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I. Introduction

In 1949, Criegee postulated the existence of carbonyl
oxides as intermediates in the ozonolysis of alkenes.!
During the next three decades, vigorous effort was di-
rected at verifying the “Criegee mechanism” for alkene
ozonolysis. By the mid 1970’s, the basic Criegee
mechanism had been confirmed, although subtle fea-
tures such as the stereoselectivity of the process con-
tinue to stimulate refinements of the mechanistic
scheme. Most impressively, sufficient evidence was
accumulated to confirm beyond any reasonable doubt
the involvement of carbonyl oxide in this process, even
though the intermediate could not be detected directly.
This effort has been clearly documented in Bailey’s
recent monographs.?

During the last 10-15 years, much more has been
learned about the structure, reactivity, and nature of
carbonyl oxides. New methods for the generation of
these species have permitted their spectroscopic char-
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acterization, and sophisticated computational tech-
niques have shed light on the structural and electronic
features of these systems and helped to define the likely
modes of reactivity for these intermediates. The role
of carbonyl oxides has been expanded to include a
prominent involvement in the chemistry of urban air
pollution,® and as chemical mimics of biological oxygen
transfer systems.* Finally, the recent development of
the chemistry of dioxiranes, the cyclic isomers of car-
bonyl oxides, has stimulated a great deal of interest in
the relationships between these species. The chemistry
of dioxiranes has been the subject of recent reviews.’

The electronic nature and structure of the carbonyl
oxide intermediate has intrigued chemists for years, and
has generated a certain amount of confusion. The or-
iginal formulation as a zwitterion (A, or the resonance
form B), has perhaps been most comfortable to organic
chemists, since it permits a convenient “Lewis-dot”
representation (B) which adequately accounts for much
of the observed chemistry. Thus, as outlined below,
carbonyl oxides readily add nucleophiles at carbon, and
engage in cycloadditions as typical 1,3-dipoles. On the
other hand, high-level computational methods con-
sistently demonstrate that carbonyl oxides are more
properly represented by a singlet diradical ground state
(C). While the significance of the difference between
structures such as B and C is discussed more fully be-
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low, it will be noted here that the conflict over electronic
structures has led to a proliferation of nomenclature for
these systems. Thus, while carbonyl oxide is probably
the most generally recognized term, and will be used
throughout this review, the association of this name
with a zwitterionic structure has led some authors to
refer to these as dioxymethylenes or peroxymethylenes,
more in accord with the diradical representation C.
Others choose more simply (and with appropriate rec-
ognition for the founder of this field) to call this class
of compounds “Criegee intermediates”. For indexing
purposes, Chemical Abstracts uses, unfortunately, two
nomenclature systems. Thus, the parent compound is
indexed either under the heading “methyl, dioxy-”
(corresponding to the diradical structure la) or as the
derivative “oxonium, hydroxymethylene-, hydroxide,
inner salt” (corresponding to the zwitterion 1b). Other
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derivatives have been indexed under one or the other
system, but not necessarily both. This is clearly an area
where greater uniformity would be desirable. Since the
current view of carbonyl oxides favors a diradical
structure, nomenclature systems which reflect this can
be recommended, but it must be recognized that the
zwitterionic formulation (especially for structural rep-
resentations which may influence the way these com-
pounds are indexed) is deeply ingrained in common
usage, and it is probably unrealistic to expect immediate
consensus on this point. Throughout this review, the
diradical structural representation will be used. Except
for the simplest carbonyl oxides, the Chemical Abstracts
names are too cumbersome for frequent reference. In-
stead, these derivatives will be named as “oxide” de-
rivatives of the corresponding carbonyl compound, or
by éisting the substituents with the root “carbonyl
oxide”.

