Hz,
1H), 1.87 (dd, J ) 14.7, 1.4 Hz, 1H), 1.95 (s, 3H), 2.06 (s, 3H),
2.19 (s, 3H), 2.32 (s, 3H), 2.42 (dd, J ) 14.7, 11.9 Hz, 1H),
2.51 (dd, J ) 14.7, 11.9 Hz, 1H), 3.48 (dd, J ) 11.9, 1.4 Hz,

1H), 3.51 (dd, J ) 11.9, 1.4 Hz, 1H), 5.03 (d, J ) 2.0 Hz, 1H),
5.27 (d, J ) 2.0 Hz, 1H), 5.31 (d, J ) 3.0 Hz, 2H), 6.16 (q, J )
2.6 Hz, 1H), 6.29 (d, J ) 2.0 Hz, 1H), 6.44 (d, J ) 2.0 Hz, 1H),
7.03 (m, 2H), 7.30 (m, 2H). 13C NMR (CDCl3, Me4Si): δ ) 15.53,
15.66, 16.01, 17.50, 29.76 (d, JRh-C ) 9.0 Hz), 30.47 (d, JRh-C

) 9.0 Hz), 52.47 (d, JRh-C ) 14.0 Hz), 53.08 (d, JRh-C ) 14.0
Hz), 77.25 (d, JRh-C ) 5.0 Hz), 77.34 (d, JRh-C ) 5.0 Hz), 88.98
(d, JRh-C ) 6.2 Hz), 101.85, 109.60 (d, JRh-C ) 3.4 Hz), 109.70
(d, JRh-C ) 3.4 Hz), 110.18, 110.44, 112.25, 119.06, 119.42,
124.51, 124.54, 129.01, 129.01, 127.92, 128.31, 137.03, 137.58.
Anal. Calcd for C27H29Cl2RhSiZr: C, 50.15; H, 4.52. Found:
C, 50.42; H, 4.57.

Preparation of rac-(η5-C5H5)Rh(η2-CH2dCH)2Si(η5-C5H2-
2,4-Me2)2ZrCl2 (3b). (η5-C5H5)Rh(η2-CH2dCH2)2 (2b) (31 mg,
0.138 mmol) and 1 (56.9 mg, 0.133 mmol) were dissolved in
1,2-dimethoxyethane (50 mL), and the reaction mixture was
refluxed for 12 days. 1H NMR of the reaction mixture indicated
the formation of 3b in good yield (>80%). After the volatile
was removed in vacuo, the residue was dissolved in toluene
and filtered. The filtrate was concentrated and recrystallized
from toluene/hexane at -30 °C. Orange crystals of the title
compound were obtained in 55% yield. 1H NMR (CDCl3, Me4-
Si): δ ) 1.74 (dd, J ) 13.8, 1.8 Hz, 1H), 1.77 (dd, J ) 13.8, 1.8
Hz, 1H), 2.03 (s, 3H), 2.20 (s, 3H), 2.23 (s, 3H), 2.35 (s, 3H),
2.49 (dd, J ) 13.8, 10.1 Hz, 1H), 2.54 (dd, J ) 13.8, 10.1 Hz,
1H), 3.21 (dd, J ) 10.1, 1.8 Hz, 1H), 3.25 (dd, J ) 10.1, 1.8
Hz, 1H), 5.13 (d, J ) 1.8 Hz, 1H), 5.31 (d, JRh-H ) 0.8 Hz,
5H), 5.48 (d, J ) 1.8 Hz, 1H), 6.34 (d, J ) 1.8 Hz, 1H), 6.52 (d,
J ) 1.8 Hz, 1H). 13C NMR (CDCl3, Me4Si): δ ) 15.62, 15.66,
16.13, 17.16, 18.86 (d, JRh-C ) 9.0 Hz), 19.80 (d, JRh-C ) 9.0
Hz), 44.75 (d, JRh-C ) 14.0 Hz), 45.27 (d, JRh-C ) 14.0 Hz),
85.65 (d, JRh-C ) 5.0 Hz), 103.08, 111.00, 110.61, 112.26,
127.95, 128.93, 129.01, 129.38, 137.25, 137.93. Anal. Calcd for
C23H27Cl2RhSiZr: C, 46.31; H, 4.56. Found: C, 46.77; H, 4.63.

