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ABSTRACT: The ethylene/styrene copolymerization by Cp*EEFCBu,) (Cp* = CsMes, 1) —methylalu-
minoxane (MAO) catalyst proceeded in a living manner, and the living nature maintained under various conditions
(Al/Ti molar ratios, ethylene pressure, styrene concentrations, temperature). Poly(ettorgeene)s were
obtained exclusively in the polymerization usihgCp*TiX(O-2,6{Pr,C¢Hs) [X = CI (3), Me(5)] —MAO, and
5—[PhN(H)Me&)][B(C¢Fs)4] catalysts under the same conditions, and both the styrene incorporation and the
microstructures were highly influenced by the anionic donor ligand employed. The resultant polymers prepared
by Cp*TiX3 [X = Cl (4), Me (6)] —MAO catalysts were a mixture of polyethylene and syndiotactic polystyrene
(SPS), whereas the resultant polymer did not contain SPS in the polymerizat®&a[BiN(H)Me)][B(CsFs)4]
catalyst. These facts clearly indicate that the anionic donor ligand strongly affects the styrene incorporation and
the polymerization behavior and that catalytically active species for the syndiospecific styrene polymerization
and the copolymerization are apparently different.

Introduction Scheme 1. Ethylene/Styrene Copolymerization by

. . Half-Titanocenes (1-6)—Methylaluminoxane (MAO) Catalyst
Precise control over macromolecular structure is a central goal gystems [Ethylene 4 or 6 atm, Styrene 515 mL (Styrene +

in synthetic polymer chemistry, and copolymerization is an Toluene Total 30 mL), 25 or 40°C]
important method that usually allows the alteration of the _ cat.
(physical, mechanical, and electronic) properties by varying the * :\ph MAO W«

in toluene Ph

ratio of individual components. Considerable attention has thus
been paid to establish the new synthetic strategy for precise \éz/ \é/ \;é(/
placement of the chemical functionality, and transition metal [ I §
catalyzed living polymerizatidnis one of the best methods to N/T"{"q O/T"{“x X/T"%“x
control monomer repeating units in the desired polymets. 1 © X X
Although many reports for the living polymerization of ethylene,

a-olefin, and others™ are known, examples for the living
copolymerization with the exception of block copolymerization Pr,C¢Hs, N=C'Bu,, N=PRs, X = halogen, alkyl) have been

= X =Cl(4),
x=ao. o

are limited?b.c.3h.6.7 known to exhibit unique characteristics as olefin polymerization
Ethylene/styrene copolyme¥st® which cannot be prepared  catalysts®34and we recently reported that TCI(OAr) (OAr

by free radical or ordinary Zieglematta processes, attract = 0-2,6{Pr,CsH3) showed not only high catalytic activities for

considerable attention due to their promising propeffidsjt ethylene polymerizatid§1” but also displayed unique charac-

no examples were known for living copolymerization. We teristics for copolymerization of ethylene witf-olefin,1735
recently reported as the preliminary communication that the styrene3®:37 norbornené?3° cyclohexend? and 2-methyl-1-
efficient living copolymerization of ethylene with styrene could pentené! and with vinylcyclohexarf&in the presence of MAO.
be achieved by using a half-titanocene containing a ketimide It turned out recently that both cyclopentadienyl ligand and
ligand!® Cp*TiCl;(N=CBu,) (1, Cp* = CsMes) —MAO anionic donor ligand affect the comonomer incorporation as well
(methylaluminoxane) catalyst (Scheme 1). We also com- as the catalytic activity in these copolymerizatidfhg?3542
municated that the nature of both cyclopentadienyl and anionic Moreover, it was also revealed that both the cyclopentadienyl
donor ligands affects the styrene incorporation and the poly- and the anionic ancillary donor ligand directly affect the catalytic
merization behaviok3 activity and molecular weight for styrene polymerization by
Half-titanocenes such as Cp*BiFCp*Ti(OMe)s, and In- using CpTICly(L) (L = aryloxo, amide, anilide, and ketim-
dTiCls are efficient catalyst precursor for syndiospecific styrene ide) 3643 Although it has been postulated that cationic titanium-
polymerizatiort4 however, these catalyst precursors showed low (llI) complex, CPTi(R')(styrene}, plays an essential role as
catalytic activities and the resultant polymers in the ethylene/ the catalytically active species for syndiospecific styrene po-
styrene copolymerization afforded a mixture of polyethylene, lymerization?* the above results indicate the possibility of
syndiotactic polystyrene, and the copolymiem contrast, another catalytically active speci€sThis would also be a very
nonbridged half-titanocenes of the type Cp(L)X. (Cp = important question to consider the catalytically active species
cyclopentadienyl group; = anionic ligand such as 0-2,6- for both styrene polymerization and ethylene/styrene copoly-
merization especially by half-titanocene catalysts. Taking into
* Corresponding author. Telephone:81-743-72-6041. Fax:+81-743- account the above facts, we thus focused on effect of anionic
72-6049. E-mail: nomurak@ms.naist.jp. donor ligand in ethylene/styrene copolymerization by half-
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Table 1. Living Copolymerization of Ethylene with Styrene by CgTiCly(N=C'Bu,) [Cp' = Cp* (1), Cp (2)] —Methylaluminoxane (MAO)
Catalyst System at 25°C?

polymer styrene

run Ccp ethylene/atm styrene/mL time/min  yield®mg activity content/mol % Mpe x 1074 Mw/Mp2
1 Cp* 4 10 10 68 204 11.2 5.3 1.14
2 Cp* 4 10 15 100 200 7.61 1.21
3 Cp* 4 10 20 108 162 11.1 8.57 1.28
4 Cp* 4 10 25 154 185 10.9 1.24
5 Cp* 4 10 30 173 173 10.9 11.7 1.34
6 Cp* 4 10 35 236 202 15.1 1.30
7 Cp* 6 10 5 53 318 5.28 1.19
8 Cp* 6 10 10 132 396 7.4 9.5 1.18
9 Cp* 6 10 20 270 405 7.2 17.3 1.36

