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Catalytic hydrosilylation of olefins is a key reaction
in the production of industrially important organosilicon
compounds generated in the presence of platinum com-
plexes. Since the price of platinum is high and unstable,
its repeated use is desirable, which is possible with
prolonged operation of the metal complexes. The use
of immobilized systems is among the approaches to the
stabilization of the catalytic properties and the multiple
use of the catalysts.

A large variety of the supported platinum and rhodium
complexes have been developed, due to their wide use
and efficiency in olefins hydrosilylation [1-3]. Some
of the suggested methods are multistage and laborious,
which significantly increases their price and levels off
the advantages.

Herein we studied the platinum(Il) complex on a poly-
mer carrier (polymethylene sulfide [Pt—-PMS]) (Scheme 1)
as an alternative supported catalyst. Polymethylene sul-
fide which is formed during oil purification of hydrogen
sulfide is an efficient complexing agent with sulfur atoms
uniformly distributed along the polymer chain and can
act as a macroligand (sulfide or alkylthiolate type). The
chemisorption of K,PtCl, on polymethylene sulfide is
accompanied by the formation of the immobilized cis-
complex. Polymethylene sulfide has been successfully
used in certain regions of Russia as a sorbent of heavy
metals from used catalysts (gold, platinum, and pal-
ladium), tailings and wash waters of catalyst factories
(palladium and silver) as well as in the processing of
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photomaterials [4], and the [Pt—PMS] complex revealed
good properties in vinylsiloxanes hydrosilylation [5].
In view of the rapid growth of the fields of organosili-
con compounds applications and, hence, the broadening
of the demanded substrates range, it was reasonable to
investigate the catalytic activity of [Pt-PMS] towards
hydrosilylation of allyl glycidyl (AllOGlyc), allyl phenyl
(AIIOPh), allyl benzyl (AllOBn), allyl ethyl (AlIOEt), and
allyl butyl (AllIOBu) ethers with 1,1,3,3-tetramethyldisi-
locane. The AllIOGlyc ether was of special importance
since epoxysilanes and epoxysiloxanes formed upon its
hydrosilylation was used as materials for electronics,
ship coatings, semipermeable membranes, materials with
reduced flammability, aerospace materials, etc. [6, 7].

Hydrosilylation of allyl ethers with 1,1,3,3-tetrameth-
yldisiloxane in the presence of [Pt-PMS] occurs pre-
dominantly with the formation of the y- and y,y-addition

Scheme 1.

[Pt-PMS]
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products, i. e. via anti-Markovnikov addition of a single
or both SiH groups of the hydrosiloxane (Scheme 2). The
B-, B,B-, and B,y-addition products are formed in much
lesser amount, which is typical of hydrosilylation in the
presence of platinum catalysts [8].

On top of the major reaction, allyl ethers are prone
to the allyl-propenyl isomerization and reduction, and
1,1,3,3-tetramethyldisiloxane is disproportionated into
linear siloxanes HMe,Si(OSiMe,),H (n = 2—4); moreover,
allyl ethers hydrosilylation with the formed siloxanes
HMe,Si(OSiMe,),H occurs similar to hydrosilylation
with the starting (HMe,Si),0. Such side transformation of
the allyl ethers and (HMe,Si),0 is in line with the general
features of hydrosilylation with homogeneous or hetero-
geneous platinum and rhodium complexes, whereas other
side reactions (epoxide cycle opening and formation of
glycidyl acrylate [9, 10], a-addition [8], dehydrogenative
silylation [11, 12], propene elimination [ 10], dimerization
and polymerization of ethers [8, 11, 13, 14], siloxanes
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cyclization [15], etc.) did not occur in the presence of
the catalytic systems obtained by us.

Kinetic curves of the interaction of the allyl ethers
with (HMe,Si),0 were S-shaped, revealing the induction
period and the hydrosilylation stages differing in the rate
(Fig. 1). The induction period was likely related to the
poor availability of platinum in the complex with poly-
methylene sulfide; the subsequent low-rate stage was due
to slow formation of the true catalyst, and the high-rate
stage corresponded to accumulation of sufficient amount
of the catalytically active species.