Carbonyl oxides have been implicated in a number
of different processes involving a broad range of reac-
tion types, and covering the gamut of temperatures and
physical states. As a result, these intermediates have
been studied from a variety of perspectives. Three
distinct experimental regimes can be identified: the
gas-phase chemistry of carbonyl oxides, investigations
of these intermediates generated in frozen, inert ma-
trices, and processes involving carbonyl oxides which
occur in solution. Such a division is, however, artificial,
since there is considerable overlap for the chemistry
observed under these different reaction conditions.
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Certainly, investigations in each area have produced
results which are important to the other two. Previous
reviews have focused on aspects of gas-phase®® and
solution-phase?’ ozonolysis. More recently, Kafafi,
Martinez, and Herron® have provided a concise sum-
mary of the major reaction pathways to and from the
Criegee intermediate. Likewise, Sander’s very recent
review® focuses on the spectroscopic characterization
of carbonyl oxides, particularly in matrix isolation. The
object of the present article is to provide a broader
overview of the recent developments in the chemistry
of carbonyl oxides. Particular emphasis is placed on
features which control the reactivity of carbonyl oxides
under various conditions, and especially the connections
between results obtained in gas-phase, matrix, and so-
lution studies. The organization of topics reflects this
emphasis—a systematic survey of the methods for
generation of carbonyl oxides, and a summary of the
known reactions are presented with appropriate juxta-
position of relevant results from matrix, solution, or
gas-phase experiments.

I1. Computational Studles
A. Ab Initio Caiculations

Quite a large number of computational studies of the
ozonolysis reaction, and of the carbonyl oxide inter-
mediate in particular, have been reported over the past
20 years,!>2 Since it is only recently that direct ex-
perimental detection of carbonyl oxides has become
possible, and because relatively limited structural data
is so far available from those studies, theoretical cal-
culations have played a significant role in the develop-
ment of questions relating to the structure and re-
activity of carbonyl oxides. Accurate computations can
provide much insight regarding the energetics of these
species, including an assessment of the likely reactivity
patterns, which has otherwise been difficult to obtain.
On the other hand, progress toward the development
of reliable theoretical models has been hard-won.
Carbonyl oxides have turned out to provide a difficult
challenge for computational methods. Calculations
based solely on restricted Hartree—-Fock (RHF) theory!?
are not suitable for compounds like 1, since the RHF
method has a built in bias toward zwitterionic (closed-
shell) states. In addition, corrections to account for
electron correlation are required.!1-15

Harding and Goddard!® found that generalized va-
lence bond (GVB-CI) calculations described the ground
state of 1 as a singlet diradical (1a), while the zwitter-
ionic form 1b was found to be an excited state some 92
kcal/mol higher in energy. The authors considered this
energy difference, however, to be artifically large and
carried out a simple model calculation which provided
a revised estimate for the radical-zwitterion energy
difference of about 23 kcal/mol.!* Moreove, it was
concluded that substituent or solvent effects could re-
duce this gap substantially, even to place the zwitterion
lower in energy than the singlet biradical. Thus, the
electronic nature of the carbonyl oxides may depend
critically on their environment.

More recently, high-level calculations, starting with
either the restricted (RHF)!51% or unrestricted
(UHF)81416 Hartree-Fock wave function, with in-
creasing elaborate correction for electron correlation by
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TABLE I. Ab Initio Geometries® and Energies® for Dioxymethyl
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COO HsCO HaCO

