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Abstract

The ansa-metallocene complexes Me,Ge(n3-CsMe,),MCl, [M = Ti (1), Zr (2)], Me,Ge(n*-CsH;Bu-7),ZrCl, (3) and Me,Ge(n°-
CsH,)(n>-CsH53R)ZrCl, [R = Me (4), t-Bu (5)] were prepared by the reaction of the corresponding ligands with n-BuLi and
MCI,-2THF, respectively. The molecular structures of 1 and 2 have been determined by the X-ray diffraction method. Complexes
2-5 in combination with MAO were studied as catalysts for ethylene polymerization and all the germyl-bridged zirconocene
catalysts show high activities at relative high temperatures. This indicates that the germyl-bridged zirconocene systems show
thermally stable catalyst systems for polymerization of ethylene. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Metallocene catalysts have been one of the most
widely studied topics in more than 20 years [1]. It has
been found that, upon introduction of positional sub-
stituents with various degrees of steric bulk in the
aromatic rings or by modifying the size, number of
atoms, and nature of atoms constituting its bridge, the
catalytic performance can be altered in a predictable
manner. It is now generally recognized that metal-
locenes with a short single-atom rigid bridge structure
exhibit high activities and stereoselectivities in olefin
polymerization and a lot of singe-atom bridged metal-
locenes, especially single-carbon or silicon bridged
metallocenes have been synthesized and studied for
olefin polymerization [2,3]. However, there are still a
few reports on the germyl-bridged cyclopentadienyl
metallocene catalysts [4]. Based on our early work
about silyl-bridged Group 4 metallocenes [5], herein we
report the synthesis, crystal structures and catalytic
behavior of single-germanium bridged substituted cy-
clopentadienyl titanium and zirconium complexes.

* Corresponding author. Tel.: + 86-22-23504781; fax: + 86-22-
23502458.
E-mail address: bqwang@public.tpt.tj.cn (B. Wang).

2. Results and discussion

The ansa-metallocene complexes 1-5 were synthe-
sized by the reaction of the corresponding ligands with
n-BuLi and MCI,-2THF, respectively (Schemes 1-3).

The solubility of complex 1 is much smaller than that
of complex 2 in THF. After reaction complex 1 can
easily crystallize from the THF solution. Complex 3 is
a mixture of rac and meso isomers, which cannot be
separated thoroughly by recrystallization. However, the
rac and meso isomers can be assigned readily on the
'H-NMR spectra of the mixture. The mixed cyclopen-
tadienyl complexes 4 and 5 are not very stable, espe-
cially in solution, due to the poor symmetry.

The '"H-NMR spectra of 1 and 2 show two singlets
for the a- and B-methyls of cyclopentadienyl ring and a
singlet for the germanium methyl groups. The 'H-
NMR spectrum of 3 indicates the presence of a mixture
of rac and meso isomers in a 1:1 ratio. The z-butyl
protons show two singlets at 6 = 1.31 and 1.34 ppm for
rac and meso isomers. The germanium methyl protons
show a singlet at J = 0.83 ppm for rac isomer and two
singlets at 6 =0.76 and 0.88 ppm for the meso isomer.
The 'H-NMR spectra of 4 and 5 show two singlets for
the germanium methyl groups. Due to the asymmetry,
the cyclopentadienyl protons of 4 and 5 split into four
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peaks. The integral ratios are 1:2:1:3 for 4 and 1:3:2:1
for S.

There are molecular ion peaks in all the mass spectra
(EL 70 eV) of complexes 1-5. From the mass spectra it
also can see that, the zirconium complexes, having
larger abundances of the molecular ion peaks, are more
stable than the titanium complex. For complexes 4 and
5, due to the poor stability, the base peaks are very
small fragment ions (m/z =91 for 5).

