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The hydrosilylation reaction of ethylene with triethoxysilane catalyzed by ruthenium halides and pro-
moted by cuprous halides, iodine or ferrous chloride tetrahydrates was conducted at temperatures
ranging from 30 to 80 �C under a mild pressure of ethylene gas. Ruthenium chloride trihydrates and
cuprous chloride are proved to be the best catalyst and promoter for this reaction. With the addition of
6.8 � 10�5 mol ruthenium chloride trihydrates per mole of triethoxysilane together with over 3 times of
cuprous chloride per mole of ruthenium chloride trihydrates, the reaction can conduct rapidly at tem-
peratures ranging from 40 to 60 �C under a pressure of ethylene gas lower than 0.35 MPa with over 96%
yield of ethyltriethoxysilane within 6 h.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Ethyltriethoxysilane (ETES, CAS RN: 78-07-9) is really an
important organic silicon chemical in the silicone industry, and it
has been widely used in many fields such as functional materials,
silane coupling agents, and modifying agents for zeolite
nanoparticle-supported catalysts with good stability and high
selectivity. Besides, ETES also plays an important role in the fabri-
cation of organosilicon polymers due to its three hydrolyzable
oxyethyl groups.

The first synthesis of ETES was reported by Mikaya in 1985
(Scheme 1) [1]. The reaction was run in a gas phase and analyzed
on-line through a column connected to the mass spectrometer. So
the output of product is limited. Later, other synthesis methods
were reported (see Table 1). Among these various methods lined,
hydrosilylation of ethylene may be the most effective method
(Entry 3, Table 1). However, the expensive platinum complexes bis
[1,3-bis(h2-ethenyl)-1,1,3,3-tetramethyldisiloxane][m-(h2:h2-1,3-die
thenyl-1,1,3,3-tetramethyldisiloxane)]di-(9Cl) was employed in the
catalytic hydrosilylation process. It is well-known that the cost of
platinum and its complexes blocked their application in industrial
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iu), xnli@zjut.edu.cn (X. Li),
om (C. Wu).

All rights reserved.
processes. Therefore, it is of great significance to find out a platinum
substitutewith lower price and higher catalytic activity. In 2010, we
reported a very simple and effective method for synthesis of eth-
yltrimethoxysilane through the hydrosilylation reaction between
ethylene and trimethoxysilane [7]. In this reaction, RuCl3$3H2O
doped with iodine was screened as the catalytic system and it
exhibited higher catalytic activity and selectivity. Besides, we also
applied this catalytic system to the hydrosilylation reaction be-
tween ethylene and triethoxysilane. Comparing with Chernyshev’s
method [3] (Scheme 2), this catalytic system showed some ad-
vantages due to its cheaper cost and excellent catalytic activity
and selectivity even under mild reaction conditions. However,
the catalytic system mentioned above is still disadvantageous
because iodine is liable to sublimate and thus may pollute the
environment.

To overcome such shortages, here we reported a new method
for synthesis of ETES (Scheme 3) without the addition of iodine as
the promoter.

2. Experimental

2.1. Materials

Ruthenium (III) trichloride hydrate was obtained from Aldrich
Chemical Co. Inc. (USA). Anhydrous ruthenium (III) trichloride and
ruthenium (III) triiodide were obtained from Alfa Aesar Chemical
Co., Ltd. Cuprous chloride, cuprous bromide, cuprous iodide, iodine
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Scheme 1. Synthesis of ethyltriethoxysilane by Rh-catalyzed hydrogenation reaction.
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and ferrous chloride tetrahydrate were obtained from Hangzhou
Bond Easy Chemical Co. Ltd. Triethoxysilane was industrial grade
material with mass fraction higher than 0.99, which was purchased
from commercial sources. High purity ethylene gas with mass
fraction higher than 99.99% was obtained from Hangzhou South-
east Gases Co., Ltd. (China). All the chemicals were used directly
without further purification.

2.2. Sample analysis

The structure of each component in hydrosilylation product was
qualitatively characterized on a GCeMS TRANCE DSQ (Thermo
Finnigan, USA) and their contents were determined by means of a
SP6890 gas chromatograph (Shandong Lunan Ruihong Chemical
Instrument, China) equipped with an Agilent HP-5 column
(F0.32 mm � 30 m) and an FID detector. The chromatography
conditions used were as follows: (1) the initial column temperature
was set to 60 �C and held for 2min at this temperature, after then, it
was raised to 100 �C at a heating rate of 20 �Cmin�1, subsequently it
was further raised to 200 �C at a heating rate of 30 �C min�1; (2)
vaporization chamber ¼ 200 �C; (3) sample chamber ¼ 200 �C.

