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was heated at 70 "C for 1 h. After filtration through a filter paper 
to remove the excess of Raney nickel, the filtrate was eluted 
through a silica gel column (n-hexane/EtOAc, 1:l) and concen- 
trated under reduced pressure. The products 8 and 9 were sep- 
arated by HPLC (LiChrosorb, n-hexane/EtOAc, 21). Compounds 
8 and 9 can be obtained alternatively by treating 5 (0.26 mmol), 
n-Bu3SnH (1.04 mmol), and AIBN (0.034 mmol) in dry benzene 
(8 mL) at reflux overnight. The resulting solution was concen- 
trated under reduced pressure, eluted through a silica gel column, 
and separated by HPLC to obtain the desulfurized products 8 
and 9. 
3-Ethyl-3-sulfolene (8a): solid; mp 60-61 "C; IR (KBr) 1295 

and 1250 (SO2), 1110,778 cm-'; 'H NMR 6 1.06 (t, J = 8 Hz, 3 
H, CH3CH2), 2.16 (m, 2 H, CH3CH&, 3.65,3.77 (2 s, 4 H, S02CH2), 
5.67 (s, 1 H, vinyl proton on the ring). This compound is now 
commercially available. The 'H NMR spectrum is identical with 
that reported in the Aldrich Library of NMR Spectra, 2nd ed., 
Vol. 2, 786c. 
3-Ethylidenesulfolane (9a): oil; IR (neat) 2955,1642, 1405, 

1310 and 1130 (SO2), 882 cm-'; 'H NMR 6 1.62 (d, J = 8 Hz, 3 
H, CH3CH=C), 2.81-3.4 (m, 4 H, S02CH2CH2), 3.66 (s, 2 H, 
S02CH2C), 5.6 (q, J = 8 Hz, 1 H, vinyl proton); MS m/z 146 (M'), 

6.9. Found: C, 49.4; H, 6.8. 
3-Propyl-3-sulfolene (8b): solid; mp 88-89 OC; IR (KBr) 2961, 

1649,1294 and 1117 (SO2), 923,814,781 cm-'; 'H NMR 6 0.89 
(t, J = 6.4 Hz, 3 H, CH3CH2), 1.44 (m, 2 H, CH3CH2), 2.14 (t, J 

(s, 1 H, vinyl proton on the ring); MS m/z 160 (M+), 131,96,81, 
68 (loo), 67, 41. Anal. Calcd for C7HI2O2S: C, 52.47; H, 7.55. 
Found C, 52.49; H, 7.60. 
3-Propylidenesulfolane (9b): oil; IR (neat) 2963,1640,1458, 

1400,1312 and 1128 (SO2), 911,885; 'H NMR 6 0.95 (t, J = 7.2 
Hz, 3 H, CH3CH2), 1.98 (m, 2 H, CH3CH2), 2.8-3.24 (m, 4 H, 

81,67 (loo), 54, 53, 41. Anal. Calcd for C&l&S: c ,  49.3; H, 

= 7.2 Hz, 2 H, CH,CH,CH2), 3.66,3.75 (2 9, 4 H, 2 S02CH2), 5.68 

S02CH2CH2), 3.66 (s,2 H, S02CH2C), 5.58 (m, 1 H, vinyl proton); 
MS m/z 160 (M+), 95,81,68,67,55,54,53,41. Anal. Calcd for 
C7H1202S: C, 52.47; H, 7.55. Found C, 52.31; H, 7.74. 
3-(4-Methyl-4-pentenyl)-3-sulfolene (&): oil; IR (neat) 1648 

(C=C), 1237,1317 and 1122 (SOz), 891 cm-'; 'H NMR 6 1.60 [m, 

[m, 4 H, CH3C(=CHz)CH2CH2CH2C], 3.66, 3.76 (2 s, 4 H, 2 
S02CH2), 4.72 (s, 2 H, C=CH2), 5.68 (s, 1 H, vinyl proton on the 
ring); MS m/z 136 (M - 64), 135, 107, 93, 81, 79, 69, 68, 67, 55, 
53,41(100). Anal. Calcd for C1&11602S C, 59.97; H, 8.05. Found 
C, 59.86; H, 8.01. 
3-(4-Methyl-4-pentenylidene)sulfolane (9c): oil; IR (neat) 

2968,1647,1311 and 1129 (SO2), 901,818,773 cm-'; 'H NMR 6 
1.7 [s, 3 H, CH3C(=CH2)CH2], 2.11 [br s, 4 H, CH3C(=CH2)- 
CH2CH2], 2.75-3.3 (m, 4 H, S02CH2CH2), 3.67 (8, 2 H, S02CH2C), 
4.71 (br s, 2 H, C=CH2), 5.61 (br s, 1 H, C=CHCH2); MS (m/ z  
200 (M'), 199,145,136,135,134,133,131,121,119,117,108,107, 
105, 93,91, 81, 79, 77, 55 (loo), 41. Anal. Calcd for CloHl6O2S: 
C, 59.97; H, 8.05. Found: C, 59.73; H, 8.14. 
Synthesis of a-Myrcene (10). Thermolysis of 8c to give 

a-myrcene was carried out by injecting 8c on a preparative GC 
(injection temperature 240 "C, oven temperature 100 OC) with 
a SE-30 (3-m) column. The chromatogram showed the existence 
of only a single product, 10, which was collected with a dry-ice 
trap. The 'H NMR and IR spectra of 10 are identical with those 
in the literature.'O 
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4-Bromo-1-tosylindole (1) was converted to tricyclic indole enone 11, a potential intermediate in the synthesis 
of tetracyclic ergot alkaloids, by a series of palladium-catalyzed processes. Attempts to construct the ergot D 
ring by the hetero-Diels-Alder reaction of enone 11 and 1-azabutadiene 12 produced not the expected [4 + 21 
adduct 13 but the benz[cd]indoline derivative 14 resulting from attack of the aza diene at  the indole 2-position. 
The thermodynamic stability of the naphthol nucleus makes enone 11 generally susceptible to attack at the indole 
2-position, as evidenced by the attack of hydride and methyl cuprate nucleophiles at this position forming indolines 
16 and 17, respectively. 

Introduction 
A general approach to the  synthesis of 3,4-disubstituted 

indoles involving palladium(I1)-catalyzed formation of 
4-bromoindole and sequential introduction of carbon side 
chains at the 3- and 4-positions using palladium(0) catalysis 
has recently been developed in these laboratories' and has 
been applied to the synthesis of (5)-clavicipitic acid methyl 
ester2 and ( f ) -aurant i~c lav ine .~  Herein is presented the  

use of related methodology to append the  C ring of the 
tetracyclic ergot alkaloids," as well as the  results of at- 
tempts to  annulate the D ring by aza diene cycloaddition 
chemistry5 (eq 1). 

