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needles, mp 121-123 "C dec: 'H NMR (CDCla, 200 MHz) 6 1.64 
(d, 1 H, J = 9.0 Hz), 1.68 (s,3 H), 2.06 (d, 1 H, J = 9.0 Hz), 2.10 
(d, 1 H, J = 9.3 Hz), 2.42 (d, 1 H, J = 9.3 Hz), 2.87 (a, 3 H), 3.64 
(d,1H,J=9.1Hz),3.89(d,1H,J=9.1Hz),5.10(s,1H),5.19 
(e, 1 HI, 7.36-7.45 (m, 5 H); '9c NMR (CDCIS, 50 MHz) S 14.9 
(q), 25.5 (q), 53.6 (t), 54.2 (a), 54.3 (e), 55.7 (d), 61.3 (e), 63.0 (d), 
84.3 (d), 68.4 (t), 126.9 (d), 128.2 (d), 128.7 (d), 135.4 (a), 151.9 
(a), 152.0 (e), 159.0 (a), 159.9 (a), 170.9 (a), 171.2 (8).  Anal. Calcd 
for C22H1&06: C, 65.18; H, 4.72; N, 10.36. Found C, 64.86; 
H, 5.00; N, 10.41. 

anti ,endo ,endo -1-Methyl-1 l-phenyl-6,14-dioxahexacy- 
clo[9.S.1.1a~9.0"10.~~.01~~16]octadec-2( lO)-ene-S,7,13,1&tetrone 
(8). To 52.0 mg (0.267 m o l )  of 1 in 10 mL of CHzClz was added 
26.0 mg (0.265 mmol) of MA in 5 mL of CH2C12 and stirred at 
ca. 20 OC for 24 h. After the solution was cooled to -20 "C, 26.2 
mg (0.267 mmol) of MA in 5 mL of CHzClz was added and the 
eolution stirred at ca. 20 OC for 2 h. Cryetallization from ethanol 
yielded 83 mg (79%) bwadduct 8 as yellow needles, mp 176177 
"C dec: 'H NMR (CDCla, 200 MHz) 6 1.52 (8, 3 H), 1.58-2.05 
(complex m, consisting of 3 AB-systems, 6 H), 3.43-3.72 (m, 4 H), 
7.33-7.45 (m, 5 H, Ph); '8c NMR (CDC13, 50 MHz) 6 15.1 (9),45.7 
(d), 46.9 (a), 48.0 (a), 48.5 (d), 54.5 (e), 54.8 (d), 55.8 (a), 59.0 (t), 
62.3 (e), 67.2 (t), 127.8 (a), 128.6 (d), 128.8 (a), 136.4 (e), 155.2 
(a), 155.8 (a), 170.0 (a), 170.4 (a), 170.6 (81, 171.5 (8).  Anal. Calcd 
for C2sH180e: C, 70.76; H, 4.65. Found C, 71.02; H, 4.59. 
anti ,endo ,endo -l-Methyl-12-phenylhexacyclo- 

[ 1O.6.l.1~.of11.o"b.O1~1~]eicos-lO-ene4,7,l~l7-~t~ne (9). From 
200 mg (1.03 mmol) of 1 and 230 mg (2.12 mmol) of BQ in 35 mL 
of EtOH and stirring at  ca. 20 OC for 3 d was obtained, after 
recrystallization from MeOH/EtOH (51), 310 mg (75%) 9 as 

yellow platea, mp 184-186 " C  'H NMR (CDCl,, 200 MHz)  6 1.29 
(dd, 1 H, J = 1.3, 8.9 Hz), 1.48 (dd, 1 H, J = 1.1,8.9 Hz), 1.84 
(d, 1 H, J = 11.1 Hz), 1.85 (e, 3 H), 2.08 (d, 1 H, J = 11.1 Hz), 
3.31 (m, 2 H), 3.53 (m, 2 H), 4.21 (d, 1 H, J = 11.4 Hz), 5.77 (d, 
1 H, J = 2.5 Hz), 6.68 (2 AB-systems, 4 H), 7.19-7.52 (m, 5 H); 
'W NMR acetone-d6, 50 MHz) 6 16.5 (q), 49.5 (d), 50.8 (d), 52.6 
(d), 52.9 (a), 54.2 (t), 55.8 (a), 56.6 (a), 57.2 (e), 58.9 (t), 73.7 (a), 
125.5 (d), 127.0 (a), 127.6 (d), 128.8 (d), 140.6 (a), 142.6 (a), 142.8 
(d), 143.0 (d), 143.5 (d), 158.6 (e), 197.4 (e), 199.2 (e), 199.8 (e), 
202.1 (8). Anal. Calcd for CnHn04: C, 79.01; H, 5.40. Found 
C, 79.12; H, 5.37. 

l-Methyl-8-phenylhexyclo[6.5.l .0aJ.0'-  
dec-9(13)-ene3,6-dione (11). From 200 mg (1.03 mmol) of 1 and 
113 mg (1.05 m o l )  of BQ in 35 mL of EtOH after stirring at ca. 
20 "C for 1 d was obtained after radial chromatography, besides 
45.0 mg (21%) of 9, 87.0 mg (28%) of 11 (silica gel, 51 
CH2ClZ/EtOAc, R, = 0.45) as colorless needles: mp 106-108 "C; 

1.0, 10.2 Hz), 1.78 (d, 1 H, J = 10.2 Hz), 1.96 (ddd, 1 H, J = 1.3, 
1.4, 10.2 Hz), 2.12 (d, 1 H, J = 10.2 Hz), 2.70 (dd, 1 H, J = 2.9, 
8.1 Hz), 2.77 (m, 2 H), 3.21 (ad, 1 H, J = 2.6, 8.1 Hz), 3.51 (m, 
2 H), 7.19-7.40 (m, 5 H); 13C NMR (CDCl,, 50 MHz) 6 15.1 (q), 
42.5 (t), 51.7 (a), 52.5 (d), 56.0 (t), 56.8 (d), 57.2 (a), 60.2 (a), 62.9 
(d), 65.3 (d), 68.4 (a), 127.3 (d), 128.7 (a), 138.8 (a), 148.3 (a), 155.4 
(a), 158.1 (a), 210.3 (a), 210.5 (e). Anal. Calcd for Cz1H1802: C, 
83.42; H, 5.99. Found: C, 83.68; H, 6.04. 
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Tris(trimethylaily1)silane adds across the double bond of a variety of mono-, di-, and trisubstituted olefins 
under free-radical conditions in good yields. The reaction, which proceeds via a free-radical chain mechanism, 
is highly regioselective (anti-Markovnikov). Addition to prochiral olefiis bearing an ester group ie highly 
stereceelective. The factors that control the e t e d e m i a t r y  have been diecuseed in terms of preferred conformations 
of the intermediate carbon-centered radicals and are thought to be of steric origin. 

Introduction 
Hydrosilylation of carbon-carbon multiple bonds has 

been studied extensively for the last half century.2 The 
reaction is used for the production of organosilicon com- 
pounds on both industrial and laboratory scales and is an 
important method of forming silicon-xrbon bonds. In the 
early yeare, the reactions were performed under free-radical 
c0nditions;gb Le., ultraviolet light or organic peroxidea were 
widely used. The choice of substrates, however, was lim- 
ited to silanes such as C13SiH and MeC12SiH and to C,C 
multiple bonds mostly with alkyl substituents. For ex- 

(1) NATO Senior Fellow (MayJune 1991) and Visiting Scientist 
(Feb-July 1990). Permanent address: 1.Co.C.E.A.. Cominlio Nazionale 
delle RiGrche, Ozzano Emilia, Bologna, Itdy. - 

(2) O j i i ,  I. In The Chemistry of Organic Silicon Compounds; Patai, 
S., Rappoport, Z., Eds, Wiley Chicheeter, 1989; Vol. 2, Chapter 25. 

(3) Sommer, L. H.; Pietrueza, E. W.; Whitmore, F. C. J. Am. Chem. 
SOC. 1947,69,188. Burkhard, C. A.; Krieble, R. H. J. Am. Chem. SOC. 
1947,69,2887. Barry, A. J.; FPree,  L.; Gilkey, J. W.; Hook, D. E.!. Am. 
Chem. SOC. 1947,69,2916. Pietrusza, E. W.; Sommer, L. H.; whltmore, 
F. C. J. Am. Chem. Sac. 1948. 70.484. 

