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Random-copolymers of 1,3-butadiene (butadiene) and
styrene are utilized commercially as styrene—butadiene
rubbers (SBR). Being produced via radical or anionic
polymerization, the stereocontrol of the polybutadiene
microstructures has not been possible in these sys-
tems.3* Since 1,4-cis-polybutadiene microstructure is
essential in butadiene rubber (BR), a number of works
have been devoted to the synthesis of SBR with high
1,4-cis-polybutadiene microstructures (e.g., Co(acac),/
A|Et2C|/H20, Ni(OCOR)2/A|Et3/BF3OEt2, Ln(OCOR3)/
Al(i-Bu)s/AIEt,ClI (Ln = Pr, Nd, Gd, Dy, and Yb),
Nd(OCORg3)/Al(i-Bu)s/CCls, and CpTiCls/MAO) (1,4-cis
selectivity = 73—94%).5 Though this aim has been
partially fulfilled in some systems, the fatal problem of
the polymers obtained by these transition metal cata-
lysts is their very low molecular weights (My, ~ 10%)
and broad molecular weight distributions (MWDs) (My/
M, ~ 2—10).

Herein, we report that the Sm(I11)/Al(I11) heterobi-
metallic complex (CsMes),Sm(u-Me),AlMe; (1),6 in com-
bination with Al(i-Bu); and [Ph3C][B(CsFs)4],” can act
as an excellent catalyst system for the 1,4-cis stereospe-
cific living homopolymerization of butadiene (1,4-cis
selectivity = 99.0%, My/M, = 1.20—1.23). As an im-
mediate application of the stereospecific and living
nature of this system, block-copolymerization of buta-
diene and styrene has been performed and thereby
block-copolymer with 1,4-cis-polybutadiene microstruc-
ture as high as 99.0% has been realized. Furthermore,
we have demonstrated that random butadiene—styrene
copolymers with high contents of the 1,4-cis-polybuta-
diene microstructure (up to 95.1%), as well as high
molecular weights (M, > 10% and relatively narrow
MWDs (Mw/M,, = 1.41-2.23), have been achieved for
the first time. Although the performance was not so good
as in the present system, a similar Sm-catalyzed system
for the “living” stereospecific homopolymerization of
butadiene has been described in our previous paper.8
Because of rather low activity toward styrene of the
previous catalyst, however, the random copolymeriza-
tion of butadiene—styrene is useful only in the present
catalytic system.

As shown in Figure 1a, the 1/Al(i-Bu)s/[PhsC][B(CsFs)4]
system induced a smooth polymerization of butadiene
in toluene at —20 °C ([butadiene]p = 1.0 M; [butadiene]o/
[1]o = 200; [Al(i-Bu)s]o/[1]o = 3; {[PhsC][B(CeFs)al}of
[1]o = 1) without an induction period. The conversion
reached to 95% in 20 min, and the MWDs of the
resulting polymers remained narrow throughout the
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Figure 1. Monomer addition experiment for polymerization
of butadiene with 1/Al(i-Bu)s/[Ph3C][B(CsFs)4] in toluene at
—20 °C. [butadiene], = [butadiene]ags = 1.0 M (1.0 x 1072 mol);
[1]o = 0.005 M (5.0 x 1075 mol); [Al(i-Bu)slo/[1]o = 3; {[PhsC]-
[B(CsFs)al}o/[1]o = 1. The My, M, and My/M,, were determined
by GPC against polybutadiene standards.

reaction (My/M, = 1.20—1.23) (Figure 1b).%10 To exam-
ine the living nature of this polymerization system, a
second feed of butadiene was added to the reaction
mixture when most of the initial charge of butadiene
had been consumed (95% conversion in 20 min). After
the second addition, a smooth second-phase polymeri-
zation took place again, and the conversion reached to
183% (83% consumption of the added butadiene) in an
additional 20 min (Figure 1a). The M, increased in
direct proportion to monomer conversion throughout the
two-step polymerization reactions, while the MWDs
remained unimodal and narrow (Myw/M, = 1.20—1.24)
(Figure 1b,c). These results show that the 1/Al(i-Bu)s/
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Table 1. Random-Copolymerization of 1,3-Butadiene and Styrene with 1/Al(i-Bu)s/[PhsC][B(CsFs)4]®

styrene . styrene content
: microstructure ;
in feed in copolymer
run  (mol %) time (h) vyield (%) 1,4-cis (%) 1,4-trans (%) 1,2 (%) (mol %) My, © Mp ¢ Mw/M, ¢
1 40 0.5 21 94.6 4.4 1.0 4.6 142000 101 000 141
2 50 1 22 95.1 3.9 1.0 7.2 124 800 78 600 1.59
3 60 6 20 91.7 7.2 11 11.4 124 200 73900 1.69
4 70 12 23 87.4 11.7 0.9 19.1 67 800 38 700 1.75
5 80 50 21 80.3 18.7 1.0 33.2 52 200 23 400 2.23

a Polymerization conditions: in toluene; T, = 50 °C; [butadiene]o + [styrene]o = 6.0 M (3.0 x 1072 mol); [1]o = 0.006 M (3.0 x 10~5 mol);
[AI(i-Bu)s]o/[1]o = 3; {[Ph3C][B(CsFs)4]} o/[1]o = 1. P Measured by *H NMR and 3C NMR in CDCls. ¢ Determined by GPC against polystyrene

standard.

