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Abstract

A variety of methoxy-subsiituted (indenyDtrichlorotitanium complexes were synthesized, and these precursors were used to
polymerize styrene, ethylene, and propylene. The complexes, when activated with methylaluminoxane (MAO), show only low activity for
a-olefin polymerization. Oxygen—aluminum coordination between the methoxy group and MAO could be the deactivating interaction.

Keywords: Indenyl; Titanium; Polymerization; Styrene

1. Introduction

In 1986 Ishihara and coworkers reported that CpTiCl,
with methylaluminoxane (MAQO) as a cocatalyst pro-
duced syndiotactic polystyrene (s-PS) for the first time
[1]. Since the initial discovery, several studies on the
effect of ligand substitution on polymerization behavior
[2.3), as well as studies on the mechanism involved in
the polymerization of styrene, have been reported [4].

We have recently reported that {[2-(dimethyl-
amino)ethyl]cyclopentadienyl}trichlorotitanium (1) is a
catalyst for styrene polymerization when activated with
MAO. In addition. 1-MAO was also found to be active
for the polymerization of ethylene and propylene [5].
The ability of this catalyst to polymerize all three
monomers can be attributed to the fact that the
dimethylamino group is able to coordinate reversibly to
the titanium center in the activated species.

It has been shown by Yanlong and coworkers [6] that
in the precursor [(2-methoxyethyl)cyclopentadienylltri-
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chlorotitanium (2) there is chelation of the oxygen atom
to the titanium center prior to activation by MAO.

The central purpose of the present study is to investi-
gate the influence of methoxy substituents on poly-
merization behavior. Several methoxy-substituted cata-
lyst precursors were synthesized and evaluated as cata-
lyst precursots to polymerize a-olefins.

2. Experimental section

Reactions were carried out under an argon atmo-
sphere using standard Schlenk techniques. MAO was
purchased from Akzo, and all other reagents were pur-
chased from Aldrich and used without further purifica-
tion. 4,7-Dimethoxyindene [7], 3-methoxyindene [8],
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(2-methoxyethyl)cyclopentadiene [9), and 3-(2-metho-
xyphenyl)indene [10] were prepared by literature proce-
dures. Toluene, diethyl ether, tetrahydrofuran (THF),
hexane and pentane were distilled from Na-K alloy
under argon. Methylene chloride and styrene were dis-
tilled under argon from CaH,. '"H NMR spectra were
recorded on Varian XL-200 or Bruker NR-80 spectrom-
eters. Elemental analyses were performed by the Micro-
analytical Laboratory, University of Massachuseitts,
Amherst, MA. The procedure used to polymerize styrene
has been reported in detail [3).

2.1. 4,7-Dimethoxy-1-trimethylsilylindene (3)

Te a solution of 4,7-dimethoxyindene (1.6g.
9.0mmol) in 50ml of THF was added a 1.6 M solution
of butyllithium in hexane (5.6 ml, 9.0 mmol) at 0°C and
the solution was stirred for 8 h at room temperature. The
solvent was removed under reduced pressure, and the
residue was dissolved in 75 ml of hexane.
Chlorotrimethylsilane (1.20g, 11 mmol) was added at
0°C, and the mixture was stimed overnight at room
temperature. The suspension was filtered and the sol-
vent removed under reduced pressure to give 1.6g
(72%) of 3 as a yellow oil. '"H NMR (CDCl,): & 7.08-
6.54 (2H, m, H,,); 6.65 (2H, s, H,,); 3.88 (3H, s,
OCH,); 3.83 (3H, s, OCH,); 3.71 (1H, s, H,); =0.01
(9H, s, SiMe,).

2.2, (n’-4,7-Dimethoxyindenyl)trichlorotitanium (4)

A solution of 3 (1.6, 6.4mmol) in S0ml of CH,C!,
was cooled to 0°C and TiCl, (1.5g, 7.7mmol) was
slowly added via a syringe, The reaction mixture was
stirred at 0°C for 30 min and at room temperature for
8h. The solvent was removed under reduced pressure,
and the solid residue was washed with hexane and dried
in vacuo, The solid was vacuum sublimed at
140°C/0.003 mm Hg to give 1.8 (85%) of 4 as green
crystals, Anal. Found: C, 39.94; H, 3.40.
C, H,,C1,0,Ti. Calc.: C, 40.10; H, 3.37%. 'H NMR
(CDCl,): 67.20 (2H, d, H,,); 7.03 (1H, t, H,); 6.64
(2H, s, Hyy); 3.96 (6H, s, OCH,).