10 Cp* 4161 10 10+ 10 199 300 8.1 12.3 131

11 Cp* -- 10 10 21 63 100 7.84 2.34

12 Cp* 6 2 51 30 600 58.3 74.4

13 Cp* 6 10 156 18 700 insolubte

14 Cp* 4 10 552 16 600 47.3 2.2

15 cp 4 10 445 13 400 50.8 1.9

16 Cp 4 10 30 <5 <1

17 Cp 6 10 30 <5 <1

aConditions: complex 2.2mol (Cp = Cp*) or 10.0umol (Cpg = Cp), MAO (prepared by removing AlM&nd toluene from PMAO) 3.0 mmol, styrene
-+ toluene total 30 mL, 100 mL scale autocla¥éolymer yield based on acetone insoluble and THF soluble fractions (for detailed explanations, see ref 46).
¢ Activity in kg of polymer/mol of Tth. 9 Styrene content (mol %) estimated By NMR. € GPC (gel permeation chromatography) data-ilichlorobenzene
vs polystyrene standarde¥l,: number-average molecular weight,: weight-average molecular weigi,,/M,: molecular weight distribution (polydispersity
index, PDI).fFirst ethylene 4 atm (10 min) and then 6 atm (10 min), estimated yie0 mg (obtained 199 mgM, value= 14.8 x 10* (obtained 12.3
x 10%, styrene content= 8.4 mol % (obtained 8.1 mol %Y.Complex1, 0.05umol. " Insoluble for GPC measuremehComplex, 0.2Qumol at 40°C 32

titanocenes. In this report, we wish to introduce our results for
ethylene/styrene copolymerization by'TiCl,(N=C'Bu,) [Cp'

= Cp* (1), Cp (@), Cp*TiClIx(OAr) (3), Cp*TiCls (4) in the
presence of MAO under various conditions including the
detailed results for living copolymerization by HMAO
catalyst system (Scheme “F).Moreover, we present our
explored results by using Cp*TiIMEOAr)—MAO (5—MAO),
Cp*TiMe3—MAO (6—MAO), or [PhN(H)Me][B(CeFs)4] cata-

lyst systems.

Results and Discussion

1. Living Copolymerization of Ethylene with Styrene by
Cp*TiCl o(N=C'Bu,)—MAO (1—MAOQO) Catalyst System.

20 _ 25
Polymerization Ethylene 4 atm
at 25 °C [
15 Ethylene 6 atm C *
< 420 .
2 10 ” Ethylene 6 §;
‘;C r [} thylene 6 atm
S ' Ethylene 4 atm 115 =
5t o ‘o o |
<
0 ‘ 1 1 1 1 Il 1.0
0 100 200 300

Polymer Yield/ mg

Figure 1. Time course plots oM,, Mw/M, vs polymer yields in
ethylene/styrene copolymerization by themethylaluminoxane (MAO)
catalyst system at 25C [1 2.0 umol, styrene 10 mL, ethylene 4 atm
(®, O, runs -6) or 6 atm @, O runs 79). M,: number-average

Table 1 summarizes the results for the ethylene/styrene copo-molecular weight.M,: weight-average molecular weighkdy/Mp:

lymerization byl at 25°C in toluene. The reaction proceeded
efficiently without decrease in the activity (runs-2), and the

activity increased at higher ethylene pressure. Poly(ethylene-

molecular weight distribution (polydispersity index, PDI)].

In contrast, remarkable activities were observed for the ethylene

co-styrene)s were obtained exclusively as the acetone insolublepolymerization (runs 1213), and the resultant polymer pos-

fraction (and THF soluble fraction) and the resultant polymers
possessed low PDI valueBI|/M,, = 1.14-1.36,M,: number-
average molecular weight,: weight-average molecular
weight, My,/My,: molecular weight distribution (polydispersity
index, PDI)], and the styrene distributions were uniform
confirmed by GPC/FT-IR spectra (GPC: gel permeation chro-
matography}346 Time-course plots of the number-average
molecular weightsNl,) and theM,,/M, values (ethylene 4 and

6 atm, 25°C) are shown in Figure ¥, and the first order
relationship between thd,, values and the polymer yields with

consistently low PDI values was observed under these condi-

tions. No significant differences in the styrene contents in the
copolymer (estimated byH NMR spectra) over time course
were observed under these conditiéhkloreover, the two step

sessed a high molecular weight with a large PDI value, and the
distribution became unimodal if the reaction was performed at
40 °C (My/M, = 2.20, run 14¥% probably due to improved
solubility for resultant polyethylene. Negligible catalytic activi-
ties were observed if CpTigIN=C'Bu,) (2) was used in place
of 1 under the same conditions (runs-167), whereas notable
catalytic activity was observed in ethylene polymerization by
2 (run 15)32 Since2 showed especially high catalytic activities
and 1-hexene incorporation in ethylene/1-hexene copolymeri-
zation, these results indicate that the comonomer incorporation
by 2 was strongly influenced not only by the steric but also by
the electronic nature of comonomer employed.

Table 2 summarizes the copolymerization resultd bjIAO
catalyst system at 25C under various ethylene pressures and

copolymerization under ethylene pressure of 4 and then 6 atmstyrene concentratiorf8. These copolymerizations also took

(run 10) afforded the copolymer with a low PDI value, and the
polymer yield, the styrene content, and thg value were

place efficiently, and the resultant polymers were poly(ethylene-
co-styrene)s exclusively as the acetone insoluble fraction (and

identical to the estimated values, based on the independentTHF soluble fraction) and the resultant polymers possessed
experimental runs (runs 1,8). These results clearly indicate thatrelatively low PDI values ¥I,/M, = 1.20-1.61). The styrene

the present copolymerization took place in a living manner.
1 exhibited a low catalytic activity for styrene polymerization,
affording syndiotactic polymer with a large PDI value (run 34).

contents increased upon increasing the amount of styrene
charged and the content also decreased upon increasing the
ethylene pressure (from 4 to 6 atm). The observed cataé/BQ/
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Table 2. Living Copolymerization of Ethylene with Styrene by Cp*TiCly(N=C'Buy) (1) —MAO Catalyst System at 25°C2

polymer styrene

run 1/umol ethylene/atm styrene/mL time/min  yield’’mg activity® content/mol % Mp x 104¢ Mw/Mp2

18 2.0 4 5 10 118 354 5.90 1.44
19 2.0 4 5 20 241 362 5.4 8.45 1.55
20 2.0 4 5 30 373 373 13.6 1.54
21 2.0 4 15 10 41 123 1.09 1.51
22 2.0 4 15 20 90 135 17.2 2.46 1.61
23 2.0 4 15 30 125 125 4.64 1.33
24 2.0 6 5 10 220 660 11.7 1.39
25 2.0 6 5 20 422 633 3.6 16.4 1.53
26 2.0 6 5 30 614 614 20.2 1.60
27 1.0 6 5 10 113 678 11.4 1.44
28 1.0 6 5 20 220 660 3.6 20.8 1.45
29 1.0 6 5 30 313 626 28.8 1.45
30 2.0 6 15 10 89 267 7.32 1.24
31 2.0 6 15 20 176 264 11.3 10.2 1.20
32 2.0 6 15 30 235 235 13.7 1.26

aConditions: complex, 2.@mol, MAO (prepared by removing AlMgand toluene from PMAO) 3.0 mmol, styredetoluene total 30 mLP Polymer
yield based on acetone insoluble and THF soluble fractions (for detailed explanations, see¥é&kcAigity in kg of polymer/mol of Tih. 4 Styrene content
(mol %) estimated byH NMR. € GPC (gel permeation chromatography) data-4dichlorobenzene vs polystyrene standaf@omplex, 1.0umol.