2.3. Hydrosilylation reaction

All experiments were performed in a 2 L cylindrical, round-
bottomed autoclave (Weihai automatically-controlled reaction
kettle Co. Ltd., China) equipped with an inserted gas feeding pipe, a
pusher-type propeller driven by magnetic force, a snake-type wa-
ter-cooled condenser and a vertical thermometer. Before each
experiment, the autoclave was firstly heated to above 100 �C under
the protection of a dried nitrogen flow and dried for about 0.5 h to
ensure that it was free from moisture. After cooling to room tem-
perature, the requisite amounts of triethoxysilane and catalyst as
well as promoters were fed into the autoclave and gas-tightness
examination was subsequently conducted with 0.5 MPa nitrogen
gas. When the nitrogen gas had been completely discharged, the
rate of the stirrer was set to a certain value and the mixture was
stirred for half an hour. Meanwhile, the temperature was raised to a
certain value. Subsequently, ethylene gas at a constant pressure of
0.35 MPa was continuously fed into the autoclave through the
inserted gas pipe line, and this moment was marked as the
Table 1
Synthesis methods for ethyltriethoxysilane.

Entry Raw material Catalyst Promot

1a C2H3Si(OEt)3 [1] H2 RhCl(PPh3)3 56592-2
2b HSi(OEt)3 [2] CH2]CH2 Ru3(CO)12 e

3c HSi(OEt)3 [3] CH2]CH2 11057-89-9(Pt) e

4 HSi(OEt)3 [4] CH2]CH2 H2PtCl6 30110-7
5 Si(OEt)4 [5] e NaH e

6 Si(OEt)4 [6] e NaH KF

a The reaction was run in a gas phase, on line, in a column connected to the mass spe
b The solvent was benzene.
c The reaction result showed that the Pt (0) catalysts are considerably more active in
d The abbreviation of reaction temperature.
e The abbreviation of ethyltriethoxysilane; , not mentioned in the literature.
beginning of hydrosilylation. The course of each reaction was
monitored by quantitative GC utilizing the procedure above
mentioned. At specified time intervals, 0.5 mL of the reaction mix-
tures were sampled via syringe. When the concentration of ETES
was not increased anymore, the reactionwas stopped. After cooling
to room temperature, the product was recovered and analyzed. The
synthetic yield, selectivity, and conversion data were calculated on
the basis of GC analysis results.

In a typical catalytic run, 0.0417 g (159.5 mmol) RuCl3$3H2O,
0.1442 g (1449.2 mmol) CuCl and 382.2 g (2.330 mol) triethox-
ysilane [HSi(OEt)3] were added into the dried autoclave
mentioned above (Entry 16 in Table 2). The mixture was stirred at
a rate of 300 rpm. When the reaction temperature was raised to
50 �C, ethylene gas at a constant pressure of 0.35 MPa was
continuously fed into the autoclave. After then, 0.5 mL of the re-
action mixtures were sampled periodically and analyzed by GC.
After 6 h, since the concentration of ETES was not increased any
more, the reaction was stopped. The final reaction products were
collected, weighed, and analyzed by GC after cooling to room
temperature. The obtained yield and selectivity were determined
on the basis of the GC analysis with results of 97% and 97%,
respectively.

3. Results and discussions

3.1. Effect of iodine on hydrosilylation reaction

In order to investigate the influence of iodine on the hydro-
silylation of ethylene in more detail, we designed the reaction in
the presence of RuCl3$3H2O/I2, RuCl3$3H2O and RuI3, respectively
(Entries 1e3, Table 2). When molecular iodine was used (Entry 1,
Table 2), the reaction was conducted effectively and quickly, and
93% yield of ETES in 16 hwas obtained. However, when no iodine or
RuI3 was added, the reaction rate was very slow, and only 24% or 6%
yield of ETES, respectively (Entries 2 and 3, Table 2) was obtained
within the same period. The results showed that iodine as promoter
played an important role in speeding up the reaction and it could
greatly increase the reaction yield when it is existed in a form of
molecular state.

