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Abstract

Since CpTiMe,(0-2,64Pr,CsH3) (2) exhibited higher initial catalytic activity than CBiCl,(0-2,6¢Pr,CgH3) (1) for
1-hexene polymerization in the presence of MAO, the effect of cocatalyst for the polymerization was investigated at low
temperature (0 te-30°C). The use of AIBus/PhsCB(CsFs)4 was found to be effective to improve the activity and a notable
increase in the activity was obtaineifvas pre-treated with 2 equivalent of/8lus in advance. TON (Turnover number) of
18100 (activity: 5710 kg-polymer/mol-Ti h) could be attained after 16 min under the optimized conditions khd/tdae for
the resultant poly(1-hexene) increased upon the consumption of 1-hexene suggesting the possibility of living polymerization.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction activity in 1-hexene polymerization [10,11] but also
on monomer reactivities and monomer sequence dis-
tributions in ethylene/-olefin copolymerization [12].

In this paper we wish to introduce our explored results
concerning effect of cocatalyst for 1-hexene polymer-
ization using CpTiMe,(0-2,64Pr,CgHs) complex.

Olefin polymerization by homogeneous catalysis
has been one of the most attractive subjects in the
field of both organometallic chemistry and polymer
chemistry [1-7]. There are thus a lot of reports con-
cerning this subject to design the efficient catalyst
precursor, however only a few reports have been ) )
known concerning olefin polymerization with non- 2- Experimental section
bridged half-metallocene type group 4B transition
metal complex catalysts [8—16].

We reported recently that CBiCl,(0-2,6<Pr,CeHz)
(Cp* = CsMes, 1) showed high catalytic activity
not only for ethylene polymerization but also for
ethylene/1-butene copolymerization in the presence
of cocatalyst [8,9]. We also reported the effect of
cyclopentadienyl fragment not only for the catalytic

2.1. General procedure

All experiments were carried out under a nitro-
gen atmosphere in a vacuum atmospheres drybox or
using standard Schlenk technigues unless otherwise
specified. All chemicals used were reagent grade and
were purified by the standard purification procedures.
Toluene for the polymerization was distilled over

* Corresponding author. Tek:81-743-72-6041; sodium and benzpphenone under mtrogen atmosph.ere
fax: +81-743-72-6049. and was stored in a Schlenk tube in the drybox in
E-mail addressnomurak@ms.aist-nara.ac.jp (K. Nomura). the presence of molecular sieves (mixture of 3A and
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4A 1/16, and 13X). Reagent grade of 1-hexene was 10.0
also stored in the drybox in the presence of molec- (@)
ular sieves. Syntheses of T(O-2,6-'Pr,CgH3)X>

[X = CI(2), Me (2)] were according to our previous
report [9]. Toluene and AlMgin the commercially
available methylaluminoxane (PMAO-S, 9.5wt.%
(Al) toluene solution, Tosoh Akzo Co.) were removed
and driedin vacuoin the drybox and used as a white
solid [17-19].

All 1H- and13C-NMR spectra were recorded on a o
JEOL JNM-LA400 spectrometer (399.65 MHZH:; =0
100.40 MHz,13C). All chemical shifts are given in 200
ppm and are referenced to tetramethylsilane. Obvi-
ous multiplicities and routine coupling constants are 0 | | l |
usually not listed and all spectra were obtained in the 0 10 20 30 40
solvent indicated at 2% unless otherwise noted. All Time/ min
deuterated NMR solvents were stored over molecular Fi ) -

. ig. 1. Time course plot for polymerization of 1-hexene catalyzed
sieves. by Cp'TiMex(0-2,6?Pr.CeHs) (2) -Al’Bus-PhsCB(CoFs)a Sys-

Molecular weights and the molecular weight dis- tem. Polymerization condition& 3.0umol (2.0umol/ml toluene),
tributions of the poly(1-hexene)s were measured by Ti/Al*Bus/PhsCB(CeFs)4 = 1/500/1.5 (molar ratio), 1-hexene
means of gel-permeation chromatography (GPC). 50l at 25C (+), 0°C (M) and —30°C (O).

