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Stereospecific Total Synthesis of the Cyclohexene Oxide Antibiotic 
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Diels-Alder reaction of the electron-rich (E$)-1,4-bis[ (tert-butyldimethylsilyl)oxy] butadiene (4c), prepared 
from (E$)-1,4-diacetoxybutadiene, with 4-acetoxybut-2-ynal (3b) afforded in good yield the cyclohexadiene- 
carbaldehyde 5e. Stereospecific epoxidation, development of the heptenyl side chain, and deprotection completed 
the total synthesis of the racemate of the cyclohexene oxide antibiotic eupenoxide (la). 

Eupenoxide (la),l an antifungal agent produced by a 
fungus tentatively assigned to the genus Eupenicillium,2 
belongs to an increasing range of highly oxygenated cy- 
clohexanoid metabolites, frequently epoxides, obtained 
from bacteria, fungi, higher plants, and even molluscs. 
Other members of the group have diverse biological ac- 
tivities ranging from antifungal, antibacterial, and anti- 
tumor to phytotoxic and enzyme inhibitory. Many of these 
compounds appear to be synthetically accessible via 
Diels-Alder reactions followed by subsequent adjustment 
of oxygen functionality, and we illustrate this approach 
and some of its limitations here with the successful syn- 
thesis of racemic eupenoxide (la). 

The major problems to be addressed in a synthesis of 
eupenoxide include the relative configuration of the ring 
substituents, the E configuration of the acyclic olefin, and 
the instability toward acids, bases, and heat which is to 
be expected in highly oxygenated hydroaromatic inter- 
mediates as well as in the final product itself. The syn- 
thetic route should also be versatile and capable of ex- 
tension to other cyclohexene oxide antibiotics. Retro- 
synthetic analysis suggested the key intermediate to be a 
functionalyzed cyclohexenecarbaldehyde of the type 2 
carrying protected oxygen functionality. Such an aldehyde 
could be generated by Diels-Alder addition of an acetylenic 
aldehyde 3 to an (E,E)-1,4-dioxygenated butadiene 4, 
followed by epoxidation of the resulting cyclohexadiene- 
carbaldehyde 5. The cycloaddition process would establish 
the required cis 1,4-diol system of 5 ,  the protecting groups 
of which would then direct electrophilic epoxidation to the 
rear face of the more reactive, unconjugated olefinic bond. 
Development of the side chain by a Wittig reaction, with 
correction of olefin configuration if necessary, and subse- 
quent removal of protecting groups would yield racemic 
eupenoxide (la). A more convergent process would be 
achieved by substitution of (E)-dec-Cen-a-ynal for the 
aldehyde 3, but cycloaddition to the diene 4 might then 
lack regiospecificity due to competition between the ole- 
finic and acetylenic bonds of the d ien~phi le .~  Further- 
more, extension of the side chain late in the sequence 
allows the preparation of analogues from the common 
intermediate 2 if required. 

The successful execution of this approach depended 
upon the choice of protecting groups R1 and R2 for the 
Diels-Alder components 3 and 4. Two dienophiles 3a,b 
and three dienes 4a-c were studied. 

Attempts to prepare 4-(tetrahydropyran-2-yloxy)but-2- 
p a l  (3a) by selective acid hydrolysis of the corresponding 

(1) Quinn, R. J.; Rickards, R. W. A u t .  J. Chem. 1984, in press. 
(2) Personal communication from Mr. A. Johnston, Director, Com- 

monwealth Mycological Institute, Kew, England, to Dr. B. H. Pratt, 
Australian National University. 

(3) Bondarev, G. N.; Petrov, A. A. Zh. Org. Khim. 1966, 2, 1005. 

diethyl acetal4 led to complex mixtures. However, reaction 
of the lithium derivative of 3-(tetrahydropyran-2-yloxy)- 
prop-l-yne with formaldehyde gave the acetylenic alcohol 
6a that was oxidized with manganese dioxide to the re- 
quired aldehyde 3a. 4-Acetoxybut-2-ynal (3b) was pre- 
pared from the same alcohol 6a via the acetate 6b, meth- 
anolysis of the tetrahydropyranyl ether, and oxidation of 
the resulting alcohol 6c. The use of pyridinium chloro- 
chromate5 or nickel peroxide6 for oxidation of these alco- 
hols led to extensive decomposition and low yields of the 
unstable acetylenic aldehydes 3a,b. Infrared spectra of 
the pseudosymmetrical diol derivatives 6 lacked typical 
acetylenic absorption between 2260 and 2190 cm-’, in 
contrast to the aldehydes 3 which showed the expected 
stretching frequencie~.~ 

Under the forcing conditions (150 “C, 24 h) required to 
effect cycloaddition between the acetylenic aldehydes 3a 
or 3b and commercially available (E,E)-l,Cdiacetoxy- 
butadiene (4a), the initially formed cyclohexadienecarb- 
aldehydes 5a,b suffered complete degradation.8 Phthal- 
aldehyde and 2-(diacetoxymethy1)benzaldehyde (7), re- 
spectively, were isolated from the two reactions. The 
benzaldehyde 7, formed in 25% yield, probably arises by 
1,4 elimination of acetic acid from the adduct 5b and 
aromatization by allylic rearrangement of the resulting 
triene 8. Formation of phthalaldehyde from the adduct 
5a involves the loss of dihydropyran and 2 mol of acetic 
acid. 

To be successful, the cycloaddition step clearly required 
milder reaction conditions and hence a more reactive diene 
than 4a, coupled with increased product stability compared 
to 5a and 5b. Accordingly the 1,4-bis[(trialkylsilyl)oxy]- 
butadienes 4b,c were prepared by silylation of the bise- 
nolate anion 4d formed from (E$)-l,4-diacetoxybutadiene 
with methyllithium. The expected E,E configuration of 
both dienes was confirmed by their ‘H and 13C NMR 
spectra, which showed AA’BB’ proton spin systemsg and 
only two olefinic carbon resonances, respectively.1° 

(4) Jones, R. G.; Mann, M. J. J. Am. Chem. SOC. 1953, 75, 4048. 
(5) Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 1975, 2647. 
(6) Atkinson, R. E.; Curtis, R. F.; Jones, D. M.; Taylor, J. A. Chem. 

Commun. 1967, 718. 
(7) Bellamy, L. J. “The Infra-red Spectra of Complex Molecules”; 

Chapman and Hall: London, 1975; p 64. 
(8) Dimethyl acetylenedicarboxylate has previously been reacted with 

the diene 4a to give dimethyl 3,6-diacetoxycyclohexa-1,4-diene-1,2-di- 
carboxylate,& but adducts from the less reactive acetylenes phenyl- 
propiolic acid, propiolic acid, and ethyl propiolate undergo aromatization 
and degradation under the reaction See: (a) Holbert, G. 
W.; Ganem, B. J. Org. Chem. 1976,41, 1655. (b) Hill, R. K.; Carlson, R. 
M. Ibid. 1965, 30, 2414. 

(9) Bishop, E. 0. In ‘Nuclear Magnetic Resonance for Organic 
Chemists”; Mathieson, D. W., Ed.; Academic Press: London, 1967; p 106. 

(10) The NMR data are compatible with both E,E and Z,Z configu- 
rations, but the latter can be excluded on mechanistic and steric grounds. 
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phthalaldehyde, by breakdown of the cycloadduct 5f, and 
it is therefore clear that tetrahydropyranyl ethers are not 
suitable protecting groups for these Diels-Alder processes. 

Although the substitution in the cyclohexadienecarb- 
aldehyde 5e was expected to direct electrophilic ep- 
oxidation to the disubstituted olefinic bond, this too was 
found to be unreactive due to the inductive effect of the 
flanking allylic ether functi~ns. '~ No oxidation occurred 
with m-chloroperoxybenzoic acid under normal conditions 
while forcing conditions in the presence of a radical sca- 
venger14 gave only traces of the epoxide 2 together with 
considerable unreacted material. Benzonitrile/hydrogen 
peroxide,15 a reactive system known to be capable of ep- 
oxidizing a disubstituted olefin carrying three allylic ox- 
ygen substituents,16 gave numerous oxidation products but 
not the required epoxide 2. However, reaction with tert- 
butyl hydroperoxide catalyzed by molybdenum hexa- 
carbonyl," or with p-nitroperoxybenzoic acid,18 yielded 
20% and 30%, respectively, of the epoxide 2, with the 
latter reagent being preferred. The yields in these reac- 
tions reflect the instability of the starting material and 
products under the severe conditions required for ep- 
oxidation, and aromatic products arising from 5e by de- 
hydrogenation and by elimination of tert-butyldimethyl- 
silanol were identified in both reactions. 

The crucial stereospecific trans epoxidation of 5e from 
the rear face of the molecule was confirmed by consider- 
ation of vicinal proton coupling constants. Dreiding 
models of 2 indicated approximate dihedral angles between 
H-3 and H-4 and H-5 and H-6 of 50" or 120" for trans 
stereochemistry and of Oo or 70" for cis stereochemistry. 
The Karplus equationslg predict corresponding J values 
of 3.2 or 2.1 Hz for trans and 8.2 or 0.8 Hz for cis stereo- 
chemistry, while the Tori equationM predicts values of 2.1 
or 1.3 Hz for trans and 5.1 or 0.6 Hz for cis stereochemistry. 
The observed value of 2.3 Hz for J3,4 and J5,6 establishes 
the expected trans relationship of the introduced epoxide 
to both silyl ether groups. 

