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The electroreduction of alkylaryldichlorosilane carried out with Mg cathode and anode in a single
compartment cell gave high molecular weight poly(alkylarylsilane) (M, = 5200—31000, M,,/M, =
1.4-1.8) in 5—79% yield. The effects of electrode material, monomer concentration, amount of
supplied electricity, and ultrasound were investigated. This electroreductive method was also
successfully applied to the synthesis of polygermanes, silane—geramane copolymers, and also poly-

[p-(disilanylene)phenylenes].

Introduction

Polysilanes have recently attracted considerable at-
tention due to their usefulness as precursors for ther-
mally stable ceramics* or a material for microlithography?®
and also due to their potentiality® in the preparation of
new types of material showing semiconducting,” photo-
conducting,® or nonlinear optical® property. In contrast
to the growing interest with the polysilane, the method
of preparation hitherto known is highly limited. So far,
the only practical method is the condensation of organo-
dichlorosilane with alkali metal (the Kipping method).
This method, however, requires drastic reaction condi-
tions and, hence, is very much limited in the type of
substituent that is allowed to be located on the monomer.
Although several modified or alternative methods such
as sonochemical coupling of dichlorosilane promoted by
alkali metal,*® transition metal catalyzed reaction of
hydrosilane,** anionic polymerization of masked di-
silene,? and ring opening polymerization of cyclic or-
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ganosilane!® have been proposed, they are not always
extensively effective as preparative methods.

The electroreductive coupling of dichlorosilane with
mercury electrode was reported by Hengge!*? in 1976 as
a method to form disilane, but this method was not
effective in the preparation of polysilane.4®¢

On the other hand, it has been reported in our previous
papers!®~18 that the electroreduction of organic com-
pounds with Mg electrode promotes a variety of unique
reactions that cannot be attained without using the Mg
electrode. A typical example reported preliminarily®s? is
the formation of a Si—Si bond and its application to the
synthesis of high molecular weight polysilane that shows
monomodal and rather sharp molecular weight distribu-
tion.

In this paper, the details of the electroreductive
synthesis of high molecular weight polysilane,**® and
some types of functionalized polysilanes,’®® and also
polygermanes?® are described, including additional in-
formation about the effects of electrode material and
monomer concentration. We also wish to report that our
electroreduction system is successfully applied for the
synthesis of oligosilanes, silane—germane copolymers,
and polycarbosilanes.
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Table 1. Effect of Electrode Materials in the
Electroreductive Formation of

1,1,2-2-Tetramethyl-1,2-diphenyldisilane (2a)2

entry anode cathode alternation® yield, %°
1 Mg Mg 92
2 Pt Pt 0
3 C C 0
4 Zn Zn trace
5 Pt Mg x 0
6 Mg Pt X 93d

aThe electroreduction was carried out under the constant
current condition (current density = 30 mA/cm?2, supplied electric-
ity = 2.0 F/mol). ® The anode and cathode were alternated with
an interval of 1 min. ¢ Material yield based on la. 94 Ultrasound
was applied to the reaction.

Results and Discussion

Preliminary Study on Electroreductive Forma-
tion of Si—Si bond. The electroreduction of chlorodi-
methylphenylsilane (1a) was studied as the model reac-
tion (Scheme 1) and carried out under a variety of
reaction conditions. First, the cathodic reduction was
performed in a divided cell because Si—Si bond is
electrochemically oxidized at the potential range of 0.7—
1.6 V vs SCE.'® The yield of 1,1,2,2-tetramethyl-1,2-
diphenyldisilane (2a) was, however, unexpectedly low
under these reaction conditions. Then, the idea of using
a sacrificial electrode was studied in order to avoid the
undesirable anodic oxidation of the Si—Si bond in an
undivided cell. It was found that the electroreduction of
1a with Mg electrode was highly effective for the forma-
tion of the Si—Si bond, and 2a was obtained in an
excellent yield.

As shown in Table 1, the electrode material is one of
the most important factors to control the formation of
the Si—Si bond. When a solution of la in dry THF
containing LiClO,4 as a supporting electrolyte was elec-
trochemically reduced with Mg cathode and anode with
a constant current (current density = 30 mA/cm?, sup-
plied electricity = 2.0 F/maol), the coupling product 2a was
obtained in 92% isolated yield (entry 1). The results that
Pt, carbon, or Zn is not an effective electrode in the
formation of the Si—Si bond (entry 2—4) clearly indicate
that Mg plays some important roles in the formation of
the Si—Si bond.*® Although details of the role of Mg in
the mechanism of formation of the Si—Si bond are not
always clear at present, the unique reactivity of Mg
electrode is undoubtedly shown in this reaction.'”:18

The effects of supporting electrolyte and solvent are
summarized in Table 2 in which it is shown that the use
of THF as the solvent and LiCIO, as the supporting
electrolyte gave the best result. The supporting electro-
lytes containing fluorine, such as LiBF, and BUNBF,,
were not suitable for this reaction because the reaction
of 1a with fluoride ion from decomposition of the elec-
trolyte gave fluorosilane, which was not electrochemically
reduced under the present reaction conditions.?®

(19) Diaz, A.; Miller, R. D. J. Electrochem. Soc. 1985, 132, 834.
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Table 2. Effect of Supporting Electrolytes and Solvents
in the Electroreductive Formation of 2a2

yield of 2a, %P

electrolyte THF DME dioxane
LiClO4 92 70 0
LiBF4 2 10

n-BusNCIO4 75 50 0
n-BU4sNBF4 12 2

a2 The electroreduction was carried out under the constant
current condition, and Mg anode and cathode were alternated.
b Material yield based on 1la.