Results and Discussion 
4-Bromo-l-tosylindole, 1, prepared by the  palladium- 

(11)-catalyzed cyclization of N-tosyl-2-ethenyl-3-bromo- 
aniline,' is a versatile starting material for ergot alkaloid 

(1) Harrington, P. J.; Hegedus, L. S. J. Org. Chem. 1984, 49, 2657. 
(2) Harrington, P. J.; Hegedus, L. S.; McDaniel, K. F. J. Am. Chem. 
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SOC. 1987, 109,4335. 

Chem. 1987,52, 3319. 
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0022-3263/89/ 1954-4141$01.50/0 
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exchange, and reductive elimination to  form 8 and reform 
the palladium(0) cata1yst.l’ Indole 8 underwent facile 
palladium(0)-catalyzed cyclization to produce tricyclic 
ketone 11 in excellent yield. The  keto group not only 
prevented rearrangement to the benz[cd]indoline system, 
i t  provided an appropriately activated a,&unsaturated 
enone system for the planned D-ring annulation by an aza 
diene cycloaddition. [An alternative approach to  indole 
8 was less successful. Iodination of 3 led to  3-iodo-4- 
bromoindole 9 in excellent yield. Introduction of the 
acryloyl side chain12 as an allenic ether using palladium- 
(0)-catalyzed oxidative addition of the aryl iodide followed 
by transmetalation from zinc to palladium and reductive 
elimination formed 10 in reasonable yield. However, a t -  
tempts to hydrolyze the allenic ether to the a,p-unsatu- 
rated enone were not successful.] 

The NJV-dimethylhydrazone of methacrolein has proved 
to be a useful aza diene in cycloaddition reactions to 
conjugated enones and q ~ i n o n e s . ~ J ~  The process is highly 
regioselective, with the 4-carbon of the aza diene adding 
to the &position of the enone, and the nitrogen adding to 
the cy-position. Addition in this sense to tricyclic ketone 
11 would produce the correct tetracyclic ergot alkaloid ring 
system in a single step. Accordingly 11 was treated with 
1- (dimethylamino)-3-methyl- 1-azabuta- 1,3-diene, and in- 
deed, a one to one addition product was obtained in good 
yield. However, the product of this reaction was not the 
expected 4 + 2 cycloadduct 13, but rather the unusual 
1,4-addition product 14 (Scheme 11), whose proposed 
structure is consistent with all of the physical data. The  
elemental analysis confirmed the empirical formula, C2*- 
H,N,SO,, and the mass spectrum had a parent ion at  m/e 
435 corresponding to this composition. A major fragment, 
m l e  323, corresponded to  loss of the entire aza diene 
fragment (mle 112, which was also an intense peak in the 
mass spectrum), indicating the likelihood for a single point 
of attachment for the aza diene fragment. The infrared 
spectrum had a strong OH band, no carbonyl band (11 has 
a strong vco a t  1735 cm-’) and strong bands at  v 1609 and 
1561 cm-’. (The aza diene has strong bands at  u 1617 and 
1562 cm-’.) The presence of a phenolic system was sup- 
ported by the UV/visible spectrum, which had absorptions 
at  A, 232,285, and 342 nm (MeOH) which shifted to A, 
244,292, and 368 nm upon addition of base. (a-Naphthol 
showed a similar base-induced shift, from A, 230,292 nm 
to A, 245,330 nm.) The IH and 13C NMR spectra further 
support the proposed structure. Ha (s, 7.18 a), Hb (br s, 
5.41 6) ,  and H, (br s, 5.61 6) correspond to those protons 
in the starting aza diene. The Hd, He, Hf system appeared 
as a typical ABX system: 6, 3.13, 6, 3.30, 6f 5.55; Jde = 15.3 
Hz, Jdf  = 2.7 Hz, J,, = 5.2 Hz. The phenolic OH appeared 
as a singlet a t  8.83 6. Similarly C1 (6 139.4, d),  C3 (6 122.4, 
t), C4 (6 39.6, t), and C5 (6 66.7, d) are consistent with the 
assigned structure. Treatment of indoline 14 with Raney 
nickel cleaved the N-N bond and reduced the aza diene 
system.14 Reaction with ethyl formate produced form- 
amide 15. Spectroscopic evidence was again consistent 
with a tricyclic benz[cd]indoline nucleus. 

The  unusual course of the reaction between enone 11 
and aza diene 12 is likely the result of the enhanced sta- 
bility of the benz[cd]indoline system over the indole sys- 
tem (-20 kcal/mol).’O Indeed, enone 11 was generally 
reactive toward nucleophilic addition to the 2-position, as 

syntheses, since functionalization a t  the requisite 3- and 
4-positions is readily accomplished by a variety of different 
transition metal assisted processes. Scheme I summarizes 
the approaches studied. The  first approach involved in- 
troduction of the C-ring side chain a t  the 4-position fol- 
lowed by palladation of the electrophilic 3-position, olefin 
insertion, and ?-hydride elimination. n-Allylnickel halide 
complexes are generally reactive toward aryl halides, re- 
placing the halide with the allyl group under very mild 
condi t iom6 Treatment  of bromoindole 1 with (2-carb- 
ethoxyally1)nickel bromide in DMF produced unsaturated 
ester 2 in excellent yield. As is typical for n-allylnickel 
halide reactions, the side-chain olefin did not rearrange 
into conjugation. Direct palladation of indoles a t  the 3- 
position to give arylpalladium(I1) intermediates which 
undergo both olefin and carbon monoxide insertion is 
known.’ However, treatment of 2 with a variety of elec- 
trophilic palladium(I1) species resulted in consumption of 
starting material but no cyclization to produce the desired 
tricyclic compound. Mercuration of indoles a t  the 3- 
position is also knowna and occurred with 2 as well. 
However, the insoluble mercurio salt proved difficult to 
dry, and treatment with Li2PdC1, regenerated 2 rather 
than  resulting in transmetalation/insertion. 

Since the olefinic side chain was unstable to the con- 
ditions and reagents required to functionalize a t  the 3- 
position of the indole, the sequence of steps was reversed. 
Direct mercuration of 1 produced 3-mercurioindole 3 in 
essentially quantitative yield. Treatment of this compound 
with allylic halides and a catalytic (1 mol %) amount of 
lithium chloropalladate, in a process involving trans- 
metalation from mercury to palladium, olefin insertion into 
the arylpalladium(I1) complex, and 0-halide elimination 
(regenerating the palladium(I1) halide ~ a t a l y s t ) ~  produced 
3-substituted indoles 4 and 5 in excellent yield. These 
compounds are perfectly set up for an intramolecular 
“Heck arylation”, and indeed cyclization in the presence 
of catalytic amounts of palladium(0) occurred to form the 
desired C ring in good to excellent yield. Unfortunately, 
concomitant isomerization of the tricyclic indole to the 
thermodynamically more stable benz[cd]indoline ring 
system occurred10 producing compounds 6 and 7, which 
are unsuitable substrates for subsequent annulation of the 
D ring. 