2.3, 3-Methoxy-1-trimethylsilylindene (5)

A solution of 3-methoxyindene (3.3g, 22mmol) in
75ml of hexane was cooled to 0°C and 1.6M butyl-
lithium (14ml, 22mmol) was added via a syringe. The
reaction mixture was stirred for 8h at room tempera-
ture. The solvent was removed under reduced pressure,
and the solid was dissolved in 75Sml! of THF. The
solution was cooled to 0°C and chlorotrimethylsilane
(2.7g, 25 mmol) was added. The reaction mixture was
stimed overnight, the solvent removed under reduced
pressure and the residue was dissolved in 100ml of

pentane. The suspension was filtered and the solution
was concentrated to 1 /4 its original volume. Cooling to
—20°C resulted in 4.0g (83%) of 5 as colorless nee-
dles, m.p. 45-46°C. Anal. Found: C, 71.47; H, 8.28.
C,3;H,g0Si. Calc.: C, 71.50; H, 8.31%. 'H NMR
(CDCl,): &7.41-7.22 (4H, m, H,;,,); 5.43 (IH, d,
H,); 3.88 (3H, s, OCH,); 3.28 (1H, d, H,); —0.04 (9H,
s, SiMe;,).

2.4. (2-Methoxyethyl)trimethylsilylcyclopentadiene (6)

(2-Methoxyethyl)cyclopentadiene (3.2 g, 26 mmol)
was dissolved in 100ml of hexane, the solution was
cooled to 0°C and 1.6 M butyllithium (16.3 ml, 26 mmol)
was added via a syringe. The reaction mixture was
stirred for 4h at room temperature, after which the
mixture was cooled to 0°C. Chlorotrimethylsilane (3.1 g,
29mmol) was added and the mixture was stirred
overnight. The suspension was filtered and the hexane
was removed in vacuo to give 3.5g (69%) of 6 as a
yellow oil. "H NMR (CDCl,): § 6.70-6.05 (3H, br m,
ring sp?); 3.55 (2H, t, B-CH,); 3.36 (3H, s, OCH,);
3.01 (1H, br m, ring sp®); 2.72 (2H, t, a-CH,); —0.09
(9H, s, SiMe,).

2.5. (n’-(2-Methoxyethyl)cyclopentadienyl)trichioro-
tiranium (2)

A solution of 6 (3.5 g, 18 mmol) in 100 ml of toluene
was cooled to 0°C and TiCl, (3.4g, 18 mmol) was
added via a syringe. The reaction mixture was stirred at
0°C for 30min and at room temperature for 8 h. After
removing the toluene, the solid was dissolved in 75 ml
of CH,Cl, and the mixwre was filtered. The solution
was concentrated to 1 /4 its original volume and cooled
to —20°C to give 4.0g (80%) of 2 as orange crystals.
The physical and spectral data were identical with val-
ues given in the literature [6).

2.6. 3-(2-Methoxyethyl)indene (7)

A solution of indene (12.3g, 0.11 mol) in 150ml of
THF was cooled to 0°C and 1.6 M butyllithium (66.3 ml,
0.11mol) was added. After stirring for 6h at room
temperature, (2-chloroethyl) methyl cther (10 g,
0.11 mol) was added dropwise at 0°C and the mixture
was stirred overnight at room temperature. The reaction
mixture was hydrolyzed with aqueous NH,Cl and the
organic layer was separated, washed with water, dried
(Na,S0,) and the solvent evaporated. The residus was
vacuum distilled at 80°C /0.0l mmHg to give 15.2¢
(79%) of 7 as a colorless oil. Anal. Found: C, 82.90; H,
8.07. C,,H,,0. Calc.: C, 82.72; H, 8.10%. 'H NMR
(CDCL,): 87.32-7.21 (4H, m, H,(,): 630 (1H, m,
H,): 3.75 (2H, t, B-CH,); 3.36 (3H, s, OCH,); 3.32
(1H, d, ring CH,); 2.83 (2H, br t, a-CH,).
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2.7. 3-(2-Methoxyethyl)-1-trimethylsilylindene (8)