Table 3. Effect of Al/Ti Molar Ratio in Living Copolymerization of Ethylene with Styrene by Cp*TiCl »(N=C'Buy) (1) —MAO Catalyst System

at 25°C?
polymer styrene

run AlfTib ethylene/atm time/min yield/mg activity! content/mol % Mpf x 1074 Mu/Myf

33 500 6 20 104 156 7.2 8.36 1.55
34 750 6 20 162 243 7.2 11.6 1.48
9 1500 6 20 270 405 7.2 17.3 1.36
35 1000 4 10 62 186 11.0 5.86 1.18
1 1500 4 10 68 204 11.2 5.30 1.14
36 3000 4 10 77 231 11.4 5.35 1.24
37 3000 4 20 137 206 11.3 8.15 1.33
38 3000 4 30 212 212 11.0 11.8 1.36

aConditions: complex., 2.0 umol; MAO (prepared by removing AlMgand toluene from PMAO); styrene, 10 mL; toluene, 20 iMolar ratio of
Al/Ti. ¢Polymer yield based on acetone insoluble and THF soluble fractions (for detailed explanations, see! reé@a)y in kg of polymer/mol of Tkh.
e Styrene content (mol %) estimated By NMR. f GPC (gel permeation chromatography) data-dichlorobenzene vs polystyrene standards.

sk As summarized in Table 3, the catalytic activities were
o affected by the Al/Ti molar ratios, and bolt, values and the
§gm A A 5 A polymer yields for resultant copolymers increased at high Al/
§1 of © Ooo U Ti molar ratios with low PDI values. No distinct differences in
30 . . . the styrene contents for resultant copolymers were observed
e oL A under these conditions*C NMR spectra are shown in the
Supporting Information), suggesting that the styrene incorpora-
L 20f LA . tion was dependent upon the catalyst precursan this case)
= @i employed. A certain excess amount of MAO was required for
§= i l3 exhibiting high catalytic activity (runs 9, 33, and 34), and the
10} @ W sy activity did not decrease upon increasing the amount (runs 1,
PS n 35, and 36). The first order relationship betweenhhgvalues
and the polymer yields with low PDI values was observed in
os 100 200 300 the copolymerization even in the presence of large excess
Polymer Yield/ mg amount of MAO (runs 36:38), the results thus clearly indicate

Figure 2. Time course plots oM,, My/M, vs polymer yields in that the degree of chain transfer from—Elkyl to Al—alkyl

ethylene/styrene copolymerization by themethylaluminoxane (MAO)  was negligible even upon increasing the amount of MAO.
catalyst system under various styrene concentrations &t 2&thylene

6 atm, styrene 5 mL&, A, runs 27-29), 10 mL @, @, runs 79), or To explore the utility of this living polymerization system,
15 mL @, O, runs 36-32), Table 2]. the copolymerizations at 40C were employed (Table 4),
because the living polymerization system at high temperature
activities decreased upon increasing the styrene concentrationshould be promising but limited reports are known as the
and the results may be related to the low catalytic activity for successful examplé&3hAs summarized in Table 4, relatively
the syndiospecific styrene polymerization as well as to the low PDI values were also observed for the copolymers prepared
remarkable catalytic activity for the ethylene polymerization. at 40°C, and both the activities and styrene contents increased
The observed activities seemed increasing if the polymerization at higher temperature (25 40 °C). As also shown in Figure
was performed under lower catalyst concentration, and the PDI 3 (results at ethylene 4 atm at 20, runs 39-44), theM,, values
values became somewhat low (runs-29). Time-course plots  increased upon increasing the polymer yields with consistently
of the number-average molecular weight4, and theM,,/M, low PDI values, and the first order relationships between the
values (ethylene 6 atm, 2&) are shown in Figure %, and the M, values and the polymer yields were observed in all cases.
first order relationships between thg values and the polymer  These results also indicate that the present copolymerization
yields with consistently low PDI values were observed in all proceeded in a living manner. These results clearly introduce
cases under these conditions. These results also clearly indicat¢he utility of this living polymerization system even at higher
that the present copolymerization proceeded in a living manner. temperature of 40C. CDV
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Table 4. Living Copolymerization of Ethylene with Styrene by Cp*TiCly(N=C'Buy) (1) —MAO Catalyst System at 40°C2

catalyst polymer styrene

run 1/umol ethylene/atm time/min yield®’’mg activity® content/mol % M x 1074 Mw/Mp2

39 2.0 4 10 121 363 6.35 1.42
40 2.0 4 15 151 302 7.55 1.40
41 2.0 4 20 183 275 155 8.76 1.34
42 2.0 4 25 224 269 11.5 1.44
43 2.0 4 30 284 284 14.9 12.7 1.50
44 2.0 4 35 328 281 14.5 1.44
45 2.0 6 10 282 846 111 1.53
46 2.0 6 15 417 834 14.2 1.65
47 2.0 6 20 551 827 9.1 15.9 1.62
48 1.0 6 10 137 822 9.0 10.4 1.34
49 1.0 6 15 204 816 14.1 1.34
50 1.0 6 20 270 810 9.0 18.2 1.43
51 1.0 6 25 343 823 23.6 1.47
52 1.0 6 30 411 822 28.1 1.45

aConditions: complex, 2.0umol; MAO (prepared by removing AlMgand toluene from PMAO), 3.0 mmol; styrene, 10 mL; toluene, 20 reolymer
yield based on acetone insoluble and THF soluble fractions (for detailed explanations, seeT&kc4igity in kg of polymer/mol of Tih. ¢ Styrene content
(mol %) estimated byH NMR. ¢ GPC (gel permeation chromatography) dataidichlorobenzene vs polystyrene standards.

