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ABSTRACT 

Palladium-catalyzed hydrosilylation of silyl-substi- 
tuted butadienes 1 and 2 with  MeSiC12H has been 
investigated. Both steric effects and the presence of 
a n  aiyl substituent affect the regiochemistry of the 
hydrosilylation reaction. Hydrosilylation of siloxane- 
tethered bis-dienes 9 exhibits high regio- and diaste- 
reoselectivity . 

INTRODUCTION 
Transition metal-catalyzed hydrosilylation of al- 
kenes and alkynes is highly versatile in organic 
synthesis. Conjugated dienes can give 1,2- and 1,4- 
addition products, and the product distribution 
depends on the kinds of dienes and silanes and the 
nature of the catalyst [ 13. Palladium catalysts are 
most commonly used for this purpose and 1,4-ad- 
dition leading to allylsilanes having the Z-config- 
uration are normally obtained [2]. When substi- 
tuted dienes are used, the addition reaction is in 
general less selective, a mixture of isomers being 
obtained. The trimethylsilyl group is a bulky one 
and an addition reaction would be expected to oc- 
cur away from this group. Indeed, hydrosilylation 
of vinylsilanes gives predominantly, if not exclu- 
sively, 1,2-bissilylethanes [3]. Furthermore, we re- 
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cently found that cyclopropanation with dibrom- 
ocarbene occurs regioselectively at the double bond 
remote from the silyl substituent [4]. In contin- 
uation of our interest in the synthesis [5]  and ap- 
plications of silyl-substituted dienes [6], we report 
herewith our preliminary findings on the ' palla- 
dium-catalyzed hydrosilylation of silyl-substituted 
butadienes. 

RESULTS AND DISCUSSION 
The silyl-substituted dienes la-c and 2 were pre- 
pared according to our published procedure [5]. 
Treatment of la  with 2 equivalents of MeSiClzH in 
the presence of 1 mol% PdCl,(PPh,), in a sealed tube 
at 80°C for 16 hours followed by workup with 
methanol under basic conditions gave 3a as the sole 
product in 70% yield. Similar to literature exam- 
ples [2], the addition reaction occurred in a 1,4- 
addition manner and the resulting double bond was 
in the Z-configuration. Interestingly, the internal 
silyl-substituted diene 2 also gave a similar hydro- 
silylation pattern, leading to 4 in 70% yield (Equa- 
tion 3). The corresponding t-butyl analog 5 was 
employed for comparison, allylsilane 6 being iso- 
lated as the sole product under similar conditions. 
Because of the steric effect, the newly formed Si- 
C bond in all these cases took place at the less ster- 
ically hindered C-4. Alternatively, the aryl substi- 
tuent at C-4 may exert a substituent effect leading 
to the regioselective formation of the Si-C bond. 
We have tested this viewpoint by studying the re- 
actions of silyl-substituted dienes without the 
presence of an aryl substituent. Thus, treatment of 
Ib with MeSiC1,H under the same conditions af- 
forded a 6.6:1 mixture of 1,4-adducts 3b and 7b. 
In a similar manner, the reaction of lc gave a 2: 1 
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mixture of 3c and 7c. These results indicated that 
both the steric effect and the presence of an aryl 
substituent determine the regioselectivity of the 
hydrosilylation of conjugated dienes. 

