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Unsymmetrically substituted disilane, l,l-dichloro-l-phenyl-2,2,2-trimethyldisilane (PhCl2- 
SiSiMed, was found to  be an effective reagent for palladium-catalyzed allylic silylation of allylic 
chlorides substituted at the a! and/or y positions. The silylation proceeded under mild conditions 
in the presence of a palladium catalyst coordinated with the 1,l'-bis(dipheny1phosphino)ferrocene 
(dppf) ligand to give the corresponding allylphenyldichlorosilanes in high yields. The 
stereochemistry of the catalytic silylation demonstrated overall inversion which is consistent 
with the stereochemical results previously reported on stoichiometric reactions. Use of (E) -  
2-[ (~)-l,l'-bis(diphenylphosphino)ferrocenyl]ethylamine (@)-(5')-BPPFA) as a chiral ligand 
for the silylation gave optically active allylsilanes of up to  61% ee. 

Introduction 

Allylsilanes are useful reagents in organic synthesis, 
reacting with a wide variety of electrophiles in a regiospe- 
cific In particular, those containing functional 
groups on the silylgroup have received increasing attention 
owing to their unique rea~tivity.~ The silafunctionalized 
allylsilanes have been prepared mainly by silylation of 
allyl-metals2 or hydrosilylation of 1,3-diene~.~ Although 
the preparation by palladium-catalyzed allylic silylation 
of allylic chlorides with methylchlorodisilanes has been 
reported, it suffers the lack of general applicability because 
it requires a high reaction temperature (120-170 "C) and 
the allylic substrate is limited to those lacking substituents 
at the a! or y We have previously found that 
unsymmetrically substituted disilanes, PhClaSiSiMea and 
Cl~SiSiMe3, are highly reactive toward the silylation of 
n-allylpalladium complexes to give silafunctional allylsi- 
lanes stereospecifically in high yields,79* and it prompted 
us to study the catalytic silylation by use of the reactive 

* Abstract published in Advance ACS Abstracts, September 15,1993. 
(1) Optically Active Allylsilanes. 17. Part 1 6  Hayashi, T.; Heng- 

rasmee, S.; Mataumoto, Y. Chem. Lett. 1990, 1377. 
(2) Review: (a) Ojima, I. In The Chemistry of Organic Silicon 

Compounds; Patai, S.,  Rappoport, Z.,Eds.; John Wiley: New York, 1989; 
p 1479. (b) Fleming, I.; Dunogub, J.; Smithers, R. In Organic Reactions; 
John Wiley: New York, 1989; Vol. 37, p 57. (c) Hoaomi, A. Acc. Chem. 
Res. 1988,21, 200. (d) Sakurai, H. Pure Appl. Chem. 1982,54, 1. (e) 
Chan, T. H.; Fleming, I. Synthesis 1979,761. (0 Colvin, E. W. Silicon 
in Organic Synthesis; Butterworth: London, 1981; pp 97-124. (9) Weber, 
W. P. Silicon Reagents for Organic Synthesis; Springer-Verlag: New 
York, 1983; pp 173-205. 

(3) For optically active allylsilanes: Hayashi, T. Chem. Scr. 1986,25, 
61. 

(4) (a) Hosomi, A.; Kohra, S.; Tominaga, Y. J. Chem. SOC., Chem. 
Commun. 1987, 1517. (b) Hosomi, A.; Kohra, 5.; Tominaga, Y. Chem. 
Phnrm. Bull. 1987,35,2155. (c) Hayashi, T.; Matsumoto, Y.; Kiyoi, T.; 
Ito, Y.; Kohra, S.; Tominaga, Y.; Hosomi, A. Tetrahedron Lett. 1988,29, 
5667. (d) Hatanaka, Y.; Ebma, Y.; Hiyama, T. J. Am. Chem. SOC. 1991, 
113,9887. (e) Hatanaka, Y.; Hiyama, T. Synlett 1991,845. (0 Kira, M.; 
Kobayashi, M.; Sakurai, H. Tetrahedron Lett. 1987,28,4081. 

(5) Matsumoto, H.; Yako, T.; Nagashima, S.; Motegi, T.; Nagai, Y. J. 
Organomet. Chem. 1978,148,97. 

(6) The preparation of trimethyl(dy1)silaneE by palladium-catalyzed 
silylation with hexamethyldisilane or tris(trimethylsily1)duminum has 
been reported (a) Urata, H.; Suzuki, H.; Mor-oka, Y.; Ikawa, T. Bull. 
Chem. SOC. Jpn. 1984,57,607. (b) Trost, B. M.; Yoahida, J.-I.; Lautens, 
M. J. Am. Chem. SOC. 1983,105,4494. 

(7) Hayashi,T.;Yamamoto, A.; Iwata,T.; Ito,Y. J. Chem. SOC., Chem. 
Commun. 1987, 398. 

unsymmetrically substituted disilanes. Here we report 
that the palladium-catalyzed silylation of a- and y-sub- 
stituted allylic chlorides with PhClnSiSiMe3 proceeds 
under mild conditions to give corresponding silafunctional 
allylsilanes in high yields. 