(4) Wurai, H. In Free Rad&&; Kochi, J. K., Ed.; Wiley New York, 

(5) Alberti, A.; Pedulli, G. F. Rev. Chem. Intermed. 1987,8, 207. 
1973; Vol. 2, Chapter 25. 
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Scheme I 
X3Si* + @ y  - x3si - 

ample, oligomerization was a serious problem when olefins 
such as methyl acrylate were used.' With the discovery 
that transition metals and their complexes catalyze hy- 
drosilylation, the photo- and peroxidainitiated reactions 
have been largely superseded.2*6 Platinum catalysts, es- 
pecially chloroplatinic acid, have become the most com- 
monly used while other transition-metal catalysta of nickel, 
palladium, cobalt, rhodium, iridium, iron, ruthenium, and 
osmium have also been developed.2 Some of these pro- 
cesses are very efficient irrespective of the nature of the 
silane and can be used for the simple preparation of a 
desired product or for asymmetric hydrosilylation. Re- 
cently, hyhilylation catalyzed by metal colloids has also 
been reported? 

(6) Speier, J. L. Adv. Orgonomet. Chem. 1979,17, 407. 
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Table I. Hydrosilylation of Some Mono- and Disubstituted 
Alkenes by Tris( trimethylsi1yl)silane AlBN I I  

80.90 'C I I  
(Me3Si)3SiH + >=C< - (Me3Si),Si-C-C-H 

I C  X=CN 

I d  X-CQMe 

l e  X=C(O)Me ( M e 3 S i ) 3 S i r  
(t~%,Si)~Si 

O b 0  
i f  X-OBU 

48 X=CN 58 X I 0  

4b X=C&Et 5b X=NM 
19 X=OAc 

l h  X=P(O)(OEt)2 

11 X-SPh 

The difficulty of the free-radical hydrosilylation reaction 
under normal conditions for silanes other than C13SiH, 
MeCl,SiH, and Ph2SiHzs is presumably due to the inef- 
ficiency of the silanes to donate hydrogen to alkyl radicals. 
Although trialkylsilyl radicals are amongst the most re- 
active species known for addition to C,C multiple bonds: 
free-radical hydrosilylation using (alkyl),SiH is generally 
limited to nonpolymerizable alkenes using tert-butyl 
peroxide as initiator.1° 

We have recently demonstrated that silicon hydrogen 
bonds can be dramatically weakened by successive sub- 
stitution of silyl groups at the Si-H function. In fact, the 
bond dissociation energy of the silicon-hydrogen bond in 
(Me3Si)&3iH is 11 kcal mol-l lower than that in (al- 
k~1)~SiH.l~ Furthermore, we have shown that tris(tri- 
methylsily1)silane is a good hydrogen donor, the rate 
constants for the reaction with simple alkyl radicals being 
(2-4) X l@ M-' 8-l at ambient temperature12 and that the 
(MesSi)3Si' radical adds to some olefms in a fast and re- 
versible mannm at ordinary temperat~rea.'~ These results, 
together with the fact that (Me3Si)3SiH is an excellent 
radical-based reducing agent of a variety of functional 

persuaded us to undertake a detailed study of 
the free-radical hydrosilylation of alkenes and alkynes by 
tri~(trimethylsi1yl)silane.~~ 

Results and Discussion 
Reactions with Alkenes. Hydrosilylation of a variety 

of alkenes was carried out by using ~(tdmethylsily1)silane 
( ' ITMSS).  Reaction of each olefin with TTMSS at 80-90 
"C in toluene and in the presence of a radical initiator, i.e., 

(7) Lewis, L. N.; Uriarte, R. J. Organometallics 1990,9,621 and ref- 

(8) Smadja, W.; Zahouily, M.; Journet, M.; Malacria, M. Tetrahedron 

(9) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C. J. Am. Chem. SOC. 

(10) El-Durini, N. M.; Jackson, R. A. J. Orgonomet. Chem. 1982,232, 

(11) Kanabus-Ka",  J. M.; Hawari, J. A.; Griller, D.; Chatgilial- 

(12) Chatgilialoglu, C.; Dickhaut, J.; Gieae, B. J.  Org. Chem. 1991,56, 

erencB8 cited therein. 

Lett. 1991, 32, 3683. 

1988,106,3292. 

117. 

oglu, C. J. Am. Chem. SOC. 1987,109, 5267. 

6399. 
(13) Balleatri, M.; Chatgilialoglu, C.; Clark, K. B.; Griller, D.; Kopping, 

(14) Chatgilialoglu, C. Ace. Chem. Res. 1992,26, 188. 
(15) For a preliminary communication, see: Kulicke, K. J.; Gieee, B. 

B.; Gieee, B. J.  Org. Chem. 1991,56,678. 

Synlett. ISSO, 91. 

alkene product yield: W 
l-decene l a  81 
styrene l b  74 
acrylonitrile lc 86 
methyl acrylate Id 79 
methyl vinyl ketone le  86 
butyl vinyl ether I f  92 
vinyl acetate le 80 
diethyl vinylphosphonate l h  86 
phenyl vinyl sulfide 1j 78 
a-methylstyrene 28 79 
methyl methacrylate 2b 77 
diethyl fumarate 3 85 
crotononitrile 48 74 
ethyl crotonate 4b 71 
maleic anhydride 58 89 
maleimide Sb 83 

Yield of isolated compounds. 

Scheme I11 

II f 

-8 AlBN / 90 OC 
82% + (Me$i)3SiH 

6 
A 

7 

63% 
+ (Me3Si)&i 0 

h 
a 9 (cis:frans, 31) 

AIBN (azoisobutyronitrile), gave the corresponding hy- 
drosilylation products 1-5. A slight excess of ' l T M S S  (1.2 
equiv) was sufficient in most casea to avoid polymerization 
of the alkenes. 

The data of Table I show that the additions occur with 
high regioselectivity and yields. The formation of anti- 
Markovnikov products is in accord with a radical chain 
mechanism. For monosubstituted and gem-disubstituted 
olefii the tris(trimethylsily1)silyl radical adds exclusively 
to the less crowded end of the double bond yielding hy- 
drosilylated compounds 1 and 2, respectively. The fact 
that the reaction proceeds with both electron-rich and 
electron-poor olefins indicates that the addition of 
(Me3Si)3Si' radicals to the olefms is a facile process which 
is in agreement with kinetic data available for the addition 
of EkSi' to  alkene^.^ It is also worth mentioning that the 
carbon-centered adduct radical is able to abstract a H-atom 
from the TTMSS independently of the nature of the CY- 
substituent indicating once again the good hydrogen-do- 
nating ability of TTMSS.I3 When the double bond is 
substituted at both ends in either a cis or trans manner, 
hydrosilylation is still an efficient process, although it 
requires slightly longer reaction times. The hydrosilylation 
of crotonitrile and ethyl crotonate gave exclusively 4a and 
4b, respectively, indicating that the regioselectivity is that 
expected for alkyl radicals on the basis of steric and polar 
effecta.le 

In order to gain further insight into the reaction mech- 
anism and to test the compatibility of this method with 
the formation or the breaking of a C,C bond, the hydro- 
silylation of @-pinene (6) and diallyl ether (8) were per- 

(16) Gieee, B. Angew. Chem., Int. Ed. Engl. 1988,22, 753. Citterio, 
A.; Minisci, F.; Porta, G.; Sesana, G. J. Am. Chem. SOC. 1977,99,7960. 
Giese, B.; He, J.; Meld, W. Chem. Ber. 1988,121, 2063. 
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Scheme IV 

( Me3Si)3Si ( Me3Si),Si Go + 0 
+ (M@),SiH - 

0 
1 l a  l l b  

Initiator (Me3W3Si ( Me3Si),Si 

%C02Et + h i 0 9 E t  
+ (Me3Si)3SiH - 

13a 13b 

17a 17b 

(Me3Si),Si (Me,Si),Si x x 
18 Me C02Et Me C02Et 1 9  

Me H EQC H 

TTMSS 1 
13b 

1lTMSS 

15b 

formed. The addition of TTMSS to @-pinene in toluene 
solution afforded an 82% yield of 7. Thus, the addition 
of a tris(trimethylsily1)silyl radical to @-pinene gives a 
carbon-centered radical which rearranges by opening of 
the four-membered ring17 prior to H-atom transfer. 

