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Abstract

Polymerization of in situ generated disilene as a novel method of preparation of polysilylenes was investigated. The reactions of a
number of dichlorodisilanes with 3,3',5,5'-tetramethylbiphenyl anion radical at — 78°C gave the corresponding polysilylenes in moderate
yields. For successful reaction the presence of the four methyl groups on the reductant was necessary to prevent the formation of the
masked disilene derivatives by both steric and electronic effects. A comparison of the various reductants used and the unique difference in
reactivity between dichlorodisilane and dichlorosilane under the reaction conditions are also described.
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1. Introduction

Up to now the conventional Wurtz-type reductive
coupling method has been widely employed for the
synthesis  of  polysilylenes  [1). Although  muny
dichloro(mono)silanes are used as monomers for the
polycondensation reactions, dichlorodisilanes have not
been used for this purpose, except 1,2-dichloro-1,1,2-
wimethylphenyldisilane, which has occasionally been
used [2].

However, the reaction of dichlorodisilanes with aro-
matic anion radicals is known to afford 7,7-disila-
[2.2.2]bicyclooctadienes [3] or isolable disilenes [4). In
the latter case the presence of bulky substituents on
silicon is necessary to stabilize kinetically the free
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disilenes generated. Recently, we used 7.7-
disila[2.2.2]bicyclooctadienes as masked disilenes for
anionic polymerization to give high molecular weight
polysilylenes [S].
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We describe below the novel application of dichloro-
disilanes in the preparation of polysilylenes based on
polymerization of in situ generated disilenes.

R' R R R?
CI—S'i—Sli-—-CI Ieductan, \Si=Si/
R R* R R?
R' R?
e ow,

In polymerization of in situ generated disilenes, bulky
substituents on silicon are detrimental but it is necessary
to prevent ihe coupling of dichlorodisilanes with the
reductant. Use of steric effects of substituents on the
reductant seemed to offer a solution. Thus we have used
3,3',5.5'-tetramethylbipheny! anion radical as a reducirg
agent, which shows a remarkable chemoselectivity in
the polymerization reaction.

2. Results and discussion

2.1, Preparation of dichlorodisilanes

Dichlorodisilane monomers were prepared by previ-
ously reported procedures except in the case of 1,2-di-
chloro-1,1-dimethyl-2,2-diphenyldisilane, This new
dichlorodisilane was made by the sequence shown in
Eq. (3). (Use of umino-substituted disilanes has recently
been described by Tamao et al. [6))

(Et,N)Me, SiCl
Me Ph
Et; N=—S8i—S8i—NEt,
I\"ie Plh
Me Ph
Cl=—S8i=Si—Cl (3)
Iv|ie P|h
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2.2. Polymerization of in situ generated disilene

The reaction of 1,2-dichloro-1,1-dihexyl-2,2-dimeth-
yldisilane with the 3,3',5,5"-tetramethylbiphenyl anion
radical at —78°C gave the corresponding polysilylene 1
in 42% yield.

Me Hex
Cl—Sli—-SIi—-Cl
Me Hex
-
O [
HF, —78°C Sli—SIi
Me Hex/»
1

M, =72x10° M,=12x10*
M,/M, =1.6
Ay = 302.6 nm (€(Si-Si) = 4100))

(4)

The molecular weight distribution of the polymer 1
was determined by gel permeation chromatography
(GPC), with calibration by use of polystyrene standards
with chloroform as eluant; M, =7.2 X 10°, M, = 1.2
X 10% and M,/M,=16. The molecular weights of
the polymer 1 are lower than those of the corresponding
polysilylenes prepared by anionic polymerization of a
masked disilene or condensation of an appropriate
dichlorodisilane [7]. It is also noteworthy that the dis-
persion factor for molecular weight distribution
(M, /M,) of the polymer 1, i.e. 1.6, is much smaller
than that of the polysilylene prepared by the Wurtz
coupling method, i.e. 3.8 [7]. Other polysilylenes 2-6
were made by similar procedures. The results are listed
in Table 1.

