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Abstract

An ethylene-bridged zirconocene complex bearing methyl substituents only on the cyclopentadienyl carbons adjacent to bridge
point, ethylenebis(1,3-dimethylcyclopentadienyl)zirconium dichloride (5) was synthesized. Crystal structure of 5 was determined.
The complex, 5, when activated with MAO, shows better comonomer incorporation ability than [Ph,C(Fluo)(Cp)]ZrCl, in the
ethylene—norbornene copolymerization but it is not better than rac-Et(Ind),ZrCl, for the ethylene-1-hexene copolymerization in

terms of activity and comonomer incorporation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The metallocene compounds of Group 4 have at-
tracted strong attention from both academic and
industrial fields because they can be used as a new
generation polyolefin catalyst [1,2]. The ligand structure
heavily influences the catalytic activity, comonomer
incorporation and distribution, tacticity, and molecular
weight [3]. We have shown a novel synthetic route for an
ansa-zircornocene complex bearing the substituents
only on the cyclopentadienyl carbons adjacent to bridge,
2,2’-methylenbis(1,3-dimethylcyclopentadienyl)zirco-
nium dichloride, in which the steric hindrance around
reaction site is kept to a minimum. The complex showed
excellent activity and comonomer incorporation ability
in the ethylene—norbornene copolymerization [4]. In this
work, we report synthesis of an ethylene bridged
analogue, 2,2’-ethylenbis(1,3-dimethylcyclopentadie-
nyl)zirconium dichloride, and its catalytic reactivity

* Corresponding author. Tel.: +82-31-219-1844; fax: +82-31-219-
1592
E-mail address: bunyeoul@ajou.ac.kr (B.Y. Lee).

toward ethylene—norbornene and ethylene-1-hexene
copolymerization.

2. Results and discussion

2.1. Synthesis and characterization

The ligand was synthesized by the similar route for
2,2’-methylenebis(1,3-dimethylcyclopentadienyl)zirco-
nium dichloride from 1,5-hexadiyne via the key steps of
the Pauson—Khand reaction and the retro-Diels Alder
reaction (Scheme 1) [4,5]. The overall yield for the ligand
from 1,5-hexadiyne was quite good (38%). The metalla-
tion was conducted via trimethyltin-mediated method
with rather low yield (31%) [6]. The zirconocene com-
plex was fully characterized by NMR spectroscopy and
elemental analysis. '"H-NMR spectrum of 5 is very
simple (6.45 ppm for cyclopentadienyl protons, 3.20
ppm for ethylene bridge protons, and 2.24 ppm for
methyl protons). In '*C-NMR spectrum, five peaks were
observed (129.1, 124.8, and 122.0 ppm for cyclopenta-
dienyl carbons, 26.4 ppm for ethylene bridge carbon,
and 14.2 ppm for methyl carbons). The difference
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observed in NMR spectra compared with methylene
bridged complex is a big downfield shift of the
cyclopentadienyl carbon attached to the bridge from
104.1 to 122.0 ppm, which might result from the release
of ring strain by the ethylene bridge.

Single crystals of 5 for X-ray crystallography were
grown by vapor phase diffusion of pentane to a toluene
solution. Fig. 1 shows the structure of 5 with selected
bond lengths and angles. The angle of two centroids of
cyclopentadienyl and zirconium atom, the value of
which usually indicates how far the zirconium atom
displaces from the cyclopentadienyl ligand, is 124.29°.
The value is much bigger compared with those observed
for 2,2’-methylenbis(1,3-dimethylcyclopentadienyl)zir-
conium dichloride 6 (117.15°) [4] and
[Ph,C(Fluo)(Cp)]ZrCl, (117.6°) [7] but it is comparable
to that of rac-Et(Ind),ZrCl, (125.3°) [8]. The Cl-Zr—Cl
angle is 98.29(10)°, which is also close to that of rac-
Et(Ind),ZrCl, (99.09(3)°). The ten Zr—C(Cp) distances
are almost the same (average, 2.518(9) A). This feature
contrasts with the methylene bridged complex 6, in
which the Zr—C(Cp) distance increases progressively
from bridge head carbon (average, 2.450(4) A), to o-
carbon (average, 2.496 (4) A) and B-carbon (average,
2.544(6) A). The Zr—Cl distance (2.447(3) and 2.451(2)
é) is longer that that of rac-Et(Ind),ZrCl, (2.3884(5)
A).