Treatment of mercurioindole 3 with acryloyl chloride 
and a catalytic amount of palladium(0) produced indole 
8 in fair yield, in a process involving oxidative addition of 
the acid chloride to palladium(O), mercury-palladium(I1) 

(6) (a) Semmelhack, M. F. Org. React. 1972, 19, 115. (b) Baker, R. 

(7) !a) Itahara, T. Chem. Lett. 1982, 1151. (b) Itahara, T.; Ikeda, M.; 
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(9) (a) Bergstrom, D. E.; Ruth, J. L.; Warwick, P. E. J .  Org. Chem. 

(10) Horwell, D. C. Tetrahedron 1980,36, 3123. 

Chem. Reu. 1973, 73, 487. 

Sakakibara, T. J. Chem. SOC., Perkin Trans. I ,  1983, 1361. 

1981, 46, 1432. (b) Heck, R. F. J .  Am. Chem. SOC. 1968, 90, 5531. 

(11) Larock, R. C.; Bernhardt, J. C. J .  Org. Chem. 1978, 43, 710. 
(12) Hegedus, L. S.; Russell, C. E. J. Am. Chem. SOC. 1983,105,943. 
(13) Potts, K. T.; Walsh, E. B.; Bhattacharjee, D. J.  Org. Chem. 1987, 

114) Lunn, G.; Sansone, E. B.; Kecter, L. K. Synthesis 1985, 1104. 
52, 2285. 
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evidenced by the reactions with sodium borohydride and  
with methylcopper (eq 2). Attempts to elaborate the  

NaEH, 

H MeOHlPhH 

Ts 
17 (50%) 

indole nucleus to tetracyclic ergot alkaloids have often been 
complicated by isomerization t o  naphthalenoid com- 
pounds, especially when the indole nitrogen was protected 
by groups capable of 7r-overlap with the nitrogen lone 
pair.16 Tricyclic enone 11 is no  exception. Addition to 
the  2-position to directly produce the  stable naphthol 
moiety is strongly favored, and precludes further elabo- 
ration of 11 to tetracyclic ergot alkaloids. 

Experimental Section 
General Data. Melting points were taken on a Mel-Temp 

apparatus and are uncorrected. Infrared spectra were recorded 
on a Beckman 4240 or a Perkin-Elmer 1600 Series FTIR. NMR 
spectra were recorded with an IBM-Brucker WP27OSY (270 MHz 
for 'H and 67 MHz for I3C NMR), a Nicolet NTC FT1180 (360 
MHz), or a Brucker ACE 300 (300 MHz for 'H and 75.5 MHz for 
lSC NMR, DEPT, and two-dimensional proton-carbon hetero- 

(15) Kornfeld, E. C.; Kliie, G. B.; Munn, M. J.; Morrison, D. E.; Jones, 
C. G.; Woodward, R. B. J.  Am. Chem. SOC. 1956, 78, 3087. 

nuclear correlation (HETCOR)) spectrophotometer with tetra- 
methylsilane (Me4%) as an internal standard. UV/vis spectra 
were obtained on a Varian DMS 80 spectrophotometer. 

For purification of crude reaction mixtures, radial chroma- 
tography (Chromatotron Model 7924) or column chromatographic 
techniques were used in most cases. Merck silica gel 60 PF (radial 
chromatography), Merck silica gel (230-400 mesh), and Alfa silica 
gel (70 micron) were used as stationary phases. Elemental analyses 
were performed by M-H-W Laboratories, Phoenix, AZ. 

Materials. Tetrahydrofuran and diethyl ether were predried 
over CaHz and distilled from benzophenone ketyl under a nitrogen 
atmosphere prior to use. Hexane and petroleum ether were 
distilled under atmospheric pressure. Ethyl acetate, methylene 
chloride, and acetonitrile were distilled from CaH2. Dimethyl- 
formamide and hexamethylphosphoramide were dried over ac- 
tivated 4-1\ molecular sieves. Trimethylamine was distilled from 
solid KOH. 

Palladium acetate (Strem), mercury(I1) chloride (J. T. Baker), 
tri-o-tolylphosphine (Strem), sodium hydride (Aldrich), sodium 
borohydride (Alfa), and triphenylphosphine (Aldrich) were ob- 
tained from commercial suppliers and used without further pu- 
rification. Tosyl chloride (J. T. Baker) was recrystallized, and 
acryloyl chloride (Aldrich) was distilled prior to use. 

Copper bromide-dimethyl sulfide complex,16 ~-(2-carbeth- 
oxyally1)nickel bromide," tetrakis(tripheny1phosphine)palladi- 
um( 0) ,18 4-bromo- 3- (chloromer curio) - 1 - tos ylindole (3) ,l 4- 
bromo-3-iodo-1-tosylindole (9),l l-(N,N-dimethylamino)-3- 
methyl-l-aza-l,3-butadiene ( 12),20 and 4-bromo-3-allyl-1-tosyl- 

(16) Poaner, G. H. An Introduction to  Synthesis Using Organocopper 
Reagents; Wiley-Interscience: New York, 1980. 

(17) Corey, E. J.; Semmelhack, M. F. J. Am. Chem. SOC. 1967,89,2775. 
(18) Coulson, D. R. Inorg. Syn. 1972, 13, 121. 
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indole (4)' were prepared by literature methods. 4-Bromo-1-to- 
sylindole (I) was prepared by literature method' or by tosylation 
of 4-bromoindole made according to Rap~port . '~  Lithium tet- 
rachloropalladate (0.1 M) was prepared by refluxing a suspension 
of PdClZ (0.885 g, 5.00 mmol) and LiCl (0.424 g, 10.00 mmol) in 
50 mL of CH30H under argon for 30 min. 

4-Bromo-1-tosylindole (1). To a suspension of NaH (0.877 
g, 36.5 mmol, used as a 50% oil dispersion washed with hexanes) 
in 90 mL of DMF under argon at  -5 OC was added a solution of 
4-bromoindole (6.52 g, 33.2 mmol, prepared according to Rapo- 
port19) in 80 mL of DMF over 1.5 h. After the addition was 
complete, the homogeneous reaction mixture was stirred for 1.5 
h at -5 "C. An argon-saturated solution of tosyl chloride (6.33 
g, 33.2 mmol) in 90 mL of DMF was added dropwise to the 
reaction over 1 h, while maintaining the temperature at  -5 "C. 
The reaction was stirred for 2.5 more hours, during which time 
the temperature rose to 5 OC. 

