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was collected, 1720 of them [ I  > 3.01 were considered observed 
and used in structure analysis and refinement. The structure was 
solved by direct methods and refined by full-matrix anisotropic 
least-squares techniques. Hydrogen atoms were refined with the 
constraint C-H = 1.08 A. The final R index was 0.074 (R, = 0.082, 

X-ray Crystal Structure Analysis of 13. Crystal data: 
Cl&19C14N02S, M = 349.1, monoclinic, a = 14.264 (8) A, b = 8.128 
(6) A, c = 12.356 (7) A, p = 106.76 (7)’, 2 = 4, D, = 1.69 g ~ m - ~ ,  
space group P 2 , l n .  Intensity data were measured up to 70’ by 
the w - 219 step-scanning mode with Ni-filtered Cu Ka radiation 
(A = 1.5418 A). A total of 2912 reflections was collected and 2230 
with I > 2 4 0  were used in the analysis. The structure was solved 
by direct methods and refined by full-matrix anisotropic least- 
squares techniques. Hydrogen atoms were refined with the 

w = 1/.2(F). 
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constraint C-H = 1.08 A. The final R index was 0.054 (R, = 0.063, 
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A new method for introducing an ethylenic bridge via a cycloaddition reaction has been developed. It makes 
use of either (2)- or (E)-1,2-bis(phenylsulfonyl)ethylene (5 or 6) as synthetic equivalenta of acetylene. The high 
activation due to the two sulfonyl groups promotes cycloadditioh even to very unreactive dienes. The removal 
of the two sulfonyl groups for the required formation of the carbon-carbon double bond is promoted by reduction 
with metal amalgams in high yields. These properties, associated with the stability of the reagents and the ease 
of performance of the reactions, make this method a very useful synthetic tool for the preparation of polycyclic 
dienes and a valid alternative to the commonly available reagents that largely depend upon oxidative methods. 

The synthesis of cyclic and polycyclic 1,4dienes has been 
attracting the attention of several research groups for many 
years as they are important building blocks for the prep- 
aration of complex molecules. In fact the reactivity of 
these homodienes is of practical and theoretical interest 
in view of the forced conformation imposed by the cyclic 
or polycyclic arrangement. Depending upon the degree 
of conjugation of the two carbon-carbon double bonds, this 
class of dienes can experience [2 + 23 intramolecular, 
photochemical cycloaddition, di-7r-methane (Zmmerman) 
rearrangement, complexation with metals, and a variety 
of structural rearrangements. 

As shown in Scheme I, the most direct approach to the 
synthesis of these 1,Cdienes is the [4 + 21 cycloaddition 
of acetylene to 1,3-dienes. However, due to the low dien- 
ophilic reactivity of the triple bond as well as the hazards 
involved in handling acetylene under pressure and a t  high 
temperatures, this direct route can be used only with the 
most reactive dienes. As a consequence, several alternative 
procedures have been devised that are based on the use 
of acetylene equivalents (path b in Scheme I). These are 
characterized by a high dienophilic reactivity and by the 
fact that the activating groups can be readily removed to 
introduce the second carbon-carbon double bond in the 
molecule. Indeed, it is this second property that limits the 
scope of this synthetic approach. 

According to the Hendrickson model,’ the activating 
groups can be eliminated through oxidative, isohypsic, or 
reductive processes. The most common acetylene equiv- 

(1) Hendrickson, J. B. J, Am. Chem. SOC. 1971, 93, 6847. 
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alents (maleic anhydride, fumaric and maleic acid deriv- 
atives, etc.) belong to the f i t  class, but most of the several 
oxidation methods available2* present intrinsic drawbacks. 
Isohypsic acetylene equivalents- (acrylic acid derivatives, 

(2) von Doering, W. E.; Farber, M.; Sayigh, A. J. Am. Chem. SOC. 1952, 
74, 4370. 

(3) Criegee, R. “Oxidation in Organic Chemistry”; Wiberg, K. B. Ed.; 
Academic Press: New York, 1965; Part A, p 278. Rubottom, G. M. 
“Oxidation in Organic chemistry”; Trahanovsky, W. S. Ed.; Academic 
Press: New York, 1982; Part D, pp 81-89. 

(4) Radlick, P.; Klem, R.; Spurlock, S.; Sims, J. J.; van Tamelen, E. 
E.; Whitesides, T. Tetrahedron Lett. 1968, 5117. Westberg, H. H.; 
Dauben, Jr., H. J. Zbid. 1968, 5123. 

(5) Trost, B. M.; Chen, F. Tetrahedron Lett. 1971, 2603. 
(6 )  Snow, R. A.; Dagenhardt, C. R.; Paquette, L. A. Tetrahedron Lett. 

1976, 4447. 
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acetylene dicarboxylate, norbornadiene, etc.) present 
synthetic difficulties or require high temperatures for the 
removal of the activating functionalities, and the reductive 
acetylene equivalentsg (vinylene carbonate, halogenoolefins, 
etc.) are among the less reactive dienophilee. 

To circumvent the drawbacks encountered with reagents 
activated with carbonyl groups, a number of acetylene 
equivalents have recently been used which entail the ac- 
tivation by sulfur functionalities such as sulfoxides and 
sulfones. For example, vinyl sulfoxide (1) has been shown 
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by Paquette and Magnus'" to be a convenient reagent, but 
ita use is limited to very reactive dienes. The higher re- 
activity shown by the sulfone analogue 211 cannot be 
utilized because of the lack of an easy method to form the 

(7) MacKenzie, K. J.  Chem. SOC. 1960,473. 
(8 )  Zimmerman, H. E.; Grunewdd, G. L.; Paufler, R. M.; Sherwin, M. 

A. J. Am. Chem. SOC. 1969,91, 2330. 
(9) (a) Anderson, W. K.; Dewey, R. H. J. Am. Chem. SOC. 1973, 95, 

7161. (b) As an example: Alder, K.; Ache, H.-J.; Flock, F. H. Chem. Ber. 
1960,93, 1888. 

Am. Chem. SOC. 1978,100,1597. 
(10) Paquette, L. A.; Moerck, R. E.; Harirchian, B.; Magnus, P. D. J. 

(11) Carr, R. V. C.; Paquette, L. A. J. Am. Chem. SOC. 1980,102,863. 

N 

carbon-carbon double bond from sulfones. For this reason, 
reagent 3 has been devised,12 but the advantage gained in 
the eliminative step with the introduction of the silyl group 
was offset by the poorer dienophilic reactivity. Alterna- 
tively, the ethynyl sulfone (4)13 can be used but with a 
drawback due to the lower dienophilic reactivity of ace- 
tylenic compounds with respect to the ethylenic ones. The 
use of doubly sulfonyl-activated olefins of the type 5 and 
6 was not taken into consideration because of the lack of 
a method to convert the adducts into the desired olefin. 