Preparation of rac-(η5-C5Me5)Rh(η2-CH2dCH)2Si(η5-
C5H2-2,4-Me2)2ZrCl2 (3c). The title compound was prepared
in a manner similar to 3b using (η5-C5Me5)Rh(η2-CH2dCH2)2

(2c) (39.5 mg, 0.134 mmol) and 1 (56.4 mg, 0.132 mmol). The
reaction mixture was refluxed for 40 h. Recrystallization from
hexane at -30 °C gave yellow crystals of 3c in 49% yield. 1H
NMR (CDCl3, Me4Si): δ ) 1.42 (dd, J ) 13.3, 11.0 Hz, 1H),
1.52 (dd, J ) 13.3, 11.0 Hz, 1H), 1.82 (s, 15H), 1.85 (dd, J )
13.3, 1.8 Hz, 1H), 1.89 (dd, J ) 13.3, 1.8 Hz, 1H), 2.03 (s, 3H),
2.18 (s, 3H), 2.23 (s, 3H), 2.28 (dd, J ) 11.0, 1.8 Hz, 1H), 2.33
(dd, J ) 11.0, 1.8 Hz, 1H), 2.34 (s, 3H), 5.11 (d, J ) 1.8 Hz,
1H), 5.45 (d, J ) 1.8 Hz, 1H), 6.33 (d, J ) 1.8 Hz, 1H), 6.49 (d,
J ) 1.8 Hz, 1H). 13C NMR (CDCl3, Me4Si): δ ) 9.71, 15.59,
15.72, 15.92, 17.57, 27.39 (d, JRh-C ) 8.6 Hz), 28.78 (d, JRh-C

) 8.6 Hz), 52.20 (d, JRh-C ) 14.3 Hz), 52.52 (d, JRh-C ) 14.3
Hz), 96.93 (d, JRh-C ) 4.8 Hz), 103.76, 110.46, 112.47, 113.09,
127.76, 128.74, 128.88, 129.16, 136.83, 137.56. Anal. Calcd for
C28H37Cl2RhSiZr: C, 50.44; H, 5.59. Found: C, 50.86; H, 5.76.

X-ray Crystallographic Analysis of 1. Crystals of 1
suitable for X-ray analysis were obtained by recrystalization
from a hexane solution. A pale yellow crystal of dimensions
0.5 × 0.3 × 0.2 mm was used. Data were collected on an Enraf-
Nonius CAD4 diffractometer at 296 K with a graphite mono-
chromator using Mo KR radiation. A total of 4389 unique
reflections were measured in the ω-2θ scan mode (5.0° < 2θ
< 55°). The structure was solved by direct methods15 and
expanded using Fourier techniques.16 Hydrogen atoms were
located from difference Fourier syntheses and refined isotro-
pically. The final cycle of full-matrix least-squares refinement
was based on 3678 observed reflections (F > 3σ(F)) with 288

(15) SIR92: Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.;
Giacovazzo, C.; Guagliardi, A.; Polidori, G. J. Appl. Crystallogr. 1994,
27, 435.

(16) PATTY: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bos-
man, W. P.; Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla,
C. The DIRDIF program sytstem; Technical Report of the Crystal-
lography Laboratory; University of Nijmegen: The Netherlands, 1992.

Figure 3. Comparison of Mulliken population on the Zr
center.
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variable parameters and converged with unweighted and
weighted agreement factors of R ) 0.034, Rw ) 0.050 (w )
1/σ2(Fo)). Goodness of fit indicator was 1.24. All calculations
were performed using the teXsan17 crystallographic software
of Molecular Structure Corporation. The data were deposited
in the Cambridge Crystallographic Database Center (CCDC-
103224). Crystallographic data are summarized in Table 4.

X-ray Crystallographic Analysis of 3b. Crystals of 3b
suitable for X-ray analysis were obtained by recrystalization
from a toluene solution. A yellow crystal of dimensions 0.14
× 0.43 × 0.41 mm was used. Data were collected on an Enraf-
Nonius CAD4 diffractometer at 296 K with a graphite mono-
chromator using Mo KR radiation. A total of 5662 unique
reflections were measured in the ω-2θ scan mode (5.0° < 2θ
< 55°). The structure was solved by heavy-atom Patterson
methods16 and expanded using Fourier techniques.17 Hydro-
gens on the vinyl groups (hydrogens on C1-C4) were located
with difference Fourier synthesis and refined isotropically.
Other hydrogens were put in the ideal position with calculation
and not refined. The final cycle of full-matrix least-squares
refinement was based on 4079 observed reflections (F > 3σ-
(F)) with 272 variable parameters and converged with un-
weighted and weighted agreement factors of R ) 0.036, Rw )
0.054 (w ) 1/σ2(Fo)). Goodness of fit indicator was 1.18. All
calculations were performed using the teXsan18 crystallo-
graphic software of Molecular Structure Corporation. The data
were deposited in the Cambridge Crystallographic Database
Center (CCDC-103225). Crystallographic data are summarized
in Table 4.

