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Organoeilicon compounds are very useful in organic 
syntheSia.1 The silicon group can stabilize a &carbocation.2 
In this respect, vinylsilanes and allylsilanes can readily 
undergo electrophilic substitution reactions.3 The silicon 
group can also stabilize an a-carbanion.' In this way, 
the Peterson reaction can be used to synthesize fundion- 
alized alkenes.6 Silyl-substituted dienes have been used 
in Diels-Alder reactions to prepare allyl- and vinylsilanes. 
For example, Fleming reported that l-methyl-rl-(trime- 
thylsilyl)-1,3-butadiene (1) r e a d  with methyl acrylate to 
give the cyclization products 2 and 3 (eq 1).6 The product 

ratio revealed that the 4-(trimethylsilyl) substituent 
hampered the regioaelectivity induced by the 1-methyl 
group. Substituted 3-sulfolenes are good precursors to 
the 1,Menee.' In this regard, 2-methyl-3-(trimethylsilyl)- 
3-sulfolene (4) haa been used to generate l-methyl-2- 
(trimethyleilyl)-l,Sbutadiene (6) which can be trapped 
in the Diels-Alder reaction with methyl propynoate to 
give products 6 and 7 (eq 2).8 The methyl group is also 

4 

more dominant than the silyl group in determining the 
regiochemistry of the cycloaddition. 
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We have been interested in the synthetic applications 
of sulfur-substituted 3-sulf0lenes.~ We now report the 
first synthesis of 3-alkyl-4-(trimethylsilyl)-3-sulfolenes 
8a-I, thermolysis to 2-alkyl-3-(trimethylsilyl)-l,3-buta- 
dienes 9, and the regiochemistry of the Diels-Alder 
reaction. 

8 9 

Results and Discussion 
The preparation of 8 is shown in Scheme I. Oxidation 

of 3-(phenylthio)-4-(trimethylsilyl)-3-~ulfolene (101% with 
m-CPBA (4 equiv) gave the corresponding sulfone 11 in 
96% yield. Deprotonation of 11 with n-BuLi in THF at 
-78 OC in the presence of HMPA (8 equiv) followed by the 
addition of an alkyl halide gave the alkylation product 12. 
The yields were low for more hindered alkyl halides. 
Degulfonylation@ with N4Hg and phosphoric acid in THF 
at reflux for 12-16 h led to the 3-sulfolenes 8 in excellent 
yield (Table I). 

That the 3-sulfolenee 8 are convenient precursors of the 
dienes 9 was shown by carrying out the Diels-Alder 
reactions directly with 8. For example, heating of 8a with 
N-phenylmaleimide in toluene at 180 OC gave the cy- 
cloaddition product 13 in 81 % yield (eq 3). The reaction 

+ o ~ o  ____) toluene 
18OoC, 12h 

I 
Ph SQ 

Me, ,SiMe3 

I 
Ph 

13 (81%) 

of 8a with methyl propynoate in DMA at 166 O C  led to the 
cyclohexadienes 14 and 15 (21) in 64% yield (eq 4). The 
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Scheme I 

8 

Table I. Alkylation of 11 and Desulfonylation of 12 
entry alkylating agent 12 (yield, 5%) 8 (yield, 5%) 
1 CHjI 12a (83) 8a (94) 
2 C2Hd 12b (67) 8b (91) 
3 CHdHCH2Br 120 (65) 8c (83) 
4 PhCH2Br 12d (61) 8d (89) 
5 CHdH(CH2hI 12e (37) 8e (81) 
6 CH.pCH(CHzh1 12f (33) 8f (85) 

structures of 14 and 15 were determined by desilylation 
with tetra-n-butylammonium fluoride (TBAF) in meth- 
anol followed by treatment with 2,3-dichloro-6,6-dicyano- 
1,4-benzoquinone (DDQ) to give the corresponding methyl 
4-toluenecarboxylate (16)" and methyl 3-toluenecarbox- 
ylate (17112 (eq 4). Thus, the regiochemistry of the Diels- 

Me 

2. I.TBAF, DDQ. CH2C1, McOH - Q + Mep 
C02Me MeQC 

16 17 
2 :1 (78%) 

Alder reaction of diene 9a reflects the stronger directing 
effect of the methyl group, with little directing influence 
from the trimethylsilyl substituent. 

In summary, we have developed a facile synthesis of 
3-alkyl-4-(trimethylsilyl)-3-sulfolenes, which generates 
silyl-substituted dienes upon thermolysis. The regiose- 
lectivity observed in the subsequent Diele-Alder trapping 
of the silyl dienes supplements earlier findings that the 
trimethylsilyl substituent is weakly ortho,para-directing 
and only weakly opposes the directing effect of a methyl 
group. 