HPLC grade THF was used for GPC and were de-

gassed prior to use. GPC were performed &G40

on a Shimazu SCL-10A using a RID-10A detector

(Shimazu Co. Ltd.) in THF (containing 0.03wt.%
2,6-ditert-butyl-p-cresol, flow rate 1.0ml/min). 20.0
GPC columns (ShimPAC GPC-806, 804 and 802, Y
30 cmx 8.0 mm J) were calibrated versus polystyrene
standard samples.
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2.2. Typical procedure for polymerization of
1-hexene catalyzed by CRCl>(0-2,6¢ProCgH3)
(1)-MAO system 00— ®

1-Hexene (5ml) and prescribed amount of MAO
were added to a round bottom flask (25 ml) connected
to three-way valves under Nand the polymeriza- ®
tion was started by the addition of a toluene solution 00
(2.5 ml) containing the catalyst (5.0mol). The reac- | | | |
tion mixture was stirred for prescribed time at room
temperature and the polymerization was terminated
with the addition of EtOH. The reaction product was
extracted with CHGJ that was washed with HCl aque-  Fig. 2. Time course plot for polymerization of 1-hexene catalyzed
ous solution and then rinsed with water. The chloro- Y CPTiMez(0-2,6:Pr,CeHs) (2) -Al*Bus-PheCB(CeFs)s sys-
form extract was dried over N80, and chloroform flTBE; ‘E’xi(t:h' Oﬁfiﬁte?:ez:ﬁqgsfger:t Ogcw'ftgr 2106 ﬂq‘fg’ als)'?t a(:f
and 1-hexene remained was then removedacuo —30°C for 10min @)]. Polymerization conditions2 3.0umol

Polymerization of 1-hexene in the presence of (2.0pmol/ml toluene), Ti/AlBus/PhsCB(CsFs)s = 1/500/1.5
Al"Bus/PhsCB(CsFs)s (Figs. 1-3) was typically  (molar ratio), 1-hexene 50ml.
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Fig. 3. Plot ofM,, vs. conversion in polymerization of 1-hexene cat-
alyzed by CpTiMe2(0-2,64Pr,CsHz) (2) -Al*Buz-PheCB(CsFs)4
system at—30°C. Effect of pre-treatment o2 with 2 equivalent
of Al“Bug [without pre-treatment @), at ®C for 10min ),

at —30°C for 10min @), (same polymerization conditions in
Fig. 2)].

performed as follows: 1-hexene (50ml) and a pre-
scribed amount of ABuz was added into a 100 ml
round-bottom flask connected to three-way valves
under N, the solution was then cooled te30°C.
The polymerization was started by the addition of
a prescribed amount of toluene solution containing
PhsCB(CsFs)4 (2.0umol/ml) into the above solution
soon after the addition of a toluene solution contain-
ing 2 (2.0pmol/ml). A certain amount (3—10ml) of
the reaction mixture was removed via syringe from
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gradually decreased with a consumption of monomer
and the observed activity increased upon the addi-
tion of MAQO [activity in 1-hexene polymerization at
25°C: 314 kg-polymer/mol-Tih (ATi = 500) < 536
(Al/Ti = 1000) < 728 (Al/Ti = 2000, run 2)f and

the Al/Ti molar ratio of 2000 seemed to be more suited
in this catalysis. The catalytic activity decreased at
0°C (92 kg-polymer/mol-Tih, Table 1), and the resul-
tant polymer was atactic poly(1-hexene) B¢ NMR
[9,11].

It was revealed tha exhibited higher catalytic ac-
tivity than 1 (activity: 7210 turnovers by and 2890
turnovers byl, 10 min at 25C, Table 1). This is an
interesting contrast to the case of ethylene polymer-
ization in which 2 exhibited slightly lower activity
thanl in the presence of MAO cocatalyst [activity in
ethylene polymerization: 1240 kg-PE/mol-Tih (&Y
versus 718 kg-PE/mol-Tih (bg), ethylene 4 kg/crfy
60°C, 1h] [8]. However, the reaction did not take
place or rapid decrease in the activity was observed af-
ter 10 min in the 1-hexene polymerization BAMAO
catalyst.