method OO length COlength CH (syn) CH (anti) angle angle angle energy ref
RHF/DZ 1.48° 1.44¢ 1.09¢ 1.09¢ 115 -188.43780 10
6%6CI/4-31G//RHF/STO-3G 1.269 1.367 1175  120° 120° -188.27181 1la
GVB(3)-CI/DZ+P 1.362 1.343 1.08° 1.08° 1166 120° 120¢ -188.75614 13b
UHF-C1/4-31G//UHF/4-31G 1.367 1.384 114.0 1137 -188.52930 14b
MP2/6-31G* 1.295 1.297 1.083 1.079 120.3 118.0 1143  -189.05283 15a
MC-Cl/DZ+P//MCSCF/DZ+P 1.262 1.277 1.09°¢ 1.09¢ 119.3 -188.98630 12a
CASSCF/DZ+P 1.313 1.275 1.068 1.065 1195 1191 1185 -188.96420 12b
UMP3/6-31G* 1.292 1.325 1.082 117.1 118.2 1147 -189.04040 8
MP4/6-31G* 1.329 1.274 1.086 1.083 119.2 1186 1153 -189.07021 19b
MP4(SDTQ)/6-31G** 1.306 1.314 1.081 1.077 119.8 1183 1143  -189.10975 15b
QCISD(T)/6-31G** 1.356 1.287 1.080 1.078 1191 1188 1153 -189.11139 15b

2Bond distances are in Angstroms, bond angles in degrees. ®Energies in Hartree. ¢Parameter not optimized.

either peturbation (Rayleigh-Schrédinger-Maoller—-
Plesset (RSMP), hereafter MP) or configuration in-
teraction (CI) techniques, have been used for theoretical
studies of 1. For comparison, optimized geometric
parameters from some of these studies are collected in
Table I. It can be seen that a fairly consistent geometry
for 1 emerges. In all cases, the molecule is planar, with
bond angles near 120°. The CO and OO bond distances
are approximately equal, each fluctuating around 1.3
A, depending on the exact method. The computed
geometries are consistent with significant double bond
character for both C-O and 0-0. This has been in-
terpreted in terms of an electronic structure repre-
senting a superposition of the resonance forms la and
1b, i.e., a singlet biradical admixed with a zwitterion.
Thus, for Cremer’s QCISD(T) calculations,!3® the CO
length is somewhat shorter than that found by Goddard
for the GVB diradical state la, as expected for some
contribution of the zwitterion form 1b. Unfortunately,
the precise bond distances for the heavy atoms are quite
sensitive to the computation method employed, and no
distinct trend is discernible. For example, Cremer’s
calculations with second-order Mgller-Plesset pertur-
bation theory (MP2) lead to nearly identical distances
for the CO and OO bonds.!2 Improvement to the
MP4(SDQ) (single, double, and quadruple excitations
included) level results in lowering of the total energy,
along with a shorter CO bond and lengthening of the
00 bond.'® On the other hand, inclusion of triple
excitations at the MP4 level (MP4(SDTQ)) causes a
reversal in the relative lengths of CO vs OO bond. An
alternate method for computating correlation energy
is quadratic configuration interaction. When this is
applied using single, double, and triple excitations
(QCISD(T)), the carbonyl oxide structure has bond
distances CO > 0OO. At present, there seems to be no
clear choice as to which method is superior, or which
geometry is more reasonable. The QCISD(T) total
energy is lower than that for MP4(SDTQ), and so
Cremer argues in favor of this method,!®® in part be-
cause the calculated geometry implies a larger contri-
bution of the zwitterionic structure 1b. Nevertheless,
the fact that the different computational methods do
not appear to converge on a consistent structure is
disconcerting, and so evaluation of the extent of zwit-
terion vs diradical character on the basis of geometry
remains somewhat arbitrary.

As mentioned in the introduction, the conflict over
representation of the carbonyl oxide as diradical vs
zwitterion has definitely had a significant impact on
nomenclature. Although at first glance one might ex-

pect dramatically different reactivity for a diradical vs
a zwitterion, in fact, as Bailey has pointed out,? these
represent points on a continuum of electronic structure,
and we can actually anticipate varying reactivity profiles
depending on the circumstances. Thus, as Cremer has
stated,'® the question of diradical vs zwitterionic
ground state becomes somewhat academic. As de-
scribed above, high-level ab initio calculations uniformly
predict that the carbonyl oxide electronic structure is
best represented as a superposition of biradical and
zwitterionic states—both characters are expressed, al-
though the former presumably dominates. The dif-
ference in energy between UHF and RHF wavefunc-
tions has been proposed as a measure of diradical
character; by this criterion, a carbonyl oxide is consid-
eratly less diradicaloid than, e.g., ozone.!® Furthermore,
it has been concluded that substituent and solvent ef-
fects can cause emergence of dominant zwitterionic
character.!’