Experimental Section 
1H and 13C NMR spectra were measured in CDCl, at  300 and 

75 MHz, respectively, with tetramethyhilane as the internal 
standard. HPLC was carried out with a LiChrosorb (Merck) 
column. The silica gel used for flash chromatography was made 
by Merck (60 H). All reagenta were of reagent grade and were 
purified prior to ~ 8 8 . ~ 3  
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3- (Phenylsulfony 1)-4- (trimet hylsilyl)-3-sulfolene ( 1 1). To 
a solution of 3-(phenylthi0)-4-(trimethylsilyl)-3-~flolene (10)s 
(6.0 g, 0.020 mol) in CHzClZ (50 mL) at 0 OC was added m-CPBA 
(13.8 g, 0.080 mol). The mixture was stirred at rt for 16 h and 
was washed sequentially with an aqueous NaHCOs solution and 
Na2S203 solution. The solvent was removed by rotary evapo- 
ration, and pure product 11 (6.3 g, 96 % yield) was obtained after 
recrystalliition from ether: mp 186-187 OC; IR (KBr) 2950, 
2150,1380,1300,1200,1180,1120,900,860,740,730,680,650 
cm-l;lHNMR60.40(9H,s),3.82(2H,s),4.09(2H,s),7.56-7.85 
(5  H, m); l3C NMR 6 0.1, 55.9, 63.6, 128.0, 129.7, 134.5, 137.3, 
142.4, 151.2; MS (relative intensity) m/z 330 (M+, 11, 315 (20), 
215 (loo), 135 (SO), 73 (73); exact mass calcd for [cl~Hl~.O&Sil+ 
(M+ - 15) m/z 315.0189, found 315.0179. 

General Procedure for the Preparation of 12. Toa solution 
of 11 (0.20 g, 0.60 mmol) and HMPA (0.80 mL) in THF (20 mL) 
at  -78 O C  was added nBuLi/hexane (0.41 mL, 1.6 M, 0.66 mmol) 
dropwise. The mixture was stirred for another 10 min, and the 
alkyl halide (2.4 mmol) was added in one portion. The solution 
was slwly warmed to -10 OC. The solvent was removed under 
vacuum, and the crude product was purified by flash chroma- 
tography using hexane/ethylacetate (31) aseluent. Theproduds 
12 were recrystallized from a mixture of hexane and ethyl acetate. 
4-Methy1-4-(phenylsulfonyl)-3-(trimethylsilyl)-2-s~1- 

folene (128): yield 171 mg (83%); mp 163-164 "C; IR (KBr) 
2960,1460,1380,1300,1210,1150,1120,870,780,760,680cm-1; 
1H NMR 6 0.45 (9 H, s), 1.71 (3 H, s), 2.75 (1 H, d, J = 13.4 Hz), 
3.80 (1 H, d, J = 13.4 Hz), 6.84 (1 H, 81, 7.56-7.85 (5 H, m); 
NMR60.6,23.2,36.8,73.7,129.5,130.3,134.9,135.3,142.1,154.3; 
MS (relative intensity) m/z 329 (M+- 15,501,315 (451,203 (loo), 
139 (60), 73 (73); exact mass caicd for [C13H1,O4S2Si1+ (M+ - 15) 
m/z 329.0338, found 329.0345. 
4-Ethyl-4-(phenylsulfonyl)-3-(trimethyl~ilyl)-2-sul- 

folene (12b): yield 144 mg (67%); mp 152.5-153.5 OC; IR (KBr) 
3060,1400, 1330,1240,1150,1120,870,780, 760,680 cm-'; lH 
NMR 6 0.45 (9 H, s), 0.89 (3 H, t, J = 7.5 Hz), 1.70-1.80 (1 H, 
m), 2.47-2.55 (1 H, m), 2.87 (1 H, d, Jr: 14.6 Hz), 3.62 (1 H, d, 
J = 14.6 Hz), 6.92 (1 H, s), 7.567.85 (5 H, m); 13C NMR 6 0.4, 
8.4, 12.2, 27.1, 53.3, 129.5, 130.5, 134.8, 135.2, 144.5, 152.3; MS 
(relative intensity) m/z 343 (M+ - 15,20), 315 (lo), 279 (8), 217 
(100), 73 (100); exact mass calcd for [CI~HI,O~S&I+ (M+ - 15) 
m/z 343.0494, found 343.0491. 
4-(Phenylsulfonyl)-4-(2-prope~yl)-3-(trimethyl~ilyl)-2- 

