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Vinyl groups, i.e. 1,2-units of polybutadiene in the presence of various ruthenium complexes at elevated 
temperatures undergo an effective reaction of dehydrogenative coupling with vinyltrisubstituted silanes to 
yield silyl substituted units. This is a new type of functionalization of unsaturated polymers. The reaction 
products are identified by 1H and 13C n.m.r, and FTI.r. spectroscopies as well as g.p.c, methods. © 1997 
Elsevier Science Ltd. 
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INTRODUCTION 

Degradation of polymers with CH=CH bonds in the 
chain to low-molecular-weight products via olefin 
metathesis has been predominantly applied for the study 
of crosslinked structure 1'2. Experimental procedure 
involves investigation of the degradation products by 

3 g.c.-m.s, method . This method was applied to identify 
network structures in 1,4-polybutadiene after the reac- 
tion with dicumyl peroxide in solution 4. Copolymers of 

5 5 1,3-butadiene with styrene, propene,  divinylbenzene/ 
ethylvinylbenzene 7, acrylonitrile 8-, vinyltrimethylsilane 2 
and divinyldimethylsilane ~ have also been investigated. 
Cross-metathesis of unsaturated polymers with alkenes 
(mostly ethylene, octene) leading to oligomers, occurs 
in the presence of classical Mo and W catalysts 1-8. Silyl 
olefins, mainly allylsilanes, were used by Wagener in 
ADMET depolymerization of 1,4-polybutadiene to yield-- 
in the presence of well-defined Schrock catalyst-- 
perfectly difunctional ( f  = 2.0) telechelic polybutadiene 
oligomers according to Scheme 19,10: 

in ADMET (de)polymerization in the presence of Mo 
and W catalyst 12'~3, on the contrary, they can be used for 
the reduction of the molar mass of polymers 14. 

On the other hand, divinylsubstituted silanes 15 and 
siloxanes 16 appeared very reactive in the new type of 
polycondensation reaction catalyzed by ruthenium and 
rhodium complexes, giving unsaturated polymers accord- 
ing to Scheme 2. 

Recently, mechanistic evidence has been found (using 
monovinylsilanes) in support of the fact that the reaction 
occurs not via metathetical conversion (cleavage of the 
C---C bond), but via dehydrogenative silylation of olefins 
by vinylsilanes (i.e. cleavage of vinyl C - H  in olefins 
and Si -C v i ny  1 bondsl7). The same process proceeds in the 
cross-metathesis of vinylsilanes with olefins in the 
presence of many ruthenium complexes 18. 

Therefore, the aim of this work is to utilize vinylsilanes 
not for depolymerization of 1,4- and 1,2-polybutadiene 
polymer to yield low-molecular oligomers, but for mod- 
ification of polybutadiene to synthesize silylsubstituted 
polymers 19. 

R A  
[Mo] or [W] 

+ "~. 

toluene 
L ~ ~ n  R 

where R = CH2Si(CH3) 3 or CH2Si(CH3)2CI; n = 1 - 4 
Scheme 1 

Crosslinking of the unsaturated polymers via meta- 
thetical conversion of hexenyl silicone polymers proceed- 
ing in the presence of Mo and W catalysts has been 
reported recently t 1. Vinylsubstituted silanes are not active 

*To whom correspondence should be addressed 

EXPERIMENTAL 
Materials 

1,2-Polybutadiene (Mn = 1000) and 1,4-polybutadiene 
(Mn = 400 000)werepurchased fromPolysciences, Inc. and 
used without additional purification. Vinyltriethoxysilane 
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[Rul or [Rh] 
x+y+l ~ ' " -  R A ~ " ~ " ~  R ~ ]  ~ R ~  ~ X+)C2H4 

Scheme 2 

Mc Mc Mc 
~llcrcR =Si or Si-O-Si : x+~= 1-25 

Me 

and vinyltrimethylsilane were purchased from Fluka 
A.G. and were distilled prior to use. Ru3(CO)I2, was 
purchased from Strem Chemicals and [RUC12(CO)312 
was purchased from Aldrich Chem Co.; RuCI2 (PPh3)3, 
RuHCI(CO)(PPh3) 3, RuCI(SiMe3) (CO)(PPh3) 2 and 
[RuC12(p-cymene)]2 were prepared by standard proce- 
dures. 

Reactions 
Reactions were carried out in a glass reactor 

equipped with condenser and heater or in sealed glass 
ampoules. In a typical reaction 1.00g (0.001 mol) 1,2- 
polybutadiene, 3.0 cm 3 toluene, 3.90 cm 3 (0.0185 mol) 
vinyltriethoxysilane (or 2.68 cm 3 (0.0185 mol) of vinyl- 
trimethylsilane) and 1.85 × 10 -4 mol of a catalyst were 
placed in the reaction system and heated for 24 h at 80°C. 
Polymeric products were precipitated from the solution 
with methanol, filtered, washed with methanol and dried 
under vacuum. 

Equipment and analytical measurements 
~H and 13C n.m.r, spectra were recorded on a Varian 

XL300 spectrometer. Gel permeation chromatography 
(g.p.c.) data were collected using a Gilson HPLC system 
with 2 × 250 x 10mm, Jordi-Gel DVB Column; 500, 
100A using the polystyrene standards. I.r. spectra (film 
or KBr palette) were recorded using a FT-Bruker JFS- 
113v instrument. 

RESULTS AND DISCUSSION 

In our study two types of polybutadienes were used: 
1,4-(cis, trans)-polybutadiene containing 9% of vinyl 
groups and 1,2-polybutadiene containing 85% of vinyl 
groups. The essential reaction of 1,2-polybutadiene with 
vinyltriethoxysilane and vinyltrimethylsilane proceeds 
according to Scheme 3. 