Preparation of rac-LRh(η2-CH2dCH2)2Si(η5-C5H2-2,4-
Me2)2ZrMe2 (4a-c). Typically, to a THF (0.5 mL) solution of
3a (28.5 mg, 0.044 mmol) was added methylmagnesium
bromide (0.092 mmol, 0.1 mL of THF solution) at -78 °C. The
mixture was warmed to room temperature and was stirred at
50 °C for 1 h. The volatiles were removed in vacuo and the
residue was dissolved in THF-d8. The quantitative formation
of 4a (L ) indenyl, η5-C9H7) was observed in 1H and 13C NMR.
4b and 4c were prepared similarly.

4a (L ) η5-C9H7): 1H NMR (THF-d8): δ ) -0.69 (s, 6H),
1.61 (dd, J ) 14, 2 Hz, 1H), 1.65 (dd, J ) 14, 2 Hz, 1H), 1.7 (s,
3H), 1.84 (s, 3H), 2.04 (s, 3H), 2.16 (s, 3H), 2.35 (dd, J ) 14,
12 Hz, 1H), 2.43 (dd, J ) 14, 12 Hz, 1H), 3.26 (dd, J ) 12, 2
Hz, 1H), 3.30 (dd, J ) 12, 2 Hz), 4.76 (d, J ) 1.8 Hz, 1H), 5.09
(d, J ) 1.8 Hz, 1H), 5.23 (d, J ) 2.3 Hz, 2H), 6.08 (t, 2.3 Hz,
2H), 6.10 (d, J ) 1.8 Hz, 1H), 6.27 (d, J ) 1.8 Hz, 1H), 6.95
(m, 2H), 7.24 (m, 2H). 13C NMR (THF-d8): δ ) 14.94, 15.09,
15.64, 16.91, 30.63 (d, 1JRh-C ) 9.0 Hz), 31.10, 31.18, 31.20 (d,
1JRh-C ) 9.0 Hz), 52.24 (d, 1JRh-C ) 14.0 Hz), 52.93 (d, 1JRh-C

) 14.0 Hz), 77.75 (d, 1JRh-C ) 5.0 Hz), 77.85 (d, 1JRh-C ) 5.0
Hz), 89.70 (d, 1JRh-C ) 5.6 Hz), 95.76, 103.23, 110.26, 110.75
(d, 1JRh-C ) 2.8 Hz), 110.78 (d, 1JRh-C ) 2.8 Hz), 111.90, 119.69,
119.91, 123.14, 123.20, 124.74, 125.97, 126.02, 128.44, 128.57.

4b (L ) η5-C5H5): 1H NMR (THF-d8): δ ) -0.65 (s, 6H),
1.53 (dd, J ) 13.7, 2.0 Hz, 1H), 1.56 (dd, J ) 13.7, 2.0 Hz,
1H), 1.77 (s, 3H), 1.94 (s, 3H), 2.08 (s, 3H), 2.20 (s, 3H) 2.31
(m, 2H), 3.04 (dd, J ) 11, 2 Hz, 1H), 3.08 (dd, J ) 11, 2 Hz,
1H), 4.85 (d, J ) 2 Hz, 1H), 5.22 (d, JRh-H ) 0.5 Hz, 5H), 5.25
(d, J ) 1.8 Hz, 1H), 6.15 (d, J ) 2 Hz, 1H), 6.33 (d, J ) 1.8 Hz,
1H). 13C NMR (THF-d8): δ ) 15.01, 15.11, 15.71, 16.64, 19.95
(d, 1JRh-C ) 9.0 Hz), 20.76 (d, 1JRh-C ) 9.0 Hz), 31.18, 31.21,
44.74 (d, 1JRh-C ) 14.0 Hz), 45.34 (d, 1JRh-C ) 14.0 Hz), 86.20
(d, 1JRh-C ) 4.5 Hz), 96.93, 104.28, 110.29, 111.93, 123.16,
123.33, 125.98, 126.36, 128.64, 128.73.

4c (L ) η5-C5Me5): 1H NMR (THF-d8): δ ) -0.66 (s, 6H),
1.29 (m, 2H), 1.67 (m, 2H), 1.74 (s, 15H), 1.78 (s, 3H), 1.94 (s,
3H), 2.07 (s, 3H), 2.15 (m, 2H), 2.19 (s, 3H), 4.82 (d, J ) 2 Hz,
1H), 5.26 (d, J ) 2 Hz, 1H), 6.12 (d, J ) 2 Hz, 1H), 6.31 (d, J
) 2 Hz, 1H). 13C NMR (THF-d8): δ ) 9.66, 15.02, 15.17, 15.54,
17.14, 28.79 (d, 1JRh-C ) 9.0 Hz), 29.85 (d, 1JRh-C ) 9.0 Hz),
30.90, 30.97, 52.32 (d, 1JRh-C ) 14.6 Hz), 52.85 (d, 1JRh-C )
14.6 Hz), 97.15 (d, 1JRh-C ) 5.0 Hz), 97.33, 105.85, 110.12,
112.13, 122.99, 123.29, 125.86, 126.19, 128.21, 128.40.