sulfolene (12c): yield 144 mg (65%); mp 144.5-145.5 "C; IR 
(KBr) 3010,1390,1330,1240,1180,1100,870,780,760,680 cm-l; 
1H NMR 6 0.45 (9 H, a), 2.50 (1 H, dd, J = 8.2, 6.1 Hz), 3.01 (1 
H, d, J = 14.7 Hz), 3.26 (1 H, dd, J = 8.2,6.1 Hz), 3.55 (1 H, d, 
J = 14.7 Hz), 5.18-5.55 (3 H, m), 6.88 (1 H, e), 7.60-7.85 (5 H, 
m); 13C NMR 6 1.0, 38.0, 52.5, 76.5, 121.3, 129.0, 129.5, 130.6, 
134.8,135.0,144.8,152.1; MS (relative intensity) m/z 355 (M+ - 
15, lo), 291 (81, 229 (loo), 73 (100); exact mass calcd for 
[Cl6HleO4S2Sil+ (M+ - 15) mlz 355.0494, found 355.0484. 

4-Benzyl-4-( phenylsulfonyl)-3-(trimethylsilyl)-2-sul- 
folene (12d): yield 154 mg (61%); mp 187-188 OC; IR (KBr) 
3010,2980,1360,1320,1240,1180,1100,870,780,775,760,725, 
680 cm-1; 1H NMR 6 0.56 (9 H, s), 3.02 (1 H, d, J = 14.6 Hz), 3.09 
(1 H, d, J = 14.2 Hz), 3.54 (1 H, d, J = 14.6 Hz), 3.83 (1 H, d, 
J = 14.2 Hz), 6.86 (1 H, s), 6.96 (2 H, br 81, 7.28 (3 H, br e), 
7.64-7.95 (5 H, m); 13C NMR 6 1.2,38.8; 51.7,78.6,128.0,128.8, 
129.4,130.2,130.6,132.5,134.7, 134.9,144.6,155.5; MS (relative 
intensity) m/z 420 (M+, O.l), 405 (7), 279 (loo), 263 (5), 73 (100); 
exact mass calcd for C20Hz401SzSi m/z 420.0886, found 420.0889. 
44 4-Pentenyl)-4-( phenylsulfonyl)-3-( trimethylsilyl)-2- 

sulfolene (12e): yield 88 mg (37%); mp 14+150 "C; IR (KBr) 
2950,1610,1570,1550,1475,1300,1250,1040,885,760 cm-l; lH 
NMR 6 0.42 (9 H, s), 1.03-1.20 (1 H, m), 1.30-1.50 (1 H, m), 
1.60-1.80 (1 H, m), 1.95-2.15 (2 H, m), 2.40-2.52 (1 H, m), 2.87 
(1 H, d, J =  14.7 Hz), 3.61 (1 H, d, J =  14.7 Hz), 4.90-5.10 (2 H, 
m),5.60-5.80(1H,m),6.88(1H,~),7.58-7.87(5H,m);~~CN~ 
6 0.4, 22.0,33.3,33.4,54.2, 78.0, 115.4, 130.6, 134.0, 134.5, 134.6, 
137.1,143,4,152.2; MS (relative intensity) m/z 383 (M+ - 15,7), 
319 (2), 257 (loo), 135 (36), 73 (100); exact mass calcd for 
[Cl7H~O4SzSi1+ (M+ - 15) m/z 383.0808, found 383.0808. 

4-(S-Hexenyl)-4-( phenylsulfonyl)-3-(trimethyl~ilyl)-2- 
sulfolene (121): yield 82 mg (33%); mp 145-146 O C ;  IR (KBr) 
3010,1610,1595,1550,1475,1330,1250,1040,885,760 cm-l; lH 
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mg) in toluene (17 mL) was heated in a sealed tube at  165 OC for 
12 h. The solvent was then removed under vacuum, and the 
crude product was purified by flash chromatography using 
hexane/ethyl acetate (101) as eluent to give 13 (0.25 g, 81% 
yield): IR (neat) 2980, 1780, 1445, 1380, 1210, 1180, 880, 760 
cm-1; 1H NMR 6 0.10 (9 H, e), 1.91 (3 H, e), 2.10-2.20 (1 H, m), 
2.25-2.35 (1 H, m), 2.55-2.70 (2 H, m), 3.15-3.26 (2 H, m), 7.16- 
7.44 (5 H, m); MS (relative intensity) m/z 313 (M+, 14), 299 (41), 
298 (100),73 (32); exactmaeecalcdfor CleHzsNO.1si mlz 313.1499, 
found 313.1496. 

