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The scope and utility of dioxirane-based oxidations
have earned them high regard in the practice of organic
synthesis.1 Both isolated solutions of dioxiranes2 (prin-
cipally dimethyldioxirane) and in situ generated3 conge-
ners have found increasing acceptance as routine re-
agents for mild epoxidation of alkenes. The structural
characterization of dimethyldioxirane ensures that this
is the actual reagent in isolated solutions. Moreover, the
ketone-catalyzed decomposition of Oxone was demon-
strated to proceed via dioxiranes by classic isotope
labeling studies.3b However, the intermediacy of diox-
iranes in the in situ epoxidatation3 of alkenes was still
not verified. In view of the increasing importance of in
situ methods, in particular for catalytic asymmetric
epoxidations,4 we carried out O-18 labeling studies with
our recently reported catalyst5 and indeed found that
dioxiranes were involved. While we viewed this outcome
as unexceptional, two recent and conflicting reports have
prompted us to disclose these experiments and to also
clarify the likely origin of the discrepancies and pitfalls
in the previous studies.6
In designing the appropriate experimental protocol for

this study, we considered the following criteria: (1) the
catalytic epoxidation should be rapid and high yielding,
(2) there should be no background or uncatalyzed path-
way, (3) there should be no opportunity for scrambling
or dilution of label, and (4) a sensitive analytical method
for accurate measurement and isotope enrichment is
required. The system we designed, Scheme 1, employed
1-phenylcyclohexene (1) as substrate and 1,1-dimethyl-
4-oxopiperidinium triflate7 (2) as the promoter in 1.5/1
CH3CN/H2O at 0 °C with NaHCO3 as the buffer. In a
reaction with 1.0 equiv of 2, the substrate was completely

consumed in 3 h and the epoxide 3 was isolated in 90%
yield. Control experiments established that only 0.7-
0.8% conversion of 1 to 3 took place under identical
conditions in the absence of 2 or if 2 was substituted with
1,1-dimethylpiperidinium triflate. Thus, it is demon-
strated that epoxidation requires the carbonyl function
in 2.
For the labeling experiment, the O-18 must be effi-

ciently incorporated into the ketone. This was accom-
plished by allowing 2 to exchange with H2O (90% O-18)
at 0 °C.8 The rate of incorporation was monitored by FI
mass spectrometric analysis and was found to be rapid,
but still required 60 min to nearly come to equilibrium
with the bulk water (time, O-18 incorporation: 10 min,
63%; 30 min, 74%; 60 min, 86%). Thus, to carry out the
labeling experiment, a solution of 1 equiv of 2 in 1.5/1
CH3CN/H2O (90% O-18) was stirred at rt for 1 h/0 °C and
the substrate 1 was added neat. The solution was then
treated with a solid mixture of 1.0 equiv of Oxone9 and
2.6 equiv of NaHCO3 (total) in four portions over 2 h.
After an additional 1 h at 0 °C, the reaction mixture was
partitioned with CH2Cl2. The product epoxide 3 was
isolated in 90% yield after purification and the water was
recovered by distillation. Mass spectrometric analysis
revealed that 3 contained 34 ( 1% O-1810 and the
recovered water contained 86 ( 1% O-18.11

Under the two limiting mechanistic scenarios, we
expected the epoxide to contain 50% of the original O-18
label if a dioxirane were involved and 0% if some other
ketone derived species, i.e., tetrahedral Criegee inter-
mediate, were involved, Scheme 2. The disparity be-
tween the expected (43%) and observed (34%) enrich-
ments could be due either to competitive mechanisms
operating simultaneously, or to some other source of label
loss.12 The slow rate of exchange of 2 in labeled H2O
provided an intriguing explanation. If the rate of diox-
irane formation and oxygen atom transfer (to either 1 or
Oxone itself3b,13) is faster than O-18 exchange from
water,14 then the O-18 content of the ketone will be
depleted over the course of the reaction and the extent
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of label in the product would not represent the maximum
available from the medium. This could be resolved by
the use of increased loadings of labeled 2 to reduce the
probability that any one ketone would have to enter the
oxidation cycle more than once. Indeed, with increased
loadings of 2 the O-18 incorporation in 3 increased: 2
equiv, 37 ( 1%; 5 equiv, 39 ( 1%. Thus, we concluded
that, within experimental error, dioxiranes are the active
intermediates in ketone promoted in situ epoxidations
with Oxone.
How then can one explain the observation from Arm-

