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The development of homogeneous single-site polymerization Table 1. Syndiospecific Polymerization of Styrene by Rare Earth
- . - a
catalysts has opened a new avenue in the synthesis of polymerali-Metallocene Catalysts

materials having controlled microstructures and desired properties. z SiMes

Syndiotactic polystyrene (sPS), discovered by Ishihara and co- [ /[Ph3C][B(CsF5)4]

workers at Idemitsu in 1986 by use of homogeneous titanium Me3SiCH ‘CHZSiMe3

catalysts, is a very promising new polymer mate.rlal for a Iargg /= 25 °C. toluene L 5n Ph o
number of applications in industry, because of its high melting point

(ca. 270°C), high crystallinity, high modulus of elasticity, low t o yield® SPS?  Mye T.  efficiency?

dielectric constant, and excellent resistance to heat and chericals.™" 0 MUl (min) (%) actvity’ (%) (<107 MJMe (°C) (%)

A drawback that may limit the application scope of sPS, however, ; gc ?88 1 188 Zigg 188 1?-32 igg gi 2?

I . . c > . .

is its brlttlgness. For improvement of the toughr_wess of sPS, the Sc 1000 1 100 =6034 100 1355 145 272 77

incorporation of a comonomer such as ethylene is expectedtobes sc 1500 1 100 =9362 100 18.96 155 271 82

a useful method, and toward this end, extensive studies on the5 Sc 2000 1 100=>=12498 100 26.94 136 272 77

copolymerization of styrene with ethylene have been carried out & S¢ 250 1 87 13618 100 37.86 137 273 60
. . . - Y 100 30 60 13 100 1.07 1.39 269

by both academic and industrial researciet®espite these efforts, g g 100 30 69 15 100 092 1.35 269

however, the synthesis of a styrerethylene copolymer having 9 Lu 100 30 25 6 100 049 1.38 268

syndiotactic styrenestyrene sequences has not been achieved to ~
date, and in many cases mixtures of homopolyethylene, homopoly- _ * €onditions: Ln, 2umol; [Ln)/[B] = 1/1 (mol/mol); solvent/monomer

. . = 5:1 (v/v). P Weight of polymer obtained/weight of monomer use@iven
styrene, and varying amounts of styrerethylene copolymers with i, (g of sPS/(mol Leh). ¢ Percentage of polymers insoluble in refluxing
no regio- or stereoregular styrenstyrene sequences were ob- 2-butanonerrrr > 99%.¢ Determined by GPC in 1,2-dichlorobenzene at
tained? Attempts to solve this problem were hampered by the fact 145 °C against polystyrene standafdetermined by DSC! Catalyst

that the catalysts that were effective for syndiospecific styrene efficiency = My(calculated)d,(measured).

polymerization such as CpiX3s/MAO or CpTiR3s/B(CsFs)s (Cp the scandium complex showed the highest activity (up to %36
= substituted or unsubstituted cyclopentadienyl or indenyk=X  10* kg of sPS/(mol Sc)), which can be compared with the most
halide, alkoxy, R= alkyl; MAO = methylaluminoxane) usually  active titanium catalysts reported for syndiospecific styrene
contained a family of different active species, in which the species polymerizationt314The molecular weight of the resulting polymers
to produce sPS (probably a Ti(lll) species) and that to give poly- increased almost linearly as the monomer-to-catalyst ratio was
ethylene (probably a Ti(lV) species) were different from that to increased, while the molecular weight distribution remained very
afford styrene-ethylene copolymers (unknown speciég)lhere- narrow M,,/M, = 1.29-1.55) (Table 1, runs-16). In the present
fore, the synthesis of a SPS-containing styrene-ethylene copolymerpolymerizations, neither atactic nor isotactic polystyrene was
via copolymerization of the two monomers remained a challenge. observed. Therefore, solvent fractionation was not required to obtain
During our studies on rare earth metal complexes bearing mono- pure sPSrfrr > 99% for all polymers obtainedy.
(cyclopentadienyl) ligand&-67we envisioned that cationic rare More remarkably, in the presence of ethylene, the copolymeri-
earth metal alkyl species bearing mono(cyclopentadienyl) ligands zation of styrene with ethylene occurred rapidly and selectively
might mediate unusual styrenethylene copolymerization pat-  (Table 2). The styrene content in the copolymers could be controlled
terns®°We report here that the scandium half-metallocene complex simply by changing the styrene feed under 1 atm of ethylene and
(CsMe4SiMe;)Sc(CHSiMes),(THF), in combination with 1 equiv reached 87 mol % when 41 mmol of styrene was used (Table 2,
of [PhsC][B(CeFs)a], not only exhibits excellent activity and  run 6). Solvent fractionation experimetftonfirmed that the
selectivity for syndiospecific styrene polymerization and styrene  copolymer products did not contain homopolymers. The GPC
ethylene copolymerization but also affords syndiotactic styrene curves of the copolymers were all unimodal with very narrow
styrene sequences with broad-range controllable styrene contentsnolecular weight distributiond\,/M, = 1.14-1.26) (Table 2, runs

