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Alkoxy ozonides (3-alkoxy-1,2,4-trioxolanes) constitute an in-
triguing new class of cyclic peroxides which have generated much
recent interest.!> The pendant alkoxy group functions as an
electron donor to the ozonide ring via an exo anomeric effect, as
evidenced by structural studies on these compounds. In at least
one case,? the electron-rich character of the ozonide is manifested
in the stability of the peroxide system toward the nucleophilic
reductant dimethyl sulfide. It is apparent, then, that alkoxy
ozonides possess chemical properties which are quite different from
simpler 1,2,4-trioxolanes. At present, however, only a few alkoxy
ozonides are known. These have been prepared by cycloaddition
of a carbonyl oxide, generated from alkene ozonolysis, with an
ester. Although the process has been demonstrated for both
intermolecular! and intramolecular?? cases, in most instances the
cyclization is quite inefficient, and only small amounts of ozonides
can be obtained.

In this context we were intrigued by the work of Bernatek and
co-workers in the mid-1950s, who showed that ozonation of certain
benzofurans led to good yields of stable, crystalline peroxides.*
These were formulated as the ozonides, although detailed struc-
tural evidence was not available. Since formation of these ozonides
would most reasonably require intramolecular carbonyl oxide ester
cycloaddition, we felt that it was important to reinvestigate this
process. In the event, the Bernatek peroxide was obtained in 80%
yield by ozonation (EtOAc, 20 °C) of benzofuran 1.% Spectral
data for the crystalline product (3) was consistent with the ozonide
structure but not compelling. Therefore, a single-crystal X-ray
diffraction study was carried out, which fully confirmed the
ozonide structure.’

The high efficiency of ozonide formation from 1 is surprising.
Based on known directive effects in the cleavage of primary
ozonides, !¢ 1 should produce the carbonyl oxide ester 2 as an
intermediate. In the absence of special electronic and confor-
mational controls, efficient cyclization of 2 to 3 is unexpected.
In the case at hand, the fused benzene ring might serve as a
conformational control element, enforcing a geometry favorable

to cyclization in the carbonyl oxide ester tether. To test this, we.
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ozonized the dihydrofuran 4,7 which lacks this rigidity. Sur-
prisingly, the corresponding ozonide 5§ was obtained as a single
stereoisomer in 42% isolated yield, suggesting that conformational
control within the tether is not necessary with these cyclic vinyl
ethers.
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The dihydrofuranyl ketone 6,% on the other hand, led to a
mixture of two ozonides in 60% and 10% yield (as determined
by NMR). Initially, these were thought to be the stereoisomers
of 7, but upfield shifts of the methyl signals in the 'H NMR
spectrum of the major product® (isolated in 45% yield) led us to
consider the alternative structure 8, where the ozonide ring has
“slipped” to the acetyl group of 6. The difference in connectivity
between 7 and 8 was exploited by a long-range (2-3 bond) het-
eronuclear polarization-transfer experiment (selective INEPT).10
Thus, irradiation of the benzylic proton leads to enhancement of
a 13C NMR signal at 205.3 ppm, clearly the carbonyl group and
not an acetal. This experiment establishes the major ozonide
structure as 8.

Although 8, obtained as a colorless oil, was rather unstable
toward unimolecular rearrangement to the anhydride 9 (first-order
half-life of 7 h at 25 °C), the ozonide was unreactive toward
potential oxygen acceptors such as dimethyl sulfide and di-
ethylamine. Thus, treatment of 8 with diethylamine led to the
formation of diethylacetamide, at a rate commensurate with the
conversion of 8 to 9 and with no apparent acceleration of this
conversion. Remarkably, the ketone within 8 could be reduced
with sodium borohydride,!! leaving the ozonide system intact. The
resulting 2:1 mixture of epimeric alcohols 10 is far more stable
than 8, reflecting the diminished propensity for migration of the
carbinol center to the peroxide as compared to acyl migration.
The alcohols were converted to the crystalline p-nitrobenzoates
11. Three recrystallizations from methanol afforded a pure sample
of the major isomer, suitable for X-ray diffraction. The structure’
for 11 confirms the stereochemistry assigned to 8, and an exo
anomeric effect (with respect to the trioxolane ring) is evident
in the differentiation of bond lengths to the pendant oxygen (see
Scheme I).12
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When dihydrofuranyl ketone 6 was ozonized in methanol at
=70 °C, only a trace amount of 8 was obtained. Now the major
product was the ozonide 7 (~70% yield, by NMR analysis of
crude), identical with the minor component obtained in CCl,.
Because 7 degrades rapidly to the anhydride 9 (half-life at 20 °C
= | h) it was not possible to characterize this compound cleanly.
Instead, 7 was reduced to a 1:1 mixture of alcohols 12 with sodium
borohydride; coupling of the carbinol proton to one of the methyl
groups confirms the assigned structure. The stereochemistry for
7 is assigned on the basis of couplings to the benzylic proton (J
= 11, 4 Hz) which are consistent with this hydrogen having the
axial orientation.