The molecular structures of 1 and 2 are presented in
Figs. 1 and 2, respectively. Table 2 provides the selected
bond distances and angles. The molecule of 1 has no
symmetry but 2 has C, symmetry. This is probably due
to that the small ionic radius of titanium increases the
steric repulsion between two tetramethylcyclopentadi-
enyl ligands and Ti-Cl bonds which makes the
molecule of 1 twisted and lost the symmetry. Replace-
ment of titanium atom in 1 by zirconium, with increas-
ing the ionic radius of metals, Ti < Zr, all the bond
lengths (M—CIl, average M—-C), bond angles [CI-M—CI,
C-Ge—C (bridge head carbon)] and the dihedral angle
between two cyclopentadienyl ring planes (57.9 < 59.3°)
increase (Table 1).

Complexes 2-5 in combination with MAO were
studied as catalysts for ethylene polymerization. The
results are given in Table 2. From Table 2 it can be seen
that all the germyl-bridged zirconocenes show high
activities for ethylene polymerization and the activities

reach the maximum at higher temperature (80 °C for 2
and 60 °C for 3-5). In contrary to the silyl-bridged
analogues [5a,5b,5e], after carrying a t-butyl, the ger-
myl-bridged zirconocenes 3 and 5 still show high activ-
ities for ethylene polymerization. This can be
contributed to the larger ionic radius of germanium
than that of silicon which decreases the steric effect of
t-butyl.

Fig. 1. orRTEP diagram of the molecular structure of 1.
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Fig. 2. orRTEP diagram of the molecular structure of 2.

Table 1 .
Selected bond lengths (A) and angles (°) for 1 and 2

M=Ti (1) M=Zr (2)

Bond lengths

M-Cl 2.321(2), 2.340(1) 2.433(1)
M-PL (CsMe,) 2.1315, 2.1213 2.2297
Ge-PL (CsMe,) 0.5363, 0.4971 0.5539
Average M-C (CsMe,) 2.4566, 2.4492 2.5426
Ge-C (bridge head carbon) 1.963(4), 1.944(4) 1.968(5)

Bond angles

L CI-M-Cl 96.0(1) 99.1(1)

[ PL-PL 57.9 59.3

£, C-Ge-C (C: bridge head 89.7(2) 93.0(3)
carbon)

3. Experimental

Schlenk and vacuum line techniques were employed
for all manipulations of air- and moisture-sensitive
compounds. C,H,,, CqHsCH; and THF were purified
by refluxing over Na—(C¢H;),CO system under Ar.
CH,CIl, was distilled from P,Os under Ar before use.
'"H-NMR spectra were recorded on a Bruker AC-200
spectrometer and MS spectra on a VG-7070E HF.
Elemental analysis was performed on a CHN
CORDER MF-3 instrument. Polymerization grade
C,H, (Yanshan Petrochem. Co., China) was used with-
out further purification. MAO was purchased from
Aldrich Co., CsMe,HGeMe,CsMe,H [6], t-BuCp [7],
CpGeMe,Br [5f] and MCI,-2THF (M =Ti, Zr) [8] were
prepared according to literature.

3.1. Preparation of Me,Ge(CsMe,),TiCl, (1)

To a solution of 1.4 g (4.0 mmol) of CsMe,HGeMe,-
CsMe,H in 40 ml of THF cooled down to 0 °C was

dropwise added 8.0 mmol of n-BuLi C¢H,, solution.
After stirring at room temperature (r.t.) for 2 days, the
resulting solution was transferred via a cannula to a
solution of 1.34 g (4.0 mmol) of TiCl,-2THF in 30 ml
of THF at 0 °C. The mixture was stirred at r.t.
overnight and maintained under refluxing for 4 h. After
the removal of solvents the residue was extracted with
C¢Hs;CH;. Upon concentration and cooling down, a
purple crude product was obtained. After recrystalliza-
tion with CH,Cl, 0.3 g (16%) of 1 was obtained as
purple crystals. M.p.: >300 °C. Anal. Calc. for
C,,H;,CLGeTi: C, 51.96; H, 6.55. Found: C, 51.78; H,
6.74%. '"H-NMR (CDCl,): 6 2.07 (s, 12H, CsMe,), 1.79
(s, 12H, CsMe,), 1.13 (s, 6H, GeMe,). MS (El): m/z 462
(13, [M*]), 426 (22, [M — HCI] "), 411 (20, [M — HCl —
Me]*), 223 (31, [(CsMesCH,)GeMe,]™), 119 (100,
[CsMe;CH,]F), 105 (84, [CsMes] "), 91 (56, [C;HA]™),
77 (30, [CsHs] ™).