Results and Discussion 
Disilanes including l,l-dichloro-l-pheny1-2,2,2-tri- 

methyldisilane (PhClaSiSiMea) were examined for their 
reactivity in the palladium-catalyzed allylic silylation of 
allylic chlorides 1 (Scheme I). The reaction conditions 
and results are summarized in Table I. The reaction of 
3-chlorocyclohexene (la) with PhClzSiSiMe3 in THF in 
the presence of 1 mol % of a palladium catalyst generated 
in situ from bis(p-chloro)bis(~3-allyl)dipalladium(II) and 
triphenylphosphine proceeded at 40 "C to substitute the 
chloride in la with the phenyldichlorosilyl group, pro- 
ducing 3-(phenyldichlorosilyl)cyclohexene (2). The al- 
lylsilane was isolated as phenyldiethoxysilyl derivative 3 
in 70% yield by treatment of the reaction mixture with 
ethanol and triethylamine (entry 1). The introduction of 
a phenyldichlorosilyl group rather than a trimethylsilyl 
group on the allylic substrate is as expected from our 
previous results on the stoichiometric reaction of PhC12- 
SiSiMea with (?r-ally1)palladium complexes? Ferrocenyl- 
bis(phosphine),l,l'-bis(diphenylphosphino)ferrocene (dp- 
pf): is a more efficient ligand than triphenylphosphine 
for the silylation which led to a higher yield (84 % ) of 3 
in a shorter reaction time (entry 2). The allylic silylation 
of linear allylic chlorides, (E)-l-chloro-2-butene (lb) and 
(E)-2-chloro-3-pentene (IC), was also successful with PhC12- 
SiSiMe3 (entries 6 and 9). Thus, the reaction of lb  gave 
a 92 % yield of aregioisomeric mixture of allylsilanes which 
consisted of 3-silyl-1-butene (4) and (E)-l-silyl-2-butene 
(5) in a ratio of 18 to 82, and the reaction of IC proceeded 
quantitatively to give 2-silyl-3-pentene (6) as a 9010 
mixture of E and 2 isomers. 

(8) Disilane PhCl&iSiMes has been wed for the palladium-catalyzed 
disilylation of a&unsaturated ketones: (a) Hayashi, T.; Mataumoto, Y.; 
Ito, Y. J. Am. Chem. SOC. 1988,110,5579. (b) Hayashi, T.; Mataumoto, 
Y.; Ito, Y. Tetrahedron Lett. 1988,29, 4147. 

(9) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T.; 
Hirotau, K. J. Am. Chem. SOC. 1984, 106,158. 
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Scheme I 

Matsumoto et al. 
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Fluorine-substituted unsymmetric disilane, 1, l-difluoro- 
l-phenyl-2,2,2-trimethyldisilane (PhFBiSiMea), exhibited 
comparable reactivity to PhClzSiSiMe3, the silylation of 
chloride l b  giving a high yield of (phenyldifluorosily1)- 
butenes (entry 7). On the other hand, symmetrically 
substituted disilanes were less reactive than unsymmet- 
rically substituted ones. The silylation of la did not take 
place at  all with hexamethyldisilane or 1,1,2,2-tetrachloro- 
1,2-dimethyldisilane under similar reaction conditions 
(entries 4 and 5). Of the symmetric disilanes, 1,1,2,2- 
tetrachloro-l,2-diphenyldisilane was most reactive, which 
gave a 68% yield of l-silyl-2-butene 5 in the reaction of 
monosubstituted chloride l b  (entry 8), though only a low 
yield (17%) of allylic silane 3 was formed in the reaction 
of a,y-disubstituted chloride la (entry 3). 

The palladium-catalyzed silylation was found to proceed 
with inversion of configuration with respect to the chiral 
carbon center where the silylation took place (Scheme 11). 
Thus, the reaction of cis-3-chloro-5-carbomethoxy-1- 
cyclohexene (ld)1° (cis:tram = 8812) with PhClzSiSiMe3 
in the presence of Pd-dppf catalyst at  60 "C gave trans- 
3-(phenyldichlorosilyl)-5-carbomethoxy-l-cyclohexene (7) 
(cis:tram = 15:85) in quantitative yield. The tram 
stereochemistry was assigned by the lH NMR spectra of 
alcohol 911 which was obtained by oxidative cleavage of 
the carbon-silicon bond in 8 with hydrogen peroxide 
according to the procedures reported by Tamao.12 The 
oxidation has been established to proceed with retention 
of configuration.lM Similarly, starting with tram-ldl0 (cis: 
trans = 21:79), cis-7 (&:trans = 59:41) was obtained 
preferentially. The silylation with Pd-PPh3 catalyst gave 
essentially the same stereochemical results as that with 
Pd-dppf, where cis-ld (cis:trans = 88:12) led to trans-7 
(cixtrans = 15:85) and trans-ld (cis:trans = 21:79) led to 
cis-7 (cis:trans = 6535). 

This catalytic silylation must proceed via the (*-allyl)- 
palladium intermediate which is formed by the oxidative 
addition of allylic chlorides to a palladium(0) species. The 
stereochemistry upon oxidative addition to palladium(0) 
complexes coordinated with phosphine ligands has been 
reported to be inversion with allylic halides13 as well as 

(10) (a) BHckvall, J.-E.; Granberg, K. L.; Heumann, A. Zsr. J .  Chem. 
1991,31,17. (b) Sheffy, F. K.; Godschalx, J. P.; Stille, J. K. J. Am. Chem. 
SOC. 1984,106,4833. 

(11) (a) 'host, B. M.; Verhoeven, T. R. J.  Am. Chem. SOC. 1980,102, 
4730. (b) Kato, M.; Kageyama, M.; Tanaka, R.; Kuwahara, K.; Yoshikoshi, 
A. J. Org. Chem. 1976,40,1932. 