[Ph3C][B(CeFs)4] system is an excellent living system
for the polymerization of butadiene.! Moreover, at every
conversion the resultant polybutadiene possesses a
constantly very high 1,4-cis microstructure (e.g., 1,4-
cis:1,4-trans:1,2 = 99.0:0.6:0.4 at 183% conversion),
showing that this living polymerization reaction is 1,4-
cis stereospecific.1?

The reactivity of the living end group in the butadiene
polymerization toward styrene monomer was then
investigated.!® At first, butadiene was polymerized with
1/AI(i-Bu)s/[Ph3C][B(CsFs)4] in toluene at —20 °C with
[butadiene]p = 0.5 M and [butadiene]o/[1]o = 100. Under
this condition, the monomer conversion reached to 55%
in 1 min and to 98% in 10 min. The MWDs remained
unimodal and narrow (M,,/M, = 1.27, 1 min; 1.23, 10
min), while the My increased with increase of the
monomer conversion (M, = 21 500 — 45 000) (Figure
2a,b).1* Styrene monomer was then added to the reac-
tion mixture ([styrene]o/[1]o = 100), and the mixture was
stirred at —20 °C for an additional 5 h to yield a
butadiene—styrene copolymer (styrene content = 5.5
mol %) with a high 1,4-cis-polybutadiene microstructure
(99.0%) as determined by 'H NMR and 3C NMR
spectroscopy. The MWD curve of the copolymer was
unimodal and narrow (My/M, = 1.32) and shifted to a
higher molecular weight region (M, = 46 000).1* The UV
(254 nm)-detected MWD curve, which is sensitive to the
styrene unit, was in harmony with the RI-detected
MWD curve (Figure 2c). These results suggest that the
resulting polymer is not a mixture of the homopolymers
but a true butadiene—styrene block-copolymer. It should
be mentioned that, to our knowledge, the most success-
ful highly cis-butadiene—styrene block-copolymers have
been those produced by [(i3-allyl)(trifluoroacetato)-
nickel]/chloranil and reported to have 1,4-cis-polybuta-
diene microstructures of at most 89.5%.1°

When the copolymerization reactions of butadiene
with styrene were carried out at various initial monomer
feed ratios with 1/Al(i-Bu)s/[Ph3C][B(CsFs)4] in toluene
at 50 °C, random butadiene—styrene copolymers (sty-
rene content = 4.6—33.2 mol %) with high contents of
the 1,4-cis-polybutadiene microstructure (95.1—
80.3%), high molecular weights (M,, = 142 000—52 200;
M, = 101 000—23 400), and relatively narrov MWDs
(Mw/My, = 1.41-2.23) were obtained (Table 1).16 The
polymer yields were deliberately controlled at a low level
in order to evaluate the monomer reactivity ratios (i.e.,
lbutadiene = 16.9 and rsyrene = 0.4) by applying the
Fineman—Ross method.l” The polybutadiene micro-
structure varied with styrene content in the copolymer,
it can be explained on the basis of the concept of
backbiting coordination for the 1,4-cis selectivity mech-
anism in which the penultimate styrene unit inhibits
the 1,4-cis control of the terminal butadiene unit.!® The
MWD value increased with increasing styrene content
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Figure 2. MWD curves obtained in block-copolymerization
of butadiene and styrene with 1/Al(i-Bu)s/[Ph3C][B(CsFs)4] in
toluene at —20 °C. [butadiene], = [styrene]o = 0.5 M (5.0 x
1073 mol); [1]o = 0.005 M (5.0 x 1075 mol); [Al(i-Bu)s]o/[1]o =
3; {[PhsC][B(CsFs)al}o/[1]o = 1. The My, My, and My/M, were
determined by GPC against polystyrene standards throughout
the first and second block.

in copolymer possibly owing to the lack of living
character in the incorporation of styrene. The 33C NMR
spectroscopy spectra of the polymer products showed
typical signals of the random butadiene—styrene se-
quences (e.g., 25.2 and 35.8 ppm for 1,4-cis-butadiene—
styrene sequence; 30.8 and 40.2 ppm for 1,4-trans-
butadiene—styrene sequence),’®~4 while the RI-detected
MWD curves were unimodal and in harmony with the
UV (254 nm)-detected MWD curves. These results all
suggest that the copolymer products obtained in these
reactions are random butadiene—styrene copolymers
and not mixtures of the homopolymers.
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In summary, we have shown that the block-copolym-
erization of butadiene and styrene with high 1,4-cis-
polybutadiene microstructure is possible by use of
(C5Me5)28m(u-Me)2AIMeZ/AI(i-Bu)3/[Ph3C][B(C6F5)4], be-
cause this system can effect an excellent living and 1,4-
cis stereospecific polymerization of butadiene itself.
Importantly, this catalyst system can also give random
butadiene—styrene copolymers with relatively high
contents of the 1,4-cis-polybutadiene microstructure
with great improvement in molecular weight as com-
pared to the known related systems. Further studies
on the application of this catalyst system to the polym-
erization and copolymerization of other monomers are
under progress.

Supporting Information Available: The 'H NMR and
13C NMR spectra of the 1,4-cis-polybutadiene in Figure 1 and
the 3C NMR spectrum of a random-copolymer of 1,3-butadiene
and styrene (run 4, Table 1). This material is available free of
charge via the Internet at http://pubs.acs.org.
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