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for optimum performance. The use of immobilized whole
organisms of this type, or of crude extracts from them,
would be the most efficient method for preparation of the
required enzymatic activities.
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Superoxide-, tert-Butoxide-, and
Hydroxide-Mediated Autoxidation of 3-Oxo-A*
Steroids in Aprotic Media

Summary: The course of the base-catalyzed autoxidation
of 3-o0x0-A* steroids in aprotic media differs sharply both
in yield and product distribution from that reported for
protic solvents and involves the oxygenation of the kinetic
dienolate.

Sir: The base catalyzed autoxidation! of various 3-oxo-A*
steroids (1) in protic media was studied by Camerino and
co-workers? in the early sixties. They reported that enones
1 react with oxygen in the presence of potassium tert-bu-
toxide in tert-butyl alcohol, generating in low yield the
corresponding 4-hydroxy-AS-dehydro and 6-keto deriva-
tives (ketones 3 and 4, respectively). For example, when
4-cholesten-3-one is the substrate (1), enones 3 and 4 are
isolated in 15% and 5% yield, respectively; no information
is supplied by the authors as to the identity or fate of the
remaining 80% of the product. In any case, it would seem
clear that 3 and 4 result from oxygenation of the a(C-4)
and v(C-6) carbons of the thermodynamic® dienolate 2

Our interest in the base-catalyzed autoxidation of enones
and enols in aprotic solvents,* particularly those mediated
by the biologically important superoxide anion radical,’
led us to examine the reaction of the steroidal analogues.
As the results outlined in Scheme I indicate, the course
of these oxidations differs substantially both in product
distribution and yields from those reported by Camerino
et al.2 In a typical reaction, 4-cholesten-3-one,18-crown-6,
and potassium superoxide (KO,) in a 1:2:4 molar ratio were
dissolved in dry benzene (100 mL/mmol of steroid) and

(1) (a) Russel, G. A.; Janzen, E. G.; Bemis, A. G.; Geels, E. J.; Moye,
A. J.; Mak, S.; Strom, E. T. Adv. Chem. Ser. 1965, 51, 112. (b) Russel,
G. A Pure Appl Chem. 1967, 15, 185. (c) Russel G. A.; Bemis, E. J.;
Geels, E. J.; Janzen, E. G.; Moye, A. J. Adv. Chem. Ser. 1968 75, 174. (d)
Sosnovsky, G Za.ret E.H In “Organic Peroxides”; Swern D., Ed Wiley:
New York, 1970; Vol. 1, p 517 ff.

(2) (a) Camerino, B.; Patelli, B.; Sciaky, R. Tetrahedron Lett. 1961,
554. (b) Camerino, B.; Patelli, B.; Sciaky, R. Gazz. Chim. Ital. 1962, 92,
693.

(3) (a) Malhotra, S. K.; Ringold, H. J. J. Am. Chem. Soc. 1964, 86,
1997. (b) House, H. O. “Modern Synthetic Reactions”; W. A. Benjamin:
Menlo Park, CA, 1972; p 492 ff. (c) Nedelec, L.; Gasc, J. C.; Bucourt, R.
Tetrahedron 1974, 30, 3263. (d) d'Angelo, J. Tetrahedron 1976, 32, 2979.

(4) (a) Frimer, A. A.; Gilinsky, P. Tetrahedron Lett. 1979, 4331. (b)
Frimer, A. A.; Gilinsky-Sharon, P.; Aljadeff, G. Ibid. 1982, 23, 1301. (c)
Frimer, A. A.; Hameiri, J.; Gilinsky-Sharon, P.; manuscript in prepara-
tion.