(12) (a) Tamao, K.; Nakajo, E.; Ito, Y. J.  Org. Chem. 1987,52, 4412. 
(b) Tamao, K.; Nakajo, E.; Ito, Y. J. O g .  Chem. 1987,52,957. (c) Tamao, 
K.;Nakajima,T.;Sumiya,R.;Arai,H.;Higuchi,N.;Ito,Y.J.Am.Chem. 
SOC. 1986,108,6090. (d) Tamao, K.; Kakui, T.; Akita, M.; Iwahara, T.; 
Kanatani, R.; Yoshida, J.; Kumada, M. Tetrahedron 1983,39, 983. 

(13) Kurosawa, H.; Ogoshi, S.; Kawasaki, Y.; Murai, S.; Miyoshi, M.; 
Ikeda, I. J. Am. Chem. SOC. 1990,112, 2813. 

allylic esters.14 It is deduced from the overall inversion 
of configuration observed here in the catalytic silylation 
that the stereochemistry upon silylation of (*-allyl)- 
palladium is retenion, indicating that the silyl group 
attacks the palladium atom of the (r-ally1)palladium 
intermediate to form the palladium-silyl bond and re- 
ductive elimination gives the allylsilane. The retention 
of configuration upon silylation has been also observed in 
the stoichiometric reaction of (7r-ally1)palladium complexes 
with disilanes including PhClzSiSiMea in the presence of 
a phosphine ligand.' The palladium-catalyzed silylation 
of allylic acetates with tris( trimethylsily1)aluminum has 
been reported to proceed with the same stereochemistry.6b 

The allylic silylation was applied to catalytic asymmetric 
synthesis of optically active functionalized allylsilanes by 
incorporation of chiral phosphine ligands on the palladium 
catalyst (Scheme 111). The results are summarized in Table 
11. Of the chiral phosphine ligands examined, chiral 
ferrocenylbis(phosphine), (R)-2- [(SI-1,l'-bis(dipheny1phos- 
phino)ferrocenyllethylamine ((R)-(S)-BPPFA),15 which is 
a chiral version of the dppf ligand and is one of the most 
enantioselective ligands especially in catalytic asymmetric 
reactions via a (?r-ally1)palladium intermediate,l6 brought 
about the highest catalytic activity in the reaction of allylic 
chloride la withPhClzSiSiMe3. Optically active allylsilane 
(R)-3 was formed in 93 % yield in the reaction a t  40 "C for 
0.5 h, though the enantiomeric purity of (R)-l-cyclohexen- 
3-01 ( l O ) l 7  obtained by the oxidation was not high (10% 
ee) (entry 1). The catalytic silylation was much slower 
with the BINAP18 ligand (entry 21, and no silylation 
products were formed with other chiral bis(phosphine) 
ligands such as chiraphoslg or DIOPZ0 (entries 3 and 4). 

The highest enantioselectivity was observed in the 
asymmetric silylation of linear allylic chloride (E)-l-chloro- 
2-butene (lb). The reaction of l b  with PhClzSiSiMea in 
the presence of (R)-(SI-BPPFA-Pd catalyst at  room 
temperature for 4 h gave a 99% yield of allylsilanes 
consisting of 3-(phenyldiethoxysilyl)-l-butene (4) and (E)- 
l-(phenyldiethoxysilyl)-2-butene (5) in a ratio of 21 to 79, 
the oxidation of the former giving (S)-l-buten-3-01(11)21 
of 61 % ee (entry 5). Optically active allylsilane was also 
obtained in the asymmetric silylation of (E)-%-chloro-3- 
pentene (IC), which gave (E)-2-(phenyldiethoxysilyl)-3- 
pentene (6) (25 5% eel and its Z isomer 6 (39 5% ee) in a ratio 
of 75 to 25 (entry 6). 

To summarize, we have established a convenient method 
for the preparation of silafunctional allylsilanes which was 
performed by the palladium-catalyzed allylic silylation 
with unsymmetrically substituted disilanes and the cat- 
alytic asymmetric allylic silylation was demonstrated by 
means of a chiral catalyst. The stereochemistry of the 

(14) Hayashi,T.; Hagihara, T.; Konishi, M.; Kumada, M.J. Am. Chem. 
SOC. 1983,105,7767. 

(15) Hayashi, T.; Mise, T.; Fukushima, M.; Kagotani, M.; Nagashima, 
N.; Hamada, Y .; Mataumoto, A.; Kawakami, S.; Konishi, M.; Y amamoto, 
K.; Kumada, M. Bull. Chem. SOC. Jpn. 1980,53,1138. 

(16) (a) Hayashi, T.; Yamamoto, A.; Ito, Y.; Nishioka, E.; Miura, H.; 
Yanagi, K. J. Am. Chem. SOC. 1989, 111, 6301. (b) Hayashi, T. Pure 
Appl. Chem. 1988,60,7. fc) Hayashi, T.; Kumada, M. Ace. Chem. Res. 
1982, 15, 395. 
(17) Hayashi, T.; Kabeta, K.; Yamamoto, T.; Tamao, K.; Kumada, M. 

Tetrahedron Lett. 1983, 24, 5661. 
(18) (R)-2,2'-Bis(diphenylphoephino)-l,l'-binaphthylene: Takaya, H.; 

Mashima, K.; Koyano, K.; Yagi, M.; Kumobayashi, H.; Taketomi, T.; 
Akutagawa, S.; Noyori, R. J. Org. Chem. 1986,51, 629. 

