
Tetmhdmn Vol. 30. pp. 2143 to 2146. Pm Pmsn 1974. Printed in oreat Britain 

ORGANIC SYNTHESIS BY MEANS OF NOBLE 
METAL COMPLEXES-XCII’ 

PALLADIUM CATALYZED HYDROSILYLATION OF MONOENES 
AND CONJUGATED DIENES 

J. Tsun,* M. HARA and K. OHNO 
Basic Research Laboratories. Toray Industries, Inc., Kamakura, Japan 

(Received in Japan 9 November 1973; received in the UK forpublication 31 Lkcember 1973) 

Abstract-Palladium compounds and metallic palladium combined with phosphine are active catalysts 
of selective hydrosilylation of terminal olefins. Butadiene and trichlorosilane give a 1: 1 adduct and 
trimethylsilane affords a 1:2 adduct. Special features of the palladium catalyzed hydrosilylation reac- 
tions are presented. 

It is well known that hydrosilylation of olefinic 
bonds can be carried out in the presence of a radical 
generator or some transition metal compounds as a 
catalyst. Several transition metal compounds are 
known to catalyze the hydrosilylation reactions of 
olefins. The best established is a platinum catalyst, 
such as chloroplatinic acid. Although palladium is 
somewhat related to platinum in chemical proper- 
ties, palladium is not regarded as a good catalyst for 
hydrosilylation,’ and there has been no report on 
the palladium catalyzed hydrosilylation of olefins. 
Recently Hagihara and coworkers reported that 
zerovalent palladium complexes are efficient cata- 
lysts of the hydrosilylation of butadiene.“’ During 
our studies of palladium-catalyzed reactions of 
olefins, we have independently found that pal- 
ladium can be a good hydrosilylation catalyst of 
various olefinic bonds in the presence of proper 
ligands, and that palladium-catalyzed hydrosilyla- 
tion is somewhat different from the platinum cata- 
lyzed reactions. Preliminary account of the work 
has already been given’ and details of the reaction 
are presented in this paper. 

RESULTS AND DI!XU!SION 

At first hydrosilylation of simple olefins was tried 
by using tetrakis(triphenylphosphine)palIadium as a 
catalyst. Terminal olefins were silylated easily at 
about 100“ in high yields, but almost no reaction 
took place with inner olefins. Unlike the catalysis 
by chloroplatinic acid, which gives terminally- 
hydrosilylated products from both terminal and 
inner olefins, palladium catalyst has no ability to 
transform an inner olelin to a terminal position and 
also the hydrosilylation of inner olefins is very 
slow. In addition, the platinum catalyst is active 
even in the absence of proper ligands. On the other 
hand, it was found that palladium catalyst is active 
only when phosphine is present. In other words, 

palladium and phosphine are two essential compe 
nents of the catalysis, and any palladium compound 
can be used as the catalyst by combining with 
phosphine. As the most easily available one, pal- 
ladium chloride and triphenylphosphine can be 
used as the catalyst. Furthermore, it was found that 
even metallic palladium can be used as the catalyst 
in the presence of phosphine. Usually after the 
reaction, metallic palladium precipitates in a reac- 
tion vessel, and the precipitated palladium can be 
used again as the active catalyst by adding fresh 
phosphine. Thus the palladium catalyst can be used 
for hydrosilylation repeatedly by adding a certain 
amount of phosphine each time. The palladium 
catalyst is very active at low concentration. For 
example, tetrakis(triphenylphosphine)palladium 
showid satisfactory activity at a concentration as 
low as IO-’ mole for one mole of olefin. 

One component is phosphine and it was found 
that triphenylphosphine is the most active one. 
Alkylphosphines can be used but their activity is 
lower than that of triarylphosphines. The following 
rough order of activity was observed: 

PPh, > PEt, > PBu, > P(cyclohexyl), > P(OPh),. 

Thus it is concluded that triphenylphosphine is 
most suitable for efficient catalysis. 

As described above, terminal olefins are hy- 
drosilylated preferentially and selective reaction is 
possible. For example, by the hydrosiIylation of 
cis-l&hexadiene, only the terminal double bond 
was hydrosilylated leaving the inner olefin intact to 
give cis and trans-I-trichlorosilyl4hexene as a 
main product. 