Wittig reaction of the cyclohexenecarbaldehyde 2 with 
n-hexylidenetriphenylphosphorane gave in 70% yield the 
olefin loa, in which the 2 configuration of the side chain 
was indicated by the coupling constant of 11.5 Hz between 
the olefinic protons.21 In view of the base sensitivity of 
the cyclohexene ring substituents, the possibility of ob- 
taining the E olefin by a-metalation and inversion of the 
intermediate betaine22 was rejected in favor of photo- 
chemical isomerization. Irradiation of the 2 olefin with 
visible light in the presence of iodine catalyst23 afforded 
in 70% conversion the thermodynamically more stable E 
olefin lb. The E and 2 isomers were inseparable by 

l a :  R ' = R ' = H  
b:  R'  = Ac, R' = Bu'MegSi 
c :  R' = H, R' = Bu'MepSi 
d :  R ' = A c ,  R ' = H  

C H ~ O R ~  
I 

1 1 1  
I 

C H O  

3 a :  R ' = T h p  
b :  A ' =  Ac 

C H ~ O R '  

CHO 

50:  R'  = Thp, R '=  Ac 
b: R ' = R ~ = A C  
c :  R 1 =  Ac, R' = MeSSi 
d :  R ' = A c ,  R 2 = H  
e :  R'  = Ac. R' ButMepSi 
f :  R' = Thp, R' Bu'MezSi 

Bu'MeZSiO 

o:::@cHo C H ~ O A C  

Bu'MepSiO 

2 

{ 
OR' 

4 a :  R' = AC 
b :  R' = Me3Si 
c :  R 2  = Bu'MegSi 
d :  R ' = @  

60:  R1 = Thp, R' = H 
b:  R ' = T h p , R ' = A c  
C :  R ' =  H ,  R' = A C  

The 1,4-bis[(trimethylsilyl)oxy]butadiene (4b) decom- 
posed immediately on contact with moisture. Its reaction 
with 4-acetoxybut-2-ynal(3b) (115 "C, overnight) gave a 
mixture containing the required cycloadduct 5c together 
with its decomposition products, two of which were iden- 
tified by coupled gas chromatography-mass spectrometry 
as phthalaldehyde and the substituted benzaldehyde 9. 
Attempts to isolate the cyclohexadienecarbaldehyde 5c by 
distillation or gas chromatography led to further thermal 
decomposition, while absorption chromatography resulted 
in cleavage of the silyl ether groups to give the diol 5d. The 
presence of the cyclohexadienecarbaldehydes 5c,d in these 
mixtures was established by their lH NMR spectra and, 
in the case of 5c, by its mass spectrum which showed 
characteristic retro Diels-Alder fragmentation." 

In contrast to the trimethylsilyl derivative 4b, the 1,4- 
bis[(tert-butyldimethylsilyl)oxy] butadiene (4c) was rela- 
tively stable and on reaction with 4-acetoxybut-2-ynal(3b) 
(115 "C, 4 days) afforded the corresponding cyclo- 
hexadienecarbaldehyde 5e in 68% yield. The ultraviolet 
spectrum of 5e showed A,- (hexane) 227 and 333 nm with 
E 10 900 and 490, respectively, the high extinction coeffi- 
cient for the n - T* transition of the conjugated aldehyde 
probably reflecting interaction with the homoconjugated 
double bond.128 Reaction of 4c under similar conditions 
with the (tetrahydropyrany1oxy)butynal 3a again gave 

(11) Budzikiewicz, H.; Djerassi, C.; Williams, D. H. "Mass Spectrom- 
etry of Organic Compounds"; Holden-Day: San Francisco, 1967; p 71. 

(12) (a) Scott, A. I. 'Interpretation of the Ultra-Violet Spectra of 
Natural Products"; Pergamon Press: Oxford, 1964; p 71. (b) Scott, A. 
I. ref 12a, p 59. 

(13) Swern, D. J. Am. Chem. SOC. 1947,69, 1692. 
(14) Kishi, Y.; Aratani, M.; Tanino, H.; Fukuyama, T.; Goto, T.; Inoue, 

S.; Sugiura, S.; Kakoi, H. J. Chem. Soc., Chem. Commun. 1972, 64. 
(15) (a) Pavne. G. B.: Demine. P. H.: Williams. P. H. J. Orz. Chem. 

1961,26,659. -(b)'Payne; G. B. Tetrahedron 1962,18,763. (c) 6gato, Y.; 
Sawaki, Y. Ibid. 1964,20, 2065. 

(16) Ferrier, R. J.; Prasad, N. J. Chem. SOC. C 1969, 575. 
(17) (a) Sheng, M. N.; Zajacek, J. G. Adu. Chem. Ser. 1968, No. 76,418. 

(b) Sheng, M. N.; Zajacek, J. G. J .  Org. Chem. 1970,35, 1839. 
(18) (a) Vilkas, M. Bull. SOC. Chim. Fr. 1959, 1401. (b) Swern, D. In 

"Organic Peroxides"; Swern, D., Ed.; Wiley-Interscience: New York, 1971; 
Vol. 11, p 410. 

(19) (a) Karplus, M. J. Chem. Phys. 1959,30,11. (b) Karplus, M. J. 
Am. Chem. SOC. 1963,85, 2870. 

(20) Tori, K.; Komeno, T.; Nakagawa, T. J. O g .  Chem. 1964,29,1136. 
(21) Jackman, L. M.; Sternhell, S. "Applications of Nuclear Magnetic 

Resonance Spectroscopy in Organic Chemistry"; Pergamon Press: Ox- 
ford. 1972: n 301 

I r . -. -, - - . - 
(22) Schlosser, M. Top. Stereochem. 1970, 5, 1. 
(23) (a) Mackenzie, K. In "The Chemistry of Alkenes"; Patai, S., Ed.; 

Interscience: London, 1964; p 387. (b) Kan, R. 0. "Organic 
Photochemistry"; McGraw-Hill: New York, 1966; p 19. 
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thin-layer chromatography, but crystallization afforded the 
required isomer lb, the only crystalline intermediate en- 
countered in the synthesis. The E configuration of lb was 
confirmed by the coupling constant of 15 Hz between the 
olefinic protons,21 by the lower chemical shifts (6 6.24 and 
6.02) of these protons relative to those of the 2 isomer 10a 
(6 5.76 and 5.67), and by an ultraviolet absorption maxi- 
mum at 243 nm compared to the end absorption of 

&CHOAc 

Duke and Rickards 

7 E 

o:::$ C H ~ O R ~  

3- or 6-Me3SiO q C H 2 0 A C  
-CHO 

C5Hl l  

9 l o a :  R1 A c ,  R2  = Bu'MeZSi 
b :  R 1 = A c ,  R 2 = H  
c :  R 1 : R 2 = H  

Removal of the protecting groups from the sensitive 
oxygenated hydroaromatic system was first studied with 
the 2 isomer loa. Desilylation with acetic acid gave in 
57% yield the diol lob, which was deacetylated in 90% 
yield with methanolic ammonia. The resulting 2 isomer 
1Oc of eupenoxide resembled the natural product la 
spectroscopically but showed the expected differences in 
olefinic proton resonances (6 5.85-5.27 (J = 11.5 Hz), 6 6.29 
and 6.11 (J = 15 Hz)) and ultraviolet absorption (end 
absorption; A,, 240.3 nm). 

The deprotection of the E isomer lb  was carried out in 
the reverse order, initiated by ammonolysis (98% yield) 
of the acetate in order to provide the alcohol IC as a more 
soluble substrate for subsequent desilylation. Desilylation 
with aqueous acetic acid gave eupenoxide (la) but was 
accompanied by acetylation to the primary allylic acetate 
Id (10%) and some decomposition. Natural eupenoxide 
behaved similarly under these conditions, and it is clear 
that if acidic desilylation is used, it should precede alkaline 
deacetylation as in the case of the 2 isomer loa. Desily- 
lation of the alcohol IC was subsequently achieved under 
nonacidic conditions with tetrabutylammonium fluoride,% 
affording in 87 % yield racemic eupenoxide (la) identical 
with natural material. 

As a model substrate for several reactions in this syn- 
thesis, the cyclohexadiene 11 was prepared in 75 % yield 
from 1,4-bis[ (tert-butyldimethylsilyl)oxy]butadiene (4c) 
and dimethyl acetylenedicarboxylate. Like the cyclo- 
hexadienecarbaldehyde 5e, the cyclohexadiene 11 was 
decomposed by benzonitrile/hydrogen peroxide but gave 
the trans epoxide 12a with p-nitroperoxybenzoic acidla or 
tert-butyl hydroperoxide in the presence of molybdenum 
hexacarbony1.l' The product 12a could be desilylated with 
aqueous acetic acid to the diol 12b. 

Although the model cyclohexadiene 11 on reaction with 
o-nitroperoxybenzoic acidz6 yielded the expected epoxide 

(24) Stern, E. S.; Timmons, C. J. 'Gillam and Stern's Introduction to 
Electronic Absorption Spectroscopy in Organic Chemistry"; Edward 
Arnold: London, 1970; p 70. 

