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Synthesis and Structures of Cycloalkylidene-Bridged Cyclopentadienyl
Metallocene Catalysts: Effects of the Bridges of Ansa-Metallocene
Complexes on the Catalytic Activity for Ethylene Polymerization
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Abstract: A series of cycloalkylidene-
bridged cyclopentadienyl metallocene
complexes, [(CH,),C(CsH,),MCl,]
M=T,n=44),5(5),6(6); M = Zr,
n=4(7),58),609);M=Hfn=4
(10), 5 (11), 6 (12)), have been synthe-
sized and applied to ethylene polymeri-
zation after activation with methyl alu-
minoxane (MAO). The cycloalkyli-
dene-bridged titanocene catalysts ex-
hibit much higher activities than the

cene analogues, and have the highest
activities at higher temperatures. In
comparison, the silacyclopentylidene-
bridged metallocene complexes
[(CHL),Si(CH,),MCL] (M = Ti (13),
Zr (14)) and isopropylene-bridged met-
allocene complexes [Me,C(CsH,),MCl,]
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(M = Ti (15), Zr (16)) have also been
synthesized and applied to ethylene
polymerization. In both cases, the tita-
nocene complexes show much higher
activities than the corresponding zirco-
nocene analogues, especially at a lower
temperature. The molecular structures
of complexes 4-9 have been deter-
mined by X-ray diffraction. The struc-
ture—activity relationships, especially
the effects of the bridges of ansa-metal-

corresponding zirconocene and hafno-

Introduction

Metallocene catalysts have been one of the most actively in-
vestigated research topics for more than 20 years.'"* Studies
of various ring-bridged cyclopentadienyl and indenyl metal-
locene complexes have demonstrated that the activity and
the stereoselectivity of olefin polymerization reactions can
be significantly affected by slight structural variations of the
bridging groups and ring substituents in metallocene cata-
lysts.®] The Latin prefix ansa (to denote the presence of an

[a] Prof. B. Wang, B. Mu, X. Deng, H. Cui, Prof. S. Xu, Prof. X. Zhou
The State Key Laboratory of Elemento-Organic Chemistry
Department of Chemistry, Nankai University

Tianjin 300071 (P. R. China)

Fax: (+86)22-235-02458

E-mail: bqwang@nankai.edu.cn

F. Zou, Dr. Y. Li

Research Institute of Beijing Yanshan Petrochemical Corporation, SI-
NOPEC

Beijing 102550 (P. R. China)

[c] L. Yang, Prof. Y. Li, Prof. Y. Hu
Institute of Chemistry, Chinese Academy of Science
Beijing 100080 (P. R. China)

[b

—_

Chem. Eur. J. 2005, 11, 669-679 DOI: 10.1002/chem.200400750

locene complexes, are discussed.

interannular bridge in metallocene complexes) was intro-
duced by Brintzinger, who pioneered the design and synthe-
sis of these complexes.! Since Kaminsky and Brintzinger re-
ported that the C,-symmetric ansa-zirconocene complex,
racemic [C,H,(1-IndH,),ZrCl,] (IndH, = tetrahydroinden-
yl) activated with methyl aluminoxane (MAO) produced
highly isotactic polypropylene,”! many Group 4 ansa-metal-
locene complexes have been developed and applied as
olefin polymerization catalysts.>® Shapiro concluded that
the functions of the ansa bridge in metallocene complex
chemistry ! include: a) fixing the symmetry of the metallo-
cene complex by preventing free rotation of the rings; b)
controlling the stereochemistry of metallocene complex for-
mation by directing the orientation of the rings upon metal-
lation; c) influencing the reactivity of the metal by enforcing
a bent-sandwich geometry between the rings; d) increasing
the electrophilicity of the metal and increasing the access of
substances to the equatorial wedge of the complex by in-
creasing the tilt of the rings on the metal; and e) providing
a reactive site at which ring-opening polymerization chemis-
try, ligand substitution, reversible bridge formation, and re-
versible metal ion bonding can occur.

In recent years, a number of ansa-metallocene complexes
have also been synthesized and applied to olefin polymeri-
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zation by our group.*”] We have reported that the cycloal-
kylidene-bridged titanocenes show much higher activities
than zirconocenes and hafnocenes for ethylene polymeriza-
tion.”! This is very different from the general recognition
that zirconocene catalysts exhibit higher activities than tita-
nocenes and hafnocenes in olefin polymerization.>*® To
study further the structural factors affecting the catalytic ac-
tivities, we now report the synthesis and structures of a
series of cycloalkylidene-bridged cyclopentadienyl Group 4
metallocene complexes [(CH,),C(CsH,),MCL,] M = Ti, n
=4(4),5(5),66);M =Zr,n=4(7),5(8),69);M =
Hf, n = 4 (10), 5 (11), 6 (12)). To focus on the effects of the
bridges of ansa-metallocene complexes on the catalytic ac-
tivity for ethylene polymerization, the silacyclopentylidene-
bridged metallocene complexes [(CH,),Si(CsH,),MCl,]
(M = Ti (13), Zr (14)), and isopropylene-bridged metallo-
cene complexes [Me,C(CsH,),MCL,] (M = Ti (15), Zr (16))
have also been synthesized and applied to ethylene polymer-
ization. In all cases, the titanocene complexes show much
higher activities than the corresponding zirconocene ana-
logues, especially at a lower temperature. The structure—ac-
tivity relationships, especially the effects of the bridges of
ansa-metallocene complexes, are discussed.

Results and Discussion

Synthesis of complexes (CH,),C(CsH,),MCl, (4-12): Cyclo-
alkylidene-bridged biscyclopentadiene (1,1-biscyclopentadie-
nylcycloalkane) ligands 1 and 2 were synthesized by reaction
of cyclopentadiene with cyclopentanone and cyclohexanone
in NaOH-THF according to literature methods,'”) and 3 was
synthesized from cyclopentadiene and cycloheptanone simi-
larly. Ligands 1-3 were treated with nBuLi and then reacted
with MCI,-2THF to give the cycloalkylidene-bridged metal-
locene complexes [(CH,),C(CsH,),MCl,] (4-12) (Scheme 1).

Synthesis of complexes [(CH,),Si(CsH,),MCl,] (13, 14): To
study the effects of the bridges of ansa-metallocene com-
plexes further, the silacyclopentylidene-bridged metallocene
complexes 13 and 14 were synthesized for comparison. Cy-
clotetramethylenedichlorosilane, (CH,),SiCl,, reacted with
cyclopentadienyllithium to give the 1,1-biscyclopentadienyl-

Abstract in Chinese:
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Scheme 1. Synthesis of complexes [(CH,),C(CsH,),MCl,].

1-silacyclopentane ligand (CH,),Si(CsHs),, which, without
separation, further reacted with nBuLi and TiCl,-2THF or
ZrCl,2THF to yield complexes 13 and 14 (Scheme 2).

1) 2 nBuLi E) Sl 1)2 nBuLi CSiE \M a
2) (CH,),SiCl, G 2)MCl,-2THF E 7/ 2

M=Ti (13), Zr (14)

Scheme 2. Synthesis of complexes [(CH,),Si(CsH,),MCL)].