The activity by 2 was higher tharll even at 6C
(550 turnovers after 30 min kyand 740 turnovers af-
ter 15min by2, Table 1), and the reaction proceeded
at constant rate until at least 15 min. The polymeriza-
tion result was reproducible under these conditions as
shown in Table 1. Although, the molecular weight for
the resultant poly(1-hexene) increased with the con-
sumption of 1-hexene in the 1-hexene polymerization
by 1 at room temperature (runs 1, 2 and 4), no clear
time course dependences were observed in the poly-

the mixture to examine the time course and the sample merization by2 (runs 5-10). The reason for the differ-

solution was then quickly added ethanol to terminate

ence in the activity betweehand?2 as well as in the

the reaction. The reaction product was extracted with polymerization behavior was not clear at this moment.

CHCIl3 which was washed with HCI aqueous solution
and then rinsed with water. The chloroform extract
was dried over NgSOy, and chloroform and 1-hexene
remained was then removétdvacuo

3. Results and discussion

3.1. Polymerization of 1-hexene by
Cp*Ti(O-2,64PraCsH3)Xo—MAO catalyst

1-Hexene polymerization b§-MAQO catalyst pro-

3.2. Hexene polymerization by
2-Al'Bug/PhsCB(GsF5)4 catalyst system

Since the catalytic activity on 1-hexene polymer-
ization by1-MAQO catalyst showed the extremely low
activity at @ C (92 kg-polymer/mol-Ti h, Table 1), also
since the activity slightly improved by using we
explored the possibility to find a more active cata-
lyst system especially at low temperature. We chose
2, not only becaus®2 would be more suited as a cata-

ceeded at significant rate at beginning but the rate !Part of these results are cited from [11].
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Table 1
Polymerization of 1-hexene by €pi(O-2,6-Pr,CgH3)X2 [X = CI(1), Me (2)]-MAO catalysf

Run no. Complex Temperature@)  Time (min)  Polymer (yield/mg)  Activif TONS  My? (x107%)  My/Myd

1 1 25 10 243 1460 2890 45.1 1.81
2 1 25 30 364 728 4330 69.4 1.62
3 1 0 30 46 92 550 57.6 151
4 1 25 60 410 410 4870 74.2 1.79
5 2 25 10 607 3640 7210 42.7 1.83
6 2 25 15 621 2480 7380 441 1.95
7 2 25 20 613 1840 7290 46.7 1.86
8 2 0 10 41 250 490 34.0 1.53
9 2 0 15 62 250 740 33.8 1.66
10 2 0 15 60 240 710 375 1.59

@Reaction conditionsa-olefin 5ml, 1 or 2 1.0umol (2umol/mli-toluene), MAO white solid (AITi = 2000, molar ratio), 25C.
b polymerization activity (kg-polymer/mol-Tih).

C¢TON (turnovernumbet= molaramount of 1-hexene reacted/mol-Ti).

dGPC data in THF vs. polystyrene standard.

lyst precursor thaf especially with a combination of Fig. 1 shows the time course plot for 1-hexene
PhsCB(CsFs)4 cocatalyst but also becaugevould be polymerization by2 in the presence of ABuz and
also more suited to examine the possibility of living PhCB(CgFs) at various reaction temperature. The
polymerization. rapid decrease in the activity was observed if the reac-
Table 2 summarizes the preliminary results concern- tion was conducted at 0 and 26 and these would be
ing the effect of cocatalyst for 1-hexene polymeriza- due to the deactivation of catalytically active species.
tion. The observed catalytic activity was negligible if On the other hand, the reaction was found to proceed
Al“Bus/B(CgFs)3 was used as the cocatalyst. On the without the decrease at30°C.
other hand, a notable improvement in the activity was It should be noted that a remarkable increase in
observed if the reaction was performed in the pres- the activity was observed i was pre-treated with
ence of both AlBuz and PRCB(CsFs)4. Molar ra- 2 equivalent of AiBus at low temperature (0 and
tio of Al/Ti was also found to be an important factor —30°C) in advance as shown in Fig. 2. The selected
for this reaction to proceed at remarkable rate (runs data in these polymerizations are summarized in