2.2. Copolymerization studies

The catalyst was tested for ethylene—norbornene
copolymerization [9] under identical conditions pre-
viously carried out in our laboratory to compare the
reactivity with methylene bridged complex 6 and
[Ph,C(Fluo)(Cp)]ZrCl,, which has been proved to be
one of the best for the copolymerization in terms of
activity and comonomer incorporation [10,11]. The
polymerization results are summarized in Table 1 and

1
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4 5

Scheme 1. (i) (Indenyl)Co(COD) (1 mol%), CO (15 bar); (ii) Me,CulLi;
(iii) 420 °C (4.5 min); (iv) MeLi, then aq. HCl; (v) (a) n-BuLi (2.0
equivalents), then Me;SnCl, (b) ZrCly.

Fig. 1. orTEP view of 5, showing the atom-numbering scheme.
Thermal ellipsoids are shown at 30% probability level. Hydrogen
atoms have been omitted for clarity. Selected bond distances (A) and
angles (°): Zr-CI(l), 2.447(33); Zr-Cl(2), 2.451(2); Zr(1)-C(1),
2.503(9); Zr(1)-C(2), 2.521(10); Zr(1)-C(3), 2.519(11); Zr(1)-C(4),
2.517(10); Zr(1)-C(5), 2.508(9); CI(1)-Zr—Cl(2), 98.29(10); C(1)—
C(11)-C(12), 115.2(9); C(6)-C(12)-C(11), 114.7(9); Cp(centroid)—
Zr—Cp(centroid), 124.29.

comparative reactivity is summarized in Fig. 2. The
activity is the least among the three catalysts under the
same condition but the norbornene incorporation ability
is better than that of [Ph,C(Fluo)(Cp)]ZrCl, although it
is less than that of 6. However, both activity and
comonomer incorporation are much better when com-
pared with the ethylene-bridged complex, rac-
Et(Ind)>ZrCl,. rac-Et(Ind),ZrCl, gave 4.5x10° g
mol ' h~" activity and 47% norbornene content (7,
146 °C) while complex 5 gave 6.6 x 10° g mol ! h™!
activity and 57% norbornene content (7, 190 °C) under
the same conditions at 50 psig. '*C-NMR spectra of the
copolymers were recorded (Fig. 3). The spectra are too
complicated to be analyzed unambiguously even though
extensive study of the assignment of the '*C-NMR
spectra of the copolymers has been recently carried out
[12]. However, the main pattern of the spectrum (51
mol% norbornene, A in Fig. 3) is similar to that
observed for the polymer (50.8 mol% norbornene)
prepared with rac-Et(Ind),ZrCl, [12]. More severe
splitting is observed in the C2/C3 signal region (47-50
ppm), which might be attributed to the atatic placement
of the norbornene unit. With the C, symmetric catalyst,
rac-Et(Ind),ZrCl,, isotactic placement is predominant
and hence the signals are relatively simple. Mole fraction
of norbornene in the copolymers and mole fraction of
norbornene in the feeding monomers are well fitted to
Fineman—Ross plot (R =0.997). The reactivity ratios,
rny and rg are determined to be 0.040 and 1.5,
respectively. Narrow molecular weight distribution
(1.9-2.4) were observed and the molecular weights are
comparable to those obtained with methylene bridged
complex 6. Usually, the molecular weight increases by
the increase of the norbornene content because, after



B.Y. Lee et al. | Journal of Organometallic Chemistry 660 (2002) 161—166 163

Table 1
Ethylene—norbornene polymerization results *
Pressure (psig) [E] ® (mol 171 Yield (g) A€ T, (°C) N incorp (mol%) d M, MM,
100 0.13 2.6 16 158 51 177000 2.0
75 0.27 1.6 9.6 170 54 161000 2.1
50 ¢ 0.41 1.1 6.6 190 57 118000 1.9
25 0.55 0.60 3.6 209 65 70000 24

& Polymerization condition: 30 ml norbornene solution in toluene (3.54 M), 0.5 pumol catalyst, Al/Zr = 4000, 60 °C, 20 min.

® Ethylene concentration measured with thermal mass flowmeter.
© Activity in unit of 10° g mol ' h 1.
4 Norbornene incorporated in the copolymer by *C-NMR.
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Fig. 2. Comparative reactivity for norbornene—ethylene copolymer-
ization of 5, 6 (2,2’-methylenbis(1,3-dimethylcyclopentadienyl)zirco-
nium dichloride), and [Ph,C(Fluo)(Cp)]ZrCl,.

norbornene insertion, the chain transfer via B-elimina-
tion is impossible [11]. However, the molecular weight
decreases in this case by the increase of norbornene
content, which cannot be explained clearly in this stage.