The 'HNMR spectra of complexes 4-14 are consistent
with their composition and structures. The o-H and p-H of
(n’-CsH,) show two multiplets resulting from an A,B, or
AA’BB’ splitting pattern for these complexes. For the cyclo-
alkylidene bridged complexes, the chemical shift difference
(A0) between the two multiplets decreases (Ti>Zr~HI)
with an increase in the atomic radius of the metal (Ti<Zr=
Hf). When the cycloalkylidene bridges were replaced by a
1,1-silacyclopentylidene bridge, the chemical shift differen-
ces between the two multiplets decrease clearly for the tita-
nium complex 13 but increase slightly for the zirconium
complex 14 (Table 1).

Table 1. '"H NMR spectra data for complexes 4-14.

Complex o(CsH,) (A0)
[M= Ti, n= 4(4), 5(5), 6(6); M= Zr, n= 4(7), 5(8), 6(9); M= Hf, n= 4(10), 5(11), 4 695 (m’ 4H)’ 562 (m’ 4H) 133
6(12)], AP A4 RUMAOWE B EL A AR T B T RS, i iR 5 6.96 (m, 4H), 5.63 (m, 4H) 1.33
B ARSI R AR A4 e LB Rk i ALK (iR K, AR 6 6.95 (m, 4H), 5.62 (m, 4H) 1.33
HRARFERSEM, HHRAITL, SRT BRAIRAREIATHEAR 7 6.64 (m, 4H), 5.71 (m, 4H) 0.93
4B A A (CILY,SICILLMCE (M= Ti, Zeyfe T2 5/ AR i 508 2 M 20 4 g 222 EE: jg;: ggz Ern:: i:g 82;
A A4Me,C(CsH)MCLy (M= Ti, 703 A F L T R4, ARXRARELH F, 10 6.55 (m 4H) 5.64 (m 4H) 0.91
RS REALTE HARE ) F A e R, AR RASIGEET. AX-H 11 6.65 (m, 4H), 5.76 (m, 4H) 0.89
KA HTMA TAod 429 & Bt . *HALH A5 BT £ 4, 12 6.56 (m, 4H), 5.69 (m, 4H) 0.87
s 13 7.10 (m, 4H), 5.96 (m, 4H) 1.14

P B R A 00 Wb AT T i,
A AT 14 6.96 (m, 4H), 5.98 (m, 4H) 0.98
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Molecular structures: The molecular structures of complexes
4-9 have been determined by X-ray diffraction and they are
depicted in Figures 1-6. Tables 2 and 3 present some select-
ed bond lengths and bond angles, respectively.

The cycloalkylidene-bridged metallocene complexes have
similar structures to the isopropylene-bridged metallocene

Figure 1. Molecular structure of complex 4 (ORTEP diagram; thermal el-
lipsoids are shown at the 30 % level).

complexes [Me,C(CsH,),MCL] 'Yl but with significant distor-
tions of the geometry due to the introduction of the unsym-
metrical cycloalkylidene bridge. In these structures, the
bridging cyclopentyl moiety adopts a normal envelope con-
formation, the bridging cyclohexyl moiety a normal chair
conformation, and the bridging cycloheptyl moiety an ap-
proximate chair conformation. The C(Cp)-C(bridge)-C(Cp)
angles are 96.9(2), 96.6(2), 96.3(2), 99.8(5), 99.7(5), and
99.1(2)° for complexes 4-9, respectively: that is, they are
smaller than those expected for tetrahedral carbon by about
13° for the titanocenes 4-6 and 10° for the zirconocenes 7—
9. The Cen-M-Cen angles (Cen denotes the centroid of cy-
clopentadienyl ring) are 121.1-121.4° for the titanocenes 4-6
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Figure 2. Molecular structure of complex 5 (ORTEP diagram; thermal el-
lipsoids are shown at the 30 % level).

and 116.3-116.6° for the zirconocenes 7-9, about 10° and
13° smaller than those of [Cp,TiCl,] (131.0°)!'3 and
[Cp,ZrCl,] (129.3°),1%] indicating an opening of the wedge
formed by the two cyclopentadienyl ligands. This is accom-
panied by the larger CI-M-Cl angles of 97.0-97.5° for the ti-
tanocenes 4-6 and 99.5-100.5° for the zirconocenes 7-9
compared to the corresponding values of 94.53(6)° in
[Cp,TiClL,] and 97.1(2)° in [Cp,ZrCl,]. The dihedral angles
X Cp-Cp are 65.6, 65.7, 65.5, 71.2, 69.9, and 69.5° for com-
plexes 4-9, respectively, so they are significantly larger than
those in [Cp,TiCl,] (58.5°) and in [Cp,ZrCl,] (53.5°), but
slightly smaller than those in [Me,C(CsH,),MClL,] (66.9° for
M = Ti, 71.4° for M = Zr). The average C—C bond lengths
in cyclopentadienyl rings are 1.407 A for the titanocenes 4-
6, slightly shorter than that in [Me,C(CsH,),TiCL,] (1.414 A),
but much longer than that in [Cp,TiCl,] (1.370 A). The aver-
age C—C bond lengths of cyclopentadienyl rings are 1.423,
1.411, and 1.408 A for the zirconocenes 7-9, respectively,
comparable with that in [Me,C(CsH,),ZrCl,] (1.411 A), but
much longer than that in [Cp,ZrCl,] (1.395 A). Similarly to
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Figure 3. Molecular structure of complex 6 (ORTEP diagram; thermal el-
lipsoids are shown at the 30 % level).

Figure 4. Molecular structure of complex 7 (ORTEP diagram; thermal el-
lipsoids are shown at the 30 % level).

the 1-methyl-4,4-piperidinylene-bridged zirconocene dichlor-
ides and cyclohexylidene-bridged cyclopentadienyl and in-
denyl titanocene [(CH,)sC(CsH,)(C,Hg)TiCl,],"! the distan-

672 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. Molecular structure of complex 8 (ORTEP diagram; thermal el-
lipsoids are shown at the 30 % level).

Figure 6. Molecular structure of complex 9 (ORTEP diagram; thermal el-
lipsoids are shown at the 30 % level).

ces from the metal to the ring carbon atoms are not equal.
The M—C distances at the opposite side of the complexes
are longer than those at the bridge position by 0.09, 0.10,
0.09, 0.14, 0.10, and 0.08 A for complexes 4-9, on average.
The C—C bond lengths of the bridging cyclopentylidene
and cyclohexylidene rings are between 1.51 and 1.55 A, the
normal range for C-C single bond lengths. However, there
are some C—C bonds at the ends of the bridging cyclohepty-
lidene rings in complexes 6 and 9 (C(14)—C(15) 1.465(7),
C(13)-C(14) 1.497(6), C(12)—C(13) 1.501(6) A for 6, and
C(5)—C(6) 1.474(10), C(4)—C(5) 1.498(11) A for 9) that are
significantly shorter than the others (1.529—1.552A for 6
and 1.513-1.544 A for 9), indicating that there are stronger
nonbonding interactions between the bulky bridging cyclo-
heptylidene ring and cyclopentadienyl groups. The nonbond-
ing interactions may compress two cyclopentadienyl rings to
form a slightly smaller ¥ Cp-Cp angle and strengthen the
M—-Cp bonds. The average M—C(Cp) bond lengths are

www.chemeurj.org Chem. Eur. J. 2005, 11, 669 —679
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Table 3. Selected bond lengths [A] and
(CH,),C(CsH,),ZrCl, (n = 4,5, 6).

