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The hydrosilylation of a$-unsaturated nitriles and esters such as acrylonitrile, 
crotononitrile, cinnamonitrile, ethyl and methyl acrylate, ethyl and methyl 
crotonate and ethyl and methyl methacrylate using tris(triphenylphosphirie)chlo- 
rorhodium as a catalyst is described. The hydrosilylation of cr ,@n-isatirrated ni- 
triles provided ar-adduct exclusively in high yield except in the case of trichloro- 
silane which afforded fl-adduct with acrylonitrile. On the other hand,.the hydro- 
silylation of a&unsaturated esters gave rather complex results. The selectivity of 
the reactions was dramatically affected by the substituent of the ester group and. 
that on the P-carbon. Thus, the hydrosilylation of ethyl acrylate with triethyl- 
silane afforded a @adduct, but, that of ethyl crotonate using the same hydro- 
s&me gave a 1,kadduct exclusively. Possible mechanisms for these reactions 
are discussed. 

Introduction 

The hydrosiIylation of olefins and acetylenes has been studied extensively, 
and many effective catalyst systems have been found, e.g., UV light, benzoyl 
peroxide, Pt.-C, H,PtC& - 6H20, (Ph,P),RhCl,.etc. Chloroplatinic acid isby. far 
the most effective and commonly used catalyst [l]. Rhodium-phosphme~com~- 
plexes seem.comparable in efficiency to. the platirium systems [Z].. Dicobalt 
octacarbonyl [S] and iron penta&bonyl [4] also are effective. Recently; &OS:- 
phine complexes of platinum[5], palladium ]6] and nickel 171 proved to be a& 
tive hydrosilylation $atalysts. However; the hydro&lylation of cu,@m&u&ted 

_ nitriles and esters usingsuch transition. metal complex c&alysts (except tihlord-‘.- 
platiuie acid and platinum-met&l catalyst) has received little attentio& .. eI-,: .‘]I :. 

In the hydrosilylation of acrylonitiile Ni~Cl,-pyridirje -or; &z&less’ steel: forI ;-- : _ 
_ : ~ 

-_. 



~pyrmine~catalyst afforded a-cyanoethyltrichlorosihme in 22-31% yield [8], and 
.‘a nickelThosphine catalyst also gave ac-adduct in 51% yield [7b]. P-Cyanoethyl- 
.tichlorosilane was produced in 35-70’S yield when chloroplatinic acid 193; 
platinized asbestos, benzoyl peroxide, amine bases or tertiary phosphines in a 
stainless steel vessel were employed [lo]. a-Cyanoethylchlorosilanes also were : 
obtained in 26-43s yield by using 5% Pt-C catalyst [ll]. Recently, Chalk re- 
ported [ 2c] the effective hydrosilylation of acrylonitrile with dimethylphenyl- 
silane catalyzed by tris(triphenylphosphine)carbonylhydridorhodium, which af- 
forded the cu-adduct in 80% yield, and mentioned that the addition of dimethyl- 
chlorosilanc was more difficult_ 

On the other hand, the hydrosilylation of acrylates and methacrylates cata- 
lyzed by chloroplatinic acid or platinum metal catalyst has been extensively 
studied and it has been shown that the course of the additiorrdepends upon the 
structure of the esters and the nature of hydrosilanes [Zc,12]. For instance, chlo- 
rosilanes give mixtures of or- and P-addition (1,2-addition to the C=C bond) and 
1,4-addition products, while triethylsilane shows regiospecific addition although 
ambiguity exists concerning the structure of the adduct. Petrov et al. claimed to 
have obtained a ketene aceta,l (1,Paddition product) but did not provide spec- 
troscopic evidence [12a]. Later, Rijkens et al. isolated only fl-triethylsilylpropio- 
nate ester (&addition product) [12b]. Recently, a nickel-phosphine complex 
was proved to be an excellent catalyst for the hydrosilylation of methyl acrylate 
tith dichloromethylsilane [7b], which afforded the a-adduct in 97% yield. 

We have found that tris(triphenylphosphine)chlororhodium is a quite effec- 
tive catalyst for the synthesis of cY-cyanoalkylsilanes employing various hydro- 
silanes and cr,P-unsaturated nitriles [13], and also found that this rhodium com- 
plex catalyzes the hydrosilylation of c&unsaturated esters to afford 1,2-adducts 
or 1,4adducts selectively in high yields, depending upon the esters and hydro- 
silanes used. The selectivity observed was much different from that realized 
when other known catalysts were used. While our investigation was in progress, 
Yoshii et al. [14] reported similar results on the hydrosilylation of c&unsatu- 
rated esters with trialkylsilanes catalyzed by tris(triphenylphosphine)chloro- 
rhodium. We describe here full details of our research on the scope and limita- 
tions of the hydrosilylation of c&unsaturated nitriles and esters catalyzed by 
tris(triphenylphosphine)chlororhodium, and discuss plausible mechanisms of the 
reactions. 

