Journal of Organometallic Chemistry 489 (1995) C12-C16

ournal
ofOrgang.

metallic

Chemistry

Preliminary communication

Direct synthesis of ethylmethoxysilanes by the liquid-phase reaction
of silicon, methanol and ethylene

Masaki Okamoto, Naoto Watanabe, Eiichi Suzuki, Yoshio Ono *

Department of Chemical Engineering, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152, Japan

Received 22 June 1994; in revised form 21 September 1994

Abstract

The liquid-phase reactions of silicon, methanol and ethylene in an autoclave gave ethylmethoxysilanes (HSi(C,HXOCH5),
and Si(C,H XOCH,),) besides HSi(OCH,); and Si(OCH,),. The reaction conditions for obtaining a high selectivity for the
ethylmethoxysilanes were examined. With the use of a high pressure of ethylene and a small amount of methanol in toluene as a
solvent at 433 K, ethylmethoxysilanes were obtained in 26% selectivity at silicon conversion of 59%. The direct reaction of silicon
with ethanol and ethylene gave HSi(C,H;XOC,H;), and Si(C,Hg) (OC,Hs);.
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1. Introduction

The reaction of metallic silicon with methyl chloride
into methylchlorosilanes is the most important reaction
in the silicon industry. The drawback of this reaction is
the corrosive nature of the reactant (CH,Cl) and the
products which include HCI. Therefore, the direct syn-
thesis of organosilanes from metallic silicon without
the use of halides is highly desirable.

Silicon reacts with methanol to afford HSi(OCH ;)4
and Si(OCH ), in the presence of copper catalyst [1,2].
We have shown that HSi(OCH ), was selectively pro-
duced by properly selecting the pretreatment condi-
tions of silicon-copper(I) chloride mixture and the
reaction conditions [3]. Even when Si(OCH,), is ap-
preciably formed, HSi(OCH,); is a sole primary prod-
uct and Si(OCH,), is produced by the secondary reac-
tion of HSi(OCH ), with methanol over metallic cop-
per formed during the silicon—methanol reaction [3].
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To explain the exclusive formation of HSi(OCH ,);,
the intermediacy of surface silylene I in the formation
of HSi(OCH ;); was proposed (Eq. 1) [4].

OMe OMe
M, Si: 0 M, sil MOl M,sid
-H, Me
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MeOH MCO\ /OMe
/Sl\ (n
H OMe
(M =Cu)

This mechanism also includes cleavage of the two
Si—Cu bonds by attack of methanol in the last step.
We have reported that surface silylene I can be
trapped by alkenes [3,4]. When methanol vapor (27
kPa) and ethylene (73 kPa) were fed to the mixture of
silicon and copper(I) chloride packed in a fixed-bed
reactor at 513 K, HSi(C,H)(OCH ), (8%) was formed
together with the main product HSi(OCH;); (92%).
Based on the known chemistry of silylenes towards
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alkenes and alcohols [5-7], the following mechanism
was proposed (Eq. 2):

CH
CH,CH
M,Si —2—%M251< MeOM, M,sil 0
CH, ¢
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veon MeO.__CH,CH,
/Sl\ (2)
H OMe

(M =Cu)

Surface silylene I reacts with ethylene to form silacy-
clopropane species II on the surface. The species 11 is
converted into ethylmethoxysilicon species III and then
to HSi(C,HXOCH ), via methanolysis.

Allyl propyl ether showed higher trapping efficiency
to produce HSi(CH,CH=CH,XOCH), in about 40%
selectivity (the ratio of amount of HSI(CH,-
CH=CH ,XOCH,), to total amount of silane products)
[8], the other products being alkoxysilanes. On the
other hand, the selectivities for organosilanes were low
in the reaction with simple alkenes. The selectivity for
HSi(C,H;XOCH,), never exceeded 10% in the reac-
tions with ethylene under an atmospheric pressure. In
this work, the liquid-phase reactions of silicon,
methanol and ethylene in an autoclave were studied in
order to obtain higher selectivity for organosilanes.

2. Experimental

The pulverized silicon of 99.5% purity was obtained
from Soekawa Chemical Co., Ltd. and washed with a
46% HF solution to remove oxide layers. The reactions
were carried out in a 50 cm® autoclave. In a typical
experiment, the mixture of silicon (18 mmol = 500 mg)
and copper(I) chloride (0.2 mmol = 20 mg), methanol
(54 mmol = 2.2 em?), toluene (5 cm?®) and ethylene (13
atm at room temperature: about 32 mmol) were put

Table 1
Effect of solvent on the reaction of silicon, methanol and ethylene

into the autoclave, and heated at 433 K for 3 h. The
products were analyzed by a gas chromatograph.

3. Results and discussion
3.1. Reaction of silicon, methanol and ethylene

3.1.1. Effect of solvents

The effect of solvents on the silicon conversion and
the selectivity for ethylmethoxysilanes was examined.
Silicon (18 mmol), copper(I) chloride (0.9 mmol),
methanol (58 mmol), a solvent (2.4 cm?) and ethylene
(about 32 mmol) were heated at 433 K for 3 h. Table 1
summarizes the results.