The reaction mixture was combined with 500 mL of ice-water 
and extracted with five 150-mL portions of ether. The combined 
organic extracts were washed with 150 mL of water and 150 mL 
of saturated NaCl solution and dried over MgS04. Removal of 
solvent under reduced pressure yielded a tan solid. Recrystal- 
lization from hexanes yielded 4-bromo-1-tosylindole (1) (7.82 g, 
22.3 mmol, 67%) as white crystals: mp 120-122 "C (lit.' mp 
119-12 1 "C) . 
4-(2-Carbethoxyprop-2-enyl)-l-tosylindole (2). ~ ( 2 - C a r b -  

ethoxyally1)nickel bromide (0.56 g, 1.3 allyl equiv) was transferred 
in a nitrogen-filled glovebag to a tared 100-mL one-necked flask 
with a sidearm stopcock, capped with a serum cap and containing 
a magnetic stirring bar. 4-Bromo-1-tosylindole (0.62 g, 1.78 mmol) 
was dissolved in 10 mL of distilled DMF, degassed, and put under 
argon. This colorless solution was then transferred to the flask 
containing the r-(Z-carbethoxyallyl)nickel bromideI5 using a 
cannula with positive argon pressure, and the resulting dark red 
solution was stirred at room temperature for 10-12 h. The reaction 
mixture was taken up in 200 mL of ether, which was then washed 
with three 100-mL portions of HzO. The organic layer was then 
dried over MgSO, and evaporated, providing a yellow oil. After 
purification by radial chromatography (1:l hexane/ether), com- 
pound 2 was isolated as a colorless oil (0.58 g, 84%): 'H NMR 
(360 MHz, CDC13) 6 1.22 (t, 3 H, OCHZCH,, J =  7.2 Hz), 2.34 (9, 

3 H, CH3), 3.81 (s, 2 H, CHP), 4.17 (4, 2 H, OCHZCH,, J = 7.2 
Hz), 5.30 (s, 1 H, =CH), 6.20 (s, 1 H, =CH), 6.67 (d, 1 H, in- 
dole-SH, J = 3.6 Hz), 7.05 (d, 1 H, ArH, J = 8.6 Hz), 7.22 (d, 2 
H, TsH, J = 8.3 Hz), 7.22 (d, 1 H, ArH, J = 8.6 Hz), 7.40 (d, 1 
H, indole-2H, J = 3.6 Hz), 7.76 (d, 2 H, TsH, J = 8.3 Hz), 7.86 
(d, 1 H, ArH, J = 8.6 Hz); IR (CC,) u 3150,3O20,1720(CO), 1636, 
1604, 1534, 1489, 1375, 1282, 1178, 1165, 1130, 1092, 1027, 957 
cm-'. Anal. Calcd for CZ1HZ1NSO4: C, 65.80; H, 5.48; N, 3.65. 
Found: C, 65.61; H, 5.46; N, 3.56. 
4-Bromo-3-(2-carbethoxyprop-2-enyl)-l-tosylindole (5 ) .  

4-Bromo-3-(chloromercurio)-l-tosylindole (3) (0.20 g, 0.34 mmol) 
and 2-carbethoxyallyl bromide (0.66 g, 3.4 mmol) were mixed in 
7 mL of MeOH. Li2PdC1, (0.69 mL of a 0.1 M MeOH solution) 
was then added, and the brown solution was stirred for 72 h at  
room temperature. The MeOH was then removed under reduced 
pressure, and the resulting dark red oil was fitered through a short 
silica gel column using 1:l petroleum ether/ether as eluent. The 
residue was further purified by radial chromatography (3:l pe- 
troleum ether/ether, Rf = 0.26). A colorless oil (0.13 g, 84%) was 
obtained: 'H NMR (360 MHz, CDCl,) 6 1.30 (t, 3 H, OCHzCH3, 

OCHzCH3, J = 7.1 Hz), 5.22 (d, 1 H, CH, J = 1.0 Hz), 6.24 (d, 
1 H, CH, J = 1.0 Hz), 7.12 (t, 1 H, ArH, J = 8.1 Hz), 7.22 (d, 2 
H, TsH, J = 8.2 Hz), 7.36 (dd, 1 H, ArH, J = 7.8, 0.7 Hz), 7.39 
(s, 1 H, indole-2H), 7.71 (d, 2 H, TsH, J = 8.2 Hz), 7.96 (dd, 1 
H, ArH, J = 7.8,0.7 Hz). This material was used without further 
purification, being converted to 1-tosylbenz[cd]indoline (6) by 
a previously reported procedure.' 
4-Carbethoxy-l-tosylbenz[cd]indoline (7). 4-Bromo-3-(2- 

carbethoxyprop-2-eny1)-1-tosylindole (0.16 g, 0.35 mmol) ( 5 ) ,  

J = 7.1 Hz), 2.35 (s, 3 H, CH3), 3.93 (s, 2 H, CHZ), 4.24 (4, 2 H, 

Hegedus et  al. 

palladium acetate (0.004 g, 0.02 mmol), tri-o-tolylphosphine (0.016 
g, 0.053 mmol), and triethylamine (0.072 g, 0.71 mmol) were 
combined in 3 mL of MeCN in a 5-mL acylation tube. The tube 
was flushed with argon, sealed, and heated to 100 OC for 24 h. 
The reaction mixture was diluted with 25 mL of methylene 
chloride and filtered through Celite. An orange residue remained 
after removing the solvent in vacuo, and it was further purified 
by radial chromatography (3:l petroleum ether/ether, Rf = 0.13). 
The colorless solid product was then recrystallized from 50 mL 
of hexane (86.4 mg, 64%): mp 146-147 OC; 'H NMR (270 MHz, 
CDCl,) d 1.41 (t, 3 H, OCHZCH,, J = 7.1 Hz), 2.32 (9, 3 H, CH,), 
4.40 (9, 2 H, OCHzCH3, J = 7.1 Hz), 5.18 (s, 2 H, CHZ), 7.22 (d, 
2 H, TsH, J = 8.2 Hz), 7.43-7.54 (m, 3 H, ArH), 7.78 (d, 2 H, TsH, 
J = 8.2 Hz), 7.79 (s, 1 H, ArH), 8.36 (s, 1 H, ArH); IR (KBr) u 
3070, 2995, 2940, 1715(CO), 1623, 1607, 1496, 1456, 1375, 1362, 
1298, 1218, 1185, 1168, 1138, 1080, 1027 cm-'. Anal. Calcd for 