It was found that various polysilylenes were formed
under lower temperature reuction conditions than those
used in the conventional condensation method. How-
ever, the molecular weights and yields of all the
phenyl-substituted polysilylenes 4, §, and 6 were lower
than those of alkyl-substituted polysilylenes 1, 2, and 3.
It is probable that stabilization of silyl anions by the
phenyl group results in facile cleavage of silicon-sili-
con bonds of the intermediate polysilylene oligomers
under the reaction conditions, even at — 78°C, This may
be the reason for the rather low molecular weight of the
phenyl-substituted polysilylenes.

2.3. Structure of the polysilylene

Fig. 1 shows the methyl region of the "€ NMR
spectra of three poly(dihexylsilylene-co-dimethylsily-
lene) compounds, 7, 8, and 1, derived by different
methods, respectively anionic polymerization of a
masked disilene, Wurtz-type coupling of a dichlorodisi-
lane, and polymerization of an in situ generated disi-
lene. The spectral features of the former two polysi-
lylenes have already been discussed in detail [7,8]. The
"C NMR spectra of 1 are somewhat complicated. Two
peaks with almost the same intensity are observed, at
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Table 1

Reactions of various 1,2-dichlorodisilanes with the anion radical of 3,3',5,5'-tetramethylbiphenyl

Entry Dichlorodisilane Yield of M, *x107} M, *x107? M, /M,

polysilylene (%)

N|le Hlex

1 Cl—Sli—S'i—Cl 42 72 12 1.6
Me Hex
Me ‘e

2 Cl—SlifS!i—Cl 60 5.6 8.4 1.5
Me ‘Bu
l?iu Blu

3 Cl-SIi—S|i—Cl St 5.4 8.4 1.6
Me Me
Plh Nlle

4 Cl-Sli—Sli—Cl 13 24 44 1.8
Me Me
P|h Plh

5 CI—Sli—S|i—Cl 38 38 1.1 1.9
Me Me
l\rlie P|h

6 CI—Sli—S|i—Cl 38 27 4.2 1.5
Me Ph

* Determined by GPC.

—0.66 and — 1.66 ppm, for the polymer 1 together with
small signals at higher field. These two peaks can be
assigned to the methyl group of SiHex ,~SiMe,-SiHex,
(the head-to-tail unit A) and that of SiHex,-SiMe,~
SiMe,-SiHex, (the head-to-head unit B) respectively.
The other small high-field methyl peaks must come
from the poly(dimethylsilylene) part SiHex,-
(SiMe,),~SiHex, (the unit €). Redistribution of the
polymer end may take place even at low temperature

under the conditions used. Judging from these results,
the polymerization process appears to proceed in a
completely random fashion. It is noteworthy however,
that no disiloxane peak is observed for polymer 1,
whereas it is clearly observed in the polysilylene 8
prepared by Wurtz-type condensation of the correspond-
ing dichlorodisilane.

More complicated € NMR spectra were observed
for the phenyl-substituted polysilylenes 4-6, indicating

Table 2
Polymerization of 1,2-dichlorodisilane by various reductants
N!e fo Iv’e Hlex
Cl-§i-8i-Cl —sdwewnt, L gi-si
[ THF, - 18°C (B
Me Hex Me Hex /» .
Polymer Reductant Yield of M, x 107" M, %10} M, /M, A (NM) ((Si-SiN °
polymer (%)
e
1 Li* OO 42 72 12 1.6 302.6 (4100)
9 52 1.6 27 36 273.6 (1600)
(10 mol.%)
10 Li 25 43 88 2.0 268.2 (1800

(powder)

® In hexane.
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Fig. 1. e NMR spectra (Si-Me region) of poly(dihexylsilylene-co-
dimethylsitylene). (a) Anionic polymerization of masked disilene (7);
(b) Na eondensation of dichlorodisilane (8); (¢) this work (9,

that frequent redistribution occurred during the polymer-
ization, and this was the reason not only for the rela-
tively low molecular weight but also for the compli-
cated structure of the phenyl-substituted polysilylenes.