Recently, we reported that 1,2-bis(phenylsulfonyl)- 
ethanes can be reduced with sodium amalgam in methanol 
to give the corresponding olefins and hence we opened the 
way to the use of the sulfone 5 as an acetylene equivalent.14 

Indeed, the value of this synthetic concept was initially 
demonstrated with the cycloaddition of 5 t o  cyclo- 
pentadiene, cyclohexadiene, cycloheptatriene, nor- 
bornadiene, and quadricyclane, all affording the expected 
cycloadducta 7a-lla (see Chart I). After reduction with 
sodium amalgam in methanol, these adducts gave the 
desired 1,4-dienes 12-16. 

13 14 12 
N w - 

27 28 
Y 

16 - 15 - 
(12) Paquette, L. A.; Williams, R. V. Tetrahedron Lett. 1981,22,4643. 
(13) Davis, A. P.; Whitham, G. H. J. Chem. Soc., Chem. Commun. 

(14) (a) De Lucchi, 0.; Modena, G. J. Chem. SOC., Chem. Commun. 
1980,639. 

1982, 914. (b) Phosphor Sulfur 1983, 14, 229. 
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Table I. Reaction Conditions, Yields, and Physical Constants for the Cycloadducts 
Derived by (Z)-1,2-Bis(phenylsulfonyl)ethylene ( 5 )  

cyclo- temp, yield, recrystallization 
adduct solvent "C t, h % mp: "C solvent microanal C, H found (calcd) 

7a CH,Cl, 25 3 98 263-264' CH,CI, 
8a toluene 111 14 91 304-306' toluene 62.06 (61.83), 5.02 (5.19) 
9a toluene 111 14 92 266-268 toluene 62.59 (62.97), 5.14 (5.03) 

10a toluene 111 24 92 334-336 CH,Cl, 
l l a  CH,Cl, 25 120 93 261-263 CHCl, 
32a neat 160 18 46 268-270 CH,C1,/EtOEtd 61.46 (60.94), 4.31 (4.23)' 

With partial decomposition. Lit.37 mp 240-249 "C (C,H,/EtOH). Lit.lgb mp 289 "C (dioxane). Dissolved in the 
minimum amount of CH,Cl, and ether added. e Calculated for C,,H,,Cl,O,S, since it crystallizes with one molecule of 

Furthermore we confirmed15 the higher reactivity of the 
E isomer 6 and showed that the adducts are equally labile 
towards reductive elimination. In fact, while less con- 
ventional dienes like furane (17), cycloheptadiene (18), 
cyclooctatetraene (COT) (19), indene (20), and /3-naphthol 
(21) proved to be unreactive toward 5, they provided the 
expected cycloadducts 22-26 in good yields and the dienes 
27 and 28 upon reductive elimination.16 

Finally, to expand the utilization of this reagent, we used 
it in the ene reaction with &pinene (29), to afford the 
adduct 30 which gave 31 on reduction (eq 1). To the best 

X 

29 
ry 

31 X= -SO Ph 
cv 2 

of our knowledge, this last example 
cedent in the literature. 

does not have pre- 

Herein we report in full on our work with sulfones 5 and 
6 as acetylene equivalents. Specifically we report on the 
range of dienes that can be used, on the stereochemistry 
of addition determined by NMR analysis of the adducts, 
and on the study of the elimination of the sulfonyl groups 
to give the desired unsaturated polycyclic molecules. 

Results and Discussion 
Synthesis of (2)- and (E)-l ,%-Bis(phenyl- 

sulfony1)ethylenes (5 and 6). The extended work by 
Truce et  al.17 on the reaction of phenylthiolate anion with 
chloroethylenes is the basis for the preparation of the 
dienophiles. Reaction of the commercially available 
(2)-1,2-dichloroethylene or of the cheaper (2)- and (E)- 
dichloroethylene mixture (as the E isomer does not react) 
with phenylthiolate gives in almost quantitative yields 
(2)-1,2-bis(phenylthio)ethylene which upon oxidation 
furnishes 5 (Scheme 11). 

The E isomer 6 may be obtained by the known thermal 
isomerization of (2)-l,Zbis(phenylthio)ethylene and sub- 
sequent oxidation or better by exposing a sample of 5 in 
CHzClz with a small amount of iodine to the sun light. 

(15) Sauer, J.; Wiest, H.; Mielert, A. Chem. Ber. 1964, 97, 3183. 
(16) De Lucchi, 0.; Modena, G. Tetrahedron Lett. 1983, 24, 1653. 
(17) Truce, W. E.; McManimie, R. J. J. Am. Chem. SOC. 1954, 76,5745. 
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Owing to the large difference in solubility between 5 and 
6 the E isomer nicely separates out of the reaction mixture 
thus driving the reaction to completion. 

Cycloaddition Reaction of (2)-l,%-Bis(phenyl- 
sulfony1)ethylene (5). The high dienophilic reactivity 
of 5 in Diels-Alder reactions has already been reported by 
several laboratories.18JQ The substrates investigated were 
open chain dienes, cyclopentadiene, cyclohexadiene, and 
anthracene. The latter gave a mixture of the meso and 
racemic adducts, likely derived by partial isomerization 
of 5 into 6 a t  the temperatures required by the reaction. 

Repetition of the reported work gave comparable results. 
Quite good results were also obtained in the reaction with 
several other dienes studied in order to define the limi- 
tation and potentiality of 5. 

The experimental data for the cycloadducts 7a-1 la are 
summarized in Table I. I t  should be noted that reaction 
conditions are relatively mild and that cis-trans isomeri- 
zation of 5 into 6 is promoted at  higher temperatures. 

The 'H and 13C NMR spectral data are collected in 
Table I1 (supplementary material). 

Besides the correct elemental composition determined 
by combustion analyses, the 'H and 13C magnetic param- 
eten and the measurement of NOE enhancements in more 
controversial cases were essential for the assignement of 
the structures. 

The 'H resonances of bridgehead protons and of protons 
cy to the sulfonyl groups are often well resolved multiplets 
and are particularly helpful for tho structure elucidation. 
The C, symmetry is shown by the limited number of res- 
onances in the aliphatic region, while the aromatic portion, 
which is not diagnostic, is composed of two multiplets in 
the region between 6 7.43-7.74 and 7.98-8.02. The vinylic 
protons, when present, show the typical pattern of similar 
adducts in the expected region (6 6.06-6.61). On the basis 
of simple acidity considerations and as a result of decou- 

(18) Snyder, H. R.; Hdada, D. P. J. Am. Chem. Soc. 1952,74,5595. 
(19) (a) Truce, W. E.; McManimie, R. J. J. Am. Chem. SOC. 1953, 75, 

1672. Ib) Albera D.: Luciani, G.; Montanari, F. Boll. Sci. Fac. Chim. Ind. 
Bologna 1960, 18, 52. 
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Table 111. Percent NOE Enhancements of Nonaromatic Resonances in Adducts 10, 11, 26, and 26" 
10 11 26 26' 

A B (A}B A{B} A B {A}B A{B} A B (A}B A{B} {A}B A{B} 
l ( 7 )  2(3)  5.7 5.2 l ( 6 )  2 ( 5 )  5.1 4.8 1 3 0 0 0 0 

4 0 0.9 3 (4) 2.1 3.3 3' 0 0 0 0 
5 1.7 5.3 7 (8) 6.7 5.7 4 c  C 0 0 
6 7.5 7.7 9 3.8 4.3 5 c  C 0 0 
8 (9) 4.3 5.3 9' 3.8 2.9 6 13.7 13.3 13.3 13.1 