3.2. Preparation of Me,Ge(CsMe,),ZrCl, (2)

Complex 2 were synthesized using a similar method
as described above with ZrCl,-2THF instead of
TiCl,2THF. Complex 2: yellow green crystals, yield
21%. M.p.: > 300 °C. Anal. Calc. for C,,H;,Cl,GeZr:
C, 47.55; H, 5.99. Found: C, 47.65; H, 5.90%. '"H-NMR
(CDCl,): ¢ 2.03 (s, 12H, CsMey), 1.89 (s, 12H, CsMe,),
1.10 (s, 6H, GeMe,). MS (EI): m/z 504 (23, [M ")), 468
(12, [M — HCI] "), 453 (25, [M — HCl — Me]™"), 365 (9,
[(CsMe,),ZrCl) "), 245 (16, [(CsMe,)ZrCl)*, 223 (14,
[(CsMe;CH,)GeMe,]*), 119 (100, [CsMe;CH,] ™), 105
(71, [CsMes] ™), 91 (51, [C;H,]T), 77 (25, [CeHs] ™).

Table 2
Results of ethylene polymerization catalyzed with 2-5/MAO

Catalyst Tp (°C) Yield (g) A

2 20 3.38 2.25
40 3.95 2.63
60 2.87 1.91
80 5.81 3.87

3 (rac:meso = 1:1) 20 2.97 1.98
40 2.48 1.65
60 6.95 4.63
80 6.25 4.17

4 20 3.14 2.09
40 2.84 1.89
60 13.62 9.08
80 8.24 5.49

5 20 2.76 1.84
40 3.41 2.27
60 15.45 10.3
80 9.80 6.53

Polymerization conditions: [M] = 3.0 x 10~ mol, Al-Zr = 2500, ¢ =
30 min, 1 atm of monomer pressure, in 100 ml toluene. A4, activity
(10° gPE mol~! Zr—! h™1).
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3.3. Preparation of Me,Ge(CsH;Bu-t),ZrCl, (3)

To a solution of 6.1 g (50.0 mmol) of -BuCp in 100
ml of THF cooled down to 0 °C was dropwise added
50.0 mmol of n-BuLi C,H,, solution. After stirring at
r.t. for 5 h, 6.6 g (25.0 mmol) of Me,GeBr, was added
to the mixture at 0 °C. The mixture was stirred
overnight and then hydrolyzed. After separation, the
mixture was dried over Na,SO,. Then the solution was
evaporated to dryness and the residue was chro-
matographed on silica gel using petroleum ether as
eluent to give 6.7 g (78%) of ¢-BuCsH,GeMe,CsH,Bu-¢
as orange—red liquid. "H-NMR (CDCl,): é 5.8-6.8 (m,
6H, C;H,), 2.15 (m, 2H, CsH,), 1.18 (s, 18H, z-Bu),
—0.11 (s, 6H, GeMe,).

