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The catalytic properties of a set of ansa-complexes (R-Ph),C(Cp)(Ind)MCl, [R ='Bu, M = Ti (3), Zr
(4) or Hf (5); R = MeO, M = Zr (6), Hf (7)] in «-olefin homopolymerization and ethylene/1-hexene
copolymerization were explored in the presence of MAO (methylaluminoxane). Complex 4 with steric
bulk 'Bu group on phenyl exhibited remarkable catalytic activity for ethylene polymerization. It was
1.6-fold more active than complex 11 [Ph, C(Cp)(Ind)ZrCl,] at 11 atm ethylene pressure and was 4.8-fold
more active at 1 atm pressure. The introduction of bulk substituent 'Bu into phenyl groups not only
increased the catalytic activity greatly but also enhanced the content of 1-hexene in ethylene/1-hexene
copolymerization. The highest 1-hexene incorporation was 25.4%. In addition, 4 was also active for
propylene and 1-hexene homopolymerization, respectively, and low isotactic polypropylene (mmmm
= 11.3%) and isotactic polyhexene (mmmm = 31.6%) were obtained. Copyright © 2007 John Wiley &

Sons, Ltd.
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INTRODUCTION

Metallocene catalysts are attractive subjects in the field
of organometallic chemistry and macromolecule chemistry
because they exhibit ultrahigh catalytic activities with
respect to conventional Ziegler—Natta catalysts on olefin
polymerization, and produce polymers with a narrow
molecular weight distribution. A more important property
of metallocene is that it is possible to tailor the polymer
structure with designed physical properties because the steric
and electronic properties of cyclopentadienyl ligand can be
fine tuned by the judicious choice of substituent.

Today, metallocene catalysts have been extensively used to
produce commercial polyolefins, such as linear low-density
polyethylene (LLDPE), high-density polyethylene (HDPE)
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and polypropylene (PP). The LLDPE are produced through
the copolymerization of ethylene with 1-hexene or octene.
The incorporation of longer olefin drastically influences
the copolymer mechanical and physical properties includ-
ing melting point, crystallinity, glasstransition temperature,
tensile strength, flexibility, transparency and processability.
There are several types of metallocene exhibiting useful
behaviors in ethylene/1-hexene copolymerization.!® The
typical CGC (constrained geometry catalysts) show high
incorporation of 1-hexene, and produce long-chain branch-
ing copolymers.!’ Recently, Nomura!'~!® reported a type of
catalyst, Cp*TiCl,(OAr), which exhibits high catalytic activity
on ethylene as well as ethylene/1-hexene copolymerization;
it was found that the number, position and structure of
substituents on Cp strongly affect the incorporation. Ansa-
metallocene complexes have also been investigated exten-
sively for copolymerization; for example, Me,Si(Ind),ZrCl,,
Et(Ind),ZrCl, and RZC(Cp)(Flu)ZrCI26 show good incorpora-
tion in some conditions.

In general, the bridged complexes show higher insertion
of the monomer than nonbridged complexes due to their
larger coordination gap aperture. Therefore, we synthesized
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a set of new bridged (cyclopentadienyl) (indenyl) com-
plexes (R-Ph),C(Cp)(Ind)MCl, [R ="'Bu, M =Ti (3), Zr (4),
Hf (5); R = CH30, M = Zr (6), Hf (7)]. Different substitutents
were introduced to phenyl groups on bridge carbon, and
the effect on olefin polymerization and ethylene/1-hexene
copolymerization was studied. Several studies have reported
using this type of catalyst on olefin polymerization.'*-1¢ Ishi-
hara et al. first reported the synthesis of Ph,C(Cp)(Ind)ZrCl,
(11) and (CH3),C(Cp)(Ind)ZrCl,, and used them in propy-
lene and styrene polymerization.!* Gauhier efal. found
that elastomeric polypropylene could be obtained using
an Me(H)C(Cp*)(Ind)TiCl, (Cp* = CsMes)/MAO (methyla-
luminoxane) catalytic system.!® After that, Matthew et al.
reported that 2-substituted indenyl zirconocenes were active
for ethylene homopolymerization.!® However, little infor-
mation was available on the ethylene or ethylene/1-
hexene copolymerization with the bridged (cyclopentadienyl)
(indenyl) metallocenes. In this paper, we will report the syn-
thesis and a-olefin (co)polymerization of five new substituted
Cp-Ind complexes, 3-7 (Scheme 1). The results showed that
ziconocene 4 containing ‘Bu substitutent exhibited the high-
est activities and 1-hexene incorporation compared with the
similar complexes (Fig. 1).

RESULTS AND DISCUSSION
Synthesis of (R-Ph),C(Cp)(Ind)MCl,

Five new ansa-metallocene complexes (3—7) were synthesized
as illustrated in Scheme 1. To examine the influence of
substituents of phenyl groups on polymerization, complexes
8-10 (Fig. 1) containing halogen or CF; substituents were
chosen for comparison, and was synthesized according to
our previous report.” Complex 11 [Ph,C(Cp)(Ind)ZrCL]
without substituent was synthesized according to Green
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Complex 3 R='Bu, M=Ti
Complex 4 R='Bu, M=Zr
Complex 5 R='Bu, M=Hf
Complex 6 R=MeO, M=Zr
Complex 7 R=MeQ, M=Hf
Complex 9 R=CI, M=Zr

Complex 10 R=F, M=Zr
Complex 11 R=H, M=Zr

Scheme 1. Structure of different substituted Ph,(Cp)(Ind)MCl,
metallocene complexes.
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Figure 1. The catalytic activity by complex 4, 6, 8, 9 and 11
on ethylene polymerization.

etal* All metallocenes were studied for their ethylene
polymerization and ethylene/1-hexene copolymerization.
The 'Bu or MeO substituted diphenyl fulvenes were obtained
only by the reaction of substituted dibenzophenone with
cyclopentadienyl sodium. Previous attempts to prepare such
fulvene with conventional methods!® were unsuccessful.