N, 3.55. 
4-Bromo-3-acryloyl-1-tosylindole (8). A 250-mL airless flask 

fitted with a reflux condensor capped with a rubber septum was 
charged with 4-bromo-3-(chloromercurio)- 1-tosylindole (3) (5.84 
g, 9.37 mmol), acryloyl chloride (1.70 g, 18.74 mmol), tetrakis- 
(triphenylphosphine)palladium(O) (0.10 g, 0.09 mmol), HMPA 
(110 mL), and a stir magnet. The flask was flushed with argon 
and heated to 85 "C for 2 h. The reaction mixture was cooled 
to room temperature, opened to the atmosphere, and more Pd- 
(PPh,), (0.075 g, 0.065 mmol, 1.6 mol % total palladium) was 
added. Again the flask was flushed with argon and heated to 85 
OC for 4 h. After cooling to room temperature the reaction mixture 
was added to 1 L of HzO and extracted with four 250-mL portions 
of ether. The combined ether extracts were washed with 500 mL 
each of saturated NaHCO, solution, 3 M NazSz03 solution, 0.1 
N HC1 solution, water, and saturated NaCl solution and dried 
over MgS0,. Filtration followed by removal of solvent under 
reduced pressure left a tan solid. Purification of the crude material 
by silica gel chromatography using 30% ether in hexanes as eluent 
gave 8 (2.07 g, 5.12 mmol, 55%) as a white solid: mp 141-143 
OC; 'H NMR (270 MHz, CDC1,) 6 2.35 (s, 3 H, CH,), 6.06 (dd, 
1 H, J = 0.9, 10.4 Hz, =CHz), 6.20 (dd, 1 H, J = 0.9, 17.2 Hz, 
=CHz), 6.80 (dd, 1 H, J = 10.4, 17.2 Hz, =CH), 7.16-7.34 (m, 
3 H, TsH, ArH), 7.47 (d, 1 H, ArH, J = 7.7 Hz), 7.79 (d, 2 H, TsH, 
J = 8.4 Hz), 7.94 (s, 1 H, indole-2H), 7.98 (d, 1 H, ArH, J = 8.3 
Hz); I3C NMR (67 MHz, CDC1,) 6 21.36 (TsCH,), 112.57 (=C), 
113.21 (=C), 125.58, 126.31, 126.84, 127.05, 127.96, 128.90, 129.53, 
129.91, 130.17, 130.49, 137.98,145.82, 206.45 (CO); IR (KBr) ~3140, 
2930, 1669(CO), 1620, 1602, 1562, 1535, 1500, 1468, 1420, 1410, 
1380, 1312, 1300, 1200, 1181, 1170, 1095 cm-'. Anal. Calcd for 
C18H1403NSBr: C, 53.48; H, 3.49; N, 3.46. Found: C, 53.70; H, 
3.61; N, 3.48. 

4-Bromo-3-( 1-methoxy- l&propadienyl)- 1-tosylindole (10). 
A solution of l-methoxy-1,2-propadiene (0.14 g, 2.0 mmol) and 
TMEDA (0.46 g, 4.0 mmol) in 10 mL of THF was cooled to -78 
"C, and tert-butyllithium (2.0 mmol) was then added dropwise. 
The solution was warmed to -40 "C over a 30-min period, and 
ZnC1, (3 mL of a 1 M THF solution) was added. This colorless 
solutions was stirred at  -40 OC for 5 min, after which time the 
cold bath was removed, and the solution was stirred for 30 min 
at ambient temperature. The Pd(0) catalyst solution (0.05 mmol, 
prepared as described below) was then added by cannula. 4- 
Bromo-3-iodo-1-tosylindole (0.23 g, 0.48 mmol), dissolved in 5 mL 
of THF, was then added also by cannula. After stirring for 16 
h, the reaction mixture was shaken with 5% HCl, extracted with 
ether, washed with saturated NaCl, dried over MgSO,, and fitered, 
and the solvent was removed in vacuo. The resulting oil was 
purified by radial chromatography (Rf = 0.3, 2:l hexane/ether). 
A yellow oil (0.10 g, 50%) was isolated. This material was used 
without further purification: 'H NMR (270 MHz, CDCl,) 6 2.30 
(s, 3 H, CH,), 3.45 (s, 3 H, OCH3),4.37 (s, 2 H,=CHz), 7.22 (d, 
2 H, TsH, J = 8 Hz), 7.25 (m, 1 H, ArH), 7.33 (s, 1 H, ArH), 7.62 
(d, 1 H, ArH, J = 4 Hz), 7.78 (d, 2 H, TsH, J = 8 Hz), 7.96 (d, 
1 H, ArH, J = 3.5 Hz); IR (CDCl,) u 3010,2950,2896,1900,1640, 
1582,1519,1432,1360,1157,1110,1082,890 cm-'; mass spectrum 
(EI) m / e  418, 416 (M+). Preparation of the Pd(0) Catalyst 
Solution. PdC1z(PPh3)z (0.035 g, 0.05 mmol) was placed in a flask, 
which was then degassed and filled with argon. THF (10 mL) 
was added, giving a yellow suspension. Diisobutylaluminum 

CZIH~~NSOG C, 66.07; H, 4.98; N, 3.67. Found: C, 66.22; H, 5.04; 

(19) Moyer, M. P.; Shimba, J. F.; Rapoport, H. J. Org. Chem. 1986, 
51,  5106. 

(20) Duhamel, P.; Duhamel, L.; Valnot, J. Bull. SOC. Chim. Fr. 1973, 
1465. Duhamel, P.; Duhamel, L.; Valnot, C. R. Acad. Sci. Paris 1978,47. 
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Table I. NOE Data for 14 

irradiate enhancement 
Ha Hb, Hc = 8%, Hd 5% 
Hb 
H C  

Hc = 37%, H, = 11%, Hd = 11% 
Hb = 34%, H, = 14%, Hd = 1% 

hydride(0.1 mmol, 0.1 mL of a 1 M hexane solution) was then 
added, and a dark brown homogeneous solution was formed 
immediately. 
l-Tosyl-3-oxo-l,3-dihydrobenz[cd]indoline (11). A 500-mL 

airless flask fitted with a reflux condenser capped with a rubber 
septum was charged with 4-bromo-3-acryloyl-l-tosylindole (8) (2.07 
g, 5.12 mmol), triethylamine (1.03 g, 10.2 mmol, 200 mol %), 
tri-o-tolylphosphine (0.233 g, 0.768 mmol, 15 mol %), palladium(II) 
acetate (0.05 g, 0.22 mmol), and acetonitrile (350 mL). The flask 
was flushed with argon and heated at 85 "C for 2 h in an oil bath. 
After cooling to room temperature, another 0.05 g Pd(OAcI2 was 
added to the reaction mixture. The flask was again flushed with 
argon, and heated to 85 "C for 2 more hours. 