in the styrene-ethylene copolymers. 3—6), indicative of single-catalyst behavidfC NMR analyses
The results of styrene homopolymerization by several rare earth revealed that this copolymer consists of syndiotactic styrene
half-metallocene catalysts are summarized in TaBfeThe neutral styrene sequences (blocks) connected by repeated ethylene units,

complexes (6Me;SiMe;)Ln(CH,SiMe;),(THF) (Ln = Sc, Y, Gd, as evidenced by the peakséal45.7 (phenyl C-1), 45.0 ¢§), and

Lu) alone did not show an activity for styrene polymerization at 41.6 (Tzs) (Figure 1). Signals for tail-to-tail or head-to-head styrene
room temperature in tolued&When treated with 1 equiv of [BG]- sequencésise were not observed. These results are in striking
[B(CeFs)4], however, all of these complexes became active for the contrast with what was observed for group 4 metal-based catalysts,
syndiospecific polymerization of styref&Among these complexes,  which afforded no stereo- or regioregular styrene sequences.
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AR ' Sl i e S i Sl il i 1997 532, 45-53. (b) Kaita, S.; Hou, Z.; Wakatsuki, Ylacromolecules
) 1999 32, 9078-9079. (c) Christopher, J. N.; Squire, L. R.; Canich, J. A.
Figure 1. Part of 13C NMR spectra of polyethylene, polystyrene, and M.; Shaffer, T. D. WO 00/18808, 2000. (d) Kaita, S.; Hou, Z.; Wakatsuki,
styrene-ethylene copolymers from Table 2 in 1,2-dichlorobenzédnet Y. Macromolecule001, 34, 1539-1541. (e) Bambirra, S.; van Leusen,
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In summary, we have demonstrated that the combination of a Egssgn, E;;Jegge& Jblgh%m.I(C??m#]Q%OSHSO%,Z—SCZh?:-'&h) \lfv?altk?itss'i(

. . u, Z.; Nishiura, M.; i, Y.; Kurazumi, J.; iguchi, A.; uki,
mono(cyclopentadienyl) rare earth metal bis(alkyl) complex such Y. Macromol. Rapid Commun2003 24, 180_%84' () Kaita, S.;
as (GMe,SiMes)Sc(CHSiIMes),(THF) with [PhC][B(CeFs)4] acts Takeguchi, Y.; Hou, Z.; Nishiura, M.; Doi, Y.; Wakatsuki, ¥acro-
as an excellent catalyst system for syndiospecific styrene polym- molecule2003 36, 7923 7926. (j) Amdt, S.; Spaniol, T. P.; Okuda, J.

> oor - Angew. Chem., Int. ER003 42, 5075-5079.
erization and styreneethylene copolymerization. By use of this (10) See Supporting Information for experimental details.

catalyst system, styren@thylene copolymers containing syndio- (1) The inertness of (e SiMes)Y(CH,SiMes),(THF) toward styrene po-_
tactic styrene-styrene sequences have been successfully synthesized lymerization was mentioned previously. See: Hultzsch, K. C.; Spaniol,
for the first time. Further evaluation of the properties of these new T.P.; Okuda, JAngew. Chem., Int. EQ999 38, 227-230.

| d licati fth t and related catalyst t (12) Attempts to isolate a structurally characterizable active species were not
polymers ar.] app Ication o .e presen and related catalyst sys ?ms successful, because of its extremely high reactivityNMR monitoring
to polymerization/copolymerization of other monomers are in of the reaction of (eMesSiMe;)Sc(CHSIMes),(THF) (1) with 1 equiv
of [PhsC][B(CsFs)4] in CeDs at 25 °C showed instant disappearance of

—

sPS

—
—

progress. the signals ofl, almost quantitative formation of BBCH,SiMe;, and
. appearance of new signals assignable taN{€&SiMe;)Sc(CHSiMes)-
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