Polymerization of ethylene by complex
3-11/MAO catalyst systems

The polymerization was carried out at different ethylene
pressure and temperature in the presence of MAO. The results
are summarized in Table 1.

Catalytic activity

The catalyst activities depended strongly on the metal.
Zirconocenes were more active catalysts than titanocenes and
hafnocenes (4 > 5 > 3, 6 > 7) as expected. The zirconocene 4
was found to be 19 times more active than its titanium or
hafnium analogs.

For the different substituted zirconocenes, the substitutents
on the phenyl groups of bridge carbon had a significant effect
on the activity. It could clearly be observed that complex 4
with para-"Bu substitutent on phenyl groups exhibited the
highest catalytic activity (34.89 x 10° gPE/mol Zr h, run 8),
which was about 1.6 times more active than 11 without a
substituent on phenyl under the same conditions (run 21).
At atmospheric pressure, 4 (run 5) was 3.8 times more active
than 11 (run 22). Zirconocene 6 containing MeO substituent
showed lower catalytic activity than 11 (Table 1, runs 14
and 21).

To obtain more data concerning the influence of sub-
stituents on activity, we chose three different substituted
zirconocenes 810 for further comparison. The order of cat-
alytic activity was ‘Bu > CF; ~ Cl > H > F > MeO (Table 1).
The electronic and geometric effects of substituents on the
phenyl were both important in catalytic activity. In the case
of complexes 9 with Cl atom substituent and 10 with F atom
substituent, the electronic effects of substituents were more

Appl. Organometal. Chem. 2007; 21: 870-879
DOI: 10.1002/aoc

871



872

X.Yang, Y. Zhang, ]. Huang

Materials, Nanoscience and Catalysis m

Table 1. Ethylene polymerization by complexes 3—11/MAQO catalyst system?

Catalyst Run Pressure (atm) Temperature (°C) Activity® /10 M, /10° M,,/10* M, /M4
3 1 11 60 1.42
2 11 80 3.26
3 5 80 2.58
4 4¢ 1 30 2.03
5¢ 1 60 12.17 5.30 1.29 243
6 11 30 11.73
7 11 60 34.72 5.30 1.91 3.60
8 11 80 34.89
9 5 80 22.39
5 10 11 30 0.31
11 11 60 1.83 8.16 2.01 2.45
12 11 80 5.21
6 13 11 30 0.78
14 11 60 3.93 1.49 0.34 2.31
15 11 80 13.59
16 5 80 4.18
7 17 11 80 0.96
8 18 11 60 27.16
9 19 11 60 26.70
10 20 11 60 11.46
11 21 11 60 13.35
22¢ 1 60 2.54
2 Polymerization conditions: [M] = 1 x 10~ mol/L; time = 30 min; [Al]/[M] = 1000; 20 ml toluene.
b g PE/(mol Zr h).
¢ Polymerization conditions: [Zr] = 1 x 10~* mol/]; time = 30 min; [Al]/[Zr] = 1000; 50 ml toluene.
4 Estimated by GPC.
__ &0 role. Although the molecular structure of 4 has not been eluci-
; 40 — dated, we presume that the possiblly steric repulsion between
_g 30 /V—'_FP_ two bulk 'Bu groups at the para p9sition of phenyl groups
o / might lead to the change of the bite angle on the bridged
& 20 ‘/ quaternary carbon, and hence affect the Cp-Zr-Ind angle,
"3_’ 10 ultimately forming an appropriate space around the metal
< 0 2 . . . center to facilitate ethylene coordination and incorporation
0 500 1000 1500 2000 2500 into the growing polymer chain. Complex 6 showed lower

AliZr

Figure 2. Effect of Al/Zr on catalytic activity by complex 2/MAO
system for ethylene polymerization (polymerization conditions:
[Zr] =1 x 10~* mol/I; time =30 min; 11 atm ethylene pres-
sure; polymerization temperature = 80°C; 20 ml toluene).

obvious than the geometric effects, but for complex 8 contain-
ing CF; substituent, the geometric effects of CF; were more
important because the CF; was at the meta position on phenyl
near to the metal center. When bulk 'Bu substitutent was
introduced into the phenyl groups, we found that the activity
of 4 was higher than any of the other substituted complexes.
So it is more reasonable to suggest that the steric hindrance of
bulk 'Bu substituent on the phenyl groups played an essential

Copyright © 2007 John Wiley & Sons, Ltd.

activity because the oxygen atom of MeO substituent could
coordinate with metal center in the polymerization, which
influenced coordination between olefin and metal center.

The activity of complexes 3—6 for ethylene polymerization
also strongly depended on the polymerization temperature,
especially for 'Bu substituted hafnocene 5 and MeO
substituted zirconocene 6. An obvious increase of more
than 16-fold in activity was observed as the polymerization
temperature increased from 30 to 80°C (runs 10 and 12,
13 and 15). This would be due to the acceleration of chain
propagation rate and increasing concentration of active center
actived by MAO when the temperature was raised.