Preparation of rac-(CH2dCH2)2Si(C5-2,4-Me2)2ZrMe2.
The dimethyl derivative of 1 was prepared similarly to 4. 1H
NMR (THF-d8): δ ) -0.62 (s, 6H), 1.78 (s, 6H), 2.14 (s, 6H),
5.14 (d, J ) 2 Hz, 2H), 6.03 (dd, J ) 20, 4 Hz, 2H), 6.19 (dd,
J ) 20, 4 Hz, 2H), 6.29 (d, J ) 2 Hz, 2H), 6.39 (dd, J ) 20, 15
Hz, 2H). 13C NMR (THF-d8): δ ) 14.99, 16.47, 31.75, 94.52,
112.87, 123.75, 126.85, 129.20, 134.02, 136.42.

Polymerization of 1-Hexene. Typically, in a 50 mL
Schlenk tube, to a toluene solution of methylaluminoxane (0.5
mmol, 0.25 mL) was added 3a (0.05 µmol) in toluene (100 µL)
at room temperature. After 10 min, 1-hexene (0.2 mol, 25 mL)
was added and the mixture was stirred at 30 °C for 0.5 h.
MeOH and 1 N HCl were added to quench the reaction, and
the polymer was extracted into hexane. Removal of volatiles
from the organic layer left rubberlike polyhexene. Since the
values of the polymerization rates were obtained with some
experimental variance, the reactions were repeatedly exam-
ined to confirm their activity (see the Supporting Information).

Polymerization of Propylene. A typical procedure for
propylene polymerization was as follows. To a toluene solution
(30 mL) of methylaluminoxane (1.0 mmol) was added 3a (0.1
µmol) in toluene (200 µL) at room temperature in a 100 mL
autoclave. The mixture was stirred at room temperature for
10 min. Then propylene was charged, and the mixture was
stirred at 23 °C for 1 h. The pressure was kept at 3 atm during

(17) DIRDIF94: Beurskens, P. T.; Admiraal, G.; Beurskens, G.;
Bosman, W. P.; de Gelder, R.; Israel, R.; Smits, J. M. M. The DIRDIF-
94 program sytstem; Technical Report of the Crystallography Labora-
tory; University of Nijmegen: The Netherlands, 1994.

(18) teXsan: Crystal Structure Analysis Package; Molecular Struc-
ture Corporation: The Woodlands, TX, 1985 & 1992.

Table 4. Crystallographic Data for 1 and 3b
1 3b

formula C18H22Cl2SiZr C23H27Cl2RhSiZr
fw 428.59 596.58
color, habit pale yellow, cubic orange, cubic
cryst size, mm 0.5 × 0.3 × 0.2 0.14 × 0.43 × 0.41
cryst syst triclinic monoclinic
space group P1h (No.2) P21/n (No. 14)
a, Å 8.9406(5) 12.828(1)
b, Å 8.9635(4) 11.1354(8)
c, Å 12.6915(7) 16.6926(8)
R, deg 86.759(5)
â, deg 86.512(4) 100.052(5)
γ, deg 70.169(4)
V, Å3 954.30(9) 2347.8(3)
Z 2 4
temp, °C 23 23
linear abs coeff, cm-1 9.12 14.3
F(000), e 436 1192
density calcd, g/cm3 1.49 1.688
collection region -10 < h < 11 0 e h e 16

0 < k < 11 0 e k e 14
-16 < l <16 -21 e l e 21

2 θ range, deg 5 < 2θ < 55 5 < 2θ < 55
no. of measured reflns 4668 5905
no. of unique reflns 4389 5662
final cycle 3678 4079
parameter, data/param. 288 272
criteria for observed, F F > 3σ(F) F > 3σ(F)
R 0.034 0.036
Rw

a 0.050 0.054
residuals: R1 0.034 0.030
S, goodness of fit 1.24 1.18
max shift/esd max.

(final cycle)
0.61 0.42

final residual electron
density (e/Å3)

0.50, -0.64 0.51, -0.66

a w ) 1/σ2(Fo) ) [σc
2(Fo) + (p2/4)Fo

2]-1 (1, p ) 0.0695; 3b, p )
0.0770).
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the reaction. The mixture was poured into acidic methanol and
filtered to collect the polymer. Isotacticity was determined by
13C NMR. Molecular weight was determined by a high-
temperature GPC system. The reactions were repeatedly
examined to confirm their reproducibility (see the Supporting
Information).
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