(19) (2S,3S)-Bis(diphenylphosphino)butane: Fryzuk, M. D.; Bosnich, 
B. J. Am. Chem. SOC. 1977,99, 6262. 
(20) (+)-2,3-O-Isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphi- 

nofbutane: Kagan, H. B.; Dang, T. P. J.  Am. Chem. SOC. 1972,94,6429. 
(21) Brown, H. C.; Pai, G. C. J. Org. Chem. 1985,50, 1384. 
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Table I. Siylation of Allylic Chlorides 1 with l,l-Dichloro-l-phenyl-2,2,2-trimethyldisilane Catalyzed by Palladium-Phosphine 
Complexes. 

entry 1 disilane 
~~ ~ 

1 l a  
2 la 
3 l a  
4 l a  
5 l a  
6 l b  
7 l b  
8 l b  
9 IC 

10 cis-ld' 
11 cis-ld' 
12 trans-ldk 
13 trans-ldk 

PhClzSiSiMe3 
PhClzSiSiMe3 
PhClzSiSiC12Ph 
MeClzSiSiC12Me 
MelSiSiMe3 
PhClzSiSiMe~ 
PhFzSiSiMe3 
PhClzSiSiCI2Ph 
PhClzSiSiMe3 
PhClzSiSiMe3 
PhClzSiSiMe3 
PhC12SiSiMe3 
PhC12SiSiMea 

ligandb 
PPh3 
dPPf 
dPPf 
dPPf 
dPPf 
dPPf 
dPPf 
dPPf 
dPPf 
dPPf 

dPPf 
PPh3 

PPh3 

temp ( C) 
40 
40 
40 
40 
60 
rt 
rt 
rt 
60 
60 
60 
60 
60 

time (h) 
20 

4 
20 
20 

170 
23 
55 
54 
15 
22 
69 
16 
16 

product 
3 
3 
3 

495 
f 
4 , s  
6 
7 
7 
7 
7 

~~ 

yield (%)c 

70 
84 
17 
0 
0 
92 (18:82)4' 
92 (23:77)Ca 
68 (O:lOO)d* 
99 (90:10)'sh 
99 (15:85)' 
20 (1 5:85)' 
99 (59341)' 
90 (65335)' 

Allreactionswerecarriedout inTHFundernitrogen. 1:disilane:catalyst = 1:1.41.6:0.01. PPd = 2.2:l. Isolatedyield by bulb-to-bulbdistillation. 
The ratio of 4 to 5. Determined by GLC analysis. f Isolated as (phenyldimethylsily1)butenes. 8 The ratio of 2-(phenyldimethylsilyl)-3-butene to 

(E)-l-(phenyldimethylsilyl)-2-butene. The ratio of (E)-6 to (2)-6. cis:trans = 88:12. j The ratio of cis-7 to trans-7. cis:trans = 21:79. 

Scheme I1 

P d i L  

"'Si(OEt),Ph 
cis-1 d trans-7 trans4 trans-9 

C0,Me PdiL C0,Me C0,Me C02Me 

PhCI2SiSiMe3 b ?$ b - H202 0 
SiCI,Ph Si(OEt),Ph OH 

OS-7 CIS4 CIS-9 
6 , i  THF - 
trans-ld 

Scheme I11 
P d i L '  EtOH 

PhCI,SiSiMe, Et3N 

OH 
( R ) - 3  (R)-10 

Qci THF 
dl-1 a 

HzOz 
P d i L '  EtOH 

PhCI,SiSiMe, Et3N 
Si(OEt),Ph OH THF 

-cl 
(S)-11 Ib  (5)-4 

(R)-(S)-BPPFA 

palladium-catalyzed silylation was also established to be 
overall inversion. 

Experimental Section 
General Considerations. Optical rotations were measured 

with a JASCO DIP-370 polarimeter. 'H NMR spectra were 
measured with a JEOL JNM-EX-270 (270-MHz) or JNM-EX- 
90 (90-MHz) spectrometer with CDCla as the solvent and SiMed 
as the internal standard unless otherwise noted. Low-resolution 
mass spectra (LRMS) and high-resolution mass spectra (HRMS) 
were recorded with a JEOL JMS-DX-303. GLC analysis and 
preparative GLC were performed on a Shimadzu GC-8A or 
Shimadzu GC-4A gas chromatograph, equipped with a 1-m 
column packed with Silicone OV-l(5% on Chromosorb WAW). 

Table 11. Asymmetric Silylation of Allylic Chlorides 1 with 
l,l-Dichloro-l-phenyI-2,2,2-trimethyldisilane Catalyzed by 

Chiral Palladium-Phosphine ComDlexesa 
~ 

tem time 5% ee 
entry 1 ligand* C0Cf (h) product yield(46)r (confial 

1 l a  (R)-(S)-BPPFA 40 0.5 3 93 10 (R)d 
2 l a  (R)-BINAP 60 44 3 80 7 (R) 
3 l a  (SS)-chiraphos 60 43 0 
4 la (+)-DIOP 60 24 0 
5 l b  (R)-(S)-BPPFA 20 4 4.5 99 (21:79)'J 61 (S)r 
6 IC (R)-(S)-BPPFA 60 9 6 60(75:25)fh 25,'39 

See footnote a in Table I. P:Pd = 2.2: 1. Isolated yield by bulb- 
to-bulb distillation. ( R ) - 3  [ ( Y ] D ~ O  +8.4 (c 1 S, benzene). ' The ratio of 
4 to 5. /Determined by GLC analysis. 8 The enantiomeric purity of 4. 
[ a r ] ~ ~ ~  -6.1 (c  0.8, benzene) for a 29:71 mixture of (S)-2-(phenyldi- 
methylsilyl)-3-butene and (E)-l-(phenyldimethylsilyl)-2-butene (see 
Experimental Section). The ratio of (E)-6 to (2)-6. I The enantiomeric 
purity of (E)-6 .  Absolute configuration was not determined. 1 The 
enantiomeric purity of (23-6. Absoluteconfiguration was not determined. 