Results and discussion 

Hydrosilyletion of cY,P_unsaturated nitriles 
The hydrosilylation of cY,P-unsaturated nitriles was performed in sealed tubes 

using dimethylphenylsilane, dimethylethylsilane, chlorodimethylsilane, dichlo- 
romethylsilane and triethoxysilane in the presence of 0.05-0.1 mol% of tris(tri- 
phenylphosphine)chlororhodium. 1,2-Addition of the silicon hydrides afforded 
only an cY-adduct; except the case of trichlorosilane. In the case of chlorodi- 
methyl&me and dichloromethylsilane, the reaction proceeded under mild con- 
ditions, while triethoxysilane required rather drastic conditions. The Q ,@-unsatu- 
rated nitriles employed were acrylomtrile, crotononitrile and cinnamonitrile. 
Results are summarized.in Table 1. a-Cyanoalkylsilanes thus obtained were 
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TABLE 1 

HYDROSILYLATION OF ACRYLONITRILE. CROTONONITRILE AND CINNAMONITRILE 
CATALYZED BY <PhsP)sRhCl 

Nitrile Hydrosilane Conditions o Product Yield (%) 

<GLC) 

CHz =CHCN 

CHxCH=CHCN 

PhCH=CHCN 

PhMeZ SiH 100°C. 3 h 

EtMel SiH 100°C. 24 h 

Me2 ClSiH 50°C. 2h 

MeClzSiH 60° C. 24 h 

(Et0)3SiH 120°C. 96 h 

C13SiH 14OOC. 24 h 
PhMesSiH 60°C. 4 h 

hleZClSiH 80-C. 60 h 

PhMe2 SiH 100°C. 12 h 

CH3?HCN 
SiPhMeZ 

CH3?HCN 
SiEtMe2 

CH3?HCN 
SiClMe2 

CH3?HCN 
SIC12 Me 

CH3?HCN 
Si(OEt)j 

ClsSiCH2CH2CN 

CH3CH2?HCN 
SiPhMe2 

CH3 CH2 ?HCN 
SiClMe2 

PhCH2?HCN 
SiPhMeZ 

87 

72 

93 

80 

66 

80 
87 

90 

72 

D Temperature of the oil bath used. 

shown to be very good reagents for the syntheses of c&unsaturated nitriles 
[13] through Peterson-type reactions [15] with carbonyl compounds. 

R’CH=CHCN + R2gSiH B R’CH,CHCN 

S iR2R: 

(R’ = H, CH3, Ph; a: R2 = Ph, R3 = Me, b: R2 = Et, R3 = Me, c: R2 = Cl, R3 = Me, 
d: R2 = Me, R3 = Cl, e: R2 = R3 = EtO) 

In the case of trichlorosilane, fi-cyanoethyltrichlorosilane was obtained in 80% 
yield and formation of the ar-adduct was not observed. 

(J3SiH i- CH2=CHCN z C13SiCH2CH2CN 

It is noteworthy that chlorohydrosilanes have a high reactivity for the hydro- 
silylation of acrylonitrile in the present reactions in view of the fact that the 
rhodium complex is not an effective catalyst for the hydrosilylation of carbon- 
carbon multiple bonds when chlorohydrosilanes, especially trichlorosilane, are 
used. Such chlorohydrosilanes form a stable oxidative adduct with the rhodium 
complex [ 2b]. 

A possible mechanism which can explain the selectivity of the reaction is pro- 
posed as follows: a-Addition may result from nucleophilic attack of the silyl- 
rhodium(m) hydride (II) intermediate at the electron deficient P-carbon of 
acrylonitrile. The intermediate organorhodium(III) complex (III).thus formed 
gives the cu-adduct and the rhodium(I) complex (IV) through silyl-group migra- 

: 
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‘l?,SiH -I-. (.Ph,PI,RhICI P ( Ph3P)2RtlmCI (H) (SiR$ 
.: 

(I) 
-Ph,P 

(17) 

(Ph,P&RhnCl (H)------ SiCI, 

I 

CH2 =CH CN 

Cl~SiCH,CHCN 
. 
I L 

I H-abstraction 

C13SiCH&H2CN + (Ph,P),Rh’CI 

$9-adduct) 

t.CH 2==CHCN 

R-$i -Rh 

I 

mcl( PPh& 

CH-&HCN 

tm, 

I 

silyl migration 

(Ph3P)2RhiCI + 
CH3CH CN 

&R3 

I 
&Xx-adduct) 

PPh3 

(Ph,P),Rhkl 

(I) 

tion as shown in Scheme 1. In the case of trichlorosilane, a higher temperature 
(140°C) was required to initiate the reaction. Thus a radical process (with ex- 
pected different regioselectivity) may be operative (cf. Scheme 1). 

Hydrosilylation of c+unsaturated esters 
III concept, there are four possible products in the hydrosilylation of cr$-un- 

saturated esters: The cr- and @adducts from 1,2-addition to the C=C bond, the 
1,Zadduct produced by 1,Zaddition to the carbonyl group, _and the 1,4adduct. 

Selective &-addition has special synthetic value since the a-adduct has been 
shown to be a good reagent for the syntheses of c&unsaturated esters via 
Peterson-type reactions with car-bony1 compounds [lS$ Selective 1,4-addition 
may also provide a valuable method not only. for the preparation of &ntheti- 
sally useful ketene silyl acetals, but also for the selective hydrogenation of the., 
okfi& bond~since ketene sibyl acetals are readily hydrolyzed to saturated ester%: . . . 

..: : ;. 



R’CH=CHCOOR’ + 

._.dSiR/ 1. .: 

Hydrosilylation of ethyl acrylate and ethyl crotonate 
The hydrosilylation of ethyl acrylate using dimethylphenylsilane and di- 

methylethylsilane was found to afford the j3-adduct exclusively. &Addition also 
was observed in the case of triethylsil&e, but a disilylated product was obtained 
as a side product. The disilylated product was easily converted in quantitative 
yield to the P-adduct by the action of ethanol. Accordingly, the hydrosilylation 
of ethyl acrylate using triethylsilane afforded only the P-adduct after ethanolysis. 