(25) Corey, E. J.; Venkateswarlu, A. J. Am. Chem. SOC. 1972,94,6190. 
(26) (a) Silbert, L. S.; Siegel, E.; Swern, D. J. Org. Chem. 1962, 27, 

1336. (b) Swern, D. In "Organic Peroxides"; Swern, D., Ed.; Wiley-In- 
terscience: New York, 1971; Vol. 11, p 463. 
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b :  R = H  
c : R ,  R = H ,  Bu'MepSi 

ButMepSi 

HO. ..A 4 CHAHe 

V C O p M e  
I 

Bu'MepSiO 
I 

Eu'Me,SiO 

13 14 

Eu'Me,SiO 

C H p O A C  

$0 

0::: 

Bu'MepSi 

15 

12a (together with the dehydrogenation product 13), the 
cyclohexadienecarbaldehyde 5e gave only a trace of the 
required epoxide 2, together with a product formulated as 
the cross-conjugated dienone 14. This compound C19- 
H3604Si2 showed hydroxyl, conjugated carbonyl, and ole- 
finic absorption in its IR spectrum at 3700-3200,1680, and 
1630 cm-', and ultraviolet absorption at 279 nmlZb which 
was removed by the addition of sodium borohydride. 13C 
NMR spectra indicated four appropriately substituted 
olefinic carbon atoms at 6 152.7 (s), 149.0 (s), 131.3 (d), and 
125.2 (t), a ketonic carbonyl at 6 189.9, and two oxygen- 
carrying methine carbons at 6 82.1 and 76.8. The lH NMR 
spectrum showed two-proton multiplets at 6 4.34 and 6.08 
and a one-proton multiplet a t  6 5.65, assigned from de- 
coupling experiments to H-4 and H-5, H-3 and H-B, and 
H-A, respectively. These signals were separated and re- 
duced to first-order patterns by the lanthanide shift 
reagent E ~ ( f o d ) ~ ,  enabling measurement of the coupling 
constapts J3,4 = 2.7 Hz, J4,5 = 7.5 Hz, and J ~ A  = J5a = JA,B 
= 2.0 Hz, in agreement with the structure and configura- 
tion proposed. The dienone 14 probably arises by Baey- 
epvilliger oxidation of the aldehyde 5e to an enol formate, 
hydrolysis to the cyclohexanone 15, and subsequent /3- 
elimination of both the acetoxy and epoxide substituents. 