Various factors affected on the selectivity and yield of the objec-
tive product were examined and presented in Table 2 (Scheme 4).
er RTd (�C) Product YieldETES (%)

1-3 60e160 ETESe

25e80 CH2]CHSi(OEt)3 ETES e

15e70 ETES >91
5-9 Me2CHOH 25e65 ETES 90

275 ETES 6
400 ETES e

ctrometer.

ethylene hydrosilylation than Pt (II) catalysts.



Scheme 2. Synthesis of ethyltriethoxysilane by Pt-catalyzed hydrosilylation reaction.
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3.2. Kind of catalyst

The influence of catalysts on the hydrosilylation of ethylene was
examined and the results were shown in Fig.1 (Entries 1e4, Table 2).
It could be observed from these results that RuCl3 exhibited the best
effect among these three catalysts in the absence of additives and
RuCl3$3H2Owas inferior to it. Considering the price and the catalytic
activities, it is advisable that RuCl3$3H2O should be selected as the
primary catalyst since this kind of catalyst has the cost advantage
and can effectively catalyze the hydrosilylation reaction of ethylene
with triethoxysilane when suitable promoter is used.

3.3. Effect of promoter on the hydrosilylation reaction

To investigate the influence of promoters on hydrosilylation of
ethylenewith triethoxysilane, I2, CuCl, CuBr, CuI and FeCl2$4H2Owere
Scheme 3. Synthesis of ethyltriethoxysilane b

Table 2
Effect of catalysts, promoters and reaction temperature and time on hydrosilylation of e

Entry Catalyst Promoter [Ru]/[HSi(OEt)3] [Promoter]/[Ru]

1 RuCl3$3H2O I2 3.0 � 10�5 1.2
2 RuCl3$3H2O e 7.1 � 10�5 e

3 RuI3 e 3.0 � 10�5 e

4 RuCl3 e 3.0 � 10�5 e

5 RuCl3$3H2O e 7.1 � 10�5 8.3
6 RuCl3$3H2O I2 7.1 � 10�5 8.3
7 RuCl3$3H2O CuCl 7.1 � 10�5 8.3
8 RuCl3$3H2O CuBr 7.1 � 10�5 8.3
9 RuCl3$3H2O CuI 7.1 � 10�5 8.3
10 RuCl3$3H2O FeCl2$4H2O 7.1 � 10�5 8.3
11 RuCl3$3H2O CuCl 7.9 � 10�6 10.0
12 RuCl3$3H2O CuCl 2.3 � 10�5 10.0
13 RuCl3$3H2O CuCl 3.7 � 10�5 10.0
14 RuCl3$3H2O CuCl 6.8 � 10�5 10.0
15 RuCl3$3H2O CuCl 1.4 � 10�4 10.0
16 RuCl3$3H2O CuCl 6.8 � 10�5 10.0
17 RuCl3$3H2O CuCl 6.8 � 10�5 6.0
18 RuCl3$3H2O CuCl 6.8 � 10�5 3.0
19 RuCl3$3H2O CuCl 6.8 � 10�5 1.5
20 RuCl3$3H2O CuCl 6.8 � 10�5 0.8
21 RuCl3$3H2O CuCl 6.8 � 10�5 9.0
22 RuCl3$3H2O CuCl 6.8 � 10�5 9.0
23 RuCl3$3H2O CuCl 6.8 � 10�5 9.0
24 RuCl3$3H2O CuCl 6.8 � 10�5 9.0
25 RuCl3$3H2O CuCl 6.8 � 10�5 9.0
26 RuCl3$3H2O CuCl 6.8 � 10�5 9.0
27 RuCl3$3H2O CuCl 6.8 � 10�5 3.3
28 RuCl3$3H2O CuCl 6.8 � 10�5 3.3
29 RuCl3$3H2O CuCl 6.8 � 10�5 3.3
addedaspromoters separately ineach reaction in the same levelwhile
keeping the ratio between ruthenium and the promoter as well as
other operating parameters constant. The obtained results were
shown in Table 2 (Entries 5e10) and Fig. 2. It could be observed that
when CuCl and CuBrwere used, the yield of ETES could reach 97% and
96% after reacted at 50 �C for 10 h, whichweremuch higher than that
obtained when I2 was used as the promoter. When CuI was used, the
yield of ETES was 79%, which was much close to the result obtained
when I2 was used as the promoter. It is possible that cuprous ion play
an important role in the hydrosilylation when CuCl, CuBr or CuI is
added as promoter. The effects of cuprous ion can be affected by
different halide ion and halide ion itself has no direct impact on the
hydrosilylationof ethylenewith triethoxysilane.AlthoughFeCl2$4H2O
could help to increase the yield of ETES, however, its influence on the
catalytic activity was not evident since the yield of ETES was only
increased by 8% relative to no promoter used (Entry 5, Table 2).
y Ru-catalyzed hydrosilylation reaction.

thylene with triethoxysilane.