9.8 9.5 2(5)  3 (4) 1.7 2.2 3 3' 35.6 33.5 38.1 37.5 
0 0 7 (8) 3.4 2.4 4 5.0 3.3 7.1 4.2 5 

6 0 0 9 0 0 5 0  0 -2.5e -l.Se 

2 ( 3 )  4 

8 (9) 5.0 7.3 9' 0 0 6 0  0 0 0 

6 0 0 9 -3.0b -2.4b 5 0  0 8.3 5.3 
0 9' 9.9 7.8 6 3.3 2.7 0 0 

5 6 12.5 2.1 7 (8) 9 0 0.7 4 5 c C 6.7 7.4 
8 ( 9 )  0 

0 9' 0 0 6 0  0 C C 8 ( 9 )  0 

4 5 1.7 10.0 3 ( 4 )  7 ( 8 )  0 0 3' 4 4.8 3.3 4.3 3 .O 

6 8 ( 9 )  0 0 9  9' 31.1 33.4 5 6 7.7d 3.3 4.0 3.8 
a Errors are estimated to be not greater than 2%. Negative enhancement due to the uasilinearity of 3 (4), 9', and 9 

protons. 
bation of H, proton. e Negative enhancement due to the quasilinearity of 3, 3', and 5 protons. 

Not measurable because of the proximity of the corresponding resonances. a Enhancement caused by pertur- 

Table IV. Reaction Conditions, Yields, and Physical Constants for the Cycloadducts Derived 
from (E!-l,2-Bis(~henvlsulfonvl~ethvlene (6) 

cyclo- temp, yield, recrystallization microanalysis C, H 
adduct solvent "C t, h % mp? "C solvent found (calcd) 

7b CH,Cl, 25 1 98 153b EtOEt 
8b toluene 111 1 97 151' EtOEt 62.17 (61.83), 5.07 (5.19) 
9b toluene 111 15 92 176-177 CH,Cl,/EtOEt 62.90 (62.97), 4.83 (5.03) 

57.15 (57.43), 4.26 (4.28) 22 CH,Cl, 25 48 94 216-226 CH,Cl, 
23 toluene 111 48 77 141-142 CH,Cl,/EtOEt 62.86 (62.66), 5.42 (5.51) 
24 o-DCBd 160 12  84 155-156 EtOEt 64.23 (64.05), 4.60 (4.89) 
25 o-DCBd 160 14 22 87-88 EtOEt 65.17 (65.07), 4.99 (4.75) 

38 91-92 EtOH 63.83 (63.69), 4.76 (4.45) 
2o 41 239 CH,Cl,/EtOEt 63.55 (63.69), 4.40 (4.45) 

26 
26' 
30 toluene 111 12  90 125-126 EtOEt 64.96 (64.83), 6.22 (6.35) 
32b neat 170 24 89 216 CH,Cl,/EtOEt 69.51 (69.11), 4.54 (4.56) 

a With partial decomposition. Lit.j7 mp 257-259 "C (C,H,/EtOH). Lit.lgb mp 153-154 "C (EtOH). o-Dichloro- 

neat 170 

benzene, 

pling experiments we assign the absorptions at  fields im- 
mediately higher than the olefinic region to the protons 
a to the sulfonyl groups. 

Also the resonances of the bridgehead carbons in the 13C 
NMR spectrum exhibit characteristic doublets in the 6 
32-48 range, while those adjacent to the sulfonyl groups 
are doublets in the 6 70.0-71.5 range. Vinylic carbon 
resonances are located in the aromatic region together with 
those of the phenyl groups (6 127-142 range). 

Concerning the stereochemistry of the addition of 
(2)-ethylene 5 to the cyclic dienes, we observed that the 
usual endo selectivity found in the addition of carbonyl- 
substituted olefins (Alder rule), due to the well-known 
secondary orbital interactions, is followed in many cases. 
Indeed the set of coupling constants in the proton NMR 
spectra is in agreement with the endo assignment (cyclo- 
adducts 7a-9a). 

However an exception was encountered in the stereo- 
chemical assignment of the adduct 10. In fact in this case 
the protons a to the sulfonyl groups, H8 an Hg, resonate 
as a singlet a t  4.01 ppm, which shows no measurable 
coupling with the vicinal H1 or H7 protons. This fact is 
more in agreement with the exo configuration, where the 
dihedral angle between H, and HE (or H1 and H,) is close 
to 90°, than with the endo configuration. This assignment 
is corroborated by the measurement of NOE enhance- 
ments (the results are reported in Table 111). No en- 
hancement is observed between the H6 and the HE (H,) 
protons. On the other hand the latter give a measurable 
enhancement with the bridgehead H1 (H7) protons, thus 

confirming the exo configuration. 
The exo mode of addition of the (2)-ethylene 5 to nor- 

bornadiene is different from that observed for the addition 
of other dienophilesZ0 which, as can be anticipated by the 
consideration of secondary orbital interactions, proceeds 
to give mostly the endo adducts. It is reasonable to sup- 
pose that in our case steric effects predominate over the 
electronic control in directing the stereoselectivity. 

Similar lH NMR considerations have lead to the as- 
signement of structure 11 to the adduct of 5 and quadri- 
cyclane.21 In fact, of the four possible structures shown, 
the endo structures 11'' can be excluded in view of the 
well-established stereochemistry for the addition of other 
dienophiles and of the nature of the diene obtained from 
reductive elimination of the sulfonyl groups (see below). 
As for the exo structures 11 and 1 1', the coupling constant 
between H2 and H, (or H4 and H5), which is less than 1 
Hz, suggests the exo,endo structure 11 where, as shown by 
Dreiding models, the dihedral angle between these protons 
is close to 90°, whereas a dihedral angle of ca. 120° is found 
for the exo,exo isomer 11'. 

Also in this case a more definite answer is given by NOE 
measurements (cf. Table 111). Particularly revealing is the 
negative and positive enhancements found for Hg and Hi ,  
respectively, upon perturbation of H, (H4) or for H3 (H4) 
and H i ,  respectively, upon perturbation of H9. These 

(20) Tabushi, I.; Yamamura, K.; Yoshida, Z.; Togashi, A. Bull. Chem. 

(21) Smith, C .  D. J.  Am. Chem. SOC. 1966,88, 4273. 
SOC. Jpn. 1975,48, 2922. 
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the reaction is easily monitored by the disappearance of 
any precipitate in the reaction mixture. The opposite was 
generally observed with the 2 isomer. 

Though evident by the data reported in Table IV, the 
reactivity of 6 deserves some comments. The Diels-Alder 
addition to furane was reported not to occur in benzene 
even under reflux. When carried out in chlorinated sol- 
vents, such as chloroform or methylene chloride, the re- 
action is instead very facile and produces 22 in quantitative 
yields. The reason for this discrepancy with the literature 
may be due to the change in the reaction conditions and 
to the insolubility of this particular adduct in chlorinated 
solvents. Probably in other solvents the retro Diels-Alder 
process is thermodynamically favored. 