2.4, Compurison of reductants

It is of interest that the reactions of 1,2-dichloro-1,1-
dihexyl-2,2-dimethyldisilane with a catalytic amount of
3.3'.5.5"-tetramethylbiphenyl anion radical or with
lithium metal in the ubsence of the reductant also gave
the polymers 9 and 10. The results are shown in Table

Although the molecular weights of these polysi-
lyleies were similar to that of the polymer 1, the
absorption maxima were at high energies (9 A, = 274
nm; 10 A, =268 nm). Broad peaks ascribed to the
Si-0O-S8i stretching were present in the IR spectra of
both polymers.

These results clearly indicate that the polymers 9 and
10 are not pure polysilylenes; they are probably polysi-
lylene—polysiloxane copolymers. This remarkable dif-
ference in reactivity between the reductants demon-
strates that electron transfer to dichlorodisilanes from
the reductant is a key step in the generation of disilenes
and the subsequent polymerization. Thus, high reducing
power is necessary for the polymerization. The presence
of four methyl groups on biphenyl enhances the ratio of
reduction to substitution by both steric and electronic
effects.

2.5. Reaction of the dichlorosilane with the reductant

In the light of the results described above, generation
and polymerization of disilenes may be provisionally
assumed. However, simple reductive (dechlorinative)
coupling of dichlorodisilane cannot be rigorously ex-
cluded. Accordingly, the reaction of dichlorosilanes is
interesting because a dichlorosilane formally affords
only a silylene, not a disilene. Thus the reaction of
propylmethyldichlorosilane with 3,3',5,5'-tetramethylbi-
phenyl anion radical was examined, and was found to
give the polymer 11 in 26% yield.

PrMeSiCl, THE, - 8°C
26%

polymer A (5)

M,=49% 10", M /M, =18
Ay = 302.8 nm (€(Si-Si) = 1800))

wan
Polymer 11 shows an absorption maximum at 303
nm, which in itself would be consistent with a normal
polysilyiene. However, the 'H NMR spectrum  pre-
sented a complicated pattern. There are many signals
that could not be attributed to a poly(propylmethylsily-
lene) homopolymer, being indicative of incorporation of
reduced tetramethylbiphenyl units into the polymer
structure. It is evident that some tetramethylbiphenyl is
present in the backbone of polymer 11, the possible
structure of which may be described as shown below.

L <2 1

Interestingly, a similar conclusion was previously
reached by Shiina and Minoura [9] in the case of the
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reaction of dimethyldichlorosilane with sodium naph-
thalenide.

Me,SiCl,

(6)

It is noteworthy that the molecular weight of the
polysilylene derived from a dichlorodisilane is much
higher than that of the polysilylene derived from a
dichlorosilane even in the case of electroreductive syn-
thesis.

2.6. Possible mechanism of polymerization

It was found that polymerization of dichlorodisilanes
by the 3,3',5,5-tetramethylbiphenyl anion radical took
place readily even at very low temperatures. This reac-
tion was specific to dichlorodisilanes. The difference in
reactivity between dichlorodisilanes and dichlorosilanes
may be attributed to facile generation of disilene from
dichlorodisilane as a result of B-elimination of chlorine
atoms, silylenes being unlikely to be generated under
the reductive condition without activation. Since nucle-
ophilic attack of the silyl anion on the chlorosilane,
which is the main reaction in the Wurtz coupling
method, is very slow at —78°C, the propagation step in
this polymerization may be similar to that established
for a carbon monomer, such as styrene, as shown in
Scheme 1. Thus, a,@-dilithiopolysilylene appears to be
generated as an intermediate in the reaction.

3. Experimental
3.1. General

'H, "C, and ®Si NMR spectra were recorded on a
Bruker AC-300P FT-NMR spectrometer at 300, 75.4,
and 59 MHz respectively. Chemical shifts are relative to
the residual solvent resonances, except for *Si NMR
(external TMS). Some of the 'H NMR and NOE spectra
were recorded on a Bruker AM-600 or a JEOL JNM-
GX400 FT-NMR spectrometer at 600 and 400 MHz
respectively. Mass spectra, including high resolution
spectra, were obtained with a Jeol JMS D-300 mass
spectrometer. Electronic absorption spectra were
recorded on a Shimadzu UV-2100 spectrometer. For
gas-liquid chromatography (GLC) a Shimadzu GC-8A
gas chromatograph was used. The molecular weight
distribution of polysilylenes was measured by use of a
JAI LC-908 gel permeation chromatograph with cali-
brated polystyrene standards, chloroform being used as
eluant.