Experimental Section 
General Methods. Melting points were determined on a 

Kofler stage and are uncorrected. IR spectra were measured on 
a Perkin-Elmer 257 or a Jasco IRA-1 spectrometer and UV spectra 
on a Cary 118C spectrometer. NMR spectra were recorded on 
Varian HA-100 (lH), JEOL Minimar 100-MHz ('H), and JEOL 
JNM-FXGO ('H and lac) spectrometers, with tetramethylsilane 
as internal reference. Coupling constants in certain 'H NMR 
spectra were analyzed by using exact solutionsz7 where possible, 
assisted by homonuclear decoupling if necessary, and the pa- 
rameters were refined with the LAOCN-4A program." 

~~~ 

(27) Leyden, D. E.; Cox, R. H. "Chemical Analysis"; Wiley: New York, 
1977; Vol. 48, p 121. 



Synthesis of Eupenoxide 

Mass spectra were run on GEC-AEI MS902 or Varian MAT 
CH-7 spectrometers operating a t  70 eV. Combined GLC-MS 
analyses were carried out on a Varian MAT 111 instrument fitted 
with a 180 cm X 3 mm i.d. glass column containing 2% OV-17 
on 80-100 Chromosorb Q. GLC analyses and preparative sepa- 
rations were performed on Varian Aerograph 1400 and 90-P 
instruments, respectively, using glass columns containing 2 % 
OV-17 on 80-100 Chromosorb Q. 

Microanalyses were carried out by the A.N.U. Analytical 
Services Unit. 

Materials. Low boiling solvents were fractionated through 
a vacuum-jacketed glass column (100 X 2 cm) packed with glass 
helices. Anhydrous ether and tetrahydrofuran were distilled from 
sodium benzophenone ketyl immediately before use. Chloroform 
used in epoxidation reactions was washed with aqueous sodium 
carbonate and water, dried (K2CO& and distilled from phosphorus 
pentoxide before use. For preparative TLC, the petroleum ether 
used had a boiling point of 30-40 "C and the absorbent was Merck 
Kieselgel GF2s4. 

o- and p-nitroperoxybenzoic acids were prepared after Silbert 
et  aLZBa from hydrogen peroxide concentrated according to the 
method of Hurd and P u t e r b a ~ g h . ~ ~  
3-(Tetrahydropyran-2-yloxy)prop-l-yne. The ether was 

prepared by acid-catalyzed condensation of 2,3-dihydropyran and 
propargyl alcohol according to the known pr~cedure :~  IR (neat) 
2120 cm-' ( C d ) ;  MS, m/z (relative intensity) 139 (13), 101 (7), 
85 (100); 'H NMR (CDCI3) 6 4.8 (br s, CHO), 4.23 (d, 4J = 2.4 
Hz, O C H H ) ,  3.96-3.68 and 3.62-3.38 (m, each 1 H, CH20), 2.46 
(t, 4J = 2.4 Hz, C=CH), 2.0-1.4 (m, 3 CH2). 
4-(Tetrahydropyran-2-yloxy)but-2-yn-l-ol(6a). To a stirred 

solution of 3-(tetrahydropyran-2-yloxy)prop-l-yne (140 g) in 
tetrahydrofuran (800 mL), cooled to -78 "C and maintained under 
a nitrogen atmosphere, was added dropwise n-butyllithium in 
hexane (1 mol, 600 mL). The mixture was allowed to warm to 
room temperature with continuous stirring. Paraformaldehyde 
(90 g) was heated to 180-200 "C and the resulting formaldehyde 
bubbled through the stirred reaction mixture in a stream of 
nitrogen. After the mixture was stirred overnight at  room tem- 
perature, the solvent was removed under reduced pressure and 
water (600 mL) was added. The mixture was extracted with ether 
and the ether phase dried (K2CO3). Removal of ether and vacuum 
distillation of the residue gave the alcohol 6a (85 g, 80% based 
on unrecovered starting material): bp 110-120 "C (0.05 mm); IR 
(neat) 3700-3030 cm-' (OH); MS, m/z (relative intensity) 169 (1.5), 
115 (2), 112 (3), 111 (3), 101 (17), 100 (5), 97 (6), 85 (60), 41 (100); 
'H NMR (CDC13) 6 4.83 (br s,OCHO),4.27 (5, OCHzC=CCH20), 
3.98-3.70 and 3.68-3.41 (m, each 1 H, CH20), 3.23 (br s, exchanged 
in D20, OH), 2.0-1.4 (m, 3 CH,); 13C NMR (CDClJ 6 96.75 (d, 
OCHO), 84.93 and 81.03 (br s, C W ) ,  61.94 (t, CH20), 54.41 and 
50.65 (t, OCH2C=CCH20), 30.26, 25.45, and 19.09 (t, C-3, C-5, 
and C-4). Anal. Calcd for CsH1403: C, 63.5; H, 8.29. Found: C, 
63.1; H, 8.45. 
4-(Tetrahydropyran-2-yloxy)but-2-ynal(3a). To a solution 

of the alcohol 6a (2.5 g) in benzene (470 mL) was added manganese 
dioxide (30 g), and the mixture was heated under reflux with 
stirring for 4 h. The catalyst was removed by fiitration and washed 
with benzene. The filtrate and the washings were combined and 
concentratad under reduced pressure, and the residue was purified 
by preparative TLC on silica gel in ether/petroleum ether (1:l). 
Further purification by vacuum distillation gave the aldehyde 3a 
(800 mg, 32%), bp 80 "C (0.1 mm), from which an analytical 
sample was purified by preparative GLC operating at  185 "C 
isothermally: MS, m/z 167.0710 (M' - H, calcd for CsHllO3 m/z  
167.0708); UV max (hexane) 375.5 nm ( E  6), 357 (45.6), 342 (22), 
329.5 (25.1), 319 (23.8), 310 (sh, 21.7), 258 (sh, 160.5), 228.4 (7250), 
220.6 (7440), 213 (5430); IR (neat) 2240,2200 (CsC) ,  1670 cm-' 
(CHO); MS, m/z (relative intensity) 167 (4), 125 (0.5), 113 (4), 

70 (15), 69 (17), 68 (58), 56 (go), 55 (loo), 39 (100'); 'H NMR 
(CDCl,) 6 9.24 (s, CHO),4.80 (br s, OCHO),4.45 (s, OCH2C=C), 
4.0-3.68 and 3.68-3.4 (m, each 1 H, CHzO), 2.0-1.20 (m, 3 CHz); 
13C NMR (CDC1,) 6 176.22 (d, CHO), 97.27 (d, OCHO), 92.46 (s, 

(28) Musso, J. A.; Isaia, A. J.  Chim. Phys. Physicochim. Bid .  1969,66, 

(29) Hurd, C. D.; Puterbaugh, M. P. J.  Am. Chem. SOC. 1930,52,950. 

111 ( i ) , i i o  (41, io1 (i5), 100 (20), 97 (3), a5 (33), a4 (40),83 (251, 

1676. 
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W), 85.19 (s, M), 61.81 (t, CH20), 53.76 (t, OCH2C--=CCHO), 
30.13, 25.32, and 18.83 (t, (2-3, C-5, and C-4). Anal. Calcd for 
CsH1203: C, 64.3; H, 7.19. Found: C, 63.9; H, 7.06. 

l-Acetoxy-4-(tetrahydropyran-2-yloxy)but-2-yne (6b). To 
a stirred solution of the alcohol 6a (85 g) in anhydrous pyridine 
(124 mL) cooled to 0 "C was added acetic anhydride (75.5 mL). 
The mixture was stirred at  room temperature overnight, ice (200 
g) was added, and the mixture was extracted with dichloro- 
methane. The extracts were combined and dried (KZCOJ, and 
the solvent was removed under reduced pressure. Vacuum dis- 
tillation of the residue gave the acetate 6b (98 g, 92.5%): bp 
110-112 "C (0.05 mm); IR (neat) 1740 cm-' (CO); MS, m/z  
(relative intensity) 169 (l), 168 (1.6), 139 (1.4), 111 (39), 101 (17), 

43 (100'); 'H NMR (CDCl,) 6 4.76 (br s, OCHO), 4.66 (t, 4J = 
1.9 Hz, CH,OAc), 4.26 (br s, OCH2C-=C), 3.963.68 and 3.62-3.18 
(m, each 1 H, CH20), 2.06 (s, OCOCH3), 2.0-1.4 (m, 3 CH,); 13C 
NMR (CDClJ 6 169.86 (8, OCOCH3), 96.75 (d,OCHO),82.85 and 
79.87 (m, C=C), 61.81 (t, CH20), 54.02 and 52.20 (t, OCH2C= 
CCH20Ac), 20.65 (4, OCOCH,), 30.26, 25.45, and 18.96 (t, (2-3, 
C-5, and C-4). Anal. Calcd for CllH1604: C, 62.25; H, 7.60. Found 
C, 62.1; H, 7.72. 

4-Acetoxybut-2-ynol (6c). A solution of the acetate 6b (98 
g) in 1.0 M acetic acid in methanol (500 mL) was heated under 
reflux for 3 days. Toluene (500 mL) was added, and the mixture 
was evaporated under reduced pressure. Vacuum distillation of 
the residue gave the alcohol 6c (53 g, 90%): bp 93-95 "C (0.08 
mm); IR (neat) 3700-3100 (OH), 1740 cm-' (CO); MS, m / z  
(relative intensity) 128 (0.2), 127 (0.2), 111 (2), 97 (4), 86 (24), 85 
(4), 82 (21),71 (6), 68 (19),61 (9, 57 (7), 55 (14, 53 (3), 52 (5), 

CH20Ac), 4.27 (t, 5J = 1.7 Hz, CH20H), 2.50-2.24 (m, exchanged 
in DzO, OH), 2.06 (8 ,  OCOCH,); 13C NMR (CDCl,) 6 170.90 (5, 
OCOCH3), 85.58 and 79.22 (br s, C s C ) ,  52.46 and 50.26 (t, 
CH20Ac and CH,OH), 20.65 (q, OCOCH,). Anal. Calcd for 