To a solution of 34 g (9.9 mmol) of ¢-
BuC;H,GeMe,Cs;H,Bu-7 in 60 ml of THF cooled down
to 0 °C was dropwise added 19.8 mmol of n-BuLi
C¢H,, solution. After stirring at r.t. overnight, the
resulting solution was transferred via a cannula to a
solution of 3.72 g (9.9 mmol) of ZrCl,2THF in 50 ml
of THF at 0 °C. The mixture was stirred at r.t. for 24
h. After removal of solvents the residue was extracted
with C4H,,. Upon concentration and cooling down 2.5
g (51%) of 3 was obtained as yellow—green crystals.
M.p.: 162—-164 °C. Anal. Calc. for C,,H;,Cl,GeZr: C,
47.55; H, 5.99. Found: C, 47.35; H, 5.56%. 'H-NMR
(CDCly): 6 6.82 (meso), 6.70 (rac), 6.02 (meso), 5.92
(meso), 5.58 (rac) (m, m, m, m, m, 6H, C;H;), 1.34
(meso), 1.31 (rac) (s, s, 18H, CMe,), 0.88 (meso), 0.83
(rac), 0.76 (meso) (s, s, s, 6H, GeMe,). MS (EI): m/z
504 (19, [M*]), 489 (30, [M — Me]*), 453 (100, [M —
HCI — Me]*), 385 (10, [M — Me — GeMe,] 1), 229 (29,
[M — HCI — GeMe,CsH;Bu-¢-Me] 1), 200 (24,
[CsH;GeCsH;] ™), 91 (14, [C;H,]™).

3.4. Preparation of Me,Ge(CsH,)(CsH;Me)ZrCl, (4)

To a solution of 5.69 g (23 mmol) of CpGeMe,Br in
25 ml of THF cooled down to 0 °C was dropwise
added 23 mmol of CsH,MeLi (prepared from C;HsMe
and n-BuLi in 40 ml of THF) solution. The mixture
was refluxed for 4 h and then hydrolyzed. After separa-
tion, drying and removal of solvents the residue was
chromatographed on silica gel using petroleum ether as
eluent to give 4.4 g (78%) of CpGeMe,CsH,Me as
orange—yellow liquid. 'H-NMR (CDCl,): § 5.8-6.8 (m,
7H, C;Hs and C;H,Me), 2.9-3.0 (m, 2H, C;H; and
CsH,Me), 2.07 (s, 3H, CsH,Me), —0.09 (s, 6H,
GeMe,).

Using a similar method for 3, 4 was synthesized from
2.04 g (8.3 mmol) of CpGeMe,CsH,Me, n-BuLi and
3.12 g (8.3 mmol) of ZrCl,-2THF. After removal of
solvents the residue was extracted with CH,Cl,. Upon
concentration and cooling down 0.3 g (8%) of 4 was
obtained as light-yellow solid. M.p.: 170 °C (dec.).

Anal. Calc. for C;;H,,Cl,GeZr: C, 38.34; H, 3.96.
Found: C, 38.10; H, 3.87%. 'H-NMR (CDCls): § 6.93
(m, 3H, CpH), 6.68 (m, 1H, CpH), 5.95 (m, 2H, CpH),
5.80 (m, 1H, CpH), 2.16 (s, 3H, CsH;Me), 0.99 (s, 3H,
GeMe,), 0.88 (s, 3H, GeMe,). MS (EI): m/z 406 (38,
[M*]), 391 (41, [M — Me] ™), 370 (91, [M — HCI] "), 355
(22, [M — HCI — Me] %), 297 (28, [M — CsH, — 3Me] ™),
302 (18, [M — GeMe,]*), 267 (72, [M — Cl — GeMe,] "),
253 (70, [M — GeMe, — HCl — Me]™), 229 (100, [M
—2HCl — Zr — Me]™), 215 (22, [M—HCI—-Cl—Zr
—2Me]™), 201 (32, [CsH,GeCsH;5] ).

3.5. Preparation of Me,Ge(CsH )(CsH;Bu-t)ZrCl, (5)

Using a similar method for CpGeMe,CsH,Me,
CpGeMe,CsH, Bu-t was synthesized from z-BuCp, n-
BuLi and CpGeMe,Br as orange—yellow liquid in 93%
yield. 'H-NMR (CDCI,): § 5.8-6.6 (m, 7H, CsH; and
Cs;H,Bu-7), 1.8-1.9 (m, 2H, C;H5 and C;H,Bu-7), 1.18
(s, 9H, ¢-Bu), —0.10 (s, 6H, GeMze,).