The induction period duration was related to the na-
ture of substituent R in the allyl ether AIIOR, the catalyst
concentration, and temperature. The shortest induction
period was observed during hydrosilylation of AllOGlyc
at 120°C (35 min, cp;= 3%10-3 mol/L) (Figs. 1 and 2,
Table 1). Decrease in the temperature by 20°C increased
the induction period by 10 min (45 min, 100°C), and the
decrease in the temperature to 80°C added further 10 min

0 No. 1 2020
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Table 1. Hydrosilylation of allyl ethers with 1,1,3,3-tetramethyldisiloxane in the presence of [Pt-PMS]2

Catalyzate composition, %
Ether Time, h | T, °C C(zlﬁgfs{if);) of yZ—Sel;c):tiVity, VB % producta(zifd (igcl)\ﬁezsi)zo ., CHCHOR| others
B- | v |BB-| By~ vy

AllOBu 8.00 120 99 96.1 973127 |1.5] 602 | 04|04 | 134 0.2 23.9
AlIOEt 7.75 120 98 95.3 99.7/0.3 | 0.2 | 59.2 | 0.0 | 0.0 | 14.2 4.0 244
AllOBn 8.00 120 90 89.8 97.0/3.0 | 1.7 56.7 | 0.0 | 0.5 | 143 4.6 22.2
AllOPh 22.00 | 120 97 89.8 92.1/79 139|452 | 03| 1.3 | 16.1 3.1 30.1
AllOGlyc | 1.25 120 94 86.4 99.0/1.0 | 0.6 | 60.3 | 0.0 | 0.0 | 17.3 6.0 15.8
1.67b 120 98 93.8 95.2/4.8 |32 63.6 | 0.0 | 0.0 | 16.2 4.3 12.7

2.30 100 91 95.4 88.4/11.63.2 | 65.0 | 0.0 | 0.0 | 9.5 6.2 16.1

6.50b 100 91 89.3 92.5/75 |54 61.6 | 0.0 2.0 | 13.8 52 12

7.00 80 92 92.1 81.9/18.115.2| 61.0 | 0.0 | 0.0 | 9.0 5.2 19.6

a ¢p,= 3%10-3 mol/L, ether : siloxane molar ratio=1: 1.5. b ¢p,= 3x10~4 mol/L.

to the induction period (55 min) (Fig. 2). Decrease in the
catalyst concentration by an order of magnitude increase
the induction period by 5 min at 120°C, and fivefold at
100°C (to 3 h). Hence, the optimal temperature for the
[Pt—-PMS]-assisted hydrosilylation with 1,1,3,3-tetra-
methyldisiloxane was 100—120°C (¢p,= 3x10-3 mol/L).
AllOGlyc hydrosilylation with polysiloxane containing
silicon hydride groups in the presence of H,PtCl, (the
Speier catalyst) occurs at close temperature (110—130°C)
[16], whereas temperature optimal for hydrosilylation of
1,3-divinyl-1,1,3,3-tetramethyldisiloxane (HMe,Si),0 on
[Pt—PMS] was significantly lower (55°C; the decrease
in temperature to 45°C has led to the appearance of the
induction period) [5].

The induction period during hydrosilylation of AIIOEt
and AllOBu was significantly longer than for AllOGlyc:
5 and 6.75 h, respectively (120°C, cp,= 3x10-3 mol/L).
The induction period duration was strongly affected by the
distance between the phenyl ring and the allyl group: the
induction period during hydrosilylation of AIIOPh was the
longest (20 h, 120°C, ¢p,= 3%10-3 mol/L), whereas that
during the interaction between AllOBn and 1,1,3,3-tet-
ramethyldisiloxane was close to the induction period for
AllOEt (5.5 h, 120°C, ¢p,= 3x10-3 mol/L). Hence, the
induction period during the hydrosilylation was shortened
over the following ethers series: AIIOPh >> AllOBu >
AllOBn > AIIOEt >> AlIOGlyc.

The highest conversion of AllOGlyc was reached
within 1.25 h (94%, 120°C, cp, = 3%10-3 mol/L), and
duration of its hydrosilylation (excluding the induction
period) was the shortest among the probed ethers (35—
40 min). The decrease in the reaction temperature to
100°C increased the hydrosilylation duration by 2.4—
2.7 times (95 min, conversion 91%, Fig. 2), further de-
crease in the temperature being even more critical (6 h,
conversion 92%, 80°C). The decrease in the [Pt—-PMS]
concentration had weaker effect on the reaction rate in
comparison with temperature. The decrease in cp, by an
order of magnitude increased the hydrosilylation duration
by 1.5-1.7 times at 120°C (60 min, conversion 98%), yet
the reaction duration was significantly increased at 100°C
(3.5 h, conversion 91%).