CH-CHCH,CH=CHCH, + HSiCl, - 

CI,SiCH,CH2CH2CH=CHCH,. 
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As expected, cyclohexene was not hydrosilylated, 
but cyclooctene was hydrosilylated in a poor yield. 
Only the side chain reacted by the reaction of 4- 
vinylcyclohexene and trichlorosilane. 2- 
Trichlorosilylpropionitrile was obtained from 
acrylonitrile and trichlorosilane. A 1: 1 mixture of 
trichlorosilane and ally1 chloride was converted to 
tetrachlorosilane and propylene quantitatively in 
the presence of tetrakis(triphenylphosphine)pal- 
ladium. 

CHp=CHCHEI + HSiCI, - CHFCHCH, + SiCL. 

Rate of hydrosilylation is also markedly depen- 
dent on the kind of silanes used. The most reactive 
one is trichlorosilane. The reactivity decreased by 

displacement of the chlorine of trichlorosilane with 
an alkyl group. The following order of reactivity of 
various silanes was observed. 

HSiCI, > HSiCl,(CH,) > HSiCI(CH& > HSEI~WIW 

> HSYCH,), > HSi(C2H,), > HSi(OCH,),. 

The results of the hydrosilylation reactions of vari- 
ous olefins catalyzed by several palladium catalysts 
are shown in Tables 1 and 2. 

Palladium-catalyzed hydrosilylation of butadiene 
proceeds smoothly, but the products of the reaction 
are different crucially depending on the silanes 
used. For example, addition of trichlorosilane 
affords I-trichlorosilyl-2-butene as a sole product. 

Table 1. Hydrosilation of various olefins catalyzed by Pd(PPh,).* 

Silane Okfin PdWh,). Reaction Product Yield 
B temp W) time (h) 

H&l, 

HSiCl, 
HsICI, 
HSiCl, 
HSiCl, 
HSiCl, 

ethylene 
(50 atm) 
propylene 
I-hexene 
l-octene 
cyclooctene 
1.4-hexadiene 

0.1 

0.1 
0.1 
0.1 
0.1 
0.2 

HSiCI, acrylonitrile 0.1 

HSiCl, 0.1 

HSiCI,Me 
HSiCIMe: 
HSiMe, 
HSiEt, 
HSi(OMe)CI, 
HSi(OMe),CI 
HSi(OMe1, 
HSiCl, 

HSiC& 
HSiCI, 

I-octene 
l-octene 
I-octene 
l-octene 
I-octene 
I-octene 
1 -octene 
allene 

butadiene 
isoprene 

0.1 120 6 
0.1 im 6 
0.1 120 6 
0.1 120 6 
0.1 120 6 
0.1 im 6 
0.1 120 6 
0.1 120 5 

0.1 100 5 
0.1 110 6 

HSiCI, I .3-pentadiene 

HSiCl, 1.3.7-octadiene 

HSiMeCl, 

0.1 

0.1 

0.1 

HSiE1, butadiene (excess) 0.1 

110 6 

120 5 
110 6 
100 5 
120 I5 
110 8 

120 8 

loo 5 

110 

110 

110 

120 

6 

5 

6 

6 

EtSiCI, 90.5 

PrSiCL 92.5 
nCH,,SiCh 90.0 
n_CH,,SiCI, 85.3 
cy-C,H,,SiCl, 30.0 

-SiCl, 3 

i 

91.8 

VSiCL 2 

-SiCI, 1 
CH,CH-CN 40-O 

SiCll 
CH,-CH-SiCl, 95.0 

LH, 
n-C,H,,SiMeCL 90.5 
n-C,H,,SiMe,CI 85.6 
n-C*H,JiMe, 45.3 
n-C.H,,SiEt, 17.3 
n-C,H,,Si(OMe)Cl, 75.3 
n-C,H&OMehCl 30.5 
n-C.H,,.%(OMe), trace 
CH,=CCHz-SiCI, 70.6 
CIISiCH2CHEHISiCI, 10.5 
CH,CH=CHCH,SiCI, 85 
CIISiCH2C=CH-CH, 82.5 

A H, 
CHIC=CHCHI-SiCI, 3.5 

J H, 
CH,CH=CHCH--SIG 80.6 

tA H, 
CH,CH==CHCHCH,CH,CH=CH, 82.3 

&Cl, 
CH,CH=CHCH,SiMeCl, 83,s 
CH,CH~HCH,CRCH=CHCH, 

!kMeCb 5’2 
CH,CH=CHCH,SiE1, 1.2 
CH,CH=CHCH,CH,CH==CHCH, 

AiEt, 95’3 

9.1 mol of olefin and 0.1 mol of silanes are used. 
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Table 2. Hydrosilylation of l-octene (0.1 mol) with trichlorosiiane 
(0.1 mol) catalyzed by various palladium catalysts 