Table 5. Copolymerization of Ethylene with Styrene by Cp*TiCh(L) (1, 3, 4) [L = N=C'Buj (1), O-2,6!Pr,C¢H3 (3), Cl (4)] —MAO Catalyst

System$
composition (%) styrene
run catalyst tempC [SVIEP E-S PE SPS activity contentmol % Mqf x 1074 Mu/Myf
8 1 25 4.0 >99 trace trace 396 7.4 9.5 1.18
48 1 40 4.75 >99 trace trace 820 9.0 10.4 1.34
53 1 40 4.75 >99 trace trace 790 9.3 14.4 1.28
54 1 55 5.56 >99 trace trace 1110 104 19.7 1.31
55 1 70 6.41 >99 trace trace 1260 12.2 16.3 1.57
56 3 25 4.0 >99 trace trace 504 31.9 9.28 1.62
57 3 40 4.75 >08 trace trace 660 34.3 9.79 15
58 4 25 4.0 trace 86.8 13.2 250 >0 5.85 1.26
0.29 2.69
59 4 40 4,75 trace 81.6 18.4 280 >9% 5.07 131
0.31 1.75
60 4 55 5.56 trace 69.8 30.2 260 >99 3.56 1.48
0.21 1.77

aConditions: catalyst, 2.2mol (run 48 1.0umol); MAO (prepared by removing AlMgand toluene from PMAO), 3.0 mmol; ethylene, 6 atm; styrene,
10 mL; styrenet toluene total, 30 mL; 10 mir® Initial molar ratio of styrene/ethylene in the reaction mixtr®n the basis of a mixture of PE, SPS, and
copolymer. (acetone insoluble fractiod)Activity in kg of polymer/mol of Th. € Styrene content (mol %) estimated By NMR fGPC (gel permeation
chromatography) data ia-dichlorobenzene vs polystyrene standa®§onfirmed by GPC/FT-IR13C NMR spectra, and DSC thermograms.

ethylene 4 atm a1 40°C, 2.5 PDI values were also observed for the copolymers prepared by

15 T Styrene10 mL (+toluene 20 mL) ot 1 even at 55 and 70C, suggesting the possibility of a living

_h,»""[' 120 polymerization?®

L'or & + §: In contrast, the polymerizations by the aryloxide analogue
éz +,i‘" < 1 5§ under the same conditions afforded the copolymers with high

51 XX X — X1 styrene contents (31-84.3 mol %), and significant increase
P in the catalytic activity was not observed at higher temperature.

04+ : 1 . 1.0 The resultant polymers were poly(ethylec@styrene)s exclu-
0 100 200 300

mL, runs 39-44, Table 4).

Polymer Yield/ mg

Figure 3. Time course plots oM,, My/M, vs polymer yields in
ethylene/styrene copolymerization fy-methylaluminoxane (MAO)
catalyst system at 4T (1 2.0umol, ethylene 4 atm at 4TC, styrenel0

2. Effect of Anionic Donor Ligand in Ethylene/Styrene
Copolymerization by Cp*TiCl »(L)—MAO Catalyst Systems
[L = N=C'Bu, (1), 0-2,61Pr,Ce¢H3 (3), Cl (4)]. Three-half-

titanocene complexes containing Cp* ligand of type, Cp*FiCl

(L) [L = N=CBu, (1), O-2,6Pr,CsHs (3), Cl (4)], were chosen

sively as suggested in the previous regé#, and the copoly-
mers prepared bg possessed relatively lowdf, values with

a unimodal, rather large PDI valugd(/M, = 1.50-1.62, runs
56,57), strongly suggesting that some extents of chain transfer
reaction occurred@®3” Note that the resultant polymer prepared
by the chloride analoguéunder the same conditions possessed
bimodal molecular weight distributions with different polarity

in the GPC trace, and thé3C NMR spectra and DSC
thermograms strongly suggested the formation of a mixture of
polyethylene and syndiotactic polystyrene (runs-68). In

in this study to explore the effect of anionic donor ligand in additiqn, the rgtio in the high molepular weight portion increased
the ethylene/styrene copolymerization at various temperature,UPON increasing the polymerization temperature, and the fact
and the results are summarized in Table 5. was consistent with that the catalytic activity in syndiospecific
The observed catalytic activities by the ketimide analogue ~ Styrene polymerization bg increased at higher temperatdfe.
increased at higher temperature, and resultant polymers (asT_hese results clearly |nd|c§te t_hat nature_of anionic donor ligands
acetone insoluble fraction) were poly(ethylerestyrene)s with ~ directly affectthe polymerization behavior.
uniform styrene distributions confirmed BYC NMR spectra, Figure 4 shows the selectétC NMR spectra for the resultant
differential scanning calorimetric (DSC) thermograms and by polymers (acetone insoluble fraction) preparedlb, 4, and
GPC/FT-IRE The styrene content increased at higher temper- possible monomer sequences in the poly(ethylemstyrene)s
ature due to the increase in the J§]o molar ratios ([S§ and are summarized in Scheme 2. Figure 5 shows DSC thermograms
[E]o are the initial concentratiort§ respectively). Relatively low  for the resultant polymers prepared by MAO, 3—MAO, and CDV
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By 1,25°

By 1,55°C

Endo.

By 3,25°C

Conditions:

Cp*TiClL(N=C'Bu,) (1)

Cp*TiCl(OAr) (3) E

Cp*TiCl; (4) H

Ethylene 6 atm, styrene H

10 mL, toluene 20 mL.

Ar: 2,6-PryCeH;.

L [ ' | ' | L
50 0 100 200
Temp/ °C

Figure 5. Differential scanning calorimetric (DSC) thermograms for
resultant polymers (acetone insoluble fraction) prepared by (a, b)
Cp*TiCl(N=C'Bu,) (1), (c) Cp*TiClx(O-2,6!Pr,CsH3) (3), and (d, e)
Cp*TiCl; (4). Conditions: ethylene 6 atm, styrene 10 mL, toluene 20
mL, 25 °C (a, ¢, d) or 55°C (b, e). The peak observed at 120
(marked with an asterisk) is due to the remaining polyethylene being
contaminated.

the Ty, values) was observed upon increasing the styrene content,
suggesting that the resultant polymers were poly(ethytene-
styrene)s with uniform styrene distribution, as also confirmed
by GPC/FT-IR previsouly3

A trace amount of resonances due to so-called pseudo random
[Sas, SS by tail-to-tail and/or SES (S styrene, E= ethylene),
Scheme 2] sequences were observed in B@INMR spectra.

No resonances ascribed to (head-to-tail) styrene repeating unit
(Tps, Tpp, Sue) Were seen in the copolymer prepared hy
whereas the peaks due to two, three styrene repeating units were
seen for the polymer prepared By Since styrene repeating
units were not seen in tHéC NMR spectra for the copolymers

by 1, also sincel showed notable catalytic activity affording

°C) for the resultant polymers (acetone insoluble fraction) prepared by high molecular weight polyethylene with rather broad distribu-

a) Cp*TiC(N=CBuy) (1, ethylene 4 atm, 25°C, run 3), (b)
Cp*TiCl(0-2,6'Pr.CsH3) (3, ethylene 6 atm, 28C, run 56), and (c)

Cp*TiCl; (4, ethylene 6 atm, 55C, run 60).