Table 3. Electroreductive Formation of Disilanes (2)

chlorosilanes 1

entry R! R2 R3 yield of 2, %2
1 1b Me Me Me 2b, 82
2 1c Me Ph Ph 2c, 77
3 1d Ph Ph Ph 2d, 85

2 |solated material yield based on 1.

Scheme 2
1 1
, B +e (2 F/mol) R R
2 R?—Si—Cl - R2—Si-Si-R?
e LiCIO,/ THF / r.t. e R
Mg cathode and anode
1 undivided cell 2

The cathodic coupling of other organochlorosilanes was
carried out under the best reaction condition, that is, Mg
cathode and anode were alternated with an interval of 1
min., supporting electrolyte was LiClO,4, solvent was
THF, and the electricity passed was 2.0 F/mol (Scheme
2). The results summarized in Table 3 show the high
potentiality of this method in the synthesis of a variety
of disilanes. Moreover, it is remarkable that the extent
of contamination with siloxane (Si—O—Si) was less than
2%.%7

Two types of mechanism may be proposed for this
electroreductive Si—Si bond forming reaction. Namely,
one is a radical coupling reaction in which a silyl radical
formed by one electron reduction of the starting chloro-
silane couples with another silyl radical to give the
disilane. In the second mechanism, two-electron reduc-
tion of the chlorosilane yields an active species equivalent
to a silyl anion that reacts with chlorosilane to give the
dimer. To have an insight into the mechanism, the
products obtained in the mixed system of chlorotrimeth-
ylsilane (1b) and chlorotriphenylsilane (1d) (1b:1d = 1:1)
were studied in detail. As shown in Scheme 3, the mixed

(20) The same type of electroreductive Si—Si bond formation was
reported independently by using aluminum?! sacrificial anode, and
after the present study the use of silver?223 and copper?* electrodes
was reported to be effective for the electroreductive coupling of
organochlorosilanes.
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Scheme 3
e Ph 16 Ph
Me—Si=Cl + Ph—Si—0l ————————— Ph—si ©
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Me Ph Mg cathode and anode Ph
1b 1d
1b, 1d PhPh Phie
—_— - Ph—ISi—ISi—Ph + Ph—iISi—ISi—Me
Ph Ph PhMe
2d 2e
25% 25%
Scheme 4
1
Me '3 +e (5 F/mol based on 3)
2 Me—Si—Cl + Cl—Si—Cl -
l\llle IIRZ LiCIO4/ THF / r.t.
Mg cathode and anode
1b 3 undivided cell
5 equiv.
1
a/4 a R'=Me, R2=Ph 59% Me R e
b; R'=R?=Ph 73%  Me—$i-Si-di-Me
c; R' = R? = Mesityl 92% Me R” Me

0_0
d; R'=Ph, R = ,71@/ S 71% 4

coupling product (2e) and the homocoupling product of
1d, that is, hexaphenyldisilane (2d), were formed in the
ratio of 1:1, whereas the homocoupling product of 1b, that
is, hexamethyldisilane (2b), was not found in the prod-
ucts at all. This result seems to agree with the anion
mechanism. Namely, 1d is first reduced to triphenylsilyl
anion that reacts with 1b and 1d to afford disilanes 2e
and 2d, respectively. The electrophilicity of chlorosilanes
1b and 1d is high enough to be attacked equally by the
triphenylsilyl anion at the half conversion (supplied
electricity = 1 F/mol based on the total amount of 1b and
1d). In the radical mechanism, however, if only 1d is
reduced to yield a radical, the formation of 2e is not
reasonable, whereas if two types of radical are formed
by the reduction of both 1b and 1d, the absence of 2b in
the products is unreasonable. Thus, the anion mechanism
is the most reasonable in this coupling reaction. The fact
that the reduction potential of 1d is much more positive
than that of 1b also supports the above-mentioned
reaction mechanism.?528

This method is also applicable to the synthesis of
trisilanes and tetrasilanes. For example, the electro-
reductive cross-coupling of organodichlorosilanes (3) with
chlorotrimethylsilane (1b) (5 equiv to 3) gave the corre-
sponding trisilanes 4 in moderate to good material yields
(Scheme 4), and that of 1,2-dichloro-1,1,2-trimethyl-2-
phenyldisilane (5) and 1b (5 equiv to 5) gave tetrasilane
6 in 55% vyield (Scheme 5). Trisilane 4c is a key
intermediate for the photochemical synthesis of tetra-
mesityldisilene, which is known as an isolable disilene.?®