C6H803: C, 56.2; H, 6.29. Found: C, 56.5; H, 6.38. 

4-Acetoxybut-2-ynal (3b). To a solution of the alcohol 6c 
(8 g) in dichloromethane (1 L) was added manganese dioxide (80 
g), and the mixture was stirred at  room temperature for 4 days. 
The catalyst was removed by filtration and washed with di- 
chloromethane. The filtrate and washings were concentrated 
under reduced pressure, and the residue was purified by prepa- 
rative TLC on silica gel in ether/petroleum ether (1:l). Further 
purification by molecular distillation gave the aldehyde 3b (3 g, 
38%), bp 30-40 "C (0.001 mm), from which an analytical sample 
was obtained by preparative GLC operating a t  125 "C isother- 
mally: MS, m/z 126.0319 (M', calcd for CBH603 m/z  126.0317); 
UV max (hexane) 375.0 nm ( E  5.2), 357.5 (13.2), 342.3 (20.3), 329.5 
(22.6), 319.0 (21.5), 309.5 (sh, 18.6), 276.5 (sh, 13.3), 258 (sh, 98.7), 
226 (6570), 217.8 (7487), 215 (sh, 5108); IR (neat) 2270, 2200 
( C e ) ,  1750 (CO), 1675 cm-' (CHO); MS, m/z (relative intensity) 

(3), 66 (18), 55 (18), 53 (13), 50 (5), 44 (9.4), 43 (100'); 'H NMR 

NMR (CDC1,) 6 175.83 (d, CHO), 169.73 (s, OCOCH,), 89.47 (m, 
C=C), 51.30 (t, CH20Ac), 20.39 (q, OCOCH,). Anal. Calcd for 
CsHsOa: C, 57.1; H, 4.80. Found: C, 57.1; H, 4.65. 
(E,E)-1,4-Diacetoxybuta-1,3-diene (4a). Diene 4a was 

prepared by the method of Hill and Carlsonsb and also purchased 
from Fluka Chemical Co: 'H NMR (CDC13) 6 5.37 (m, H-1 and 
H-4), 4.95 (m, H-2 and H-3) (refined coupling constants 3J1,2 = 
12.9 Hz, 4J1,3 = 0.9 Hz, 3J23 = 11.5 Hz, 5J1,4 = 0.9 Hz, error *0.4 
Hz),2.12 (s, 2 OCOCH,);'% NMR (CDCl,) 6 167.39 (2 OCOCH3), 
137.91 (br d, C-1 and C-4), 110.12 (br d, C-2 and C-3), 20.52 (q, 

(E,E)-1,4-Bis[ (trimethylsilyl)oxy]buta-l,3-diene (4b). To 
a stirred solution of the diene 4a (210 mg) in tetrahydrofuran (5 
mL), cooled to 0 "C and maintained under a dry nitrogen at- 
mosphere, was added dropwise methyllithium in ether (1.7 M, 
4.2 mL). The mixture was stirred at  room temperature for 2 h, 
then trimethylsilyl chloride (1.1 mL) was added, and stirring was 
continued for 1 h. The mixture was allowed to settle, and the 
supernatant was distilled under reduced pressure to give the diene 
4b (150 mg, 53%), bp 120 "C (0.01 mm), from which an analytical 
sample was obtained by preparative GLC operating at  180 "C 
isothermally: MS, m/z 230.1160 (M', calcd for Cl0HZ2O2Si m / z  

97 (71, a6 (32), a5 (ioo), a4 (951, a3 ( 4 7 ~  82 oo) ,  79 (30),55 (ioo), 

51 (15), 50 (9), 43 (100); 'H NMR (CDC13) 6 4.68 (t, 5J = 1.7 Hz, 

126 (i.5), 125 ( i ) , i i i  (38),98 (2),97 (la, 84 (loo), 70 (4.5),67 

(CDCl,) 6 9.20 (9, CHO), 4.84 (9, CH~OAC), 2.10 (s, OCOCHJ; 13C 

2 OCOCH,). 
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230.1159); MS, m/z (relative intensity) 230 (65), 215 (l), 156 (1.5), 
75 (25), 73 (loo), m* 105.8 (230 - 156); 'H NMR (CHC1,) 6 6.34 
(m, H-1 and H-4), 5.56 (m, H-2 and H-3) (refined coupling con- 

Hz, error 10.2 Hz), 0.18 (s,2 Si(CH,),); 13C NMR (CDCl,) 6 139.86 
(d, C-1 and C-4), 109.47 (d, C-2 and C-3), -0.39 (q, 2 OSi(CH,),). 
Anal. Calcd for CloH,,OzSiz: C, 52.1; H, 9.62. Found: C, 51.7; 
H, 9.44. 

This compound decomposes immediately on contact with 
moisture. 

(E,E)-l,4-Bis[ (tert-butyldimethylsilyl)oxy]buta-l,3-diene 
(4c). To a stirred solution of the diene 4a (800 mg) in tetra- 
hydrofuran (10 mL), cooled to 0 "C and maintained under a 
nitrogen atmosphere, was added dropwise methyllithium in ether 
(1.7 M, 14 mL). The mixture was heated to reflux and a solution 
of tert-butyldimethylsilyl chloride in tetrahydrofuran (10 mL) 
was added. Refluxing was continued for 1 h, and then half of the 
solvent was allowed to distill off. The residue was cooled to room 
temperature, and, with stirring, ether (20 mL) was added, followed 
by slow addition of water (15 mL). The mixture was extracted 
with ether and the extract dried (K2C03). Solvent was removed 
under reduced pressure, and other volatile components were 
removed under reduced pressure a t  approximately 100 "C. 
Vacuum distillation of the residue gave the diene 412, a pale yellow 
oil (1.25 g, 85%), bp 170 "C (0.01 mm), which crystallized in the 
refrigerator but liquefied a t  room temperature. The analytical 
sample was purified by preparative GLC operating at 120-220 
"C, A 10 "C/min: MS, m/z 314.2098 (M', calcd for C16H3402Si2 
m/z 314.2098); UV max (hexane) 210 nm (e 8300); IR (neat) 1695 
cm-'; MS, m / z  (relative intensity) 314 (26), 75 (22), 73 (100); 'H 
NMR (CHCl,) 6 6.34 (m, H-1 and H-4), 5.56 (m, H-2 and H-3) 
(refined coupling constants 3J1,2 = 12 Hz, 4J1,3 = 0.7 Hz, 5J1,4 = 
-0.6 Hz, ,JZ9 = 11.3 Hz), 0.90 (s,2 SiC(CH,),), 0.12 (s,2 Si(CH,),). 
Anal. Calcd for C16H&2S&: C, 61.1; H, 10.9. Found: C, 61.3; 
H, 10.8. 

Cycloaddition Reactions of the Diene 4a. (a) With the 
Aldehyde 3a. The diene 4a (130 mg) and the aldehyde 3a (130 
mg) in m-xylene (15 mL) were refluxed under nitrogen for 4 days. 
Concentration of the mixture, chromatography on Sephadex LH20 
in chloroform/methanol (l:l), and then PLC in ether/petroleum 
ether (1:l) gave recovered starting materials as major components, 
together with phthalaldehyde (5 mg) identified by UV, MS, and 
lH NMR. 

(b) With the Aldehyde 3b. The diene 4a (34 mg) and the 
aldehyde 3b (252 mg) in benzene (0.3 mL) were heated a t  150 
"C for 24 h in an evacuated sealed tube. Extraction of the mixture 
with dichloromethane, concentration of the extracts, and PLC 
in ether/petroleum ether (1:l) gave 2-(diacetoxymethy1)benz- 
aldehyde (7) (12 mg, 25%) as an oil: UV max (EtOH) 321 nm 
(sh, c 16), 290 (sh, 1410), 283 (1621), 245.5 (8607); IR (neat) 1750 
(OCOCH,), 1700 cm-' (CHO); MS, m/z 177.0549 (M+ - OCOCH3, 
calcd for Cl&,03 m/z 177.0552), 165.0552 (M+ - CHzCO - CHO, 
calcd for C&03 m/z 165.0552), 151.0394 (M+ - CH&O - CH,CO, 
calcd for C8H,O3 m/z 151.0395); MS, m/z (relative intensity) 177 
(2.5), 176 (20), 165 (1.5), 151 (2), 149 (1.5), 135 (47), 134 (1001, 

CHO), 7.95-7.86 and 7.70-7.46 (m, 2 H and 3 H, H-3, H-4, H-5, 
H-6, and CH(OAC)~), 2.07 (s, 2 OCOCH,). 

(&)- (3R *,6S *)-2-(Acetoxymethyl)-3,6-bis[ (trimethyl- 
silyl)oxy]cyclohexa- 1,4-dienecarbaldehyde (5c). A mixture 
of the diene 4b (200 mg) and the dienophile 3b (100 mg) was 
heated in an evacuated sealed tube at  110-120 "C overnight. A 
portion of this mixture was distilled a t  110-120 "C (0.03 mm) to 
give a partially purified cycloadduct, 5c: 'H Nh4R (CDC1,) 6 10.02 
(s, CHO), 5.79 (d, J = 1 Hz, H-4 and H-5), 5.32 and 4.82 (each 
1 H, d, J = 11 Hz, CH,OAc), 4.96 (d, J = 2 Hz, H-3 and H-6), 
2.07 (s, OCOCH,), 0.12 and 0.09 (s, 2 Si(CH,),), with impurities. 
GLC-MS at 130-280 "C, A10 "C/min, showed inter alia 
phthalaldehyde, the benzaldehyde 9 [MS, m/z (relative intensity) 
266 (M', 6), 251 (2), 224 (44), 223 (50), 209 (44), 207 (60), 206 (57), 
135 (loo'), 134 (loo+), 105 (50), 75 (loo), 73 (loo')], and the 
aldehyde 5c, a small portion of which was purified by preparative 
GLC: MS, m/z (relative intensity) 356 (M', 0.08), 341 (O.l), 296 
(Oh), 281 (2), 266 (3), 251 (2.5), 231 (lo), 230 (46), 224 (15), 223 
(22), 209 (14), 207 (18), 206 (25), 163 (lo), 135 (29), 134 (531, 133 
(20), 177 (22), 106 (ll), 105 (28), 77 (26), 75 (55), 73 (97), 43 (100). 

stants 3J1,2 = 11.9 Hz, 4J1,3 = 0.6 Hz, ,52,3 = 11.3 Hz, 5J1,4 = -0.5 