On the other hand, diallyl ether is a suitable candidate 
for free-radical cyclization studies since the alkyl radical, 
formed after the addition of the silyl radical to one double 
bond, cyclizes very fast and yields tetrahydrofuran deriv- 
atives.18 A mixture of TTMSS, diallyl ether, and catalytic 
amounts of AIBN in toluene, heated at 85 "C for 2 h, 
produced the expected tetrahydrofuran derivative 9 in 
63% yield (GC analysis of the crude reaction mixture in- 
dicates a cis:trans ratio of 3:1).19 

The factors controlling the stereoselectivity in radical 
reactions are of current interest,20 and therefore we un- 
dertook some stereochemical experiments in order to 
evaluate the potentials of free-radical hydrosilylation in 
this area. The hydrosilylation of methylmaleic anhydride 
(10) was carried out in the temperature range of -15 to 90 
"C using either AIBN or Et3B/02 as radical initiator.21 

The results are reported in Table 11. Thus, the tris- 
(trimethylsily1)silyl radical, initially generated by small 
amounts of AIBN or Et3B/02, adds regiospecifically to 
cyclic alkene 10 from the less crowded end of the double 

(17) Calas, R.; Frainnet, E. Bull. SOC. Chim. Fr. 1952,241. Beckwith, 
A. L. J.; Ingold, K. U. In Rearrangement in Ground and Excited States; 
de Mayo, P., Ed.; Academic Press; New York 1980; Vol. 1, Essay 4. 
Surzur, J. M. In Reactive Intermediates; Abramovitch, R. A., Ed.; Ple- 
num: New York, 1981; Vol. 2, Chapter 3. 
(18) Burkhard, P.; Roduner, E.; Hochmann, J.; Fischer, H. J .  Phys. 

Chem. 1984, 88, 773. Beckwith, A. L. J.; Blair, I.; Philipou, G. J.  Am. 
Chem. SOC. 1974,96,1613. 
(19) All 13C-NMR signals of trans-9 absorb at  lower field than those 

of cis-9; for an analogous compound, see: Accary, A.; Huet, J.; Infarnet, 
Y. Org. Magn. Reson. 1978, 11, 287. 
(20) Giese, B. Angew. Chem., Int. Ed. Engl. 1989,28,969. Porter, N. 

A.; Giese, B.; Curran, D. P. Acc. Chem. Res. 1991,24, 296. 
(21) Nozaki, K.; Oshima, K.; Utimoto, K. J. Am. Chem. SOC. 1987,109, 

2547; Bull. Chem. SOC. Jpn. 1991,64,403. 

Scheme VI 

Kopping et al. 
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Scheme VI1 
R, ,Si(SiMe3)3 H 

(Me3Si)3SiH + R-CIC-H - tC='\ 
H H  

.2 1 22 23 

(Me3Si)3Si* + RC-CH - R6= CHSi(SiMe3)3 

Rd=CHSi(SiMe3)3 + (Me3Si)3SiH - RHC=CHSi(SiMe,), + (Me3Si)3Si* 

Scheme VI11 

i(SiMe,), gHi ( Si Me,), %Si (Si Me3)3 
Ph - 

X H  
24 25a 25b 

X = R, C02R 

bond and forms a carbon-centered radical as intermediate 
which abstracts a hydrogen atom either from the anti or 
syn end of the silyl group. The thermodynamically less 
stable cis product lla was formed preferentially in ac- 
cordance with previous studies on the addition of alkyl 
radicals to the same substrate.22 However, the presence 
of the large tris(trimethylsily1)silyl group favors even more 
the anti attack. The stereoselectivity decreased with in- 
creasing reaction temperature, indicating the difference 
in enthalpy of activation for syn versus anti attack. 

In contrast to additions to cyclic systems, the acyclic 
alkenes 12 and 14 gave adducts 13b and 15b, respectively. 
This is in accord with our observation that the stereose- 
lectivity of ester-substituted radicals with an adjacent, 
tertiary chiral center is determined by allylic strain ef- 
f e c t ~ . ~ ~  Thus, 18 and 19 are the preferred conformations 
that lead to products 13b and 15b, re~pectively.~~ 

(22) Giese, B.; Kretzschmar, G. Chem Ber. 1984,117,3175. Giese, B.; 
Meixner, J. Tetrahedron Lett. 1977, 18, 2783. 

(23) Giese, B.; Bulliard, M.; Zeitz, H.-G. Synlett. 1991, 425. 
(24) The structures of 15a and 15b were proven via comparison with 

the esters generated by hydrolysis of 1 la and 1 lb and subsequent es- 
terification. Compounds 13a and 13b were assigned by comparison of 
their 'H-NMR spectra with those of 15a and 15b. The coupling constants 
between the tertiary protons are as follows: 15a, J = 4.9 Hz; 15b, J = 
10.8 Hz; 13a, J = 2.6 Hz; 13b, J = 6.5 Hz. 
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Table 11. Hydrosilylation of Some Trisubstituted Alkenes 
by Tris(trimethylsily1)silane 

product yield," 
alkene condns ratio (a:b) % 

methylmaleic AIBN/SO "C l la,b (16:l) 89 
anhydride (10) EBB, 02/60 "C l la ,b (19:l) 82 

EhB, 02/20 OC l la,b (321) 72 
EBB, 02/-15 OC l la,b (991) 60 

ethyl tiglate (12) AIBN/80 "C 13a,b (1:5) 58 
Et3B, 02/60 "C 13a,b (1:6) 40 
EBB, 02/40 "C 13a,b (1:lO) 38 
EBB, 02/20 "C 13a,b (1:16) 20b 

diethyl AIBN/SO "C 15a,b (1:12) 70 
methylfumarate EBB, 02/60 OC 15a,b (1:15) 65 
(14) EBB, 02/20 "C 15a,b (1:25) 62 

EBB, 02/-15 OC 15a,b (1:45) 50 

EBB, 02/ 60 OC 17a,b (1:l) 48 
tiglonitrile (16) AIBN/85 "C 17a,b (1:l) 57 

Et3B, 02/40 OC 17a,b (1:l) 37 

Yield of isolated compounds. This reaction needed longer re- 
action times which caused partial decomposition of the starting 
material and products. 

Table 111. Hydrosilylation of Some Monosubstituted 
Alkynes by Tris(trimethv1silul)silane 

Table IV. Hydroeilylation of Some Disubstituted Alkynes 
by Tris(trimethylsily1)silane 

(%alkene 27: yield," 
entry alkynes 26 condns @)-alkene 28 % 

1 Ph+CHO AIBN/SO OC 5050 82 
EBB, 02/70 O C  75:25 72 

2 Ph+CN AIBN/80 "C 65:35 84 
EBB, 02/45 "C 8020 68 
EBB, 02/20 "C 89:11 62 

3 P h b ( C H z ) , C H 3  AIBN/80 "C 4655 60 
Et3B, 02/60 O C  61:39 23b 

EtSB, 02/20 "C 87~13 55 

EBB, 02/0 "C 9218 54 

EtsB, 02/40 "C 67~33 l o b  

4 Ph+CO,Et AIBN/SO"C <1:<99 85 
Et3B, 02/60 OC <1:<99 58 
EtaB, 02/40 OC <1:<99 30 

Yield of isolated compounds. These reactions needed longer 
reaction times which caused partial decomposition of the starting 
material and products. 

