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Abstract

Hydrolysis of 1,2-diphenyl-4-R-cyclopentadienyl titanium trichloride (R = Me (1), n-Bu (2)) affords the corresponding oxo-bridged
monocyclopentadienyl titanium compounds (1,2-Ph2-4-R-CpTiCl2)2(l-O) (R = Me (3), n-Bu (4)), new dinuclear species. The molecular
structures of complexes 3 and 4 have been confirmed by single-crystal X-ray diffraction. Both complexes have been characterized by ele-
mental analysis, 1H and 13C NMR spectroscopy. When activated with Al(iBu)3 and Ph3CþBðC6F5Þ4�, complexes 3 and 4 show reason-
able catalytic activity for ethylene polymerization, producing polyethylenes with moderate molecular weights, and upon activation with
methylaluminoxane (MAO), complexes 3 and 4 exhibit high catalytic activity and syndiospecificity for the polymerization of styrene.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Group 4 metallocene catalysts have attracted extensive
interest due to their applications in the fields of organome-
tallic chemistry, catalysis and polymer science [1–3]. In par-
ticular titanium catalysts based on the cyclopentadienyl
ligand have been widely studied as active catalysts
employed in industry and academic institutions [4–15]. It
is well known that even minor modification of the ligands
can result in remarkable changes in catalytic activity, as
well as polymer properties, such as molecular weight, co-
monomer incorporation and stereoregularity [16–20].
Thus, it is of great significance to develop new homoge-
neous catalysts producing a number of high performance
polyolefins. Recently we have reported a series of diphenyl
substituted cyclopentadienyl titanium trichloride com-
plexes as precatalysts for styrene polymerization [21]. Fur-
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ther study on these titanium systems found that these
complexes could be readily hydrolyzed to produce corre-
sponding dimeric compounds in solution. In previous
instances, dinuclear complexes bearing a cyclopentadienyl
ligand play a significant role in some catalytic processes,
because a cooperative effect of two close reactive metal cen-
ters is generated to accomplish unusual coordination
modes [22]. Herein we report the synthesis and structural
characterization of the oxo-bridged binuclear complexes,
as well as their catalytic performance in ethylene and sty-
rene polymerization.

2. Experimental

2.1. General comments

All manipulations involving air and moisture sensitive
compounds were carried out under a nitrogen atmosphere
(ultra-high purity) using either standard Schlenk tech-
niques or glovebox techniques. Et2O and toluene were
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dried over sodium/benzophenone under nitrogen and were
freshly distilled prior to use. CH2Cl2 and n-hexane were
refluxed under nitrogen over calcium hydride and distilled
before use. Methylaluminoxane (MAO, 10 wt.% solution
in toluene, M = 800 g mol�1, Al = 5.3 wt.%) was pur-
chased from Wtico. Al(iBu)3, methyl lithium, n-butyl lith-
ium and titanium tetrachloride were purchased from
Aldrich. 1,2-Diphenyl-4-methyl-cyclopentadienyl titanium
trichloride (1), 1,2-diphenyl-4-n-butyl-cyclopentadienyl
titanium trichloride (2) [21] and Ph3C+B(C6F5)� [23–25]
were prepared according to the literature procedures. The
crystal structure was determined with a CCD diffraction
apparatus. NMR spectra were measured using a Varian
Mercury-300 NMR spectrometer. Elemental analyses were
performed on a Perkin–Elmer 240c element analyzer. Vis-
cosity-average molecular weights of the polyethylenes were
determined in decahydronaphthalene at 135 �C using a
Schott Gerate Mod. AVS/T2 Ubbelohde viscosimeter. Vis-
cosity-average molecular weights of the polystyrenes were
determined in o-dichlorobenzene at 135 �C using a Schott
Gerate Mod. AVS/T2 Ubbelohde viscosimeter. Melting
transition temperatures (Tm) of the polyethylenes and poly-
styrenes were determined by DSC (Du Pont 910 differential
scanning calorimeter) at a heating rate of 10 �C min�1.