Ethylene pressure also affected the catalytic activity.
Higher ethylene pressure means the enhancement of ethylene
concentrations in toluene, which was the main reason for the
increase in catalytic activity. As expected, complexes 3, 4 and

Appl. Organometal. Chem. 2007; 21: 870-879
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6 showed higher activity at 11 atm ethylene polymerization
than at 5 atm.

In addition, the activities of complex 4/MAO seemed
somewhat sensitive to the Al : Zr molar ratios. With increasing
Al:Zr molar ratio the activity increased greatly when
Al:Zr < 1000 (Fig. 2).

Ethyl chain polymer

The 3C NMR spectrum of the polyethylene obtained in run
5 (Table 1) indicated that the sample was branched polyethy-
lene. The peaks at § 11.2 and 26.6 ppm arose respectively
from two carbon of ethyl branched chain.!” Usually branched
polyethylene by ethylene homopolymerization is obtained
with late-transition metal compounds. However, recently
it has been reported that the ethyl branched polyethylene
can be obtained using bridged metallocene,'”-?! for example
the analogs of 4, zirconocenes (CHj3),C(Cp)(Ind)ZrCl, and
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Figure 3. The C NMR spectrum of the polypropylene by
zirconocene 4/MAQO system (mmmm = 11.3%).

mmmm

a-olefin homopolymerization and ethylene/1-hexene copolymerization

(cyclo — CH,)sC(Cp)(Ind)ZrClL,2! From *C NMR spectrum,
single vinyl end group carbons were observed, which indi-
cated that the mechanism of formation of ethyl chain was
the B-H transfer to the coordinated monomer with forma-
tion of a zirconium-ethyl bond followed by insertion of the
unsaturated chain end into this bond."

Molecular weight

From Table 1, no variation was found in the molecular weight
(M,) with ethylene pressure for the 4MAO system. The
polymers obtained respectively at 1 and 11 atm possessed
the same M, (runs 5 and 7, M, = 5300), which suggests that
the ethylene monomer participates in the process of chain
termination. This also indicated that the -hydrogen transfer
to a coordinated ethylene monomer was the dominant
mechanism for chain termination.”> When ethylene pressure
was enhanced to 11 atm, the polyethylene (run 7, Table 1)
molecular weight distribution was broader (M,, = 1.91 x 104,
M, /M, = 3.6). The propagation of polymer chain might be
more rapid at higher ethylene pressure, and the obtained
polymer chains were longer. Different substituents on phenyl
groups produced a significant influence on the molecular
weight (M,,): the ‘Bu-substituted zirconocene 4 and hafnocene
5 showed similar molecular weights (run 7, M,, = 19 000; run
11, M,, = 20100) at the same polymerization conditions, but
the MeO-substituted zirconocene 6 exhibited lower molecular
weight (run 14, M,, = 3400).

Polymerization of propylene and 1-hexene by
complex 4/MAO catalyst systems

The remarkable catalytic activity of zirconocene 4 containing
'Bu substituted in ethylene polymerization led us to explore
the behaviors of higher «-olefin polymerization with it.
Propylene polymerization was carried out at 0°C with 4,
which still exhibited moderate catalytic activity (1.2 x 10°
gPP/mol Zr h). The resultant polypropylene was low isotactic
polymer (mmmm = 11.3%). The pentads calaulated from
13C NMR (Fig. 3) are listed in the Table 2. Polypropylene

e L
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Figure 4. The '3C NMR spectrum of the polyhexene by zirconocene 4/MAQO system (mmmm = 31.6%).

Copyright © 2007 John Wiley & Sons, Ltd.
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Table 2. The distribution of pentads of polypropylene by complex 4/MAQO system?

Run mmmm mmmr rmmr mmrr

mmrm 4+ rmrr

mrmr Irrr rrrm mrrm mm

23 11.3% 13.5% 4.6% 16.8%

15.2% —

13.2% 12.3% 11% 29.4%

? Polymerization conditions: propylene pressure = 1 atm; time = 1 h; [Al]/[Zr] = 1000; [Zr] = 2.0 x 10~% mol/1; polymerization temperature =

0°C; 50 ml toluene.

possessed higher mm content (29.4%) than zirconocne
11/MAO (mm = 19%).14

Few papers have reported 1-hexene polymerization using
this type of complex. When 1-hexene homopolymerization
was produced by zirconocene 4/MAO at room temperature,
it also exhibited moderate catalytic activity (1.77 x 10°
gPH/mol Zr h). The obtained polymer was a highly
viscous liquid. It is noteworthy that the resultant polyhexene
possessed higher isotacticity (mmmm = 31.6%, Table 3 and
Fig. 4) than polypropylene in the *C NMR spectrum. The
effect of the steric bulk of 1-hexene could be considered as the
possible reason. As shown in Fig. 5, site epimerization might
take place (state I — state II) due to the existence of indenyl
in the process of polymerization, and 1-hexene possesses a
larger hindrance than propylene, so the butyl in the end of
1-hexene must be far from the indenyl when the 1-hexene
coordinates with the metal centre (state III), which indicates
that conformation B is preferred over A in state II. However,
in propylene polymerization, A and B are both possible active
centers. This result is similar to the report by Youngkyu Do.?