The maximum conversion of AIIOBu (99%, 8 h,
120°C) was higher than that of AllOGlyc, and the hydro-
silylation occurred within 1.25 h (excluding the induction
period) (Table 1). Hydrosilylation of AIIOEt was slower
(~2 h), and the conversion upon the reaction completion
(7 h) reached 94% (Figs. 1 and 3). Kinetic curve of the
AlIOBn hydrosilylation was practically identical to that of
AIlIOEt (reaction duration of 2 h). The slope of the hydro-
silylation kinetic curve and, hence, the reactivity of allyl
phenyl ether was the lowest among the studied ethers.
Hence, the allyl ethers reactivity in the hydrosilylation
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Fig. 1. Kinetics of the change in ethers conversion during their
interaction with (HMe,Si),0 in the presence of [Pt-PMS]
(cpy=3%10-3 mol/L, ether : siloxane molarratio=1: 1.5, 120°C).
(1) AllOGlyc, (2) AlIOEt, (3) AllOBn, (4) AllOBu, and
(5) AllOPh.

was decreased along the following series: AllOGlyc >
AllOBu > AIIOEt =A110Bn > A1IOPh.

Allyl-propenyl isomerization and reduction of allyl
ethers accompanying the hydrosilylation was determined
by the nature of the R substituent in the AIIOR ether. The
highest yield of the geometry isomers of the propenyl
ethers was observed for AllOGlyc. When the hydrosi-
lylation was complete, the fraction of the propenyl gly-
cidyl ethers was as high as 6.0%; the decrease in neither
the reaction temperature nor [Pt—PMS] concentration led
to significant decrease in the side products amount. The
fraction of the reduction product (propyl glycidyl ether)
was also relatively high (3.6%) and was independent of
the reaction temperature and catalyst concentration. The
side reactions of AIlIOGlyc were in line with its high
reactivity.

Hydrosilylation of AllOBu led to the formation of only
trace amounts of the isomerization and reduction products
(120°C); their fraction did not exceed 0.2% upon the
reaction completion. The yield of propenyl butyl ethers
upon the induction period reached 0.9%. The decrease
in the propenyl ethers yield during the hydrosilylation is
typical of other allyl ethers as well and is due to their con-
sumption for the hydrosilylation into the B-adduct [17].
Hence, the reaction selectivity is reduced. However, the
low concentration of the propenyl ethers in the presence of
[Pt—PMS] and the lower activity of the endo-C=C bonds
in the hydrosilylation in comparison with the terminal
ones [14, 18-20] led to suggestion of insignificant con-
tribution of the propenyl ethers hydrosilylation.
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Fig. 2. Kinetics of the change in allyl glycidyl ether conversion
during its interaction with (HMe,Si),0 in the presence of
[Pt-PMS] (ether : siloxane molar ratio=1: 1.5) at cp,=3x10-3
(1, 3,4),3x104mol/L (2, 5). (1, 2) 120°C, (3, 5) 100°C, and
(4) 80°C.

Isomerization of AIIOEt was much more prominent
than for AIlOBu. The fraction of the propenyl ethyl
ethers upon the reaction completeness was higher than
that of propenyl butyl ethers by 20 times (4.0%), propyl
ethyl ether was not formed. In its turn, isomerization
and reduction of AIlIOBn was twofold faster than those
of AIIOEt (8.0% in total, 8 h, 120°C), which reduced the
selectivity of AllOBn hydrosilylation in comparison with
AllOEt and AlIOBu.

Side transformations of AIIOPh were limited to the
formation of propenyl phenyl ethers (3.1%); probably,
they were formed in larger amount but were consumed
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Fig. 3. Kinetics of the change in ethers conversion after the
induction period during their interaction with (HMe,Si),0 in
the presence of [Pt—PMS] (cp,=3%10-3 mol/L, ether : siloxane
molar ratio = 1 : 1.5, 120°C). (1) AllOGlyc, (2) AlIOBu,
(3) AIIOEt, (4) AllOBn, and (5) AllOPh.
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Table 2. Yield of HMe,Si(OSiMe,), H (n = 2—4) in hydrosilylation of allyl ethers with 1,1,3,3-tetramethyldisiloxane in the pres-