2.2. Synthesis of (1,2-Ph2-4-Me-CpTiCl2)2(l-O) (3)

A mixture of Et2O (20 mL) and distilled H2O (9.0 lL,
0.50 mmol) was slowly added at �15 �C to solid complex
1 (385.5 mg, 1.00 mmol), and the obtained solution was
warmed to room temperature and stirred for 48 h (Scheme
1). The solvent was removed in vacuo, and the resulting res-
idue was extracted with a mixed solvent of CH2Cl2/n-hex-
ane (1:3, 15 · 2 mL). The solution was concentrated to give
a red solid (317.3 mg, 88.6%). Red crystals of the complex
suitable for X-ray diffraction were obtained by recrystalli-
zation from a mixture of CH2Cl2/n-hexane (1:5) at room
temperature. Anal. Calc. for C36H30Cl4OTi2 (716.20): C,
60.37; H, 4.22. Found: C, 60.31; H, 4.18%. 1H NMR
(CDCl3, 300 MHz, 298 K): d 2.40 (s, 6H, CH3), 6.87 (s,
4H, C5H2), 7.28–7.50 (m, 20H, C6H5). 13C NMR (CDCl3,
75 MHz, 298 K): d 17.2 (CH3), 128.9, 133.4, 137.9 (C5H2),
123.2, 128.4, 129.7, 136.3 (C6H5).
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Scheme 1. Synthetic procedure of complexes 3–4.
2.3. Synthesis of (1,2-Ph2-4-n-Bu-CpTiCl2)2(l-O) (4)

Compound 4 was prepared in the same manner as
described above for the synthesis of 3 (Scheme 1), and iso-
lated in 89.2% as a red crystalline solid. Anal. Calc. for
C42H42Cl4OTi2 (800.36): C, 63.03; H, 5.29. Found: C,
63.05; H, 5.21%. 1H NMR (CDCl3, 300 MHz, 298 K): d
0.91 (t, 3JHH = 7.7 Hz, 6H, CH3), 1.35 (m, 3JHH = 7.5 Hz,
4H, CH2), 1.60 (m, 3JHH = 7.6 Hz, 4H, CH2), 2.73 (t,
3JHH = 7.8 Hz, 4H, CH2), 6.88 (s, 4H, C5H2), 7.27–7.50
(m, 20H, C6H5). 13C NMR (CDCl3, 75 MHz, 298 K): d
14.1, 22.6, 31.4, 32.7 (C4H9), 128.9, 133.4, 143.3 (C5H2),
122.3, 128.4, 129.8, 136.1 (C6H5).

2.4. X-ray structure determination of 3 and 4

Crystals of 3 and 4 suitable for X-ray structure determi-
nation were obtained from a saturated solution of CH2Cl2/
n-hexane (1:5, v/v) at room temperature. Diffraction data
were collected at 293 K on a Bruker SMART-CCD diffrac-
tometer using Mo Ka radiation. The structures were solved
using direct methods and refined by full-matrix least-
squares procedures [26]. All non-hydrogen atoms were
refined anisotropically and the hydrogen atoms were
included in ideal positions. All calculations were performed
using the SHELXTL crystallographic software packages [27].
Relevant crystallographic data are summarized in Table 1.

2.5. Polymerization of ethylene

The ethylene polymerizations (runs 1–8) were carried
out according to the following procedure: A dry 250 mL
steel autoclave with a magnetic stirrer was charged with
70 mL of toluene, thermostated at the desired temperature
and saturated with ethylene (1.5 bar). The polymerization
reaction was initiated by addition of a mixture solution
of precatalyst and Al(iBu)3 in toluene (5 mL) and a solu-
tion of Ph3CþBðC6F5Þ4� in toluene (5 mL) at the same
time. The gaseous ethylene was then admitted into the reac-
tor vessel through a gas purification column. The gas pres-
sure was maintained at 6 bar throughout the
polymerization period by means of a pressure manometer.
After 15 min, the polymerization was quenched by addition
of 120 mL of 1:1 (v/v) methanol and HCl solution. The
white polymer was collected by filtration, washed several
times with water, methanol, and dried to a constant weight
under vacuum.