When toluene was used as the solvent, the best
result was observed. The selectivity for organosilanes
[HSi(C,HXOCH3), + Si(C,H,XOCH,),] was 26%,
the other products being HSi(OCH,); (4%) and
Si(OCH ), (70%). The silicon conversion calculated as
the sum of the yields of the four products was 59%.
The main organosilane was Si(C,H;XOCH ;). In the
vapor phase reaction, Si(C,H;XOCH ); was not found
in the products. It is plausible to assume that
HSi(C,H(OCH;), is a sole primary organosilane
product and that Si(C,H;(OCH,); is formed by the
secondary reaction of HSi(C,H(OCH,), with
methanol over metallic copper and /or the wall of the
autoclave, since we have found that Si(OCH;), is
formed by the secondary reaction of HSi(OCH ,), and
methanol over metallic copper [4]. The reaction path-
way can be expressed by Eqgs. 3 and 4.

] CH;O0H
CH}OmCzH/' HSi(C,HsXOCH;), —— Si(C,HsXOCH ), (3)
Si

CH;0H CH;0H
HSi(OCH 4); —— Si(OCH ), 4)

Longer residence time of the primary products,
HSi(C,H,XOCH;), and HSi(OCH,),, in the liquid-

Solvent Silicon Selectivity / %
conv. * /% EDMoS " ETMosS ¢ Organosilanes ¢ TMosS * QMosS '

Toluene 59 4 22 26 4 70
o-Xylene 49 5 20 25 6 69
Heptane 42 6 9 15 24 61
DEE ¢ 46 1 5 6 8 86
Dioxane 12 0 12 12 11 77
DMF P 27 0 1 1 11 88
none 47 1 6 7 12 82

* Silicon conversion for 3 h. ® HSi(C,H;XOCH ),, © Si(C,H XOCH ,);.
4 HSI(C,HsXOCH ), + Si(C,HsXOCH ), © HSi(OCH ,),. | Si(OCH ).

& diethyl ether, " dimethylformamide.

Reaction conditions: solvent = 2.4 cm®, methanol = 2.4 cm?, silicon = 500 mg, ethylene = ca. 32 mmol, copper(I) chloride = 90 mg, reaction

temperature = 433 K.
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Fig. 1. Effect of ethylene pressure on the silicon conversion (a) and
the selectivity for organomethoxysilanes (b) in the reaction of silicon,
methanol and ethylene. Reaction conditions: silicon = 500 mg, cop-

per(I) chloride = 20 mg, methanol = 2.2 cm? (54 mmol), toluene =5

cm’, reaction temperature = 433 K, reaction time =3 h.

phase reaction tends to the increase of the final prod-
ucts, Si(C,HsXOCH 4); and Si(OCH ,),. o-Xylene was
also a good solvent. Thus, the selectivity for the
organosilanes was 25%, the silicon conversion being
49%. The selectivity for organoalkoxysilanes in the
reactions in toluene or xylene was much higher than
that (< 10%) in the vapor-phase reactions.

In the reaction in diethyl ether, dioxane, or dimeth-
ylformamide, the selectivity of the organosilanes was
very low (< 12%) and the silicon conversion was also
low, probably because adsorption of the polar molecules
on the Cu-Si alloy surface prevents the formation of
silylene intermediate on the surface. Without a solvent,
the selectivity for the organosilanes was low (6.5%).

3.1.2. Effect of the ethylene pressure

The effect of the ethylene pressure on the silicon
conversion and the selectivity for organomethoxysi-
lanes is shown in Fig. 1, where the pressures are
expressed as those measured at room temperature.
Silicon (18 mmol), copper(I) chloride (0.2 mmol),
methanol (54 mmol), toluene (5 c¢cm?®) and ethylene
(4-37 atm) were heated at 433 K for 3 h. The selectiv-
ity for organosilanes increased with increasing ethylene
pressure and reached an almost constant value of 22%
above 13 atm ethylene pressure. The silicon conversion
was almost constant (50%) between 8 and 27 atm
ethylene pressure. At 13 atm of the ethylene pressure,
organosilanes were obtained with a yield of 11%, the
products consisted of 12% HSI(C,H;XOCH,),, 9%

Si(C,H,)OCH.),, 24% HSI(OCH,), and 55%
Si(OCH,),.

3.1.3. Effect of the amount of methanol

Fig. 2 shows the effects of the amount of methanol
on the silicon conversion and the selectivity for
organomethoxysilanes in the fixed amount of toluene
(5 cm?). The silicon conversion increased with increas-
ing amounts of methanol. The selectivity for organosi-
lanes was higher at lower concentrations of methanol.
When the methanol concentration was 18 mmol, the
selectivity for organosilanes reached a high value (36%)
and a small amount of diethylmethoxysilane (about
1%) was formed. Under this condition, the ratio of
HSi(C,H XOCH,), to total amount of organosilanes
was high (75%), the selectivity for HSi(OCH ;) (32%)
being the same as that for Si(OCH,),. A low concen-
tration of methanol gave a high selectivity for hydrosi-
lanes (HSi(C,H,XOCH,), and HSi(OCH,);). The
rates of the secondary reactions, hydrosilanes with
methanol, are probably low at a low concentration of
methanol.

