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Photochemically generated singlet oxygen adds selectively
to C20–C22 rather than C5–C6 double bond of pseudodiosgenin
diacetate 1 to give diosone 4, an important intermediate for prep-
aration of many steroidal drugs, and ene product 3 at room tem-
perature. 3 was separated and characterized by 1H and 13CNMR
as well as IR. When pyridine and acetic anhydride were present-
ed, the Criegee rearrangement of 3 can yield 4, as a result, lead-
ing to a high collection yield (80% in acetonitrile) of 4.

Highly reactive singlet oxygen (1O2) generated photochemi-
cally can be quenched by many organic compounds either physi-
cally or by a chemical reaction. Alkenes are among the most re-
active substrates for singlet oxygen leading to dioxetanes,1 endo-
peroxides2 or, in the presence of allylic hydrogens, to ene prod-
ucts.3 Addition of 1O2 to oxygen-substituted endocyclic double
bond such as 2,3-dihydrofuran and dihydropyrans4 have been re-
ported to give dicarbonyl compounds and ene products in several
solvents. The ene products are always unstable, which are prone
to undergo many transformations.5 In 1944, Criegee6 observed
that peroxy esters of trans-9-decalyl hydroperoxide rearranged
to hemiacetalic esters and suggested a mechanism. In the follow-
ing years the mechanism was tested and generalized,7 and this
rearrangement was used in the synthetic community though
the cases were very limited.8 One potential application of Crie-
gee rearrangement in singlet oxygen reactions of alkenes is to
transform the ene product allylic hydroperoxides to dicarbonyl
compounds or carbonyl fragments, which generally results from
the decomposition of [2þ2]-cycloaddition product dioxetanes.
On the basis of our investigations of the photooxygenation of en-
docyclic enol ethers,4 we recently became interested in whether
the steroidal pseudodiosgenin diacetate 1 (see Figure 1) bearing
a five-mumbered ring of endocyclic enol would selectively react
with singlet oxygen and form the desired oxygenated steroidal
compound, diosone 4, which is an important intermediate for
preparation of steroidal drugs.9 While environmentally toxic
chromium oxidant was usually used to realize the conversion
from 1 to 4,10 photochemical approach with 1O2 is undoubtedly

environmentally friendly. We found the dye-sensitized photoox-
ygenation products of 1 contained not only desired diosone 4
most likely originating from the decomposition of dioxetane 2,
but also an ene product 3, and the amount of 4 increased in
the product distribution with the increased polarity of the sol-
vents. Besides increasing the solvent polarity, we suppose the
Criegee rearrangement may play a positive role in improving
the isolated yield of desired diosone 4 by inducing the transfor-
mation of ene product.

In this study, ene product was firstly separated and charac-
terized and its conversion to the desired diosone 4 was investi-
gated. It was found that the Criegee rearrangement of ene prod-
uct 3 occurred in the presence of pyridine and acetic anhydride.
The effect of polarity of solvent on this transformation was also
studied.

When 1 was irradiated together with a catalytic amount of
typical singlet oxygen sensitizers such as TPP in oxygen saturat-
ed benzene using the light above 380 nm at room temperature,
photooxygenation reaction proceeded smoothly (see supporting
information for detailed photoreaction condition). The disap-
pearance of the starting material was detected by TLC to judge
the end of the reaction and the mixture was detected to contain
two main products by TLC. The photooxygenated mixture was
purified immediately by silica gel flash chromatography yielding
4 and an unknown colorless oil product. The former was con-
firmed by mixed HPLC determination, and 1HNMR and mass
spectrum data by comparison with authentic sample. The latter
was characterized by 1H and 13CNMR, IR spectral analysis. It
should be firstly noted that both 1H and 13CNMR spectra of
the unknown product show the unmodified double bond at C5–
C6 position (1HNMR signal at 5.37 (d, J ¼ 4:3Hz, 1H at C6);
13CNMR signals at 122.0 (C6) and 139.9 (C5)). The regioselec-
tivity observed under the irradiation condition is probably due to
the much more electron-rich feature of C20–C22 double bond
which possesses an enol ether structure. The 1HNMR spectrum
also shows that this compound should possess another double
bond with the signals at 5.12 (d, J ¼ 1:6Hz, 1H) and 5.23 (d,
J ¼ 1:9Hz, 1H). The 13CNMR spectrum confirms the absence
of the CH3 group at 21-C position (signal at 11.0) and the pres-
ence of a CH2 group of the double bond (signal at 109.4). In ad-
dition, the signal at 10.18 (s, 1H) in 1HNMR spectrum is attrib-
uted to the OOH group, which is also confirmed by the corre-
sponding FTIR spectrum (KBr; �OH 3360–3560 cm�1). The un-
changed signal at 3.78–3.94 (m, 2H at C26) in

