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NMR (200 MHz, CDCI,): 6 1.47 (9, 6 H, 2 CH3 on C4,), 1.70 (s, 
3 H, CH3 on C7), 1.85 (t, 2 H, H2 on C3,, J = 5 Hz), 2.12, 2.16, 2.17, 
2.32 (4 s,4 X 3 H, CH3 on C3,C5,,C7,, y d  Cg),3.80 (9, 3 H, OCH,), 
4.15 (t, 2 H, Hz on C2., J = 5 Hz), 5.61 (9, broad pic, 1 H, H4), 5.65 

16 Hz). 
Ethyl 9-(4',4',5',7',8'-pentamethyl-6'-chromanyl)-3,7-di- 

rnethyl-(22,4E,GE,8E)-nona-2,4,6,8-tetraenoate (28b) was 
obtained by the same procedure as the ester 28a from the ester 
22b, overall yield 60%, mp 110-112 'C dec. 'H NMR (200 MHz, 
CDCl,): 6 1.28 (t, 3 H, CH2CH3, J = 7 Hz), 1.32 (s, 6 H, CH3 on 
C4,), 1.81 (t, 2 H on C3,, J = 5 Hz), 2.08, 2.10, 2.13, 2.17, 2.20 (5 
s, 5 X 3 H, CH, on C3, C7, CS, C7,, and Cst), 4.12-4.23 (m, 4 H, 
CH2CH3 and H2 on C2,), 5.65 (9, 1 H, H2), 6.20 (d, 1 H, Ha, J = 

(d, 1 H, Ha, J = 16 Hz), 6.51 (s, 1 H, HZ), 6.90 (d, 1 H, Hg, J = 

16 Hz), 6.28 (d, 1 H, He, J = 11.5 Hz), 6.71 (d, 1 H, Hg, J = 16 
Hz), 7.01 (dd, 1 H, H5, J = 15 Hz, J = 11.5 Hz), 7.80 (d, 1 H, H4, 
J = 15 Hz). Anal. Calcd for C27H3603: C, 79.37; H, 8.88. Found: 
C, 79.59; H, 8.79. 
9-( 4',4',5',7',8'-Pentamethyl-6'-chromanyl)-3,7-di~ethyl- 

(22,4E,6E,8E)-nona-2,4,6,8-tetraenoic acid (30b) was obtained 
by saponification of the ester 28b, yield 60%, mp 195 "C dec. 'H 
NMR (200 MHz, CDClJ: 6 1.47 (s, 6 H, CH3 on C40, 1.82-1.87 
(m, 2 H, CH, on C,,), 2.08, 2.13, 2.18, 2.22, 2.28 (5 s, 5 X 3 H, CH3 
on C3, C,, C5,, C7,, and CSO, 4.13-4.18 (m, 2 H, CH2 on C20, 5.65 
(9, 1 H, HzJ, 6.15 (d, 1 H, Ha, J = 16 Hz), 6.28 (d, 1 H, H,, J = 
10 Hz), 6.71 (d, 1 H, Hg, J = 16 Hz), 7.06 (dd, 1 H, Hg, J = 15 
Hz, J = 10 Hz), 7.73 (d, 1 H, H4, J = 15 Hz). Anal. Calcd for 
C25H3203: C, 78.91; H, 8.48. Found: C, 78.77; H, 8.61. 
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Structurally specific syntheses of isomerically pure 6-substituted bicyclo[2.2.l]hept-5-en-2-one ketals were 
explored. A conversion of the Diels-Alder adduct of itaconic anhydride with cyclopenta-1,3-diene into a ketal 
of 6-methylbicyclo[2.2.l]hept-5-en-2-one was accomplished, but the last step, an oxidative vicinal bisdecarboxylation, 
gave only a 35% yield. The ethylene ketal of 6-methylbicyclo[2.2.l]hept-5-en-2-one was prepared in 80% overall 
yield from bicyclo[2.2.l]hept-5-en-2-one by a regioselective replacement of hydrogen with a methyl group. Practical 
syntheses of the 6-bromo, 6-carbomethoxy, 6-phenylthio, and 6-trimethylsilyl analogues were accomplished similarly. 

We  recently demonstrated that carbonyl-masked de- 
rivatives of 6-methylbicyclo[2.2.1] hept-5-en-2-one (3) are 
valuable intermediates for t h e  total  synthesis of spatane 
diterpenes.' A Diels-Alder strategy provides a practical 
route t o  multimolar quantities of 6-methylbicyclo[2.2.1]- 
hept-5-en-2-one (3) from methyl-l,3-~yclopentadiene (1) 
and vinyl acetate (2)2 since the  isomeric coproducts 4 and  
5 are separable by spinning-band distillation.2d However, 

1 2  3 4 5 

(1) Salomon, R. G.; Sachinvala, N. D.; Raychaudhuri, S. R.; Miller, D. 
B. J. Am. Chem. SOC. 1984, 106, 2211. 