(Ph3P)3RhCI 
EtsSiH + CHpCHCOOEt F Et$iCH2CH2COOEt + 

,OEt 
Et-$iCH,CH=C, 

OSiEts 

Et&XCH2CH=C 
,OEt 

‘OSiEts 
a EtpSiCH2CH2COOEt + Et,SiOEt 

In sharp contrast to the case of ethyl acrylate, the hydrosilylation of ethyl 
crotonate using trialkylsilanes proceeded via 1,4-addition without any side reac- 
tions to afford ketene silyl acetals in excellent yields. 

On the other hand, the hydrosilylation of these cY,&unsaturated esters using 
chlorodimethylsilane proceeded differently. 

(Ph3P)3RhCl 
MezClSiH + RCH=CHCOOEt p 

RcHZ~HCooEt 
SiMe2 Cl 

(R = H, CH3) 

Thus, the hydrosiiylation of ethyl acrylate or ethyl crotonate using chloro- 
dimethylsilane gave only the or-adduct. 

Our results are listed in Table 2. It should be noted that the course of the reaci 
tion was dramatically affected by only changing the substituent on p-carbon of. 
the cY$-unsaturated esters, and that on the silicon atom. . . 

: 

Wy$-osiZyla,tion of methyl acrylate and methyicrotkate .’ : . . t ‘,. I 
Methyl acrylate and methyl crotonate also were chosen .&sub&at&for the-. 

reaction since it has been shown that the mode. of addition- depends upon- the: . . :: 
structure of the. ester group& hydro&lylations catalyzed hy plaf&um~metaKor_‘~~ .I ._5%i ‘ : ..y 

: .: _:;q&p;::;-.; :_ ; ._ *_;:... -.‘, . . II 



NYDR~S~~AT~ON 0~ ACRYLATES. CROTONATES AND METHACRYLATES CATALYZED By 
.(Ph$P)jRhCi 

_Rster Hydrosilsne Conditions o Yield b Product ratio (CrO c 

<%> 
0 p di 1.4 1.2 

&=CHCOORt EtsSiH 7o”c. 3hd 80 65 35 
PhMe2 SiH 80°C. 2h 85 100 
EtMe2SiH renux. 12 h 83 100 
_Me2ClSiH 7ooc. 12 h 65 100 

CH2=CHCOOMe EtsSiH 60°C. 1 h d 77 70 30 
PhMezSiH 60°C. 12 h 80 100 
EtMe2SiH 8OOC. 12 h 78 100 

CH3CI-I=CHCOOEt Et3SiH 50°C. 1 h 95 100 
PhMe7’SiH 50°C. 1 h 95 100 
EtMe2SiI-I reffux. 1 h 82 100 

Me2 CISiH llO°C. 6 h 65 100 

CH3CH=CHCOOMe EtjSiH 60°C. 1 h 95 77 23 
PhMe7SiH 7Vc. 2hd 70 loo 
EtMelSiH 7o”c. 12 h d 73 100 

CH2=C<Me)COOEt EtgSiH 80°C. 2 h d 80 92 8 
PhMeZSiH 65OC. 1 h 87 80 20 
EtMe2SiH 40°C. 16 h 90 95 5 

CH2=C(Me)COOMe Et5SiH iO°C. 2 hd 8O 92 8 
PhMe2 SiH 60°C. 2h 95 75 25 
EtMeaSiH 70”~. 12 hd 92 93 7 

a Reaction was cenied out without solvent unless otherwise noted. ’ GLC yield based on the ester. c Prod- 
ucts ratio was determined by GLC using a column packed with 3%. 10%. end 20% SE-30 on Chromosorb 
W orland NMR spectra. d Benzene was used es solvent. 

chloroplatinic acid [I25 Results are summarized in Table 2; these show that the 
selectivities of the reactions are almost the same as those realized in the case of 
the corresponding ethyl ester. The reaction with methyl acrylate afforded @- 
adducts exclusively, except for the reaction of triethylsilane with the methyl 
ester, which provided also the disilylated product as a side product. The reac- 
tions with methyl crotonate afforded 1,kadduct exclusively, although the reac- 
tion using triethylsilane produced a l,2-adduct as a side product, which was 
not observed in the case of the ethyl ester. 

<phsPhRhCI 
Et$3H + CH&H=CHCOOMe - CH3CH2CH=C 

,OMe 
+ CH3CH=CHCH 

,OMe 

‘OSi3%3 ‘OSiEt3 

Hydtosi~ylation ofmethacrylates 

1,4-adduct 
(major) 

I,%adduct 
(minor) 

As the substituent of the ester group and that on the P-carbon changed the 
n&&e of the reaction observed quite dramaticaUy, as described above, the hy- 
drosilylation of methacrylates was carried out in order to estimate the,effect of 
a methyl substituent -on the a-carbon. As seen in Table 2; the reaction afforded 

: zi m&u& of a ketene silyl acet& (predominant) and the 1,2-addition product 



(minor), ex&tly as in the case of methyl crqtonate:Accordingly, the effect of a 
methyl on the e-carbon is similar to that on the &carbon m-enhancing the occur- 
rence of 1,4addition. ‘_ 

CH3 CH3 OR C-H3 

CH~dXOOR + R>SiH m 
\ / / 

c=c 

’ ‘OSiR’ CH3 3 

+ ““z=C\~,,OR ... 