ence of [Pt—PMS]2

n=2 n=3 n=4
T,°C Ether Time, h
A B A B A B
80 AllOGlyc 1.00 1.9 1.9 0.3 0.3 0.0 0.0
80 AllOGlyc 7.00 0.3 2.2 2.0 3.8 0.3 0.4
100 AllOGlyc 0.75 1.2 1.2 0.2 0.2 0.0 0.0
100 AllOGlyc 2.30 0.3 2.2 1.9 3.6 0.2 0.4
100 AllOGlyc 3.00b 4.5 4.5 1.7 1.7 0.6 0.6
100 AllOGlyc 6.50b 0.3 23 1.2 29 0.2 0.5
120 AllOGlyc 0.50 4.7 4.7 1.2 1.2 0.0 0.0
120 AllOGlyc 1.15 0.3 33 0.9 3.1 0.1 0.1
120 AllOGlyc 0.67b 1.9 1.9 0.5 0.5 0.0 0.0
120 AllOGlyc 1.67b 0.0 3.1 0.6 1.4 0.7 0.8
120 AllOBu 5.00 10.7 10.7 3.7 3.7 1.1 1.1
120 AllOBu 6.75 9.3 11.8 6.3 6.3 1.8 2.1
120 AllOBu 7.00 33 13.1 1.7 3.5 0.6 0.9
120 AllIOEt 5.00 14.4 15.6 2.9 3.3 0.3 0.3
120 AlIOEt 7.75 1.2 14.8 1.5 3.1 0.4 0.4
120 AllOBn 5.50 6.7 7.1 53 53 0.7 0.7
120 AllOBn 9.00 0.6 11.7 0.8 2.1 0.2 1.1
120 AllOPh 20.00 42.6 43.8 1.9 1.9 0.6 0.6
120 AllOPh 22.00 18.8 27.7 0.6 59 0.4 2.2

acp, = 3x10-3 mol/L, ether : siloxane molar ratio = 1 : 1.5. A—yield of free siloxane HMe,Si(OSiMe,),H, B—total yield of free siloxane
HMe,Si(0OSiMe,),H and siloxane bound into hydrosilylation products. ® ¢p = 3x10-4 mol/L.

for hydrosilylation into the B-adduct, coinciding with low
regioselectivity of AIIOPh hydrosilylation.

Another side reaction accompanying the hydrosi-
lylation is the disproportionation of the starting hydrosi-
loxane into HMe,Si(OSiMe,),H (» =2—4) which are prone
to hydrosilylation of the allyl ether, the products fraction
being up to 30%. The major part of HMe,Si(OSiMe,),H
is formed during the induction period, depending on the
induction period duration, temperature, and the metal
complex concentration, and is indirectly related to the re-
activity of the ether affecting the target reaction duration.

Side transformations of 1,1,3,3-tetramethyldisilox-
ane during AllOGlyc hydrosilylation were the least

prominent, due to the shortest induction period and the
overall duration of the target reaction. The total yield
of the formed HMe,Si(OSiMe,),H, in view of their
consumption for the interaction with AlIOGlyc, upon
the hydrosilylation completeness was 3.3, 3.1, and 0.1%
(n=2,3,and 4 respectively, 1.15 hat 120°C, Table 2). The
decrease in temperature by 20°C reduced the trisiloxane
yield to 2.2%, but the total yield of HMe,Si(OSiMe,);H
and HMe,Si(OSiMe,),H was increased. As a result, the
total amount of the products of side transformation of
the starting siloxane was only slightly decreased (by
0.5%). Further decrease in temperature by 20°C (to 80°C)
practically did not affect the total yield of the products
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of (HMe,Si),0 side transformations. The decrease in
[Pt-PMS] concentration by an order of magnitude re-
duced the total yield of HMe,Si(OSiMe,);H by 1.5 times
at 100°C (Table 2).