After cooling, the solvent was removed under reduced pressure, 
leaving a black-yellow solid. Purification by silica gel chroma- 
tography (31 hexane/EtOAc, Rf = 0.18) yielded 1.48 g of 11 (4.57 
mmol, 89%) as a bright yellow solid: mp 155 "C dec; 'H NMR 

9.8 Hz), 7.30 (d, 2 H, TsH, J = 8.2 Hz), 7.49 (m, 2 H, ArH), 7.64 
(d, 1 H, =CH, J = 9.8 Hz), 7.88 (d, 2 H, TsH, J = 8.2 Hz), 8.02 
(dd, 1 H, ArH, J = 1.5,7.3 Hz), 8.44 (s, 1 H, indole-m; I3C NMR 

124.41,126.38,127.10, 127.23,130.23,130.48,131.84,132.12,134.42, 
138.85, 146.19, 181.92 (CO); IR (KBr) u 3116, 3050, 3028, 2920, 
1735 (CO), 1649,1621,1608,1595,1545,1530,1439,1412,1380, 
1365, 1300, 1178, 1141 cm-'. Anal. Calcd for C18H13NS03: C, 
66.86; H, 4.05; N, 4.33. Found C, 66.81; H, 4.13; N, 4.25. 

Aza Diene Adduct (14). l-Tosyl-3-0~0-1,3-dihydrobenz- 
[cdlindoline (11) (0.123 g, 0.381 mmol) and 0.200 mL of l-(N,N- 
dimethylamino)-3-methyl-l-aza-l,3-butadiene were combined, 
flushed with argon, and stirred at  room temperature for 6 h. 
Removal of excess aza diene under reduced pressure yielded a 
brown solid. Purification of the crude material by silica gel 
chromatography (1:l hexane/Et20, Rf = 0.10) yielded 14 (0.128 
g, 0.296 mmol, 78%) as a colorless solid mp 135-136 "C dec; 'H 

N(CH3),), 3.13 (dd, 1 H, CHH, J = 5.2, 15.3 Hz), 3.30 (br d, 1 H, 
CHH, J = 15.3 Hz), 5.41 (br s, 1 H, =CHH), 5.55 (dd, 1 H, CH, 
J = 5.2, 2.7 Hz), 5.61 (br s, 1 H, =CHH), 7.03-7.10 (m, 3 H, ArH, 
TsH), 7.18 (br s, 1 H, N=CH), 7.23-7.35 (m, 2 H, ArH), 7.48 (d, 
1 H, ArH, J = 3.3 Hz), 7.50 (d, 1 H, ArH, J = 5.12 Hz), 7.57 (d, 
2 H,TsH,J  = 8.3 Hz), 8.83 (s, 1 H, ArOH). 13C NMR (75.5 MHz, 

122.41,125.76,125.78,126.17,127.21,129.54,130.76,134.31,139.42, 
140.34, 141.08, 144.01, 147.40; UV (methanol) A, 232 (e SOOO), 
285, 342 nm; UV (methanol + 1 drop concentrated aqueous 
NaOH) A,, 213 (e 7000), 244,292,368 nm; IR (film) 3420 (br, 
OH), 2975,1609,1561,1380,1168 cm-'; mass spectrum (EI), m / e  
323 (P - aza diene), 324. Anal. Calcd for C24H2SN3S03: C, 66.49; 
H, 5.35; N, 9.69. Found: C, 66.33; H, 5.59; N, 9.60. 

Reduction and N-Formylation of 14 To Produce 15. To 
a suspension of tricyclic aza diene adduct (13) (0.802 g, 0.929 
mmol) in 5 mL of MeOH and 5 mL of 1 M KOH was added 2.0 
g of aluminum-nickel catalyst (Aldrich) portionwise over 1.5 h.14 
After an additional 40 h of stirring at  room temperature, the 
reaction mixture was diluted with 30 mL of H20 and 30 mL of 
CH2C12 and filtered through Celite. The filtrate was diluted with 
50 mL of H20, and the aqueous and organic layers were separated. 
The aqueous layer was extracted with two 100-mL portions of 

(270 MHz, CDC13) 6 2.38 (s, 3 H, CH3), 6.56 (d, 1 H, =CH, J = 

(67 MHz, CDC13) 6 21.45 (CH3), 115.76 (=C), 118.30 (=C), 123.94, 

NMR (300 MHz, CDC13) 6 2.24 (9, 3 H, TsCH~), 2.93 (8, 6 H, 

CDC13) 6 21.43,39.57,42.96, 66.73, 109.33,119.74,120.62, 121.63, 

Table 11. Carbon-Proton Correlation Obtained from 
HETCOR 

a 

13C chemical shift 

21.43 (9, J = 126.7 Hz) 2.24 (8, 3 H) 
39.57 (t, J = 122.2 Hz) 3.13 (dd, 1 H, J = 5.2, 15.3 Hz) 

3.30 (br d, 1 H, J = 15.3 Hz) 
42.96 (4, J = 132.1 Hz) 2.93 (8 ,  6 H) 
66.73 (d, J = 146.3 Hz) 5.55 (dd, 1 H, J = 5.2, 2.7 Hz) 
122.41 (t, J = 158.4 Hz) 5.41 (br s, 1 H) 

4.47 (dd, 1 H, J = 8.0, 14.1 Hz) 
5.61 (br s, 1 H) 

f 139.42 (m) 7.18 (br s, 1 H) 

Table 111. Carbon-Proton Correlation from HETCOR 

carbon ( P P d  'H chemical shift (ppm) 
a 
b 

c 
d 
e 

8 
b 

13C chemical 
carbon shift (Dum) 'H chemical shift (Dum) 

a 18.63 0.91 (d, 3 H, J = 11.1 Hz) 
b 21.39 2.20 (s, 3 H) 
C 29.49 2.58-2.67 (m, 1 H) 
d 39.97 1.41-1.54 (m, 1 H) 

1.62-1.83 (m, 1 H) 
e 3.04 (dt, 1 H, J = 3.0, 14.0 Hz) 

4.47 (dd, 1 H, J = 8.0, 14.1 Hz) 
f 65.69 5.99 (d, 1 H, J = 10.3 Hz) 

164.29 8.98 (8 ,  1 H) g 

42.15 

CH2C12. The combined organic extracts were washed with 100 
mL each of water and saturated NaCl solution, dried over MgS04, 
and filtered, and solvent was removed under reduced pressure, 
leaving 0.256 g of crude tan solid. 