\ 
OSiR’, 

1,4-adduct 1,2-adduct 
(major) (minor) 

Although Yoshii et al. reported the exclusive formation of 1,4-adducts in the 
hydrosilylation of methyl crotonate and methyl methacrylate by triethylsilane 
1141, we observed the formation of the 1,Zadduct as a side product. Moreover, 
we found that the reaction of methyl acrylate using triethylsilane afforded the 
fl-adduct and the disilylated product, whereas Yoshii et al. reported.the forma- 
tion of P-adduct and 1,4-adduct. 

Possible mechanisms for these reactions 
As is seen from Table 2, the mode of the h3drosilylation of oc,@-unsaturated 

esters seems to be divided into three cases. They are (i) c-addition, (ii) @addi- 
tion and di-silylation, and (iii) X,4-addition and l,Zaddition, a&these reactions 
were not mixed with each other. 

(i) a-Addition. a-Addition was observed only in the case of the reaction of 
chlorodimethylsilane. In a manner similar to the case of acrylonitrile, a-addition 
may be a result of hydride attack involving the sibyl-rhodium(III) hydride (II) 
at the electron deficient P-carbon of ethyl acrylate and ethyl crotonate as shown 
in Scheme 2. 

SCHEME 2 

Me&ISiH + (Ph,P),RhICl - 
-PhSP 

( Ph3P12 Rh%I(H) (SiMe,CI) 

(I) (II) 