The addition of (HMe,Si),0 to AllOBu showed long
induction period and the hydrosilylation duration, and
the disproportionation was more prominent than in the
case of AllOGlyc, allowing to monitor the dynamics of
formation and consumption of the side siloxanes. The
yield of HMe,Si(OSiMe,),H, HMe,Si(OSiMe,);H, and
HMe,Si(OSiMe,),H was 10.7, 3.7, and 1.1%, (after
5 h at 120°C) and 9.3, 6.3, and 1.8% (after 6.75 h), re-
spectively, i. e. HMe,Si(OSiMe,),H was consumed and
HMe,Si(OSiMe,);H was accumulated. When AllOBu
was completely consumed, the yield of the side siloxanes
was 3.3, 1.7, and 0.6%, due to their consumption in the hy-
drosilylation. Those processes are better illustrated by the
kinetic curves (Fig. 4). For example, the kinetic curve of
HMe,Si(OSiMe,),H accumulation showed initial smooth
growth, followed by steep decrease at certain concentra-
tion of the metal complex sites (the end of the induction
period) at the high-rate hydrosilylation stage and then by
smooth increase again. Only trace amount of the AIIOBu
hydrosilylation with 1,1,3,3,5,5-hexamethyltrisiloxane
was formed during the induction period as reflected in the
corresponding kinetic curve, followed by steep accumula-
tion of the product (high-rate hydrosilylation) and leveling
off (completeness of the hydrosilylation). Kinetic curve of
the change in the total amount of free and hydrosilylated
1,1,3,3,5,5-hexamethyltrisiloxane [it was impossible to
determine the consumption of HMe,Si(OSiMe,),H for
disproportionation] revealed smooth growth over the
whole reaction duration. The curves of accumulation
and consumption of HMe,Si(OSiMe,), H (n =3, 4) were
similar; total yield of HMe,Si(OSiMe,),H (accounting
for the hydrosilylation) was 13.1, 3.5, and 0.9% (n = 2,
3, and 4, respectively; Table 2).

The accumulation of free HMe,Si(OSiMe,),H dur-
ing the induction period and their consumption for the
hydrosilylation was typical also of AIIOEt and AlIOBn
reactions, the total yield of the siloxanes upon the reac-
tion being practically equal to that for AllOBu (Table 2).

The longest induction period for the hydrosilylation
of AllIOPh led to the most prominent side transforma-
tion of hydrosiloxanes as compared to other ethers.
When the induction period was complete, the yield of
HMe,Si(OSiMe,),H was 42.6, 3.5, and 1.0% (n = 2, 3,
and 4, respectively; Table 2). Upon the major reaction
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Fig. 4. Kinetics of the change in yield of HMe,Si(OSiMe,),H
during the interaction of AIIOBu with (HMe,Si),0 in the
presence of [Pt—PMS] (¢p, = 3%10-3 mol/L, 120°C). (1) total
yield of free siloxane and siloxane bound in the hydrosilylation
products; (2) yield of the bound siloxane; and (3) yield of the
free siloxane.

(22 h), the yield of HMe,Si(OSiMe,),H accounting for
their consumption for hydrosilylation was 27.7, 5.9, and
2.2% (n =2, 3, and 4, respectively). The decrease in the
fraction of HMe,Si(OSiMe,),H was not proportional to
the increase in the amount of HMe,Si(OSiMe,);H and
HMe,Si(OSiMe,),H, likely due to the higher reactivity
of the former in comparison to HMe,Si(OSiMe,);H and
HMe,Si(OSiMe,),H as well as its disproportionation into
(HMe,Si),0 and HMe,Si(OSiMe,);H [8].

Hence, the duration of the induction period and the
hydrosilylation itself were the major factors affecting
the amount of the side siloxanes and the allyl-propenyl
isomerization of the allyl ethers.

The presence of the second Si—H group in the mono-
adducts allowed their interaction with the allyl ether to
form the products of double addition even in the excess
of (HMe,Si),0. Hydrosilylation of AllOGlyc, due to the
ether high reactivity, gave exclusively the y,y-adduct, its
fraction being 17.3% at 120°C. The temperature decrease
reduced its amount almost twofold (the y,y-adduct frac-
tion was 9.5 and 9.0% at 100 and 80°C, respectively).

The yield of the y,y-addition product during the All1O-
Bu interaction with (HMe,Si),0 was lower (13.4%) than
for AllOGlyc, yet the products of B,- and f,y-addition
were detected (yield <0.8%). The amount of the AIIOEt
and AllIOBn hydrosilylation with the Si—H group of the
monoadducts when the major reaction was complete was
only slightly different from that in the case of AIIOBu
(14.2 and 14.8% for AIIOEt and AllIOBn, respectively),
but hydrosilylation of AllOBn gave v,y- and ,y-adducts,
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the y,y-adduct being exclusively formed in the case of
AllOEt (Table 1).

The amounts of the products of double addition during
AllOPh and AlIOGlyc hydrosilylation were comparable,
being higher than for other ethers (17.7%). The 3,y-adduct
yield was 2-3 times higher than for hydrosilylation of
AllOBu and AllIOBn, whereas the ,p-adduct was formed
in trace amount.