Infrared spectra were obtained with a Hitachi 270-30 spectrom- 
eter. Preparative medium pressure liquid chromatography 
(MPLC) was performed with a silica gel prepacked column CIG 
Si-10 (Kusano). HPLC analysis was performed on a Shimadzu 
LC-SA liquid chromatograph system with chiral stationary phase 
columns, Sumitomo Chemical Co. Ltd., Sumichiral OA series. 
Benzene, ether, and THF were distilled from benzophenone ketyl 
under nitrogen before use. Ethanol was distilled from magnesium 
ethoxide under nitrogen. Triethylamine was dried over calcium 
hydride and distilled under nitrogen. Chlorotrimethylsilane was 
distilled from sodium metal and stored in the presence of sodium 
metal under argon. 

Preparation of Disilanes. l,l-Dichloro-1-phenyl-2,2,2- 
trimethyldisilane.8 A mixture of 135 g (0.458 mol) of chlo- 
rotriphenylsilane and 12.7 g (1.83 mol) of lithium shot in lo00 
mL of THF was stirred at room temperature for 15 h under 
nitrogen. The mixture turned a deep greenish color. The 
silyllithium solution obtained was added dropwise under nitrogen 
to a solution of 87 mL (0.687 mol) of chlorotrimethylsilane in 170 
mL of THF. The mixture was stirred by a mechanical stirrer at 
room temperature for 20 hand hydrolyzed with 200 mL of water. 
The mixture was extracted with ether, and the organic layer was 
dried over magnesium sulfate. Removal of solvent followed by 
recrystallization from ethanolgave 117 g (77%) of l,l,l-triphenyl- 
2,2,24rimethyldisilane as white crystals. 1H NMR S 0.13 (s,9 
H), 7.0-7.4 (m, 15 H). 

Hydrogen chloride was bubbled through a solution of 50.1 g 
(0.151 mmol) of l,l,l-triphenyl-2,2,2-trimethyldisilane in 150 mL 
of benzene. To the solution was added a catalytic amount (about 
20mg) of aluminum trichloride which was freshly sublimed before 
use. The mixture was warmed, then the reaction occurred, and 
benzene was spontaneously refluxed. The reaction mixture was 
stirred for 4 h under bubbling hydrogen chloride. The progress 
was checked by GLC. When the second dephenylation was 
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4054 Organometallics, Vol. 12, No. 10, 1993 Matsumoto et  al. 

(9, J = 6.9 Hz, 4 H), 4.87 (d, J = 17.2 Hz, 1 H), 4.91 (d, J = 10.6 
Hz, 1 H), 6.01 (ddd, J = 17.2, 10.6, and 7.3 Hz, 1 H), 7.25-7.45 
(m, 3 H), 7.5-7.65 (m, 2 H). 5: lH NMR 6 1.23 (t, J = 6.9 Hz, 
6 H), 1.58 (d, J = 7.9 Hz, 3 H), 1.60 (d, J = 4.9 Hz, 2 H), 3.83 
(q, J = 6.9 Hz, 4 H), 5.25-5.5 (m, 2 H), 7.25-7.45 (m, 3 H), 7.5- 
7.65 (m, 2 H). 

The ethoxysilanes 4 and 5 were converted into kn0wn23 
3-(phenyldimethylsilyl)-l-butene and (E)-l-(phenyldimethyl- 
silyl)-2-butene by the following procedure. To a solution of 1.15 
g (4.59 mmol) of the 21:79 mixture of 4 and 5 in 15 mL of ether 
was added at room temperature 7.4 mL (14 mmol) of methyl- 
lithium in ether. The reaction mixture was stirred overnight 
and hydrolyzed with 10% hydrochloric acid. The mixture was 
extracted with ether and dried over MgSO4. Removal of solvent 
followed by bulb-to-bulb distillation gave 865 mg (95%) of a 
2971 mixture of 3-(phenyldimethylsilyl)-l-butene and (E)-l- 
(phenyldimethylsilyl)-2-butene. 3-(Phenyldimethyl- 
sily1)-1-butene: 1H NMR 6 0.25 (8, 6 H), 1.05 (d, J = 7.3 Hz, 3 
H), 1.84 (quint, J = 7.3 Hz, 1 H), 4.80 (d, J = 17.3 Hz, 1 H), 4.86 
(d, J = 10.5 Hz, 1 H), 5.86 (ddd, J=  17.3,10.5, and 7.3 Hz, 1 H), 
7.28-7.39 (m, 3 H), 7.45-7.55 (m, 2 H). (E)-l-(Phenyldimethyl- 
silyl)-a-butene: 1H NMR 6 0.25 (8, 6 H), 1.62 (d, J = 5.9 Hz, 3 
H), 1.64 (d, J = 6.6 Hz, 2 H), 5.19-5.30 (m, 2 H), 7.28-7.39 (m, 
3 H), 7.45-7.55 (m, 2 H). 