angles [°]  for

n=4(@4) n=>5(5) n=6(6) n=4() n=>5(8) n==6(0)
Ti—CI(1) 2.3464(11) 2.3469(13) 2.3415(15) Zr—CI(1) 2.436(2) 2442(2) 2.441(1)
Ti—CI(2) 2.3380(11) 2.3439(12) 2.3538(15) Zr—Cl(2) 2.42902) 2.447(3) 2.433(1)
Ti-C(1) 2.337(3) 2.336(3) 2.333(4) Zr—C(Cp) 24422580 24552572 2.446-2.539
Ti-C(2) 2.350(3) 2.353(3) 2.326(4) C(Cp)—C(Cp) 1.36-1.46 1397-1427  1.369-1.422
Ti-C(3) 2442(3) 2.454(3) 2.429(4) C(bridge)—C(Cp) 1.50(2) 1.533(9) 1.537 (4)
Ti-C(4) 2.439(3) 2.432(3) 2.430(4) 1.55(2) 1.540(9) 1.530 (5)
Ti—C(5) 2.345(3) 2.336(3) 2.345(4) C—C(cycloalkylidene) 1.51-1.55 1515-1.550  1.474-1.544
Ti~C(6) 2.329(3) 2.334(3) 2.327(4) M-Cen 2.197 2.199 2171
Ti~C(7) 2.334(3) 2.342(3) 2.331(4) 2.185 2.184 2.184
Ti—C(8) 2412(3) 2411(4) 2.413(4) C—C(bridgehead) 2333 2.349 2334
Ti—C(9) 2.409(3) 2.409(4) 2.412(4)
Ti—C(10) 2.338(3) 2.333(3) 2.325(4) Cl-Zr-Cl 100.51(7) 99.48(7) 100.0(1)
Cc(1)-C(2) 1.416(4) 1.407(4) 1.423(6) Cen-Zr-Cen 116.6 116.4 116.3
C(2)-C(3) 1.412(4) 1.418(4) 1.400(5) C(Cp)-C(bridge)-C(Cp) ~ 99.8(5) 99.7(5) 99.1(2)
C(3)-C(4) 1.379(4) 1.381(4) 1.377(5) X Cp-Cp 712 69.9 69.5
C(4)-C(5) 1.416(4) 1.409(4) 1.425(6)
C(1)-C(5) 1.414(4) 1.421(4) 1.412(5)
C(6)-C(7) 1.408(4) 1.409(4) 1.423(6)
co® o e L distances are 2.051, 2.052, 2.043, 2.191, 2.192, and 2.178 A
Cg;icgé) 12%8 1%38 122?26; for complexes 4-9, respectively, which are consistent with
C(6)-C(10) 1.420(4) 1.421(4) 1.414(5) the trend in M—C(Cp) bond lengths.
C(1)-c(1) 1.534(4) 1.534(4) 1.517(5) The other distinct structural alteration introduced by cy-
C§6);C(1(1)) 1-52024; 122524; 1-:208 cloalkylidene bridges is the nonequivalent coordination of
C(11)—C(12 1.534(4 1.542(4 1.552(¢ . . . _
C(11)~C(114n) 1532(4) 1:529(4) 1550(5) two cyclopentadienyl groups. The differences in M Cl
C(12)-C(13) 1.519(4) 1.518(5) 1.501(6) bonds are 0008, 0003, 0012, 0008, 0005, and 0.008 A for
C(13)—C(14) 1.525(5) 1.520(5) 1.497(6) complexes 4-9, respectively. The differences in average M—
C(14)—-C(15) 1.527(4) 1.522(5) 1.465(7) C(Cp) bond lengths for two cyclopentadienyl rings are
P g yclop y g
C(15)-C(16) - 1517(5) 1.540(7) 0.037, 0.016, 0.011, 0.010, 0.017, and 0.012 A for complexes
C(16)-C(17) - - 1.529(5) . . . : .
M—Cenl® 2.061 2,061 2.049 4-9, respectively, decreasing with an increase in the cycloal-
2.040 2.042 2.037 kylidene ring size for titanocenes. This indicates that the in-
C(1)—C(6) 2.286 2.284 2.275 troduction of cycloalkylidene bridges causes more significant
] effects on the structures of titanocenes than on those of zir-
gle_nT-l%iC-ICen 12?'?8(3) 13?“1‘1(4) 121"5‘4(5) conocenes, because the atomic radius of titanium is smaller
C(1)-C(11)-C(6) 96:9(2) 96:6(2) 96:6(3) than that of zirconium. The differences in average M—Cen
C(12)-C(11)-C(114n)  1022(2) 108.6(2) 109.9(3) distances for the two cyclopentadienyl rings are 0.021, 0.019,
C(1)-C(11)-(12) 113.5(2) 112.2(2) 114.1(3) 0.012, 0.012, 0.015, and 0.013 A for 4-9, respectively, consis-
C(1)-CAD-C(114+n)  112.6(2) 112.9(2) 113.6(3) tent with the trend in M—C(Cp) distances.
C(6)-C(11)-(12) 115.5(2) 113.02) 111.5(3)
C(6)-C(11)-C(114n) 116.7(2) 113.3(3) 110.5(3)

¥ Cp-Cp™™ 65.6 65.7 65.6

[a] Cen denotes the centroid of the cyclopentadiene ring. [b] ¥ Cp-Cp
means the dihedral angles between two Cp planes.

2.383, 2.374, 2.368, 2.507, 2.499,
and 2.485 A for complexes 4-9,
respectively, decreasing with an

Ethylene polymerization: The results of ethylene polymeri-
zation obtained with complexes 4-16 activated by MAO
(Tables 4-6) show that the cycloalkylidene-bridged cyclo-

Table 4. Ethylene polymerization with 4-12/MAO catalyst systems. Polymerization conditions: AIV/M =
2500:1, temperature = 60°C, monomer pressure = 1 atm, in 100 mL toluene. For 4-6: catalyst concentration
= 3.0x10°m, time = 15 min; for 7-12: catalyst concentration = 1.0x 10°M, time = 30 min.

increase in the cycloalkylidene —Catalyst 4 s 6 7 8 9 10 1 12
ring size. In comparison with Al 27.0 37.4 19.5 0.46 1.00 1.40 0.03 0.02 0.30
the corresponding  [a] A: Activity in (kg PE) (mmolm) 'h™".

[Me,C(CsH,),MClL,] (av  Ti—

C(Cp) 2381A; Zr—C(Cp)

2.498 A) and [Me,Si(CsH,),MCL,] (av Ti—C(Cp) 2.394 A;
Zr—C(Cp) 2.500 A)," introduction of cycloalkylidene
bridges, especially introduction of a bulky cycloheptylidene
bridge, significantly strengthens the M—Cp bonds, due to the
larger nonbonding interactions between the cycloheptyli-
dene ring and cyclopentadienyl groups. The average M—Cen

Chem. Eur. J. 2005, 11, 669—679 www.chemeurj.org

pentadienyl Group 4 metallocene complexes 4-12 exhibit di-
verse activities for ethylene polymerization (Table 4). Simi-
larly to many analogues,>¥ the zirconocenes show higher
activities than the hafnocenes. However, the activities (up to
3.74x10" (g PE)(mmol Ti)'h™') of the cycloalkylidene-
bridged cyclopentadienyl titanocenes 4-6 are an order of
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magnitude higher than those of the corresponding zircono-
cenes and hafnocenes.