The different reactivity of 5 and 6 is shown by the 
smooth reaction of 6 with 1,3-~ycloheptadiene (18) and 
cyclooctatetraene (COT) (19), whereas 5 does not react.22 
In the case of COT a second adduct, probably derived by 
cycloaddition to the dimeric forms of COT, is also pro- 
duced in variable amounts depending upon the reaction 
conditions. To avoid this side reaction a minimum excess 
of COT and a special procedure, described in the Exper- 
imental Section, has to be used. 

Indene reacts with 6 to afford the benzonorbornene 
adduct 25 albeit in low yields. The mechanism is probably 
as illustrated in eq 2 with the intermediancy of isoindene, 

X 
10' 
/y 

X=-SO Ph 
2 

. .I 

11 
N 

findings indicate the proximity of the H3 and H4 protons 
to Hg' and a quasilinear arrangement of Hg, H i ,  and H3 
(H4), Hg' being in the central position. Of the four po- 
tential adducts for l l ,  such an arrangement is found only 
in the exo,endo isomer 11. 
As the stereochemistry for the addition to quadricyclane 

is similar to that found with other dienophiles, the anom- 
alous stereochemistry observed for the addition to nor- 
bornadiene is actually to be attributed to steric factors. 
In conclusion the stereochemistry for the addition of 5 is 
governed by secondary orbital interactions but to a lesser 
extent than in the case of carbonyl-activated dienophiles. 
Steric effects may sometimes become predominant in 
directing the stereoselectivity. 

The reactivity of 5 toward cyclic dienes is such that it 
may be classified among the rather reactive dienophiles. 
Indeed, in the series of cyclic penta-, hexa-, and hepta- 
dienes, where the reactivity decreases with the ring size 
because of decreasing ring strain and/or coplanarity of the 
4?r system, 5 reacts up to cyclohexadiene but not with the 
last one. 

However 1,3-cycloheptadiene and other less reactive 
dienes, which resisted the attack of @)-ethylene 5, un- 
derwent successful addition with the more powerful 
(E)-1,2-bis(phenylsulfonyl)ethylene (6). Some examples 
are discussed in the next section. 

Cycloaddition Reactions of (E)-l,%-Bis(phenyl- 
sulfony1)ethylene (6). The experimental data for the 
new cycloadducts 9b, 22-26, and 30 are summarized in 
Table IV. For sake of completeness, the table also reports 
physical data and NMR spectral parameters for the al- 
ready known adducts 7b, 8b, and 32b. 

The analysis of the proton NMR spectra, though more 
complex than in the case of the isomeric Z adducts due 
to the absence of any molecular symmetry, is often 
straightforward. In fact, the nonaromatic absorptions, 
which appear as complex multiplets a t  60 MHz, are sep- 
arated in the 200-MHz spectra. Their assignment is as- 
sured by consideration of the coupling constants and by 
decoupling experiments. As a general trend the sequence 
of resonances from low to high fields is olefinic, a! to sul- 
fonyl, bridgehead, and aliphatic hydrogens. The same 
trend is assumed in the 13C spectra. Because the as- 
signement is difficult and ambigous, we do not report the 
carbon phenyl resonances in Table V (supplementary 
material). 

I t  is interesting to note that the solubility behavior 
during these cycloadditions is the opposite to that observed 
in the case of the (2)-ethylene 5. In fact, while the (E)- 
ethylene 6 is sparingly soluble in the solvents used, the 
adducts are much more soluble, so that the completion of 

( e q . 2 )  

X=-SO Ph 2 
formed by an allowed 1,5-suprafacial sigmatropic shift. 
The only precedent to this reaction is presented by the 
addition of maleic anhydride.23 

The reaction of 6 with &naphthol produces in good yield 
a mixture of two products, 26 and 26', that were separated 

0 

X 26 ' x 
N 

26 

X=-SO Ph 2 

by silica gel column chromatography. 
The 'H NMR spectroscopic analysis of the stereochem- 

istry of the two adducts is not straightfwward; however 
a reasonable hypothesis of their structures as indicated in 
26 and 26' may be formulated. Of some diagnostic value 
is the inspection of methylenic resonances. They give rise 
to an AB system, further split because of coupling with 
the bridgehead protons. The high-field part of the system 
is to be attributed to the proton syn to the benzene ring 

(22) The only product isolated from the reaction of 5 with COT (19) 
was a cycloadduct with dimeric forms of COT but whose structure could 
not be exactly assigned because it was insoluble in the most common 
solvents. 

(23) Alder, K.; Pascher, F.; Vagt, H. Chem. Ber. 1942, 75, 1501. Hu- 
ebner, C. F.; Strachan, P. L.; Donoghue, E. M., Cahoon, N.; Dorfman, L.; 
Margerison, R.; Wenkert, E. J.  Org. Chem. 1967,32, 1126. 
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because of the shielding effect of the aromatic electronic 
anisotropy. This multiplet is a doublet of doublets (at 6 
2.40) in the isomer which elutes later (mp 239 “C) but 
shows a further splitting (at 6 2.21) in the isomer eluted 
earlier (mp 91-92 “C). It is reasonable to attribute the 
splitting to a coupling with H5 in structure 26, which is the 
only proton a to a sulfonyl in a W arrangement. This 
assignment is substantiated by decoupling experiments. 

Further support of the assignement is provided by NOE 
measurements. The perturbation of the low-field part of 
the AB methylenic system (at 3.32 and 2.72 ppm respec- 
tively for 26 and 26’) induces a 3.0 and 6.8 enhancement 
of H5 in the first and second eluted isomers, respectively. 
These findings are in accordance with the proposed 
structures as judged from examination of Dreiding models. 

As a final point, the ene reaction of @-pinene is an ad- 
ditional example of the broad range of applications of 6. 
The ‘H and 13C spectra of the resulting cycloadduct 30 are 
well in agreement with those obtained by cycloaddition of 
other dienophiles.% The proposed structure is c o n f i i e d  
by the reductive desulfonylation to the hydrocarbon 31. 
Note that a-pinene does not react with 6 under the em- 
ployed conditions; to the best of our knowledge no eno- 
philic reactions of a-pinene with C=C dienophiles have 
been reported, even with maleic anhydride. 