Electroreductive Polymerization of Dichloro-
methylphenylsilane (3a). Electroreduction of dichlo-
romethylphenylsilane (3a) (Scheme 6) carried out under
the above-mentioned reaction conditions gave polymeth-
ylphenylsilane (7) in low yield (Table 4, entry 3). Soni-
cation with ultrasound was found to be necessary for the
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Scheme 5
Me Me Me +e (5 F/mol based on 5)
2 Me—?i—CI + CI—§i—§i—CI LiCIO. THE /11
I 21 r.t.
Me Me Ph Mg cathode and anode
1b 5 undivided cell
5 equiv.
Yo ke e e
Me—ISi—ISi—§i—ISi—Me 55%
Me Me Ph Me
6
Scheme 6
Ph o Ph
Cl—Si—Cl Si
,\',:e LiCIO, / THF +,{,:jr_1
Mg cathode and anode
3a 7

Table 4. Electroreductive Synthesis of
Poly[methylphenylsilane] (7)2°

(28) (a) Corriu, R. J. P.; Dabosi, G.; Martineau, M. J. Organomet.
Chem. 1981, 222, 195. (b) Dessy, R. E.; Kitching, W.; Chivers, T. J.
Am. Chem. Soc. 1966, 88, 453.

(29) For a review on disilenes, see: West, R. Angew. Chem., Int.
Ed. Engl. 1987, 26, 1201.

yield of
entry alternation® sonicationd Mp¢ Muw/M, 7, %"9
1 X X
2 5200 15 43
3 X 3900 14 17
4 X 4000 1.4 7

a Concentration of monomer 3a is 0.33 mol/L. P Supplied elec-
tricity is 4 F/mol. ¢ Anode and cathode were alternated with an
interval of 1 min. 9 Ultrasound (47 kHz) was applied during the
electroreduction. ¢ Determined by GPC based on polystyrene
standard. f Purified by reprecipitation from benzene—EtOH. 9 Ma-
terial yield based on 3a.

Table 5. Effect of Electrode Material in the
Electroreductive Synthesis of Polymethylphenylsilane

(n?
yield of
entry electrode My Muw/Mn 7, %°
1 Mg 5200 15 43
2 Cu 700 1.1 d
3 Ni 640 1.1 d
4 Al 4700 1.5 15

a Conditions: [monomer 3a] = 0.33 mol/L/ supplied electricity
= 4 F/mol; ultrasound (47 kHz) was applied during the electro-
reduction. Anode and cathode were alternated with an interval of
15 sec. P Determined by GPC based on polystyrene standard.
¢ Purified by reprecipitation from benzene—EtOH. 9 Material yield
based on 3a. ¢ No precipitate was obtained after usual reprecip-
tation procedure.

electroreductive polymerization of 3a (entry 1). The low
yield of 7 may be explained by the difficulty of keeping
the electric current at a suitable level due to the increase
of the voltage between anode and cathode with progress
of the reaction. This difficulty was overcome by the
alternation of anode and cathode with a suitable interval
(Table 4, entry 2), and the material yield of 7 was
remarkably improved.

Magmesoi, is a remarkably effective electrode material
for the formation of 7, whereas Al gave low yield (entry
4) and other materials such as Cu and Ni were rather
ineffective (Table 5, entries 2 and 3). Although the
electroreduction of 3a with Al electrode (supporting
electrolyte, BusNCI; solvent, DME)® has been reported
by another group, the molecular weight of product
obtained in this case was too low to be used as a high
molecular weight polymer.
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Table 6. Effect of Monomer Concentration in the
Electroreductive Synthesis of 72

[3a], electricity, yield of
entry  mol/L F/mol M, Mw/Mp 7, %cd
1 0.33 4.0 5200 15 43
2 0.67 4.0 9900 2.1 79
3 25 2.2 18000 21 43
4 6.3 0.8 19000 2.8 15
5 12 0.5 31000 1.8 8

a The electroreduction was carried out with Mg electrodes and
ultrasound (47 kHz), and anode and cathode were alternated with
an interval of 15 sec. P Determined by GPC based on polystyrene
standard. ¢ Purified by reeprecipitation from benzene—EtOH.
d Material yield based on 3a.

Scheme 7
'I:h +e 'Iph 3a
SO 0y THF o—si©
iClIO4 M
Me Mg cathode and anode ©
3a 8
Phbh PhPhPh
CI—ISi—ISi—CI CI—§i—ISi—ISi—CI
Me Me Me Me Me
dimer trimer
Il:’h
tetramer ———> —— ~(—§|ﬁ;
Me
7

The effect of monomer concentration was investigated
in order to obtain a high molecular weight polysilane.
As shown in Table 6, the molecular weight of 7 becomes
higher with increase in the concentration of 3a. The
molecular weight (M,) of 7 was, for instance, 31 000 when
the electroreduction of 3a was carried out with high
concentration (1.2 mol/L) and low amount of supplied
electricity (0.5 F/mol), though the material yield of 7
remarkably decreased.

The most satisfactory result in which material yield
was 79% and molecular weight (M,) was 9900 was
obtained when the concentration of 3a was 0.67 mol/L
(entry 2). The polysilane 7 obtained here showed rela-
tively sharp monomodal distribution of molecular weight
in its elution profile by gel permeation chromatography,
whereas the polysilanes prepared by the alkali metal
condensation method usually showed broad bimodal
distribution.®

The mechanism of electroreductive formation of poly-
silane is not always perfectly clear, though the initial step
of reaction is obviously the reduction of 3a to an active
species (8) equivalent to a silyl anion. Two types of
reaction patterns may be proposable for the propagation
step. In the first case, the reaction of 8 with 3a gives a
dimer that yields trimer, tetramer, and finally polymer
upon repeated reaction with 8 (Scheme 7).