The products obtained by the silylation of 1 b withPhF2SiSiMe3 
were isolated as 2-(phenyldimethylsilyl)-3-butene and (E)-l- 
(phenyldimethylsilyl)-2-butene after treatment with methyl- 
lithium in a similar manner. 

Silylation of l c  (Method B). Theallylsilanes 6wereobtained 
as a mixture of E and 2 isomers. The ratio was determined by 
GLC analysis. Analytical data for the isomeric mixture are as 
follows. Anal. Calcd for ClsHu02Si: C, 68.13; H, 9.15. Found: 
C, 67.76; H, 9.27. (E)-2-(Phenyldiethoxysilyl)-3-pentene (6): lH 
NMR 6 1.08 (d, J = 7.3 Hz, 3 H), 1.25 (t, J = 6.9 Hz, 3 H), 1.64 
(t, J = 6.6 Hz, 3 H), 1.94 (quint, J = 7.3 Hz, 1 H), 3.39 (9, J = 
6.9 Hz, 4 H), 5.29 (dq, J = 15.5 and 6.6 Hz, 1 H), 5.52 (dd, J = 
15.5 and 7.3 Hz, 1 H), 7.25-7.45 (m, 3 HI, 7.60-7.70 (m, 2 H). 
(Z)-2-(Phenyldiethoxysilyl)-3-pentene (6): lH NMR 6 1.08 (d, J 
= 7.3 Hz, 3 H), 1.24 (t, J = 6.9 Hz, 3 H), 1.51 (t, J = 5.3 Hz, 3 
H),2.24(dq,J=10.2and7.3Hz,lH),3.39(q,J=6.9Hz,4H), 
5.20-5.40 (m, 2 H), 7.25-7.45 (m, 3 H), 7.60-7.70 (m, 2 H). 

Silylation of Id (Method A). The products 7 were obtained 
as a mixture of cis and trans isomers, the ratio of which was 
determined by 1H NMR spectra. Both isomers were treated with 
EtOH and EhN to give cis- and trans-8, respectively. The isomers 
of 8 were separated by preparative GLC. The stereochemistry 
of each isomer was determined by conversion into known alcohol 
9 (uide infra). trans-5-Carbomethoxy-3-(phenyldichlorosilyl)- 
cyclohexene (7): 1H NMR 6 2.05-2.60 (m, 5 H), 2.63-2.79 (m, 1 
H), 3.68 (s,3 H), 5.66-5.91 (m, 2 H), 7.37-7.57 (m, 3 H), 7.65-7.80 
(m, 2 H). cis-5-Carbomethoxy-3-(phenyldichlorosilyl)cyclohex- 
ene (7): lH NMR 6 2.05-2.60 (m, 5 H), 2.63-2.79 (m, 1 H), 3.67 
(a, 3 H), 5.66-5.91 (m, 2 H), 7.37-7.57 (m, 3 H), 7.65-7.80 (m, 2 
H). trans-5-Carbomethoxy-3-(phenyldiethoxysilyl)cyclohexene 
(8): 1H NMR 6 1.24 (t, J = 6.9 Hz, 3 H), 1.26 (t, J = 6.9 Hz, 3 
H), 1.89-2.24 (m, 5 H), 2.59-2.65 (m, 1 H), 3.64 (a, 3 H), 3.85 (q, 
J = 6.9 Hz, 2 H), 3.86 (9, J = 6.9 Hz, 2 HI, 5.62-5.69 (m, 1 H), 
5.78-5.83 (m, 1 H), 7.33-7.42 (m, 3 H), 7.61-7.65 (m, 2 H); 13C 
NMR 6 18.3, 23.7, 24.8, 27.0, 37.2, 51.5, 58.9, 59.0, 123.7, 126.5, 
127.8,130.1,132.3,134.7,176.2; LRMSmle 334 (M+), 195; HRMS 
calcd for C la2~04Si  334.1600, found 334.1590. Anal. Calcd for 

5Carbomethoxy-3-(phenyldiethoxydyl)cyclohexene (8): lH NMR 

(m, 1 H), 1.98-2.20 (m, 4 H), 2.39-2.49 (m, 1 H), 3.65 (8, 3 H), 
3.84 ( q , J =  6.9 Hz,2 H),3.86 ( q , J =  6.9 Hz, 2 H), 5.64-5.71 (m, 
1 H), 5.85 (d, J= 10.2 Hz, 1 H), 7.32-7.45 (m, 3 H), 7.60-7.64 (m, 
2 H); 13C NMR 6 18.3, 24.6, 26.0, 27.6, 40.0, 51.6, 58.9, 124.5, 
126.1,127.8,130.1,132.1,134.7,176.6;LRMSm/e334(M+),195; 