Reductive Desulfonylation of 1,2-Bis(phenyl- 
sulfony1)ethanes. It is a know, well-established synthetic 
procedure that sulfones can be reductively desulfonylated 
to the corresponding alkane. For example various metal 
amalgams25a or other reducing agents25b can mediate the 
transformation shown in eq 3. 
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sodium dihydrogen phosphate did afford the desired 
carbon-carbon double bond in good to excellent yields. 

wso2m - lu” 
1’ 

( e q .  3) 

In a similar way, unsaturated sulfones can be trans- 
formed into alkenes by treatment with sodium amalgam 
in methanol,% potassium graphite:’ Grignard reagents in 
the presence of nickel 

On the other hand, carbon-carbon double bond forma- 
tion is reported to  occur on reductive treatment of @- 
halogeno, hydroxy, acetate, or tosylate s u l f o n e ~ ~ ~  with a 
variety of reagents or of @-nitro sulfones31 with tri-n-bu- 
tyltin hydride. To the best of our knowledge, however, no 
examples have so far been reported on carbon-carbon 
double bond formation from @-disulfonylethanes. Indeed, 
sodium amalgam reduction of the cycloadducta derived by 
cycloaddition of either (2)- or (E)-1,2-bis(phenyl- 
sulfony1)ethylenes (5 and 6) in methanol buffered with 

or sodium d i t h i o n h m  

~~ ~ 

(24) Gladysz, J. A.; Yu, Y. S. J .  Chem. Soc., Chem. Commun. 1978, 
599. 

(25) (a) Trost, B. M.; Arndt, H. C.; Strege, P. E.; Verhoeven, T. R. 
Tetrahedron Lett. 1976,3477. (b) Luciani, G.; Montanari, F.; Tramon- 
tini, M. Gazz. Chim. Ital. 1960, 90, 731. 

(26) Pascali, V.; Umani-Ronchi, A. J. Chem. Soc., Chem. Commun. 
1973, 351. 

(27) Savoia, D.; Trombini, C.; Umani-Ronchi, A. J.  Chem. Soc., Perkin 
Trans. 1 1977, 123. 

(28) Fabre, J. L.; Julia, M.; Verpeaux, J.-N. Tetrahedron Lett. 1982, 
23, 2469. 

(29) Bremner, J.; Julia, M.; Launay, M.; Stacino, J.-P. Tetrahedron 
Lett. 1982,23, 3265. 

(30) Julia, M.; Paris, J.-M. Tetrahedron Lett. 1973,4833. Julia, M.; 
Uguen, D.; Callipolitis, A. Bull. SOC. Chim. Fr. 1976, 519. Lythgoe, B.; 
Waterhouse, I. Tetrahedron Lett. 1977, 4223. Kociensky, P. J. Chem. 
Ind. (London) 1981,548. 

(31) Ono, N.; Tamura, R. Nakatsuka, T.; Hayami, J.; Kaji, A. Bull. 
Chem. Soc. Jpn. 1980,53,3295. Ono, N.; Miyake, H. Tamura, R.; Ham- 
amoto, I.; Kaji, A. Chem. Lett. 1981, 1139. 

( e q .  4) 

X= OH, OAC, O T s  
= NO2 

= S02Ph 

On the basis of the general procedure described in the 
Experimental Section, the formation of the following hy- 
drocarbons was easily accomplished starting from the 2 
cycloadducta 7a-11: norbornadiene (12), 65% ; bicyclo- 
[ 2.2.21 octa-2,bdiene (13), 69 % ; tricycle[ 3.2.2.0294] nona- 
6,8-diene (14), 60%; tetracyclo[4.3.0.02~4.03~7]non-8-ene 
(deltacyclene) (15), 58 % ; tricyclo [ 4.2. 1.02t5]nona-3,7-diene 
(16), 59% yield. Of particular interest is the easy two-step 
preparation of 16, that has no comparable routes of syn- 
thesis as far as yields and simplicity of operations are 
concerned. 

Also the adducts derived from the cycloaddition of the 
E-ethylene 6 undergo reductive desulfonylation under the 
same conditions. Bicyclo[3.2.2]nona-6,8-diene (27) was 
obtained in 84% yield and tricycl0[4.2.2.0~~~]deca-3,7,9- 
triene (Nenitzescu hydrocarbon) (28) in 75% yield. 

The reported yields refer to isolated products. They 
have not been fully optimized and particularly for volatile 
products they are affected by losses in the workup. 

A preliminary study on the reductive elimination reac- 
tion, particularly from the point of view of yields and 
alternative reducing agents, was carried out on the adduct 
of 6 with anthracene 32b as the product; 2,3,5,6-dibenzo- 
bicyclo[2.2.2]octa-2,5,7-diene (dibenzobarralene) (33) is not 
volatile, due to its high molecular weight, under the workup 
conditions. Synthetically useful yields were obtained with 
the previously described procedure, Le., sodium amalgam 
in methanol buffered with NaH2P04.H20 as well as with 
sodium in refluxing toluene or with lithium amalgam in 
toluene. Concerning the first procedure, which was 
adopted as a general method for the reduction of the other 
adducts because of its simplicity and mildness, the effect 
of the buffer is critical. In fact, experiments in which no 
buffer or other salts were used gave erratic results and a 
mixture of products, among which the unsaturated com- 
pound 32, the vinylic sulfone 35, and the saturated ana- 
logues 34 and 36 were detected (see Experimental Section). 

S02Ph ,,, 
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Scheme I11 

De Lucchi et al. 

t 

t 
The reduction mediated by lithium amalgam in meth- 

anol, lithium in toluene, sodium in ether, aluminium 
amalgam in tetzahydrofuran-water,S2 tri-n-butyltin hydride 
in benzene,3l and sodium iodide in acetone% proved to be 
ineffective, giving back starting material as the only 
isolable product. A mixture of unidentified products were 
obtained by LiAlH4 reduction in ether, sodium sulfide in 
dimethylf~rmamide:~ and lithium or sodium in ethyl- 
amine.30 

Concerning the mechanism of desulfonylation, we be- 
lieve the key step involves electron transfer from the metal 
to the sulfonyl group. The generated radical anion may 
(a) expel a molecule of PhS02- and one of PhS02-, (b) be 
further reduced to produce a molecule of the olefin and 
two molecules of PhS02-, or (c) loose the two PhS02- 
fragments one at a time with the intermediate reduction 
of the neutral radical as illustrated in Scheme 111. 

These processes are supported by related precedents in 
the literature. For example the one electron transfer 
mechanism is supported by the work of Shevlin and co- 
workers.34 They showed that when a radical is generated 
@ to a sulfonyl group by n-Bu3SnH reduction of Bhalogeno 
sulfones, it expels PhSOy to afford olefins in good yields. 
Nitrosulfones are similarly eliminated.3l Finally, the work 
by U e n ~ ~ ~  has shown that allylic sulfones are desulfony- 
lated in a related mechanism, illustrated in eq 5. 

f -  "wSw 

- PhSO; - 
(eq. 5) 

Preliminary electrochemical results suggest a two-elec- 
tron transfer mechanism for the desulfonylation of 32b but 
more work is necessary to provide a more definite answer 
on the mechanism of the process, even though the pro- 

(32) Corey, E. J.; Chaykovsky, M. J. Am. Chem. SOC. 1966,87,1345. 
(33) Buckles. R. E.: Bader. J. M.: Thurmaier. R. J. J. O ~ R .  Chem. 1962. 

27, '4523. 
- 

(341 Boothe. T. E.: Greene. Jr.. J. L.: Shevlin. P. B. J. Ore. Chem. 1980. , .  . ,  I 

45, '794. 
- 

(35) Ueno, Y.; Aoki, S.; Okawara, M. J. Am. Chem. SOC. 1979, 101, 
5414. 