In another pattern of the propagation, the oligomers
such as dimer, trimer, and the like (9) are reduced to give
the oligomeric active species, which then react with
oligomer 9 or 3a to give finally the polymer. (Scheme 8).
Although it is not always possible to specify the extent
of contribution of each pattern to the propagation step,

(30) (a) Umezawa, M.; Takeda, M.; Ichikawa, H.; Ishikawa, T.;
Koizumi, T.; Nonaka, T. Electrochim. Acta 1991, 36, 621. (b) Umezawa,
M.; Ichikawa, H.; Ishikawa, T.; Nonaka, T. Denki Kagaku 1991, 59,
421.
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Scheme 8
ph Bh Ph o
. . +e . O
Cl Sl%Sl—CI cl SI—)—SI
Jﬂﬂe m e LiCIO, / THF Jr,\lﬂe m e
9 Mg cathode and anode
3a,9 IIDh
' n
7
Scheme 9
Me +e (3 F/mol based on 10) Me Me
Me =GOl 10, THF /11 Me—Ge-Gie-Me
4 L
Me Mg cathode and anode Me Me
10 ultrasound 11
84%
Scheme 10
Me l\é/Ie o '3 +e (3 F/mol based on 10)
Me + Ph—si-Cl LiCIO, / THF / rt.
e Mg cathode and anode
10 1 ultrasound
1d; R =Ph
1e; R=Me I\Ille Il:i I\I/Ie I\I/Ie
Me—(;;‘:e-?i—Ph + Me—(|3e-(|3e—Me
Me R Me Me
12 11
12a; R = Ph, 60% 30%
12b; R = Me, 52%
(Material yield based on 10)
Scheme 11
Ph Ph
| +e (3.8 F/mol I
Cl—Ge-Cl : ( ) ~Ge-
Il?;u LiCIO,/ THF / r.1. Il?;u n
Mg cathode and anode
13 ultrasound 14

the former seems the main pattern, since the electro-
chemical reduction of oligomeric silyl chloride 9 may be
a rather difficult reaction when it is analogized with the
electroreduction of long chain alkyl chlorides.

Electroreductive Formation of Ge—Ge and Ge—
Si Bonds. The Mg electrode was also found to be effective
for the formation of Ge—Ge and Ge—Si bonds.*® Hexa-
methyldigermane (11) was, for example, obtained in 84%
material yield by the electroreduction of chlorotrimeth-
ylgermane (10) (Scheme 9). The elctroreduction of a
mixture of 10 and chlorotriphenylsilane (1d) or chloro-
dimethylphenylsilane (1e) (molar ratio of 10:1d or 1le =
1:2) under similar reaction conditions afforded the cor-
responding germylsilane (12a or 12b) as the main
product (Scheme 10).

These results clearly indicate that the potentiality of
the electroreductive method is remarkable for the forma-
tion of Ge—Ge and Ge—Si bonds. In fact, the synthesis
of high molecular weight polygermane and germane—
silane copolymer was effectively achieved by this novel
method. As shown in Scheme 11, the electroreduction of
dichlorobutylphenylgermane (13) gave polygermane (14)
having a molecular weight (M) of 19 900 (material yield
= 10%). Under similar reaction conditions, a mixture of
13 and dichloromethylphenylsilane (3a) gave germane—
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Scheme 12
Ph Ph Ph Ph
| | +e (3.8 F/mol) I 1
— Ge— -t Geﬁ—ﬁSl
¢ ge Ol +CI=$i-Cl o0 T THF /vt Jréu x ,\'A;:/
Y Mg cathode and anode
13 3a ultrasound 15,16
Scheme 13
R1 R2 R2 H1
CI—éi@éi—Cl S A— ~<—©>7éi—éi~>
Il-§2 IIR1 LiCIO,/ THF Il-i1 II:(2 n
17 18

18a; R' = Et, R = Me
18b; R' = Ph, R2 = Me

17a; R' = Et, R?= Me
17b; R' = Ph, B2 = Me

Table 7. Preparation of Germane—Silane Copolymer

molar ratio Ge content
of monomer in copolymer
(13/3a) yield, %2 R=(X/X+Yy)® Mp  Amax, NM4
15 0.39 34 0.16 17000 330
16 1.04 33 0.45 20600 335

a |solated material yields obtained by reprecipitation from
benzene—EtOH 1.20. b Determined by 'H NMR (200 MHz). ¢ De-
termined by GPC based on polystyrene standard. ¢ UV spectra
were measured in THF at 20 °C.

silane copolymers 15 and 16 depending on the molar ratio
of monomers (13/3a) (Scheme 12).