2.6. Polymerization of styrene

The styrene polymerizations (runs 1–10) with complexes
3 and 4 were carried out according to the following proce-
dure: A 250 mL Schlenk flask with a magnetic stirrer was
attached to high vacuum line and then sealed under a nitro-
gen atmosphere. Fifty milliliters of toluene, 5 mL of freshly
distilled styrene and an appropriate amount of MAO were
added to the flask which was placed in an oil bath at the



Table 1
Crystal data and structural refinements details for 3 and 4

3 4

Empirical formula C36H30Cl4OTi2 C42H42Cl4OTi2
Formula weight 716.20 800.36
Crystal system monoclinic monoclinic
Temperature (K) 293(2) 293(2)
Wavelength (Å) 0.71073 0.71073
Space group C2/c C2/c
a (Å) 25.099(2) 26.3294(10)
b (Å) 10.5871(8) 9.7594(4)
c (Å) 17.1279(11) 16.8576(8)
b (�) 132.224(3) 116.657(2)
Volume (Å3) 3370.4(4) 3871.3(3)
Z 4 4
Dcalc (g cm�3) 1.411 1.373
F(000) 1464 1656
Absorption coefficient (mm�1) 0.819 0.721
Scan type x–2h x–2h
2h Range (�) 4.38 6 2h 6 50.00 3.46 6 2h 6 46.62
Reflections collected 9058 9136
Reflections unique [Rint] 2960 [0.0570] 2800 [0.0328]
Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2

Data/restraints/parameters 2960/0/204 2800/0/222
Goodness-of-fit on F2 0.921 1.028
Final R indices [I > 2r(I)] R1 = 0.0403, R1 = 0.0319,

wR2 = 0.0889 wR2 = 0.0861

R indices (all data) R1 = 0.0807, R1 = 0.0449,
wR2 = 0.1046 wR2 = 0.0921

Largest difference peak and hole (e Å�3) 0.349 and �0.271 0.322 and �0.323
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desired temperature, and the mixture was stirred for
10 min. The titanium catalyst (2.5 lmol) in toluene was
injected into the flask and the polymerization was per-
formed at 25 �C, 50 �C or 75 �C for the desired reaction
times. The polymerization was terminated by addition of
10% HCl in methanol. The precipitated polymer was
washed three times with methanol and dried at 80 �C in

vacuo to a constant weight. The polymer was extracted
with refluxing 2-butanone for 24 h in a Soxhlet extractor
to remove any atactic polymer and dried again at 80 �C
for 24 h.

3. Results and discussion

3.1. Synthesis and analysis of complexes 3 and 4

Complexes 3 and 4 were synthesized readily via the
hydrolysis reaction of complexes 1 and 2 in solution, and
obtained after recrystallization in good yields as red crys-
talline solids. These titanium complexes are quite soluble
in most organic solvents, such as Et2O, CH2Cl2 and tolu-
ene. Both complexes can be stored at room temperature,
under an inert nitrogen atmosphere, without obvious
change, either in the solid state or solution. It is noteworthy
that they also exhibit good thermostability and can be
heated to about 90 �C in toluene without decomposition.
The stability of titanium complexes to water-induced
metathesis has been reported previously [28–30]. Com-
plexes 3 and 4 have been confirmed by X-ray diffraction,
elemental analysis, 1H and 13C NMR spectroscopy.