- P h S o i ,  -m; 

posed mechanism is widely supported by the electro- 
chemical reduction of @-halogeno sulfones.36 

Experimental Section 
Melting points are uncorrected. 'H and 13C NMR spectra were 

recorded on a Bruker WP 200 operating at 200.13 or 50.30 MHz, 
respectively. Alternatively a Varian EM 360A or a Bruker WP 
60, both operating at 60 MHz, were used. Microanalysis were 
performed by G. Biasioli of Prof. E. Celon's Laboratorio di Mi- 
croanalisi staff. Commercial reagents and solvents were purified 
to match reported phyaical and spectral data. Known compounds 
used in this research were either purchased from standard 
chemical suppliers or prepared according to literature procedures 
and purified to match the reported physical and spectral data. 
The yields, spectral data, and physical constants of all new 
compounds are collected in the tables. 
(Z)-l,2-Bis(phenylsulfonyl)ethylene (5). Compound 5 was 

prepared in ca. 80% overall yield by the reported proced~re:"~~~ 
mp 100-101 "C (ether) (lit." mp 99-100 "C, lit.97 89.5-90 "C); 'H 
NMR (CDCl, Me4Si) 6 6.82 (2 H, s), 7.54-7.76,8.08 (10 H, CsH5, 
m); 13C NMR (CDC13, Me&) 6 128.75 (d, Ph), 129.41 (d, Ph), 
134.49 (d, Ph), 139.91 (s, Ph), 140.66 (d). 

Met hod A. 
(2)-1,2-Bis(phenylthio)ethylene (81.0 g, 0.33 mol) was placed into 
a 100-mL round-bottomed flask and flame distilled at 14 torr; 
a single fraction was collected between 22Cb230 "C. The distillate 
(70.1 g, 87% yield) slowly solidifies on standing and contains a 
mixture of the two isomers in the approximate ratio E2 = 82. 
The mixture of isomers was directly submitted to oxidation. Thus, 
70.1 g (0.29 mol) of the mixture was placed into a 2-L, three- 
necked, round-bottomed flask equipped with magnetic spinbar, 
dropping funnel, and reflux condenser and dissolved in ca. 700 
mL of glacial acetic acid. While stirring at 0 "C, 200 mL of 36% 
H202 and few drops of concentrated H2S04 were added dropwise 
over 15 min. The ice bath was removed and replaced with an oil 
bath that was heated to ca. 120 "C. After 3 h, the colorless reaction 
mixture was cooled and the white crystals of (E)-1,2-bis(phe- 
nylsulfony1)ethylene (6) were fdtered off, 55.16 g (62% yield). The 
mother liquors were treated with Na2S205 to reduce the excess 
of oxidant and the solvent was removed (50 O C ,  14 torr) affording 
a colorless oil to which was added excess saturated aqueous 
Na2C03 until the evolution of C02 had ceased. CH2C12 (ca. 30 
mL) was added and the aqueous phase was extracted with more 
CH2C12 (2 X ca. 30 mL), washed with brine and water, and ro- 
toevaporated (30 O C ,  14 torr). The oily residue of (2)-1,2-bis- 
(phenylsulfony1)ethylene (5) was crystallized with ether affording 
bright, colorless plates, 20.35 g (23% yield). 

Method B. To a solution of 50 g (0.16 mol) of (Z)-1,2-bis- 
(phenylsulfony1)ethylene (5) in 100 mL of CH2C12 was added 
several crystals of iodine producing a homogeneous violet solution. 

( E ) -  1,2-Bis( phenyleulfony1)et hylene (6). 

(36) Gambino, S.; Martigny, P.; M o w t ,  G.; Simonet, J. J.  Electroa- 
nal. Chem. 1978,90, 105. Berdnikov, E. A.; Federov, S. B.; Kargin, Y. 
M. Zh. Obshch. Khim., Engl. T r s l .  1978,48, 798. 

(37) Parham, W. E.; Heberling, J. J. Am. Chem. SOC. 1955, 77, 1175. 
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Irradiation at 300 nm in a Rayonet photoreactor or exposure to 
sun light afforded a white precipitate. When the absence of the 
2 isomer was observed (TLC, CHzClz eluant, UV detection) the 
solid was fitered off and washed with a small amount of CHZClz, 
44 g (88% yield). It may be recrystalked from CH3CN mp 219.5 
"C (lit." 226-229 "C); 'H NMR (CDC13, Me4Si) 6 7.37 (2 H, s), 
7.57-7.tQ7.91 (10 H, C&, m); '3c NMR (CDC13, Me4Si) 6 128.55 
(d, Ph), 129.90 (d, Ph), 134.85 (d, Ph), 138.25 (s, Ph), 140.67 (d). 

A. Cycloadducts from (Z)-1,2-Bis(phenylsulfonyl)- 
ethylene (5). endo-2,3-Bis(phenylsulfonyl)bicyclo[2.2.1]- 
hept-5-ene (7a). To a solution of 0.5 g (1.6 mmol) of (2)-1,2- 
bis(phenylsulfony1)ethylene (5) in 5 mL of CHzClz contained in 
a 25-mL round-bottomed flask was added freshly distilled cy- 
clopentadiene (0.5 g, 2.2 mmol) and the solution swirled to ho- 
mogeneity. On standing white crystals separated, 0.6 g (98% 
yield). 
endo-2,3-Bis(phenylsulfonyl)bicyclo[2.2.2]oct-5-ene (sa). 

A 10-mL, screw-capped, heavy-walled Pyrex test tube was charged 
with freshly distilled 1,3-cyclohexadiene (0.3 g, 3.7 mmol) and 
(2)-1,2-bis(phenylsulfonyl)ethylene (5) (1.0 g, 3.7 mmol) in 2 mL 
of toluene. The test tube was sealed and immersed into an oil 
bath preheated at 120-130 "C. The reaction mixture soon became 
homogeneous and after some time a white solid separated. After 
stirring at this temperature overnight the reaction mixture was 
cooled and a little ether added to complete the precipitation. The 
solid was filtered with suction and washed with more ether. A 
white, crystalline solid was obtained, 1.15 g (91% yield). 
an ti-6,7-Bis(phenylsulfonyl)tricyclo[3.2,2,Oz~4]non-8-ene 

(9a). The procedure described for 8a was followed. Thus 1.0 g 
(3.2 mmol) of 5 and 0.5 g (5.4 mmol) of cycloheptatriene in 2 mL 
of toluene afforded 1.2 g (92% yield) of 9a. 