To a solution of 7 (4.1 g, 24mmol) in 100 ml of THF
was added 1.6 M butyllithium (14.7ml, 24mmol) at
0°C, and the reaction mixture was warmed to room
temperature and stirred for 8h. Chlorotrimethylsilane
(2.8 g, 26 mmol) was slowly added via a syringe at 0°C
and the mixture was stired at room temperature
overnight. The volatiles were removed under reduced
pressure and the residue was dissolved in 100ml of
pentane. The suspension was filtered and the pentane
removed to give 4.2g (71%) of 8 as a yellow oil. 'H
NMR (CDCl,): §7.48-7.26 (4H, m, H,5¢,); 6.44
(1H, br m, H,); 3.73 (2H, t, B-CH,); 3.47 (IH, br d,
ring sp*); 3.44 (3H, s, OCH,); 2.97 (3H, br t, a-CH,);
—0.04 (9H, s, SiMe,).

2.8. m°-1-(2-Methoxyethyl)indenyl)trichlorotitanium (9)

A solution of 8 (4.2g, 17mmol) in 75ml of CH,Cl,
was cooled to —78°C in a dry-ice—acetone bath. TiCl,
(1.9 g, 17 mmol) was added slowly via a syringe and the
solution was stirred for 30min. The reaction mixture
was allowed to warm to room temperature and stirred
overnight. The volatiles were removed under reduced
pressure, fresh CH,Cl, (75ml) was added, and the
mixture was filtered. Concentration of the solution to
1/3 its original volume followed by cooling to —20°C
produced 4.2g (75%) of 9 as dark-red crystals. Anal.
Found: C, 43.76; H, 4.30. C,H,,C1,0Ti. Calc.: C,
44.01; H, 4.00%. 'H NMR (CDCl,): 6 7.87-7.47 (4H,
m, Hyqe9) 7.18=7.03 (2H, m, H,,): 3.82 (2H, 1,
B-CH 23; 3.43 (2H, {, a-CH,); 3.36 (3H, 5, OCH,).

2.9. 3-(2-Methoxyphenyl)-1-trimethylsilylindenc (10)

3.(2-Methoxyphenylindene (3.7g, 17mmol) was
dissolved in 7Sml of Et,0 ond 1.6M butyllithium
(10.6ml, 17 mmol) was added at 0°C. After the reaction
mixture was stired for 8h at room temperature,
chlorotrimethylsilane (2.0g, 19 mmol) was added and
the solution was stirred overnight. The Et,0 was re-
moved under reduced pressure and the residue was
extracted with 75ml of pentane. The suspension was
filtered and the pentane removed to give 4.8 g (96%) of
10 as a yellow oil. 'H NMR (CDCl,): & 7.44-7.02 (8H,
m, arom H); 6.69 (1H, d, H,) 3.78 (3H, s, OCH,);
3.63 (1H, d, ring sp*); —0.03 (9H, s, SiMe,).

2.10. (n® 1-(2-Methoxyphenyl)indenylhrichlorotitanium
(1)

To a solution of 10 (4.8g, 16mmol) in 75ml of
toluene was added TiCl, (3.1g, 16 mmol) at —78°C.
The reaction mixture was warmed to room temperature
and stirred overnight. The volatiles were removed under

reduced pressure, the residue was extracted with 75 ml
of CH,Cl,, and the mixture was filtered. Concentration
of the solution followed by cooling to —20°C produced
3.8 (63%) of 11 as dark-blue crystals. Anal. Found: C,
50.77; H, 3.48. C,(H,;C1;0Ti. Calc.: C, 51.18; H,
3.49%. 'H NMR (CDC,): & 7.86-7.28 (8H, m, H , ;¢ -
and phenyl); 7.19-7.00 (2H, m, H,,); 3.86 (3H, s,
OCH,).