Copolymerization of ethylene/1-hexene by
complexes (4, 5, 8—11)/MAO catalyst systems
Ethylene/1-hexene copolymer is an industrially important
material with designed properties such as melting point,
glass transition temperature and tensile strength. Therefore,
the structure of the metallocene and the polymerization
conditions are essential to control the properties of the
resulting polymer. We found that the substituents of
complexes 3—-11 have an important effect on catalytic activity
of ethylene homopolymerization, accordingly the ethylene/1-
hexene copolymerization with them was explored over a
variety of comonomer feeds and ethylene pressures. Table 4
summarized the results of copolymerization.

Catalytic activity

As for ethylene homopolymerization, it was noted that
zirconocene 4 containing '‘Bu substituent also exhibited
much high copolymerization catalytic activity at atmosphere
pressure. It was 4.4 times more active than nonsubstituted
analog 11 (runs 25 and 38). However, when ethylene pressure

Table 3. The distribution of pentads of polyhexene by complex 4/MAO system?

Run mmmm mmmr+4rmmr-+mmrr

mmrm+-rmrr

mrmr—-rrrr mrrr mrrm

24 31.6% 40.4%

5.3% 9.4% 7.3% 6.0%

2 Polymerization conditions: polymerization time = 24 h; [Al]/[Zr] = 1000; [Zr] = 2.0 x 10~* mol/1; 10 ml 1-hexene.
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Figure 5. The probable process of 1-hexene polymerization by complex 2/MAO.

Copyright © 2007 John Wiley & Sons, Ltd.
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Table 4. Ethylene/1-hexene copolymerization by complexes 4, 5, 8—-11/MAQO catalyst system?

Run Complex Ethylene pressure (atm) 1-Hexene feed (ml)  Activity?/10° 1-Hexene content (%) M, /10* My /M,
254 4 1 2 5.3 17.0 0.25 1.42
26 11 0.5 32.54 59

27 5 1 24.00 12.0

28 11 1 35.72 8.1

29 11 2 36.08 10.3

30 11 3 53.95 15.7

31 11 4 40.10 20.2

32 5 11 1 1.72 7.8 0.97 2.08
33 11 4 3.72 25.4

34¢ 11 1 5.85 8.2

35f 8 11 1 43.14 5.3

36! 9 11 1 30.81 6.4

37f 10 11 1 11.85 53

38 11 1 2 0.98 trace

39 11 1 35.51 53

40 11 4 32.17 18.9

2 Polymerization conditions: [Zr] = 1 x 10~* mol/L; time = 30 min; [Al]/[M] = 1000; temperature = 60 °C; 20 ml toluene.

b o polymer/mol Zr h.
¢ Estimated by '*C NMR spectra.?’

d Polymerization conditions: [Zr] = 1 x 104 mol/L; time = 30 min; [Al]/[Zr] = 1000; 50 ml toluene.

¢ Polymerization temperature = 80°C.

f According to Yang et al.l”

40 35 30

25

T T 1

20 15 10

Figure 6. '3C NMR spectrum for copolymer of ethylene/1-hexene from complex 4/MAQO catalyst.

increased to 11 atm, the catalytic activity of 4 was on a level
with 11. It was observed both 8 and 9 also showed the similar
catalytic activities at 11 atm.

For zirconocene 4, the copolymerization activity increased
at higher ethylene pressure (runs 27 and 28) due to the
increasing of ethylene concentration at higher pressure.
With the increasing 1-hexene feed compositions, the highest
catalytic activity of 4 attained was 53.95 x 10° g/mol Zr h (run
30). The hafnocene analog 5 showed lower catalytic activity
than zirconocene.

Copyright © 2007 John Wiley & Sons, Ltd.

Incorporation of 1-hexene

From Table4, it was clearly observed that, among the
metallocenes 4, 5, 8-11, the ‘Bu substituted complexes 4
and 5 always exhibited the highest tendency to incorpo-
rate 1-hexene (runs 28, 32, 35-37 and 39). CF;-, Cl- and
F-substituted zirconocenes 8—10 showed the similar incorpo-
ration (5.27-6.35%) with 11 (5.28%). These results prompted
us to speculate that the high comonomer incorporation may
be correlative to the bulk substituent ‘Bu on the para-position
of phenyl. The bulk '‘Bu on para-position of the phenyl groups

Appl. Organometal. Chem. 2007; 21: 870-879
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of bridge carbon might affect the angle of bridge, and form
an appropriate space around the metal centers to facilitate 1-
hexene incorporation. Kim et al. also reported that the angle of
ansa-metallocene could affect the distribution of the 1-hexene
along the copolymer chain.’

For zirconocene 4, low ethylene pressure and high 1-hexene
feed in the solution were favorable to the incorporation of
1-hexene. As ethylene pressure increased, the incorporation
decreased gradually. At atmosphere ethylene pressure, the
polymer (run 25) obtained by 4 showed 17% 1-hexene content
and narrow molecular weight distributions (M,, = 0.25 x 10¢,
M, /M, = 1.42) (Fig. 6). It is worth noting that not only did
11 (run 38) show very low activity at atmosphere pressure
compared with 4, but also that the incorporation was so
poor that no branch chain could be observed by *C NMR.
However, when ethylene pressure increased to 11 atm and 1-
hexene feed was 4 ml, similar incorporations were observed
by 11 (run 40, 18.9%) and 4 (run 31, 20.2%). Despite the
low activity of t-Bu-substituted hafnocene 5, the highest
incorporation (run 33, 25.4%) was obtained by it when the
1-hexene feed was 4 ml. Some studies also reported?? that
hafnocenes showed higher comonomer incorporation relative
to zirconocenes. In addition gel permeation chromatography
results showed higher molecular weight and broader
molecular weight distributions for 5 (run 32) than that for
4.