Scheme 2. Possible Monomer Sequences in
Poly(ethylene€o-styrene)

Ty
T’Y5 SO‘B v

SS or SES

T
sw{ 33

Sao. oo Soa
Tos  |Tes  |Tho Tes  |Tps
SS

SSS  "head-to-tail"

""tail-to-tail"or SES

S: styrene
E: ethylene

4—MAO catalysts. DSC thermograms for the resultant polymers
prepared by bothl and 3 showed single glass transition
temperaturesTy) (Figure 5a-c) in addition to melting temper-

tions, it is thus assumed that some degree of styrene insertion
may inhibit the chain transfer in this catalysis. Both #€
NMR spectrum (Figure 4c) and the DSC thermograms (Figure
5d,e) for the resultant polymer prepared by the chloride analogue
4 showed a mixture of polyethylene and syndiotactic polystyrene
(SPS) and the ratio of SPS increased at higher temperature. The
formation of poly(ethyleneo-styrene)s seemed negligible under
these conditions (in the presence of MAO white solid prepared
by removing AIMg and toluene from ordinary commercially
available MAO). Taking into account the above facts, it is thus
concluded that the nature of anionic donor ligand directly affects
not only the polymerization behavior but also the monomer
reactivity (styrene incorporation).

3. Copolymerization of Ethylene with Styrene by Cp*TiMe,-
(0-2,64Pr,CgH3) (5) and Cp*TiMes (6) —Cocatalyst Sys-
tems. To explore the reasons for observed difference in the
copolymerization behavior especially between Cp*%{O}2,6-
iPr,CgHa3) (3), Cp*TiCls (4) in the presence of MAO cocatalyst,
we conducted the copolymerization of the methyl analogues,
Cp*TiMey(0-2,6iPrCeHz) (5) and Cp*TiMe (6), in the
presence of MAO, [PhN(H)M4{B(C¢Fs)4] (AFPB) at 25°C .50
Al'Buz was also added into the reaction mixture to remove
impurities as well as to improve the catalyst efficiency by partial
replacement of the methyl group i6 into ‘Bu without

atures Tr) for copolymers with lower styrene contents (Figure reduction3®51 The polymerization results are summarized in
5a,b), and the increase in tfg values (as well as decrease in Table 6, and*C NMR spectra for the resultant polymeé%v
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Table 6. Copolymerization of Ethylene with Styrene by Cp*TiMex((O-2,64Pr,CeHs) (5), Cp*TiMe 3 (6) —MAO or — [PhN(H)Me2][B(C sFs)4]
(AFPB) Catalyst System3

catalyst composition (%) styrene
run (amountZmol) time/min E-S PE SPS activity conten¥/mol % Mp€ x 1074 Mw/Mp2
61 5/MAO (2.0) 10 929 trace trace 519 30.5 5.34 2.05
62 5/AFPB (5.0) 20 99 trace trace 79.2 46.7 2.81 2.16
63 6/MAQ (2.0) 10 trace 68.6 31.4 366 >99 8.66 1.37
0.81 2.33
64 6/AFPB (10.0) 20 trace 99 trace 43.8 trace 0.5 3.53

aConditions: catalyst, 2.0mol; MAO (prepared by removing AlMgand toluene from PMAO), 3.0 mmol (runs 61, 63), ofB\l;, 1.0 mmol (runs 62,
64); [CHsNH(CHs)2][B(CeFs)a] (AFPB), 2.0umol (runs 62, 64); styrene, 10.0 mL; toluene, 20 mL; 10 mMi@n the basis of a mixture of PE, sPS, and
copolymer (acetone insoluble fractiod)Activity in kg of polymer/mol of Tth. @ Styrene content (mol %) estimated By NMR. € GPC (gel permeation
chromatography) data io-dichlorobenzene vs polystyrene standards.

a) Cp*TiMe,(0-2,6-Pr,CgH;) - MAO catalyst c) Cp*TiMe; - MAO catalyst
Poly(ethylene-co-styrene) Ph Ph
; A
SPS PE
Sayvsu5 ‘ 368
/I
e ATV —
150 140 130 120
b) Cp*TiMez(O-Z,G-iPrzCng,) - d) Cp*TiMe; -
[PhN(H)Me,][B(C¢F5)4] catalyst [PhN(H)Me,][B(C¢F5)4] catalyst
Sss
Poly(ethylene-
co-styrene) SopSas |
Sss
S,5: S5
Tss Sa*,lsai’ | iﬁﬁ
*
50 40 30 20
A
LR IR S B SR B T T T T T T
50 40 30 20 50 40 30 20

Figure 6. 3C NMR spectra (in 1,1,2,2,-tetrachloroethaheat 110°C) for the resultant polymers (acetone insoluble fraction) prepared by (a)
Cp*TiMex(0-2,6!Pr,CsHz)—methylaluminoxane (MAQ) catalyst (run 61), (b) Cp*TiM®-2,6!Pr,CsHz)—[PhN(H)Me)][B(CeFs)4] catalyst (run

62), (c) Cp*TiMeg—methylaluminoxane (MAO) catalyst (run 63), and (d) Cp*TiMEPhN(H)Me)][B(CeFs)4] catalyst (run 64). Conditions: ethylene

6 atm, styrene 10 mL, toluene 20 mL, 26 (Table 6).

(acetone insoluble fraction after removing atactic polystyrene quences with those for the copolymer preparedSByMAO
prepared by MAQO) are shown in Figure 6. catalyst (Figure 6a,b). These results clearly suggest that the
The aryloxo analogues] showed high catalytic activity in ~ similar catalytically active species (seems likely to be cationic

the presence of MAO, and the activity decreased if AFPB was Ti(IV) species) play a key role in this copolymerization.