From Table 5, the temperature at which the activity of the
titanocenes is highest increases with an increase in the cyclo-
alkylidene bridge size (4, 60°C; 5, 60°C; 4, 70°C), indicating

Table 5. Ethylene polymerization with cycloalkylidene-bridged titano-
cenes 4-6/MAO catalyst systems at various temperatures. Polymerization
conditions: AI/M = 2500:1, monomer pressure = 1 atm, in 100 mL tolu-
ene, catalyst concentration = 3.0x 10~°m, time = 15 min.

Catalyst T,PI[°C] Yield Activity [(kg 10*x M, M,/
[e] PE) (mmol Ti) 'h™'] [g mol ™™ M,

4 30 0.65 8.70 97.4 2.71
40 0.68 9.10 64.6 2.33
50 093 123 64.2 2.35
60 202 270 37.1 1.98
70 112 15.0 32.4 2.07
5 30 087 11.6 67.0 4.03
40 0.37 4.95 40.5 497
50 0.34 4.48 32.6 3.90
60 280 374 29.6 2.29
70 090 119 23.5 217
6 30 0.72 9.62 85.8 2.74
40 0.72 9.65 45.5 2.71
50 142 189 35.0 3.03
60 146 195 27.8 2.26
70 1.75 233 21.7 2.03

[a] Polymerization temperature. [b] Determined by GPC.

that the thermal stability of titanocene catalysts increases
with increasing length of the cycloalkylidene bridge. The
weight-average molecular weights are close to 10° at a low
temperature (30°C) and decrease with increasing tempera-
ture. The GPC curves of the polyethylene obtained ap-
peared unimodal, and the molecular weight distribution
(MWD; M,/M,) values are close to 2 (2.07, 2.17, and 2.03
for 4, 5, and 6) at a higher temperature (70°C), indicating
that they belong to single-site catalyst systems.

The silacyclopentylidene- and isopropylene-bridged met-
allocene complexes 13-16 gave similar results (Table 6). The
titanocenes 13 and 15 showed much higher activities than
the corresponding zirconocenes, especially at the lower tem-
perature. The activity of the silacyclopentylidene-bridged ti-
tanocene 13 decreased sharply with increasing temperature,
indicating its poor thermal stability. The molecular weights
of the polyethylene produced by the titanocenes 13 and 15
were also much higher than that by the zirconocenes 14 and
16. The MWDs were broader, especially for the isopropy-
lene-bridged zirconocene 16, which reached 14-17. The
GPC curves of the polyethylene obtained appeared general-
ly bimodal or trimodal, indicating decomposition of the cat-
alysts during polymerization.

Structure-activity relationships: It is now generally recog-
nized that zirconocene catalysts are much more active than
titanocenes and hafnocenes in olefin polymerization.* The
generally low activity of Ti can be attributed to its tendency
to be reduced or to exhibit poor thermal stability,*'* while
the low activity of Hf complexes has been attributed to the

674 —— © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 6. Ethylene polymerization with 13~16/MAO catalyst systems. Pol-
ymerization conditions: AIM™' = 2500, temperature = 60°C, monomer
pressure = 1 atm, in 100 mL toluene. For 13 and 15: catalyst concentra-
tion = 3.0x10™°m, time = 15 min; for 14 and 16: catalyst concentration
= 1.0x107M, time = 30 min.

Catalyst T,[°C] Yield Activity [(kg PE) 10*x M, M, /M,
[g] (mmol Ti)'h™"] [gmol 1!

13 30 1.040  13.9 70.1 224
40 0.975 13.0 542 2.16
50 0.809 108 29.4 2.63
60 0309 412 19.6 2.56
70 0.037  0.49

14 30 0298  0.60 229 5.18
40 0493  0.99 138 4.19
50 0454 091 6.41 3.56
60 0381  0.76 2.59 2.75

15 30 1.083  14.4 74.0 6.68
40 1350 18.0 57.5 2.55
50 1.944 259 47.8 2.75
60 0.751 100 36.6 426
70 0342 436 233 5.09

16 30 0.083  0.166 254 17.09
40 0.065  0.130 16.1 15.93
50 0.054  0.108 105 14.83
60 0.038  0.076

[a] Polymerization temperature. [b] Determined by GPC.

greater strength of the Hf—C bond compared to the Zr—C
bond™ or to kinetic reasons (slow olefin coordination and
insertion step).” However, at a low temperature the titano-
cenes usually show higher activities than the zirconocenes
for polymerization of ethylene and even of propylene.'’:*¥l
A stereorigid bridged metallocene cation usually has closely
equivalent metal-centroid bond lengths and angles, as does
its neutral precursor'’”, and thus the latter structure may be
relied on as a model for the former, and for interpretation
of the polymerization results. To explain our polymerization
results and find the structure—activity relationships, especial-
ly the effects of the bridges of ansa-metallocene complexes,
the relevant geometrical parameters of unbridged metallo-
cene complexes [Cp,MCl,], dimethylsilylene-bridged metal-
locene complexes [(Me,Si)(CsH,),MCl,], and isopropylene-
bridged metallocene complexes [(Me,C)(CsH,),MCL] (M =
Ti, Zr) are compared in Scheme 3 and Table 7. The incorpo-
ration of a bridging unit in the metallocene dichloride has
geometrical consequences that depend on the number and
nature of atoms in the bridge. For the purpose of discussion,
only systems that contained a single-atom bridging unit and
no other ring substituents were chosen for comparison.

For the zirconocenes, after introduction of a bridge the
Zr—Cen distances decrease slightly with the bridge shorten-
ing (2203, 2.197, and 2192 A for [Cp,ZrClL], [Me,.
Si(CsH,),ZrCl,], and [Me,C(CsH,),ZrCl,], respectively), but
the effects are small because of the larger atomic radius of
zirconium. However, introduction of a bridge has significant
effects on the other geometrical parameters of ansa-metallo-
cene complexes. Introduction of a dimethylsilylene bridge
shortens the Cen—Cen distance (3.905 A versus 3.982 A), in-
creases the dihedral angle ¥ Cp-Cp (56.8° versus 53.5°), de-
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Scheme 3. Comparison of relevant geometrical parameters of selected metallocene complexes.

creases ¥ Cen-Zr-Cen (125.4° versus 129.3°), and increases
the D value (1.008 A versus 0.933 A; see Table 7). This in-
creases the reaction space of the metal centers and the cata-
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lytic activity for ethylene poly-
merization. Introduction of a
short  isopropylene  bridge
makes the Cen—Cen distance
much shorter (3.730 A), in-
creases the dihedral angle
XCp-Cp further to 71.4°, de-
creases XCen-Zr-Cen further
to 116.6°, and increases the D
value to 1.152 A. The metal
atom moves out much further
than in the unbridged and di-
methylsilylene-bridged ana-
logues. Although the reaction
space of the metal center is fur-
ther increased, this makes the
stability of the isopropylene-
bridged zirconocene decrease
significantly. This has been fur-
ther confirmed by the broader
MWD values (14-17) and the
bimodal or trimodal GPC
curves of the polyethylene pro-
duced by the isopropylene-

bridged zirconocene 16. The view that the dimensions of the
short carbon-atom bridge do not match the coordination re-
quirement of the large zirconium atom can also explain why

Table 7. Relevant geometrical parameters [° or A] of selected metallocene complexes.”!