As it can be seen in the typical results shown in Table
7, the atomic ratio (Ge/Si) in the copolymers was roughly
proportional to the molar ratio of monomers (13/3a), and
an almost linear correlation was observed between UV
absorption maximum of the polymer (Amax) and the
germanium content (R = x/(x +y)) in polymers including
polygermane (R = 1; Amax = 355 nm)3! and polysilane (R
= 0; Amax = 325 nm).6

Electroreductive Synthesis of Poly[p-(disilanyl-
ene)phenylene]. Poly[p-(disilanylene)phenylene] (18)
has been known for its high etching resistance against
oxygen plasma and may be used as the top imaging layer
in the double-layer resist system.3? Hence, the electro-
reductive method of formation of Si—Si bond was applied
to the synthesis of 18 (Scheme 13).152

The effect of electrode materials in the polymeriztion
of 17 was also investigated by using 1,4-bis(chloroethyl-
methylsilyl)benzene (17a) as a model compound. As
shown in Table 8, Mg electrode gave 18a with the best
result (Table 8, entry 1), and oligomeric 18a showing low
molecular weight was obtained when Cu,3 Zn, or Ni was
used as the electrode materiel (Table 8, entries 2—4).

Other factors that control molecular weight and yield
of 18a are summarized in Table 9. The best material yield
was obtained when monomer (17a) concentration was
0.27 mol/L and the electricity passed was 4 F/mol (entries
1-4). The increase in the concentration of supporting

(31) (a) Castel, A.; Riviere, P.; Stage, S. J.; Malrieu, J. P. J.
Organomet. Chem. 1983, 247, 149. (b) Trefonas, P.; West, R. J. Polym.
Sci. Polym. Chem. 1985, 23, 2099. (c) Okano, M.; Mochida, K. Chem.
Lett. 1990, 701. (d) Miller, R. D.; Sooriyakumaran, R. J. Polym. Sci.
Polym. Chem. 1987, 25, 111. (e) Isaka, H.; Fujiki, M.; Fujino, M.;
Matsumoto, N. Macromolecules 1991, 24, 2647. (f) Mochida, K.; Chiba,
H. J. Organomet. Chem. 1994, 473, 45.

(32) (a) Nate, K.; Ishikawa, M.; Ni, H.; Watanabe, H.; Saheki, Y.
Organometallics 1987, 6, 1673. (b) Nate, K.; Inoue, T.; Sugiyama, H.;
Ishikawa, M. J. Appl. Polym. Sci. 1987, 34, 2445.

(33) Ishikawa and co-workers have reported similar results by using
an electroreduction system that consisted of Cu anode, n-BusNBPh,
as a supporting electrolyte, and DME as a solvent.34
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Table 8. Effect of Electrode Material in the
Electroreductive Synthesis of
Poly[p-(disilanylene)phenylene] 18a2

yield of
entry electrode M,P Mw/Mp, 18a, %
1 Mg 6700 1.6 61
2 Cu 1300 1.8 e
3 Zn 1200 1.3 e
4 Ni 2400 1.7 e

a Conditions: [monomer 17a] = 0.27 mol/L; [LiClO4] = 0.47 mol/
L; supplied electricity = 4 F/mol; ultrasound (47 kHz) was applied
during the electroreduction. Anode and cathode were alternated
with an interval of 15 sec.” Determined by GPC based on
polystyrene standard. ¢ Purified by reprecipitation from benzene—
EtOH. 9 Material yield based on 17a. ¢ No precipitate was obtained
after usual reprecipitation procedure.

Table 9. Effect of Concentration and Supplied
Electricity in the Electroreductive Synthesis of 18a2

[17a], [LiClO4], electricity,

yield of

entry mol/L  mol/L F/mol Mn  Muw/M, 18a, %P
1 0.27 0.47 2.5 4300 1.6 25
2 0.27 0.47 4.0 6700 1.6 61
3 0.27 0.47 5.0 5200 1.6 32
4 0.27 0.47 7.0 4200 1.6 27
5 0.27 0.94 4.0 7200 1.6 57
6 0.27 0.94 8.0 8600 1.6 50
7 0.27 1.41 12.0 10000 2.0 29
8 5.10 1.90 0.3 14900 1.09 3

2 The electroreduction was carried out with Mg anode and
cathode, and ultrasound (47 kHz) was applied during reduction.
Anode and cathode were alternated with an interval of 15 sec.
b purified by reprecipitation from benzene—EtOH. ¢ Material yield
based on 17a.

Scheme 14
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17b 18b

[Monomer] = 0.27 mol/L Material yield = 73%
[LiCIO4] = 0.94 mol/L Mn = 9500
Supplied electricity =8.0 F/mol  Mw/Mn=1.9

electrolyte resulted in the increase in molecular weight
and slight decrease in the yield (entries 5—7). High
monomer concentration gave the highest molecular weight,
though the material yield was poor (entry 8).

The phenyl-substituted monomer 17b also yielded the
corresponding polymer 18b upon the same electroreduc-
tion (Scheme 14).

Since the polymerization was quenched with EtOH, a
certain extent of the terminal positions of poly[p-(di-
silanylene)phenylene] 18 may have the siloxy group (Si—
OEt). This siloxy group may be transformed to a Si—Cl
group upon treatment with acetyl chloride, and hence
further electroreduction of the resulting polymer may
result in the increase in the molecular weight. In fact,
as one of the results is shown in Scheme 15, the
molecular weight moderately increased.