Triad sequence distributions of resultant copolymers (EH)
determined by *C NMR spectra are listed in Table 5% ng
and ny represent the average sequence length of ethylene
and 1-hexene, respectively. From Table 5, zirconocene 4 and
11 produced EH copolymerization containing similar EEE
and HHH sequences, the EH copolymer from 5 containing
higher HHE, EHE, HEH and HEE sequences. These subtle
differences in the sequences distribution might ultimately
affect the copolymer properties.

Materials, Nanoscience and Catalysis m
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Ligand 1 R=tBu

Ligand 2 R=MeO
Complex 3 R=tBu, M=Ti
Complex 4 R=tBu, M=Zr
Complex 5 R=tBu, M=Hf
Complex 6 R=MeO, M=Zr
Complex 7 R=MeO, M=Hf

Figure 7. Synthesis of complexes 3-7.

The differential scanning calorimetry (DSC) heating curve
for E-H copolymers made by 4/MAO (run 28) showed two
kinds of melting. They were mainly due to the different
lengths of ethylene sequence formed in the copolymer of
ethylene and 1-hexene.

All of these polymers possess the ethyl branch and
butyl branch observed by *C NMR spectra. The results
are summarized in Table 6. The change in ethyl branch
contents were neglected (runs 25 and 27) when ethylene
pressure enhanced from 1 to 5 atm. On the other hand, ethyl
branch contents were similar at the different 1-hexene feed
compositions. Consistent with ethylene homopolymerization,
the formation of ethyl branch might be explained by a
mechanism of -hydrogen transfer from the growing chain to
incoming monomer followed by insertion of the unsaturated
terminal into the formed ethyl-zirconium bond.!?-?

Table 5. Triad sequence distributions for copolymers obtained by complex 4, 5, 11/MAQO system?

Triads (%)

Run  Complex 1-Hexene feed (ml) 1-Hexene (%) HHH HHE EHE HEH  HEE EEE ngd ny®
25° 4 2 17.0 0.63 2.53 13.99 2.86 2525  54.75 535 1.12
27¢ 1 12.0 trace 1.06 10.88 1.48 1881 67.76 8.09 1.05
28 1 8.11 trace trace 8.21 trace 1294 7885 142 1.0

29 2 10.26 0.33 1.00 8.81 1.45 18.01  70.40 859  1.09
30 3 15.73 0 1.52 14.27 2.92 21.51 59.76 6.16 1.05
31 4 20.24 1.73 3.46 15.02 4.52 2623  49.12 453 1.21
33 5 4 25.43 trace 6.10 19.34 787 2940 35.64 323 114
40 11 4 18.92 222 1.74 14.95 3.51 2527  50.28 490 120

2 Polymerization conditions: [Zr] =1 x 104 mol/1; time = 30 min; [Al]/[Zr] = 1000; 20 ml toluene; ethylene pressure = 11 atm; polymerization

temperature = 60 °C.
550 ml toluene, ethylene pressure = 1 atm.
¢ Ethylene pressure = 5 atm.

d Average sequence number ng = [EEE + [HEE + EHH] + HEH]/[HEH + [HEE + EEH]/2].
¢ Average sequence number nyy = [HHH + [HHE + EHH] + EHE]/[EHE + [HHE + EHH]/2].

Copyright © 2007 John Wiley & Sons, Ltd.
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Table 6. The ethyl and butyl branch distributions of for
ethylene/1-hexene copolymers made from complex 4, 5/MAO
system?

Branch (%)
Ethylene 1-Hexene
Run Complex pressure (atm) feed (ml) Ethyl Butyl
25 4 1 2 1.52  15.55
27 1 1.30  10.70
28 11 1 0.73 7.38
29 11 2 0.86 9.39
30 11 3 — 15.73
31 11 4 1.09 19.14
33 5 11 4 — 2543
40 11 11 4 0.76  18.06

In summary, the modification of substituents on phenyl
group at the bridge influences both geometric and elec-
tronic properties of the complexes. When the 'Bu was
introduced into the para position on phenyl groups in
[Ph,C(Cp)(Ind)ZrCl,], the activity and the incorporation of
1-hexene on copolymerization were both increased. The resul-
tant polypropylene was low isotacticity (mmmm = 11.3) and
polyhexene possessed the higher isotacticity (mmmm = 31.6).
However, the introduction of MeO decreased the catalytic
activity.

EXPERIMENT

General procedures

All experiments were carried out under a dry argon
atmosphere using standard Schlenk techniques. Toluene,
diethyl ether (Et,O) and tetrahydrofuran (THF) were refluxed
over sodium/benzophenone, from which they were distilled
before use. Dichloromethane (CH,Cl,) was refluxed over
phosphorus pentoxide (P,Os), and distilled prior to use. The
cocatalyst, 1.53 M MAO, in toluene was purchased from
Witco. 1-Hexene and 1-octene were distilled over sodium
under argon and stored in the presence of activated 4 A
molecular sieves. Ethylene for polymerization was used after
passing it through P,Os powder and KOH pellets.