The dramatic solvent effect on the ozonide distribution from
6 is not easily explained. No interconversion between 7 and 8
was observed in the solvents used, so the ozonide distribution
appears to be kinetically controlled. Preliminary experiments
suggest that decreased solvent polarity and lower temperatures
lead to increased proportion of the “slipped” ozonide 8. We have
studied the mechanism for formation of 8; this work is described
in the following paper.'?

The formation of “slipped” ozonides appears to be general for
these acetyldihydrofurans. Thus, the benzofuran derivative 13,
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reported by Bernatek* to give an unstable peroxidic product on
ozonolysis, was found to provide a small yield (18%) of a relatively
stable ozonide. Spectroscopic data, particularly the IR stretch
at 1695 cm™ for the ketone, led to assignment as the slipped
ozonide 14.° This assignment is further supported by sodium
borohydride reduction to the corresponding alcohol, which shows
no coupling from the carbinol methine to the methyl group.
Clearly, ozonolysis of cyclic vinyl ethers provides a rich hunting
ground for the preparation of new alkoxy ozonides. Chemical
manipulation of these systems has been demonstrated and offers
possibilities for increasing their stability. We are continuing our
efforts to delineate the mechanistic features of this process, in
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particular to understand the origin of the solvent effect on ozonide
distribution.
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According to the Criegee mechanism for alkene ozonolysis,
a primary ozonide (1,2,3-trioxolane), formed by addition of ozone
to the alkene, fragments to give a carbonyl compound from one
end of the starting alkene and a carbonyl oxide from the other.
Substituent effects on the regioselectivity of primary ozonide
fragmentation have been reported.? Thus, while an acyl sub-
stituent tends to favor proximal production of the carbonyl oxide,
alkoxy groups direct carbonyl oxide formation to the remote
fragment. Kuczkowski® has recently demonstrated, in fact, that
ozonation of ethyl vinyl ether leads to nearly exclusive production
of formyl oxide and ethyl formate—these recombine, albeit in-
efficiently, to ethoxy ozonide (3-ethoxy-1,2,4-trioxolane). We have
reported that ozonation of cyclic vinyl ethers can lead efficiently
to alkoxy ozonides.* Insome cases, notably the dihydrofuranyl
ketone 1, the ozonide obtained was not that from the expected
carbonyl oxide ester cycloaddition. Thus, ozonation of 1in CCl,
gave, as the major product, alkoxy ozonide 2, where the trioxolane
ring includes what had been the acetyl carbon of the starting
material. We have investigated the mechanism of this conversion
and report here evidence that primary ozonides from these cyclic
vinyl ethers cleave regioselectively in a manner contrary to lit-
erature precedent, forming a ketone and an ester oxide. Little
is known of the chemistry of ester oxides. A few have been trapped
with alcohol solvents,® but their cyclization with carbonyl partners
to form alkoxy ozonides has apparently not been described pre-
viously.

The mechanistic possibilities for ozonation of 1 are outlined
in Scheme I.  According to literature precedent, the primary
ozonide 3 should cleave regioselectively to the carbonyl oxide ester
4.2 Since 2 cannot result directly from cyclization of this inter-
mediate, we considered the possibility of oxygen transfer to provide
the isomeric carbonyl oxide ester 7. A priori, there are two likely
pathways. The first involves an electrocyclic closure to the
1,2,3-trioxolene 5, followed by opening in the regioisomeric sense.
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