used in place of MAO. The resultant polymers were high In contrast, the resultant polymers were a mixture of
molecular weight poly(ethylenee-styrene)s exclusively with  polyethylene and syndiotactic polystyrene (SPS) if the poly-
relatively high styrene contents as well as with unimodal merization by the trimethyl analogu&was performed in the
molecular weight distributions. The styrene content in the presence of MAO. The observed fact was analogous to that in
resultant copolymer (30.5 mol %, run 61) preparedbyMAO the polymerization by the trichloride analogéié the presence
catalyst was close to that prepared HyMAO catalyst (31.9 of MAO, and no significant differences were observed in the
mol %, run 56) under the same conditions and no significant ratio of polyethylene/SPS as well a4, values for these
differences were observed in tA&C NMR spectrum (Figure  polymers, although the activity slightly increased by using the
6a). The fact strongly suggests that the similar catalytically trimethyl analogues under the same conditions. These results
active species play a role in this copolymerization. Moreover, also suggest that the similar catalytically active species (two
5—AFPB catalyst also afforded the copolymer as the sole Ti- different species for producing polyethylene and SPS) play a
catalyzed polymerization product, although the styrene contentrole in this catalysis. Note th&tAFPB catalyst did not produce
was somewhat higher than that prepare®By-MAO catalysts, SPS under the same conditions confirmedi/NMR spectra,
probably due to the presence of a weak coordination/dissociationand the spectrum also suggested that the resultant polymer was
equilibrium between the cationic Ti metal center and PhBlIMe polyethylene containing trace amount of poly(ethyleoe-
The3C NMR spectrum for the copolymer preparedisyAFPB styrene) with low styrene content or poly(ethyleceestyrene)
catalyst showed no distinct differences in the monomer se- with extremely low styrene content. The resultant ponrE%V
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possessed relatively low molecular weight which was similar present catalyst system can also be possible as the extension of
to that prepared b§—MAO catalyst with rather broad molecular  this study and the project is also now underway.

weight distribution. The fact that no SPS was formed in this . .
polymerization by6—AFPB catalyst seems analogous to that Experimental Section

facts that the tribenzyl analogue, Cp*Ti(@Phs—AFPB cata- ~ All experiments were carried out under a nitrogen atmosphere
lyst did not afford SPS in an attempted styrene polymerization Enﬁy;%ﬁiugaﬁgglsupehnege&:lr:%/c? %thr?qliﬁ é’ct,hemés)ew?ffrlgﬁgi
(u_nder dark condmo_ns) and only poly(propyleoe»styr_ene) ferred into a bottle containing molecular sieves (r’nixture of 3A and
oligomer was formed in the propylene/styrene copolymerizafon. a1/, “and 13x) under nitrogen stream in the drybox, and was
On the basis of these facts, it is thus assumed that cationic Ti-ysed without further purification. Styrene of reagent grade (Kanto
(IV) species, which will be generated by the reactior6ofith Chemical Co., Inc.) was stored in a freezer after passing through
AFPB, catalyzes ethylene polymerization as well as ethylene/ an alumina short column under nitrogen flow in the drybox.
styrene copolymerization. The fact also suggests that anotherCp*TiCI(N=CBu,) (1),” and CpTICYN=CBuy) (2),%” Cp*TiCl(O-
catalytically active species (seems likely Ti(lll) species) which 2.:6'PrCeHs) (3),'" and Cp*TiMe(O-2,6'Pr,CeHs) (5)* were
catalyze syndiospecific styrene polymerization was formed upon Prepared according to previous reports. Toluene and Alkléhe

S commercially available methylaluminoxane [PMAG, 9.5 wt %
the presence of MAO cocatalyst. Taking into account these (Al) toluene solution, Tosoh Finechem Co.] were removed under

results, it is thus strongly suggested that cationic Ti(IV) species oq,ced pressure (at ca. 5G for removing toluene and AlMe
play an important key role for ethylene polymerization as well and then heated at100°C for 1 h for completion) in the drybox
as for ethylene/styrene copolymerization. The above facts alsoto give white solids.

indicate that the anionic donor (OAr vs Me) strongly affect the All 1H (399.65 MHz) and=C (100.40 MHz) NMR spectra were
styrene incorporation as well as the copolymerization behavior. recorded on a JEOL JNM-LA400 spectrometer (399.65 MiHy,

We h h that a livi thvlenelst | . All deuterated NMR solvents were stored over molecular sieves
€ have shown that a living ethylene/styrene Copolymert- ,qer nitrogen atmosphere, and all chemical shifts are given in

zation can be achieved by Cp*TKIN=C'Buz)~MAO (1— ppm and are referenced to M. 13C NMR spectra for polyethylene
MAQ) catalyst, and the living nature maintained under various and poly(ethylenao-styrene)s were recorded on a JEOL JNM-
conditions (by varying Al/Ti molar ratios, ethylene pressure, LA400 spectrometer (100.40 MHZ3C) with proton decoupling.
styrene concentrations, temperature). Resonances correspondinghe pulse interval was 5.2 s, the acquisition time was 0.8 s, the
to styrene repeating units were not observed in the resultantPulse angle was 90and the number of transients accumulated was
poly(ethyleneso-styrene)s, suggesting that a certain degree of €& 6000. The copolymer samples for analysis were prepared by
the styrene insertion inhibited the chain transfer in this catalysis. dissolving the polymers in 1,1,2,2 -tetrachloroethapeolution,

e - and the spectra were measured at 1CO
The Cp analogue, CpTigN=CBU,) (2) showed negligible Molecular weight and molecular weight distribution for the poly-

catalytic activity under the same conditions altho@gthowed (ethyleneeo-styrene)s were measured by gel permeation chroma-
notable catalytic activity for ethylene polymerization. Since the tography (GPC, Tosoh HLC-8121GPC/HT) using a RI-8022
notable differences in the composition of resultant polymers, detector (for high temperature, Tosoh Co.) with polystyrene gel
styrene incorporation and the microstructures were observed incolumn (TSK gel GMHg-H HT x 2, 30 cmx 7.8 mmp ID),
the polymerization using half-titanocenes containing different 'anging from <10? to <2.8 x 10° MW) at 140 °C using
anionic donor ligands (chloride, aryloxide, ketimide), it is thus ©-dichlorobenzene containing 0.05 wiv % 2. 6telft-butyl-p-cresol

o . as the solvent. The molecular weight was calculated by a standard
concluded that the ”‘?‘t”re of the anionic do_nor ligands plays an procedure based on the calibration with standard polystyrene
essential key role in the copolymerization. The resultant gamples. Differential scanning calorimetric (DSC) data for the

polymers prepared by Cp*TigtMAO (4—MAO) and Cp*Ti- copolymer were recorded by means of DSC6100 (Seiko Instruments
Mes—MAO (6—MAO) were a mixture of polyethylene and  Co.) under nitrogen atmosphere [conditions: heating from 25 to
syndiotactic polystyrene, whereas the resultant polymer was 300°C (20°C/min); cooling from+300 to—100°C (10°C/min)].
polyethylene containing trace amount of poly(ethyleoe- Typical Reaction Procedure for Copolymerization of Ethyl-
styrene) with low styrene content or poly(ethylerestyrene) ~ €ne With Styrene by Cp*TICL(N=C'Buy) (1). The typical reaction
with extremely low styrene content in the polymerization using procedure for ethylene/styrene copolymerization (run 1, Table 1)

