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Introduction. Polycarbosilanes have recently at-
tracted much attention because of their unique charac-
teristics compared to the usual hydrocarbon polymers.'2
The development of synthetic methods to obtain well-
defined polycarbosilanes is indispensable for the de-
tailed investigations of the chemical and physical prop-
erties of polycarbosilanes and their application to
functional materials.

Among many kinds of polycarbosilanes, polysiltri-
methylenes are fundamental. They can be readily
prepared from silacyclobutanes,® which are easily ac-
cessible or commercially available. They have relatively
high reactivities due to ring strain. Although consider-
able work has been done on the anionic,* thermal,’ and
transition-metal-catalyzed® ring-opening polymerization
of 1,1-dimethylsilacyclobutane (1), no study has been
reported on the synthesis of poly(1,1-dimethylsilabu-
tane) with well-controlied molecular weight and suf-
ficiently narrow molecular weight distribution. In this
paper, we describe anionic polymerization of 1,1-di-
methylsilacyclobutane proceeding with a living nature
(Scheme 1).

Results and Discussion. Liaoc and Weber recently
reported that butyllithium induced polymerization of
silacyclobutane derivatives such as 1,1-divinylsilacy-
clobutane,” 1,1-dihydridosilacyclobutane,® and 1,1-di-
methylsilacyclobutene® in THF at —78 °C in the pres-
ence of HMPA. An attempt to apply the same condi-
tions for a polymerization of 1,1-dimethylsilacyclobutane
(1) resulted in a formation of poly(1,1-dimethylsilabu-
tane) with broad molecular weight distribution (MWD)
(M,/M, = 1.63, estimated by GPC, polystyrene as a
standard). Then we examined butyllithium-induced
polymerization of 1 in the absence of HMPA. Table 1
summarizes the results.

The polymerization in THF at —78 °C was incomplete,
and the polymer was obtained in only 62% yield even
after the prolonged reaction time (run 1). In contrast,
polymerization of 1 in THF at —48 °C gave poly(1,1-
dimethylsilabutane) quantitatively with a narrow MWD
Mw/M, = 1.12) (run 2). Polymerization at higher
temperature (0 °C) provided a polymer with a broader
MWD (M./My, = 1.47) (run 3). Polymerization in diethyl
ether at 0 °C also gave a polymer with a broad MWD
(My/M,, = 1.42) (run 5). Although polymerization in
run 2 readily proceeded to give polymer with narrow
MWD, it did not show a living nature. This is confirmed
by the following results. The addition of 2 mol % of
butyllithium to a solution of monomer 1 in THF at —48
°C provided the polymer in only 91% yield (run 6). An
addition of fresh feed of monomer 1 to the polymeriza-
tion mixture did not restart polymerization, and neither
the yield nor the number-average molecular weight (M)
of the polymer increased (run 7). We assumed that the
polymerization in THF at —48 °C did not have the living
nature because of the low solubility of the produced
polymer in THF. In fact, a white precipitate appeared
several minutes after the addition of butyllithium to the
monomer.
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Table 1. Polymerization of 1,1-Dimethylsilacyclobutane
in THF or Ether”

n-BuLi temp yield M/
run 1(mmol) (mmol) solvent (°C) (%) Mpd My
1 5.0 0.25 THF -78 62 1700
2 5.0 0.25 THF —48 100 2400 1.12
3 5.0 0.25 THF 0 100 4400 147
4 5.0 0.25 ether —48 0
5 5.0 0.25 ether 0 95 2700 1.42
6 100 0.20 THF —48 91 6400 1.23
7 5.0 + 5.0¢ 0.25 THF —48 114 3100 1.25

@ Polymerization was carried out in a solvent (10 mL in runs
1-5 and 7 and 20 mL in run 6). The reaction time was 4 h (run
1) or 1 h (runs 2—7). ® Determined by 'H NMR (from the integral
ratio of termination end methyl group absorption at 6 0.94 to
methylene group absorption at 6 0.52—0.59). < Estimated by GPC
(polystyrene standard). ¢ The equal amount of monomer was added
in two portions. The second portion was added to the reaction
mixture 20 min after the initiation of the polymerization.
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Table 2. Polymerization of 1,1-Dimethylsilacyclobutane
in THF—Hexane®

initiator yield M./
run solvent initiator 1 (mmol) (mmol) (%) M® My
1 THF-hexane n-BulLi 5.0 0.25 99 2400 1.10
2 THF-hexane n-Buli 10.0 0.20 98 5100 1.14
3 THF-hexane n-BulLi 5.0+5.0¢ 0.25 200 4600 1.17
4 THF-hexane PhLi 5.0 0.25 100 2500 1.17
5 THF-hexane PhLi 10.0 0.20 97 6100 1.26

@ Polymerization was carried out in THF (5 mL)—hexane (5 mL)
in runs 1, 3, and 4 and in THF (10 mL)—hexane (10 mL) in runs
2 and 5 at —48 °C. ® Determined by 'H NMR (from the integral
ratio of termination end methyl group absorption at 6 0.94 to
methylene group absorption at é 0.52—0.59). ¢ Estimated by GPC
(polystyrene standard). ¢ The equal amount of monomer was added
in two portions. The second portion was added to the reaction
mixture 20 min after the initiation of the polymerization.