3. Results and discussion

Since it was found that 1-MAO polymerized ethy-
lene and propylene as well as styrene, we attempted to
substitute a harder Lewis base (i.e. oxygen) to deter-
mine if a stronger coordination of the pendant group
would increase the catalytic activity toward ethylene
and propylene. The synthesis of precursor 2 has previ-
ously been reported. However, we have prepared 2 by a
simpler, alternative synthesis which gave 2 in high
yield.

1) Buli
e msessn i (e

CsHs(CH2CH,0CH C QOCH,
sHs(CHaCH20CH3) 2)CISMes HCH,OCH,
SiMe;
8
TiCly
2 Toluene
(80%)

Since Ready and coworkers [11] showed that the use
of an indenyl ligand in place of a cyclopentadienyl
ligand resulted in higher polymerization activity and
stereoselectivity, we have also synthesized [1-(2-
methoxyethylindenyl]trichlorotitanium (9) in good yield
by a similar procedure.

When 2~-MAO and 9-MAO were used to polymer-
ize styrene, both catalysts exhibited low activities of ca.
1 X 104 g PS /(mol Ti - mol styrene - h), and the syndio-
tacticity of the PS was greater than 92%. For the
polymerization of ethylene, both catalysts also had simi-
lar activities of ca. 3 X 10°gPE/(molTi - [ethylene] -
h), although neither catalyst had any activity for propy-
lene polymerization.
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In addition to compounds with pendant methoxy
substituents, we attempted to synthesize two precursors
which contained methoxy substituents directly attached
to the indenyl ring. (4,7-Dimethoxyindenyltrichloro-
titanium (4) was prepared in 85% yield from 4,7-di-
methoxyindene via the intermediate 4,7-dimethoxy-1-
trimethylsilylindene (3).

gh SiMey
1) Buli ’HCh @
2) CISiMO: CHzC‘z ’
ca’ e

4

Polymenzation of styrene with 4~MAO gave a small
amount of s-PS with an activity of 2 X
10° g PS/(mol Ti - mol styrene - h). The catalyst 4-
MAQO had no activity for ethylene or propylene.

Auempts tc synthesize (1-methoxyindenyDtrichloro-
titanium (12) failed. The conversion of 3-methoxyin-
dene to 3-methoxy-1-trimethylsilylindene (5) went as
expected. However, several attempts to convert § to 12
using several different solvent systems (e.g. CH,Cl,~
TiCl, and toluene=TiCl,) failed to produce 12.

1) Buki
2)C18iMas

Ci’é,\ (W
8 12

The overall low polymerization activity of the above
catalysts could be due to the following factors. One
possible factor is oxygen—aluminum coordination be-
tween the catalyst and cocatalyst. This coordination has
been studied by Piccolrovazzi et al. [7) for methoxy-
substituted zirconocenes. The lowering in activity has
been attributed to the fact that oxygen—aluminum coor-
dimation suppresses the resonance effect and enhances
the inductive effects of the methoxy group.

However, there is another possible reason for the
lowering in polymerization activity when methoxy-sub-
stituted precursors are activated with MAO. Since MAO
is a polymeric species, when oxygen-aluminum coordi-
nation takes place the amount of steric hindrance around
the catalytic center is dramatically increased, which
could inhibit monomer coordination and result in lower
activity. Furthermore, the oxygen-aluminum coordina-
tion could substantially decrease the ability of MAO to

abstract an anionic ligand from titanium to form the
cationic organotitanium active species.

In an attempt to minimize the coordination between
MAO and the methoxy substituent, we prepared a pre-
cursor which would have more steric bulk around the
oxygen atom. Accordingly, we synthesized [1-(2-
methoxyphenyl)indenyl}trichlorotitanium (11) with the
idea that when the oxygen was coordinated to the
titanium center, the phenyl ring might prevent coordina-
tion of MAO with the oxygen. Unfortunately, no im-
provement in catalytic activity was observed with 11—
MAO.

Vg (l,l\ ]
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