As follows from the previously reported reactions of 
vinylsubstituted silanes with olefins the process is 
catalysed by many ruthenium complexes 2°. Exemplary 
catalytic data are compiled in Table 1. Conversion of 
vinyl groups in the polymer was followed by g.p.c. 
method (by comparing molecular weight of the initial 
and silylated polymers) and/or was calculated on the 
basis of l H n.m.r, spectra. 

Figure 1 displays ~H n.m.r, spectra of the initial (top) 
and silylated (bottom) 1,2-polybutadiene. 

~ n  + ==/si--- [Ru] .~. -C2H4 

Si~ 

Scheme 3 

Table 1 The effect of ruthenium catalyst on the conversion of vinyl 
groups and molecular weight (Mn) of the modified 1,2-polybutadiene 

Conversion of 
Catalyst vinyl groups (%) Mn 

[RuC12(p-cymene)] 2 6.4 1080 
[RuCI2 (CO)312 0.0 1000 
Ru s (CO) I 2 0.0 1000 
Ru(SiMe3)CI(CO)(PPh3)2 28.7 1360 
RuHCI(CO)(PPh3)3 13.2 1160 
RuC12 (PPh3)3 60.3 1720 
Reaction conditions: temperature: 80°C; time: 48h; molar ratio 
catalyst/silane: 0.01; glass ampoules; Mn of the initial polymer = 1000 

13C n.m.r, and especially 1H n.m.r, spectra are 
convincing evidence for real silylation of the polymer. 
As shown in 1H n.m.r. (Figure 1) the modified polymer 
has a new proton resonance at the region 3.8 ppm and 
1 . 1 - 1 . 6  ppm attributed to ethoxy substituents on silicon 
of the silyl group introduced to the chain. Moreover, the 
1H n.m.r, spectrum allows changes in the molecular 
weight of the silylated butadiene to be evaluated. 

In the i.r. spectra (Figure 2 top) of the initial 1,2- 
polybutadiene, a medium band at 1640cm -1 due to 
stretching vibration of  C=C of vinyl groups and a 
medium band at 3075 assigned to stretching vibrations of 
= C - H  bond as well as a strong band at 909 and 
968cm -l characteristic of deformation vibrations of 
= C - H  bonds, were observed. After functionalizing of 
the polymer by its treatment with vinyltriethoxysilane, 
all these bands disappeared or markedly lowered 
(Figure 2 bottom). Moreoever, the spectra reveal a 
presence of a new broad band at 1080 cm -1 attributable 
to S i - O- C  vibration in the CH=CHSi(OCzHs) 3 groups 
which also proves functionalization of 1,2-polybuta- 
diene. Simultaneously, a lowering of the bands at 
723 cm -1, which are due to cis - C H = C H -  deformation 
vibrations (present in 1,2-butadiene in minor amounts) 
and appearance of a new broad band at 790cm -1 were 
observed. The latter band presumably characterizes 
deformation vibration of -CH=CH[Si(OEt)3] unit. Acti- 
vation of cis - H C = C H -  to give -CH=C[Si(OEt)3 I -  
cannot be excluded. 

If  the reaction of 1,2-polybutadiene with vinyltriethoxy- 
silane is carried out at temperatures higher than 80-I00°C, 
then, the dehydrogenative silylation of polymer is 
accompanied by crosslinking of the polymer. 

The g.p.c, of the initial 1,2-polybutadiene (A) and 
treated with vinyltriethoxysilane at 80°C (B) and 120°C 
(C) is presented in Figure 3. 

The molecular weight of the polymer (C) is 3200, while 
that of the polymer (B) is equal to 1700. Longer 
treatment of the polymer system at 120°C reveals an 
increase in its density and viscosity. 

Silylation of 1,2-polybutadiene by vinyltrimethylsilane 
proceeds only at the temperature higher than 120°C and, 
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Figure 1 1H n.m.r, spectra of the initial (top) and silylated (bottom) 
1,2-polybutadiene 
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Figure 2 FTi.r. spectra of the initial (top) and silylated (bottom) 
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Figure 3 G.p.c. spectra of the initial 1,2-polybutadiene (A) and heated 
for 24h with vinyltriethoxysilane at 80°C (B) and 120°C (C) 

therefore, its products are always accompanied by the 
crosslinking phenomenon. 

Similar series of the silylation of (cis, trans)-l,4- 
polybutadiene (M, = 400000) by vinyltriethoxysilane 
was undertaken. The initial polybutadiene contained 9% 
of vinyl groups. Since in the i.r. spectra no band assigned 
for vinyl groups is observed after silylation, apparently, 
they all underwent reaction with vinylsilane in a similar 
way as in the case of 1,2-polybutadiene. Despite a lack of 
changes in the absorption band assigned to trans 
- H C = C H -  vibrations in the 1,4-polybutadiene, the 
bands attributable to cis - H C = C H -  deformation 
vibrations, and appearance of a new broad band 
at 788cm -l,  characterizing deformation vibration of 
-CH=C[Si(OEt)3 ] and/or -CH=CH[Si(OEt)3] were 
observed. This can preliminarily be accounted for by 
activation of (cis - H C = C H )  units in the dehydrogena- 
tive silylation of 1,4-polybutadiene by vinylsilanes under 
the conditions studied, but experiments are to be 
continued. 

It can be concluded that facile functionalizing of vinyl 
groups in 1,2-polybutadiene by its coupling with 
vinylsilanes is a new type of modification of unsaturated 
polymers 19. 
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