_ is as follows. Toluene (19 mL), styrene (10 mL), and MAO solid
6—[PhN(H)Me][B(CeFs)s] catalyst. In contrast, poly(ethylene- (174 mg, 3.0 mmol) were added into the autoclave (100 mL scale

co-styrene)s were obtained exclusively in the polymerization giainjess steel) in the drybox, and the reaction apparatus was then
using 1 and Cp*TiXx(O-2,6!PrCeHs) [X = CI (3), Me(®)] replaced and filled with ethylene (1 atm) at room temperature (25
—MAO catalysts as well a5—[PhN(H)Me)][B(CeFs)4] catalyst °C). A toluene solution (1.0 mL) containirig(2.0umol) was then
under the same conditions. These facts also indicate that theadded into the autoclave, and the reaction apparatus was then
anionic donor strongly affects both the styrene incorporation immediately pressurized to 3 atm (total ethylene pressure 4 atm).
and the copolymerization behavior. The fact also suggests thatThe mixture was magnetically stirred for 10 min, the ethylene that

another catalytically active species (seems likely Ti(lll) species) r%nl]fégeiﬂt‘gﬁopﬂr%sg ﬁ:te)rggﬁtgierﬁﬁt'oﬂb?rzg ::E)m;_)ﬁgrree;vﬁtsamen
which catalyze syndiospecific styrene polymerization was P g )

: iy . polymer was collected on a filter paper by filtration, and was
formed upon in the polymerization usidg-MAO and6—MAO adequately washed with EtOH and was then dried in vacuo. Basic

catalyst systems, and thus strongly suggested that cationic Ti-experimental procedure in the ethylene (or styrene) homopoly-
(IV) species play an important key role for ethylene polymer- merization was the same as that in ethylene/styrene copolymeri-
ization as well as for ethylene/styrene copolymerization. The zation except that toluene were added in place of various amounts
next stage in the copolymerization is to clarify the origin of the ©f styrene (10 mL) partially (total 29 mL).

observed difference, and we are expecting to explore the According to the previous repoit?’ the resultant polymer
possibility to explain by the values in coordination energy using mixture was separated into three fractions, and atactic polystyrene

DET calculati iously sh . hvlene/norb which was prepared only by MAO was extracted with acetone.
calculations, as previously shown in ethylene/norbornene Poly(ethylenezo-styrene) was extracted with tetrahydrofuran (THF),

copolymerization using various half-titanocenes containing aryl- and polyethylene and/or syndiotactic polystyrene which were the
oxide ligand®® The synthesis of various unique (block, graft) byproduct in this reaction was separated as THF insoluble fraction.
copolymers by this living copolymerization technique using the The basic experimental procedure is as follows: CDV
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The polymer sample obtained in the copolymerization experiment (2) Examples for ethylene polymerization: (a) Saito, J.; Mitani, M.; Mohri,
was added into a round-bottom flask containing acetone equipped ~ J-; Yoshida, Y.; Matsui, S.; Ishii, S.; Kojoh, S.; Kashiwa, N.; Fuijita,
with a reflux condenser, and the mixture was refluxed&d to T. Angew. Chem., Int. E200], 40, 2918-2920. (b) Matsugi, T

. - Matsui, S.; Kojoh, S.; Takagi, Y.; Inoue, Y.; Nakano, T.; Fujita, T;
separate acetone soluble and insoluble fraction. Then the acetone  y.chiwa N.Macromolecule2002 35, 4880-4887. (c) Mitani, M.;

insoluble fraction was dried and added into a round-bottom flask Mohri, J.: Yoshida, Y.: Saito, J.: Ishii, S.; Tsuru, K.: Matsui, S.;
containing THF equipped with a reflux condenser, and the mixture Furuyama, R.; Nakano, T.; Tanaka, H.; Kojoh, S.; Kashiwa, N.; Fujita,
was refluxed fo 6 h toseparate THF soluble and insoluble fractions. T.J. Am. Chem. So@002 124, 3327-3336. (d) Reinartz, S.; Mason,
Trace amount of polymers were isolated as THF insoluble fractions, Q\-SIZ-L'Z-EEZOVSW E. B.; Coates, G. Worganometallics2003 22,
clearly indicating thgt the polymerization afforded poly(ethylene- (3) Examples fon-olefin polymerization: (a) Scollard, J. D.; McConville,
costyrene)s exclusively. _ D. H. J. Am. Chem. Sod996 118 10008-10009. (b) Baumann, R..
The polymerization by varying the ethylene pressure (run 13 in Davis, W. M.: Schrock, R. RJ. Am. Chem. Sod.997 119, 3830-
the text) was performed by increasing the ethylene pressure (6 atm) 3831. (c) Hagihara, H.; Shiono, T.; Ikeda, Mlacromolecules99§
after 10 min of first polymerization (as run 1, ethylene 4 atm), and 31, 3184-3188. (d) Jayaratne, K. C.; Sita, L. R. Am. Chem. Soc.
the post polymerization was carried out for additional 10 min (under 200Q 122, 958-859. (e) Tshuva, E. Y.; Goldberg, I.; Kol, M. Am.

Chem. Soc200Q 122 10706-10707. (f) Tian, J. Hustad, P. D.;

the conditions as the same as in run 8). Coates, G. WJ. Am. Chem. So@001, 123 5134-5135. (g) Mitani,
The microstructure analyses in the resultant copolymers were M.; Furuyama, R.; Mohri, J.; Saito, J. Ishii, S.; Terao, H.; Kashiwa,

estimated by thé3C NMR spectra of the copolymer, and each of N.; Fujita, T.J. Am. Chem. So@002 124, 7888-7889. (h) Mitani,
the resonances were assigned by comparison with the previous  M.; Furuyama, R.; Mohri, J.; Saito, J.; Ishii, S.; Terao, H.; Nakano,
report concerning poly(ethyleres-styrene)$837 The styrene con- T.; Tanaka, H.; Fuijita, TJ. Am. Chem. So@003 125, 4293-4305.
tents were estimated based on ratio of the total integration values () Schrock, R. R Adamchuk, J.; Ruhland, K. Lopez, L. P. H.

Organometallic2003 22, 5079-5091. (j) Mason, A. F.; Coates, G.

of styrene vs ethylene at each resonances iAHNEMR spectr_a?’.6 W. J. Am. Chem. So@004 126, 16326-16327. (k) Nomura, K..
Typical Procedure for Copolymerization of Ethylene with Fudo, A.J. Mol. Catal. A2004 209, 9—17.