(2) (a) Krieger, H.; Mason, S.-E. Suomen Kernistilehti E 1970,43, 318. 
(b) Mason, %E.; Krieger, H. Ibid. 1969,42, 1. (c) Brown, H. C.; Peters, 
E. N.; Ravindranathan, M. J. Am. Chem. SOC. 1975,97,7449: the pro- 
cedure is easily performed on a multikilogram scale, and the reported 
yield of 3 can be more than doubled by employing Swern rather than 
Jones oxidation of intermediate methylbicyclo[2.2.l]hept-5-enols. (d) 
Goering, H. L.; Chang, C.-S. J .  Org. Chem. 1975, 40, 2565. 
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Scheme Io 

(a) Ethylene glycollp-TsOH/ benzene/Dean-Stark trap/ boil 
2.5 h; (b) p-TsOH/THF/H20/boil/48 h, then CH2N2/ether; (c) 
borane/THF; (d) t-BuOH/t-BuOK/BrCH,COOMe, then 1 N 
NaOH/H,O2 

ethylene ketalization of 3 gave the ketal in disappointingly 
low yield (vide infra) under conditions t h a t  give a n  ex- 
cellent yield of ketal from the  6-unsubstituted analogue 
bicyclo[2.2.1] hept-5-en-2-0ne.~ To improve the availability 

(3) Monti, S. A,; Yuan, S .3 .  J .  Org. Chem. 1971, 36, 3350. 
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of such potentially useful intermediates and obviate the 
necessity for a tedious separation of undesired isomeric 
coproducts, structurally specific syntheses of isomerically 
pure 6-substituted bicyclo[2.2.l]hept-5-en-2-one ketals 
were explored. 
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Results and Discussion 
Ethylene Ketalization of 3. Unfortunately, fragmen- 

tation producing 7 competes with ketalization of 3 (Scheme 
I). The structure of the byproduct 7 was confirmed by 
an unambiguous synthesis. Hydroboration of methyl- 
cyclopenta-1,3-diene (8) generates borane 9, which gave 
ester 10a in low yield upon reaction with methyl bromo- 
acetate., Both 7 and 10a afford the same acid 10b upon 
hydrolysis. The profound influence of the methyl group 
in 3 undoubtedly stems from its ability to stabilize a pivotal 
carbenium ion intermediate 11. A similar mechanism 
accounts for the acid-catalyzed fragmentations of bicy- 
clo[2.2.l]heptenols 12h and 12m to cyclopentenes 10h and 
jom.5 

12h, R E  H IOh, R = H (99%) 
10m, R = CH3 (90%) 12m, R = CH3 

Two intriguing strategies for syntheses of ketals 13 of 
3 depend on regioselective functionalization of readily 
available Diels-Alder adducts 14 and 15. The starting 
material 14 contains the unsaturation of 13 in latent form 
as a vicinal dicarboxylic acid, and requires regioselective 
addition of oxygen functionality at the 6-position. The 
starting material 15 contains the oxygen functionality of 
13 in latent form as an a-chloronitrile, and requires ad- 
dition of a methyl substituent a t  the 6-position. 

1 3  15 

A Synthesis from Citraconic Anhydride. Regiose- 
lective functionalization of the 5,6-C=C bond in 14 is 
readily achieved (see Scheme 11) by acid-catalyzed addition 
of the endo-2-carboxyl group.6 The preference for this 
cyclization over the alternative possibility involving the 
endo-3-carboxyl group may arise from a decrease in steric 
strain between the 2-methyl group and syn-7-H concom- 
itant with the former but not the latter cyclization. The 
influence of the C(2) methyl substituent on the stability 
of the lactone in 16a is evident from the contrasting be- 
havior of the unsubstituted analogue 16b upon saponifi- 
cation with KOH followed by oxidation with NaIO, and 
RuOD Under these conditions 16b is transformed into 18b 
in 68% yield,'. but we recovered 16a unchanged presum- 

(4) Brown, H. C.; Rogic, M. M.; Rathke, M. W.; Kabalka, G. W. J. Am. 

(5) Lajunen, M.; Lyytikainen, H. Acta Chem. Scand. 1981, A35, 139. 
(6) Nazerov, I. N.; Kucherov, V. F.; Bukharov, V. G. Bull. Acad. Sci. 

Chem. Soc. 1968, 90, 818. 

USSR, Diu. Chem. Sci. 1967, 95. 

Scheme 11" 

16a, R = CH3 0 
1 4  16b, R - H  

Wa, R - CH3 3 
lab, R = H  

(a) 60 OC/24 h; (b) 50% H2S04/60 O C / 2  h; (c) LAH/THF; (d) 
KMnO,/NaOH; (e) Pt anode (300 mA)/Et3N/pyridine-H20 
(9:1)/18-20 OC/32 h. 

ably because this lactone is refractory toward cleavage by 
base. Cleavage of the lactone was therefore achieved re- 
ductively. Oxidation of the intermediate triol 17 proceeded 
smoothly, delivering the keto diacid 18a in excellent yield 
upon treatment with KMnO, in NaOH. The efficacy of 
this reagent was unexpected since it has been suggested 
that "oxidations of the type 19 - 20 using KMnO,/HO- 
give poor yields".'" 