Temperature/�C Time/h pC2H4/MPa Selectivity Yield/%

50 16 0.35 97 93
50 16 0.35 87 24
50 16 0.35 49 6
50 16 0.35 95 33
50 10 0.35 84 19
50 10 0.35 95 83
50 10 0.35 98 97
50 10 0.35 97 96
50 10 0.35 96 79
50 10 0.35 91 27
50 7 0.35 94 7
50 7 0.35 97 29
50 7 0.35 98 68
50 7 0.35 97 97
50 7 0.35 98 98
50 6 0.35 97 97
50 6 0.35 97 96
50 6 0.35 98 97
50 6 0.35 97 85
50 6 0.35 97 74
30 6 0.35 96 14
40 6 0.35 97 79
50 6 0.35 97 97
60 6 0.35 97 96
70 6 0.35 96 63
80 6 0.35 95 52
50 9 0.35 90 78
50 9 0.30 90 71
50 9 0.20 89 64



Scheme 4. Synthesis of ethyltriethoxysilane by RueX-catalyzed hydrosilylation reaction.
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The above-mentioned experimental results showed that the co-
catalytic effect of CuI was weaker than CuBr or CuCl. It could be that
the inductive effect of iodine ion was a main factor for causing the
weaker co-catalytic effect of CuI, however, the inductive effect of
chloride ion and bromide ion was weaker than iodine ion’s, so the
influence of the inductive effects on co-catalytic effect of CuBr or
CuCl was not obvious. In FeCl2$4H2O, the iron ion with þ2 valent
state might have a certain degree of reducibility, which was prob-
ably the main reason for the co-catalytic effect of FeCl2$4H2O.
However, since the reducing antioxidant power of ferric ion was
weaker than cuprous ion, consequently, the co-catalytic effect of
FeCl2$4H2O was inferior to that of CuBr or CuCl.

The above experimental results also indicated that CuCl was the
best promoter for RuCl3$3H2O in the hydrosilylation of ethylene
with triethoxysilane. It has ever been reported in previous litera-
ture that several kinds of copper compounds including CuCl could
exhibit high catalytic activity and regioselectivity for the hydro-
silylation of carbonyl compounds [8e14]. In 2008, Carl Deutsch
et al. reported a variety of CuH-catalyzed reactions, including the
hydrogenation reaction [15]. The most common and frequently
used copper hydride species was the hexamer [(Ph3P)CuH]6
(Scheme 5), the so-called “Stryker’s reagent”, which was devel-
oped by Stryker and co-workers in 2000 [16] and it could sub-
stantially improve the chemoselectivity for this reducing agent
[17,18]. Later in 2012, Lee [19] also found that a copper complex
of a chiral monodentate N-heterocyclic carbene was efficient
and highly diastereo- and enantioselective conjugate additions of
phenyldimethylsilyl units to acyclic and cyclic dienones and
dienoates. Generally, hydrogenation and hydrosilylation of
carbonyl groups were catalyzed by transition metals, such as Rh
[20,21] and Ru [22,23]. Since triethoxysilane was also a typical
reducing agent, therefore, CuH species might be formedwhen CuCl
was added as the promoter in the hydrosilylation reaction of
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Fig. 1. Effect of catalyst on yield of ETES. -, RuCl3$3H2O promoted with I2 (Entry 1);
,, RuCl3$3H2O (Entry 2); ;, RuI3 (Entry 3); :, RuCl3 (Entry 4).
ethylene with triethoxysilane and thus can greatly improve the
catalytic activity and selectivity for this hydrosilylation reaction.