8,9-Bis( phenylsulfonyl)tetracyclo[ 4.3.0.02~4.03~7]nonane 
(loa). The procedure described for 8a was emp10yed.l~~ 

3,4-Bis( phenylsulfonyl)tricyclo[4.2.1.02~S]non-7-ene (1 la). 
The procedure described for 7a was emp10yed.l~~ 

meso - 1,2-Bis( phenylsulfonyl)-9,10-et hanoant hracene 
(32a). The described procedure1s was employed with the following 
modifications. A 25-mL, screw-capped vial was charged with 
(2)-1,2-bis(phenylsulfonyl)ethylene (5) (3 g, 9.73 mmol) and an- 
thracene (2.0 g, 11.22 mmol). The solid mixture was heated with 
stirring at 180 "C in an oil bath for 18 h The black molten mixture 
was then cooled and chromatcgraphed on a short silica gel (70-230 
mesh) colomn (ca. 81 weight ratio adsorbant to substrate) eluting 
with a gradient CH2C12/EtOEt mixture to afford three products 
which were pure by TLC (silica gel, eluant CHzClz, UV detection). 
The f i t  eluate was the excess anthracene, the second the racemic 
cycloadduct 32b (2.22 g, 47% yield) derived by the partial isom- 
erization of the dienophile under the reaction conditions. The 
third eluate was the meso cycloadduct 32a, 2.16 g (46% yield). 

B. Cycloadd ucts from ( E ) -  1 ,%-Bis( phenylsulfonyl) - 
ethylene (6). 2-exo,3-endo -Bis(phenylsulfonyl)bicyclo- 
[2.2.l]hept-5-ene (7b). A mixture of 0.5 g (1.6 mmol) of (E)- 
1,2-bis(phenylsulfonyl)ethylene (6) and 0.15 g (2.2 mmol) of cy- 
clopentadiene in 5 mL of reagent grade CHzClz were swirled 
occasionally for 1 h until fully dissolved. The solvent was partially 
rotoevaporated (30 "C, 14 torr) and ether was added. On cooling 
white crystals precipitated which were removed by suction fil- 
tration and air dried, 0.6 g (98% yield). 

2-exo,3-endo-Bis( phenylsulfonyl)bicyclo[2.2.2]oct-5-ene 
(8b). A sample of 6 (0.5 g, 1.6 "01) and 1,3-cyclohexadiene (0.25 
g, 3.12 "01) in 1.5 mL of toluene was prepared in a screw-capped 
vial and heated at 120 "C in an oil bath for 60 min. The solution 
became homogeneous and remained in this state on cooling to 
room temperature. Most of the solvent was stripped off from the 
pale yellow solution (60 "C, 14 torr) and ether added. The white 
precipitate was suction filtered, washed with a little cold ether, 
and dried, 1.1 g (97% yield). 

6-ex0,7-endo -Bis(p henylsulfonyl)tricyclo[ 3.2.2.02,4]non- 
Bene (9b). The procedure described for 8a was employed. Thus 
a mixture of 1.0 g (3.2 mmol) of 6 and 0.5 g (5.4 mmol) of cy- 
cloheptatriene afforded 1.2 g (92% yield) of a white, crystalline 
solid. 

7-Oxa-2-exo ,3-endo -bis( phenylsulfonyl)bicyclo[ 2.2.11- 
hept-Sene (22). To 2.0 g (6.4 mmol) of (E)-1,2-bis(phenyl- 
sulfony1)ethylene (6) partially dissolved in CHzClz (ca. 30 mL) 
was added 1.2 g (17.6 mmol) of furan while stirring. The white 
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suspension was stirred at room temperature for 6-7 h until all 
the solid had dissolved and the reaction mixture was transparent 
and colorless. Stirring was discontinued, the stirring bar was 
removed, and the solution was allowed to stand overnight. Ether 
was added to complete the precipitation and the white solid was 
filtered, washed with ether, and dried, 2.3 g (94% yield). 
~-exo,6-endo-Bis(phenylsulfonyl)bicyclo[3.2.2]non-7-ene 

(23). A screw-capped, heavy-walled, Pyrex test tube was charged 
with 0.5 g (1.6 mmol) of 6 and 0.35 g (3.7 mmol) of 1,3-cyclo- 
heptadiene in 2 mL of toluene. The reaction mixture was heated 
with stirring for 48 h at 150 "C to afford a brown homogeneous 
solution which was stripped of solvent by rotoevaporation (ca. 
60 "C, 14 torr); the residue was chromatographed through 70-230 
mesh silica gel (ca 1O:l weight ratio adsorbant to substrate) eluting 
with CHZCl2. The product crystallized by slow addition of ether 
to a concentrated solution of 23 in CHZClz, 0.5 g (77% yield). 

&ex0 ,6-endo-Bis(phenylsulfonyl)tricyclo[4.2,2.Oz~s]deca- 
3,9-diene (24). A screw-capped, 10-mL test tube was charged 
with 0.5 g (1.6 mmol) of 6 and 1.5 mL of o-dichlorobenzene and 
a small magnetic spinbar. The test tube was immersed into an 
oil bath preheated at 170 "C until all the solid had dissolved and 
cyclooctatetraene (0.25 mL, 2.2 mmol) was added. After sealing 
the reaction mixture was heated, while stirring, at 170 "C over- 
night. The completion of the reaction was signaled by cooling; 
when no more solid material precipitated the thick, pale yellow, 
oily product was distilled free (Kugelrohr) of the dichlorobenzene 
and the residue was chromatographed on 70-230 mesh silica gel 
(ca. 1O: l  weight ratio adsorbant to substrate) eluting with a 
gradient of petrolium ether/CHzC12. The product crystallized 
on adding ether to a concentrated CHzCl2 solution, 0.56 g (84% 
yield). 

2-exoI3-endo -Bis( phenylsulfonyl)-5,6-benzobicyclo- 
[2.2.l]hept-5-ene (25). A 10-mL, screw-capped test tube con- 
taining 1.0 g (3.2 mmol) of 6 and 0.6 g (5.2 mmol) of indene was 
purged for several minutes with a flow of argon, closed, and 
immersed into a preheated oil bath at ca. 160 "C for 14 h. After 
cooling, the resulting black solid was chromatographed through 
silica gel (70-230 mesh, ca. 15:l weight ratio adsorbant to substrate, 
eluant CHzClz). After a first fraction of hydrocarbons a slightly 
brown fraction containing the product was isolated. Several 
recrystallizations (CHzClz/EtOEt) gave colorless crystals, 0.15 
g (22% yield). 

2-Oxo-5-exo,6-endo - and 2-Oxo-5-endo ,6-exo -bis(phenyl- 
sulfonyl)-7,8-benzobicyclo[2.2.2 Joct-7-ene (26 and 26'). 
(E)-1,2-Bis(phenylsulfonyl)ethylene (6) (1.0 g, 3.2 mmol) and 
8-naphthol (1 g, 6.9 mmol) were stirred at 170 "C for 20 h. The 
resulting black reaction mixture was dissolved in CHzClz and 
chromatographed (70-230 mesh silica gel, ca. 15:l weight ratio 
adsorbant to substrate, eluant CHzClz). After a fraction containing 
the excess of P-naphthol, 26 was eluted as a colorless oil, which 
crystallized from EtOH, 0.55 g (38% yield). The eluant was 
replaced with a 9 1  mixture of CHzClz/EtOEt to elute 26' as 
colorless crystals that were recrystallized (CHzClZ/EtOEt), 0.6 
g (41% yield). 