RCH=CHCOOEt 

&+ 
y------R,h(SiMqCI) Cl (PPh,), 

I 
I 

-CHCOOEt 
. . S- 

l?C&CHCOOEt 

I v silYl migration CIMe2si-RhmCl(PPh3)2 

SiMe.&I I 
RCH2CHCOO kt .. :(m)-- 
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ir. -(ii):&&ddithn and di-silylation.~ O-Addition was observed only-when-an ..-. 
!:Y,aorylate;~as employed as substrate,and di-silylation as Well as the’&addition oc- ‘. 
~~~cu_~& when triethykhme was used. The poksibility of a~dehydrogenative con- ..- 
..~ci&&ti6n of the initially formed padduct and triethylsiiane, which wouId give 

1:: the’disilylated product was excluded in a control experiment in which the p- .. 

:_ ‘8dduct was ahowed to react with triethylsilanein the presence of the rhodium 
cataiysf under the conditions employed for the.hydrosilylation: the formation 

-. of the disiIylated, product could not .be observed at &I. Consequently, disilylated 
pioducts may be fdrmed through the intermediate (or transition state) closely 
related t0 that of the @-addition. The P-addition may occur via initial addition of the 
coordinated siIy1 radical (similar to that postulated in the case of the addition of 
trichlorosilane to acrylonitie catalyzed by the rhodium catalyst to form the com- 
plex V) and subsequent hydrogen abstraction- as shown in Scheme 3. Thus, the di- 
silylation- would proceed through a silyl abstraction of the coordinated radical 
V from triethylsilane, which would form a dihydrorhodium complex VI. 

SCtiMIi 3 

(Ph,P),Rh’Cl 

(I) 

+ 
( Ph,P),Rh=~H) Cl 

: 

RsSiH 

/OR 
R3SiCH2CH=C,oSiR3 

+ 

(Ph,P),Rh=CI (HI, 

(Ph,P)2RhrCI + H2 

mr) 

Kc) 

R$i H 

i 
l SiR3 

(b) H-abstraction 

I 

R,SiCH&H2COOR + I ( Ph3P),Rh Cl 

cm> 

(iii) Z_j4- ancJ l$?-Addition. Predominant 1,4addition-.was observed when a 
krotonate or a methacryiate was employedas substrate. Although l&addition 

-. also occurred to some extent in these cases, other modes of addition were: not 
observed-~ Thus, 1;4- and l&additions are expected to proceed via a common 
m&mediate or t&&ion state. The fact that a’methyl group on one. of the .$ 
olefk&z carbons is Gsential for the selective-Z&and I&addition im%icateS the. 

f ir&&ied~cy of a:n+&yIrhodium complex. In fact, silyl migration tothe car-. 
: : 
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bony1 oxy&n of the croton&e ‘or meth&&&te k~ky- t&k- &ce initially to form 
comp&WI, and &.h,&que& hjr&g& mi&atiixx x&d&~ give the 1‘,4adduct 0; 

1,2-adduct as shown in Scheme 4; A methyl grouti on an oiefinic carbonatom 
may effectively stabilize. the resulting ~+.llyl radical (or_n+lyl~carboniiim ion): 
which would have strong intkra&ioti +vitti the hydridorhodium complex; This 
stabilizing effect may be one of the driving forces of the initial silyl mjgration- 
to the carbonyl carbon, 

SCHEME4 

(Ph,P),RhlCI 

R3SiH 

I 
R’CH=C -COOR3 

R2 

I 

.A+. /OR3 
R’HCI 

I 

‘\OSiR3 

(Ph,P),Rh= (H)CI 

mm 
1.4~addn./H-shift / \1;\2-lddn. /H-shift 

J 
y /OR3 

\ 

R’ CH$Z=C 
7’ ,OR’ 

‘OSi R3 
R’ CH=C--CH,~~~~~ 

. -!- -l- 

(Ph,P),Rh=CI I (Ph,P),Rh Cl 

(IPI (W 

Effect of the addition of a radical scavenger to the reaction systeni 
Since the rate of the hydrosilylation of c&unsaturated esters is sens$iv.e to 

oxygen and a radical process is supposed to be involved in these reactions, a reac- 
tion was carried out in the presence of 10 mol% of the &lvinoxyl radical *,in 
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PhM+iH [Rh] 0.2 mol % .. 

-_.-_ 
4- 

-e- Product 

PhMe,SiH 

1 

[Rhl 0.2 mol % ’ 
C,,2=CH(--OEt galvinoxyl 10 mol % 

- 
--0-- 

Fig. 1. P1ot.s of CSilanel. KJZsterJ. and [Product] against time. 

--c-&adduct 
qalvinoxyl 10 mot % 

_L,_____c_-__-~-----4--- 
__c- --ix-- 

2 3. 4 5 d 
Time (h) 

I E+-2. Piok of &an~]. [Ester]. +@ _. _ ‘roductsl against time. .. 
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the &&&ti*nl& inhibiting radicd pro?.es_ g&& &&&&&_ l-3;. 

As is seen from Fig; 3, the rate of-react~~~of:diin~th~lp_h~~l~~;lilane~with 
ethyl a.crylatej vihich~proceeds via P-addition; was ret&d& and &I iriduction pe 
riod &j&obser& when 10 r&i% of galvinoxyi was-add&i to t&~iy~l$m:~ore- 
over, t&e yield of the adduct decreased about iO%compared.wi~hthat attained 
without scavenger, although.the conversions of thcse.rea&io& were nearly-the- 
same. This strongly sugg&s that, the reaction involves a radical process and that 
the scavenger traps the organic radicals.. :- 

In the case of the reaction’ of tkiethylsilarie with methyl:acrylate; which gave. . . 
the P-adduct and-the disilylated product, the reaction was effectively suppressed’ 
by the radical scavenger as shown in Fig. 2. If the scavenger traps only the re- 
sulting silyl radical or organic radicals, the suppression should be limited within 