strong et al. that no O-18 was incorporated when labeled
4-tert-butylcyclohexanone is employed under biphasic
conditions with cyclohexene as the substrate.6a,15 We
believe that there are two important clues to the dis-
crepancy. First, the meager conversion observed (15%
epoxidation) implies that 4-tert-butylcyclohexanone is at
best a poor promoter under biphasic conditions, and
independent studies in our laboratories have verified this
(vide infra). Furthermore, the O-18 label is not lost from
the ketone in the presence of unlabeled water. These two
facts cast considerable doubt on the involvement of any
tetrahedral intermediate derived from 4-tert-butylcyclo-
hexanone and thus rule out the possibility that the label
could have been transferred in the oxidation process. The
incremental production of cyclohexene oxide in the pres-
ence of the ketone may result from an improved miscibil-
ity of the phases or emulsification. Water solubility of
the promoter is critical in the biphasic epoxidation
process. Under the conditions employed by Armstrong
(except with strict pH control (7.8)5), we found that (E)-
6-(benzyloxy)-2-hexene underwent only 2% epoxidation16
with 4-tert-butylcyclohexanone (log P 3.10)17 and 34%
epoxidation with cyclohexanone (log P 0.96). If, however,

the reaction mixture became emulsified, as much as 25%
of the epoxide could be produced without the promoter.
Therefore, the problem in this system is that there is no
mechanistically significant, ketone-catalyzed pathway
due to the insolubility of the ketone in the aqueous phase.
In the second report, Schulz et al. describe similar

experiments with O-18 labeled acetone under monophasic
conditions to define the involvement of dimethyldioxirane
from in situ generated organo sulfonic peroxyacids.6b
These authors conclude that dioxiranes are involved as
they find that approximately 50% of the O-18 label from
the recovered acetone was incorporated into the epoxide
product. However, this number is considerably lower
than the amount of the label introduced and no explana-
tion is provided for the loss of label in the ketone (which
occurs only in the presence of olefin). Furthermore, this
oxidation system is plagued by a significant competitive
background reaction that cannot deliver the label. Thus,
it is not at all clear how the authors have ruled out alter-
native or competing mechanisms.18 We suggest that the
loss in O-18 label in the acetone is exactly analogous to
our observation that exchange with the medium is slower
(most certainly slower for acetone than 2) than formation
and consumption of dimethyldioxirane. Further, we
suggest that the significant discrepancy in the extent of
label in the product compared to the original level in the
acetone arises from both background epoxidation and the
loss of label from slow exchange. Indeed, the use of 10
equiv of acetone increases the O-18 incorporation level
in the epoxide. Therefore, the problems in this system
are that there is a significant noncatalyzed pathway and
a significant erosion of the label from the ketone due to
slow exchange.
In summary, neither of the two previous studies allows

an unambiguous conclusion to be drawn concerning the
nature of the intermediates in ketone-promoted epoxi-
dation of olefins. The O-18 labeling studies reported
herein do provide the most compelling evidence that,
within experimental error, dioxiranes are the reactive
oxidants in monophasic epoxidations with Oxone. Cur-
rent efforts are directed at the experimental elucidation
of the reaction geometry and the development of new
concepts for chiral catalysts.
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(15) We have also carried out the labeling study under biphasic
conditions with (E)-1-(benzyloxy)-4-hexene5 and have again concluded
that dioxiranes are intermediates. These experimets are complicated
by O-18 exchange with the buffer and less reproducible mass spec-
trometry.

(16) This is the same as the background epoxidation level in the
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(18) The authors have assumed that the ketone-catalyzed pathway
involves dioxiranes and that the low level of label incorporation must
therefore be due to the background reaction. This may well be true,
but the data cannot be used to rule out the existence of a ketone-
catalyzed pathway that does not involve dioxiranes of the kind that
Armstrong et al.6a have suggested.
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