1HNMR spectrum
compared to pseudodiosgenin diacetate 1 indicates that the oxy-
gen-containing heterocycle did not cleavage (otherwise H at C26

would be a doublet as in 4). Besides, the FTIR spectrum of the
unknown product also contains two peaks at 903 and
841 cm�1, consistent with the presence of =CH2 structure. Ob-
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Figure 1. Synthesis of diosone from photooxygenation of 1.
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viously, the ene product 3 is consistent with these spectrum data.
Under above photooxygenation condition, dioxetane 2 inter-
mediate was not obtained, which decomposed to 4 immediately.
Other ene products were not detected. This is probably due to
one point, namely, the 1O2 tends to add on the same side as
the alkoxy group, with the C–O bond forming preferentially at
the carbon bearing the alkoxy group,11 and another point, name-
ly, there is preferential abstraction of those allylic hydrogens
which are aligned perpendicular to the plan of the double bond.12

In addition, it was found that no transformation between 3 and 4
occurred under the reaction conditions and even at higher tem-
perature without catalyst. No significant degradation of pure 3
was identified after storing for 2 weeks under 0 �C.

Generally, ene products are not easily to be isolated at room
temperature because of their instability, which are prone to un-
dergo many transformations.5 Fortunately, the relatively stable
ene product 3 allowed us to conduct further study —to try to
transfer it to the desired diosone 4. When 3 (0.01M) was treated
with 2 equiv. of hydrochloric acid, pyridine or both acetic anhy-
dride and pyridine in acetonitrile at 50 �C for 25min, respective-
ly, a moderate yield of 4 was obtained only in the system of 3/
acetic anhydride/pyridine, implying the occurrence of the Crie-
gee rearrangement. The reactions were carried out in solvents of
varied polarities, and the results were summarized in Table 1,
which shows the yield of 4 is higher in polar solvent. We also
found the reaction rate increased in polar solvent. The fact that
this reaction is sensitive to solvent polarity agrees well with
the general rules of solvent effect on the Criegee rearrange-
ment.8,13 Thus, the most likely mechanism is the Criegee rear-
rangement which should be considered to rationalize the present
conversion from 3 to 4 (see Figure 2).6,7,14 In this rearrangement,
acetic anhydride and pyridine react to form a very effective acy-
lating agent, with which 3 would give a peroxy ester at first so
that the mechanism of forming a dioxetane intermediate should
be ruled out. Then the heterolysis of the peroxy bond generates a
positive oxygen fragment. The instability of the latter induces
the migration of the group to the electron-deficient oxygen with
concomitant rearrangement of the carbon skeleton. The migrat-
ing group in the case of allylic hydroperoxides is generally the
vinyl group.14 The cleavaged CH3COO

� group combines with
the oxycarbonium ion to form an ester which is attacked by pyr-

idine to eliminate an acyl group and then rearrange to a dicarbon-
yl compound 4. As a result, for 1O2 reaction with pseudodiosge-
nin diacetate 1 in acetonitrile, the presence of a proper amount of
acetic anhydride and pyridine promoted the isolated yield of 4
from 65 to 80%.

In summary, our experiments demonstrate the formation of
diosone 4 and a relatively stable ene product 3 in the photooxy-
genation of 1 at room temperature. Ene product 3 can be convert-
ed in moderate yield to 4 by way of the Criegee rearrangement in
the presence of pyridine and acetic anhydride. The importance of
this rearrangement is to facilitate the formation of dicarbonyl
compounds in singlet oxygen reactions with alkenes, and in
our case, 4 was obtained in an excellent yield of 80% with the
help of this rearrangement. Extension of the Criegee rearrange-
ment to the photooxygenations of other useful steroids are in
progress in our laboratories.
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Table 1. Effect of solvents on the rearrangement of 3a

Solvent Acetonitrile Acetone Benzene Hexane

diosone% 55 50 22 25
a½3� ¼ 1� 10�2 M; [pyridine] ¼ [acetic anhydride] ¼ 2�
10�2 M.
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Figure 2. The Criegee Rearrangement of 3.
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