133 (40), 105 (34), 77 (20), 43 (95); 'H NMR (CDCl,) 6 10.38 (9, 

Duke and Rickards 

Portion of the reaction mixture was dissolved in methanol, 
concentrated, and subjected to PLC in dichloromethane/methanol 
(201) to give the partially purified diol 5d: 'H NMR (CDCl,) 
6 10.02 (s, CHO), 6.02 (d, J = 1 Hz, H-4 and H-5), 5.36 and 5.06 
(each 1 H, d, J = 11 Hz, CH,OAc), 4.87 and 4.64 (each 1 H, m, 
H-3 and H-6), 2.12 (s, OCOCH,). 

Cycloaddition of the Diene 4c and the Aldehyde 3a. The 
diene 4c (35.7 mg) and the aldehyde 3a (30 mg) in benzene (25 
pL) were heated in an evacuated sealed tube at 110-120 "C for 
3 days. PLC of the resulting mixture in ether/petroleum ether 
(1:2) gave phthalaldehyde (8.5 mg) as the major product, identified 
by UV, MS, and 'H NMR. 

(&)-( 3R *,6S *)-2-(Acetoxymet hyl)-3,6-bis[ (tert -butyldi- 
methyl~ilyl)oxy]cyclohexa-1,4-dienecarbaldehyde (5e). A 
solution of the diene 4c (105 mg) and the dienophile 3b (190 mg) 
in benzene (1.5 mL) was heated in an evacuated sealed tube at  
115 "C for 4 days. The mixture was subjected to PLC in eth- 
er/petroleum ether (2:l) to give the aldehyde 5e (93 mg, 68%): 
MS, m/z 440.2414 (M', calcd for Cz2Ha05Si, m/z 440.2414); UV 
max (hexane) 332.5 nm (c 490), 226.5 (10900); IR (neat) 1745 
(OCOCH,), 1694 cm-' (CHO); MS, m/z (relative intensity) 440 
(0.5), 383 (3), 381 (4), 365 (4), 351 (3), 341 (7), 325 (20), 324 (31), 
323 (loo), 315 (lo), 314 (28), 251 (loo'), 209 (loo'), 207 (18), 181 
(13), 177 (13), 151 (12), 117 (loo'), 75 (loo'), 43 (loo'), m* 272.4 
(383 - 323), 174.0 (251 - 209), 156.8 (209 - 181), 135.2 (323 - 209), 109.1 (209 - El), 54.5 (251 - 117), 48.1 (117 - 75); 
'H NMR (CHCl,) 6 10.04 (s, CHO), 6 A  5.88 and 6B 5.86 (H-4 and 
H-5), 6c 4.99 and 6~ 4.72 (H-3 and H-6) (refied coupling constants 
,JAB = 10.2 Hz, ,JAC = 1.5 or 3.3 Hz, 4Jm = -3.3 or -1.5 Hz, 4JBC 

4.83 (each 1 H, d, J = 11 Hz, CH20Ac), 2.04 (s, OCOCH,), 0.91 
and 0.86 (s, 2 SiC(CH3),), 0.13 and 0.15 (s, 2 Si(CH,),); 13C NMR 

=-3.1or-1.6HZ,3JBD=1.6Or3.1HZ,5J~D=5.3HZ),5.37and 

(CDClJ 6 191.42 (d, CHO), 170.24 (9, OCOCH,), 144.80 (9, C-l), 
137.13 (s, C-2), 128.43 and 127.52 (d, C-4 and C-5), 61.68 and 63.89 
(d, C-3 and C-6), 59.22 (t, CH20Ac), 25.71 (9, OCOCH,), 20.78 
(q, 2 SiC(CHJ3), 18.05 (s, 2 SiC(CH3),), -4.29 and -3.90 (q, 2 
Si(CH,),). Anal. Calcd for Cz2HaO5Si2: C, 60.0; H, 9.15. Found: 
C, 60.1; H, 9.04. 

meso-Dimethyl 3,6-Bis[( tert -butyldimethylsilyl)oxy]- 
cyclohexa-1,4-diene-1,2-dicarboxylate (1  1). A solution of the 
diene 4c (314 mg) and dimethyl acetylenedicarboxylate (280 mg) 
in benzene (0.8 mL) was heated in an evacuated sealed tube at  
115 "C for 20 h. The mixture was evaporated under reduced 
pressure and distilled to give the cyclohexadiene 11 (335 mg, 75%), 
bp 180 "C (0.01 mm), which could be further purified by prep- 
arative TLC on silica gel in ether/petroleum ether (1:l): UV max 
(hexane) 306.5 nm (c 588), 282.5 (578), 273.5 (sh, 488); IR (neat) 
1730 cm-' (COOCH,); MS, m/z (relative intensity) 441 (4), 425 
(0.5), 424 (0.4), 409 (0.5), 401 (14), 400 (31), 399 (loo), 397 (5), 
393 (l), 381 (l), 367 (12), 341 (4), 340 (lo), 339 (34), 314 (3), 75 
(28), 73 (46), m* 228.0 (399 - 339); 'H NMR (CHCl,) 8~ 5.83 
(m, H-4 and H-5), 6xx 4.87 (m, H-3 and H-6) (refined coupling 
constants ,JAA = 5.2 Hz, ,JAX = 2.3 Hz, 4JAx = -0.7 Hz, 5Jxx = 
0 Hz), 3.78 (s, 2 C02CH3), 0.87 (s, 2 SiC(CH3)J, 0.14 and 0.08 (s, 
2 Si(CH,),); 13C NMR (CDC1,) 6 167.13 (s, 2 C02CH3), 135.58 (s, 

(q,2 CO,CH,), 25.71 (q,2 SiC(CH,),), 18.05 (s, 2 SiC(CH,),), -4.54 
and -4.16 (q, 2 Si(CH3I2). Anal. Calcd for C22H4006Si2: C, 57.9; 
H, 8.83. Found: C, 57.5; H, 8.69. 

(&)-(3S *,4S *,5R *,6R *)-2-(Acetoxymethyl)-3,6-bis[ (tert - 
butyldimethylsilyl)oxy]-4,5-epoxycyclohex- l-enecarb- 
aldehyde (2). Method a. The aldehyde 5e (44 mg), molybdenum 
hexacarbonyl (4.5 mg), 4,4'-thiobis(6-tert-butyl-3-methylphenol) 
(0.5 mg), and tert-butyl hydroperoxide (47 mg) in benzene (5 mL) 
were heated under reflux in a nitrogen atmosphere for 6 h. The 
mixture was concentrated under reduced pressure and purified 
by preparative TLC, first on silica gel in ether/petroleum ether 
(1:2) and second on neutral alumina using the same solvent, to 
give the epoxide 2 (9 mg, 20%). 

Method b. The aldehyde 5e (500 mg), finely powdered p -  
nitroperoxybenzoic acid (500 mg), and 4,4'-thiobis(6-tert-butyl- 
3-methylphenol) (4 mg) in chloroform were heated under reflux 
for 3 days. The mixture was cooled to 0 "C and filtered, and the 
precipitate was washed with cold chloroform. The filtrate and 
the washings were concentrated under reduced pressure and 
subjected to preparative TLC on silica gel in ether/petroleum 

C-1 and C-2), 127.78 (d, C-4 and C-5), 63.37 (d, C-3 and C-6), 52.07 



Synthesis of Eupenoxide 

ether (1:2) to give the epoxide 2 (136 mg, 26%): W max (hexane) 
229.5 nm (e 8100); IR (neat) 1745 (OCOCH3), 1690 cm-' (CHO); 
MS, m/z 399.1653 (M+ - 57, calcd for Cl&3106Si2 m/z 399.1658); 
MS, m/z (relative intensity) 399 (4), 381 (5), 339 (82), 327 (5), 
311 (a), 267 (15), 265 (20), 207 (44), 179 (42), 147 (36), 117 (74), 

4.73 (m, H-3), S, 3.32 and a, 3.26 (symmetrical 
m, H-4 and H-5) (refined coupling constants 5Jm = 11.6 or 11.3 
Hz, 3JAx = +2.3 or +1.0 Hz, 4JAy = -1.0 or -2.3 Hz, 4 J ~ ~  = -1.0 
or -2.3 Hz, 3&y = +2.3 or +1.0 Hz, ,JXY = f3.6 or h3.6 Hz), 5.35 
and 4.73 (each 1 H, d, J = 13 Hz, CH20Ac), 2.08 (s, OCOCH,), 
0.91 and 0.86 (s, 2 SiC(CH,),), 0.20 and 0.10 (s, 9 H and 3 H, 2 
Si(CH,)&. Anal. Calcd for CBHM06Si2: C, 57.9; H, 8.43. Found 

meso -Dimethyl r -3,c -6-Bis[ (tert -butyldimethylsilyl)- 
oxy]-t-4,5-epoxycyclohex-l-ene-1,2-dicarboxylate (12a). 
Method a. The cyclohexadiene 11 (46 mg), molybdenum hexa- 
carbonyl (5 mg), 4,4'-thiobis(6-tert-butyl-3-methylphenol) (0.5 
mg) and tert-butyl hydroperoxide (60 mg) in benzene (5 mL) were 
heated under reflux for 8 h. The mixture was concentrated under 
reduced pressure and subjected to preparative TLC on neutral 
alumina in ether/petroleum ether (1:2) to give the epoxide 12a 
(10 mg, 21%) and dimethyl 3-[(tert-butyldimethylsilyl)oxy]- 
phthalate (12 mg, 25%). 

Method b. The cyclohexadiene 11 (76 mg), p-nitroperoxy- 
benzoic acid (60 mg), and 4,4'-thiobi~(6-tert-butyl-3-methylphenol) 
(2 mg) in chloroform (10 mL) were heated under reflux for 5 days. 
The mixture was cooled to 0 "C and filtered, and the precipitate 
was washed with cold chloroform. The filtrate and the washings 
were concentrated under reduced pressure and subjected to 
preparative TLC on neutral alumina in ether/petroleum ether 
(1:2) to give the epoxide 12a (17 mg, 22%). 

Method c. The cyclohexadiene 11 (100 mg), o-nitroperoxy- 
benzoic acid (120 mg), and 4,4'-thiobis(6-tert-butyl-3-methyl- 
phenol) (2 mg) in chloroform (10 mL) were heated under reflux 
for 3 days. The mixture was cooled to 0 "C and filtered, and the 
precipitate was washed with cold chloroform. The filtrate and 
the washings were concentrated under reduced pressure and 
subjected to preparative TLC on silica gel in ether/petroleum 
ether (1:2) to give the epoxide 12a (15 mg, 14%) and dimethyl 
3,6-bis[ (tert-butyldimethylsilyl)oxy]phthalate (13) (24 mg, 25%). 
The epoxide 12a was a colorless oil: IR (neat) 1730 cm-' (CO,CH&; 
MS, m/z  457.2081 (M+ - CH,, calcd for C21H3707Si2 m / z  