Hydrosilylation of the allyl ethers with the formed
monoadducts bearing free SiH group was much slower
than with 1,1,3,3-tetramethyldisiloxane, and the targeted
preparation of the double addition products demanded
the excess of the allyl ether and considerable reaction
duration. The same has been observed for comparative
hydrosilylation of aliphatic ethers terephthaloyl bis(4-
hydroxybenzoates) with 1,1,3,3-tetramethyldisiloxane
and 1-(1'-arylethoxy)-1,1,3,3-tetramethyldisiloxane [21].

Selectivity of allyl ethers hydrosilylation is usually
regarded as the ratio between the y- and B-adducts (regi-
oselectivity) disregarding the side reactions. In this study,
regioselectivity of (HMe,Si),0 addition during hydrosi-
lylation of AllIOGlyc and AIIOEt was close to the maxi-
mum—99.0 and 99.7%, respectively (cp;=3*10-3 mol/L,
120°C). The ratio between products of y- and f-addition
of (HMe,Si),0 during hydrosilylation of AIIOBu and
AllIOBn was close (97.3 and 97.0%, respectively), being
lower (92.1%) only for AlIOPh.

Selectivity of the reaction [the ratio between the
product of y-addition (HMe,Si),0 to all the compounds
formed from AlIOR, including the side reactions products
and the products of mono- and bis-addition of the side
siloxanes HMe,Si(OSiMe,), H (n = 2—4) to AIIOR] was
lower than the regioselectivity (45.2-60.3% at 120°C)
due to the formation of the double addition products and
high reactivity of HMe,Si(OSiMe,),H (Table 1). It could
be suggested that the low selectivity of AIIOR hydrosi-
lylation was majorly due to the induction period; however,
the selectivity of the AllOGlyc reaction at 120°C was
close to that of other ethers despite the shortest induction
period, due to side reactions of AllOGlyc and significant
formation of the product of the y,y-addition (60.3%); the
decrease in temperature increased the selectivity (65%).
As in the case of (HMe,Si),0 addition, selectivity of the
reaction for AIIOPh was the lowest among the studied
ethers (45.2%).

Total y-addition (ys-selectivity) accounting for the
contribution of all the y-adducts formed during hydro-
silylation (including that with side siloxanes and the

products of double addition) in order to extrapolate the
obtained data to hydrosilylation with oligomeric and
polymeric silicon hydrides (in those cases the dispropor-
tionation has practically no effect on the average molecu-
lar mass and the properties of the reaction product) was
estimated as of 96.1 and 95.3% for AllOBu and AllIOEt
hydrosilylation, respectively, about 36% higher than the
selectivity of (HMe,Si),0 addition. ys-Selectivity of
AllOGlyc, AllOBn, and AlIOPh hydrosilylation was
of 86.4, 89.8, and 89.8%, respectively. However, the
selectivity in the case of [Pt-PMS] or homogeneous
cyclooctadiene (85%), dibenzyl sulfide (87%), and di-
methyl sulfoxide (84%) platinum complexes was lower
than in the case of the Wilkinson catalyst [Rh(Ph;P);Cl]
(95%) [14]. The ys-selectivities calculated from the GLC
and '"H NMR data were in agreement [it was impossible to
determine the selectivity of hydrosilylation exclusively of
the product of (HMe,Si),0 y-addition from the 'TH NMR
data due to the overlap of the signals of the products of
hydrosilylation with the starting hydrosiloxane and the
side hydrides HMe,Si(OSiMe,), H (n =2, 3)].

The possibility of repeated use is an important feature
of the immobilized metal complexes. Platinum(Il) immo-
bilized on PMS withstood at least 10 cycles of AllOGlyc
hydrosilylation (120°C, cp;=3x10-3 mol/L); TON ;oGiye >
8550, TOFji061ye = 3.5683 s71, TOF,0p, = 0.9416 71,
TOF 05t = 0.1283 s71, TOF 105, = 0.1121 s71, and
TOF z;10pp, = 0.1022 s-1. The duration of the catalyst con-
tact with the reaction mixture should have been increased
after the 3t cycle to preserve high conversion of the ether
(Table 3). The decrease in temperature to 80°C negatively
affected the number of productive cycles (due to low
activity of the catalyst), coinciding with the data in Refs.
[22, 23]. The repeated use of the [Pt—PMS] complex was
comparable to silica-immobilized Pt(0) bearing ethylene
oxide fragments [24]. The [Pt—PMS] complex withstood
four cycles during hydrosilylation of 1,3-divinyl-1,1,3,3-
tetramethyldisiloxane with 1,1,3,3-tetramethyldisiloxane
[5].