Scheme IX 
(MesSi)$iH + Ph-C=C-Y - 

(a-alkene 22: yield," 
entry alkynes21 condns (E)-alkene23 % 

EbB, 02/60 "C 7624 87 
EhB, 02/25 "C 965 85 

2 CBH,,-=-H AIBN/80 OC 4655 87 
EBB, 02/60 OC 77:23 87 
EGB, 02/25 "C 96:4 83 

3 (cH,),c+H AIBN/80 "c <1:>99 89 

4 Ph-E-H AIBN/SO "C 8416 88 
EbB, 02/60 OC 97:3 88 
EbB, 02/25 "C 991 85 

5 E10,C-E-H AIBN/SO "C 92:8 87 
EBB, 02/60 OC 97:3 89 
EbB, 02/25 "C 991 88 

1 CHdCHz),+-H AIBN/9O OC 51:49 91 

EBB, 02/60 "C <1:>99 79 

'Yield of isolated compounds. 

In contrast to the ester-substituted alkenes, nitrile 16 
reacted completely unselectively (Table 11). As we have 
shown recently,= in nitrile-substituted radicals there are 
no allylic strain effects, and therefore no preferred con- 
formations analogous to 18 and 19 exist. 

Before this hydrosilylation method can become of gen- 
eral synthetic utility, it is important to develop methods 
for the removal of (Me3&)& group. Therefore, we carried 
out a Tamao2s oxidation on silanes la and IC. Reaction 
with 2,3-dimethylquinone/TBAF/02 yielded alcohols 20a 
and 20c in 90% and 71% yield, respectively. 

Reactions with Alkynes. Alkynes also react with 
TI'MSS in a radical chain reaction. Monosubstituted 
alkynes yielded alkenes in high yield and stereoselectivity 
(Table 111). 

Normally, 2-alkenes 22 were formed. This is because 
in the phenyl-substituted *-radical 24 and in the pair of 
u-radicals 25a and 25b the bulky tris(trimethylsily1)silyl 
group hinders syn attack. But with tert-butylacetylene 
the E-product was formed exclusively. Presumably, radical 
2Sa (R = t-C4&) is so strained that only 25b plays a role. 

26 

Ph, ,Si(SiMe,), Ph, ,Y 
,c c, t ,c=c, 

H Y  H Si(SiMe3), 

27 28 

Scheme X 
PhHSi(SiMe3), Ph - 812, CHzC12 

H H  -78 o c  H H  
22 75% 29 

hHCo2Et Brz, CHzC12 

H Br PhHco2Et H Si(SiMed3 -78% 820/o - 
28 30 

Hydrogen abstraction by 25b only gives E-alkene 23. 
1,ZDisubstituted phenylacetylenes 26 were attacked 

exclusively 6 to the phenylated alkyne carbon atom (Table 
IV). With formyl and nitrile groups at  the attacked 
carbon atom 2-isomers 27 were formed predominantly at 
low temperatures. The alkylated phenylacetylene reacted 
with low stereoeelectivity, and ester-substituted acetylenes 
gave E-isomer 28 exclusively. A possible explanation is 
that the shielding effect of the substituents Y increases 
in this order, so that the attack anti to the substituent Y 
increases. 

The structures were determined by X-ray analysis of the 
ester and nitrile substituted products and by comparison 
of the NMR spectra.26 

Although it is not the purpose of this paper to explore 
the removal of the silyl auxiliary in detail, we carried out 
the replacement of the silyl moiety by bromine atom. It 
is well documented2' that the addition of bromine to 8- 
(trimethylsily1)styrene leads to formation of bromostyrene 
with overall retention of configuration. The reaction takes 
place in two discrete steps; both of them are stereoselec- 

(25) Tamao, K.; Ischida, N.; Tanaka, T.; Kumada, hL Organometallics 
1983,2, 1694. Tamao, K.; Ischida, N. J. Organomet. Chem. 1984,269, 
C37. Tamao, K.; Hayaslu, T.; Ito, Y. Tetrahedron Lett. 1989,47,6533. 

(26) The vinylic hydrogen of the 2-isomer 27 absorbs at lower field 
(27) Brook, M. A.; Neuy, A. J.  Org. Chem. 1990,55, 3609 and refer- 

than that of the E-isomer 28. 

ences cited therein. 
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We found that also silylatd alkenes 22 and 28 react 
with bromine in CH2C12 at -78 "C and give the bromides 
29 and 30 stereoselectively. 

Experimental Section 
Materials. Tris(trimethylaily1)silane (TTMSSIm and phe- 

nylpropiolnitrilem were prepared according to literature methods. 
All other materials were commercially available and were used 
as received. 

General Procedure for Hydrosilylation of Alkenes (Table 
I). A 100-mL round-bottomed flask equipped with a magnetic 
stirring bar, dry argon inlet, reflux condenser, and septum was 
charged with 4 mmol of alkene and 157 mg (0.96 "01) of AIBN 
in 40 mL of toluene. The solution was flushed with argon, and 
1.19 g (4.8 "01) of TTMSS was added. The solution was heated 
at 90 "C for 2-4 h until the alkene was consumed (followed by 
GC). The reaction mixture was concentrated in vacuo. Distillation 
gave 71-92% of product. J valvea are given in Hz for NMR data. 
1-[Tris(trimethylailyl)silyl]decane (la): bp 100 "C (lo-' 

mbar); 'H NMR (300 MHz, CDCl,) 6 1.27-1.41 (m, 16 H), 0.89 
(t, 3 H, J = 6.9), 0.74-0.79 (m, 2 H), 0.16 (8,27 H); 13C NMR (75 
MHz, CDClJ 6 29.05-34.14 (7 C), 22.51,13.90,7.34,0.92. GC/MS 
m/2 388 (M+), 315 (M+ - 73), 175 (TMS2Si)+, 73 (TMS)+. Anal. 
Calcd for C1&&ii: C, 58.67; H, 12.44. Found C, 58.48; H, 12.28. 
l-[Tris(trimethylsilyl)sily1]-Z-phenylethane (lb): bp 170 

OC (2 X mbar); 'H NMR (300 MHz, CDC1,) 6 7.07-7.37 (m, 
5 H), 2.67-2.73 (m, 1 H), 1.10-1.27 (m, 1 H), 0.22 (e, 27 H); 13C 

10.34,0.91; GC/MS m/z  352 (M+), 279 (M+ - 73), 174 (TMSai)+, 
73 (TMS)+. Anal. Calcd for C1,H&34: C, 57.84, H, 10.28. Found 
C, 57.49; H, 9.98. 
3-[Tris(trimethylsilyl)silyl]propionitrile (IC): bp 100 OC 

(IO-' mbar); IR (neat) 2240 cm-'; 'H NMR (300 MHz, CDC1,) 6 
2.31-2.37 (m, 2 H), 1.20-1.25 (m, 2 HI, 0.19 (8,  27 HI; 13C NMR 
(75 MHz, CDCl,) 6 121.65, 15.78, 4.71, 0.72; MS (FD) m / z  301 
(M+), 73 (TMS)+. Anal. Calcd for C12H31NSi4: C, 47.76; H, 10.35; 
N, 4.64. Found: C, 47.78; H, 10.40; N, 4.64. 

Methyl 3-[tria(trimethylsilyl)silyl]propionate (ld): bp 190 
OC (14 mbar); IR (neat) 1740 cm-'; 'H NMR (300 MHz, CDClJ 
6 3.65 (s,3 H), 2.30-2.36 (m, 2 H), 1.06-1.12 (m, 2 H), 0.16 (e, 27 

GC/MS m / z  319 (M+ - 151,261 (M+ - 731,174 (TMS2Si)+, 73 
(TMS)+. And Calcd for Cl3Ha0& C, 46.64; H, 10.23. Found: 
C, 46.58; H, 10.18. 
3-0xo-l-[tris(trimethylsilyl)silyl]butane (le): bp 150 OC 

(0.5 mbar); 'H NMR (300 MHz, CDClJ 6 2.46-2.41 (m, 2 H), 2.14 
(8 ,  3 H), 0.98-1.04 (m, 2 HI, 0.16 (8, 27 H); 13C NMR (75 MHz, 
CDClJ 6 209.87,42.62,37.25,28.97,0.81; GC/MS m/z  319 (M+), 
174 (TMS$i)+, 73 (TMS)'. Anal. Calcd for Cl,HaOS4: C, 48.98; 
H, 10.75. Found: C, 48.58; H, 10.56. 