Infrared (IR) spectra were taken on Nicolet Magna IR
550 and Nicolet 5SXC spectrometers as KBr disks. Elemental
analyses were carried out on an EA-1106 type analyzer.
'H NMR was recorded on a Bruker AVANCE 500-MHz
spectrometer with TMS as internal standard. Mass spectra
(MS) were recorded on a HP 5989A instrument. Differential
scanning calorimetry was performed on a Universal V2.3CTA
instrument at a heating rate of 10°C/min. *C NMR spectra
were recorded on a DR 500 Bruker spectrometer operating at
125.78 MHz in o-dichlorodeuterobenzene. GPC spectra were
recorded on a Alliance GPCV 2000. The synthesis route for
new complexes 3-7 is shown in Fig. 7.

Copyright © 2007 John Wiley & Sons, Ltd.
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Synthesis of 1,1’-(2,4-cyclopentadien-
ylidenemethylene)bis-(4-'Bu-phenyl)
Cyclopentadienyl sodium (1.0 g, 11.7 mmol) in THF was
added to the solution of (4,4-'‘Bu)-benzophenone (3.5g,
11.7 mmol) in Et,O. The solution was refluxed. After the
reaction was completed, the solution was quenched by
addition of water (50 ml) at 0 °C, the organiclayer was washed
(three times) with water and dried over MgSO,, filtered and
concentrated in vacuo to produce red viscous oil. The product
was purified by chromatography on alumina with petroleum
ether as eluant. A red crystal 2.8g (yield 69%) was obtained.
1,1'-(2 4-cyclopentadien-ylidenemethylene)bis-(4-
methoxyl-phenyl) was obtained using a similar procedure.

Synthesis of (p-'Bu-Ph),C(CsH;5)(CoHy) (ligand
1)
Indenyl lithium (2 g, 17.1 mmol) in Et,O (50 ml) was added
to the solution of 1,1'-(2,4-cyclopentadien-ylidenemethylene)
bis-(4-'Bu-phenyl) (3.5 g, 10.2 mmol) in Et;O (30 ml) at 0°C.
The reaction mixture was warmed to room temperature
and stirred overnight. Then the solution was quenched by
addition of water (50 ml) at 0 °C, the organic layer was washed
with water three times and dried over MgSQO,, filtered and
concentrated in vacuo to produce yellow viscous oil. The
product was purified by chromatography on alumina with
petroleum ether as eluant. A white solid powder 2.5g (yield
53%) was obtained.

(p — MeO-Ph),C(CsHs)(CoHy) (2) (yield 65%) (ligand 2)
was obtained using a similar procedure.

Synthesis of (p-'Bu-Ph),C(C5H4)(CoHe)TiCl,
(complex 3)

A solution of n-butyllithium (1.6 mol/l, 2.7 ml, 4.4 mmol)
in Et,O (20ml) was added to the solution of 1 (1.0g,
2.2 mmol) in Et;O (50 ml) at 0°C. The solution turned red
with eventual solid precipitation. After removal of solvent in
vacuo, dilithium salt of ligand was obtained as a white solid.
The solution of dilithium salt in THF (50 ml) was dropped
into the suspension of TiCl, (TiCl, - 2THF, 0.72 g, 2.18 mmol)
in THF (30 ml) at 0°C. After HCI gas had been bubbled into
the solution for 5 min, the solution became dark green. The
mixture was stirred at room temperature overnight. Then
solvent was removed in vacuo to yield a dark green solid.
Then it was dissolved in Et,O leaving a white precipitate.
The filtrate was reduced to 10 ml in vacuo. Cooling to —20°C
overnight gave green crystals, 140 mg (yield 12%). "H NMR
(CDCl3, 500 MHz, 8) : 7.79-7.82 (m, 3H, Ph), 7.69 (m, 1H, Ind),
7.66 (d, 1H, ] = 8.62 Hz, Ind), 7.37-7.46 (m, 5H, Ph), 7.22 (d,1
H, ] =3.50 Hz, Ind), 6.80 (dd, 1H, ] = 5.60 Hz, | = 3.45 Hz,
Cp), 6.69-6.73 (m, 2H, Cp, Ind), 6.13 (d, 1H, | = 8.62 Hz,
Ind), 5.86 (d, 1H, ] = 3.50 Hz, Ind), 5.59 (dd, 1H, | = 5.22 Hz,
J =2.66 Hz, Cp), 553 (dd, 1H, | = 5.22 Hz, | = 2.66 Hz, Cp),
1.32 (d, 18H, 'Bu, ] = 5.82 Hz). MS (70 eV) m/z (%): 574 (M*,
12), 539 (M"-Cl, 54), 456 (M*-TiCl,, 5), 399 (M*-TiCl, —* Bu,
4), 342 (M*-TiCl, — 2By, 3), 57 (‘Bu, 8). IR (KBr, v) : 3128w,
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3111w, 3089w, 3057w, 3029w, 2955s, 2900m, 2866m, 1530w,
1510m, 1460m, 1446m, 1405m, 1361m, 1381w, 1326w, 1294w,
1264m, 1238w, 1214w, 1199w, 1129m, 1108m, 1083w, 1054m,
1019m, 919w, 873w, 837m, 817s, 747s, 715m, 705w, 586m,
474m, 557w, 474m, 449w, 429w, 409w cm~'. Anal. calcd for
C35H36TiC121 C, 73.050/0} H, 6.31%. Found: C, 72.680/0; H, 6.54%.