Conclusion. The formation of Si—Si and Ge—Ge bonds
was achievable by the electrochemical reduction of or-
ganochlorosilanes and organochlorogermanes with Mg
sacrificial electrode. Disilanes, trisilanes, and tetrasilanes
were readily obtained in good yield using Mg electrode.
Moreover, the same reaction system was also remarkably
effective for the synthesis of polysilanes, polygermanes,
and related polymers, especially when ultrasound was



6620 J. Org. Chem., Vol. 64, No. 18, 1999

Scheme 15
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_ Material yield = 48%

Mn = 4700 Mn = 6400

Mw/Mn=15 Mw/Mn=1.6

applied to the reaction system. The molecular weight and
yield of the polymers was controlled by the concentration
of monomer and the amount of supplied electricity.
Because the present electroreductive polymerization
requires only a single compartment cell and moderate
conditions, it is undoubtedly one of the simplest and most
powerful tools for synthesis of polysilane, polygermane
and related polymers.

Experimental Section

General. 'H and '3C NMR spectra were obtained at 200
and 50 MHz and were recorded in CDCls;. Mass spectra were
obtained in the electron-impact (EI) mode. Elemental analyses
were performed by the Center for Instrumental Analysis of
Kyoto University. Molecular weights of polymers and oligo-
mers were determined by gel permeation chromatography
(GPC) using THF as an eluent, relative to polystyrene stand-
ards. The constant electrocurrent was supplied with Takasago
GPO 50-2 regulated DC power supply. The supplied electricity
was counted by a Hokuto Denko Coulomb amperehour meter
HF-201. The sonication by ultrasound (47 kHz) was performed
by using a Yamato Branson 2200.

Material. Organomonochlorosilanes la—e and organo-
dichlorosilanes 3a,b are commercially available from Shin-
Etsu Chemical Co. Ltd., and they were used after distillation.
Dichlorodimesitylsilane (3c),% 1,2-dichloro-1,1,2-trimethyl-2-
phenyldisilane (5),% 1,4-bis(chloroethylmethylsilyl)benzene
(17a),%" and 1,4-bis(chloromethylphenylsilyl)benzene (17b)%®
were prepared by reported methods. Dichloro-4-(2-oxapropoxy)-
phenylphenylsilane (3d) was prepared by the reaction of a
Grignard reagent from 4-bromophenol methoxymethyl ether
with phenyltrichlorosilane. Tetrachlorogermane was obtained
from Aldrich and used after distillation. Dichlorobutylphenyl-
germane (13) was prepared by a reported method.3! Tetrahy-
drofuran (THF) was distilled from Na—benzophenoneketyl
under a nitrogen atmosphere. Magnesium ingot is com-
mercially available from Rare Metallic Co. Ltd. and was cut
into rods (® = 9 mm, length = 4 cm) for electrodes. The
electrodes were treated with concentrated HCI and then
washed with water and acetone.

Disilane. The electrolysis of organomonochlorosilanes was
carried out in a 30-mL three-necked flask equipped with Mg
cathode and anode and a three-way stopcock jointed to a
balloon of nitrogen. Into this cell was placed 0.7 g of LiCIQO,,
and the content of the cell was dried at 50 °C in vacuo for 3 h.
Chlorotrimethylsilane (0.1 mL) and 15 mL of dry THF were
then added under a nitrogen atmosphere. After the solution
was magnetically stirred for 3 h, the pre-electrolysis was
carried out to remove traces of water and residual chlorotri-
methylsilane from the electrolysis system; that is, 600 C of
electricity was passed through the cell under a constant
current condition (current density = 30 mA/cm?) with external
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cooling by ice—water bath. During the electroreduction the
polarity of the electrodes was alternated with an interval of
15 s using a comutator. The substrate chlorosilane (6 mmol)
was then syringed into the cell in a stream of nitrogen, and
the solution was further electrolyzed. The progress of the
reaction was monitored by GLC or TLC. After the starting
material was consumed (supplied electricity = ca. 2 F/mol
based on the substrate chlorosilane), the reaction mixture was
poured into ice cold 1 N HCI (100 mL), and the aqueous
solution was extracted with ether (50 mL x 3). The combined
organic layer was washed twice with 50 mL of brine, dried
over MgSQ,, and concentrated. The residue was purified by a
silica gel column, eluting with hexane.

1,2-Diphenyltetramethyldisilane (2a):?>% IR (neat) 3050,
2960, 1430, 1250, 1110 cm™%; *H NMR (CDCl3) 6 0.35 (s, 12H),
7.20—7.65 (m, 10H); 13C NMR (CDCl;) 6 —3.82, 127.71, 128.41,
133.88, 138.98; MS m/z (relative intensity) 270 (5, M*), 255
(30, M* — Me), 193 (62, M™ — Ph), 135 (100, PhMe,Si™).

Hexamethyldisilane (2b):* IR (neat) 2950, 2890, 1250
cm~% 'H NMR (CDCl3) 6 0.02 (s, 6H); **C NMR (CDClg) 6
—2.71; MS m/z (relative intensity) 146 (13, M), 131 (18, M*
— Me), 73 (100, Me;sSi™).

1,2-Dimethyltetraphenyldisilane (2c):?>3 IR (KBr) 3020,
1420, 1250, 1100 cm~*%; *H NMR (CDCls3) 6 0.69 (s, 6H), 7.15—
7.65 (m, 20H); *C NMR (CDCl3) 6 —4.25, 128.06, 129.16,
135.47, 136.84; MS m/z (relative intensity) 394 (1, M%), 197
(100, PhyMeSi™).