10%. However, the observed results cannot be accomodated by this a&umption 
at all. Namely, the results clearly indicate that a certain catalytic species also 
may be trapped by the scavenger. Since galvinoxyl is quite. bulky and the rho- 
rium(I) complex is a stable species, it is not appropriate to assume that (PhBP)3- 
Rh’Cl or (Ph,P),Rh’Cl forms an inactive complex with the scavenger. Moreover, 
if the Rh’ complexes form an inactive complex, the extent of the .suppression .- 
should be almost the same in every case. However, the mode of, the observed 
suppression was quite different with each case as cari be seen from Figs. 1-3. Thus, 
we suggest that the rhodium(I1) hydride’complexes, i.e., II or V in Scheme 3, 
form an inactive or less reactive charge transfer complex with galvinoxyl. ,. 

As shown in Fig. 3, a dramatic suppression of the reaction was observed when.. 
the reaction of triethylsilane with methyl crotonate, which proceeds predomi- 

160-j 

b- Et$.iH 

- CH,CH=CHCOOMe 
bh] 0.1 mol % 

- Products 
35) 0.5’c 

--A-- EtxSiH [Rh] 0.2 mol % 
--a- CH$ZH=CHCOOMe golvinoxyl 10 mol % 
-+- Products 65+ 0.5’C 

Fik 3. Plots of [Silanel,~ [Ester]. and 
-. 

C~oductsl against the. 
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nantly via 1,4-addition, Was carried out in the presence of galvinoxyl. The reac- 
tion without. the radical scavenger was too f&t to be measured at 65” C, but the 
reaction in the presence of galvinoxyl proceeded with rates suitable fota;kinet- 

ic study at the same temperature. The results obtained for the reaction at 35°C 
are depicted in Fig. 3. 

The separation of the rhodium-carbon bond in the complex II or VII in 
Scheme 4 may be large, i.e., both the ~-ally1 group and the rhodium complex 
may have a clear radical nature. Consequently, the scavenger may trap the 
rhodium(LI) hydride species quite effectively. 

Experimental 

Measurement *- 

The boiling points were uncorrected. The infrared spectra were recorded on 
Hitachi EPI-G3 and Hitachi 285 spectrophotometers, using neat liquid samples. 
The nuclear magnetic resonance spectra were obtained by the use of a Varian 
fiA-100 or a Varian T-60 spectrometer, using TMS as the internal standard. Ana- 
lytical gas chromatography (GLC) was carried out on a Shimazu GC-3BT, GC- 
3BF, or GC-5A using a column packed with 3%, 10% or 20% SE-30, and 3% 
ov-17. 

Ma teriais 
Hydrosilanes were prepared by known methods. Tris(triphenylphosphine)chlo- 

rorhodium was prepared from rhodium trichloride trihydrate and triphenyl- 
phosphine. ac$-Unsaturated nitriles and esters are commercially available and 
purified by distiilation. 

Hydrosilylation of cu,P-unsaturated nitriles in the presence of tris(triphenylphos- 
phine)chlororhodium 

A typical procedure is described for the hydrosilylation of acrylonitrile by 

TABLE 3 

SPECTRAL DATA FOR a-CYANOALKYLSILANES 

RcHz-?H-N 
SiRI Rf 

(1) 

R R1 R2 BP- <o‘J NMR (6 J Metbine 

Ton?) Proton (Ha) 
IR. <cm-‘> 
u<C=N) 

a H Pb Me 9110.5 
-b H Et Me 85/20 

c H Cl Me 6015 
d K Me Cl 6014 
e H Et0 Et0 6811.5 
f Me Ph Me 113/2.5 

g Me Cl Me 95120 

h Pb Pb ._ Me 145lO.5 

1.93 (quartet c J 7 Hz, 1H) 2220 
1.83 <quartet=s 57 Hz.lHI) 2220 

2.09 <quartet=.J 7 Hz. 1H) 2220 
2.41 (quartet Us J 7 Hz, 1H) 2220 
1.85 (quartet 9 J 7 Ht. 1H) 2220 
1.80 <t =, J 7.5 Hz. 1H) 2220 
1.95 <quartet, J 4.5.10.5 Hz. 1H) 2220 
2.05 (t 4 J 7.5 Hz. 1H) 2240 

o Small splittings were observed. which may bd due to the long range coupling with methyls on the silicon 
atom. : 



dimethyIphenylsilane: ‘A mixture of 1.59 g (30 mmol) of acrylonitrile; 4.48 g.-- 
(33 mmol) of dimethylphenylsilane and 30 mg (0.1 mol%),of (PhsP)sRhCl was 
stirred in a reaction flask which was flushed with_argon-irider reflux for 3 h. The 
reaction mixture was distilled under reduced pressure to’afford ti+nethyl- 
phenylsilylpropionitrile (Ia) (4.08 g) in 72% yield (GLC yieldi 87%); Results-are 
summarized in Table 1, and the spectral data used in the identification of the 
products are listed in Table 3. 

The reaction of trichlorosilane with acrylonitrile required high temperatures. 
A mixture of acrylonitrile (1.59 g, 30 mmol), trichlorosilane (4.89 g; 36 mmol) 
and (Ph3P)3RhCl(30 mg, 0.1 mol%) was sealed in a Pyrex ampoule under argon 
and was heated at 140” C for 24 h with stirring. Distillation of the reaction mix- 
ture under reduced pressure afforded /3+ichlorosilylpropionitrile (II) (2.8 g) in 
50% yield as the only product (GLC yield 80%). 

II: b.p. 78”C/7 Ton (lit. [S] 109”C/30 Torr). NMR (CDC13): 6 -1.80 (m,.2H), 
and 2.65 (m, 2H). IR (neat): 2240 cm-’ (v(C=N)). 

Hydrosilylation of ethyl acrylate and ethyl crotonate 