Selectivity of the reaction, its regioselectivity and,
ys-selectivity remained practically unchanged during
repeated use of [Pt—PMS] (Table 3); the amount of side
products of siloxanes and ethers transformations remained
the same as well. Washing of the catalyst with methylene
chloride did not affect the reaction selectivity.

To understand the mechanism of catalytic action of
[Pt—PMS], we studied the effect of the prior treatment of
the catalytic complex with 1,1,3,3-tetramethyldisiloxane
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Table 3. Repeated using of [Pt—PMS] in hydrosilylation of allyl glycidyl ether with 1,1,3,3-tetramethyldisiloxane?

Cycle | T, . Conversion of Ve Product Of ~(HMOGZSD20 CH;CH=CHOGlyc, | Others
oo | o( | Time h AlOGlyc, % Selegtlwty, /B, % addition, % 3 % Yo o
& B- | v | By -

1 80 7.00 92 93.3 92.1/79 | 53 | 62.6 | 0.0 9.3 5.4 17.4
2 80 7.00 94 92.5 91.0/1.0 | 6.1 | 61.6 | 0.0 | 10.0 4.9 17.4
3 80 7.00 90 98.8 98.6/14 | 1.0 | 676 | 0.0 | 11.8 5.6 14.0
4 80 7.00 59 92.1 90.8/9.2 | 6.6 | 657 | 0.0 | 12.0 6.5 9.2
5 80 7.00 56 92.0 91.7/83 | 59 | 650 | 1.0 | 11.8 7.7 8.6
6 80 7.00 33 93.1 91.9/81 | 6.2 | 70.4 | 0.0 8.6 6.1 8.7
1 120 1.25 99 96.0 95.5/45 | 2.8 | 585 | 0.0 9.3 5.6 23.8
2 120 1.25 99 96.5 95.8/42 | 2.5 | 576 | 0.7 | 12.7 5.7 20.7
3 120 1.25 94 95.8 96.3/3.7 | 2.1 | 53.0| 0.8 | 17.1 6.1 20.8
4 120 1.25 84 94.9 94.4/56 | 33 | 556 | 1.3 | 125 5.8 21.6
120 2.00 99 96.0 94.8/52 | 3.6 | 66.0 | 0.0 | 15.0 3.7 11.7
5 120 2.50 97 95.5 93.9/6.1 | 4.1 | 63.5| 0.0 | 18.7 3.4 10.3
6 120 2.50 97 96.7 94.8/52 | 29 | 53.1 | 0.0 | 26.0 5.0 13.0
7 120 3.00 94 96.9 93.4/6.6 | 2.7 | 386 | 0.0 | 40.7 5.2 12.8
8 120 6.00 92 96.0 93.7/6.3 | 3.6 | 53.0 | 0.0 | 26.7 53 11.5
9 120 7.50 96 95.5 93.1/6.9 | 4.0 | 54.1 | 0.0 | 23.1 5.1 13.7
10 120 7.50 95 95.0 92.8/72 | 44 | 56.1 | 0.0 | 18.7 3.8 17.0

acp,=3x10-3 mol/L, ether : siloxane molar ratio=1: 1.5.

or AllOGlyc (2 h, 80°C) followed by hydrosilylation
on the obtained interaction product. The pre-activation
of [Pt—-PMS] with 1,1,3,3-tetramethyldisiloxane was
accompanied by the change in the solution color from
colorless to yellow-green, typical of the formation of
platinum-silicon hydride complexes [25].

IR spectrum of the specimen obtained via the treat-
ment with 1,1,3,3-tetramethyldisiloxane and washing
of the complex with CH,Cl, contained two bands of
the siloxane methyl groups at 804 and 1259 cm!, and a
new band appearing at 1093 cm~! could be assigned to
the v,(Si—-O—-Si) stretching, the v(Si—H) signal at 2300—
2400 cm-! being absent. The change in the IR spectrum
of [Pt—-PMS] upon the treatment with 1,1,3,3-tetrameth-
yldisiloxane were likely due to the oxidative addition of
the silicon hydride to form the Pt—Si bond [25, 26].