Synthesis of (p-'Bu-Ph),C(CsH4)(CoHg)ZrCl,
(complex 4)

A solution of n-butyllithium (1.6 mol/l, 2.4 ml, 3.9 mmol)
in Et,O (20ml) was added to the solution of 1 (09g,
1.9 mmol) in Et,O (50 ml) at 0°C. The solution turned red
with eventual a solid precipitation. After removal of solvent
in vacuo, dilithium salt of ligand was obtained as a white
solid. The solution of dilithium salt in CH,Cl, (50 ml) was
dropped into the suspension of ZrCly (0.5g, 1.9 mmol) in
CH,Cl, (30ml) at 0°C. The mixture was stirred at room
temperature overnight. The solvent was removed in vacuo
to yield a yellow solid which was dissolved in n-hexane
leaving a precipitate. The filtrate was reduced to 80 ml in
vacuo. Cooling to —20°C overnight gave a yellow powder,
850 mg (yield 70%). "H NMR (CDCl;, 500 MHz, §) : 7.80 (d,
2H, | =8.49 Hz, Ph), 7.77 (dd, 1H, | =829 Hz, | =2.14 Hz,
Ph), 7.65 (d, 1H, ] = 8.59 Hz, Ind), 7.61 (dd, 1H, ] = 8.25 Hz,
J =2.04Hz, Ind), 7.42 (dd, 1H, | = 8.25 Hz, | = 2.14 Hz, Ph),
7.40 (d, 2H, | = 8.49 Hz, Ph), 7.31-7.35 (m, 2H, Ph), 6.89 (d,
J =3.27 Hz, Ind), 6.76 (m, 1H, Ind), 6.57 (dd, 1H, ] = 5.91 Hz,
J=3.15Hz, Cp), 6.54 (dd, 1H, | = 5.91 Hz, | = 3.15 Hz, Cp),
6.27-6.30 (m, 2H, Ind), 5.89 (dd, 1H, ] = 5.34 Hz, ] = 2.74 Hz,
Cp),5.73 (dd, 1H, ] = 5.34 Hz, ] = 2.74 Hz, Cp), 1.32 (m, 18H,
Bu). MS (70 eV) m/z (%): 616 (M, 85), 581 (M*-Cl, 14), 482
(M*-2Cl-CsHy, 28), 456 (M*-ZrCl,, 26). IR (KBr, v) : 2960s,
2903m, 2866m, 1606w, 1509m, 1461m, 1404w, 1363w, 1267w,
1109w, 1051w, 1020w, 806s, 764w, 747w, 720w, 588w, 470w
cm~'. HRMS for CasHzsCloZr: 616.1241, found: 616.1215.

Synthesis of (p-'Bu-Ph),C(CsH4)(CoHg)HfCl,
(complex 5)

Complex 3 was synthesized by a procedure similar to that
used for 2 (yield 46%). "H NMR (CDCls, 500 MHz, §) : 7.82 (d,
2H, | = 8.51 Hz, Ph), 7.77 (dd, 1H, ] = 8.27 Hz, ] = 2.05 Hz,
Ph), 7.60-7.63 (m, 2H, Ind), 7.42 (dd, 1H, ] =8.27 Hz,
J=2.05Hz, Ph), 7.39 (d, 2H, | = 8.51 Hz, Ph), 7.28-7.35
(m, 2H, Ph), 6.79 (d, 1H, ] = 3.39 Hz, Ind), 6.74 (m, 1H,
Ind), 6.57 (dd, 1H, ] =5.75Hz, ] = 3.10 Hz, Cp), 6.46 (dd,
1H, ] =5.75Hz, | = 3.10 Hz, Cp), 6.31 (d, 1H, ] = 8.84 Hz,
Ind), 6.22 (d, 1H, ] = 3.39 Hz, Ind), 5.80 (dd, 1H, ] = 5.26 Hz,
J =2.63 Hz, Cp), 5.67 (dd, 1H, ] = 5.26 Hz, | = 2.63 Hz, Cp),
1.32 (s, 18H, 'Bu). MS (70 eV) m/z (%): 706 (M*, 100), 671
(M*-Cl, 5), 573 (M" —* BuPh, 24), 285(M*-HfCl, — Ind-'Bu,
6), 57(‘Bu, 9). IR (KBr, v) : 3125m, 29555, 2900m, 2866m,
1624w, 1509m, 1459m, 1404w, 1362w, 1265m, 1233w, 1200w,
1126w, 1108w, 1049w, 1021w, 1003w, 824s, 810s, 721w, 586m,
557w, 465w, 455w cm~!. Anal. calcd for CasHzg HfCly: C, 59.54;
H, 5.14. Found: C, 59.02; H, 5.38.
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Synthesis of (p-MeO-Ph),C(CsH,)(CyoHg)ZrCl,
(complex 6)