3-Pinenyl- 1,2-bis (phenylsulfonyl) propane (30). Into a 
25-mL, round-bottomed flask was placed 0.4 g (2.9 mmol) of 
&pinene, 0.5 g (1.6 mmol) of 6, and 1.3 mL of toluene. The 
resulting reaction mixture was stirred at 150 "C overnight. The 
resulting clear yellow solution was rotoevaporated (60 "C, 14 torr) 
to a sticky solid which was crystallized from CHzCl2/EtOEt af- 
fording colorless crystals, 0.65 g (90% yield). 

Racemic 112-Bis(phenylsulfonyl)-9,1O-ethanoanthracene 
(32b). (E)-1,2-bis(phenylsulfonyl)ethylene (6) (5.0 g, 16.2 mmol) 
and anthracene (3.2 g, 18.0 mmol) were heated at 160-180 "C for 
24 h in a screw-capped vial. The resulting black material was 
dissolved in ca. 5 mL of CHzClz and chromatographed through 
70-230 mesh silica gel (ca. 101 weight ratio adsorbant to substrate, 
eluant CHzClz). After the first fraction (anthracene), the only 
other fraction was concentrated in vacuo, ether was added, and 
the crystals were fiitered, washed with ether, and dried, 7.0 g (89% 
yield). 

General Procedure for the Sodium Amalgam Reduction. 
A slurry of the bis(phenylsulfony1)ethylene adduct (2.5 mmol) 
and ca. 6 g of NaH2P0,.Hz0 in ca. 50 mL of methanol was purged 
with nitrogen gas. With efficient stirring sodium amalgam (2-6%, 
ca. an 8:l equivalent ratio sodium to substrate) was added in 
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portions. The reaction mixture was kept stirring overnight at room 
temperature, then filtered, poured into brine, and extracted (3 
X ca. 20 mL) with pentane. The extracts were washed with brine 
(3 X ca. 30 mL) and dried over anhydrous Na2SOI. Cautious 
rotoevaporation of the solvent (expecially for volatile products) 
afforded the unsaturated adduct which was characterized by 
comparison with authentic samples or by matching the spectral 
data with those reported in the literature. 
Bicyclo[2.2.l]hepta-2,5-diene (12). By the described pro- 

cedure 7a (1.0 g, 2.7 "01) was converted into norbornadiene after 
cautions rotoevaporation of the solvent (0 "C, 2+25 torr) as a 
virtually pure (except for solvent traces) colorless oil (0.16 g, 65% 
yield) whoee NMR parameters are identical with those reported.= 
Bicyclo[2.2.2]octa-2,6-diene (13). According to the general 

procedure described above, 13 was obtained, starting from 1.0 g 
(2.6 "01) of 8a, as a colorless semisolid (0.19 g, 69% yield) and 
identified by comparison of the 'H NMR spectral parameters with 
those of an authentic sample.39 
Tricyclo[3.2.2.02~']nona-6,8-diene (14). According to the 

procedure described above 14 was prepared, starting from 1.0 g 
(2.5 "01) of 9a, as a colorless semisolid (0.18 g, 61% yield) and 
characterized by the comparison of its 'H NMR spectrum with 
that of an authentic sample."0 
Bicyclo[3.2.2]nona-6,8-diene (27). According to the general 

procedure described above, 27 was prepared, starting from 1:O 
g (2.48 mmol) of 23a, as a colorless wax (0.26 g, 84% yield) and 
was characterized by comparison of its 'H NMR spectral data 
with those of an authentic sample.41 
Tricyclo[4.2.2.02b]deca-3,7,9-triene (28). From 1 g (2.4 mmol) 

of the precursor 24, using the described general procedure, 0.23 
g (74% yield) of Nenitzescu hydrocarbon 28 was obtained as a 
colorless semisolid and characterized by comparison of 'H NMR 
spectral data with those of an authentic sample.42 
2-(2-Propenyl)-6,6-dimethylbicyclo[3.1.l]hept-2-ene (1,4- 

Homonopadiene) (31). According to the described general 
procedure 31 was prepared from 0.3 g (0.68 "01) of the &pinene 
adduct 30 as a colorless oil: 0.11 g (93% yield); 'H NMR (CDC13, 
Me4&) 6 0.82 (3 H, CH3, s), 1.16 (1 H, H 7 d ,  d, J = 8.54 Hz), 1.26 
(3 H, CH3, s), 1.96-2.16 (2 H, m), 2.22 (2 H, m), 2.35 (1 H, m), 
2.70 (2 H, m), 4.96 (1 H, m), 5.03 (1 H, dm, Jd = 7.02 Hz), 5.23 
(1 H, H3, m), 5.63-5.86 (1 H, m); mass spectrum, m / e  162. 

5,67,8-Dibemzobicyclo[2.2~]octa-2,5,7-triene (33). (a) With 
Sodium Amalgam in Methanol/NaH2POI. Dibenzobarralene 
(33) was prepared by the general procedure described with sodium 
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amalgam in MeOH buffered with NaH2P04-H20, starting from 
3.0 g (6.16 mmol) of the racemic isomer 32, as a colorless solid 
(1.14 g, 91% yield, mp 118-119 "C (lit.'O 118.5-119 "C)) and was 
characterized by comparison of the 'H NMR spectral data with 
those of an authentic sample.1° 

(b) With Sodium in Toluene. To a solution of 32b (0.3 g, 
0.62 mmol) in ca. 20 mL of toluene (freshly distilled from Na) 
was added Na (0.1 g, 4.3 mol) in small pieces and the reaction 
mixture was refluxed for 2 h. Water was cautiously added, the 
mixture was fdtered into a eeparatory funnel, and the organic layer 
was washed twice with more water. Rotoevaporation of the solvent 
(20 OC, 14 torr) afforded a colorless solid (113 mg, 90% yield). 

(c) With Lithium Amalgam. Cycloadduct 32b (0.3 g, 0.62 
mmol) in ca. 20 mL of dry toluene was treated with 1 g of 3% 
lithium amalgam (4.32 mol of Li) for 14 h at room temperature. 
Workup as before gave 0.12 g (95% yield) of 33. 

Reaction of 32b'with Sodium Amalgam in MeOH (without 
Buffer). From the reaction of 0.5 g (1.03 "01) of 32b with 4% 
sodium amalgam in MeOH as previously described, a mixture of 
products was obtained which was separated by thick-layer 
chromatography (silica gel, eluant CH2C12). The first eluted 
material was ca. a 2:l mixture of the saturated and unsaturated 
hydrocarbon 33 and 34 (0.18 g), while the second fraction was a 
mixture of the sulfones 35 and 36 (ca. 10 mg), characterized by 
comparison of the 'H NMR spectral data with those of authentic 
material prepared as de~cribed.'~J~J~ The estimated mass balance 
accounted for ca. 96% of products. 

Reaction of 32b with Sodium Amalgam in MeOH/ 
Na2HPOI. The same reaction conducted with from 0.5 g (1.03 
mmol) of 32b, 6 g of sodium amalgam, and Na2HPO4-12H20 (ca. 
2 g) suspended in MeOH afforded, as shown by 'H NMR, a 
mixture of 33 and 34 (0.19 g) and traces of the sulfones 35 and 
36 for an estimated mass balance of ca. 98% of products. 
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