457.2077); MS, m/z  (relative intensity) 457 (3.5), 417 (14), 416 

75 (loo), 73 (loo+), 43 (45); 'H NMR (CDC13) 6 10.10 (9, CHO), 
5.04 (m, H-6), 

c ,  58.2; H, 8.98. 

(30), 415 (loo), 399 (7), 397 (ii), 267 (io), 127 (161, 89 (27),75 
(24), 73 (53); 'H NMR (CHC13) 6 4.65 (t, J = 1.5 Hz, H-3 and H-6), 
3.28 (t, J = 1.5 Hz, H-4 and H-5) (3J3,4 = 4J3,5 = f1 .5 Hz, 5J3,6 
= 3J4,5 unknown but the same magnitude and sign), 3.76 (9, 2 
COzCH3), 0.89 (s,2 SiC(CH,),), 0.16 and 0.10 (s,2 Si(CH&,). Anal. 
Calcd for Cz2HM07Si2: C, 55.9; H, 8.53. Found: C, 56.3; H, 8.55. 

(f )-( 4S *,5S *)-2,5-Bis[ (tert -butyldimethylsilyl)oxy]-4- 
hydroxy-6-methylenecyclohex-2-en-l-one (14). The aldehyde 
5e (440 mg), o-nitroperoxybenzoic acid (550 mg), and 4,4'-thio- 
bis(6-tert-butyl-3-methylphenol) (4 mg) in chloroform (50 mL) 
were heated under reflux for 4 h. The mixture was cooled to 0 
"C and filtered, and the residue was washed with cold chloroform. 
The fdtrate and the washings were eluted through a short column 
of Florisil with ether. The eluant was concentrated under reduced 
pressure and subjected to preparative TLC, first on silica gel in 
ether/petroleum ether (1:2) and second on neutral alumina in 
ether/petroleum ether (1:3), to give the epoxide 2 (10 mg, 2%) 
and the dienone 14 (50 mg, 13%): MS, m/z  384.2151 (M+, calcd 
for C1$-13s04Si2 m/z 384.2152); UV max (hexane) 279 nm (c 1930), 
244 (sh, 1300); IR (CHC1,) 3700-3200 (OH), 1680 (CO), 1630 cm-' 
(C=C); MS, m/z  (relative intensity) 384 ( l ) ,  369 ( 5 ) ,  227 (loo), 

and 5.65 (m, 2 H and 1 H, H-3 and C=CH2), 4.34 (m, H-4 and 
H-5), 2.64-2.28 (m, exchanged in DzO, OH), 0.96 and 0.94 (s, 2 
SiC(CH3),), 0.19, 0.18,0.16, and 0.12 (8 ,  2 Si(CH,),). Irradiation 
at 6 4.34 reduced the signal at 6 5.65 to a doublet and the multiplet 
centered at  6 6.08 to a doublet at 6 6.11 (1 H) and a singlet at 6 
6.06 (1 H). Irradiation at 6 5.65 or 6.08 reduced the multiplet 
a t  6 4.34 into a simpler multiplet. 'H NMR [CDCl, + Eu(fod),] 
6 6.90 (d, ,J3,* = 2.7 Hz, H-3), 6.53 and 5.99 (,Jm = 2 Hz, 4J1r,5 
= 2 Hz, C=CH2), 4.80-4.62 (m, ,J4,, = 2.7 Hz, 3J4,5 = 7.5 Hz, H-4), 
4.46-4.30 (m, 3J5,4 = 7.5 Hz, 4J5,1, =2 Hz, H 4 ,  1.06 and 0.99 (9, 

196 (4), 195 (9), 167 (ll), 75 (22), 73 (57); 'H NMR (CHCl3) 6 6.08 
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2 Si(CH,),); 13C NMR (CDC13) 6 189.86 (8, CO), 152.72 and 148.95 
(s, C-2 and C-6), 131.30 (d, C-3), 125.19 (t, C=CH2), 82.07 and 
76.75 (d, C-4 and C-5), 30.26 (4, 2 SiC(CH3),), 22.86 (s, 2 Sic- 
(CH,),), 4.76 (4, 2 Si(CH3),). Anal. Calcd for C19H3604Si2: C, 
59.3; H, 9.43. Found: C, 59.7; H, 9.26. 

Dimethyl 34 (I%& -Butyldimethylsilyl)oxy]phthalate. The 
phthalate byproduct obtained from the preparation of the epoxide 
12a by method a was vacuum distilled (bp 160 "C (0.001 mm)) 
to give a pale yellow liquid UV max (hexane) 292.3 nm (e 22600), 
242 (sh, 47500); IR (neat) 1730 cm-' (C02CH3); MS, m/z 267.0691 
(M+ - 57, calcd for C12H1505Si m/z 267.0688); MS, m/z (relative 
intensity) 309 (5), 293 (12), 267 (loo), 237 (3), 235 (2), 75 (1.5), 
73 (7), m* 210.4 (267 - 237), 206.8 (267 - 235); 'H NMR (CDCl,) 

= 1.2 Hz, H-4, H-5, and H-6), 3.92 and 3.88 (s, 2 CO2CH,), 0.98 
(s, SiC(CH3),), 0.20 (s, Si(CH,),). Anal. Calcd for C16H2405Si: 
C, 59.2; H, 7.46. Found: C, 58.9; H, 7.54. 

Dimethyl 3,6-Bis[ (tert -butyldimethylsilyl)oxy]phthalate 
(13). The phthalate byproduct from the preparation of the ep- 
oxide 12a by method c was isolated as a colorless waxy solid: MS, 
m/z 454.2199 (M', calcd for CBH3sOsSi2 m/z 454.2207), 397.1506 
(M+ - 57, calcd for C1&&& m/z 397.1502); UV max (hexane) 
306.5 nm (e 3500); IR (CClJ 1740 cm-' (C02CH3); MS, m / z  
(relative intensity) 454 (0.15), 453 (0.12), 439 (3), 423 (5), 397 (loo), 
325 (2.5), 89 (9), 75 (2), 73 (15), 59 (3); 'H NMR (CDCI,) 6 6.75 
(s, H-4 and H-5), 3.76 ( 8 ,  2 C02CH3), 0.95 (s, 2 SiC(CH3),), 0.16 
(s, 2 Si(CH,),). Anal. Calcd for C22H3806Siz: C, 58.1; H, 8.42. 
Found: C, 58.1; H, 8.24. 

(&)-( 1R *,4S*,5S *,6R *)-34 Acetoxymethyl)-1,4-bis[ (tert - 
butyldimethylsilyl)oxy]-2-[ (Z)-hept-l'-enyl]-5,6-epoxy- 
cyclohex-2-ene (loa). To a suspension of finely powdered n- 
hexyltriphenylphosphonium bromide (300 mg) in anhydrous ether 
(25 mL) cooled to 0 "C was added n-butyllithium (1.7 M in hexane, 
0.4 mL), and the resulting orange mixture was stirred at room 
temperature for 3 h. The stirred mixture was cooled to -78 "C, 
the aldehyde 2 (126 mg) was added, and the mixture was allowed 
to warm to room temperature. Ether (20 mL) was added and the 
mixture filtered. The filtrate was diluted with water (20 mL) and 
extracted with ether. The extract was washed with water until 
the aqueous phase became neutral, dried (MgSO,), and then 
concentrated under reduced pressure to give a yellow oil. Pu- 
rification by preparative TLC on silica gel in ether/petroleum 
ether (1:3) gave the olefin 10a (90 mg, 70%): MS, m/z 524.3350 
(M+, calcd for C%H5,05Siz m/z 524.3353); UV max (hexane) end 
absorption from 270 nm; IR (neat) 1745 cm-' (OCOCH,); MS, m/z 
(relative intensity) 524 (0.2), 509 (0.3), 506 (0.2), 495 (0.2), 467 

328 (18), 305 (4.5), 304 (3), 293 (6), 275 (22), 259 (E), 191 (14), 
149 (20), 147 (33), 117 (68), 75 (68), 73 (100); *H NMR (CDCI,) 
6 5.76 and 5.67 (m, H-1' and H-2', 3J1,,2, = 11.5 Hz, 3J2t,3, = 7 Hz), 
4.67 and 4.47 (each 1 H, d, J = 12 Hz, CH,OAc), 4.64 and 4.31 
(br s, H-1 and H-4), 3.26 (br s, H-5 and H-6), 2.28-1.75 (m, 
CH=CHCH2), 2.04 (s, OCOCH,), 1.27 (m, 3 CHz),0.84-0.86 (2 
SiC(CH3), and CH2CH3); 'H NMR (CHCl,) 6 0.14,0.12,0.10, and 
0.08 (s, 2 &(Cadz). Anal. Calcd for CBH5,05Si2: C, 64.1; H, 9.99. 
Found: C, 64.3; H, 9.94. 

(&)-( 1R *,4S *,5S *,6R *)-34 Acetoxymethy1)- l,4-bis[ (tert - 
butyldimet hylsilyl)oxy]-2-[ ( E  )-hept- l'-enyl]-5,6-epoxy- 
cyclohex-2-ene (lb). A solution of the olefin 10a (80 mg) in 
iodine/hexane (0.1 mg/mL, 25 mL) was cooled to 0 "C and ir- 
radiated with a Pyrex-filtered medium-pressure mercury lamp 
for 7 h. The solution was concentrated under reduced pressure 
and subjected to preparative TLC on silica gel in ether/petroleum 
ether (1:3) to give a mixture of E and 2 isomers in the ratio of 
3:l as indicated by the 'H NMR spectrum. Crystallization of the 
mixture from methanol/water (9:l) gave colorless needles of the 
olefin lb (40 mg, 50%): mp 60 "C; MS, m/z 524.3352 (M+, calcd 
for Cz8Hs2O5Si2 m/z  524.3353); UV max 243 nm (c  20650); IR 
(CCl,) 1745 (OCOCH,), 1650 cm-' (C=C); MS, m/z (relative 
intensity) 524 (0.2), 509 (O.l) ,  506 (0.15), 495 (0.8), 467 (0.5), 464 
(6), 451 (33 ,449  (3), 446 (2), 415 (3), 407 (29), 393 (4), 379 (4), 
335 (9), 305 (E), 293 (7), 275 (20), 247 (3), 219 (5), 205 (7), 201 
(8), 191 (18), 149 (ll), 147 (32), 117 (60), 75 (78), 73 (loo), 59 (8); 
'H NMR (CHC13) 6 6.19 and 6.01 (m, H-1' and H-2', 3J1,,2( = 15 
Hz, 3Jz,,3# = 6 Hz), 4.83 and 4.58 (each 1 H, d, J = 12.2 Hz, 
CH,OAc), 4.75 and 4.63 (br s, H-1 and H-4), 3.31 and 3.24 (br, 

6~ 7.57, 68 7.28 and 6c 7.01 ('JAB = 7.7 Hz, ,JBC = 8.0 Hz, 4 J ~ c  

(201,465 (2), 451 (3.5), 449 (51,407 (251,393 (21,389 (41,335 (is), 
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3J5,6 = 3.8 Hz, H-5 and H-6), 2.26-1.94 (m, CH=CHCH,), 2.04 
(s, OCOCH,), 1.54-1.10 (m, 3 CH2), 0.90-0.86 (2 SiC(CH3)3 and 
CH2CH,); 'H NMR (CHCl,) 6 0.16, 0.14, 0.13, and 0.06 (8 ,  2 