3.2. Materials

Methylpropyldichlorosilane, lithium powder,
methanol and spectrograde hexane were commercially
available. Tetrahydrofuran and diethyl ether were dried
and distilled from sodium benzophenone ketyl immedi-
ately before use. 1,2-Dichloro-1,1-dihexyl-2,2-dimethyl-
disilane and 1,2-dichloro-1,1-isobutyl-2,2-dimethyldis-
ilanc were prepared as described previously [7,8). 1,2-
Dichloro-1,2-dimethyl-1,2-dibutyldisilane, 1,2-dichloro-
1-phenyl-1,2,2-rimethyldisilane [9], and 1.2-dichloro-
1.2-diphenyl-1,2-dimethyldisilane [10], (dicthylamino)-
dimethylchlorosilane [11), (diethylamino)diphenylchlo-

R R R\ /R R\ /R -
Cl—Si—S8i—Cl "‘;":0' Si==Si e Si=Si
| -we / \ / \
R R R R R R
Disilene
) R\A a
R R R R /s.=s:\ R R
coupling _ :i—' :1—-8:1-—8:1—— R R \ , polymcriz:uinn: S:i""S:i
R R R R | R R/
T | ~R\
a1=si—cl e Sis
R R

Silylene

Scheme 1.
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rosilane [10] and (diethylamino)diphenylsilyllithium [6]
were synthesized by previously reported procedures.

3.3. Preparation of 12-bis(diethylamino)-1,1-dimeiky!- _
2.2-diphenyldisilane

To a solution containing 10.4 g (62.7 mmol) of
(diethylamino)dimethylchlorosilane in 150 ml of THF
was quickly added at 0°C 200 ml of a THF solution of
(diethylamino)diphenylsilyllithium prepared by reaction
of 20.9 g (72.1 mmol) of (diethylamino)diphenylchloro-
silane with 1.70 g (245 mmol) of lithium powder. When
the addition was complete, the solution was stirred for
14 h, after which the THF was evaporated off in vacuo,
200 ml of hexane was added to the residue and the salt
was filtered off. The solvent was evaporated from the
filtrate under reduced pressure. Distillation of the residue
gave 1,2-bis(diethylamino)-1,1-dimethyl-2,2-diphenyl-
disilane(23.4 g, 60.8 mmol) in 84% ?'ield as a colorless
oil; b.p. 160-170°C (0.4 mmHg). 'H NMR (CDCl,,
300 MHz): 8 0.26 (s, 6H), 0.84 (d, J = 7.1 Hz, 6H),
1.03 (t, J == 7.1 Hz, 6H), 2.73 (q, J = 7.1 Hz, 4H), 3.06
(q. J = 7.1 Hz, 4H), 7.30-7.42 (m, 6H), 7.52-7.68 (m,
4H). *C NMR (CDCl,, 75.4 MHz): & 0.88, 14.92,
15.47, 40.75, 41.10, 127.49, 128.49, 135.29, 138.95.
®Si NMR (CDCl,, 59 MHz): § -13.48, —5.65. MS
(70 eV) m/z (%): 384 (M*, 10.6), 254 (Ph,(Et,N)Si,
81), 183 (59), 130 (Me,(Et,N)Si, 100).