RwSiMezR 

la  R = P h , R = M e  

l b  R = M e , R = P h  

l c  R = i-Pr, R = M e  

Ph?fSiMe3 
(Me0)zMeSi Me 

4 

SiMezR phy (Me0)zMeSi 

SMe3 R AJ 
3a R = P h . R = M e  

2 3b R = M e , R = P h  

3c R = i-Pr. R = Me 

5 6 

7b R = M e , R = P h  

7c R = i - R , R = M e  

The mechanism of the hydrosilylation reaction 
of dienes has been suggested (Equation 1) [2]. Ox- 
idative addition across the Si-H bond, followed by 
an insertion step, will generate a m-allylpalladium 
intermediate 8a or 8b. The orientation of this in- 
sertion step apparently depends on the steric fac- 
tor and on the relative stability of the m-ally1 com- 
plex. In the presence of the phenyl substituent, the 
insertion process is regioselective, giving the more 
stable .rr-ally1 intermediate. When the phenyl sub- 
stituent is replaced by an alkyl group, the reaction 
becomes less selective and, hence, a mixture of 3 
and 7 is isolated. Nevertheless, the production of 
the less hindered m-ally1 complex appeared to be 
the predominant pathway in this overall catalytic 
process. However, we could not rule out at  this stage 
the alternative possibility, which may involve the 
migratory insertion of the silyl group giving a m- 
allylpalladium intermediate 8c or 8d, followed by 
reductive elimination leading to the formation of 
3 or 7. The steric preponderance may determine 
the regioselectivity of the overall reaction. 

We have recently found that, in the presence of 
base, silyl-substituted dienes 8 undergo dimeriza- 
tion reactions to give the siloxane-tethered bis- 
dienes 9 (Equation 2) [6b]. It is known that teth- 
ered bis-dienes readily undergo intramolecular 
cyclization reactions by use of transition metal 
catalysts [71. Apparently, there would be some kind 
of interaction between this bis-diene moiety and 
the metal catalyst. We felt that such interaction may 
cause the stereoelectronic effect of the transition 
metal-catalyzed addition reactions, and, therefore, 

the stereochemistry of the product in each case may 
be controlled. 

MeCizSi’ 
8a 

8c \ 
8d 

8 9a R = P h  

9b R = M e  

Treatment of 9a with MeSiClzH in the presence 
of PdC12(PPh3)2 under similar conditions afforded 
10a in 40% yield. A similar result was observed for 
the reaction of 9b under the same conditions af- 
fording lob in 59% yield. Two interesting features 
are worthy of comment. First, no other re ioiso- 
mers were detected besides 10. Second, both H and 

C NMR spectra suggested that 10a or 10b was a 
single diastereomer, either a meso form or a dl 
mixture, which could not be differentiated at this 
stage. 

B 
13 

(Me0)zMeSi 

L S i , 0  Me2 .siJsMe(oMe)2 Me2 

10a R = P h  

10b R = M e  

These observed regio- and stereoselectivities are 
somewhat striking. As in the simple diene case, hy- 
drosilylation of one of the diene moieties in 9 would 
occur regioselectively to give 11. Further reaction 
of the remaining diene group may furnish the cor- 
responding m-allylpalladium intermediate 12. Co- 
ordination of the double bond of the allylsilane 
moiety to palladium, as shown in 12, may take place 
stereoselectively so that a further reductive elim- 
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ination process would give 10 as a single diastereo- 
mer. Also, the regioselectivity of this addition re- 
action may be rationalized within this framework. 

Si M e( OMe)2 SiMeCI2 

11 12 
In summary, we have demonstrated a conve- 

nient synthesis of bis-l,4-silyl-2-butenes by regio- 
selective hydrosilylation of silyl-substituted buta- 
dienes. The application of the hydrosilylation 
reactions and an investigation of further synthetic 
uses of the bis-silylated products are in progress. 

EXPERIMENTAL 
'H NMR spectra were obtained on a Bruker AC300 
(300 MHz) NMR spectrometer. Chemical shifts are 
reported in the 6 scale using tetramethylsilane as 
the internal standard, and CDC13 was used as the 
solvent. I3C NMR spectra were recorded on a Bru- 
ker AC300 spectrometer operating at 75 MHz using 
CDC13 (6 77.0) as the internal standard. Infrared 
spectra were measured on a Bio-Rad FTS-40 in- 
frared spectrophotometer. Mass spectral (MS) data 
were obtained on a Finigan TSQ-16C mass spec- 
trometer or a JEOL JMS-HX110 mass spectrome- 
ter. Preparative HPLC was operated on a Waters 
590 instrument using a silica gel column. 