Complex ¢ [°] C,—Cy[A] E-C[A] Cen—Cen[] DI[A] o[ x[°1 o[ B[] M-Cen[A] Ref.
[Cp,TiCl,] 3.747 0.853 131.0 85.3 58.5 2.059 12
[Me,Si(CsH,),TiCly] 89.5(1)  2.630 1.868(2)  3.741 0.898 1287 192 901 512 2075 14
[Me,C(C5H,),TiCL,] 96.7(1)  2.276 1.523(2)  3.588 1005 1215 149 858 669  2.056 1
[(CH,),C(CsH,),TiCl,] 96.9(2)  2.286 1.534(4)  3.571 1008 1211 151 861 656  2.061 this work
1.520(4) 15.0 86.9 2.040
[(CH,)sC(CsH,),TiCl,] 96.6(2) 2.284 1.534(4)  3.573 1009 1211 145 859 657  2.061 this work
1.525(4) 15.2 87.0 2.042
[(CH,)(C(CsH,),TiCl,] 96.6(3)  2.275 1.517(5)  3.563 1000 1214 146 862 656  2.049 this work
1.530(5) 151 868 2.037
[(CH,),Si(CsH,), TiCL]™  90.7 1.863 3.736 0889 1291 186 879 557  2.069 18
[Cp,ZrClL,] 3.982 0.933 129.3 88.8 53.5 2.203 13
[Me,Si(CsH,),ZrCL,] 932(2) 2712 1.866(4)  3.905 1008 1254 182 889 568  2.197 14
[Me,C(CsH,),ZrCl,] 99.8(2)  2.327 1.521(2) 3.730 1.152 116.6 14.2 86.0 71.4 2.192 11
[(CH,),C(CsH),ZrCL]  99.8(5) 2333 1.50(2) 3728 1151 1166 135 852 712 2197 this work
1.55(2) 142 874 2.185
[(CHL)C(CsH),ZrCl]  99.7(5)  2.349 1.533(9)  3.725 1155 1164 146 865 699  2.199 this work
1.54009) 14.5 87.1 2.184
[(CH,)C(CsH),ZICL]  99.1(2) 2334 1.537(4)  3.699 1149 1163 142 874 695 2171 this work
1.530(5) 143 86.9 2.184
[(CHL)Si(CH,),ZrClL]  94.3(3) 1.878(7)  3.915 1006 1256 185 877 591 2201 18
1.866(8)

[a] In the schematic representation of an ansa-metallocene molecule above,”” ¢ is the angle C(bridgehead)-E-C(bridgehead); o is the angle between the
M-Cen vector and the Cp plane; y is the angle between the E-C(bridgehead) vector and the Cp plane; § is the dihedral angle between the two Cp
planes; a is the angle Cen-M-Cen. [b] The average values are given, due to the existence of two independent molecules in the unit.
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the catalytic activities of other single carbon-atom bridged
zirconocenes are lower than those of single silicon-atom
bridged analogues for ethylene polymerization.”"

For the titanocenes, after introduction of a dimethylsily-
lene bridge the Cen-Cen distance is nearly unchanged
(3.741 A versus 3.747 A), the X Cen-Ti-Cen angle decreases
slightly (128.7° versus 131.0°), and the D value increases
slightly (0.898 A versus 0.853 A), but the dihedral angle
X Cp-Cp decreases from 58.5° to 51.2°. The Ti—Cen distan-
ces increase more evidently than the unbridged titanocene
[Cp,TiCl,] (2.075 A versus 2.059 A), because the dimensions
of the large silicon-atom bridge do not match the coordina-
tion requirement of the small titanium atom. This means
that not only is the reaction space of the metal center not in-
creased, but the stability of the titanocene is also decreased
after being bridged with the dimethylsilylene group. Also,
the dimethylsilylene-bridged titanocenes show lower activity
for ethylene polymerization.**®

After introduction of an isopropylene bridge, the Ti—Cen
distances are nearly equal to those in the unbridged titano-
cene [Cp,TiCl,] (2.056 A versus 2.059 A), but much shorter
than those of the dimethylsilylene-bridged titanocene. This
indicates that the small bridging carbon atom and the small
titanium atom can be matched. Introduction of an isopropy-
lene bridge shortens the Cen—Cen distance (3.588 A), in-
creases the dihedral angle *Cp-Cp to 66.9°, decreases
X Cen-Zr-Cen to 121.5°, and increases the D value to
1.005 A. The reaction space of the metal centers is increased
significantly, but the stability of the isopropylene-bridged ti-
tanocene hardly decreases, due to the similar Ti—Cen distan-
ces (in comparison with [Cp,TiCl,]), smaller differences in
the dihedral angles and ¥Cen-M-Cen (Af = 8.4° Aa =
9.5°, in comparison with [Cp,TiCl,]) than in the correspond-
ing zirconocene analogues (A = 17.9°, Aa = 12.7° in
comparison with [Cp,ZrCl,]). So the isopropylene-bridged
titanocene 15 shows higher activity for ethylene polymeriza-
tion than even the corresponding zirconocene analogue 16.

Ethylidene(1-tetramethylcyclopentadienyl)(1-indenyl) di-
chlorozirconium/MAO has an ethylene polymerization ac-
tivity of about 10* (g PE)(mol Zr)™'[C,H,]'h™"), which is
four orders of magnitude lower than that of [Cp,ZrCL]/
MAO™. The polyethylene produced has bimodal distribu-
tions, indicating two or more active species. The activity for
propylene polymerization is even lower (<10%). In contrast,
the titanium analogue does polymerize propylene to high
molecular weight polymer. Analysis of the structure—cataly-
sis relationships further supported our views.

The cycloalkylidene-bridged titanocenes have similar geo-
metrical parameters to isopropylene-bridged titanocene 15.
However, the dihedral angles ¥ Cp-Cp are slightly de-
creased (65.6, 65.7, and 65.6° for 4-6, respectively, versus
66.9° for 15), but are still much larger than that of
[Cp,TiCl,]. The Cen—Cen distances (3.571, 3.573, and
3.563 A for 4-6 versus 3.588 A for 15) and the average M—
Cen distances (2.051, 2.052, and 2.043 A for 4-6, versus
2.056 A for 15) decrease with an increase in the bridging cy-
cloalkylidene ring size, due to the nonbonded interactions
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between the cycloalkylidene bridges and cyclopentadienyl
groups. This greatly improves the stabilities of the cycloalky-
lidene-bridged titanocenes while retaining the large reaction
space of the metal center. This is consistent with the poly-
merization results. In particular, the cycloheptylidene-bridg-
ed titanocene 6 shows the highest activity at a higher tem-
perature (70°C).