3.4. Preparation of 1.2-Dichloro-1,1-dimethyl-2,2-di-
phenyldisilane

To a solution of 23.4 g (62.7 mmol) of 1,2-bis(dieth-
ylamino)-1.2-dimethyl-1,2-diphenyldisilane in 120 ml
of ether at 0°C was added 10.5 g (134 mmol) of acetyl
chloride. When the addition was complete, the solution
was stirred for 2 h at 0°C. The solvent was then
evaporated off in vucuo and the residue distilled to give
1,2-dichloro-1,1-dimethyl-2,2-diphenyldisilane 17.2 g
(55.2 mmol) in 91% yield as a colorless oil; b.p.
100~120°C (0.4 mmHg). 'H NMR (CDCI,, 300 MHz):
Q 0.68 (s, 6H), 7.30-7.55 (m, 6H), 7.66-7.82 (m, 4H).
"'C NMR (CDCl,, 75.4 MHz): & 1.89, 128.35. 130,73,
132.29, 134.54. Si NMR (CDCl . 59 MHz): 6 — 3.16.
17.05.

3.3, Polymerization of 1 2-dichloro-1,1-dihexyl-2 2-di-
methyldisilane by the 3.3'.5.5'-tetramethylbiphenyl an-
ion radical

A mixtre of 7.51 g (35.7 mmol) of 3,3'.5.5"-tetra-
methylbiphenyl and 0.100 g (14.3 mmol) of lithium
powder in 40 ml of THF was stirred overnight. At this
stage, the presence of the 3,3',5,5-tetramethyltiphenyl
anion radical was indicated by the dark green color. A
solution of 1.84 g (5.00 mmol) of 1.2-dichloro-1.1-di-

hexyl-2,2-dimethyldisilane in 40 ml of THF was added
at —70°C during 2 h. When the addition was complete,
the color of the solution had changed to yellow. After
hydrolysis of the solution, the organic layer was sepa-
rated, washed with water, and dried over anhydrous
sodium sulfate. A small amount of cyclotetrasilane was
detected by GC-MS analysis of the solution. After
removal of the solvent, the residue was dissolved in
benzene and the polymer “was reprecipitated by pouring
the solution into methanol. A second cycle of dissolu-
tion—precipitation, followed by freeze-drying, gave
0.541 g of poly(1,1-dihexyl-2,2-dimethyldisilanylene) in
2% yield; white solid; M,=7.2X 10°, M, =12X
104, M, /M, = 1.6 (determined by GPC, polystyrene
standard); UV (hexane) A, = 303 nm (rt, &(Si-Si) =
4100)).

3.6. Polymerization of 1,2-dichloro-1,1-diisobutyl-2,2-
dimethyldisilane by the 3,3',5.5'-tetramethylbiphenyl an-
ion radical

The same procedure, starting from 1.68 g (6.18
mmol) of 1,2-dichloro-1,1-diisobutyl-2,2-dimethyldis-
ilane, gave 0.706 g of poly(1,1-diisobutyl-2,2-dimethyl-
disilanylene) in 60% yield; white solid; M, = 5.6 X 10°%,
M, =84X10%, M _/M,=15 (determined by GPC,
polystyrene standard).

3.7, Polymerization of 12-dibutyl-1,2-dichloro-1.2-di-
methyldisilane by the 3.3'.5.5'-tetramethylbiphenyl an-
ion radical

The same procedure, starting from 1.87 g (6.89
mmol) of 1,2-dibutyl-1.2-dichloro-1,2-dimethyldisilane,
gave 0.706 g of poly(1,2-dibutyl-1,2-dimethyldisilany-
lene) in 51% yield: white solid; M, = 5.4 % 10°, M, =
8.4 X 10, M, /M, = 1.6 (determined by GPC,
polystyrene standard).

3.8. Polymerization of 12-dichloro-1-phenyl-12.2-tri-
methyldisilane by the 3.3'5.5'-tetramethylbipheny! an-
ion radical

The same procedure, starting from 1.48 g (5.92
mmol) of 1.2-dichloro-1-phenyl-1,2,2-trimethyldisilane,
gave 0.141 g of poly(1-phenyl-1,2.2-trimethyldisilany-
lene) in 13% yield; white solid; M, = 2.4 X 10°, M, =
44 X 10%, M /M, = 1.8 (determined by GPC,
polystyrene standard).