General Procedure 
Into a 25 mL pressure tube was added a mixture 
of silyl-substituted diene (2.0 mmol), dichloro- 
methylsilane (460 mg, 4.0 mmol), and PdC12(PPh3)2 
(15 mg, 0.021 mmol). The tube was stirred at 80°C 
for 16 hours. After the contents had been allowed 
to cool to room temperature, ether (100 mL) was 
introduced and the mixture was transferred to a 
round-bottomed flask to which methanol (1 .O mL) 
and triethylamine (2.0 mL) were added. The mix- 
ture was heated under reflux for 1 how. After being 
cooled to room temperature, the solution was fil- 
tered through florid and washed with ether. The 
solvent was evaporated in vacuo, and the residue 
was subjected to chromatographic separation on 
silica gel using hexane/ethyl acetate (100/4) as 
eluent. 

Hydrosilylation of  l a  
According to the general procedure, a mixture of 
la (404 mg, 2.0 mmol), dichloromethylsilane (460 

mg, 4.0 mmol), and PdC12(PPh3)2 (15 mg, 1.1 mmol) 
was transformed into 3a (496 mg, 68%); IR (neat) 
v 3024, 2966, 2838, 1723, 1493, 1452, 1392, 1251, 
1091, 839, 773,700 cm-'; 'H NMR (CDC13) 6 -0.06 
(s, 9H), 0.06 (s, 3H), 1.40 (dd,J = 7.1, 13.8 Hz, lH), 
1.64 (dd, J = 9.4, 13.8 Hz, lH), 3.31 (d, J = 11.0 
Hz, lH), 3.42 (s, 3H), 3.43 (s, 3H), 5.48 (m, lH), 5.71 
(t, J = 11.0 Hz, lH), 7.03-7.13 (m, lH), 7.15-7.30 
(m, 4H); 13C NMR (CDC13, 75 MHz) 6 -7.1, -1.8, 
18.4, 36.0, 50.7,50.8, 124.7, 125.2, 125.3, 127.9, 128.2, 
141 3; MS (re1 intensity) 308 (M+, 80), 293 (37), 277 
(23), 204 (39), 188 (47), 105 (100); HRMS calcd for 
Cl6HzsO2Si2: 308.1628; found: 308.161 9. 

Hydrosilylation of 2 
According to the general procedure, a mixture of 
2 (202 mg, 1.0 mmol), dichloromethylsilane (230 
mg, 2.0 mmol), and PdC12(PPh3)2 (8 mg, 1.1 mmol) 
was transformed into 4 (216 mg, 70%); IR (neat) Y 
2954, 2906, 2838, 1599, 1492, 1248, 1188, 1093, 835, 
772, 750, 698 cm-'; 'H NMR (CDC13) 6 0.03 (s, 3H), 
0.05 (s, 9H), 1.74 (s, 3H), 3.40 (s, 3H), 3.41 ( s ,  3H), 
3.56 (d , J  = 10.8 Hz, lH), 6.11 (d , J  = 10.8 Hz, IH), 
7.05-7.15 (m, lH), 7.20-7.30 (m, 4H); 13C NMR 
(CDC13) 6 -6.8, -2.1, 14.7, 38.5, 50.7, 50.7, 50.9, 
124.9, 127.9, 128.4, 135.0, 136.7, 141.4; MS (re1 in- 
tensity) 308 (M+, 51), 293 (59), 277 (75), 204 (92), 
172 (loo), 105 (75); HRMS calcd for Cl,H2sOzSi2: 
308.1628; found: 308.1612. 