Hexaphenyldisilane (2d):* IR (KBr) 3040, 1420, 1100
cm™; *H NMR (CDClg) 6 7.20—7.70 (m, 30H); 1*C NMR (CDCls)
0 128.15, 130.38, 135.25, 136.75; MS m/z (relative intensity)
518 (2, M*), 259 (100, PhsSit).

Cross Coupling of Chlorotrimethylsilane (1b) and
Chlorotriphenylsilane (1d). A solution of chlorotrimethyl-
silane (1b) (3 mmol) and chlorotriphenylsilane (1d) (3 mmol)
in 15 mL of dry THF was electrolyzed by using the same
procedure described above (supplied electricity = 580 C) to give
2d (GLC yield, 25%) and 1,1,1-trimethyl-2,2,2-triphenyldi-
silane (2e) (GLC yield, 25%). 2e:4° *H NMR (CDCls) 6 0.20 (s,
9H), 7.30—7.50 (m, 15H); *C NMR (CDCls) 6 —1.04, 127.95,
128.17, 129.22, 136.17.

Trisilane. A solution of chlorosilane 1 (15 mmol) and
dichlorosilane 3 (3 mmol) in dry THF was electrolyzed by using
the same procedure for the preparation of disilane to afford
trisilane (supplied electricity = ca. 4F/mol based on 3).

2-Phenylheptamethyltrisilane (4a):%24! IR (neat) 3050,
2940, 2890, 1425, 1245, 1095 cm™*; 'H NMR (CDCl3) 6 0.11
(s, 18H), 0.37 (s, 3H), 7.25—7.34 (m, 3H), 7.36—7.42 (s, 2H).

2,2-Diphenylhexamethyltrisilane (4b):*! IR (neat) 2950,
2875, 1430, 1250, 1100 cm~%; *H NMR (CDCls3) 6 0.15 (s, 18H),
7.26—7.37 (m, 6H), 7.40-7.50 (m, 4H); MS m/z (relative
intensity) 328 (28, M*), 255 (67, M* — SiMeg), 178 (100, M+ —
SiMe; — Ph); HRMS calcd for CigH2sSis 328.1499, found
328.1493.

2,2-Dimesitylhexamethyltrisilane (4c):*? IR (KBr) 2950,
1440, 1240 1100 cm™L; *H NMR (CsDs) 6 0.25 (s, 18H), 2.12 (s,
6H), 2.29 (broad s, 12H), 6.75 (s, 4H); MS m/z (relative
intensity) 412 (10, M%), 397 (4, M™ — Me), 339 (100, M* —
SiMes); HRMS calcd for Co4H40Sis 412.24377, found 412.24542.

2-Phenyl-2-[4-(2-oxapropoxy)phenyl]hexamethyltri-
silane (4d): IR (KBr) 2950, 2900, 1500, 1240, 1100 cm™%; *H
NMR (CDCls) 6 0.18 (s, 18H), 3.51 (s, 3H), 5.21 (s, 2H), 6.95—
7.05 (m, 2H), 7.25—7.50 (m, 7H).

2-Phenylnonamethyltetrasilane (6).*® A solution of chlo-
rotrimethylsilane (1b) (15 mmol) and 1,2-dichloro-1,1,2-tri-
methyl-2-phenyldisilane (5) in dry THF was electrolyzed by

(34) Kunai, A.; Toyoda, E.; Kawakami, T.; Ishikawa, M. Organo-
metallics 1992, 11, 2899.

(35) Fink, M. J.; Michalczyk, M. J.; Haller, K. J.; West, R. Organo-
metallics 1984, 3, 793.

(36) Wolff, A. R.; Nozue, I.; Maxka, J.; West, R. J. Polym. Sci., Part
A: Polym. Chem. 1988, 26, 701.

(37) Nate, K.; Ishikawa, M.; Ni, H.; Watanabe, H.; Saheki, Y.
Organometallics 1987, 6, 1673.

(38) Gilman, H.; Lichtenwalter, G. D.; Wittenberg, D. 3. Am. Chem.
Soc. 1959, 81, 5320.

(39) The structures of 2b and 2d are confirmed by comparison with
the spectroscopic data of the commercially available authentic samples.

(40) Hiyama, T.; Obayashi, M.; Mori, I.; Nozaki, H. J. Org. Chem.
1983, 48, 912.

(41) Bobbitt, K. L.; Gaspar, P. P. J. Organomet. Chem. 1995, 449,
17

(42) Fink, M. J.; Michalczyk, M. J.; Haller, K. J.; West, R.; Michl,
J. Oraganometallics 1984, 3, 793.

(43) Semenov, V. V.; Cherepennikova, N. F.; Arthemicheva, S. B.;
Razuvaev, G. A. Appl. Organomet. Chem. 1990, 4, 163.
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using the same procedure described above to give 6 in 55%
yield. 6: IR (neat) 2950, 2890, 1250 cm™*; 'H NMR (CDCls) 6
—0.06 (s, 9H), 0.12 (s, 9H), 0.17 (s, 6H), 0.42 (s, 3H), 7.25—
7.31 (m, 3H), 7.35—7.42 (m, 2H); MS m/z (relative intensity)
324 (39, M%), 251 (60, M* — SiMes), 174 (100); HRMS calcd
for CisH32Si, 324.13810, found 324.15502.