Based on the experimental results observed in this study and the
mechanisms for alkene hydrosilylation that had been studied
extensively in previous literature [24], a possible mechanismwhich
was compatible with the experimental data obtained was proposed
(Scheme 6). According to mechanism presented in Scheme 5, the
intermediate HeRueSi(OEt)3 was formed by means of the combi-
nation of triethoxysilane [HSi(OEt)3] and the active ruthenium
species [Ru]. Subsequently, an ethylene complex of HeRueSi(OEt)3
was formed through the coordination between ethylene and
ruthenium, and then, ethylene could insert either between
hydrogen and ruthenium atom (Path A) through the typical Chalke
Harrod mechanism [25] or between ruthenium and silicon atom
(Path B) according to the modified ChalkeHarrod mechanism [26].
Product of the hydrosilylation, namely EtSi(OEt)3, could be formed
when the active ruthenium species [Ru] was eliminated from the
intermediates and , and recycled in the hydro-
silylation reaction.
3.4. Effect of the initial concentration of catalyst on hydrosilylation
reaction

When RuCl3$3H2Owas used as catalyst and CuCl was screened as
promoter for hydrosilylation reaction of ethylene with triethox-
ysilane, the influence of catalyst content on yield of ETES was
investigated when holding the ratio between CuCl and RuCl3$3H2O
and other conditions constant. The results were shown in Table 2
(Entries 11e15) and graphically shown in Fig. 3. It could be found
that with the increase in catalyst content, the reaction rate increased
rapidly. For example, when the ruthenium content was increased
from 7.9 � 10�6 to 6.8 � 10�5 mol per mole of triethoxysilane, the
yield of ETES increased from 7% to 97% after reacted at 50 �C for 7 h.
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Fig. 2. Effect of promoters on yield of ETES. -, no promoter; ,, I2; C, CuCl; :, CuBr;
;, CuI; >, FeCl2$4H2O.
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Fig. 4. Effect of molar ratio between CuCl and RuCl3$3H2O on yield of ETES. -, 0.8; ,,
1.5; :, 3.0; ;, 6.0; B, 10.0. The concentration of ruthenium was 6.8 � 10�5 mol per
mole of triethoxysilane and reactions were conducted at 50 �C (Entries 16 to 20 in
Table 2).

Scheme 5. Preparation of ligated copper hydrides.
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When the catalyst content was further increased to 1.4 � 10�4 mol
ruthenium per mole of triethoxysilane, the yield of ETES increased
slightly. It could also be observed from Fig. 3 that the yield of ETES
increased very slightly, though the reaction time was prolonged.
Obviously, the reaction rate was greatly affected by the catalyst
content and the lowest concentration of ruthenium that can effec-
tively catalyze the hydrosilylation of ethylene with triethoxysilane
was determined to be 6.8 � 10�5 mol per mole of triethoxysilane.

3.5. Effect of molar ratio of promoter/catalyst on hydrosilylation
reaction

When holding the catalyst concentration at 6.8 � 10�5 mol per
mole of triethoxysilane and decreasing the molar ratio between
CuCl and ruthenium from 10.0 to 0.8, the yield of ETES decreased
from 97% to 74% after a reaction carried out at 50 �C for 6 h as
presented in Table 2 (Entries 16e20, Table 2) and graphically shown
in Fig. 4. It could be found that when the molar ratio between CuCl
and ruthenium was higher than 3.0, the yield of ETES changed
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Fig. 3. Effect of catalyst contents on yield of ETES. -, 7.9 � 10�6; ,, 2.3 � 10�5; :,
3.7 � 10�5;;, 6.8 � 10�5;B, 1.4 � 10�4; the molar ratio between CuCl and ruthenium
was set to 10.0 as shown in Entries 11e15, Table 2 and the catalyst concentration
indicated was the molar ratio between ruthenium and triethoxysilane.

H-Ru-Si(OEt)3

H-Ru-Si(OEt)3

H-Ru
Si(OEt)3Ru-Si(OEt)3

H

[Ru]

Si(OEt)3
H

A B

HSi(OEt)3

Scheme 6. Proposed mechanisms for hydrosilylation of ethylene with trimethox-
ysilane catalyzed by ruthenium.
slightly with the decrease in molar ratio values. However, when
values of the molar ratio decreased further, the yield of ETES
decreased drastically, which indicated that the reaction rate was
greatly affected by the amount of promoter. It also could be
observed from Fig. 4 that with the extension of the reaction time,
the yield of ETES increased gradually. Even though the molar ratio
between CuCl and RuCl3$3H2O was decreased to 0.8, the hydro-
silylation reaction could still be carried out almost completely,
which indicated that the reaction rate was greatly affected by the
amount of CuCl, nevertheless, the reaction equilibrium was not
affected.