2- (Butyloxy)- 1-[ tris( trimet hylsilyl)silyl]ethane (If): bp 
135 OC (8 X mbar); 'H NMR (300 MHz, CDCl,) 6 3.39-3.5 
(m, 4 H), 1.18-1.59 (m, 6 H), 0.93 (t, 3 H, J = 7.3),0.17 (s,27 H); 
'% NMR (75 MHz,  CDClJ 6 70.73,70.18,31.76,19.19,13,72,9.07, 
0.80; GC/MS m / z  277 (M+ - 73), 174 (TMS2Si)+, 73 (TMS)+. 
Anal. Calcd for C,&,,,OSi,: C, 51.50, H, 11.81. Found C, 51.48, 
H, 11.69. 

1-[Tris(trimethylsilyl)silyl]ethyl acetate (lg): bp 120 OC 
(4 X 10-* mbar); IR (neat) 1740 cm-'; 'H NMR (300 MHz, CDClJ 
6 4.07-4.13 (m, 2 H), 2.02 (8,3 H), 1.16-1.21 (m, 2 H), 0.16 (a, 27 
H); 13C NMR (75 MHz, CDC13) b 170.6, 64.5, 20.9, 8.4, 0.91; 
GC/MS m / z  319 (M+ - 15), 261 (M+ - 731,174 (TMS2Si)+, 73 
WMS)+. And Calcd for C13H,0#i4: C, 46.64; H, 10.23. Found 
C, 46.58; H, 10.08. 

Diethyl 2 - [ t r i s ( t r i m e t h y l s ~ y l ) s 4 ~ ~ h y l p h ~ p h o ~ ~  (lh): 
bp 150 OC (1W2 mbar); IR (neat) 1240 cm-'; 'H NMR (300 MHz, 
CDC13) b 4.01-4.11 (m, 4 HI, 1.66-1.77 (m, 2 H), 1.30 (t, 6 H, J 
= 7.1), 0.95-1.04 (m, 2 H), 0.15 (8,  27 H); ',C NMR (75 MHz, 

m / z  412 (M'), 397 (M+ - 15), 339 (M+ - 73), 73 (TMS)+. Anal. 

NMR (75 MHz, CDClJ 6 129.20, 128.60, 128.22, 125.85, 35.33, 

H); 13C NMR (75 MHz, CDCl3) 6 175.48, 51.53,32.92,2.61, 0.78. 

CDC13) b 61.46, 61.37, 25.33, 23.53, 16.28, 16.21, 0.75. MS (EI) 

(28) Koenig, K. E.; Weber, W. P. Tetrahedron Lett. 1973, 27, 2533. 
(29) Dickhaut, J.; Gieae, B. Org. Synth. 1991, 70, 164. 
(30) Adkins, H.; Whitman, G. M. J. Am. Chem. SOC. 1942,64,150. 

Kopping et al. 

Calcd for C16H41P03Sil: C, 43.64; H, 10.01. Found: C, 43.58, H, 
9.86. 

2-(Phenylthio)-l-[tris(trimethylsi~l)silyl]ethane (lj): bp 
175 OC (4 x mbar); 'H NMR (300 MHz, CDCl,) 6 7.29-7.33 
(m, 5 H), 2.97-3.04 (m, 2 H), 1.161.22 (m, 2 H), 0.17 (s,27 H); 
'% NMR (75 MHz, CDClJ 6 129.33,129.05,129.01,1!26.00,33.68, 
8.21,0.86, GC/MS m/2 312 (M+ - 731,174 (TMf&Si)+, 73 (TMS)+. 
Anal. Calcd for C1,HSSSi(: C, 53.05; H, 9.42. Found: C, 52.79; 
H, 9.18. 
l-[Tris(trimethylsilyl)s~1]-2-phenylprop~e (2a): bp 180 

OC (2 X mbar); 'H NMR (300 MHz, CDCl,) 6 7.07-7.28 (m, 
5 H), 1.88 (d, 1 H, J = 14.21, 1.32 (8,  3 H), 1.29-1.30 (m, 2 H), 
0.05 (a, 27 H); '% NMR (75 MHz, CDClJ 6 130.17,129.13,127.17, 
126.06,48.44,24.23, 16.71,0.91; GC/MS m/z 366 (M+), 293 (M+ 
- 731,174 (TMS#i)+, 73 (TMS)'. Anal. Calcd for C13H&?ii4: C, 
58.93; H, 10.44. Found C, 58.63; H, 10.28. 

Methyl 3-[tris(trimethylsilyl)silyl]-2-methylpropionate 
(2b): bp 160 OC (6 X mbar); 'H NMR (300 MHz, CDC1,) 
6 3.68 (e, 3 H), 2.47-2.54 (m, 1 H), 1.35-1.41 (m, 1 H), 1.22 (d, 
3 H, J = 7.11, 0.84-0.91 (m, 1 HI, 0.18 (8, 27 HI; 13C NMR (75 

m / z  339 (M+), 334 (M+ - 15), 290 (M+ - 591,174 (TMS@i)+, 73 
(TMS)+. Anal. Calcd for C14HBO& C, 48.07; H, 10.66. Found 
C, 47.98; H, 10.59. 

Diethyl 2-[tris(trimethylsilyl)silyl]butanedioate (3): bp 
100 OC (6 x mbar); 'H NMR (300 MHz, CDCld 6 3.62-4.27 
(m, 4 H), 2.94 (dd, 1 H, J = 12.71, 2.67 (dd, 1 H, J = 2.6, 12.7), 
2.39 (dd, 1 H, J = 2.6, 12.71, 1.14-2.99 (m, 6 HI; lSC NMR (75 

13.81, 1.49; GC/MS m / z  349 (M+ - 731, 174 (TMS2Si)+, 73 
(TMS)+. AnaL Calcd for Cl,H,04S4: C, 48.41; H, 9.79. Found 
C, 48.38; H, 9.72. 
3-[Tris(trimethylsilyl)silyl]butanenitrile (4a): bp 100 OC 

(8 X mbar); 'H NMR (300 MHz, CDC1,) 6 2.32-2.41 (m, 1 
H), 1.95-2.06 (m, 1 H), 1.39-1.45 (m, 1 H), 1.27-1.30 (m, 3 H), 

14.25; GC/MS m / z  301 (M+ - 151,174 (TMS,Si)+, 73 (TMS)+. 
Anal. Calcd for C13H3sNSi(: C, 49.29; H, 10.82. Found: C, 49.18; 
H, 10.80. 

Ethyl 3-[tris(trimet hylsilyl)silyl]butanoate (4b): bp 150 
OC (8 x mbar); 'H NMR (300 MHz, CDC1,) 6 4.13 (q, 2 H, 
J = 7.1), 2.53 (dd, 1 H, J = 2.47, 14.81, 2.18 (dd, 1 H, J = 12.5, 
14.8), 1.83-1.95 (m, 2 H), 1.27 (t, 3 H, J = 7.11, 1.14 (d, 3 H, J 

41.52, 19.96, 14.31, 13.56; GC f MS m / z  347 (M+ - 15), 289 (M+ 
- 73), 174 (TMSgi)+, 73 (TMS)'. Anal. Calcd for Cl6H,0~i4: 
C, 49.79; H, 10.31. Found C, 49.69;H, 10.28. 

2- [ Tris (trimet hy lsily l)silyl] butanedioic anhydride (Sa): 
mp (pentane) 200 OC; 'H NMR (300 MHz, CDC1,) d 3.23 (dd, 1 
H, J = 10.3, 18.2),2.97 (ad, 1 H, J = 3.0, 10.3), 2.77 (dd, 1 H, J 

171.92,35.04,24.72,0.81; MS (CI) m / z  364 (M + NH4)+, 347 (M 
+ HI+, 90 (TMS + NHJ+. AnaL Calcd for C,,HmO& C, 46.03; 
H, 8.73. Found: C, 45.28; H, 8.63. 