The 1H and 13C NMR spectra indicate higher symmetry
in solution than in the solid state, and complexes 3 and 4

have similar resonance signals, with just slight shifts to
higher field, compared to those of 1 and 2. The 1H NMR
spectra show only one single signal for the protons of the
Cp groups (6.87 ppm for 3, 6.88 ppm for 4), since they
are equivalent in solution for C2c symmetric complexes,
and the 13C NMR signals for the Cp groups of complexes
3 and 4 shift 0.5–2.6 ppm to higher field compared to the
signals of the Cp groups of complexes 1 and 2 [21].

3.2. Crystal structures of 3 and 4

The molecular structures of complexes 3 and 4 were con-
firmed by single-crystal X-ray diffraction analysis. The
ORTEP drawing of the molecular structure is shown in
Fig. 1 and Fig. 2. Selected bond lengths and angles are
summarized in Table 2. The molecular structure shows a
dimetallic moiety with two (1,2-Ph2-4-R-CpTiCl2)2(l-O)
(R = Me (3), n-Bu (4)) units linked by Ti–O bonding.
The coordination geometry around the titanium atom
can be described as pseudo-tetrahedral, formed by a substi-
tuted cyclopentadienyl ring, two chloride atoms and an
oxygen atom (oxo-bridge). The Ti1–C distances for 3 and
4 are in the range of 2.336(3)–2.430(2) Å, which are similar
to the corresponding values of 1 and 2 [21]. The average



Fig. 1. Structure of complex 3 (thermal ellipsoids are drawn at the 30%
probability level).

Table 2
Selected bond lengths and angles for complexes 3 and 4

Complex 3

Ti(1)–O(1) 1.786(1) Ti(1)–C(5) 2.339(3)
Ti(1)–C(1) 2.386(3) Ti(1)–Cl(1) 2.197(2)
Ti(1)–C(2) 2.417(3) Ti(1)–Cl(2) 2.242(1)
Ti(1)–C(3) 2.369(3) Ti(1)–Cp(cent) 2.041(3)
Ti(1)–C(4) 2.345(3)

O(1)–Ti(1)–Cl(1) 108.2(3) O(1)–Ti(1)–C(4) 107.3(1)
O(1)–Ti(1)–Cl(2) 103.7(1) O(1)–Ti(1)–C(5) 84.4(1)
Cl(1)–Ti(1)–Cl(2) 95.4(3) Cp(cent)–Ti(1)–O(1) 114.5(2)
O(1)–Ti(1)–C(1) 97.5(1) Cp(cent)–Ti(1)–Cl(1) 114.6(3)
O(1)–Ti(1)–C(2) 132.2(1) Cp(cent)–Ti(1)–Cl(2) 118.3(3)
O(1)–Ti(1)–C(3) 140.7(1) Ti(1)–O(1)–Ti(2) 157.0(2)

Complex 4

Ti(1)–O(1) 1.800(1) Ti(1)–C(5) 2.378(2)
Ti(1)–C(1) 2.430(2) Ti(1)–Cl(1) 2.251(1)
Ti(1)–C(2) 2.370(3) Ti(1)–Cl(2) 2.242(1)
Ti(1)–C(3) 2.336(3) Ti(1)–Cp(cent) 2.048(2)
Ti(1)–C(4) 2.363(3)

O(1)–Ti(1)–Cl(1) 102.2(1) O(1)–Ti(1)–C(4) 109.4(1)
O(1)–Ti(1)–Cl(2) 104.6(4) O(1)–Ti(1)–C(5) 142.2(1)
Cl(1)–Ti(1)–Cl(2) 101.1(4) Cp(cent)–Ti(1)–O(1) 115.7(3)
O(1)–Ti(1)–C(1) 132.1(1) Cp(cent)–Ti(1)–Cl(1) 115.3(5)
O(1)–Ti(1)–C(2) 97.6(1) Cp(cent)–Ti(1)–Cl(2) 115.9(1)
O(1)–Ti(1)–C(3) 85.9(1) Ti(1)–O(1)–Ti(2) 159.6(2)