Reaction 
temperature time (h) Yield (%) 

PdCh(PPh,)~(O*l) 120 5 90 
PdBr,(PEt,h(O.3) 80 10 65 
PcuI(pEl,h(O~1) 100 10 60.6 
PdCb[P(OBuhl,(0*2) 120 10 20.5 
PdCLiP(OPh), h(O.2) 120 15 15.9 
Pd(O.1) + PPh,(l.OI 120 5 88.1 
PdiO,&),(O. 1 j+ Pi3lN.O) 120 10 75.6 
Pd(O. 1) + PBu,(l .O) 120 10 53.5 

On the other hand, dimerization and hydrosilylation 
occurred simultaneously to give l-trimethylsilyl- 
2,6_octadiene by the reaction of trimethylsilane. 

CHFCHCH-CH, “BT” *CI,SiCH,CH=CHCH, 
“SIKH,,) 

1 
(CH,),SiCH,CH==CHCH,CHXH=CHCH,. 

A mixture of the 1: 1 adduct (83.5%) and 1: 2 adduct 
(5.2%) was obtained when dichloromethylsilane 
was used. It is well known that butadiene dimerizes 
with incorporation of nucleophiles to give I- 
substituted 2,7-octadiene by using palladium 
triphenylphosphine complex as a catalyst.6 It 
should be noted that 2,Goctadiene. rather than 2,7- 
octadiene, was obtained with trimethylsilane and 
butadiene. Reaction of other conjugated dienes 
such as isoprene, 1,3,7-octatriene, 1,Zpentadiene 
with trimethylsilane gave the 1: 1 adducts and no 
1:2 adduct was formed. For example, isoprene 
gave I-silylated 2-methyl-2-butene as a main pro- 
duct, accompanied by 3-methyl-2-butene. 

CH, 

CH+J-CH=CHI + HSiR, - 

CH, CH, 

R,SiCH,C=CHCH, + CH,C-CHCHSiR,. 

1,3-Pentadiene afforded 2-silylated 3-pentene. The 
reactivity of conjugated dienes is higher than that 
of non-conjugated terminal olefins. For example, 
by the reaction of the 1: 1 mixture of 1.3,7- 
octatriene and trichlorosilane. 4-trichlorosilyl-2,7- 
octadiene was obtained selectively. Further reac- 
tion with trichlorosilane gave the terminally silyl- 
ated product. 

CH,-CHCH=CHCH,CH,CH=CCH, + HSiCI, - 

CH,CH=CHCHCH,CH,CH==CHz 

A iCI, 
HPICI) 

l CH,CH=CHCHCHICH2CH,CH1SiCI,. 

!&I, 

A competitive reaction of an equimolar mixture of 
butadiene, I-hexene and trichlorosilane gave l- 
trichlorosilyl-2-butene almost exclusively. Higher 
reactivity of the conjugated diene is also apparent 
by catalytic species. Even in the absence of phos- 
phine, hydrosilylation of butadiene proceeds. Pal- 
ladium alone is moderately active, but addition of 
certain ligands activates the palladium catalyst. For 
this purpose ligands such as glyoxime, benzonitrile, 
l,S-cyclooctadiene. norbomadiene can be used as 
the effective ligands of the palladium catalyst for 
the hydrosilylation of butadiene. 

Reaction of allene with trichlorosilane at 120” for 
5 h gave I-trichlorosilyl-2-propene in 70% yield. 
Further reaction for 10 h afforded 1,3- 
di(trichlorosilyl)propane. 

Mechanism of the hydrosilylation catalyzed by 
transition metal complexes has been proposed by 
Chalk and Harrod.’ It is likely that the palladium- 
catalyzed hydrosilylation reactions reported in this 
paper also proceeds through the same mechanism 
by oxidative addition of hydrosilane to a low valent 
palladium phosphine complex, followed by the in- 
sertion of olefin. Divalent palladium compounds 
used in this reaction seem to be reduced to the low 
valent, catalytically active state by the action of 
hydrosilane. Active species formed from metallic 
palladium should be the same phosphine complex. 
We have confirmed that the reaction of metallic pal- 
ladium, phosphine and excess trichlorosilane at 
120” gave yellow crystals of bis(triphenylphos- 
phine)palladium.’ The same complex was obtained 
also by the reaction of tetrakis(triphenylphos- 
phine)palladium with trichlorosilane at 120”. 