Catalytic activity of [Pt—PMS] upon the treatment
with 1,1,3,3-tetramethyldisiloxane and addition of

AllOGlyc at room temperature (18-25°C) was compa-
rable to that of the starting [Pt-PMS], however, if the
addition of AllOGlyc upon the treatment was performed
at higher temperature (30-40°C), conversion of the ether
(80% after 2 h at 80°C) was significantly increased in
comparison with simultaneous addition of the reactants
(29%). A similar trend of the increase in alkene conversion
via pre-activation of homogeneous cis-[Pt(Me,SO),Cl,],
cis-[Pt(Et,SO),CL,], and [Pt(MeCOD)CI,] catalysts with
1,1,3,3-tetramethyldisiloxane has been observed during
hydrosilylation of a-methylstyrene [27], suggesting the
common mechanism. Pre-activation of [Pt-PMS] with
1,1,3,3-tetramethyldisiloxane positively affected the se-
lectivity of hydrosilylation: the amount of the products
of (HMe,Si),0 y-addition to AllOGlyc was increased
(the y/B-adducts ratio being 92.8/7.2); the hydrosilylation
selectivity was up by 5.8%, the ys-selectivity was up by
1.2%; the amounts of the products of side transforma-
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tions of AllIOGlyc was decreased (the fraction of the
propenyl and propyl glycidyl ethers being 3.3 and 3.2%,
respectively).

The pre-treatment of [Pt—PMS] with AIlIOGlyc deac-
tivated the complex. Further addition of the siloxane to
the so treated sample led to the ether conversion as low
as 2% after 2 h at 80°C, probably due to the formation of
an inefficient n-allyl complex; however, the IR spectrum
of the catalyst was not changed upon the treatment with
AllOGlyc. Pre-activation of homogeneous sulfur-
containing complexes, cis-[Pt(Me,SO),Cl,] and cis-
[Pt(Et,S0O),Cl,], has significantly decelerated the hydro-
silylation of a-methylstyrene as well [27].

Analysis of the obtained data in view of earlier
studies [3, 5] and the existing concepts of the hydrosi-
lylation mechanism suggested that the key stage of the
reaction was the primary interaction of [Pt—-PMS] with
(HMe,Si),0. Subsequent attack of the allyl group afford-
ing the corresponding intermediate (introduction at the
Pt—Si bond) led to hydrosilylation, whereas other trans-
formations of the silicon complex of platinum activated
the side processes involving hydrosiloxanes. The inter-
mediate formation was affected by the siloxane and allyl
ether structure and led to the induction period observed
for certain systems. In its turn, primary coordination of
the allyl ether was the major reason for isomerization of
its double bond or the reduction upon the attack of the
intermediate with hydrosiloxane.

EXPERIMENTAL

1,1,3,3-Tetramethyldisiloxane and allyl glycidyl
ether (Acros), allyl butyl, allyl phenyl, and allyl benzyl
ethers (Aldrich), allyl ethyl ether (Fluka), and toluene
and methylene chloride (“analytical pure” grade) were
used. The [Pt—PMS] complex was obtained as described
elsewhere [5].

Chromatographic analysis of the hydrosilylation
products was performed using an Agilent 7890A chro-
matograph equipped with a heat conductivity detector.
Other conditions were as follows: capillary column DB-1
(30 mx0.32 mm, phase film thickness 1 pm), specimen
volume 0.5 pL, evaporator temperature 250°C; for the
reaction mixtures based on AlIlOPh and AllOBn: col-
umn temperature 150°C (4 min), heating to 290°C at
42 deg/min, 35 min at 290°C, carrier gas: helium with
1 : 300 splitting; for the reaction mixtures based on
AlIOEt, AllIOBu, and AlIOGlyc: column temperature
70°C (5 min), heating to 200°C at 5 deg/min, heating to

225°C at 25 deg/min, 45 min at 225°C, carrier gas: helium
with 1 : 250 splitting.

IR spectra were recorded using a Shimadzu FTIR-
84008 spectrometer (4000-400 cm!) in KBr pellets.

Hydrosilylation of allyl ethers was performed in
ampoules at 80—120°C. Weighed amount of the catalyst
was charged into an ampoule, and a mixture of the si-
loxane, allyl ether, and toluene (molar ratio 6 : 4 : 1 was
added); platinum concentration in the reaction mixture
was 3x10-4-3x10-3 mol/L at cp, = 8x10-5 mol/g with
respect to the carrier. Conversion and selectivity were
determined by means of GLC (kinetic method) using
toluene as internal reference as described elsewhere [3].
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