3.1.4. Time course of the reaction

Silicon (18 mmol), copper(I) chloride, methanol (54
mmol), toluene (5 cm®) and ethylene (13 atm at room
temperature: about 32 mmol) were heated at 433 K.
Fig. 3 shows changes in silicon conversion and selectiv-
ity for organomethoxysilanes with reaction time. The
silicon conversion increased with time and reached
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Fig. 2. Effect of amount of methanol on the silicon conversion (a)
and the selectivity for organomethoxysilanes (b) in the reaction of
silicon, methanol and ethylene. Reaction conditions: silicon = 500
mg, copper(I) chloride =20 mg, ethylene =13 atm (ca. 32 mmol),
toluene = 5 cm?, reaction temperature = 433 K, reaction time 3 h.
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about 80% based on silicon at 7 h. The selectivity for
organomethoxysilanes was constant at about 18% dur-
ing the reaction. The selectivities for
HSi(C,HsXOCH ), and HSi(OCH,), were 16% and
53% at 2 h and 9% and 6% at 8 h, respectively. The
selectivity for hydrosilanes (HSi(C,H¢XOCH,), and
HSi(OCH);) decreased with time, indicating that
HSi(C,H(OCH,), and HSi(OCH5);, which are
formed in the beginning of the reaction, are consumed
to form Si(C,HXOCH,); and Si(OCH,),, respec-
tively, at the later stage by secondary reactions.

3.1.5. Effect of the reaction temperature

The reactions were carried out at various tempera-
tures. The results are shown in Fig. 4. The reaction did
not occur below 393 K. The silicon conversion in-
creased with increasing reaction temperature. The
highest selectivity for organomethoxysilanes was ob-
tained at 433 K. The selectivity decreased with increas-
ing temperature up to 433 K. Thus, the yield of
organosilanes based on silicon was almost constant
(10%) above 433 K. At a reaction temperature of 433
K, the selectivities for HSI(C,H)OCH,),,
Si(C,HXOCH ;);, HSi(OCH), and Si(OCH,), were
12%, 9%, 24% and 55%, respectively.

3.2. Reaction of silicon, ethanol and ethylene

The reaction using ethanol instead of methanol was
carried out. The products were HSi(C,H)(OC,H,),,
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Fig. 3. Changes in the silicon conversion (a) and the selectivity for
organomethoxysilanes (b) with reaction time in the reaction of sili-
con, methanol and ethylene. Reaction conditions: silicon = 500 mg,
copper(]) chloride = 20 mg, methanol = 2.2 ¢cm? (54 mmol), ethylene
=13 atm (ca. 32 mmol), toluene = 5 cm’, reaction temperature = 433
K.
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Fig. 4. Changes in the total yield of methoxysilanes (a) and the
selectivity for organomethoxysilanes (b) with reaction temperature in
the reaction of silicon, methanol and ethylene. Reaction conditions:
silicon = 500 mg, copper(I) chloride = 20 mg, methanol = 2.2 cm? (54
mmol), ethylene = 13 atm (ca. 32 mmol), toluene =5 cm?, reaction
time =3 h.

Si(C,H XOC,H,),, HSi(OC,Hj); and Si(OC,Hy),.
At 433 K, the yield of ethoxysilanes was very low (22%)
over 3 h. We have shown that the rate of the reaction
of silicon with ethanol is slower than that with methanol
[9]. To obtain a higher silicon conversion, the reaction
temperature was raised. When the reaction tempera-
ture was 453 K, the total yield of ethoxysilanes reached
90% in 5 h, the product distribution being 4% of
HSi(C,HsXOC,Hy),, 6% of Si(C,H,XOC,Hy);, 28%
of HSi(OC,Hy); and 62% of Si(OC,Hs),. The selec-
tivity for organoethoxysilanes was low (10%) at higher
reaction temperatures.

4. Conclusions

The direct reaction of silicon with methanol and
ethylene in an autoclave results in the formation of
organosilanes, HSi(C,H;XOCH;), and Si(C,Hj)-
(OCH,),, besides HSi(OCH ), and Si(OCH,),. The
selectivity for the organosilanes (26%) was higher than
that (8%) obtained in the vapor-phase reactions. The
use of a high pressure of ethylene and a low concentra-
tion of methanol in toluene or o-xylene results in
higher selectivitiecs. When ethanol was used instead of
methanol, HSiI(C,H )(OC,H ), and
Si(C,H XOC,Hj), were formed besides HSi(OC,Hy),
and Si(OC,Hy),, but the selectivity for organoethoxysi-
lanes was low (10%).
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