2- [ Tris (t rimet hy lsil y 1 )sily 11-N-met hylet hanedicarbox- 
imide (Sb): bp 110 OC (4 X mbar); 'H NMR (300 MHz, 
CDClJ 6 2.90-3.01 (m, 1 H), 2.95 (e, 3 H), 2.52-2.63 (m, 2 H); '% 

(EI) m / z  359 (M'), 344 (M+ - 15),73 (TMS)+. Anal. Calcd for 
Cl4N3,NO2Si4: C, 46.74; H, 9.24. Found C, 46.45; H, 9.18. 
7-[Tris(trimethylsilyl)silyl]-A'-~-menthene (7): bp 140 

"C (4 x mbar); 'H NMR (300 MHz, CDCIJ 6 5.29 (d, 1 H, 
J = 3.2), 1.15-2.03 (m, 8 H), 1.68 (8, 2 H), 0.88 (dd, 6 H, J = 6.7, 

39.81,32.25,31.06, 29.62, 26.46, 19.83, 19.53,17.35,0.93; GC/MS 
m/z 311 (M+ - 73), 174 (TMSai)', 73 (TMS)+. Anal. Calcd for 
Cl&Si4: C, 59.40; H, 11.29. Found C, 59.35; H, 11.13. 
24 [Tris(trimethylsilyl)sily1]methyl]-3-methyltetra- 

hydrofuran (9): MS (CI) m/z  364 (M + NH;+)+, 273 (M+- 73), 
90 (TMS + NHJ+. AnaL Calcd for C1&,0S4: C, 61.96; H, 11-04. 
Found C, 51.79; H, 10.98. Cis isomer: 'H NMR (300 MHz, 
CDCld 6 3.91 (m, 2 H), 3.43 (dd, 2 H, J = 5.3,8.3), 2.60-2.68 (m, 
2 H), 1.00 (d, 3 H, J = 6.3), 0.75 (dd, 2 H, J = 6.1,14.8), 0.16 (8, 
27 H); 1% NMR (75 MHz, CDCl,) 6 74.77, 74.64, 43.65, 37.49, 
15.62, 9.55, 0.93. Trans isomer: 'H NMR (300 MHz, CDCIJ 
6 3.86-3.94 (m, 2 H), 3.46 (dd, 2 H, J = 8.3, 14.31, 2.25-2.30 (m, 

MHz, CDC13) 6 178.39, 51.51, 38.41, 20.52, 12.33, 0.90, GC/MS 

MHz, CDC13) 6 176.12, 172.96, 60.56, 60.27, 35.74, 26.09, 13.92, 

0.20 (8,  27 H); 13C NMR (75 MHz, CDClJ 6 119.14,24.38,19.71, 

= 7.2), 0.21 (8,27 H); "C NMR (75 MHz, CDClS) 6 173.5, 60.20, 

= 3.0, 18.2),0.24 (8,27 H); "C NMR (75 MHz, CDCl3) 6 175.25, 

NMR (75 MHz, CDC13) 6 180.95, 177.62,35.10,24.83,0.95; MS 

4.3), 0.17 (8,  27 H); 13C NMR (75 MHz, CDC13) 6 137.39,119.44, 
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2 HI, 0.93 (d, 3 H, J = 6.3),0.63 (dd, 2 H, J = 10.6, 14.8), 0.14 

15.66, 12.55, 0.93. 
Hydrosilylation of Methylmaleic Anhydride (10) and  

Diethyl Methylfumarate (14) (Table 11). Method A (Induced 
by AIBN). To the alkene (4 mmol) and TTMSS (5.2 mmol) in 
dry toluene (40 mL) under argon was added a toluene solution 
of AIBN (1 "01) at  90 OC within 5 h. The solution was stirred 
for another 1 h, cooled, concentrated in vacuo, and flash chro- 
matographed on silica gel using pentane/ether (9/1). Method 
B (Induced by BEt,/O,). A hexane solution of BE& (1.0 M, 
0.8 "01) and dry air (10 mL) were injected into a solution of 
alkene (4 "01) and " M S S  (5.2 "01) in dry toluene (40 mL) 
at -15,20, or 60 OC during 624 h by a syringe pump. The mixture 
was poured into water and extracted with ether three times. 
Combined organic layers were washed with brine, dried over 
Nad04,  and concentrated in vacuo. The residual oil was flash 
chromatographed on silica gel. 
2-[Tris(trimethylsilyl)silyl]-3-methylbutanedioic anhy- 

dride (11): bp 200 OC (4 X mbar); GC/MS m/z 317 (M+ 
- 44),73 (TMS)+, 69 (C4H50)+, 45 (CH02)+. Anal. Calcd for 
Cl4HszO3Si4: C, 46.61; H, 8.94. Found C, 46.48; H, 8.73. Cis 
isomer (1 la): 'H NMR (300 MHz, CDCl3) 6 3.29 (qd, 1 H, J = 
7.3,9.2), 3.08 (d, 1 H, J = 9.2), 1.42 (d, 3 H, J = 7.3), 0.26 (8, 27 
H); '% NMR (75 MHz, CDClJ 6 175.20,173.81,39.98,33.22,17.36, 
1.65. Trans  isomer (llb): 'H NMR (300 MHz, CDC13) 6 2.96 
(qd, 1 H, J = 2.8, 7.2), 2.50 (d, 1 H, J = 2.81, 1.43 (d, 3 H, J = 

42.39, 33.77, 19.41, 1.16. 
Diethyl 2-[tris(trimethylei lyl)~l]-3-methylbu~~~te 

(15): bp 200 OC (4 x mbar); GC/MS m/z 362 (M+ - 73), 73 
(TMS)+. Anal. Calcd for C1&O4Si4: C, 49.60, H, 9.94. Found 
C, 49.56; H, 9.68. 15a: 'H NMR (300 MHz, CDC13) 6 4.12 (qd, 
4 H, J = 2.1,7.2), 3.03 (d, 1 H, J = 4.9), 2.60 (qd, 1 H, J = 4.9, 
7.2), 1.43 (m, 6 H,); '9C NMR (75 MHz, CDclJ 6 175.16, 176.28, 
60.50,60.17,42.00,35.05,18.80,14.18, 13.98,1.96. 15b 'H NMR 
(300 MHz, CDClJ 6 4.09-4.17 (m, 4 H), 2.93 (qd, 1 H, J = 7.2, 
10.8), 2.52 (d, 1 H, J = 10.8), 1.20-1.29 (m, 6 H), 0.24 (8, 27 H); 
'SC NMR (75 MHz, CDC13) 6 175.16, 176.28, 61.59, 60.78, 36.35, 
26.38, 18.51, 14.28, 14.14, 1.86. 

Hydrosilylation of Ethyl Tiglate (12) and Tiglonitrile (16) 
(Table 11). Method A (Induced by AIBN). To the alkene (4 
"01) and " M S S  (20 "01) in dry toluene (25 mL) under argon 
was added a toluene solution of AIBN (5.5 "01) at 80 "C during 
12 h. Then the solution was stirred for 1 h. The reaction mixture 
wan cooled, concentrated in vacuo, and flash chromatographed 
on silica gel using pentane/ether (50/1). 

Method B (Induced by BEt3/02). A hexane solution of BEG 
(1.0 M, 4 "01) and dry air (30 mL) was injected into a solution 
of alkene (4 "01) and 'ITMSS (20 "01) in dry toluene (40 mL) 
at 20,40, or 60 OC during 24-48 h by asyringepump. The mixture 
was poured into water and extracted with ether three times. 
Combined organic layers were washed with brine, dried over 
Na2S04, and concentrated in vacuo. The residual oil was flash 
chromatographed on silica gel. 