Fig. 2. Structure of complex 4 (thermal ellipsoids are drawn at the 30%
probability level).
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Ti–Cl distance of 2.219 (1) Å in 3 is shorter than that of
2.247(1) Å in 4, which could be attributed to the difference
in the crowded environment on the titanium atoms. The
Ti–O bond lengths (1.786(1) Å for 3 and 1.800(1) Å for
4) are slightly shorter than the average Ti–O distance in
other known complexes [31–34]. For this reason, we sug-
gest that there is relatively higher electron density at the
metal atoms of 3 and 4, which is responsible for the high
Table 3
Summary of ethylene polymerization catalyzed by complexes 3 and 4 activate

Run Catalyst Al:Ti Tp (�C) Y

1 3 50 80 0.
2 3 100 80 1.
3 3 200 80 1.
4 3 300 80 1.
5 4 50 80 0.
6 4 100 80 1.
7 4 200 80 1.
8 4 300 80 1.

a Polymerization conditions: [Ti] 2 lM, B/Ti ratio 1.2, reaction time 15 min
b Activity = g PE (mol Ti)�1 bar�1 h�1.
c Measured in decahydronaphthalene at 135 �C.
d Determined by DSC at a heating rate of 10 �C min�1.
stability of 3 and 4. The Ti–O–Ti angles of complexes 3

and 4 (157.0(2)�, 159.6 (2)� respectively) fall within the
range of observed values (154–180�) in similar structures,
which indicates that there exists different p back-bonding
affected by intramolecular steric effects [35,36] (Fig. 2).

3.3. Ethylene polymerization studies

Ethylene polymerizations were carried out in toluene
using complexes 3 and 4 as precatalysts under different con-
ditions, and the results of the polymerization catalyzed by
complexes 3 and 4 are summarized in Table 3. When acti-
vated with Al(iBu)3 and Ph3CþBðC6F5Þ4�, complexes 3 and
4 both show good catalytic activity for ethylene polymeri-
zation, producing moderate molecular weight polyethylene
d with Al(iBu)3 and Ph3C+[B(C6F5)4]�a

ield (g) Ab (·10�5) Mg
c (·10�4) Tm

d (�C)

47 1.56 5.3 124.3
08 3.60 4.6 135.0
59 5.31 4.2 126.4
12 3.73 3.5 124.0
66 2.20 5.0 126.7
25 4.17. 4.7 130.1
87 6.23 3.9 127.2
02 3.40 3.6 123.6

, polymerization temperature 80 �C, ethylene pressure 6 bar.
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with melting temperatures in the range 123–135�. As seen
in Table 3, the catalytic activity increases in the order
3 < 4, which indicates that the activity is influenced by
the nature of the substituents on the cyclopentadiene ring.
It is well known that the electron-donating effect and steric
effect of the n-Bu group would stabilize the active species
and hence increase the catalytic activity of complex 4.
For both 3 and 4, the catalytic activity is affected by the
Al/Ti molar ratio and the highest catalytic activity is
reached at an Al/Ti ratio of about 200. A further increase
in the Al/Ti ratio results in a decrease in the catalytic activ-
ity. During the polymerization, the molecular weight of the
polymer gradually decreases with an increase in the Al/Ti
molar ratio, which points out that a high Al/Ti molar ratio
results in premature chain termination of the polymer,
influenced by the relative rates of the two competing pro-
cesses: b-hydride elimination and chain propagation.

3.4. Styrene polymerization studies

Styrene polymerizations were carried out in toluene
using complexes 3 and 4 as precatalysts under different con-
ditions, and the results of the styrene polymerization with
complexes 3 and 4 are summarized in Table 4. The 3 or
4/MAO systems show good catalytic performance for
styrene polymerization in terms of catalytic activity and
polymer properties, such as syndiotacticity, melting tem-
perature and molecular weight of the produced polysty-
rene. In comparison with the 1 or 2/MAO systems [21],
the title catalyst systems were found to be active for syndio-
tactic polymerization of styrene at a low Al/Ti ratio of
2000, thus reducing the costs of the catalysts. The findings
could be attributed to the important factor of the cooper-
ative effect caused by the two adjacent metal centers in this
type of catalyst. One catalytically active site can construct a
crowded environment around the other site in the catalyst
systems, which effectively protects the active species, result-
ing in a reduction in the amount of MAO in regard to the
reactivation of the dormant catalyst species.
Table 4
Summary of styrene polymerization catalyzed by complexes 3 and 4 activated