Thus, the penultimate product of Scheme I, the vicinal 
dicarboxylic acid 18a, is readily available by a short and 
efficient synthesis from citraconic anhydride and 1,3- 
cyclopentadiene. Oxidative bisdecarboxylation providing 
alkenes in good yields from vicinal dicarboxylic acids has 
been accomplished in several cases. However, oxidative 
bisdecarboxylation of 18a could not be achieved in satis- 
factory yield with any of the reagents or reaction conditions 
examined. Reaction with Pb(OAc), under a variety of 
conditions* failed to deliver more than a few percent yield 
of the desired unsaturated ketone 3. Reaction of keto 
diacid 18a with CuzO and 2,2'-dipyridyl in quinolineg gave 
a 10% yield of 3. The best yield of 3,24%, was obtained 
by electrochemical oxidative decarboxylation of 18a in 
aqueous pyridine-triethylamine.lo 

Keto diacid 18a was converted into the corresponding 
ketal diacid 21c through an intermediate diester 21a. 
Interestingly, bissaponification of 21a could only be 
achieved under harsh conditions (KO-t-Bu/DMS0/70 
"C/ 12 h). Under milder conditions only monosaponifi- 
cation producing 21b occurred, presumably owing to steric 
congestion around the carbomethoxyl at position 6. Yields 
for oxidative decarboxylation of 21c were somewhat im- 
proved in comparison with those from the keto diacid 18a, 
perhaps because the unsaturated ketal product 22 is less 
volatile than the unsaturated ketone product 3. Reaction 

(7) (a) Moriarty, R. M.; Gopal, H.; Adams, T. Tetrahedron Lett. 1970, 
4003. (b) Gopal, H.; Adams, T.; Moriarty, R. M. Tetrahedron 1972,28, 
4259. 

(8) (a) Chapman, N. B.; Sotheeswaran, S.; Toyne, K. J. J. Chem. SOC., 
Chem. Commun. 1965, 214. (b) Cimarsti, C. M.; Wolinski, J. J. Am. 
Chem. SOC. 1968,90, 113. (c) Wagner, H. P. Org. React. 1972, 19, 362. 
(d) Thummel, R. P.; Natukul, W. J. Org. Chem. 1977, 42, 300. 

(9) Snow, R. A.; Degenhardt, C. R.; Paquette, L. A. Tetrahedron Lett. 
1976, 4447. 
(10) (a) Westberg, H. H.; Dauben, H. J., Jr. Tetrahedron Lett. 1968, 

5123. (b) Ebberson, L.; Utley, J. H. P. In Organic Electrochemistry, 2nd 
ed.; Baizer, M. M., Lund, H., Eds.; Marcel Dekker: New York, 1983; p 
457 and references cited therein. 
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188 + R'OOC 0 H 3 C $ 4 - - - 2 3 C + - - &  30-35% 
R'OOC 

218. R' - RZ = Me 

21c, R' = R~ = H 

22 
21 b. R' = Me, RZ = H 

of 21c with Pb(OAc), in pyridine8b provided unsaturated 
ketal 22 in 7% yield, while reaction with CuzO and 2,2'- 
dipyridyl in pyridine or quinolineg delivered 22 in 20% 
yield. Again, the best yields of oxidative vicinal decar- 
boxylation were achieved elctrochemically. With a ho- 
mogeneous reaction mixture in aqueous pyridine-tri- 
ethylamine'O the desired unsaturated ketal 22 was obtained 
in 20-25% yields. Some improvement was realized by 
using a two-phase reaction mixture. Thus, electrochemical 
oxidative vicinal bisdecarboxylation of 21c in aqueous 
pyridine-triethylamine overlayered with n-heptane re- 
producibly delivered unsaturated ketal 22 in 30-35% 
yields. 

Synthesis from a-Chloroacrylonitrile. Particularly 
attractive as a starting material is the unsubstituted bi- 
cyclo[2.2.l]heptenone 23, which is readily available in 
multimolar quantities from inexpensive starting materi- 
a l ~ . ~ ~ , ~ ~  Thus, Diels-Alder reaction of 1,3-cyclopentadiene 
with a-chloroacrylonitrile provides an a-chloronitrile 15, 
which is readily hydrolyzed in basic aqueous DMSO to 
afford 23 in 70% yield overall. A remarkably regioselective 
functionalization of the 5,6-C=C bond in 23 can be ac- 
complished through bromoselenation-deselenation as 
outlined in Scheme 111. Homoconjugative electron do- 
nation by the carbonyl group favoring electronic deficiency 
at  the 6-position in an intermediate selenonium ion may 
account for the regioselectivity of the electrophilic addi- 
tion.I3 Alternatively, steric hindrance by the 3-endo hy- 
drogen of endo attack a t  the 5-position may orient the 
addition. Whatever the reason, the selenide 24 is obtained 
quantitatively as a crystalline solid (mp 75-7 "C) upon 
reaction of 23 with phenylselenyl bromide. Subsequent 
oxidative deselenation under carefully controlled condi- 
tions (see Experimental Section) provides 6-bromo- 
bicyclo[2.2.1]hept-5-en-2-one (25) in 91 % yield overall from 
the hydrocarbon 23. Moreover, diphenyl diselenide can 
be recovered by reduction of PhSeOpH with NaHSO,. 
Since a vinyl bromide is less reactive than the corre- 
sponding methylalkene toward protonation, a fragmenta- 
tion of vinyl bromide-ketone 25 analogous to that observed 
during ketalization of 6-methylbicyclo[2.2.l]hept-5-en-2- 
one (3) does not occur. Rather, ketal 26 is obtained 
quantitatively from ketone 25. 