The crude material was dissolved in 20 mL of ethyl formate 
and heated to reflux overnight. Removal of the ethyl formate 
under reduced pressure gave 0.260 g of a crude brown solid. 
Purification by radial chromatography (1 mm SiOz, 4% MeOH 
in Et20, Rr = 0.28) yielded 102 mg of 15 (0.241 mmol, 26%) as 
a white solid mp 113-116 "C. This material was relatively 
unstable and was never obtained in analytically pure form: 'H 

1.41-1.54 (m, 1 H, CHH), 1.62-1.83 (m, 1 H, CHH), 2.20 (s, 3 H, 
TsCH,), 2.58-2.76 (m, 1 H, CH2CH(CH3)CH2), 3.04 (dt, 1 H, 
C H H " ,  J = 3.0, 14.0 Hz), 4.47 (dd, 1 H, J = 8.0, 14.0 Hz, 
CHHNH), 5.99 (d, 1 H, J = 10.2 Hz, CHN), 6.24 (br s, 1 H, NH), 
7.00 (m, 3 H, ArH, TsH), 7.26 (t, 1 H, ArH, J = 5.90 Hz), 7.37 
(d, 1 H, ArH, J = 8.80), 7.43-7.54 (m, 4 H, TsH, ArH), 8.27 (br 
s, 1 H, ArOH, vanish with DzO), 8.38 (s, 1 H, CHO); 13C NMR 
(75.5 MHz, CDC13, number of hydrogens assigned by DEPT) 6 

65.69 (CH), 111.91 (CH), 119.56 (C), 120.73 (CH), 121.19 (CH), 
125.29 (CH), 125.76 (CH), 126.21 (C), 127.13 (CH), 129.41 (CH), 
131.98 (C), 133.82 (C), 140.47 (C), 144.00 (C), 147.26 (C), 164.29 
(CHO); IR (film) u 3395,3264,3063,2956,2921,2808,1659 (CO), 
1605, 1492, 1380, 1346, 1297, 1160, 1086 cm-'; high-resolution 

NMR (300 MHz, CDC13) 6 0.91 (d, 3 H, CH3, J = 11.1 Hz), 

18.63 (CH3) ,  21.39 (TsCH,), 29.49 (CH), 39.97 ( C H z ) ,  42.15 (CHz), 
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(FAB) calcd for C23H24N204S [M + H]+ 425.1535, found 425.1538. 
3-Hydroxy-l-tosyl-l,2-dihydrobenz[cd Jindoline (16). To 

a solution of 3-oxo-l-tosyl-1,3-dihydrobenz[cd]indoline (1 1) (0.100 
g, 0.309 mmol) in 3 mL of benzene/methanol (1:l) a t  0 "C was 
added sodium borohydride (0.023 g, 0.618 mmol). After 1 h, 10 
drops of glacial acetic acid was added to the reaction. After 5 
additional minutes of stirring, the reaction mixture was diluted 
with 30 mL of water and extracted with two 30-mL portions of 
ether. The combined organic extracts were washed with 20 mL 
each of saturated NaHC03 solution and saturated NaCl solution, 
dried over MgSO,, and filtered, and solvent was removed under 
reduced pressure to give 0.105 g of crude yellow solid. Purification 
by silica gel flash chromatography (1:l hexane/Et20, R, = 0.41) 
yielded 16 (0.090 g, 90%) as a slightly yellow solid: mp 148-149 
"C; 'H NMR (300 MHz, CDCl,) 6 2.31 (s, 3 H, TsCH,), 5.18 (s, 
2 H, CH,), 5.20 (br s, 1 H, ArOH), 6.98 (d, 1 H, ArH, J = 8.6 Hz), 
7.21 (d, 2 H, TsH, J = 8.2 Hz), 7.24-7.30 (m, 2 H, ArH), 7.43 (dd, 
1 H, ArH, J = 2.4, 5.5 Hz), 7.51 (d, 1 H, ArH, J = 8.7 Hz), 7.78 
(d, 2 H, TsH, J = 8.2 Hz); 13C NMR (75.5 MHz, CDCI,, number 
of vicinal hydrogens assigned by DEPT) 6 21.48 (CH,), 54.33 

(CH), 126.38 (CH), 126.94 (C), 127.13 (CH), 129.85 (CH), 131.97 
(C), 134.43 (C), 141.88 (C), 144.32 (C), 145.83 (C); UV (MeOH) 
A, 225 (t 7500), 300,342 nm. UV (MeOH + 1 drop concentrated 
aqueous NaOH) 211,225,302,363 nm; IR (film) v 3435 (OH), 2956, 
2921, 2853, 1610, 1494, 1374, 1299, 1159, 1121,1087 cm-'; mass 
spectrum (EI) m/e 325 (parent). Anal. Calcd for Cl,H15N03S: 
C, 66.44; H, 4.65; N, 4.30. Found: C, 66.54; H, 4.84; N, 4.31. 

3-Hydroxy-2-methyl-l-tosyl-1,2-dihydrobenz[ cdlindoline 
(17). To a stirred suspension of copper bromide-dimethyl sulfide 
complex (0.127 g, 0.620 mmol) in 2.4 mL of dimethyl sulfide/ 
diethyl ether (1:l v/v) under argon a t  -45 "C was added me- 
thyllithium (0.87 mL of 1.4 M solution in ether, 0.620 mmol) 

(CH,), 107.03 (CH), 116.03 (C), 118.69 (CH), 119.76 (CH), 125.73 

dropwise via syringe. The suspension turned yellow immediately. 
After 3 h, a solution of tricyclic enone (11) (0.100 g, 0.310 mmol) 
in 2.5 mL of THF was added dropwise to the -45 "C suspension. 
After 3 h the mixture had warmed to -10 "C. The still cold 
mixture was diluted with 25 mL of 10% ammonium hydroxide 
in saturated ammonium chloride and extracted with three 25-mL 
portions of diethyl ether. Drying the combined organic extracts 
over MgSO,, filtering, and removal of solvent under reduced 
pressure left a tan solid. Purification of the crude material by 
preparative TLC eluted with hexane/ethyl acetate (3:l) yielded 
indoline 17 (0.05 g, 0.155 mmol, 50%) as a slightly yellow solid: 
mp 117-120 "C; 'H NMR (300 MHz, CDC13) 6 1.89 (d, 3 H, CH3, 
J = 6.4 Hz), 2.29 (s, 3 H, TsCH,), 5.14 (br s, 1 H, ArOH), 5.51 
(9, 1 H, CH, J = 6.4 Hz), 6.97 (d, 1 H, ArH, J = 8.6 Hz), 7.15 (d, 
2 H, TsH, J = 8.3 Hz), 7.23-7.34 (m, 2 H, ArH), 7.42-7.52 (m, 
2 H, ArH), 7.73 (d, 2 H, TsH, J = 8.3 Hz); 13C NMR (75.5 MHz, 
CDCl,, number of hydrogens assigned by DEPT) 6 21.30 (CH,), 