Run Catalyst Time (min) Tp (�C)

1 3 10 25
2 3 10 50
3 3 10 75
4 3 15 50
5 3 30 50
6 4 10 25
7 4 10 50
8 4 10 75
9 4 15 50

10 4 30 50

a Polymerization conditions: [Ti] 50 lM; [Al]/[Ti] 2000; reaction time 10 min
b A (activity) = (g bulk polymer)/(mol Ti)(mol monomer)(h).
c Percentage s-PS = [(g of 2-butanone insoluble polymer)/(g of butanone po
d Tm, melting temperature of s-PS, determined with DSC at a heating rate o
e Mg, Measured in o-dichlorobenzene at 135 �C.
The catalytic activity of the title type catalyst is depen-
dent on the polymerization temperature. The catalytic
activity of complexes 3 and 4 increases with an increase
in polymerization temperature, and the highest activity
observed is about 1.35 · 107 g PS (mol Ti)�1 (mol sty-
rene)�1 h�1 at 50 �C. The catalytic activity then decreases
at higher polymerization temperatures. These findings are
similar to the polymerization behavior of the mother tita-
nium catalyst [21]. The catalytic performance of the title
type catalyst is dependent on the polymerization time
too. For complexes 3 and 4, better catalytic behavior was
observed for 10 min polymerization experiments, which
indicates the partial decomposition of the syndiospecific
active species and/or increased viscosity during the poly-
merization. Furthermore, the results in Table 4 are also
consistent with the fact that the catalytic activity and poly-
mer properties depend greatly on the electronic and steric
effects of the substituted cyclopentadiene ligands in half-
sandwich titanocenes as homogeneous catalysts. The cata-
lytic activity is in the order 3 < 4, which indicates that both
the electronic and steric factors of the substituted cyclo-
pentadiene group play a remarkable role in the styrene
polymerizing process.

4. Conclusion

Two new oxo-bridged dinuclear titanium complexes 3

and 4 have been synthesized by hydrolysis of the corre-
sponding monocyclopentadienyl titanium compounds 1

and 2. The structures of 3 and 4 have been confirmed by
1H and 13C NMR spectra and X-ray crystallography.
Upon activation with Al(iBu)3 and Ph3CþBðC6F5Þ4�, com-
plexes 3 and 4 exhibit reasonable catalytic activity for eth-
ylene polymerization, producing moderate molecular
weight polyethylene with melting temperatures in the range
123–135�. The 3 or 4/MAO systems show good catalytic
performance for styrene polymerization in terms of cata-
lytic activity, syndiotacticity, melting temperature and
molecular weight of the produced polystyrene.
with MAOa

Ab (·10�7) SYc (%) Tm
d (�C) Mg

e (·10�5)

0.78 92.7 272.3 1.26
1.21 95.2 269.8 0.94
0.93 94.0 270.6 1.13
1.12 92.6 271.5 0.92
0.90 91.8 271.2 1.17
0.82 92.6 272.8 1.19
1.35 95.7 270.4 0.92
0.91 95.1 272.3 1.06
1.16 94.3 271.9 0.95
1.03 93.5 271.0 1.10

, 15 min, or 30 min; [styrene] 0.87 M.

lymer)] · 100.
f 10 �C min�1.
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5. Supplementary material

CCDC 601715 and 601716 contain the supplementary
crystallographic data for 3 and 4. These data can be
obtained free of charge via http://www.ccdc.ac.uk/conts/
retrieving.html, or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.
ac.uk.
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