EXPERIMENTAL 
Commercially available trichlorosilane and dichloro- 

methylsilane were used after distillation. Chloro- 
dimethylsilane and trimethylsilane were prepared by the 
reduction of dichlorodimethylsilane and chloro- 
trimethylsilane with lithium ahuninium hydride.’ Triethyl- 
silane was prepared by the Grignard reaction of tri- 
chlorosilane.’ Triethoxysilane was prepared by the reac- 
tion of trichlorosilane and ethanol.” Trimethoxysilane, 
chlorodimethoxysiland and dichloromethoxysilane were 
synthesized by the reaction of trichlorosilane with methyl 
nitrite.” 
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Only typical examples of the hydrosilylation are shown 
below. Structure determination, not shown specifkally in 
the following, was carried out by comparing NMR and IR 
spectra with those of authentic samples. N’MR spectra 
were taken on a Varian HA 100 spectrometer. 

Reaction of I-hexene with trichlorosilane. Trichlorw 
silane (6.77 g. O-05 mole), I-hexene (4.2 g. O-05 mole) and 
Pd(PPh,).(O.l g) were charged in a glass made pressure 
bottle and heated at 120” for 5 h. After the reaction, the 
mixture was distilled to give 9*9g of l- 
(trichlorosilyl)hexane at 87-W/30 mm Hg. Identification 
was made by comparing its NMR and IR spectra with 
those of an authentic sample. 

Reaction of cis-l+hexad&ne with trichlorosilane. 
Reaction of trichlorosilane (13.5 g. O-1 mole), cis-1,4- 
hexadiene (8.2 g. 0.1 mole) and Pd(PPh,).(O-2 g) was car- 
ried out at 110“ for 8 h. Distillation of the reaction mixture 
gave 19.5~ of liquid at 85-90”/3Omm Hg. (Found; C. 
33.08; H, 5.07; Cl, 48.%: C&,SiCl, requires: C, 33.12; H. 
5.10; Cl, 48.88). Gas chromatographic analysis showed 
that the product is composed of 3 components. IR bands 
at 1600, %6,730 cm-’ show the presence of cis and trans 
double bonds. Ozonization afforded acetaldehyde and 
propionaldehyde (confirmed by gas chromatography as di- 
methylacetal) in a ratio of 5 : 1. Also the treatment with 
methyl Grignard, followed by hydrogenation gave l- 
(trimethylsilyl)hexane. From these data, it was concluded 
that the products were cis-l-(trichlorosilyl)4hexene, 
trans-l-(trichlorosilyl)4hexene and trans-l-(trichlor~ 
silyl)3-hexene. 

Properties of other products are: I-(trichlorosllyl>Z 
butene-b.p. 140-142”. NMR: 8.92 (d, 3H). 8.03 (d, 2H). 
3-2-4-2 (m, 2H); I-(trichlorosilyf)-2-methyl-2-bane. 

NMR: 8.36 (d, 3H). 8.15 (s, 3H), 7.63 (s, 2H). 454 (q. HI-); 
S-(trichlorosUyl)_l,~octodiene. b.p. 8>92”/10 mm Hg. 
(Found: C, 39.12; H, 5.15; Cl, 43%: C.H,,SiCl, requires; 
C, 3944; H, 5.38; Cl, 4366). NMR: 4.6 (m. 3H), 5.03 (d. 
2H), 7.27 (m, 1H). 7.85 (m, ZH), 8.34 (q. 2H), 8.69 (d, 3*, 
l-(~cth~lsifvl)-l.6-octadienc. b.D. 130-132”. (Found: C. 
74190; fi, 12144; mol. wt. 223 (benzene). C,.H& requires: 
C, 74.91; H, 12.57; mol. wt., 2245). NMR: 4.65 (m, 4H), 
7.% (m, 4H), 8.41 (d, 3H), 8.56 (d, 2H), 8.9-9.6 (m, 15H). 
IR: 3000, 2940. 1665, 965, 770,735 cm-‘. 
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