(5) (a) “Superoxide and Superoxide Dismutase”; Michelson, A. M,;
McCord, J. M,; Fridovich, 1., Eds.; Academic Press: New York, 1977; (b)
Fridovich, 1. Science 1978, 201, 875, (c) “Oxygen and Oxy-Radicals in
Chemistry and Biology”; Rodgers, M. A. J.; Powers, E. L., Eds.; Academic
Press: New York, 1981.
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stirred under dry air at ambient temperature until all the
steroid had been essentially consumed (~20 h). The re-
action mixture was then acidified with 10% HC]l and ex-
tracted 3 times with NaHCOj solution during which time
an orange precipitate formed which floated in between the
aqueous and organic layers. The organic phase was dried,
concentrated, and chromatographed (preparative TLC on
silica gel, using 25% acetone in hexane as eluent), yielding
lactol 9 (30% yield) and a mixture of lactols 10 (4% ) and
11 (6%). The latter were readily separable once they were
converted by Ag,0/CH,I® to the corresponding keto esters
16 and 17. The aforementioned precipitate was dissolved
in 10% HCI (overnight) and the resulting solution was
extracted with chloroform. Evaporation of the extracts
gave a white precipitate (60% yield), which was treated
with diazomethane. Separation of the resulting mixture
of esters by preparative TLC gave 18, 19, and 20 in a molar
ratio of 4:1:1. Esters 15-20 could be obtained directly from
the reaction mixture by treating the latter with excess
methyl iodide prior to aqueous workup. Similar results
were obtained with testosterone.

Several important observations should be made re-
garding this reaction. Firstly, the course of this reaction
remains essentially unchanged when KO, is replaced by
KOH or potassium tert-butoxide except that the rate of
reaction is fastest with the latter and slowest with KOH.
Hence it is probable that the mechanism of the superoxide
anion radical mediated process (like tert-butoxide and
hydroxide) entails initial proton (not hydrogen-atom) ab-
straction,*” which is followed by the various steps typical
of base-catalyzed autoxidation.!

Secondly, when the reaction is quenched at shorter re-
action times, in addition to starting material substantial
amounts of enol 6 are obtained. The conversion of the
latter to lactol 9 under the reaction conditions is quanti-
tative and is likely to proceed by the mechanism suggested
for 2-hydroxy-2,5-cyclohexadien-1-ones.® Similarly lactol

(6) Kocar, M.; Kurek, A.; Dabrowski, J. Tetrahedron 1969, 25, 4257.

(7) (a) Frimer, A. A. In “Superoxide Dismutase”; Oberley, L. W., Ed.;
Chemical Rubber Company: Boca Raton, FL, in press. (b) Frimer, A.
A. In “Peroxides”, Chemistry of the Functional Groups Series; Patai, S.,
Ed.; Wiley: New York, in press.
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Base-Catalyzed Autoxidation of A“-Cholestenone in Benzene
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10 undoubtedly stems from diosterol I? (7), while lactol 11
and acids 12-14 are derived from diosterol II® (8). It is
noteworthy, however, that while diosterols I and II result
from the oxygenation of dienolate 2, enol 6 requires the
intermediacy of the thermodynamically less stable but
kinetically favored® dienolates 5. Indeed, when the reaction
temperature is lowered, the rate of isomerization of 5 to
2 is slowed such that 5 can be trapped quantitatively.
Thus when A*-cholestenone is autoxidized with tert-but-
oxide in toluene at —17 °C for 2 h, enol 6 can be isolated
in yields >90%. If instead of quenching the reaction to
isolate enol 6, the reaction is allowed to continue at room
temperature overnight, lactol 9 is obtained in yields >85%.
Although the trapping of the kinetic dienolate in aprotic
media is by no means new,? its application to autoxidative
processes in general and to the synthesis? of enol 6 and
lactol 9 has until now, to the best of our knowledge, been
unreported.

Finally, the total absence of diketone 4 either in the
product mixture or during the course of the reaction (TLC)
suggests that the oxygenation of enolate 2 in dry aprotic
media occurs selectively at the a-position (C-4) in a ki-
netically controlled process. It is not surprising then that
when the crown ether used is “old”, i.e., wet®, a complex

(8) Fieser, L. F.; Fieser, M.; Rajagopalan, 8. J. Org. Chem. 1948, 13,

product mixture results which contains no 6 or 9 but a 20%
yield of diketone 4. Clearly the presence of a proton source
allows for the rapid generation of the thermodynamic
enolate (2) and in turn the thermodynamic product 4.
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