In an attempt to explain the polymerization results for si-
lacyclopentylidene-bridged metallocene complexes, Kim
et al.'™® recently reported the syntheses and structures of a
series of 1,1-silacycloalkylidene-bridged metallocene com-
plexes and found the 1,1-silacycloalkylidene-bridged titano-
cenes also exhibited remarkable activities in comparison
with the corresponding zirconocenes. The activities are also
higher than the acyclic dimethylsilylene-bridged analogue,
[Me,Si(CsH,),TiCl,]. Their explanation was that the pres-
ence of silacycloalkylidene bridges increases the stabilities
of the titanocene complexes. This is consistent with our
viewpoint. By comparing the structural parameters, it can be
found that replacement of the dimethylsilylene bridge with
a silacyclopentylidene bridge causes different effects on the
titanocenes and zirconocenes. The dihedral angle increases
much more for the titanocene 13 (55.7° versus 51.2°) than
for the zirconocene 14 (59.1° versus 56.8°), indicating en-
largement of the reaction space of the metal center, espe-
cially for the titanocene. For the 1,1-silacyclopentylidene-
bridged titanocene, ¥ Cen-Ti-Cen also increases slightly
(129.1° versus 128.7°), while the Ti—Cen distances (2.069
versus 2.075 A), the D value (0.889 versus 0.898 A), and the
Cen—Cen distance (3.736 versus 3.741 A) decrease slightly.
For the 1,1-silacyclopentylidene-bridged zirconocene, how-
ever, ¥Cen-Zr-Cen (125.6° versus 125.4°) and the D value
(1.006 versus 1.008 A) are nearly unchanged, whereas the
Zr—Cen distances (2.201 versus 2.197 A) and the Cen—Cen
distance (3.915 versus 3.905 A) decrease slightly. This indi-
cates that the presence of silacycloalkylidene bridges brings
the two Cp ligands closer together and increases the stabili-
ties of the titanocene complexes but has little effect on the
zirconocene complexes. Therefore the silacyclopentylidene-
bridged titanocene 13 shows higher activity at low tempera-
tures than the corresponding zirconocene analogue 14. How-
ever, because the dimensions of the large silicon-atom
bridge and the small titanium atom are unmatched, the tita-
nocene 13 still has a low thermal stability and the activity
for ethylene polymerization decreases sharply with increas-
ing temperature. At a higher temperature (70°C) the activi-
ty is nearly comparable with that of the corresponding zirco-
nocene analogue 14.

Conclusion

A series of cycloalkylidene-bridged cyclopentadienyl metal-
locene complexes, [(CH,),C(CsH,),MCL,] (M = Ti,n = 4
(4),5(5),6(6);M =Zr,n =4(7),5(8),6(9);M =Hf, n
= 4 (10), 5 (11), 6 (12)), have been synthesized and applied
to ethylene polymerization. The cycloalkylidene-bridged ti-
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tanocene catalysts exhibit much higher activities than the
corresponding zirconocene and hafnocene analogues, and
have the highest activities at higher temperatures. In com-
parison, the 1,1-silacyclopentylidene-bridged metallocene
complexes [(CH,),Si(CsH,),MCl,] M = Ti (13), Zr (14)),
and isopropylene-bridged metallocene complexes
[Me,C(CsH,),MClL,] M = Ti (15), Zr (16)) have also been
synthesized and applied to ethylene polymerization. In both
cases, the titanocene complexes exhibit much higher activi-
ties than the corresponding zirconocene analogues, especial-
ly at the lower temperature. The structure—activity relation-
ships study shows that the dimensions of the small carbon-
atom bridge match up well to the coordination requirement
of the small titanium atom, while the dimensions of the
large silicon-atom bridge match up well to the coordination
requirement of the large zirconium atom. Both of these
bridged complexes achieve the largest reaction space of the
metal center while retaining the stability of the metallocene
complexes, and show higher activities than the unbridged
and other bridged metallocene complexes. The introduction
of a cycloalkylidene or 1,1-silacyclopentylidene bridge, espe-
cially the bulky cycloheptylidene bridge, may increase the
stability of the ansa-titanocenes and increase their activity
for ethylene polymerization.

Experimental Section

General: All operations were carried out under an argon atmosphere
using standard Schlenk techniques. Toluene, hexane, and tetrahydrofuran
(THF) were purified by refluxing over a sodium/(C4H;s),CO system
under argon. Dichloromethane was distilled from P,Os. Polymerization
grade ethylene (Yanshan Petrochem. Co., China) was used without fur-
ther purification. '"H NMR spectra were recorded on a Bruker AC-P200
spectrometer. Mass spectra were measured on a VG7070E HF instru-
ment (EI, 70 eV; only important mass peaks are reported). Elemental
analyses were performed on a CHN Corder MF-3 analyzer.
(CH,),C(CHs), (1M (CH,)sC(CsHs), (2)," [(Me,C)(CsH,), TiCL]
@15)," and [(Me,C)(CsH,),ZrClL,] (16)," MCI,2THF (M = Ti, Zr,
Hf),® and (CH,),SiCL,* were prepared according to the literature
methods. MAO was prepared from Al,(SO,); 18 H,O and trimethylalumi-
num in the usual manner.”!

Synthesis of (CH,)¢C(CsHs), (3): The freshly distilled cyclopentadiene
(24 mL, 0.29 mol) was added to a suspension of NaOH powder (30 g) in
THF (60 mL). The mixture was stirred for 2 h. Cycloheptanone (17.0 mL,
0.145 mol) in THF (10 mL) was added dropwise and the mixture was stir-
red for 2 h. The resulting mixture was hydrolyzed and the organic layer
was separated, washed with water and dried (Na,SO,). The solvent was
removed in vacuo and the residue was distilled (b.p. 106-114°C/
0.1 mmHg) to give 3 as yellow oil. Yield: 16.0 g (49.1%); 'HNMR
(CDCl;, 25°C, TMS): 6 = 1.54 (brs, 8H; CH,), 1.97-2.06 (m, 4H; CH,),
2.75 (s), 2.95 (s) (total 4H; CsHs), 5.96-6.59 ppm (m, 6 H; CsHs).
Synthesis of [(CH,),C(CsH,),TiCl,] (4): A solution of nBuLi (6.65 mL,
14.56 mmol) in hexane at 0°C was added to a solution of 1 (1.44 ¢,
7.28 mmol) in THF (20 mL). The mixture was stirred for 2 h at room
temperature. Then a solution of TiCl,2 THF(2.22 g, 7.28 mmol) in THF
(15 mL) was added at 0°C. After the mixture had been stirred for 8 h at
room temperature, the solvent was removed in vacuo. The residue was
extracted with CH,Cl,. Concentration and cooling of the CH,ClI, solution
afforded 4 as black crystals. Yield: 1.2 g (52.4 %); m.p. 255°C (decomp);
'HNMR (CDCl;, 25°C, TMS): 6 = 6.95 (m, 4H; CsH,), 5.57 (m, 4H;
C:H,), 2.40-2.30 (m, 4H; CH,), 2.00-1.90 ppm (m, 4H; CH,); EI-MS
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(70 eV): miz (%): 314 (62) [M™*], 278 (100) [M*—HCI], 244 (22) [M*
—2Cl], 242 (70) [M*—2HCI], 211 (15), 200 (18), 187 (11), 165 (15), 128
(19), 83 (29), 67 (28) [CsH;*]; elemental analysis caled (%) for
C,sH,,CLTi (315.06): C 57.18, H 5.12; found: C 57.10, H 5.36.