The catalyst was tested for the copolymerization of
ethylene and 1-hexene. The polymerization results are
summarized in Table 2. rac-Et(Ind),ZrCl, was used for
comparison. Both complexes follow the general trend of
the copolymerization reactivity: activity increase by
addition of comonomer; molecular weight decrease by
the increase of comonomer content; narrow molecular
weight distribution [13]. The activity is not as good as
that of rac-Et(Ind),ZrCl, under the same conditions.
Comonomer content in the copolymer, which can be
estimated by Ty, value, is less than that obtained by rac-
Et(Ind),ZrCl,. Copolymers obtained at 0.25 M 1-hexene
concentration were analyzed by '*C-NMR study [14].
Analysis of the spectrum gave a value of 4.4 mol%
hexene content for the copolymer obtained by complex
5 (T, 108.1 °C) while 6.0 mol% hexene content was
obtained by rac-Et(Ind),ZrCl, (T, 102.0 °C). Slightly
higher molecular weight polymer is obtained with rac-
Et(Ind),ZrCl,.

rac-Et(Ind),ZrCl, gave 4.5 x 10° g mol ~' h ™! activity and 47% norbornene content (T, 146 °C) under the same condition.

“h N N

S
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Fig. 3. 3C-NMR spectra of norbornene—ethylene copolymers pre-
pared with 5, with norbornene mol percent: 51% (A); 54% (B); 57%
(C); 65% (D).

3. Experimental

3.1. General considerations

All manipulations were performed under an inert
atmosphere (dinitrogen or Ar) using a standard Schlenk
technique or a VAC glove box. Pentane, toluene, and
Et,O were distilled from benzophenone ketyl. Anhy-
drous grade toluene was purchased from Aldrich for
polymerization and purified by distillation over Na/K
alloys. Methylaluminoxane (MAOQO) was purchased as a
solution in toluene from Akzo (6.4 w% of Al, MMAO
type 4). Ethylene with a high purity grade 99.9% was
purchased from Conley Gas (99.9%) and purified by
passing through columns of activated molecular sieves
and copper. NMR spectra were obtained on a Bruker
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Table 2

Ethylene-1-hexene copolymerization results *

[1-Hex] (mol 171 Catalyst Yield (g) Activity (10° gmol ="' h 1) M, M,/ M, Twm (°C)
0 5 1.7 14 244000 1.67

0.060 5 3.6 29 127000 1.74 123.9
0.13 5 3.7 30 105000 1.80 116.1
0.25 5 3.7 30 110000 1.67 108.1 ¢
0.50 5 4.9 39 74000 1.73 91.9

0 (EBDZrCl, ® 3.1 25 383000 1.74

0.060 (EBD)ZrCl, 5.9 47 148 000 1.84 116.4
0.13 (EBI)ZrCl, 4.8 38 119000 1.76 108.9
0.25 (EBI)ZrCl, 4.9 39 132000 1.74 102.0 ¢
0.50 (EBD)ZrCl, 7.3 58 89000 1.75 n.d.

& Polymerization condition: Al/Zr = 4200, 0.5 umol catalyst, 250 ml hexane, 15 min, 80 °C, 30 psig.

® rac-Et(Ind),ZrCly.

© 4.4 mol% of [C6] was calculated by the analysis of '>*C-NMR spectrum.

46.0 mol% [C6].

ARX-300. IR spectra were recorded on a BIO-RAD
FTA-60A instrument. Elemental analyses were carried
out on a Perkin—Elmer 2400 CHN microanalyzer. Gel
permeation chromatograms (GPC) were obtained at
140 °C in trichlorobenzene using Waters Model 150-C 4
GPC and the data were analyzed using a polystyrene
analyzing curve. Differential scanning calorimetry
(DSC) was performed on a Thermal Analysis 3100.
Ethylene—norbornene copolymerizations were con-
ducted by the same method and conditions previously
reported [4]. The '*C-NMR spectra of norbornene
copolymers were recorded according to the literature
method at 100 °C on a Bruker DRX 600 spectrometer
operating at 150 MHz in 5 mm tubes and the norbor-
nene content in the copolymers were calculated accord-
ing to the formula established in the literature [11].
Ethylene concentrations were measured by thermal mass
flowmeter. The reactivity ratios, ry and rg were calcu-
lated by the Fineman—Ross method [15].