Using a similar method for 3, 5 was synthesized from
1.7 g (5.9 mmol) of CpGeMe,CsH,Bu-¢, n-BuLi and
2.22g (5.9 mmol) of ZrCl,2THF as light-yellow solid.
Yield 8%. M.p.: 154-156 °C. Anal. Calc. for
C,,H;,CLSi,Zr: C, 42.76; H, 4.94. Found: C, 42.35; H,
4.83%. 'H-NMR (CDCl): 6 6.93 (m, 1H, CpH), 6.83
(m, 2H, CpH), 5.98 (m, 3H, CpH), 5.83 (m, 1H, CpH),
1.33 (s, 9H, CMe;), 0.89 (s, 3H, GeMe,), 0.82 (s, 3H,
GeMe,). MS (EIl): m/z 448 (7, [M*]), 433 (9, [M —
Me]*), 412 (6, [M —HCI]'), 397 (30, [M —HCIl—
Me]*), 291 (10, [M —2Cl—2Me-¢-Bu]*), 91 (100,
[C/HIP).

3.6. Crystallographic studies

Crystals of 1 and 2 suitable for X-ray diffraction
were obtained from CH,CI, solutions. All data sets
were collected on Enraf—Nonius CAD-4 diffractometer
with graphite monochromated Mo—-K, radiation. The
corrections for empirical absorption were applied to
intensity data. The structures were solved by direct
method and expanded using Fourier techniques. The
non-hydrogen atoms were refined anisotropically. All
calculations were performed using the SDP-PLUS,
SHELXS-86 and SHELXL-93 program on PDP11/44 and
Pentium 586/166 computers. A summery of the crystal-
lographic results is presented in Table 3.

3.7. C,H, polymerization

Polymerization was carried out in a 250 ml glass
reactor with a magnetic stirring bar at about 780
mmHg. C;H;CH; (100 ml) was introduced into the
reactor, the temperature was increased to polymeriza-
tion temperature, and then C,H;CH,; was saturated
with C,H,. A prescribed amount of MAO (7.5 mmol)
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Table 3
Crystal data and structure refinement parameters for 1 and 2

1 2
Empirical formula C,H;CLGeTi C,oH;3,CL,GeZr
Formula weight 461.86 505.18
Crystal system Triclinic Monoclinic
Space group P1 (no. 2) C2/c (no. 15)

Unit cell dimensions

a (A) 8.764(2) 15.487(3)
b (A) 8.985(2) 12.352(2)
¢ (A) 14.389(3) 11.133(2)
o (%) 92.83(3) 90
B (©) 97.30(3) 104.50(3)
7 (°) 115.19(3) 90
14 (;\3) 1010(1) 2061(1)
VA 4 4
D (g cm™3) 1.518 1.627
4 (mm~—1) 2.1265 2.1983
Crystal size (mm) 0.10x0.20x0.35 0.15x0.20
x0.24
Radiation (A) Mo-K, (0.71073) Mo-K,
(0.71073)
Data collection method w-20 w20

Max. 26 (°) 46 46

Total no. of observations 2945 1598

No. of unique data 2348 1220
[[=3c(D)]

Final no. of variables 217 110

R 0.038 0.042

wR 0.046 0.049

Goodness-of-fit 1.00 1.25

dissolved in CgH;CH; (5 ml), metallocene (0.003 mmol)
dissolved in C{HsCH; (3 ml) were injected into the
reactor to initiate the polymerization. The polymeriza-
tion was stopped by adding 100 ml of methanolic
hydrochloric acid solution. The polymer product was
washed with EtOH and dried in vacuo at 60 °C.

4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC nos. 169170 and 169171 for com-
pounds 1 and 2, respectively. Copies of this information
may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: +44-1223-336033; e-mail: deposit@ccdc.cam.
ac.uk or www: http://www.ccdc.cam.ac.uk).
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