Methyl 4-Methyl-S-(trimethylrilyl)- 1,4-cyclohexadiena 
carboxylate (14) and Methyl S-M~hyl-4-(trimethylrilyl)- 
1,4-cyclohexodienecarboxy~te (15). A mixture of 8. (0.20 g, 
0.98 mmol), methyl propynoate (0.33 g, 3.9 m o l ) ,  and hydro- 
quinone (10 mg) in Nfl-dimethylaniline (7 mL) was heated in 
a eeaIed tube at  165 OC for 12 h. The solvent was removed by 
rotary evaporation, and the crude product was purified by flash 
chromatography using hexane/ethyl acetate (101) as eluent to 
give a mixture of 14 and 15 (21, 54% yield). Thw two 
compounds could not be separated by HPLC. The following 
data were measured for the mixture: IR (neat) 2930,1750,1560, 
1480,1430,1380,1230,1165,1010 cm-1; 1H NMR 6 0.15 (e), 1.78 
(e), 1.90 (e), 2.70-2.95 (m), 3.72 (e), 6.86-6.98 (m); the two isomers 
have diatinct 'NMR abrptiona at  6 1.78 and 1.90, respectively. 
The structure8 of 14 and 15 were proven by conversion to 16 and 
17 (me below). The maas spectra of 14 and 15 ehowed that they 
were aromatized to C12H1eO2Si by dehydrogenation during the 
measurement; MS (relative intensity) m/z 222 (M+, 26), 207 (loo), 
110 (38), 73 (17); exact maaa calcd for C12HlaOSi m/z 222.1076, 
found 222.1069. 

Conversion of 14 and 15 to Methyl 4 -To luenecubo~ la t e  
(16) and Methyl 3-Toluenecarboxylate (17). To a mixture of 
14 and 15 (50 mg) in methanol (5 mL) was added tetra-n- 
butylammonium fluoride (200 mg). The mixture was etirred at  
rt for 16 h. The solvent was then removed under vacuum, and 
the residue was partitioned between CHzC12 and water. The 
organic layer was dried and evaporated, and the crude product 
was purified by flash chromatography using hexane/ethyl acetate 
(201) to give a colorlees liquid (29 mg) which was treated with 
DDQ (200 mg, 0.88 "01) and CHzCl2 (3 mL) at rt for 8 h. The 
solvent was evaporated under vacuum, and the crude product 
was purified by flash chromatography using hexane as eluent to 
givea2:lmixtureof 16and 17(27mg,78% yield). Thestructures 
and ratio of 16 and 17 were determined from the lH NMR 
spectrum, and the data match well with the literature ~ a l u e s . ~ ~ J ~  
The 'H NMR spectrum of the mixture of 16 and 17 indica- that 
both of the benzylic methyl groups appear at  6 2.40 and the two 
carbomethoxy groups are almost inseparable at 6 3.897 and 3.906. 
However, 16 has two doubleta (J = 9.0 Hz) at 6 7.23 and 7.92, 
whereas 17 has two multiplets at  6 7.30-7.45 and 7.82-7.90. 

Acknowledgment. We thank the National Science 
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NMR S 0.42 (9 H, e), 1.10-1.41 (4 H, m), 1.50-1.65 (1 H, m), 
1.962.10(2H,m),2.~2.55(1H,m),2.89(1H,d,J=14.7Hz), 
3.60 (1 H, d, J = 14.7 Hz), 4.91-5.02 (2 H, m), 5.65-5.82 (1 H, m), 
6.88 (1 H, e), 7.58-7.87 (5 H, m); l9C NMR 6 0.7,23.4,28.4,33.1, 
33.5,53.5,78.3,115.2,129.4,130.4,134.8,134.9,137.7,144.1,151.0; 
MS (relative intensity) m/z 412 (M+, 0.1),397 (7), 271 (1001,135 
(20), 73 (100); exact maw calcd for Cl&~t~04S&i m/z 412.1200, 
found 412.1216. 

General Procedure for Preparation of 8. A mixture of 12 
(0.60 mmol), 6% sodium amalgam (1.10 g), and 3 drops of 85% 
H S 0 4  in THF (25 mL) was refluxed under Nn for 12-16 h. The 
mixture was cooled to rt, fitered with Celite, evaporated, and 
purified by flash chromatography using hexane/ethyl acetate (6 
1) as eluent to give 8 as colorlees liquids. 
3-Methyl-4-(trimethylrilyl)-3-eulfolene (8.): yield 115 mg 