Styrene by Cp*TiMe»(O-2,64Pr,CgH3) (5) or Cp*TiMe 3 (6) — (4) (a) Keaton, R. J.; Jayaratne, K. C.; Henningsen, D. A.; Koterwas, L.

[PhNMe,H][B(C ¢Fs)4] Catalyst System. The typical reaction A Sita, L. R.J. Am. Chem. So@001, 123 6197-6198. (b) Jayaratne,

procedure for ethylene/styrene copolymerization (run 62, Table 6) K. C, Sita, L. R.J. Am. Chem. So@001, 123 10754-10755.

is as follows. Toluene (19 mL), styrene (10 mL), ancBAk (0.95 (5) Hasan, T.; Nishii, K.; Shiono, T.; Ikeda, Macromolecule2002

: : . 35, 8933-8935.
mmol) were added into the autoclave in the drybox, and the reaction (6) Examples for living copolymerization of ethylene, propylene with

apparatus was then replaced, filled with ethylene (1 atm) at room cyclic olefin: (a) Fuijita, M.; Coates, G. WMacromolecule2002

temperature (25C). Then, 1.0 mL of a 5.Qumol solution of 35, 9640-9647. (b) Yoshida, Y.; Mohri, J.; Ishii, S.; Mitani, M.; Saito,
Cp*TiMe,(0-2,61Pr,CeH3) (5) in toluene was added into a 25 mL J.; Matsui, S.; Makio, H.; Nakano, T.; Tanaka, H.; Onda, M
Schlenk tube, followed by ABu; compound (50.0umol), Yamamoto, Y.; Mizuno, A.; Fujita, TJ. Am. Chem. So@004 126,
[PhNMeH][B(C6Fs)s] (AFPB, 5.0umol). This mixture was stirred 12023-12032. (c) Li, X.-F.; Dai, K.; Ye, W.-P.; Pan, L. Li, Y.-S.

: : : Organometallics2004 23, 1223-1230. (d) Hasan, T.; lkeda, T;
for ca. 10 min and was then added into the autoclave. The reaction Shiono. T.Macromolecule€005 38, 10711074,

apparatus was then immediately pressurized to 5 atm (total ethylene (7) Living ethylened-olefin copolymerizatio><3h (a) Ishii, S.: Fu-
pressure 6 atm), and the mixture was magnetically stirred for 20 ruyama, R.; Matsukawa, N.; Saito, J.; Mitani, M.; Tanaka, H.; Fuiita,
min. After the reaction, ethylene remained was purged upon cooling T. Macromol. Rapid Commur2003 24, 452—-456. (b) Furuyama,

in the ice bath, and the mixture was then poured into EtOH (50 R.; Mitani, M.; Mohri, J.; Mori, R.; Tanaka, H.; Fujita, TMacro-
mL) containing HCl (5 mL). The resultant polymer was collected 8) Eféesﬁgllgsﬁg%?hiinleslgteyrrér?esibpolymerization' (a) Longo, P.; Grassi
on a fiter paper by filration, and was adequately washed with - G0 Tiayiomol Chem1090 161, 2387 2396. (&) Peecchia,
» G o C.; Pappalardo, D.; D’Arco, M.; Zambelli, AMMacromolecule4996
According to the procedure described above, the resultant 29, 11!?5?—1162. (c) Oliva, L.; Mazza, S.; Longo, Rlacromol. Chem.
polymer mixture was separated into two fractions, and atactic Phys.1996 197, 3115-3122. (d) Xu, G.; Lin, SMacromolecules
polystyrene which was prepared only by MAO was extracted with 1997 30, 685-693. (e) Lee, D. H.; Yoon, K. B.; Kim, H. J.; Woo, S.
acetone. The reaction product preparedBByAFPB catalyst was 0 S goh, S. K-JJ- é‘E‘P{;_ Polym. ?:0'39.93\/?7' 218D7_F§1.938- b G E
poly(ethyleneco-styrene) exclusively as THF soluble fraction, and ,(\f})cki;gvlejn?\’l : I.?os.éan\jmlfrsP’(nig-]ht”G Wolai sy Eﬁrn;a:' Appl.”
_the major product byp—AFPB catalyst was polyethylene as THF EP 0 416 815 A2, 1991, 58. (b) Sernetz, F. G :INawpt, R.; Amor,
insoluble fraction. F.; Eberle, T.; Okuda, d. Polym. Sci., Part A: Polym. Cherh997,
35, 15711578. (c) Sernetz, F. G.; Mhaupt, R.; Waymouth, R. M.
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E. J. Appl. Polym. Sci1998 70, 109-119. (b) Chum, P. S.; Kruper,
Supporting Information Available: Figures showing selected W. J.; Guest, M. JAdv. l\flater. 200Q 12, 1_759]1767-#) Cheung,
13C NMR spectra for poly(ethylenee-styrene)s prepared by \2(9;’\6/;2%;3“ M. J.J. Polym. Sci., Part B: Polym. Phy200Q 38,
Cp*TiCl(N=CBU,) (1), Cp*TiCl(O-2,6!PrCsHs) (3), Cp*TiMe,(O- (13) Zhang, H.:

) J ! ! g, H.; Nomura, KJ. Am. Chem. SoQ005 127, 9364-9365.
2,6/P,CeH3)—MAO (5—-MAO), and 5_[PhN(H)M92][B((_:6F5)4] Somel3C NMR spectra in the resultant poly(ethylecestyrene)s and
catalysts and for polymers prepared by Cp*Ei@l), Cp*TiMez— GPC/FT-IR spectra were shown in the Supporting Information.
MAO (6—MAO), and 6—[PhN(H)Me&)][B(CeFs)4] catalysts and (14) Selected examples: (a) Ishihara, N.; Seimiya, T.; Kuramoto, M.; Uoi,
differential scanning calorimetric (DSC) thermograms for poly- M. Polym. Prepr. Jpn1986 35, 240-241. (b) Ishihara, N.; Seimiya,
(ethyleneeo-styrene)s prepared bg—MAO catalysts, and for Z:) g:r;%n;ﬁ)ito,& Ml_'br?g% yiggﬁég?h?f%"-eéiﬁiﬁéﬁ%iﬁﬁ&
polymers prepar_ed by—MAO catalyst..Thls material is available 1987 20, 2035-2037. '(d) Ishihara, N : S'eimiya, T. Kuramoto, M.:
free of charge via the Internet at http://pubs.acs.org. Uoi, M. Macromolecules198§ 21, 3356-3360. (e) Zambelli, A.:
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