Complex 4 was synthesized by a procedure similar to that
used for 2 (except that it was recrystallized from toluene
and n-hexene) (yield 51%); m.p. 118-120°C. 'H NMR(CDCl;,
500 MHz, §) : 7.78 (d, 2H, ] =8.75Hz, Ph), 7.75 (dd, 1H,
] =2.37Hz, | =8.67 Hz, Ph), 7.66 (d, 1H, | = 8.75 Hz, Ind),
7.56 (dd, 1H, ] = 8.67 Hz, | = 2.37 Hz, Ph), 7.34 (m, 1H, Ind),
7.27-7.15 (m, 5H, Tol-C¢Hs), 6.95-6.86 (m, 5H, Ph, Ind),
6.78 (m, 1H, Ind), 6.58 (dd, 1H, ] =3.03Hz, | =5.61 Hz,
Cp), 6.55 (dd, 1H, ] = 2.61 Hz, ] = 5.45 Hz, Cp), 6.42 (d, 1H,
J =9.01 Hz, Ind), 6.26 (d, 1H, ] =3.52Hz, Ind), 5.87 (dd,
1H, ] =3.03 Hz, ] = 5.61 Hz, Cp), 5.72 (dd, 1H, ] = 2.61 Hz,
J =5.45Hz, Cp), 3.8 (s, 6H, CH3), 2.36 (s, 3H, Tol-CH3). MS
(70 eV) m/z (%): 566(M*, 100), 533 (M*-MeO, 5), 529 (M*-Cl,
11), 498 (M*-MeO-Cl, 6), 457 (M"-MeOPh, 25). IR (KBr, v)
: 3031w, 2997w, 2834w, 1606m, 1508s, 1461m, 1289w, 1249s,
1177m, 1119w, 1033m, 823s, 732m, 586m, 465w cm~!. Anal.
caled for C29H24ZI'C1202 . 1OCH3C6H5 C, 65.640/0} H, 4.90%.
Found: C, 65.30%; H, 5.11%.

Synthesis of (p-MeO-Ph),C(CsH4)(CoHg)HfCl,
(complex 7)

Complex 5 was synthesized by a procedure similar to that
used for 2 (except that it was recrystallized from toluene
and n-hexene) (yield 42%); m.p. 96-98°C. 'H NMR (CDCl;,
500 MHz, §) : 7.79 (d, 2H, ] = 8.79 Hz, Ph), 7.75 (dd, 1H,
] =238Hz, ] =8.63 Hz, Ph), 7.62 (d, 1H, ] = 8.77 Hz, Ind),
7.56 (dd, 1H, ] =2.38 Hz, | = 8.63 Hz, Ph), 7.30-7.16 (m,
6H, Tol-Ph, Ind), 6.94-6.86 (m, 4H, Ph), 6.79-6.74 (m, 2H,
Ind), 6.50-6.43 (m, 3H, Cp, Ind), 6.21 (d, 1H, ] =3.47 Hz,
Ind), 5.79 (dd, 1H, ] =2.81 Hz, | = 5.42 Hz, Cp), 5.66 (dd,
1H, ] =2.42Hz, | =5.29 Hz, Cp), 3.8 (s, 6H, CHj3), 2.35(s,
3H, Tol-CH3). MS (70 eV) m/z (%): 654M*, 100), 619(M*-Cl,
7), 547(M*-Cl-MeOPh, 20), 404(M*-HfCl,, 9). IR (KBr, v) :
3101m, 2928m, 2835m, 2550w, 2034w, 1794w, 1606s, 1580w,
1509s, 1461m, 1402w, 1290w, 1248s, 1177s, 1118w, 1034s,
959w, 825s, 731s, 694w, 586m, 463m cm~!. Anal. calcd for
C29H24chlzoz . 1.0CH3C6H52 C, 57.960/0; H, 4.32%. Found: C,
58.03%; H, 4.47%.

Ethylene polymerization

A 100 ml autoclave, equipped with a magnetic stirrer, was
evacuated in a vacuum, and then filled with ethylene.
Toluene was injected into the reactor. After equilibrating,
the appropriate volume of catalyst solution and cocatalyst
were injected to start the reaction. The ethylene pressure was
kept constant during the reaction. The polymerization was
carried out for 0.5h and then quenched with 3% HCI in
ethanol (50 ml). The precipitated polymer was filtered and
then dried overnight in a vacuum oven at 80°C.

Propylene homopolymerization

A 100ml flask was equipped with a propylene inlet, a
magnetic stirrer and a vacuum line. The flask was filled
with 50 ml of freshly distilled solvent was added. MAO was
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added, and the flask was placed in a bath at the desired
polymerization temperature for 10 min. The polymerization
reaction was started by adding a solution of the catalyst
precursor with a syringe. The polymerization was carried
out for 0.5h and then quenched with 3% HCI in ethanol
(50 ml). The precipitated polymer was filtered and then dried
overnight in a vacuum oven at 80 °C.

1-Hexene homopolymerization

A 20 ml Schlenk flask equipped with a magnetic stirrer, was
evacuated in vacuo and then filled with 1-hexene 10 ml; the
appropriate volume of catalyst solution and cocatalyst were
injected. The polymerization was carried out for 24 h at room
temperature and then quenched with 3% HCI in ethanol
(50 ml). The precipitated polymer was filtered and then dried
overnight in a vacuum oven at 80 °C.

Ethylene/1-hexene copolymerization

A 100 ml autoclave, equipped with a magnetic stirrer, was
evacuated on a vacuum, and then filled with ethylene.
Toluene was injected into the reactor. After equilibrating, the
appropriate volume of catalyst solution and cocatalyst were
injected, and then 1 ml 1-hexene was added into the reaction
with a syringe to start the reaction. The ethylene pressure
was kept constant during the reaction. The polymerization
was carried out for 0.5h and then quenched with 3% HCI
in ethanol (50 ml). The precipitated polymer was filtered and
then dried overnight in a vacuum oven at 80°C.
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