Ethyl acrylate (3.0 g, 30 mmol) was allowed to react with dimethylphenyl- 

silane (4.49 g, 33 mmol) in the presence of 30 mg (0.1 mol%) of (Ph3P)3RhC1 at 
80” C for 2 h with stirring. Distillation of the reaction mixture under reduced. 
pressure afforded ethyl fl-dimethylphenylsilylpropionate (IVb) (4.9 g) in 70% 
yield (GLC yield 85%). 

Dimethylethylsilane was allowed to react in a similar manner with ethyl 
acrylate to afford ethyl fl-dimethylethylsilylpropionate (IVc) in 60% yield (GLC 
yield 83%). 

When triethylsilane was used, the P-adduct and a disilylated product were ob- 
tained. Ethyl acrylate (3.0 g, 30 mmol) was allowed to react with triethylsiIane 
(4.52 g, 39 mmol) in the presence of (Ph3P)3RhCl (30 mg, 0.1 mol%) at 70°C 
for 3 h. GLC analysis revealed that two products had been produced in 65 : 35 
ratio in 80% total yield. Distillation of the reaction mixture under reduced pres- 
sure gave ethyl /3&riethylsilylpropionate (IVaj (b-p. SO”C/O.l Torr) and l-ethoxy-- 
I-triethylsilyloxy-3-triethylsilylprop-l-ene (VIIaj (b.p. 124”C/1.5 Torr). 

VIIa: NMR (CDCla): 6 0.40-1.50 (m, 32H), 1.23 (t, J7 Hz, 3 H), 3.33 (t, J8Hz, 
lH), and 3.59 (quartet, J 7 Hz, 2H). IR (neat): 1680 cm-‘. (v(C=C))_ (Found: 
C, 61.88; H, 11.66. C17H3802Si calcd.:C, 61.75; H, 11.58%) 

The ratio of IVa to VIIa did not change even when two equivalents of tri- 
ethyl&me were used. Furthermore, the attempted reaction of ethyl P-triethyl- 
silylpropionate with triethylsikme in the presence of (Ph3P)JRhCl did not give 
the disilylated product at all. 

In a similar manner to that described above, ethyl crotonate (30 mmol) was 
allowed to reactwith other trialkylsilanes (33 mmol) in the presence of 0,i mol% 
of (PhsP)sRhCl to afford l-ethoxy-1-trialkylsilyloxybut-l-enes (VI). The. ob- 
tained ketene sibyl acetals (VI) were easilyhydrolyzed to the corresponding satu-’ 
rated esters in quantitative yield by the action of aqueous or methanol solutions. 

:of p-toluenesulfonic acid at ambient temperature for 0.5 h:- .’ .. 
Results are summarized in Table 2; and the spe&al data bf the @-adducts.(I 

and the ketene silyl acetals (VI) are listed in Tables 4 and 5, respectively;. y 1.. i -:I 
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-. .- 
-. .~ 

‘:;I: .Rpc~iq~n:bf i.hlorodimethyrs~~~ne with eth$Z acry@e hnd ethyl c~otbtiat~ -_-... .:‘.- 
.-- 

..:: .: ._...,:A mixture of chlorodimethyIsi.Iane ‘(3.15 g; 33 mmol), ethyl acrylate (3X g, ... 
I’;.-, 36:mrnoF) and (Ph3P)JRhCI (30 mg; 0-l mol%) was,sea&&in a’pyrex .arnpoule -- 
--. tic& he&ted at-70“ C-for 12 h with. stirring_ The ieactionmxture was di&i.II&X 
.;‘_under reduce&pressure to afford ethyl cw-chIoro$methyI&Iylpropionatc(IIIa) in 

: 55% yieId (GLC yieid.65%). :. 
.- 

IIIa: b-p, SO”C/15 T&r. NMR (CCL): 6 0.46 (s, 3H) (Hc); 0;49 (s, 3H).(HC), 
1.06-1.43 (m,‘6H).(Ha, He), 2.25 (quartet, J 7 Hz, 1H) (Hb), and 4.13 (octet,. 
Jaa 7 Hz, Jae 7 Hz, 2H) (Hd). IR (neat):.1725 cm-? @(C.=.O)). (Found: C, 43.01; 
H, 7.69. C7H1,02SiCi c&d.: C, 43.173 H, 7.76%.) 

CH$-CHb-CCOCH$CH$ CH’:CH~--CHd-COOCH~CH: 

ClMe$& CIMe& 

(II+) (IIIb) 

Similarly, the reaction of chlorodimethylsikme with ethyl crotonate gave 
ethyl s-chIorodimethyIsiIyIb&yrate (IIIb) in 45% yield (GLC yield 65%). 

IIIb: b-p. 85”C/15 Torr. hWR (Ccl,): 6 0.44 (s, 6H) (H’), 0.96 (t, J 7 Hz, 
3H) (H”), 1.23.(t, J7 Hz, 3H) (H’), 1.42-2.25 (m, 3H) (Hb, Hd), and 4.03 
(quartet, J7 Hz, 2H) (He). IR (neat): 1720 cm-’ (y(C=O)). (Found: C, 46.27; 
H, 7.97; CgH1702SiCI cakd.: C, 46.03; H, 8.21X) 

In both cases, the IR spectra of the crude products showed a very weak ab- 
sorption at 2120 cm-’ due to.Si-II stretching band. This may mean that a dis- 
proportionation of chlorodimethylsikne occurred during the reaction to some 
extent [2cJ. 

Hydrosilylation of methyl amylate and methyl crotonate 
To a mixture of methyl acrylate (0.86 g, 10 mmol) and triethylsilane (1.75 g, 

.15 mmol) in 10 ml benzene &is added 10 mg (0.1 mol%) of (Ph,P),RhCl under 
argon, and the mixture was stirred at 60°C for 1 h. GLC analysis revealed the 
production of methyl /3kietbylsiiylpropionate (IVd) (54%) and l-methoxy-l- 
triethylsilyloxy-3-triethylsilylprop-1-ene (VIIb) (23%). These products could be 
r&liIy separated by distiuation. 

VIIb: b-p. 122”C/2.5 Torr. NYMR (CD&): 6 0.38-1.55 (m, 32H); 3.30 (t; i 
8 Hz, lH), and 3.42 (s, 3H). IIk(neat): 1680 cm-’ (v(C=C)). (Found:- C60.55; 
H, 11.40. C16H3602Si calcd.: C, 60.69; H, 1X46%.) 

When the reaction was carried out without solvent, l-methoxy-l-triethyl- 
-silyloxyprop-l-ene (VIg) was obtained-in. 7% yield in addition to these 2 products. 

In a similar manner, the react& of dimethylphenylsilane with_ methyl. &r$lat& 
afforded methyl @iimethylphenykiIylpropion&e (IVe) in -80% yield .when.ben- : 