15-18, Table 2). Table 3. Pre-treatment at30°C would be more
Table 2

Polymerization of 1-hexene by CpiMe;(0-2,64Pr,CgH3) (2)-cocatalyst systeris

Run 2 Cocatalyst (cocatalyst/F)  Al/Ti®  Temperature Time Polymer Activity®  My¢ Mw/Md
no. (rmol) (°C) (min) (yield/mg) (x107%)

11 0.5 PRCB(CsFs)4 (1.5) 250 25 10 827 9920 93.6 1.77
12 0.5 PRCB(CsFs)4 (1.5) 250 -20 5 407 9770 104 1.51
13 1.0 MePhNHB(GFs)s4 (1.5) 250 -20 15 355 2840 132 1.59
14 05 B(GFs)3 (1.5) 250 0 30 Trace - - -

15 0.5 PRCB(CsFs)4 (1.5) 125 -30 30 Trace - - -

16 0.5 PRCB(CsFs)4 (1.5) 250 -30 30 116 464 74.6 1.52
17 0.5 PRCB(CsFs)s (1.5) 375 -30 30 158 632 75.2 1.55
18 0.5 PRCB(CsFs)4 (1.5) 500 -30 30 161 644 76.2 1.72

aReaction conditions: 1-hexene 10ml (run 14, 5ml; runs 15-18, 32r®umol/mi-toluene, AiBus.
b Molar ratio of cocatalyst/Ti and Al/Ti.

¢ Polymerization activity (kg-polymer/mol-Tih).

dGPC data in THF vs. polystyrene standard.
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Table 3

Selected data for 1-hexene polymerization by *TpMe;
(0-2,6%Pr,CgHs) (2) -Al“Bus-PhsCB(CsFs)4 catalyst systems at
-30°¢c2

Run Pre-treatment Time  TON¢  M,¢ My/M,d
no. condition$ (min)  (x107%) (x107%)
19 None 5 2.69 746  4.08
7 289 101 1.44
10 4.08 162 1.34
20 6.44 181 151
30 7.23 203 1.40
20 0°C, 2min 2 3.49 61.1 228
7 6.73 104 1.79
15 9.31 119 1.67
20 11.35 133 1.72
30 12.02 145 1.74
21 —30°C, 2min 25 341 499 226
5 7.50 91.1 157
7.5 10.26 109 142
11 15.62 126 1.49
aReaction conditions: 1-hexene 50ml,2 3.0pmol

(2.0pmol/mi-toluene), —30°C, 2/Al*Bus/PhsCB(CeFs)4
1.0/500/1.5 (molar ratio), see Section 2 for more detailed
conditions.

b pre-treatment conditions & with 2 equivalent of AiBus.

CTON (turnovernumber = molar amount of 1-hexene
reacted/mol-Ti).

dGPC data in THF vs. polystyrene standard.

suited in order for this polymerization to proceed
efficiently and turnover number (TON) of 18100
could be attained after 16 min even aB0°C. The
resultant poly(1-hexene) has relatively high molecular
weight with unimodal molecular weight distribution
(My = 1.50 x 108, M\y/M, = 1.53).

Fig. 3 showsvl, versus conversion plot based on the
results summarized in Table 3. It is interesting to note
that theMy, value for the resultant polymer increased
linearly with the increase of conversion of 1-hexene
under these limited reaction conditions. However, the
role of Al‘Buz as well as the activation mechanism
has not been clear at this moment.
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of pre-treatment and the effect of cocatalyst is now
under investigation.
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