ClsHBO4Si: C, 64.64; H, 7.83. Found: C, 64.77; H, 7.83. cis- 

6 1.23 (t, J = 6.9 Hz, 3 H), 1.26 (t, J 6.9 Hz, 3 H), 1.52-1.65 

complete, the reaction was quenched by addition of 0.5 mL of 
acetone. The mixture was filtered through a glass micro fiber 
filter and concentrated by distillation. First distillation under 
reduced pressure (bp 73 OC/73 mmHg) gave 3.91 g (12%, 18.8 
mmol) of l,l,l-trichloro-2,2,2-trimethyldisilane. The residue was 
distilled under reduced pressure (bp 92 OC/l.8 mmHg) to give 
28.2 g (75% ) of l,l-dichloro-l-phenyl-2,2,2-trimethyldisilane. 'H 
NMR 6 0.15 (8, 9 H), 7.4-7.55 (m, 3 H), 7.65-7.75 (m, 2 H). IR 
(neat): 2964, 1432, 1252, 1110, 843, 738, 694 cm-l. 
l,l-Difluoro-l-phenyl-2,2,2-trimethyldisilane.2~ To a so- 

lution of 899 mg (3.60 mmol) of 1,l-dichloro-l-phenyl-2,2,2- 
trimethyldisilane in 8.0 mL of ether was added at 0 OC 496 mg 
(3.60 mmol) of CuF2.2H20 under an argon atmosphere. The 
mixture was stirred at  the same temperature for 11 h. Pentane 
was added, and copper salts were filtered off. Removal of solvent 
followed by bulb-to-bulb distillation (bath temperature 100-120 
OC1105mmHg) gave 708 mg (91 %) of 1,l-difluoro-1-phenyl-2,2,2- 
trimethyldisilane. lH NMR (CCL/TMS): 6 0.14 (s,9 H), 7.2-7.6 
(m, 5 H). IR (neat): 3076,2962,1594,1432,1252,1122,878,842, 
815, 743, 704 cm-l. 

Palladium-Catalyzed Silylation of Allylic Halides with 
PhClaSiSiMes. All reactions were carried out under a nitrogen 
atmosphere. Reaction conditions and results are summarized in 
Table I. Typical procedures for the isolation of the silylation 
products as phenyldichlorosilanes (method A) and phenyldi- 
ethoxysilanes (method B) are shown below. 

Method A. A mixture of 1.9 mg (0.005 mmol) of [PdCl($- 
C3Hs)]2 and 6.3 mg (0.011 mmol) of dppf or 2.9 mg (0.022 mmol) 
of triphenylphosphine in 2.0 mL of THF was stirred at room 
temperature for 10 min. To the catalyst solution was added 
successively at  a given temperature 1 mmol of allylic halide 1 and 
324 mg (1.3 mmol) of PhCl2SiSiMe3, and the mixture was stirred 
at the same temperature for a given period. The solvent was 
evaporated and the residue was distilled (bulb-to-bulb) to give 
allylic phenyldichlorosilanes. To a solution of the dichlorosilane 
obtained above in 10 mL of ether were added dropwise at  0 OC 
ethanol (3 equiv to dichlorosilyl product) and triethylamine (2.4 
equiv), and then ammonium salts were precipitated. The mixture 
was stirred at  room temperature for 2 h and filtered through a 
Celite pad. Removal of the solvent followed by bulb-to-bulb 
distillation gave allylic phenyldiethoxysilanes. 

Method B. To the reaction mixture resulting from the 
silylation carried out in the same manner as method A were added 
successively at  0 OC 10 mL of ether, 0.23 mL (3.9 mmol) of ethanol, 
and 0.43 mL (3.1 mmol) of triethylamine. The mixture was stirred 
at room temperature for 2 h and filtered through a Celite pad. 
Removal of the solvent followed by bulb-to-bulb distillation gave 
allylic phenyldiethoxysilanes. 

Silylation of la (Method A). 3-(Phenyldichlorosily1)- 
cyclohexene (2): 1H NMR 6 1.46-1.57 (m, 1 H), 1.61-1.81 (m, 2 
H), 1.89-2.15 (m, 3 H), 2.25-2.33 (m, 1 H), 5.67-5.78 (m, 1 H), 
5.82-5.90 (m, 1 H), 7.40-7.55 (m, 3 H), 7.70-7.80 (m, 2 H); 13C 

129.8, 131.8, 134.2. Anal. Calcd for C12H14C12Si: C, 56.03; H, 
5.49. Found: C, 55.96; H, 5.49. 3-(Phenyldiethoxysilyl)cyclo- 
hexene (3): 1H NMR 6 1.23 (t, J = 6.9 Hz, 3 H), 1.26 (t, J = 6.9 
Hz, 3 H), 1.43-1.94 (m, 7 H), 3.84 (q, J = 6.9 Hz, 2 H), 3.85 (q, 
J = 6.9 Hz, 2 H), 5.60-5.70 (m, 1 H), 5.82 (d, J = 10.2 Hz, 1 H), 
7.30-7.45(m,3H),7.60-7.70(m,2H);l9CNMR618.3,22.2,22.8, 
24.4,24.9,30.9,58.7,58.9,126.3,126.4,127.6,129.9,133.0,134.7; 
LRMS mle 276 (M+), 195, 167; HRMS calcd for C&&2Si 
276.1546, found 276.1554. Anal. Calcd for Cl&&2Si: C, 69.52; 
H, 8.75. Found: C, 69.31; H, 8.79. 