Nucleophilic methylation of vinyl bromide-ketal 26 with 
lithium dimethyl~uprate'~ was plagued by metal-halogen 
exchange followed by protonation during aqueous workup 
of the organocopper derivative from 26. The resulting net 
reductive debromination14J5 produces the ethylene ketal 
27 of the starting ketone 23 instead of the desired me- 
thylation product 6. Addition of methyl iodide to the 

La1 and Salomon 

(11) Krieger, H. Suomen Kem. 1963, B36, 68. 
(12) Freeman, P. K.; Balls, D. M.; Brown, D. J .  Org. Chem. 1968,33, 

(13) Carrupt, P.-A.; Vogel, P. Tetrahedron Lett. 1982, 23, 2563. 
(14) Corey, E. J.; Posner, G. H. J.  Am. Chem. SOC. 1967, 89, 3911. 
(15) (a) Corey, E. J.; Katzenellenbogen, J. A.; Posner, G. H. J .  Am. 

Chem. SOC. 1967,89,4245. (b) Corey, E. J.; Posner, G. H. J.  Am. Chem. 
SOC. 1968,90,5615. (c) Normant, J. F. Synthesis 1972,63. (d) Klein, J.; 
Levene, R. J.  Am.  chem. SOC. 1972,94, 2520. (e) Baird, M. S. J. Chem. 
Soc., Chem. Commun. 1974, 196. (f) Reaction of bromo ketal 26 with 
(CH&CuLi in ether at -60 to 0 OC followed by addition of aqueous 
NHdOH delivered a 1:3 mixture of 6 and hydrodebromination product 
27, respectively. 

2211. 

1-BuLi Li&o~ - 2 6  - 
O d  O d  

1) Me2CuLi 
12) H20 2 8  6, R = CHj (92%) 

29. R = SiMe, (93%) 1 -  - .  . 
CHzNz 

30, R = SPh (89%) 
31, R = COOH 
32, R = COOMe (88%) 3 MeOOC '&J- 0 0 

2 7  3 3  

reaction mixture prior to aqueous workup improved the 
6 to 27 ratio only slightly. Apparently the vinylcopper 
intermediate produced by metal-halogen exchange is only 
poorly reactive toward methylation. We therefore pre- 
pared the more reactive vinyllithium derivative 28 from 
vinyl bromide 26 by lithium-bromine exchange. Electro- 
philic methylation of 28 with methyl iodide delivered the 
target methylalkene 6 in excellent yield. Other 6-substi- 
tuted bicyclo[2.2.l]hept-5-en-2-one ketals 29-31 were also 
readily available from 28 by silylation, phenylsulfenylation, 
or carboxylation, respectively. Not surprisingly, methyl- 
ation of the carboxylic acid 31 with diazomethane was 
accompanied by 1,3-dipolar cycloaddition affording pyra- 
zoline 33. However, the methyl ester 32 was easily ob- 
tained in 88% overall yield from vinyl bromide 26 by 
methylation of the intermediate acid 31 with methanol and 
dicyclohexylcarbodiimide. 

Experimental Section 
General Procedures. Reaction conditions, solvent purifica- 

tion, and chromatographic and spectroscopic methods were de- 
scribed previous1y.l6 'H NMR spectra were recorded at 200 MHz 
in CDCl, unless stated otherwise. 13C NMR spectra were recorded 
at 50.31 MHz. Hydrogen substitution on C atoms was determined 
as described previously.16 The (+) and (-) signs refer to peaks 
above (singlet and triplet) and below (doublet and quartet) the 
base line, respectively. 

5-endo -Hydroxy-3-exo -methylbicyclo[2.2.1] heptane-2- 
endo,3-endo-dimethanol (17). Lactone acid 16a (9.81 g, 0.05 
mol) was added in portions (-0.5 g) to a stirring suspension of 
LiA1H4 (6.83 g, 0.18 mol) in anhydrous THF (150 mL) a t  0 OC 
under argon over 30 min. The reaction mixture was allowed to 
come to room temperature and then boiled 12 h under reflux with 
mechanical stirring. It was cooled to 0 OC and then successively 
treated with water (7 mL), 15% aqueous NaOH (7 mL), and water 
(20 mL). The organic layer was fiitered off, and the white residue 
was washed with THF (4 X 100 mL). The combined organic 
filtrates were concentrated under reduced pressure, and the 
residue thus obtained was crystallized from ethyl acetate to give 
triol 17 (8.80 g, 94.5%): mp 215-6 OC; 'H NMR (CDC13 + 
DMSO&) 6 4.60 (d, J = 4.2 Hz, H, OH, D20 exchanged), 4.20 
(t, J = 4.2 Hz, H, OH, D20 exchanged), 4.07 (m, H), 3.40-3.78 
(m, 5 H, 1 H, D20 exchanged), 2.11 (m, H), 1.84 (m, H), 1.61-1.78 
(m, 2 H), 1.39 (m, H), 1.06-1.26 (m, 2 H), 0.93 (s, 3 H); HRMS 
calcd for CI0Hl8O3 186.1256, found 186.1266; MS m/z  (relative 
intensity) 186 (3.7, M'), 170 (4.7), 169 (9.7), 138 (loo), 122 (11.7), 
120 (23.2), 107 (74.2), 91 (45.6), 79 (85.9). 