To solve this problem, we examined the polymeriza-
tion in various solvents and found that THF—hexane
mixed solvent was satisfactory (Scheme 2). Table 2
shows the results. Addition of 5 mol % of butyllithium
to a solution of 1,1-dimethylsilacyclobutane in THF -
hexane (1:1) at —48 °C afforded almost monodispersed
poly(1,1-dimethylsilabutane) (M./M, = 1.10) in 99%
yield (run 1).10

The time—yield curve for the butyllithium-induced
polymerization of 1,1-dimethylsilacyclobutane in THF~
hexane at —48 °C was shown in Figure 1. Polymeriza-
tion proceeded readily without an induction period and
was complete within 20 min after the addition of
butyllithium. The relationship between M, and yield
of the polymer is shown in Figure 2. M, increased in
proportion as the yield of polymer increased, although
the increase of the M, is greater to some extent than
that calculated from a rate of the amount of the
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Figure 1. Time-—yield curve for the butyllithium-induced
polymerization of 1 in THF (5 mL) and hexane (5 mL) at —48
°C: 1 (5.0 mmol), n-BuLi (0.25 mmol). 5.0 mmol of 1 was
added at 20 min.
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Figure 2. M, curve and M,/M,, curve for the buthyllithium-
induced polymerization of 1: 1 (5.0 mmol), n-BuLi (0.25 mmol)
in THF (5 mL) and hexane (5 mL) at ~48 °C. 5.0 mmol of 1
was added at 20 min.
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converted monomer and initiator. Under these reaction
conditions, higher molecular weight polymer could be
obtained quantitatively. For example, treatment of the
monomer 1 with 2 mol % of butyllithium in THF-
hexane at —48 °C gave poly(1,1-dimethylsilabutane) in
98% yield (run 2).

To investigate the living nature of this polymeriza-
tion, the second fresh feed of the monomer 1 was
introduced to the reaction mixture after the initial
charge of the monomer had been polymerized. The
added 1,1-dimethylsilacyclobutane smoothly polymer-
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ized at the same rate as in the initial stage, and both
the yield and the M, of the polymer increased (Figures
1 and 2 and Table 2, run 3). Figure 2 also shows the
M /M, curve for the polymerization. The molecular
weight dispersity was kept narrow (M/M, < 1.19) even
after the second addition of the monomer. Phenyl-
lithium instead of butyllithium also induced the poly-
merization of 1,1-dimethylsilacyclobutane, but the phe-
nyllithium-induced polymerization proceeded with a

. broader MWD than that of butyllithium-induced po-

lymerization (runs 4 and 5).

We also examined the end capping of the resulting
polymer with an electrophile. Treatment of the polymer
prepared from 1,1-dimethylsilacyclobutane and 5 mol
% of butyllithium in THF—hexane at —48 °C with
chlorodimethylphenylsilane provided dimethylphenyl-
silylated polymer 3 (Scheme 3).!! The end-capping
efficiency (3/(3 + 4)) was 0.90.

On the basis of these results, we are tempted to
assume that the polymerization of 1 has proceeded in a
living manner and living polymer 2 has been produced
during the whole polymerization process.
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—0.07 (s, 138H), 0.52—0.59 (m, 92H), 0.87 (t, J = 6.9 Hz,
3H), 0.94 (t, J = 7.1 Hz, 3H), 1.20—1.38 (m, 50H).

Butyllithium (1.62 M, 0.154 mL, 0.25 mmol) was added to
a solution of 1 (0.646 mL, 5.0 mmol) in THF (6§ mL) and
hexane (5 mL) at —48 °C. The reaction mixture was stirred
for 20 min, and then chlorodimethylphenylsilane (0.33 mL,
2.0 mmol) was added. After being stirred for 30 min,
methanol (1.0 mL) was added. The resulting mixture was
poured into brine and extracted with toluene. The organic
layer was separated and dried over anhydrous sodium
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sulfate. Some amount of toluene was evaporated. The
polymer solution was poured into methanol, reprecipitated
twice from toluene into methanol, and dried in vacuo to give
polymers 8 and 4 in 92% yield. The end-capping efficiency
was determined by 'H NMR (from the integral ratio of the
termination end phenyl group absorption at 4 7.31-7.37 and
6 7.46—7.54 to the initiation end methyl group absorption
at 6 0.87).
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