3.9. Polymerization of 1.2-dichloro-1,2-dimethyl-1,2-di-
phenyldisilane by the 3,3'.5.5"-tetramethylbiphenyl an-
ion radical

The same procedure, starting from 1.35 g (4.34
mmol) of 1,2-dichloro-1 .2-dimethyl-!,2-diphenyldis-
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ilane, gave 0.399 g of poly(1,2-dibutyl-1,2-dimethyldis-
ilanylene) in 38% yield; white solid; M, =3.8 X 10°,
M,=7.1X10°, M,/M,=19 (determined by GPC,
polystyrene standard).

3.10. Polymerization of 1.2-dichloro-1.1-dimethyl-2,2-
diphenyldisilane by the 3,3',5,5'-tetramethylbiphenyl an-
ion radical

The same procedure, starting from 1.46 g (4.69
mmol) of 1,2-dichloro-1,1-dimethyl-2,2-diphenyldis-
ilane, gave 0.433 g of poly(1,1-dimethyl-2,2-diphenyl-
disilanylene) in 38% yield; white solid; M, = 2.7 X 103,
M, =42x10% M,/M,=15 (determined by GPC,
polystyrene standard).

3.11. Reaction of 1,2-dichloro-1,1-dihexyl-2,2-dimethyl-
disilane and lithium in the presence of a catalytic
amount of 3.3',5,5'-tetramethylbiphenyl

A mixture of 0.606 g (2.88 mmol) of 3,3',5,5-tetra-
methylbiphenyl and 0.200 g (28.8 mmol) of lithium
powder in 40 ml of THF was stirred overnight, after
which the presence of the 3,3',5,5"-tetramethylbiphenyl
anion radical was evident from the dark green color. A
solution of 3.54 g (4.69 mmol) of 1,2-dichloro-1,1-di-
hexyl-2,2-dimethyldisilane in 40 ml of THF was added
at —78°C during 1.5 h. When the addition was com-
plete, the color of the solution had changed to yellow.
After hydrolysis of the solution, the organic layer was
separated, washed with water, and dried over anhydrous
sodium sulfate. After removal of the solvent, the residue
was dissolved in benzene and polymer was reprecipi-
tated by pouring the solution into methanol. A second
cycle of dissolution-precipitation, followed by freeze-
drying, gave 1.44 g of poly(1,1-dimethyl-2,2-diphenyl-
disilanylene) in 52% yield; pale yellow sticky solid;
M,=76%x10', M, =27X 108, M, /M, =36 (de-
termined by GPC, polystyrene standard); UV (hexane)
Ay = 274 nm (11, &(Si-Si) = 1600)).

3.12. Polycondensation of 1.2-dichloro-1,1-dihexyl-
2,2-dimethyldisilane by lithium metal

Condensation of 4.00 g (4.69 mmol) of 1,2-dichloro-
1,1-dihexyl-2,2-dimethyldisilane with 0.226 g (32.6
mmol) of lithium powder in THF gave 0.768 g of
poly(1,1-dimethyl-2,2-diphenyldisilanylene) in 52%
yield; colorless sticky solid; M, = 4.3 X 10°, M, = 8.8
X 10°, M, /M, = 2.0 (determined by GPC, polystyrenc
standard); UV (hexane) A,,,, = 268 nm (1t, £(Si-Si) =
1800)); IR (NaCl, em~") 1031 (Si-O-Si).

3.13. Polymerization of propylmethyldichlorosilane by
the 3,3'.5.5'-tetramethylbiphenyl anion radical

The reaction of the 3,3',5,5'-tetramethylbiphenyl an-
ion radical, prepared from 3.50 g (16.6 mmol) of
3,3'.5,5"-tetramethylbiphenyl and 0.116 g (16.6 mmol)
of lithium powder with 1.30 g (8.30 mmol) of propyl-
methyldichlorosilane in 40 ml of THF at —78°C gave
0.183 g of polymer in 38% yield; white solid; M, = 4.9
X 103, M, =88 X 10°, M, /M_ = 1.8 (determined by
GPC, polystyrene standard); UV (hexane) A, = 303
nm (rt, £(Si-Si) = 1800)).
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