3-exo -Methyl-5-oxobicyclo[2.2.1]heptane-2-endo ,3-endo - 
dicarboxylic Acid (18a). A solution of KMn04 (19.76 g, 125 
mmol) in water (300 mL) was added to a mechanically stirred 
solution of triol 17 (4.66 g, 25 mmol) in 1 N NaOH (30 mL) a t  
0 "C over 30 min. The reaction mixture was stirred 16 h at 8-10 
"C. Excess KMn04 was decomposed with aqueous sodium sulfite 
solution. The precipitate thus formed was filtered off, and the 
filtrate was acidified to pH 3 with dilute aqueous HCI. Water 
was evaporated under reduced pressure. The dried residue thus 
obtained was extracted with hot ethyl acetate (3 X 75 mL). The 
combined organic extracts were dried over MgS04, filtered, and 
concentrated under reduced pressure to give crystals of keto 
dicarboxylic acid 18a: yield 5.05 g (95%); mp 185-6 OC; 'H NMR 

(16) Lal, K.; Zarate, E. A,; Youngs, W. A.; Salomon, R. G. J.  Org. 
Chern. 1988,53, 3673. 
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Scheme 111'' 

2 4  2 5  2 6  

"(a)  Benzene/50 "C/3  h, then KOH/DMSO/HzO; (b) 
PhSeBr/THF/-78 " C / 3  h; (c) H202/THF/AcOH; (d) 
HOCH2CH20H/p-TsOH/ benzene. 

(CDC13 + DMSO-d6) 6 2.26-2.53 (m, 4 H), 1.38-1.78 (m, 3 H), 1.14 
(s,3 H); HRMS calcd for Cl$lzOs 212.0684, found 212.0687; MS 
m/z (relative intensity) 212 (0.2, M+), 195 (9.4), 168 (10.9), 138 
(27.8), 120 (10.3), 93 (11.2), 80 (14.8). 

6-end0 -Bromo-5-exo - (phenylseleno)bicyclo[ 2.2.llheptan- 
2-one (24). Benzeneselenyl bromide (23.4 g, 0.1 mol), prepared 
from diphenyl diselenide (15.4 g, 49.5 mmol) and bromine (2.5 
mL, 7.9 g, 49.6 mmol) in THF (75 mL), was added over 30 min 
to a stirring solution of bicyclo[2.2.l]hept-5-en-2-one 2312 (10.8 
g, 0.1 mol) in THF (75 mL) at -78 OC under argon. The resulting 
yellow solution was stirred 2 h at  -78 "C and was allowed to come 
to room temperature. The solvent was removed under reduced 
pressure, and the residue thus obtained was dissolved in ethyl 
acetate (200 mL) and decolorized with Darco G-60 activated 
carbon (5 g) and filtered. The solvent was removed under reduced 
pressure, and the residue thus obtained was crystallized from ethyl 
acetate-hexanes to give selenide 24 (33.5 g, 97.4%): mp 75-7 "C; 
'H NMR 6 7.56-7.70 (m, 2 H), 7.25-7.43 (m, 3 H), 4.24 (t, J = 
3.8 Hz, H), 3.55 (t, J = 3 Hz, H), 2.86 (d, J = 4.4 Hz, H), 2.74 
(d, J = 4 Hz, H), 0.79-1.40 (m, 4 H); 13C NMR 6 35.69 (+, t), 42.64 

(+, 9). Anal. Calcd for C13H13BrOSe: C, 45.37; H, 3.81. Found: 
C, 45.37; H, 3.70. 
6-Bromobicyclo[2.2.1]hept-5-en-2-one (25). Hydrogen 