Synthesis of [(CH,)sC(CsH,),TiCl,] (5): Synthesis of 5 from 2, nBuLi,
and TiCl,-2 THF was similar to that described for 4. Black crystals; yield:
1.0 g (37.9%); m.p. 260°C (decomp); '"H NMR (CDCl,, 25°C, TMS): 6 =
6.96 (m, 4H; CsH,), 5.63 (m, 4H; CH,), 2.30-2.20 (m, 4H; CH,), 1.90-
1.60 ppm (m, 6H; CH,); EI-MS (70 eV): m/z (%): 328 (98) [M*], 292
(100) [M*—HCI], 256 (80) [M*—2HCI], 224 (24), 211 (20), 200 (27), 187
(17), 165 (17), 128 (38), 118 (20, [TiCL*]), 81 (77) [CsHot]; elemental
analysis: calcd (%) for C;sHsCLTi (329.09): C 58.39, H 5.51; found: C
58.44, H 5.73.

Synthesis of [(CH,)¢C(CsH,),TiCl,] (6): Synthesis of 6 from 3, nBuLi,
and TiCl,-2THF was similar to that described for 4. Black crystals; yield:
1.0 g (36.5%); m.p. 240°C(decomp); 'H NMR (CDCl,, 25°C, TMS): § =
6.95 (m, 4H; CsH,), 5.62 (m, 4H; CH,), 2.42-2.3 2(m, 4H; CH,), 1.92—
1.67 ppm (m, 8H; CH,); EI-MS (70 eV): m/z (%): 342 (47) [M*], 306
(71) [M*—HCI], 270 (55) [M*—-2HCI], 248 (22), 224 (27), 200 (29), 187
(21), 165 (23), 152 (33), 128 (41), 95 (78) [C;H,;*], 83 (63), 67 (30)
[CsH,*], 41 (100) [C3Hs™]; elemental analysis caled (%) for C,;H,,CLTi
(343.12): C 59.51, H 5.87; found: C 59.42, H 5.63.

Synthesis of [(CH,),C(CsH,),ZrCl,] (7): Synthesis of 7 from 1, nBuLi,
and ZrCl,2THF was similar to that described for 4. Yellow crystals;
yield: 0.53 g (18.5%); m.p. 270°C (decomp); 'HNMR (CDCl,, 25°C,
TMS): 0 = 6.64 (m, 4H; C;H,), 5.71 (m, 4H; CsH,), 2.40-2.30 (m, 4H;
CH,), 1.97-1.86 ppm (m, 4H; CH,); EI-MS (70 eV): m/z (%): 356 (97)
[M+], 321 (26) [M*—Cl], 291 (40), 279 (47), 253 (42), 227 (42), 187 (19),
162 (33), 131 (100) [CsH,CsH, ], 83 (77); elemental analysis caled (%)
for C;sH,,CL,Zr (358.42): C 50.26, H 4.50; found: C 50.29, H 4.51.

Synthesis of (CH,)sC(CsH,),ZrCl, (8): Synthesis of 8 from 2, nBuLi, and
ZrCl,2THF was similar to that described for 4. Yellow crystals; yield:
1.5 g (50.5%); m.p. 272-274°C; '"H NMR (CDCl;, 25°C, TMS): 6 = 6.56
(m, 4H; C4H,), 5.69 (m, 4H; CsH,), 2.33-2.22 (m, 4H; CH,), 1.80-1.64
(m, 4H; CH,), 1.63-1.52 pm (m, 2H; CH,); EI-MS (70 eV): m/z (%): 370
(100) [M™], 335 (31) [M*T—Cl], 298 (47) [M*—2HCI], 291 (35), 277 (59),
253 (39), 227 (43), 215 (21), 187 (20), 162 (41), 145 (19) [CsH,CHy*], 77
(20); elemental analysis caled (%) for C,(H3sCL,Zr (372.45): C 51.60, H
4.87; found: C 51.52, H 4.92.

Synthesis of [(CH,)¢C(CsH,),ZrCl,] (9): Synthesis of 9 from 3, nBuLi,
and ZrCl,2THF was similar to that described for 4. Yellow crystals;
yield: 0.50 g (24.4%); m.p. 241-242°C; 'H NMR (CDCl,, 25°C, TMS): 6
= 6.65 (m, 4H; CsH,), 5.76 (m, 4H; CsH,), 2.45-2.35 (m, 4H; CH,),
1.92-1.68 ppm (m, 8H; CH,); EI-MS (70 eV): m/z (%): 384 (35) [M*],
349 (10) [M*T-Cl], 212 (12) [M*—2HCI], 291 (20), 277 (24), 253 (19),
227 (23), 162 (15), 83 (100), 41 (48); elemental analysis caled (%) for
C;H,CLZr (386.48): C 52.83, H 5.22; found: C 52.85, H 5.23.

Synthesis of [(CH,),C(CsH,),HfCl,] (10): Synthesis of 10 from 1, nBuLi,
and HfCl,2THF was similar to that described for 4. White crystals;
yield: 0.65g (18.2%); m.p. 228°C (decomp); 'HNMR (CDCl, 25°C,
TMS): 6 = 6.55 (m, 4H; CsH,), 5.64 (m, 4H; CsH,), 2.43-2.31 (m, 4H;
CH,), 1.99-1.87 ppm (m, 4H; CH,); EI-MS (70 eV): m/z (%): 446 (69)
[M*], 410 (11) [M*—HCI], 381 (19), 367 (24), 353 (16), 315 (33), 250
(21), 165 (19), 155 (20), 131 (98) [CsH,CsH,*], 115 (39) [CsH,C,H5], 67
(31) [CH,T], 41 (100) [C;Hs*]; elemental analysis caled (%) for
CysH,sCLHIf (445.69): C 40.42, H 3.62; found: C 40.44, H 3.91.

Synthesis of [(CH,)sC(CsH,),HfCl,] (11): Synthesis of 11 from 2, nBuLi,
and HfCl,2THF was similar to that described for 4. White crystals;
yield: 0.55g (15.0%); m.p. 238°C (decomp); 'HNMR (CDCl, 25°C,
TMS): 6 = 6.65 (m, 4H; CsH,), 5.76 (m, 4H; CsH,), 2.32-2.20 (m, 4H;
CH,), 1.82-1.66 (m, 4H; CH,), 1.66-1.53 ppm (m, 2H; CH,); EI-MS
(70 eV): miz (%): 460 (21) [M*], 424 (6) [M*—HCI], 355 (9), 339 (9),
315 (13), 288 (10), 115 (17) [CsH,C,H;*], 77 (18), 67 (18) [CsH,™], 41
(100) [C3Hs*]; elemental analysis caled (%) for C;¢H;sCLHf (459.71): C
41.80, H 3.95; found: C 41.89, H 4.13.

Synthesis of [(CH,)C(CsH,),HfCl,] (12): Synthesis of 12 from 3, nBuLi,
and HfCl,-2 THF was similar to that described for 4. Light green crystals;
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yield: 0.91 g (24.0%); m.p. 229°C (dec.); "H NMR (CDCL,, 25°C, TMS):
5 = 656 (m, 4H; C5H,), 5.69 (m, 4H; C5H,), 2.52-2.33 (m, 4H; CH,),
1.90-1.62 ppm (m, 8H; CH,); EI-MS (70 eV): m/z (%): 474 (9) [M*],
438 (4) [M*—HCI], 391 (5), 381 (6), 367 (7), 354 (5), 341 (10), 115 (19)
[CsH,CH;*], 91 (26), 77 (21), 55 (39), 41 (100) [C;H;™]; elemental anal-
ysis caled (%) for C,;H,,CLHf (473.74): C 43.10, H 4.26; found: C 43.06,
H 4.34.