3.2. 4,4'-Ethylenebis(3-oxotricyclo[5.2.1.0°° Jdeca-4,8-
diene) (1)

Compound 1 was synthesized according to the
literature method and conditions [16]. The compound
was purified by dissolving in hot hexane and EtOAc (v/
v, 3:1), filtering it over short silica gel pad and then
recrystallization in a freezer (ca. —30 °C) for 1 day.
Solids were deposited, collected by removing the sol-
vent, and dried in a vacuum. Yield was 79%. White
solid. M.p. 108—112 °C. Anal. Calc. for C,,H»,0,: C,
82.99: H, 6.96. Found: C, 83.03; H, 7.08%. "H-NMR
(CDCl): 7.14 (d, J =2 Hz, 1H, C(O)C=C-H), 6.23 (dd,
J=15.6,3.0 Hz, 1H, vinyl-H), 6.15 (dd, J =5.6, 3.0 Hz,
1H, vinyl-H), 2.86 (s, 1H), 2.66 (s, 1H), 2.60 (s, 1H), 2.35
(s, 2H, bridge-CH,CH>), 2.25 (d, /=5 Hz, 1H), 1.32 (d,
J=9.3 Hz, 1H), 1.12 (d, J=9.3 Hz, 1H). “"CMR
(CDCl3): 6 209.6 (carbonyl), 159.2, 49.5, 138.3, 137.0,

52.5, 47.7, 43.6, 42.9, 41.1 (bridge-CH,CH,), 22.9. IR
(KBr pellet): 1705, 1622 cm ..

3.3. 2,2’-Ethylenebis(3-methyl-2-cyclopenten-1-one) (3)

To a Schlenk flask containing a slurry of Cul (8.61 g,
45.2 mmol) in Et,O (150 ml) was added MeLi (60 ml, 1.5
M in Et,O solution, 90 mmol) at —20 °C. The solution
was stirred at —20 °C for 30 min and cooled to —78 °C.
A solid 1 (6.00 g, 18.8 mmol) was added to the solution
in one portion. The resulting solution was allowed to
warm to room temperature (r.t.). After the solution was
stirred at r.t. for 5 h, it was poured to the chilled water
(100 ml). The mixture was filtered over celite and the
etheral solution was separated. The aq. soln was
extracted with Et,O (50 ml). The etheral solutions
were combined, dried over anhydrous MgSO,, and
evaporated to give white solid, which was used for
further reaction without further purification. The solid
was placed in a quartz tube which was connected via a
flexible tube to a Schlenk flask. After the system was
purged with nitrogen, the quartz tube was placed in a
furnace whose temperature had been set at 420 °C and
the Schlenk flask was immersed in liquid nitrogen bath.
After 4.5 min, the quartz tube was removed from the
furnace and was cooled to r.t. Purification of a crude
product was carried out by column chromatography on
a silica gel eluting with hexane and EtOAc (v/v, 1:1).
Overall yield from 1 was 81% (3.33 g). White solid. M.p.
108-109 °C. Anal. Calc. for C;4H,30,: C, 77.03; H,
8.31. Found: C, 77.26; H, 8.48%. '"H-NMR (CDCl): o
2.43-2.32 (m, 2H), 2.33-2.28 (m, 2H), 2.29 (s, 2H,
bridge-CH,CH,), 297 (s, 3H, CH;). "“C-NMR
(CDCl3): ¢ 209.4 (carbonyl), 171.0, 139.6, 34.2, 31.5,
21.5 (bridge-CH,CH,), 17.2 (CHj). IR (KBr pellet):
1691, 1640 cm .
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3.4. 2,2’-Ethylenebis( 1,3-dimethyl-1,3-cyclopentadiene)
(4)

To a Schlenk flask containing 3 (1.32 g, 6.05 mmol) in
50 ml of Et,O was added MeLi (12 ml, 1.5 M in Et,O, 18
mmol) at —78 °C. The solution was allowed to warm to
r.t. After the solution was stirred for 20 h, 10 ml of water
was added carefully. Volatiles were removed by rotary
evaporator and EtOAc (60 ml) was added to the residue.
The mixture was poured into a separatory funnel. The
aq. layer was removed and aq. 2 N HCI solution (60 ml)
was added. The separatory funnel was vigorously
shaken for 2 min. The aq. layer was removed and the
organic layer was washed with aq. concd NaHCO; (30
ml). The organic layer was collected and dried over
anhyd MgSO,. After removal of the solvent by rotary
evaporator, the residue was purified by column chro-
matography on silica gel eluting with hexane and
benzene (v/v, 10:1). Yield: 0.767 g (59%). "H-NMR
(CDCl3): ¢ 5.80 (d, /=1 Hz, 1H, vinyl-H), 2.73-2.71
(m, 2H, CH,»), 2.31 (s, 2H, bridge-CH,CH,), 1.93 (s, 3H,
CH5), 1.85 (s, 3H, CH3). 3C-NMR (CDCl5): ¢ 143.8,
139.9, 137.7, 123.5, 43.8, 25.6 (bridge-CH,CH,), 14.1
(CHs;), 13.5 (CHs;).