Hydrosilylation of 5 
According to the general procedure, a mixture of 
5 (93 mg, 0.5 mmol), dichloromethylsilane (115 mg, 
1 .O mmol), and PdC12(PPh3)2 (4 mg, 1.1 mmol) was 
transformed into 6 (181 mg, 62%); IR (neat) v 2956, 
1599, 1493, 1258, 1189, 1091,833,771,700; 'H NMR 

6.1, 14.3 Hz, lH), 2.11 (dd, J = 9.0, 14.3 Hz, lH), 
3.39 (d, J = 11.0 Hz, lH), 3.43 (s, 3H), 3.53 (s, 3H), 
5.20 (m, lH), 5.87 ( t , J  = 1.0 Hz, lH), 7.05-7.15 (m, 
lH), 7.20-7.32 (m, 4H); I3C NMR (CDC13, 75 MHz) 
6 -6.9, 29.3, 31.0, 36.5, 41.1, 50.7, 50.8, 124.8, 126.3, 
127.9, 128.3, 128.9, 141.6; MS (re1 intensity) 292 (M+, 
401, 277 (8), 261 (38), 186 (25), 105 (100); HRMS 
calcd for C17Hzs02Si: 292.1859; found: 292.1858. 

(CDC13) 6 0.06 (s, 3H), 0.87 (s, 9H), 1.90 (dd, J = 

Hydrosilylation of 1 b 
According to the general procedure, a mixture of 
lb  (202 mg, 1 .O mmol), dichloromethylsilane (230 
mg, 2.0 mmol), and PdC12(PPh3)2 (8 mg, 1.1 mmol) 
was transformed into 3b and 7b (188 mg, 61%, lb/ 
7b = 6.6:l) The mixture was separated by pre- 
parative HPLC. lb: IR (neat) v 2956, 1480, 1257, 
1089, 1026, 835 cm-'; 'H NMR (CDCI,) 6 0.06 ( s ,  
3H), 0.29 (s, 6H), 0.95 (d,J = 10.6 Hz, 3H), 1.56 (dd, 
J = 7.8, 14.0 Hz, lH), 1.84 (dd, J = 10.1, 14.0 Hz, 
lH), 1.84-2.00 (m, lH), 3.49 (s, 3H), 3.50 (s, 3H), 
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5.14 ( t , J  = 10.6 Hz, IH), 5.32 (ddd,J = 7.8, 10.1, 
10.6 Hz, lH), 7.30-7.40 (m, lH), 7.48-7.58 (m, 1H); 
I3C NMR (CDC13, 75 MHz) 6 -7.6, -3.4, -3.3, 14.6, 
17.4, 20.5, 50.5, 50.6, 122.8, 127.7, 128.9, 129.7, 133.6, 
140.0; MS m/z (re1 intensity) 308 (M+, loo), 294 
(18), 239 (43,  142 (48), 105 (36); HRMS calcd for 
CI6HzsO2Si2: 308.1628; found: 308.1632.7b: IR (neat) 
v 2961, 1427, 1255, 1089, 1026, 988 cm-'; 'H NMR 
(CDC13) 6 -0.09 (s, 3H), 0.32 (s, 3H), 0.33 (s, 3H), 
0.82 (t, J = 7.5 Hz, 3H), 1.80-1.95 (m, 3H), 3.38 (s, 
3H), 3.39 (s, 3H), 5.18-5.31 (m, lH), 7.25-7.32 (m, 
3H), 7.45-7.55 (m, 2H); I3C NMR (CDC13, 75 MHz) 
6 -5.3, -2.9, -2.6, 13.9, 19.6,20.3, 50.2, 50.3, 62.1, 
123.7, 127.4, 128.7, 130.0, 134.0, 139.1; MS m/z (re1 
intensity) 308 (M', 73), 293 (19, 188 (16), 142 (loo), 

found: 308.162 1. 
135 (25); HRMS calcd for C16H2@2Si,: 308.1628; 