3.6. Effect of reaction temperature on hydrosilylation reaction

The influence of reaction temperature on hydrosilylation reac-
tion was also investigated and six reactions were conducted at
temperatures ranging from 30 to 80 �C. The results were listed in
Table 2 (Entries 21e26) and graphically shown in Fig. 5. These re-
sults indicated that the influence of reaction temperature on the
yield of ETES was very complicated. When the reaction was
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Fig. 5. Effect of reaction temperature on yield of ETES. -, 30 �C; ,, 40 �C; :, 50 �C;
;, 60 �C; B, 70 �C; C, 80 �C. The concentration of ruthenium was 6.8 � 10�5 mol per
mole of triethoxysilane and the molar ratio between CuCl and RuCl3$3H2O was 9.0 for
each reaction (Entries 16 to 20 in Table 2).



SiH4 + 3Si(OC2H5)44HSi(OC2H5)3

Scheme 7. Disproportionation reaction of triethoxysilane.
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conducted at 30 �C, the reaction rate was very slow and the yield of
ETES was no more than 20% even after 12 h. With the reaction
temperature increased, the reaction rate increased rapidly and a
yield of 97% could be obtained when the reaction was conducted at
50 �C for 6 h. However, with a further increase in temperature, the
yield of ETMS decreased gradually. It was well-known that trie-
thoxysilane was very reactive and was liable to be transformed into
tetraethoxysilane (Scheme 7) under mild conditions in the pres-
ence of weak acids or weak bases, or even simply under elevated
temperature conditions [27e29]. Therefore, the optimum reaction
temperature range for hydrosilylation reaction of ethylene with
triethoxysilane was between 40 and 60 �C since the reaction could
be rapidly conducted in this range and meanwhile, the dispropor-
tionation reaction of triethoxysilane was not significant.

3.7. Effect of pressure of ethylene gas on hydrosilylation reaction

The influence of ethylene pressure on the yield of ETES was also
investigated. Therefore, three hydrosilylation reactions of ethylene
gas with triethoxysilane were conducted under 0.20, 0.30 and
0.35 MPa pressure of ethylene gas while holding other parameters
constant (Entries 27 to 29 in Table 2). As expected, the yield of ETES
increased with the increase in pressure of ethylene gas and a yield
of 78% was achieved after 9 h under 0.35 MPa pressure of ethylene
gas. The hydrosilylation reaction of ethylene with triethoxysilane is
a typical gaseliquid reaction and the chemical reaction was
generally conducted at the phase interface between gas and liquid.
The macroscopic reaction rate was mainly influenced by diffusion
and adsorption or dissolution of ethylene, surface reaction,
desorption and diffusion of ETES. With the increase in pressure of
ethylene gas, the diffusion rate, the adsorption rate or dissolution
rate of ethylene and the surface reaction rate increased. Therefore,
the increase in pressure of ethylene gas was beneficial to improve
the yield of ETES.

4. Conclusions

The hydrosilylation reaction of ethylene with triethoxysilane
catalyzed by ruthenium chloride hydrate and promoted by
cuprous halides or ferrous chloride tetrahydrate has been inves-
tigated. It has been proved that cuprous chloride is a good pro-
moter for ruthenium chloride hydrate catalyzed hydrosilylation of
ethylene with triethoxysilane. The yield of ethyltriethoxysilane is
significantly affected by the concentration of ruthenium chloride
hydrate, the molar ratio between cuprous chloride and ruthe-
nium chloride hydrate, the pressure of ethylene gas and the re-
action temperature. With 6.8 � 10�5 ruthenium per mole of
triethoxysilane and over 3 times of cuprous chloride per mole of
ruthenium, the hydrosilylation reaction conducted at tempera-
tures ranging from 40 to 60 �C for 6 h under a pressure of
0.35 MPa ethylene gas can reach a yield higher than 96%.
Acknowledgment

The authors would like to thank Scientific and Technological
Guidance Plan sponsored by China Petroleum and Chemical In-
dustry Federation (Grant No. 2011-7-16), Zhejiang Provincial
Technologies R&D Program of China (Grant No. 2011C21026), and
the Scientific and Technological Innovation Project (Grant No.
20100331T17) sponsored by Hangzhou Science and Technology
Bureau of China for financial support.

Appendix A. Supplementary data

Supplementary data associated with this article can be found in
the online version, at http://dx.doi.org/10.1016/j.jorganchem.2013.
07.024. These data include MOL files and InChiKeys of the most
important compounds described in this article.
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