121.71 (C), 125.67 (CH), 126.38 (CH), 126.76 (C), 127.11 (CH), 
129.67 (CH), 134.81 (C), 141.32 (C), 144.05 (C), 145.98 (C), 148.01 
(C); IR (film) v 3429 (OH), 3060, 2976, 2920, 1641, 1610, 1496, 
1371,1346,1284,1162 cm-*; mass spectrum (EI) m/e 339 (parent). 
Anal. Calcd for C19H17N03S: C, 67.24; H, 5.05; N, 4.13. Found: 
C, 67.40; H, 5.20; N, 3.92. 

21.44 (CH,), 64.27 (CH), 108.49 (CH), 119.21 (CH), 119.99 (CH), 

Acknowledgment .  Support for this research under 
Grant 2 R 0 1  GM26178-10 from the National Institutes of 
General Medical Sciences (Public Health Service) is 
gratefully acknowledged. Mass spectrometry determina- 
tions were performed by Midwest Center for Mass Spec- 
trometry, a National Science Foundation Regional In- 
strumentation facility (Grant No. CHE-8620177). 

Preparation of Allenic Sulfones and Allenes from the Selenosulfonation of 
Acetylenes 

Thomas G. Back,* M. Vijaya Krishna, and K. Raman Muralidharan 
Department of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N I N 4  

Received January 31, 1989 

P-(Phenylse1eno)vinyl sulfones 2 are readily obtained from the free-radical selenosulfonation of acetylenes. 
Compounds 2 isomerize to allyl sulfones 4 under base-catalyzed conditions in nearly quantitative yield, with high 
stereoselectivity favoring the 2 configuration. Allyl sulfones 4 afford generally high yields of allenic sulfones 
1 when subjected to oxidation with m-chloroperbenzoic acid or tert-butyl hydroperoxide, followed by selenoxide 
syn-elimination. The sulfone-stabilized anion intermediates in the isomerizations of 2 to 4 can be alkylated, 
deuterated, or silylated in the a-position prior to oxidation, providing allenic sulfones with an additional a- 
substituent. In some cases, spontaneous elimination of the phenylseleno group occurred, producing the allenic 
sulfone without the need for an oxidation step. Desulfonylation of allyl sulfones 4f, 4c, and 25 with sodium amalgam 
afforded vinyl selenides that were converted to allenes in moderate to good yields by oxidation-elimination. The 
copper-catalyzed coupling of allyl sulfones 4 with Grignard reagents comprises an alternative route to vinyl selenide 
precursors of allenes. These procedures permit the syntheis of various a- and y-substituted allenic sulfones and 
allenes from acetylenes. 

Allenic sulfones 1 are of increasing importance in organic 
synthesis, particularly as dienophilesl and dipolarophiles* 

(1) (a) Hayakawa, K.; Nishiyama, H.; Kanematsu, K. J. Org. Chem. 
1985,50,512. (b) Barbarella, G.; Cinquini, M.; Colonna, S. J. Chem. Soc., 
Perkin Trans. 1 1980,1646. (c) Guildford, A. J.; Turner,, R. W. J. Chem. 
Soc., Chem. Commun. 1983,466. (d) Veniard, L.; Benaim, J.; Pourcelot, 
G. C. R .  Acad. Sci. Paris, Ser. C 1968, 266, 1092. 

(2) (a) Padwa, A.; Kline, D. N.; Norman, B. H. Tetrahedron Lett. 1988, 
29, 265. (b) Padwa, A.; Carter, S. P.; Chiacchio, U.; Kline, D. N.; Peru- 
mattam, J. J. Chem. Soc., Perkin Trans. 1 1988, 2639. (c) Padwa, A.; 
Craig, S. P.; Chiacchio, U.; Kline, D. N. J. Org. Chem. 1988,53,2232. (d) 
Padwa, A.; Yeske, P. E. J. Am. Chem. Soc. 1988,110, 1617. (e) Padwa, 
A.; Kline, D. N.; Koehler, K. F.; Matzinger, M.; Venkatramanan, M. K. 
J. Org. Chem. 1987,52, 3909. (f) Parpani, P.; Zecchi, G. J. Org. Chem. 
1987, 52, 1417. (9) BruchC, L.; Gelmi, M. L.; Zecchi, G. J. Org. Chern. 
1985,50,3206. (h) Veniard, L.; Pourcelot, G. Bull. SOC. Chim. Fr. 1973, 
2746. 
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in  cycloaddition^,^ and in addition reactions with various 
 nucleophile^.^ They are typically prepared by the isom- 
erization of propargyllic ~ul fones ,*~  from the oxidation of 
allenic sulfides or  sulfoxide^,^ by the rearrangement of 

(3) For a recent review of cycloadditions of unsaturated sulfur com- 
pounds, see: De Lucchi, 0.; Pasquato, L. Tetrahedron 1988, 44, 6755. 

(4) (a) Denmark, S. E.; Harmata, M. A.; White, K. S. J .  Org. Chem. 
1987, 52, 4031, and references cited therein. (b) Back, T. G.; Krishna, 
M. V. J. Org. Chern. 1987,52,4265. (c) Back, T. G.; Brunner, K.; Krishna, 
M. V.; Lai, E. K. Y. Can. J. Chem., in press. (d) Hayakawa, K.; Takewaki, 
M.; Fujimoto, I.; Kanematsu, K. J. Org. Chem. 1986,51, 5100. (e) Fujii, 
I.; Ryu, K.; Hayakawa, K.; Kanematsu, K. J. Chem. Soc., Chem. Com- 
mun. 1984, 844. (f) Stirling, C. J. M. J .  Chem. SOC. 1964, 5856. (g) 
Thyagarajan, B. S.; Simon, J. A. Phosphorus Sulfur 1988, 39, 11. 

(5) (a) Pourcelot. G.: Cadiot. P. Bull. Soc. Chin. Fr. 1966. 3024. (b) , ~ ,  ~ I ~~I ~ 

Cinquini, M.; CAonna, s.; Co& F.; Stirling, C. J. M. J. &ern. sic:, 
Perkin Trans. 1 1976, 2061. 
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