Hydrosilylation of lc 
According to the general procedure, a mixture of 
l c  (336 mg, 2.0 mmol), dichloromethylsilane (460 
mg, 4.0 mmol), and PdC12(PPh3), (15 mg, 1.1 mmol) 
was transformed into 3c and 7c (247 mg, 45%, 3c/ 
7c = 2: 1) The mixture was separated by prepar- 
ative HPLC. 3c: 'H NMR (CDCl,) 6 -0.01 (s, 9H), 
0.09 (s, 3H), 0.91 (d, J = 6.8 Hz, 3H), 0.93 (d, J = 
6.8 Hz, 3H), 1.80-1.95 (m, 2H), 3.48 (s, 3H), 3.50 
(s, 3H), 5.21 ( t ,J  = 11.0 Hz, lH), 5.43 (ddd,J = 6.5, 
9.9, 11 .O Hz, 1H); l3C NMR (CDC13, 75 MHz) 6 -6.0, 
-1.6, 18.2, 21.4, 23.2, 28.6, 34.2, 50.5, 125.2, 125.5; 
MS m/z (re1 intensity) 274 (8), 259 (4), 170 (9), 142 
(17), 126 (22), 105 (100); HRMS calcd for 
C13H3002Si2: 274.1784; found: 274.1771. 7c: 'H NMR 
(CDC13) 6 0.02 (s, 9H), 0.01 (s, 3H), 0.87 (d, J = 6.6 
Hz, 6H), 1.45-1.65 (m, 2H), 1.78-1.90 (m, 2H), 3.46 
(s, 3H), 3.48 (s, 3H), 5.25-5.35 (m, 2H); I3C NMR 
(CDC13, 75 MHz) 6 -5.1, - 1.0, 15.6, 19.9,22.5, 22.6, 
28.6, 36.3, 50.2, 50.4, 125.4, 126.6; MS m/z (re1 in- 
tensity) 274 (M+, 41), 259 (3.9, 231 (28), 170 (loo), 
142 (69, 127 (99), 105 (87); HRMS calcd for 
C13H3,,02Si2: 274.1784; found: 274.1781. 

Hydrosilylation of 9a 
According to the general procedure, a mixture of 
9a (1 95 mg, 0.5 mmol), dichloromethylsilane (1 73 
mg, 1.5 mmol), and PdC12(PPh3), (4 mg, 1.1 mmol) 
was transformed into 10a (120 mg, 40%); IR (neat) 
Y 3023, 2957, 1598, 1492, 1451, 1392, 1256, 1093, 
838,801,766,700 cm-'; 'H NMR (CDC13, 200 MHz) 
6 -0.04 (s, 12H), 0.06 (s, 6H), 1.43 (dd,J = 7.1, 14.0 
Hz, 2H), 1.67 (dd, J = 9.9, 14.0 Hz, 2H), 3.29 (d, J 
= 10.9 Hz, 2H), 3.41 (s, 6H), 3.42 (s, 6H), 5.46 (m, 
2H), 5.73.(t, J = 10.9 Hz, 2H), 7.00-7.15 (m, 2H), 
7.15-7.30 (m, 8H); I3C NMR (CDC13, 75 MHz) 6 0.04, 
0.20, 20.1, 36.0, 50.7, 50.8, 124.7, 124.8, 125.9, 127.9, 

128.3, 141.7; MS m/z (re1 intensity) 602 (l), 571 (l), 
482 (31, 465 (12), 369 (loo), 247 (49), 195 (80), 179 
(761, 105 (83); HRMS calcd for C30H5005Si4: 
602.2736; found: 602.2743. 

Hydrosilylation of 9b 
According to the general procedure, a mixture of 
9b (269 mg, 1 .O mmol), dichloromethylsilane (460 
mg, 4.0 mmol), and PdC12(PPh3)2 (15 mg, 2.1 mmol) 
was transformed into lob (281 mg, 59%); 'H NMR 

Hz, 6H), 1.36 (dd, J = 6.6, 13.8 Hz, 2H), 1.60 (dd, 
J = 12.9, 13.8 Hz, 2H), 1.89-2.00 (m, 2H), 3.50 (s, 

5.35 (m, 2H); I3C NMR (CDC13, 75 MHz) S -7.6, 
-0.06, 14.6, 20.1, 20.4, 50.5, 50.6, 122.6, 122.5. 

(CDC13) 6 0.01 (s, 12H), 0.02 (s, 6H), 1.04 (d,J = 7.2 

6H), 3.51 (s, 6H), 5.14 (t, J = 10.6 Hz, 2H), 5.26- 
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