Poly[methlphenylsilane] (7).1° Into the electrolysis cell
(30-mL three-necked flask equipped with one pair of Mg
electrodes and a three-way stopcock jointed to a balloon of
nitrogen) was placed 1 g of LiClO,4, and the cell was dried at
50 °C in vacuo for 3 h. Chlorotrimethylsilane (0.1 mL) and 15
mL of dry THF were then added under a nitrogen atmosphere.
After pre-electrolysis was carried out by using the same
procedure as for disilane, dichloromethylphenylsilane (3a), the
monomer, was syringed into the cell in a stream of nitrogen.
The electroreduction was performed under a constant current
condition (current density = 30 mA/cm?), and the polarity of
the electrodes was alternated with an interval of 15 s using a
comutator. During the electrolysis the mixture was sonicated
by ultrasound (47 kHz) under cooling with water. The supplied
electricity was counted by a comutator. After the electricity
listed in Table 6 was passed through the cell, the reaction was
guenched by EtOH (10 mL). The mixture was then poured into
ice-cold 1 N HCI (100 mL), and the aqueous solution was
extracted with ether (50 mL x 3). The combined organic layer
was washed twice with 50 mL of brine, dried over MgSO,, and
concentrated. The resulting crude polymer was dissolved in 4
mL of benzene and reprecipitated from EtOH (100 mL). The
molecular weight of the polymer was determined by GPC with
THF as the eluent. 7: UV Amax (log €) (THF) 340 nm (3.95); IR
(KBr) 3050, 2960, 1430, 1250, 1100 cm~*; *H NMR (CDCls3) o
—1.00—0.70 (m, 3H, SiMe), 6.30—7.70 (m, 5H, ring protons).

Digermane. A solution of chlorotrimethylgermane (10) (5
mmol) in dry THF was electrolyzed by using the same
procedure as for the preparation of disilane to afford hexam-
ethyldigermane (11) (supplied electricity = ca. 3F/mol based
on 10). 11:4* IR (KBr) 3050, 2960, 1430, 1250, 1100, 1025 cm™;
1H NMR (CDCl3) 6 —1.00—-0.70 (m, 3H, SiMe), 6.30—7.70 (m,
5H, ring protons).

Cross-Coupling of Chlorotrimethylgermane (10) and
Chlorosilanes 1. A solution of chlorotrimethylgermane (10)
(3 mmol) and chlorosilane (1d or 1e) (3 mmol) in 15 mL of dry
THF was electrolyzed by using the same procedure as for the
preparation of disilane.
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12a:% IR (neat) 3040, 2950, 2880, 1425, 1105 cm™%; 'H NMR
(CDCl3) 6 0.29 (s, 9H), 7.28—7.48 (m, 15H); MS m/z (relative
intensity) 378 (5, M*), 363 (5, M™ — Me), 259 (100); HRMS
calcd for C,1H34SiGe 378.0859, found 378.0834.

12b:*8 IR (neat) 3040, 2960, 2900, 1425, 1250, 1110 cm™%;
1H NMR (CDCls) 6 0.14 (s, 9H), 0.38 (s, 6H), 7.31—7.37 (m,
3H), 7.42—7.49 (m, 2H); MS m/z (relative intensity) 254 (7,
M), 239 (16, M* — Me), 135 (100); HRMS calcd for Ci1Hzo-
SiGe 254.0546, found 254.0557.

Poly[butylphenylgermane] (14). The electroreductive
polymerization of dichlorobutylphenylgermane (13) was car-
ried out by the same procedure as for the electroreduction of
dichloromethylphenylsilane. 14: UV Anax (log €) (THF) 355 nm
(4.10); IR (KBr) 3050, 2920, 2850, 1430, 1250, 1080 cm™; *H
NMR (CDCls) 6 0.10—1.10 (m, 9H), 6.40—7.35 (m, 5H).

Poly[p-(disilanylene)phenylene] (18). 1,4-Bis(chloro-
ethylmethylsilyl)benzene (17a) and 1,4-bis(chloromethylphenyl-
silyl)benzene (17b) were electrolyzed by using the same
procedure as for the polymerization of dichloromethylphenyl-
silane (3a) to give poly[p-(1,2-diethyldimethyldi-silanylene)-
phenylene] (18a) and poly[p-(1,2-dimethyldiphenyldisilanylene)-
phenylene] (18b), respectively. The applied reaction conditions
were listed in Table 9 and Scheme 14.

18a:%” M, = 8600; IR (KBr) 3050, 2960, 2875, 1460, 1380,
1250, 1125 cm™%; *H NMR (CDClg) 6 0.34 (broad s, 6H, SiMe),
0.91 (broad s, 10H, SiEt), 7.27 (broad s, 4H, ring protons).

18b:3” M, = 9500; IR (KBr) 3050, 1425, 1250, 1115 cm™%;
H NMR (CDCls) ¢ 0.60 (broad s, 6H, SiMe), 7.26 and 7.30 (m,
14H, phenyl and phenylene ring protons).
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