Si(CH,)&. Anal. Calcd for C28H5205Si2: C, 64.1; H, 9.9. Found: 
C, 64.1; H, 9.70. 

meso -Dimethyl r-3,c -6-Dihydroxy- t -4,5-epoxycyclohex- 
l-ene-l&dicarboxylate (12b). The epoxide 12a (19 mg) in acetic 
acid/tetrahydrofuran/water (321,6 mL) was heated under reflux 
for 2 days. Toluene (10 mL) was added, and the mixture was 
concentrated under reduced pressure and purified by preparative 
TLC on silica gel in dichloromethane/methanol(955) to give the 
diol 12b (6 mg, 48%): mp 144-145 "C sublimation; IR (neat) 
3500-3200 (OH), 1730 cm-' (C02CH3); MS, m/z (relative intensity) 
213 (loo), 197 (47), 194 (87), 169 (96) 165 (85), 143 (99), 142 (60), 
141 (85), 139 (85), 59 (91); 'H NMR (CD3OD) 6 4.72 (t, J = 1.5 
Hz, H-3 and H-6), 3.38 (t, J = 1.5 Hz, H-4 and H-5) (3J3,4 = 4J4,6 

= f1.5 Hz, 5J3,6 = 3J4,5 unknown, but the same sign and mag- 
nitude), 3.78 (s, 2 C02CH3). Anal. Calcd for C10H1207: C, 49.2; 
H, 5.07. Found: C, 49.0; H, 5.07. 

A lronodesilylated alcohol, 12c (3 mg, 19%), was also isolated 
MS, m/z (relative intensity) 343 (3), 327 (6), 301 (loo), 75 (62), 

3.27 (t, J = 1.5 Hz, H-4 and H-5) (3J3,4 = 4J4,6 = 1.5 Hz, 5J3,6 = 
3J48 unknown, but same magnitude and sign), 3.76 (s,2 C02CH3), 
1.54 (br s, exchanged in DzO, OH), 0.90 (s, SiC(CH,),), 0.16 and 
0.10 (s, Si(CH3)2). 
(A)-( 1R *,4S*,5R *,6S*)-3-(Acetoxymethyl)-2-[ (2)-hept- 

1'-enyl]-5,6-epoxycyclohex-2-ene-l,4-diol (lob). The olefin 10a 
(8 mg) in acetic acid/tetrahydrofuran/water (3:2:1, 12 mL) was 
heated under reflux for 2 days. After azeotropic removal of the 
solvent with toluene, the residue was subjected to preparative TLC 
on silica gel in dichloromethane/methanol (97:3) to give the diol 
10b (2.5 mg, 57%): UV max (EtOH) end absorption from 270 
nm; MS, m / z  (relative intensity) 296 (5), 279 (lo), 254 (5), 249 
(lo), 236 (45), 218 (37), 207 (47), 190 (20), 189 (25), 177 (33), 165 
(85), 161 (40), 149 (50), 147 (100); 'H NMR (CDClJ 6 5.89-5.78 
(m, 3J1.,2. = 11.5 Hz, H-1' and H-2'), 4.71, 4.62, and 4.58 (br s, 
CH20Ac, H-1 and H-4 and 2 OH), 3.46 (br s, H-5 and H-6), 2.09 
(s, OCOCH,), 1.92-1.52 (m, CH=CHCH2), 1.25 (m, 3 CH2),0.88 
(m, CH2CH3). 

(&)-( 1R*,4S*,5R *,6S *)-24 (2)-Hept- l'-enyl]-3-( hydroxy- 
methyl)-5,6-epoxycyclohex-2-ene-1,4-diol [ ( i ) -Z  Isomer of 
Eupenoxide] (1Oc). A stirred solution of the diol 10b (2.5 mg) 
in methanol (2 mL) was cooled to 0 "C and then saturated with 
ammonia The mixture was stirred at room temperature overnight 
and then evaporated to dryness. Preparative TLC on silica gel 
in dichloromethane/methanol (93:7) gave the 2 isomer 1Oc of 
eupenoxide (2 mg, 90%): MS, m/z  254.1517 (M', calcd for 
C14H2204 254.1518); UV max (EtOH) end absorption from 265 
nm; MS, m / z  (relative intensity) 254 (4), 236 (6), 223 (21), 207 
(35), 189 (25), 177 (loo), 165 (62), 149 (55), 147 (43), 137 (49), 133 
(58), 123 (84), 107 (80), 91 (86); 'H NMR (CDCl,) 5.85-5.27 (m, 
3J1,,2, = 11.5 Hz, H-1' and H-29, 4.75, 4.47, 4.32, 4.18, and 3.82 
(m, CT120H, H-1 and H-4), 3.44 (br s, H-5 and H-6), 1.95-1.92 
(m, CH=CHCH2, 3 OH), 1.26 (m, 3 CH2), 0.89 (m, CH2CH3). 

(*)-( 1R *,45 * ,55  *,6R *)-1,4-Bis[ (tert -butyldimethyl- 
silyl)oxy]-2-[ (E)-hept-l'-enyl1-3-( hydroxymethyl)-5,6-ep- 
oxycyclohex-2-ene (IC).  A stirred solution of the olefin lb  (40 
mg) in methanol (4 mL) was cooled to 0 "C and saturated with 
ammonia. The mixture was allowed to warm to room temperature, 
and stirring was continued overnight. Removal of the solvent 
under reduced pressure and preparative TLC on silica gel in 
ether/petroleum ether (1:3) gave the alcohol IC as a colorless oil 
(27 mg, 98% based on recovered starting material): UV max 
(hexane) 242.5 nm (c  19200); IR (neat) 3650-3100 (OH), 1650 cm-' 
(C=C); MS, m/z 451.3066 (M+ - CH,OH, calcd for C25H4703Si2 
m/z 451.3064), 425.2542 (M+ - C4H9, calcd for C22H4104Si2 m / z  
425.2543); MS, m/z  (relative intensity) 482 (Hi), 467 (0.5), 464 
(0.3), 451 (9), 425 (ll), 407 (4.5), 397 (5), 395 (2), 333 (6), 320 (3), 

73 (25); 'H NMR (CHC13) 6 4.85 (t, J = 1.5 Hz, H-3 and H-6), 

Duke and Rickards 

305 (4), 293 (31), 265 (8), 263 ( 5 ) ,  179 (6), 177 (2), 173 (3), 149 
(16), 147 (28), 75 (60), 73 (100); 'H NMR (CDCl,) 6 6.24 and 6.02 
(m, H-1' and H-2', 3J1,,2t = 15.5 Hz, 3J2,,3. = 6 Hz), 4.79 and 4.69 
(br s, H-1 and H-4), 4.26 and 4.18 (2JAB = 12 Hz, CH20H), 3.31 
and 3.24 (m, 3J5,6 = 3.6 Hz, H-5 and H-6), 2.28-2.0 (m, CH= 
CHCH2), 1.40-1.20 (m, exchanged in D20, OH), 1.5-1.1 (m, 3 CHp), 
0.914.86 (m, 2 SiC(CH3), and CH,CH,); 'H NMR (CHC13) 6 0.21, 
0.13, and 0.08 (s, 6 H, 3 H, 3 H, 2 Si(CH3)&. Anal. Calcd for 
CZ6HMo4Si2: C, 64.7; H, 10.4. Found: C, 64.5; H, 10.5. 

(*)-( 1R*,4S*,5R *,6S *)-2-[(E)-Hept-l'-enyl]-3-(hydroxy- 
methyl)-5,6-epoxycyclohex-2-ene- 1,4-dioi [ (*)-Eupenoxide] 
(la). Method a. To a solution of the alcohol IC (34 mg) in acetic 
acid (8 mL) was added water (2 mL), and the mixture was stirred 
at 43 "C overnight. After azeotropic removal of the solvent with 
toluene, the residue was subjected to preparative TLC on silica 
gel in dichloromethane/methanol (93:7) to give (i)-eupenoxide 
acetate (la) and (i)-eupenoxide (la) (17 mg): MS, m/z 254.1514 
(M+, calcd for C14H2204 m/z  254.1518); UV max (EtOH) 240.7 
nm; MS, m/z (relative intensity) 254 (27), 236 (70), 223 (15), 218 
(14), 207 (8), 189 (22), 183 (42), 177 (30), 165 (92), 147 (65), 137 
(67), 123 (86), 107 (65), 91 (100). A stirred solution of this product 
(4 mg) in methanol (4 mL) cooled to 0 "C was saturated with 
ammonia. The mixture was allowed to warm to room temperature, 
and stirring was continued overnight. The mixture was concen- 
trated under reduced pressure, and the residue was subjected to 
preparative TLC on silica gel in dichloromethane/methanol(93:7) 
to give (*)-eupenoxide (2.5 mg); 'H NMR (CD30D) except for 
signals due to approximately 5% impurities was superimposable 
with that of natural eupenoxide. 

Method b. To the alcohol IC (35 mg) in tetrahydrofuran (6 
mL) at  0 "C was added tetrabutylammonium fluoride in tetra- 
hydrofuran (0.4 M, 0.6 mL). After 2 h at  0 "C the reaction was 
diluted with water (30 mL) and extracted with ether. The extracts 
were washed with water, dried (MgSO,), and evaporated under 
reduced pressure to give a pale yellow oil. Preparative TLC on 
silica gel in dichloromethane/methanol (101) gave (A)-eupenoxide 
(la) (16 mg, 87%), identical by IR, MS, and 'H NMR with natural 
eupenoxide. 

Eupenoxide Monoacetate Id. Treatment of natural eupen- 
oxide (la, 18 mg) with acetic acid (8 mL) and water (2 mL) as 
described above for the alcohol IC gave recovered eupenoxide (8 
mg, 44%) and the monoacetate Id (2 mg, 10%): IR (CC14) 
3600-3100 (OH), 1740 (OCOCH,), 1670 cm-' (C=C); MS, m/z  
(relative intensity) 296 (5), 278 (8), 249 (16), 236 (281, 218 (491, 
207 (37), 190 (21), 189 (22), 177 (18), 165 (63), 161 (27), 147 (loo), 
119 (62); 'H NMR (CD,OD) 6 6.36 and 6.14 (m, H-1' and H-2', 
3J18,2, = 16 Hz, 3J2t,3, = 6 Hz), 4.90, 4.64, and 4.46 (br s, CH20Ac, 
H-1 and H-4), 2.40-1.80 (m, CH=CHCH2), 2.03 (s, OCOCH,), 
1.36 (m, 3 CH2), 0.90 (t, CH2CH3); 'H NMR (C6D6) 6.54-5.90 (m, 
H-1' and H-2'), 4.72, 4.55, and 4.40-3.60 (m, CH20Ac, H-1, H-4, 
and 2 OH), 3.36 (m, H-5 and H-6), 2.30-1.90 (m, CH=CHCH2), 
1.67 (s, OCOCH,), 1.24 (m, 3 CHJ, 0.88 (t, CH2CH3). 
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