Synthesis of [(CH,),Si(CsH,),TiCl,] (13): A solution of nBuLi (4.60 mL,
10.6 mmol in hexane ) at 0°C was added to a solution of freshly distilled
cyclopentadiene (0.88 mL, 10.6 mmol) in THF (30 mL). The mixture was
stirred for 0.5h at room temperature and then cooled to 0°C,
(CH,),SiCl, (0.07 mL, 5.3 mmol) was added. The mixture was stirred for
3 h at room temperature and then cooled to 0°C again; another portion
of nBuLi in hexane solution (4.60 mL, 10.6 mmol) was added. The mix-
ture was stirred for 6h at room temperature. A solution of
TiCl,-2THF(1.77 g, 5.3 mmol) in THF (20 mL) was added to the mixture,
which was then stirred for 10 h at room temperature. The solvent was re-
moved in vacuo and the residue was extracted with CH,Cl,. Concentra-
tion and cooling of the CH,CI, solution afforded 13 as black crystals.
Yield: 50 mg (3%); m.p. 198°C (decomp); '"H NMR (CDCls, 25°C): ¢ =
7.21 (m, 4H; CsH,), 5.96 (m, 4H; CsH,), 1.91 (m, 4H; SiCH,), 1.25 ppm
(m, 4H; CH,); EI-MS (70 eV): m/z (%): 330 (32) [M*], 295 (11) [M*
—Cl], 294 (11) [M*-HCI], 258 (16) [M*-2HCI], 211 (7) [M*
—Cl-(CH,),Si], 176 (100) [M*-2Cl-(CH,),Si], 150 (17), 93 (18), 83
(26); elemental analysis caled (%) for C,,H(CLSiTi (331.14): C 50.78, H
4.87; found: C 50.45, H 4.84.

Synthesis of [(CH,),Si(CsH,),ZrCl,] (14): Synthesis of 14 from cyclopen-
tadiene, nBuLi, (CH,),SiCl,, and ZrCl,2THF was similar to that de-
scribed for 13. Yellow powder; yield: 03g (15.1%); m.p. 236°C
(decomp); 'HNMR (CDCl,, 25°C): 6 = 6.96 (m, 4H; CsH,), 5.98 (m,
4H; CH,), 1.90 (m, 4H; SiCH,), 1.26 ppm (m, 4H; CH,); EI-MS
(70eV): miz (%): 374 (100) [M*+2], 372 (93) [M*], 336 (41) [M*
—H(l], 253 (69) [M*—Cl—(CH,),Si], 218 (72) [M*—-2Cl—(CH,),Si]), 93
(85); elemental analysis calcd (%) for C,H,sCL,SiZr (374.50): C 44.91, H
4.31; found: C 44.47, H 4.38.

Table 8. Crystal data and summary of X-ray data collection

Ethylene polymerization: Polymerizations were carried out in a 250-mL
glass reactor with a magnetic stirring bar at about 780 mmHg. Toluene
(100 mL) was introduced into the reactor, the temperature was raised to
the polymerization temperature, then the toluene was saturated with eth-
ylene. A prescribed amount of MAO and a given metallocene complex
dissolved in toluene were injected into the reactor, then the polymeriza-
tion was started. It was stopped by adding methanolic hydrochloric acid
solution (100 mL). The polymer product was washed with ethanol and
dried in vacuo at 60°C. Number- and weight-average molecular weights
were obtained with a Waters 150C GPC instrument. The columns were
calibrated with polyethylene standards.

X-ray crystallography: Crystals of 4-9 suitable for single-crystal X-ray
analysis were obtained from CH,Cl,/hexane solution. Data collection was
performed on a Bruker Smart 1000 (4, 5, 6, 8) or an Enraf-Nonius CAD-
4 (7, 9) diffractometer using graphite-monochromated Moy, radiation
and w-26 scan. Empirical absorption corrections using the DIFBAS were
applied for 7 and 9, while semi-empirical absorption corrections were ap-
plied for 4, 5, 6, and 8. The structures were solved by direct methods and
refined by full-matrix least-squares. For all calculations the SDP-PLUS,
SHELXL-97, or Siemens SHELXTL-PC program system was used.
Table 8 contains the crystal data and a summary of X-ray data collection
details.

CCDC-212943 (4), CCDC-212944 (5), CCDC-212945 (6), CCDC-212946
(7), CCDC-212947 (8), and CCDC-212948 (9) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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4 5 6 7 8 9
formula CsH,,CL,Ti CHsCLTi C,;H,,CLTi CsH,CLZr C6HsCLZr C;H,,CL,Zr
M, [gmol™] 315.08 329.10 343.13 358.42 372.42 386.47
T [K] 293(2) 293(2) 293(2) 299(1) 293(2) 299(1)
crystal system triclinic monoclinic triclinic triclinic monoclinic triclinic
space group Pl P2/c Pl Pl P2,/c Pl
2 [A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
a[A] 7.262(2) 7.553(3) 7.535(3) 8.271(3) 7.606(5) 7.622(2)
b [A] 8.122(3) 24.462(9) 8.392(3) 8.387(2) 25.187(17) 8.471(2)
c[A] 12.651(4) 8.225(3) 13.243(5) 11.018(2) 8.364(6) 13.468(3)
a [°] 78.910(5) 90 91.536(7) 70.15(2) 90 91.11(3)
£ 1°] 73.362(5) 107.981(6) 103.090(6) 75.69(2) 108.412(9) 103.56(3)
2 [°] 72.733(5) 90 109.796(6) 81.64(2) 90 109.59(3)
V[AY 678.0(4) 1445.4(9) 762.5(5) 695.0(1) 1520.4(18) 791.8(4)
V4 2 4 2 2 4 2
D [gem™) 1.543 1.512 1.495 1.713 1.627 1.621
u [mm™] 1.003 0.944 0.898 1.1453 1.058 1.0113
F(000) 324 680 356 360 752 392
crystal size [mm’] 0.30x0.25x0.20 0.30x0.25%0.20 0.30x0.25%0.20 0.30x0.35%0.40 0.35x0.30x0.10 0.30x0.30x0.50
26,4 [°] 50.06 50.06 50.04 50 50.04 50
measured reflections 2837 5880 3176 2120 6104 2894
unique reflections 2387 2538 2670 1937 2668 2731
observed reflections 2387 2538 2670 1792 2668 2565
[1>20(D)) [1>30(D)] [1>30(D)]
parameters 163 172 181 163 172 181
goodness-of-fit on F? 1.007 1.117 1.051 1.23 (on F) 1.010 1.49 (on F)
Ry, wR, [1>20(1)] 0.0370, 0.0925 0.0435, 0.0887 0.0458, 0.1128 0.087, 0.086 0.0614, 0.1471 0.045, 0.052
R, wR, (all data) 0.0495, 0.0979 0.0673, 0.0953 0.0713, 0.1301 [1>30(1)] 0.0821, 0.1653 [1>30(1)]
Ap [e A7) 0.410/-0.362 0.364/—0.340 0.697/—0.359 1.53/-1.02 0.725/-1.155 0.95/-1.22
678 ——— © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 669 —-679
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