Silylation of l b  (Method B). The products were obtained 
as a mixture of 3-(phenyldiethoxysilyl)-l-butene (4) and (E)-  
l-(phenyldiethoxysilyl)-2-butene (5). The ratio was determined 
by GLC analysis. Analytical data for the isomeric mixture are 
as follows. Anal. Calcd for C14HzzOzSi: C, 67.15; H, 8.86. 
Found: C, 67.06; H, 8.94. 4: lH NMR 6 1.11 (d, J = 7.3 Hz, 3 
H), 1.23 (t, J = 6.9 Hz, 6 H), 2.03 (quint, J = 7.3 Hz, 1 H), 3.84 

NMR (CDCldCHCl3) 6 21.8,22.7,24.9,30.4,122.9,126.5,128.5, 

(22) Uhlig, W.; Tzschach, A. 2. Chem. 1990, 30, 254. 
(23) Hayashi, T.; Konishi, M.; Okamoto, Y.; Kabeta, K.; Kumada, M. 

J. Org. Chem. 1986,51, 3772. 
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Reparation of Silafunctional Allylsilanes 

HRMS calcd for C&IBO&3i 334.1600, found 334.1618. Anal. 
Calcd for ClJ-IaOrSi: C, 64.64; H, 7.83. Found C, 64.77; H, 
7.83. 

Palladium-Catalyzed Asymmetric Silylation of Allylic 
Halides with PhClSSiSiMes. The asymmetric silylation was 
carried out in essentially the same manner as method A or B. 
The reaction conditions and results are summarized in Table 11. 
The enantiomeric purities and absolute configurations were 
determined by conversion into alcohols (vide infra). 

Oxidation of Allylic Diethoxysilanes to Allylic Alcohols 
and Determination of the Enantiomeric Purities. General 
Procedure. To a mixture of 1 mmol of allylic phenyldiethoxy- 
silane, 116 mg (2.0 mmol) of potassium fluoride, and 200 mg (2.0 
mmol) of potassium hydrogen carbonate in 1.0 mL of THF and 
1.0 mL of methanol was added dropwise 0.28 mL (2.5 mmol) of 
30% hydrogen peroxide, aqueous solution, and the mixture was 
stirred overnight. Aqueous sodium thiosulfate was added to 
quench the excess hydrogen peroxide. The mixture was extracted 
with ether and the ether layer was dried over magnesium sulfate. 
Removal of solvent followed by column chromatography on silica 
gel (hexane:ethyl acetate = 3:l) gave product alcohol. 

The enantiomeric purities of the alcohols were determined by 
HPLC analysis of their 3,bdinitrophenyl carbamate derivatives 
obtained by the following procedure. A mixture of alcohol (2 
mg), 3,bdinitrophenyl isocyanate (5 mg), and pyridine (5 ML) in 
toluene (0.5 ml) was stirred at 60-70 OC for 30 min. The mixture 
was evaporated, diluted with chloroform, and filtered. The 
filtrate was analyzed by HPLC with a chiral stationary phase 
column, Sumichiral OA-4100 (hexane:l,2-dichloroethane:ethanol 
= 100:20:1). 
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Oxidation of 3. Yield: 36%. (R)-2-Cyclohexen-l-o1 (lo):" 
[a]+?'J + 13.1 (c 0.5, chloroform); 10% ee; lH NMR 6 1.45-2.18 
(m, 7 H), 4.21 (bs, 1 H), 5.7-6.8 (m, 1 H), 5.8-5.9 (m, 1 H). 

Oxidation of 4 and 5. Yield 15%. (S)-3-Buten-2-01(11):29 
1H NMR 6 1.27 (d, J = 7 Hz, 3 H), 2.58 (be, 1 H), 4.29 (quint, 
J = 7 Hz, 1 H), 5.04 (d, J = 10 Hz, 1 H), 5.20 (d, J = 18 Hz, 1 
H), 5.91 (ddd, J = 18,10, and 7 Hz, 1 H). (E)-2-Buten-l-ol: lH 
NMR 6 1.71 (d, J = 5.0 Hz, 3 H), 2.15 (bs, 1 H), 4.06 (d, J = 5.0 
Hz, 2 H), 5.56-5.80 (m, 2 H). 

Oxidation of 6. Yield 40%. (E)-3-Penten-2-0l:~ lH NMR 
6 1.35 (d, J = 7 Hz, 3 H), 1.53 (bs, 1 H), 1.69 (d, J = 7 Hz, 3 H), 
4.26 (quint, J = 7 Hz, 1 H), 5.52 (dd, J = 16 and 7 Hz, 1 H), 5.67 
(dq, J = 16 and 7 Hz, 1 H). (Z)-3-Penten-2-01 (12)Y 1H NMR 
6 1.35 (d, J = 7 Hz, 3 H), 1.53 (bs, 1 H), 1.68 (d, J = 7 Hz, 3 H), 
4.69 (quint, J = 7 Hz, 1 H), 5.40-5.65 (m, 2 H). 

Oxidation of 8. trana-5-Carbomethoxy-2-cyclohexen-l-ol 
(S)? yield, 34%; 1H NMR 6 1.79-1.90 (m, 1 H), 1.95-2.45 (m, 4 
H), 2.72-2.90 (m, 1 H), 3.70 (s,3 HI, 4.22-4.35 (m, 1 HI, 5.78-5.97 
(m, 2 H). cis-5-Carbomethoxy-2-cyclohexen-l-ol(9):11 yield, 41 % ; 
1H NMR 6 1.65-1.82 (m, 1 H), 2.00 (bs, 1 H), 2.00-2.20 (m, 3 H), 
2.65-2.80 (m, 1 H), 3.70 (s, 3 H), 4.22-4.36 (m, 1 H), 5.67-5.82 
(AB, 2 H). 
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