(94%); IR (neat) 2910,1605,1535,1505,1475,1380,1210,1050 
cm-1; 1H NMR 6 0.20 (9 H, a), 1.92 (3 H, e), 3.73 (2 H, e), 3.80 (2 
H, e); MS (relative intensity) m/z 204 (M+, lo), 185 (7), 140 (20), 
125 (25). 73 (100); exact maaa calcd for CeHlsO&Si m/z 204.0641, 
found 204.0633. 
3-Ethyl-4-(trimethylrilyl)-3-rulfolene (8b): yield 119 mg 

(91%); IR (neat) 3010,1625,1535,1485,1410,1375,1310,1210, 
1050 cm-1; 1H NMR 6 0.19 (9 H, e), 0.91 (3 H, t, J = 9.1 Hz), 2.83 
(2 H, p, J = 9.1 Hz), 3.73 (2 H, e), 3.80 (2 H, e); MS (relative 
intensity) m/z 218 (M+, 121,203 (25h 155 (111,123 (9), 73 (100); 
exact maas calcd for C&I1802SSi m/z 218.0800, found 218.0812. 
3-(2-Propenyl)-4-(trlmethylrilyl)-3-~ulfolene (84: yield 

115 mg (83%); IR (neat) 3010,1625,1535,1485,1410,1375,1310, 
1210,1050 cm-l; lH NMR 6 0.19 (9 H, e), 2.95-3.05 (2 H, m), 3.71 
(2 H, e), 3.82 (2 H, e), 5.05-5.20 (2 H, m), 5.60-5.80 (1 H, m); lSC 
NMR 6 -0.40, 37.8, 59.5, 61.8, 118.0, 133.6, 133.8, 143.9; MS 
(relative intenaity) m/z 230 (M+, 5), 215 (7), 205 (lo), 151 (151, 
123 (11),73 (100); exact mess calcd for C~OHLSOZSS~ 230.0800, 
found 230.0803. 

3-Benzyl-4-(trlmethylsilyl)-3-rulhlene (Sa): yield 150 mg 
(89%); IR (neat) 3110,1615,1535,1505,1475,1380,1210,1050, 
890,775 cm-1; 1H NMR 6 0.25 (9 H, s), 3.55 (2 H, e), 3.63 (2 H, 
e), 3.89 (2 H, e), 7.10-7.38 (5 H, m); NMR 6 -0).40,39.5,58.8, 
61.3,127.4,128.8,129.3,133.1,136.9,144.4;MS (relativeintenaity) 
m/z 280 (M+, 8), 265 (lo), 216 (20), 142 (25), 91 (17), 73 (100); 
exact maw calcd for ClrHleO&Si m/z 280.0954, found 280.0950. 
3-(4-Pentenyl)-4-(trimethyl~ilyl)-3-rulfolene (88): yield 

125 mg (81 %); IR (neat) 2950,1605,1575,1505,1475,1440,1350, 
1210, 1050 cm-1; lH NMR 6 0.12 (9 H, e), 1.4%-1.53 (2 H, m), 
2.00-2.10 (2 H, m), 2.20-2.30 (2 H, m), 3.79 (2 H, e), 3.82 (2 H, 
e), 4.96-5.06 (2 H, m), 5.70-5.82 (1 H, m); '3c NMR 6 -0.40,27.6, 
33.2, 33.4, 58.8, 61.2, 122.3, 127.0, 137.5, 146.0; MS (relative 
intensity) m/z 258 (M+, 2), 204 (6), 179 (8), 137 (131,121 (33), 73 
(100); exact maw calcd for Cl2Hz10&Si m/z 258.1107, found 
258.1110. 
~(&Hexenyl)-4-(trimethy~i~l)-3-sulfo~ne (80: yield 139 

mg (85%); IR (neat) 2970, 1625, 1565,1505, 1475, 1440, 1350, 
1210, 1050 cm-1; 1H NMR 6 0.19 (9 H, e), 1.30-1.42 (4 H, m), 
2.00-2.10 (2 H, m), 2.20-2.30 (2 H, m), 3.71 (2 H, e), 3.78 (2 H, 
e), 4.92-5.05 (2 H, m), 5.70-5.90 (1 H, m); '9c NMR 6 - 0 4 2 7 . 8 ,  
28.8,33.7,33.8,59.0,61.2,115.0,131.7,138.5,146.6; MS (relative 
inteneity) m/z 272 (M+, O.l), 250 (2), 135 (lo), 93 (17), 73 (100); 
exact maw calcd for C1~H~O&Si m/z 272.1260, found 272.1267. 
N-P henyl-4-methyl-S-( trimethylrilyl)-ltP,6-tetrahy~ 

phthalimide (13). A mixture of 8a (0.20 g, 0.98 mmol), 
N-phenylmaleimide (0.59 g, 3.92 mmol), and hydroquinone (10 
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