peroxide" (2.27 mL, 30% wt solution in water, 0.68 g, 20 mmol) 
was added, dropwise, to a stirring solution of selenide 24 (3.4 g, 
10 m o l )  and acetic acid (0.7 mL, 0.74 g, 12.2 mmol) in anhydrous 
THF (25 mL) at  -20 OC. The oxidation is exothermic, and it 
is necessary to add H20z slowly. The resulting mixture was 
allowed to come to 20-22 "C over 30 min (bubbling starts at -18 
OC) and stirred for an additional 90 min below 25 "C. The reaction 
mixture was poured into ether (350 mL), extracted with water 
(3 x 10 mL), saturated aqueous NaZCO3 solution (3 X 5 mL), and 
again with water (3 x 10 mL), dried (MgS04), and filtered, and 
the solvent was removed under reduced pressure. The product 
thus obtained was purified by flash chromatography (10% ethyl 
acetate in hexanes) to give 25 (1.70 g, 91%): 'H NMR 6 6.56 (d, 
J = 3 Hz, H), 3.23 (m, H), 3.01 (m, H), 2.47 (m, H), 1.95-2.05 (m, 
3 H); HRMS calcd for C,HtlBrO 187.9658, found 187.9657 (for 
C,H,%rO 185.9678, found 185.9676); MS m/z (relative intensity) 
188 (3.3, M2+), 186 (3.0, M+), 146 (20.6), 144 (20.6), 123 (19.1), 
94 (21.7), 80 (loo), 71 (16.8), 65 (40.8), 57 (37.5). Note: When 
this reaction was done in the absence of acetic acid, a complex 
mixture was formed. Moreover, it is important to note that the 
reaction mixture should be poured into ether and then extracted 
with aqueous NazC03 solution during workup to remove acetic 
acid and phenylselenic acid. Alternative oxidative deselenation 
methods using NaI04-MeOH / Hz018 or pyridine/CH2C12/ 30 % 
H,0219 gave only 37-40% yield of olefin 25. The selenide 25 is 
light sensitive and was therefore oxidatively deselenated imme- 
diately. 

(-, d), 44.40 (+, t), 48.72 (-, d), 52.63 (-, d), 57.57 (-, d), 128.21 
(-, d), 128.38 (+, s), 129.32 (-, d, 2 C), 134.55 (-, d, 2 C), 209.89 

(17) Reich, H. J.; Reich, I. L.; Renga, J. M. J. Am. Chern. SOC. 1973, 

(18) Cinquini, M.; Colonna, S.; Giovini, R. Chern. Ind. (London) 1969, 

(19) Reich, H. J.; Renga, J. M.; Reich, I. L. J.  Org. Chern. 1974, 39, 

95,5813. 
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Recovery of Diphenyl Diselenide.m The alkaline aqueous 
extracts containing PhSe02-Na+ were neutralized with acetic acid 
followed by reduction with excess NaHS03 to give yellow powdery 
PhSeSePh, which was collected by filtration and dried in the air 
(-65% recovery). 
6-Bromobicyclo[2.2.1]hept-5-en-2-one Ethylene Ketal (26). 

A mixture of ketone 25 (1.5 g, 8.0 mmol), ethylene glycol (1.0 mL, 
1.1 g, 17.9 mmol), and p-toluenesulfonic acid (10 mg, 0.05 mmol) 
in benzene (10 mL) was boiled 2 h under reflux with continuous 
separation of water using a Dean-Stark trap. The reaction mixture 
was cooled to room temperature, and then diluted with ether (40 
mL), washed with saturated aqueous NaHC03 solution (2 X 1 mL) 
and water (3 x 2 mL), dried (MgSOJ, and fitered, and the solvent 
was removed with a rotary evaporator at -30 "C to give ethylene 
ketal 26 (1.8 g, 98%): 'H NMR 6 6.32 (d, J = 3.2 Hz, H), 3.844.17 
(m, 4 H), 2.85 (m, H), 2.71 (m, H), 1.84-2.03 (m, 2 H), 1.58-1.82 
(m, 2 H). Anal. Calcd for CSHl1BrOz: C, 46.77; H, 4.80. Found: 
C, 46.67; H, 4.86. 
6-Methylbicyclo[2.2.l]hept-5-en-2-one Ethylene Ketal (6). 

tert-Butyllithium (3.9 mL, 1.6 M solution in pentane, 6.3 mmol) 
was added to a stirring solution of bromide 26 (0.58 g, 2.5 mmol) 
in anhydrous THF (10 mL) a t  -78 "C under argon over 15 min. 
After the mixture was stirred for an additional 15 min, anhydrous 
methyl iodide (0.39 mL, 0.89 g, 6.3 mmol) was added. The re- 
sulting pale yellow solution was stirred for 1 h, warmed to -20 
"C, and then saturated aqueous NH4Cl solution (2 mL) was added. 
The reaction mixture was allowed to come to room temperature 
and was then diluted with ether (50 mL). The organic layer was 
washed with brine (3 X 5 mL), dried (MgS04), and filtered, and 
the solvent was removed with a rotary evaporator at -30 "C to 
give ethylene ketal 6 (0.38 g, 92%): 'H NMR 6 5.78 (br s), 
3.80-4.02 (m, 4 H), 2.67 (br s, H), 2.38 (br s, H), 1.84 (d, J = 3.8 
Hz, H), 1.78 (d, J = 1.6 Hz, 3 H), 1.65 (br s, 2 H), 1.48 (m, H); 
13C NMR 6 17.06 (-, q), 40.21 (+, t), 40.38 (-, d), 48.71 (+, t), 53.29 
(-, d), 63.94 (+, t), 64.58 (+, t), 118.46 (+, s), 131.06 (-, d), 143.84 
(+, s); HRMS calcd for C10H1402 166.0990, found 166.0995; MS 
m/z (relative intensity) 166 (7.5, M+), 151 (1.3), 138 (l.O), 121 ( 0 8 ,  
105 (1.50), 86 (loo), 80 (24.4), 65 (3.51, 57 (4.5). 
6-(Trimethylsilyl)bicyclo[2.2.l]hept-5-en-2-one Ethylene 