Ethyl 2-methyl-3-[tris(trimethylsilyl)silyl]butanoate (13): 
bp 165 OC (2 X mbar); GC/MS m/z 361 (M+ - 151,301 (M+ 
- 73),73 (TMS)+. Anal. Calcd for Cl&O84:  C, 51.06, H, 10.63. 
Found C, 50.96; H, 10.59. 13a: 'H NMR (300 MHz, CDC13) 6 
3.69 (9, 2 H, J = 7J), 2.71 (qd, 1 H, J =  2.6,7.1), 1.97 (qd, 1 H, 
J=2.6,7.6),1.27(t,3H,J=7.1Hz),1.12(d,3H,J=7.1),0.99 

176.60,51.56,44.46,22,48,18.68,17.76,13.92,1.12. 13b 'H NMR 
(300 M H Z ,  CDCld 6 3.70 (q,2 H, J = 7.0), 2.60 (qd, 1 H, J = 6.5, 
7.0), 1.45 (qd, 1 H, J = 6.5, 7.5), 1.25 (t, 3 H, J = 7.0), 1.23 (d, 
3 H, J = 7.0), 1.14 (d, 3 H, J = 7.5), 0.21 (8, 27 H); '% NMR (75 
MHz, CDClb 6 176.61,51.21,44.48,22.18, 19.11, 17.78,12.86,2.21. 
3-Methyl-2-[tris(trimethylsilyl)silyl]butanenitrile (17): 

bp 120 OC (2 X loT2 mbar); GC/MS m/z 314 (M+ - 15), 174 
(TMS2Si)+, 73 (TMS)+. Anal. Calcd for Cl4HSNSi4: C, 50.98; 
H, 10.69. Found C, 50.W H, 10.98. 17a: 'H NMR (300 MHz, 
CDClJ 6 2.91 (qd, 1 H, J = 3.0,7.3), 1.84 (qd, 1 H, J = 3.0,7.5), 
1.30 (d, 3 H, J = 7.3), 1.26 (d, 3 H, J = 7-51, 0.23 (e, 27 H); 13C 

1.79 (d, 1 H, J = 0.7), 1.39 (d, 3 H, J = 7.1), 1.30 (8,  3 H), 0.26 

(8,27 H); '9C NMR (75 MHz, CDCl3) 6 75.90,74.87,46.66,41.78, 

7.2), 0.26 (8,27 H); '9C NMR (75 MHz, CDC13) 6 175.20, 173.81, 

(d, 3 H, J = 7.6), 0.18 (8,  27 H); "C NMR (75 MHz, CDC13) 6 

NMR (75 MHz, CDC13) 6 123.23,29.89,21.32,15.28,14.96,1.87. 
17b 'H NMR (300 MHz, CDC13) 6 2.91 (qd, 1 H, J = 0.7, 7.1), 
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(8,27 H); '3C NMR (75 MHz, CDCl3) 6 122.58,31.21,21.84,19.36, 
15.66, 1.92. 

Oxidation Procedure for Silanes la and IC. A mixture of 
silane (1 mmol), 2,3-dimethylquinone (2 mmol), and dry THF (10 
mL) was stirred at  room temperature. Tetra-n-butylammonium 
fluoride (WAF) (1 mmol; 1 M THF) was added over 20 min while 
oxygen was bubbled through the solution. After being stirred for 
an additional 30 min, the reaction mixture was concentrated and 
the brown tarry residue was subjected to column chromatography 
(silica gel, hexane/ethyl acetate (51)) to give pure alcohol Yields 
of 1-decanol (20a) and 3-hydroxypropionitrile (204 were 90% 
and 71 % , respectively. 

General Procedure for Hydrosilylation of Alkynes (Table 
I11 and IV). Method A (Initiated by AIBN). A 100-mL 
round-bottomed flask equipped with a magnetic stirring bar, dry 
argon inlet, reflux condenser, and septum was charged with 4 
mmol of alkyne and 157 mg (0.96 mmol) of AIBN in 40 mL of 
toluene. The solution was flushed with argon, and 1.19 g (4.8 
mmol) of TTMSS was added. The solution was heated above 
70 OC for 2-4 h until the alkyne was consumed (followed by GC). 
The reaction mixture was concentrated in vacuo. Distillation gave 
the desired product. 

General Procedure for Hydrosilylation of Alkynes. Me- 
thod B (Initiated by BEt3/02). A hexane solution of BEh (1.0 
M, 0.8 mmol) and dry air (10 mL) was injected into a solution 
of alkyne (4 mmol) and TTMSS (5.2 mmol) in dry toluene (40 
mL) at  temperatures between 0 and 60 OC during 6 2 4  h by a 
syringe pump. The mixture was poured into water and extracted 
with ether three times. Combined organic layers were washed 
with brine, dried over NaaOr, and concentrated in vacuo. The 
residual oil was flash chromatographed on silica gel using pentane. 

1-[Tris(trimethylsilyl)silyl]hexene (Table 111, entry 1): 
bp 90 OC (1 r2  mbar); GC/MS m/z 315 (M+ - 15), 174 ( m i ) + ,  
73 (TMS)+. AnaL Calcd for Cl&&i4: C, 54.46; H, 11.57. Found 
C, 54.45; H, 11.12. (E)-Isomer: 'H NMR (300 MHz, CDC13) 6 
6.04 (td, 1 H, J = 5.9, 17.7), 5.45 (m, 1 H, J = 17.61, 0.89-2.16 
(m, 9 H), 0.19 (8,  27 H); 13C NMR (75 MHz, CDC13) 6 149.84, 
120.55, 35.23, 31.85, 22.53, 13.95, 0.84. (2)-Isomer: 'H NMR 
(300 MHz, CDC13) 6 6.42 (td, 1 H, J = 2.8, 6.71, 5.45 (m, 1 H, J 
= 6.7), 0.89-2.16 (m, 9 H), 0.18 (8,  27 H); 13C NMR (75 MHz, 

l-[Tris(trimethylsilyl)silyl]-2-cyclohexylethene (Table 111, 
entry 2): bp 150 "C (5 x mbar); GC/MS m/z 356 (M+), 283 
(M+ - 73), 174 (TMS#i)+, 73 (TMS)'. AnaL Calcd for C & @ i i :  
C, 57.22; H, 11.29. Found C, 57.58; H, 11.38. (2)-Isomer: 'H 
NMR (300 MHz, CDC13) 6 6.18 (dd, 1 H, J = 9.9, 13.0), 5.34 (d, 
1 H, J = 13.0), 1.60-2.18 (m, 11 H), 0.2 (8,  27 H); 13C NMR (75 

(E)-Isomer: 'H NMR (300 MHz, CDC13) 6 5.95 (dd, 1 H, J = 
6.5, 18.4), 5.44 (dd, 1 H, J = 1.1, 18.41, 1.10-1.32 (m, 11 H), 0.16 
(s,27 H); 'W NMR (75 MHz, CDClJ 6 155.34,117.00,45.06,32.80, 
26.26, 25.56, 0.77. 
(E)-3,3-Dimethyl-1-[tris(trimethylsilyl)silyl]butene (Table 

111, entry 3): bp 130 "C (6 X mbar); 'H NMR (300 MHz, 

9 H), 0.17 (8,  27 H); 13C NMR (75 MHz, CDC13) 6 160.04, 113.13, 
35.81, 29.21, 0.81; GC/MS m/z 330 (M+), 174 (TMS2Si)+, 73 
(TMS)+. Anal. Calcd for ClSHSSil: C, 54.56; H, 11.57. Found 
C, 54.58; H, 11.38. 

1-[Tris(trimethylsilyl)silyl]styrene (Table 111, entry 4): 
bp 170 OC (2 X mbar); GC/MS m/z 350 (M+), 174 (TM&Si)+, 
73 (TMS)+. Anal. Calcd for C1,HMS4: C, 58.20; H, 9.76. Found 
C, 58.18; H, 9.45. (Z)-Isomer: 'H NMR (300 MHz, CDC13) 6 
7.4 (d, 1 H, J = 14.5), 7.20-7.37 (m, 5 H), 5.90 (d, 1 H, J = 14.51, 

127.63, 126.14, 122.83, 0.65. (E)-Isomer: bp 170 "C (2 X 
mbar); 'H NMR (300 MHz, CDC1,) 6 7.20-7.37 (m, 5 H), 6.81 (d, 
1 H, J = 18.7), 6.48 (d, 1 H, J = 18.7), 0.15 (8, 27 H); 13C NMR 
(75 MHz, CDCld 6 145.79, 140.45, 128.47, 127.99, 127.39, 124.51, 
0.97. 

Ethyl 3-[tris(trimethylsilyl)silyl]propenoate (Table 111, 
entry 5): bp 100 "C mbar); GC/MS m/z 347 (M+), 274 (M+ 
- 73), 174 (TMS2Si)+, 73 (TMS)+. Anal. Calcd for Cl4HWSi4Oz: 
C, 48.49; H, 9.88. Found: C, 48.38; H, 9.89. (2)-Isomer: 'H 
NMR (300 MHz, CDC13) 6 6.75 (d, 1 H, J = 13.7),6.58 (d, 1 H, 
J = 13.7), 4.16 (4, 2 H, J = 7.14), 1.27 (t, 3 H, J = 7.14), 0.18 (8,  

CDClJ 6 149.71, 119.81, 37.22, 31.24, 21.89, 13.70, 0.52. 