3.5. 2,2-Ethylenebis(1,3-
dimethylcyclopentadienyl) zirconium dichloride (5)

To a Schlenk flask containing 4 (0.728 g, 3.40 mmol)
in 20 ml Et,O was added n-BuLi (2.7 ml, 2.5 M in
hexane, 6.8 mmol) at —78 °C. The solution was allowed
to warm to r.t. After the solution was stirred for 20 h,
chlorotrimethyltin (1.49 g, 7.48 mmol) in 10 ml Et,O
was added at —40 °C. After stirring at r.t. for 2 h, all
volatiles were removed under reduced pressure. The
residue was dissolved in anhydrous hexane (60 ml) and
filtered. Removal of hexane gave a white crystalline
solid. To a flask containing the solid was added 30 ml
toluene and the flask was placed in a —30 °C bath. A
slurry of ZrCly (0.781 g, 3.35 mmol) in toluene (20 ml)
was added via cannula. The mixture was allowed to
warm to r.t. and stirred for 20 h. After the solution was
stirred in addition for 3 h at 80 °C; all volatiles were
removed under vacuum at that temperature. The com-
plex was extracted with hot hexane (150 ml). White solid
was deposited by cooling the solution to —30 °C (0.401
g, 31%). Single crystals for X-ray crystallography were
obtained by slow diffusion of pentane vapor to a toluene
solution. White crystals. M.p. > 200 °C (dec.). Anal.
Calc. for C¢H,oCl,Zr: C, 51.31; H, 5.38. Found: C,
51.54; H, 5.04%. "H-NMR (CDCls): § 6.45 (s, 2H, Cp-
H), 3.20 (s, 2H, bridge-CH,CH,), 2.24 (s, 6H, CHj).
3C-NMR (75 MHz, CDCl5): § 129.1, 124.8, 122.0, 26.4
(bridge-CH,CH,), 14.2 (CH3).

3.6. Ethylene-1-hexene copolymerization

To a dried 500 ml glass reactor was added a solution
of 1-hexene in hexane (250 ml). The nitrogen atmo-
sphere was replaced by ethylene by purging with
ethylene gas. The reactor was immersed in an oil bath
(80 °C) for 15 min. The activated catalyst, which had
been prepared by mixing MAO (1.0 ml, 2.1 mmol Al, 6.4
w% Al in toluene) with zirconocene complex (0.5 umol)
in 10 ml of toluene for 15 min at r.t., was added via
syringe. Ethylene was fed immediately under the pres-
sure of 30 psig. After stirring for 15 min under that
pressure, the reaction was quenched by releasing the
ethylene pressure and addition of 5 ml of MeOH. White
solid was obtained by filtration and dried under
vacuum. 7T, values were determined with DSC on a

second heating at a heating rate of 10 °C min .

3.7. Crystallographic studies

Crystals coated with grease (Apiezon N) were
mounted inside a thin glass tube with epoxy glue and
placed on an Enraf—Nonius CCD single crystal X-ray
diffractometer using graphite-monochromated Mo—-K,
radiation (4 =0.71073 A). The structures were solved by
direct methods (SHELxs-97) [17] and refined against all
F? data (sHELxs-97). All non-hydrogen atoms were
refined with anisotropic thermal parameters. The hydro-
gen atoms were treated as idealized contributions.

3.7.1. Crystal data for 1

Ci6Ho0ClyZr, M = 377.44, white crystals, crystal size
0.3x0.3x0.2 mm, orthorhombic, space group
P212121, temperature 293(2) K, a=28.5291(3), b=
13.2531(5), ¢ = 14.2340(6) A, V' =1608.97(11) A3, Z =
4, Do = 1.546 Mg m~ 3, F(000) =760, 3581 reflections
collected in 2(—11/11), k(—17/17), [(—18/18), measured
in the range 2.10 < 0 < 27.45°, R;,=0.0000, 177 para-
meters, 0 restraints, R; =0.0590, wR,=0.1289 (for
reflections with I >20 (1)), Ry =0.1118, wR, =0.1792,
goodness-of-fit = 1.021, largest difference peak and
hole: 1.007/—1.628 e A7,

4. Supplementary material

Crystallographic data for structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC no. 184277 for compound 5.
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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