iene v&s used & solvent, while the reaction without solvent g&e a mixture’ of. 
tie &iIyl-propionateIVe tid I-methoxy-1-diniethylphe_nyIsiIyloxyprop-l-en& : 
(VIh)in65 .:- 35 ratio. In. the case of dimethylethyIskne;~methyl @dimei,hy~-_ -.. -. .. 
ethyIsiIylpropionate (IVf) -Was obtained & a sole product in .78% yield; : . . / 

In a sim% manner to that described above,.._~ethyl.Croto~~..(30 n&01)-.W& 1 
&&y&8 to keact’kith ~dimethylphenyIsiIane or din&hyiethyIsiIaiie (33:lmmoI)r_ ~ .-:. 
inthe~p~e&noe.of~ (Ph$)&hCl (0.1.mol%), to$ford 1-methcky~l$ir&hyI~ 1:. ; 

..I.. ___-~,‘_.- .- 
,I_ .’ .1 -; ,,. _._,: -.. .:‘ ._ : _. 1 : .- : -_: :. --. ., 



.-:‘-,.;-:,~_._.~ /_,. 1.. _ -- .: 

: .,_.. -__. _. .. _-: . . -_: .- : : 
- -: ,~- :. ~. ‘.. .: _. 1, : I >.:.::t ,: 

:. ._: .- ;yy:- : -. : ., -: ._ _. 

..: : 
~- . 

_- 
_57- -r . . . _.. _ ~. ;.' ,:: 

lie& (VIf-(73%)., -. ~..__ .- .,- .._ 

In contr&t with- these ttio case& the formation of.i,z,aad~~~_as-weii- asi,& 
.:--. 

adduct $asobserved. when-triethylsiiane was used. The reaction of. niethyl-croi. 
tonate (30 mmol) ~&ith~triethylsilane (33 mmol) in the prese&of- (Pl$P)iRhCl. 
(0.1 mol%) at 50°C for 6:5 h with stirring afforded a mixture of 1-methoxy:lzJ -. 
triethyisilyloxybut-1-ene (VId) (71%) and l-methoxy-l&iethylsiIyloxybut~2~.’: 
ene (V) (24%) which Was identified on the basis of its NMR ipectium. _ -. .;: 

V: b.p. 77”C/5 Ton. NMR (CCL): 6 C&50L1.08 (m, 15H) (Hf), 1.69 (a,.J.::. 
6 Hz, 3H) (H=), 3;16 (s, 3H) (He), 4.97 (d, Jca 5 Hz, 1H) (Hd), 5.39 (quartet, - 
Jca 5 Hz, Jbc 1.5.5 II& 1.H) (H=), and 5.71 (octet, Jab 6 Hz, Jbc 15.5 Hz, 1H) 
(Hb). IR (neat): 1640 cm-’ (y(C=C))._ (Found: C, 61.09; H, 11.13. C1,H,40&i 
c&d.: C, 61.05; H, 11.18%) 

CH:, ,H= 

Hb 
,c=c, 

CHd--OCH; 

b siEt: 

(V) 

Results are summarized in Table 2. The spectral data of the fi-adducts (IV) 
and 1,4adducts, i.e., ketene silyl acetals (VI), are listed in Tables 4 and 5, res- 
pectively: 

Hydrosilyiation of ethyl and methyl methacrylate 
-In a similar manner described above, ethyl methacrylate (30 mmol) was z$ 

. lowed to react with triethyIsi@ne (33 mmol) in the presence of (Ph3P)3RhC1 
(0.1 mol%) at SOOC for 2 h with stirring to afford a mixture of 1-eJ&oxy-l{tii 
ethylsilyloxy-Z-methylprop-1-ene (VIIIa) and l-ethoxy-l-triethylsilyloxy-2-. 
methylprop2-ene (IXa) in80% yield. The ratio of VIIIa/IXa was determined to 
be 92 : 8 on the basisof 100 MHz NMR spectrum. 

The results of the hydrosilylation of ethyl and methyl methacrylate using 
several hydrosilanes are summarized in Table 2 and the spectra\ data of the prod- 
ucts are listed in Table 6. : 

(chztinued on p_ SOJ 

TABLE 4 

SPECTRAL DATA FOR &SILYLPROPIONATES 

R1 R$SiCH~CH$OOR (IV) 

R- RI R* RP. NMR (6) Methylene Ik (cm-l) 
(°C/Torr) protons (Ha) : y<C=0) 

a Et : .Et .Et ~Oll.0 226(m.?_H) I-‘- 
1745. .. .: “- 

b Et Fh, .:Me 10313 _.2hd trn. 2H) : l-740. .. 

c Et Et Me -go/i5 : .I. 2i$ &2_ti) .. .-:_ :1145- --. .. -. .: 
d .: -Me Et .Et -.‘. .75/3 1 2&-(m;2H) -. -1745 ..: I‘ ‘.... 

e ._ Me.-. .Ph I& : 11514.5 .-. ,.2&.(&2H)‘- ~. I 1745;. I- _-‘_.-.. .--.:=. 

._t -. Me -Et ‘. ; -- Me, -._ : 2_f&<rn+:.2:I+ I..: . . --.. ._1745..-1 ‘- --:._ :-- -_ 
: 

86!20-’ _I. -._. ‘.- 
. :i _- .. :. ,, ..:; . -. .L -1.. -,-;. : : .: :. _. ,z. . . . . ._ -: i. : ,:_;- 

. . . . .’ ,. .- : : 1 z _. I-.. 1 _ ._ :__:. _. _-.z:- ,.._I _-I-“ .~1- _.... 
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Reactions of acrylate and crotonate with hydrosiiane in the presence of radical 
scauenger 

Ethyl a&late (0.50 g, 5 mm&), dimethylphenylsilane (1.02 g, 7.5 mmol), 
galvinoxyl(200 mg, 10 mol% based on the ester) and (Ph3P)JRhC1 (10 mg, 0.2 
mol% based on the ester) were dissolved under argon in 5 ml of benzene, con- 
taining n-octane (0.285 g, 2.5 mmol) and n-pentadecane (0.53 g, 2.5 mmol) as 
internal standards. After the mixture was sufficiently degassed, the reaction 
flask was immersed in an oil bath at 50 -t 0.5”C and the contents were stirred. 

The consumption of the ester and the hydrosilane, and the formation of the 
product, i.e., the @adduct, was followed by means of gas chromatography on 
Shimazu GC-5A equipped with a temperature programing apparatus using a digi- 
tal integrator. The results are shown in Fig. 1. 

For comparison, the same reaction, on the same scale except for the absence 
of galvinoxyl, was also carried out. The results also are depicted in Fig. 1. 

In a similar manner to that described above, the reactions of methyl acrylate 
or methyl crotonate with triethylsilane in the presence of and in the absence of 
the radical scavenger were carried out. Results are shown in Figs. 2 and 3. 
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