MHz, CDC13) 6 155.93, 117.11, 43.30, 33.07, 25.96, 25.56, 1.13. 

CDCl3) 6 6.04 (d, 1 H, J = 18.7), 5.40 (d, 1 H, J = 18.7), 0.99 (8,  

0.14 (8,27 H); '9C NMR (75 MHz,  CDCl3) 6 145.76,139.24,128.68, 
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27 H); '9C NMR (75 MHz, CDC13) S 166.82,148.63,134.86,59.74, 
14.18, 1.03. (E)-Isomer: 'H NMR (300 MHz, CDC13) S 7.41 (d, 
1 HI J = 18.4), 6.28 (d, 1 H, J = 18.4), 4.16 (q, 2 H, J = 7.14), 
1.27 (t, 3 H, J = 7.141, 0.18 (e, 27 H). 
3-Phenyl-2-[tris(trimethylsilyl)silyl]propenal (Table IV, 

entry 1): bp 170 "C (5 X 1V2 mbar); GC/MS m / z  378 (M+), 364 
(M+ - 15), 305 &f+ - 73), 174 -i)+, 73 (TMS)+. Anal. Calcd 
for Cl8HuSi40 C, 57.07; H, 9.04. Found C, 57.18; H, 9.12. 
(2)-Isomer: 'H NMR (300 MHz, CDC13) S 9.71 (8,  1 H), 8.08 
(e, 1 H), 7.24-7.27 (m, 5 H), 0.13 (8, 27 H); 13C NMR (75 MHz, 
CDCld S 196.47 155.01,142.8,136.01,129.71, 129.09,128.73,1.48. 
(E)-Isomer: lH NMR (300 MHz, CDC13) 6 9.97 (8, 1 H), 7.93 
(e, 1 H), 7.34-7.42 (m, 5 H), 0.25 (8, 27 H). 

s P h e n y l - 2 - [ t r i s ( t r h y ~ i l y l ) s ~ l ] p ~ p e n e ~ t ~ e  (Table 
IV, entry 2): bp 150 "C (4 X 10-2 mbar); GC/MS m / z  375 (M+), 
174 ("M&Si)+, 73 (TMS)+. Anal. Calcd for Cl&I&3&N: C, 57.52; 
H, 8.85; N, 3.72. Found C, 57.28; H, 9.02; N, 3.63. (2)-Isomer: 
mp 92 "C (pentane); 'H NMR (300 MHz, CDC13) 6 8.06 (8, 1 H), 

1.78. (E)-Isomer: 'H NMR (300 MHz, CDC13) S 7.25-7.81 (m, 

l-Phenyl-2-[tris(trimethylsilyl)silyl]-l-heptene (Table IV, 
entry 3): bp 150 OC (6 X mbar); GC/MS m / z  347 (M+ - 
15), 289 (M+ - 73), 174 (TMS2Si)+, 73 (TMS)+. Anal. Calcd for 
CzzHUSi4: C, 62.77; H, 10.53. Found C, 62.81; H, 10.38. 13C 

123.78, 34.79, 33.53, 32.64, 22.74, 14.22,0.54. (2)-Isomer: 'H 
NMR (300 MHz, CDC13) 6 7.08-7.63 (m, 6 H), 2.63-2.69 (m, 2 H), 
1.40-1.57 (m, 6 H), 0.96-0.99 (m, 3 H), 0.16 (s,27 H). (E)-Isomer: 
'H NMR (300 MHz, CDC13) 6 7.21-7.37 (m, 5 H), 6.79 (8,  1 H), 
2.33-2.38 (m, 2 H), 1.27-1.48 (m, 6 H), 0.89 (t, 3 H, J = 6.9h0.28 
(e, 27 H). 

Ethyl (E)-2-[tris(trimethylsiiyl)silyl]-3-phenylpropenoate 
(Table IV, entry 4): bp 160 "C (0.8 mbar); mp 47 "C (pentane); 
'H NMR (300 MHz, CDC13) 6 7.24-7.29 (m, 5 H), 6.86 (8, 1 H), 
4.12 (q,2 HI J = 7.17), 1.16 (t, 3 H, J = 7.18), 0.27 (8, 27 H); 13C 

137.38,133.75,128.27,127.85,127.71,6~.51,13.86,1.06; MS (EI) 
m / z  407 (M+ - 15), 349 (M+ - 59), 174 (TMS2Si)+, 73 (TMS)+. 
Anal. Calcd for C&&i402: C, 56.81; H, 9.05. Found C, 56.52; 
H, 9.12. 

Bromination Procedure for 1-[Tris(trimethylsilyl)si- 
lyllstyrene and Ethyl (E)-2-[Tris(trimethylsilyl)silyl]-3- 
phenylpropenoate. To each vinyl compound (55 mL, 0.05 M 
in CH2C1J at -78 "C (acetone, C02) was added bromine (1.0 equiv 
of 0.14 M in CH2C12) over 1 h. The reaction mixture was stirred 
for 30 min at -78 "C before being allowed to warm to room 

7.38 (8, 5 H), 0.21 (8, 27 H); "C NMR (75 MHz, CDClJ S 160.79, 
137.14,129.72,128.86,128.80,123.92 (J(cN-H) = 11.8 Hz), 110.39, 

6 H), 0.21 ( ~ ~ 2 7  H); 13C NMR (75 MHz, CDC13) 6 155.64, 135.94, 
130.17, 128.79, 128.67, 120.69, 106.28, 0.95; 'J(t3.4-m = 17.3 Hz. 

NMR (75 MHz, CDCl3) 6 152.99,140.10, 132.23,127.44, 124.98, 

NMR (75 MHz, CDC13) S 172.54 (J(c0 E~-H) = 15.5 Hz), 142.25, 

temperature. After removal of the solvent under reduced preseure, 
the product was flash chromatographed (pentane/ether = 9/1). 

(2)-Bromostyrene: GC MS m / z  183 (MI+, 103 (M+ - Br); 
'H NMR (300 MHz, CDC13) 6 7.24-7.34 (m, 5 H), 7.10 (d, 1 H, 
J = 8.1), 6.46 (d, 1 H, J = 8.1). 

Ethyl (E)-2-bromo-3-phenylpropenoate: GC MS m / z  256 
(M)+, 183 (M+ - Br); 'H NMR (300 MHz,  CDC13) S 7.37 (8, 1 H), 
7.26-7.35 (m, 5 H), 4.20 (q, 2 H, J = 7.1), 1.81 (t, 3 H, J = 7.1). 
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Photochemical cycloaddition reactions of cyclic thioamides and alkenes have been examined. Irradiation of 
2-arylisoindoline-1-thiones 1 in the presence of alkenes 2 gave the unexpected tricyclic isoindolines 3-18. The 
formation of tricyclic isoindolines can best be explained in terms of the intermediacy of aminospirothietane 27, 
formed by [2 + 21 photocycloaddition of the C-S double bond of 1 to the C=C double bond of 2. Ring cleavage 
of the resultant amino thietane, eesisted by the participation of the nitrogen lonepair electrons, produced zwitterions 
28 and 29 or 1-mercaptoethylisoindole (30). Subsequent nucleophilic attack of the thiol anion on the iminium 
carbon of 29 or attack of the thiol group on C-3 of 30 gave the final products. Irradiation of isobenzofuran-1-thione 
(22) and isobenzothiophene-1-thione (23) in the presence of tetramethylethylene (2a) gave the corresponding 
spirothietanes 24 and 25. 

Interest in the photochemistry of thiocarbonyl com- 
pounds has been growing in recent years. The majority 
of the reported reactions involve thioketones, which un- 
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dergo cycloaddition with alkenes, allenes, ketenes, imines, 
or alkynes, intramolecular or intermolecular hydrogen 
abstraction, and photooxidation.' Relatively few reporta 