Ketal (29). tert-Butyllithium (1.80 mL, 1.5 M in pentane, 2.70 
mmol) was added to a stirring solution of bromide 26 (250 mg, 
1.08 mmol) in anhydrous THF (5 mL) at -78 "C under argon over 
15 min. After the mixture was stirred for an additional 15 min, 
freshly distilled trimethylsilyl chloride (275 mL, 235 mg, 2.16 
mmol) was added. The resulting pale yellow solution was stirred 
1 h and then warmed to -20 "C, and saturated aqueous NH4C1 
(0.5 mL) was added. The reaction mixture was allowed to come 
to room temperature and was then diluted with ether (20 mL). 
The organic layer was separated, and the aqueous layer was 
extracted with ether (2 X 3 mL). The combined organic extracts 
were warmed with brine (3 X 1 mL), dried (MgS04), and filtered, 
and the solvent was removed with a rotary evaporator to give 29 
(225 mg, 93%): 'H NMR 6 6.52 (d, J = 2.8 Hz, H), 3.71-3.96 (m, 
4 H), 2.75 (br s, H) 2.65 (br s, H), 1.79 (dd, J = 3.4 and 12.2 Hz, 
H), 1.70 (m, H), 1.52 (m, H), 1.37 (dd, J = 3.4 and 12.2 Hz, H), 
-0.03 (9, 9 H); 13C NMR 6 -1.43 (-, 9, 3 C), 40.12 (+, t), 41.89 (-, 
d), 50.00 (+, t), 52.01 (-, d), 64.10 (+, t), 64.70 (+, t), 118.16 (+, 
s), 147.34 (+, s), 149.12 (-, d); HRMS calcd for ClzHzoOzSi 
224.1233, found 224.1237; MS m/z (relative intensity) 224 (3.0, 
M'), 218 (6.2), 168 (6.0), 143 (22.4), 99 (12.1), 86 (83.7), 73 (46.6), 
60 (36.8), 45 (100). 
6-(Phenylthio)bicyclo[2.2.1]hept-5en-2-one Ethylene Ketal 

(30) .  Bromide 26 (250 mg, 1.08 mmol) was lithiated with tert- 
butyllithium (1.80 mL, 1.5 M in pentane, 2.70 mL) in THF (5.0 
mL) according to the procedure described for 29 and then sul- 
fenated with diphenyl disulfide (472 mg, 2.16 mmol). The crude 
product was purified by flash chromatography (5% ethyl acetate 
in hexanes) to give 30 (250 mg, 89%): 'H NMR 6 7.17-7.44 (m, 
5 H), 6.27 (d, J = 2.8 Hz, H), 3.75-4.04 (m, 4 H), 2.91 (br s, H), 
2.65 (br s, H), 1.95 (dd, J = 3.8 and 12.4 Hz, H), 1.86 (m, 2 H), 
1.62 (dd, J = 3.4 and 12.4 Hz, H); 13C NMR 6 39.57 (+, t), 41.78 

2 c), 135.00 (+, s), 138.43 (-, d), 139.16 (+, 5); HRMS calcd for 
(-, d), 48.17 (+, t), 52.35 (-, d), 128.91 (-, d, 2 C), 130.13 (-, d, 

(20) Sharpless, K. B.; Lauer, R. F. J. Org. Chem. 1974,39, 429. 



2632 J .  Org. Chem. 1989, 54, 2632-2638 

C15H1602S 260.0872, found 260.0876; MS m/z (relative intensity) 
260 (28.1, M'), 173 (loo), 129 (19.1), 109 (54.1), 86 (56.0), 77 (69.41, 
65 (58.2), 53 (29.2), 42 (40.2). 

Methyl  6-0xobicyclo[2.2.l]hept-2-ene-2-carboxylate 
Ethylene Ketal (32). tert-Butyllithium (1.80 mL, 1.5 M in 
pentane, 2.70 mmol) was added to a stirring solution of bromide 
26 (250 mg, 1.80 mmol) in anhydrous THF (5 mL) at -78 "C under 
argon over 15 min. After the mixture was stirred for an additional 
15 min, bone-dry C02 gas was bubbled through the reaction 
mixture, which was then allowed to come to room temperature. 
Then the solvent was removed with a rotary evaporator. The 
crude carboxylic acid thus obtained was dissolved in water ( 5  mL), 
acidified with aqueous citric acid (2 mL), and extracted with ethyl 
acetate (3 X 5 mL). The combined organic extracts were washed 
with brine (3 X 1 mL), dried (MgS04), and filtered, and the solvent 
was removed with a rotary evaporator. The carboxylic acid 31 
thus obtained was dissolved in CH2C12 ( 5  mL). (Dimethyl- 
amino)pyridine (25 mg, 0.2 mmol) and methanol (125 pL, 99 mg, 
3.09 mmol) were added, and the mixture was cooled to 0 "C. 
Dicyclohexylcarbodiimide (300 mg, 1.45 mmol) was added. The 
mixture was warmed to room temperature and stirred for 8 h. 
Dicyclohexylurea which formed was filtered off, and the filtrate 
was concentrated on the rotavapor. The residue thus obtained 
was purified by flash chromatography (30% ethyl acetate in 
hexanes) to give 32, which was crystallized from hexanes: yield 
200 mg (88%); mp 75-70 "C; 'H NMR 6 7.16 (d, J = 3.2 Hz, H), 
3.87-4.08 (m, 4 H), 3.74 (s, 3 H), 3.12 (br s, H), 2.98 (br s, H), 2.02 
(dd, J = 4.0 and 14.0 Hz, H), 1.82 (br s, 2 H), 1.60 (m, H); 13C 
NMR 6 38.20 (+, t), 41.84 (-, d), 48.39 (-, d), 48.57 (+, t), 51.36 
(-, q), 64.18 (+, t), 64.70 (+, t), 117.15 (+, s), 139.19 (+, s), 149.32 
(-, d), 165.05 (+, s); HRMS calcd for CLIH14O4 210.0892, found 
210.0897; MS m/z  (relative intensity) 210 (10.2, M'), 135 (3.5), 
119 (2.6), 86 (loo), 65 (17.7), 42 (52.7). 

Reaction of 31 with Diazomethane. The carboxylic acid 31 
was methylated with an ether solution of CH2N2. After the usual 
workup the residue thus obtained was purified by flash chro- 
matography (30% ethyl acetate, in hexane) to give pyrazoline 33, 
which was crystallized from ethyl acetate-hexanes: yield 218 mg 

(80%); mp 101-3 "C; 'H NMR 6 4.78 (m, H), 4.31 (m, H), 3.83-4.07 
(m, 4 H), 3.78 (s, 3 H), 3.10 (br s, H), 2.49 (d, J = 9.0 Hz, H), 2.02 
(br s, H), 0.70 (d, J = 11.6 Hz, H); 13C NMR 6 32.91 (+, t), 38.94 

(+, s), 168.44 (+, s); HRMS calcd for CI2Hl6N2o4 252.1111, found 
252.1114; MS m/z  (relative intensity) 252 (0.3, M'), 218 (0.3), 149 
(3.4), 112 (4.3), 91 (6.5), 86 (loo), 77 (9.5), 42 (11.2). 
6-Methylbicycl0[2.2.l]hept-5-en-P-one (3). A solution of 

ethylene ketal 6 (83 mg, 0.5 mmol), p-toluenesulfonic acid (0.5 
mg), and water (0.1 mL) in THF ( 5  mL) was boiled 8 h under 
reflux with stirring. The reaction mixture was diluted with n- 
pentane (15 mL), extracted with aqueous NaHC03 solution (I 
X 0.5 mL) and brine (2 X 1 mL), dried (MgS04), and filtered, and 
the solvent was removed with a rotary evaporator at -20 "C to 
give 3 (58 mg, 95%). 

(-, d), 40.90 (-, d), 42.50 (+, t), 85.32 (+, t), 107.71 (+, s), 114.50 
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8,16,24,32-Tetramethy1[2.2.2.2]- and 8,16,24-trimethy1[2.2.2]metacyclophane (9 and 10) were prepared by using 
the tert-butyl group as a positional protective group. FriedelCrafts acylation of 9 and 10 afforded the corresponding 
ketones, 12 and 13, respectively. 'H NMR spectra indicate that, to avoid the unfavorable steric repulsion among 
three internal methyl groups, [2.2.2]metacyclophane 10 and its derivatives take a folded form rather than a stepped 
one. 

Host-guest chemistry has been developing in the last 
two decadesa2 Many macrocyclic compounds were em- 
ployed as host molecules, especially cyclodextrins and 
calixarenes, which have attracted major interest, since they 
form inclusion complexes with various hydrophobic guests 
in aqueous solution. Also, up to now, there has been much 
work on the syntheses and inclusion properties of macro- 
cyclic cyclophanes3 in which, the designing of artificial 

(1) Part 23. Tashiro, M.; Fujimoto, H.; Tsuge, A,; Mataka, S.; Koba- 
yashi, H. J. Org. Chern., in press. 

Chern. Res. 1982, 15, 66. 
(2) (a) Breslow, R. Acc. Chem. Res. 1980,13,170. (b) Tabushi, I. Acc. 
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cavities of various sizes is possible; thus, insight into the 
relationship between the size of a guest molecule and that 
of the cavities of a host molecule may be obtained. In this 
context, it is of interest to modify the cyclophane cavities 
by introducing functional group(s) into macrocyclophanes. 
Such chemical modification has been limited, however, 
because the preparation of large quantities of macro- 
cyclophanes is not easy. 

Previously, we developed convenient preparative routes 
for a series of [2.2]metacyclophanes using the tert-butyl 

(3) Odashima, K.; Koga, K. Cyclophanes; Keehn, P. M., Rosenfeld, S. 
M., Eds.; Academic Press: New York, 1983; Vol. 11, Chapter 11, p 629. 

1989 American Chemical Society 