B. Semiempirical Caiculations

The computational complexity of ab initio methods
has restricted most of this work to the parent carbonyl
oxide 1, although some extensions to include methyl
and fluoro substituents have been reported.!5&18-20
Generally speaking, is is not practical at present to carry
out reasonable ab initio calculations on substituted
carbonyl oxides, such as those for which experimental
characterization data is available. In these cases, a
reliable semiempirical approach, which could accom-
modate large organic substituents with reasonable
economy, is needed. Hull had used Dewar’s MINDO/3
in an early computational study of 1 and found that
inclusion of 2 X 2 configuration interaction was neces-
sary to obtain a reasonable geometry.?? MINDO/3
without CI leads to a structure which greatly exagger-
ates the zwitterionic character for 1,22 as is typical for
RHF methods (see above). Cremer, Schmidt, Sander,
and Bischof? have surveyed a number of semiemprical
methods (including MNDO and AM1, among others),
and find that the MINDO/3 description of the carbonyl
oxide electronic structure is significantly improved at
the UHF level. Using the MINDO/3-UHF method,
these authors have calculated geometries, energies, and
charge and spin distributions for a variety of substituted
carbonyl oxides. Except for very strong m-donors, the
carbonyl oxide system retains the diradical character
on substitution, including alkyl, aryl, carbonyl, and
fluoro groups. In accord with the ab initio results for
1, MINDO/3-UHF reveals a strong spin polarization
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in the m.system of the substituted carbonyl oxide—
excess spin density is concentrated on the QQ group
and, with opposite spin, at carbon. Thus, the ground
state appears as a singlet diradical as in 1la. Never-
theless, contributions to the electronic character as
described in structures A, B, D, and E are manifested
in a predictable way: w.acceptors withdraw electron
density from the system, and increase the contribution
of structures like D and E. Although prevailing di.
radical character is still evident for 2, an increase in the
CO and decrease in the QO bond lengths compared to
1 are consistent with increased involvement of E. Alkyl
substituents (and weak r.donors) should favor contri.
butions from resonance forms A and B; i.e., they should
increase the zwitterionic character. Indeed, Goddard
predicted that dimethyl substitution on the carbonyl
oxide would suffice to bring about degeneracy of the
zwitterionic and biradical states.1®® According to the
MINDO/3-UHF results,?® the ground state of di.
methylcarbonyl oxide 3 is still predominantly a singlet
diradical, although a lengthening of the CO bond was
taken as evidence for increased contribution from
structure A. Finally, for strong =.donors such as OH
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or NH,, the ground state is zwitterionic, as revealed by
the fact that the UHF wavefunction collapses to the
RHF solution.® The charge distribution and geometry
for 4 is in accord with the zwitterionic structures A and
B.

It appears that the semiempirical calculations can
provide useful insight into systems for which ab initio
methods will be too cumbersome. On the other hand,
it is necessary to establish the limitations of the MIN.
DO/3-UHF method, particularly where direct com.
parison with ab initio results can be made. For exam.
ple, the optimized geometry of fluoro-substituted car-
bonyl oxide 5 determined at the MP2/6-31G* level '
can be compared with the MINDOQ/3-UHF results.??

1.349 A 2
';q/o 1.276 A'\/O
1.258 A 0 1749 A
|~ EARA
~C< LC (4)
H F H E
5 -

While there is reasonable agreement for the CO bond
distance between the two methods, the reproducibility
of the OO bond length is not especially good. An even
greater difference is noted for the difluoro carbonyl
oxide 6. For this case, even the ab initio geometry,

1.774 A';!/o 1.294 A'\/o
[\ 183A ?ull?OA (5)
F/C\F /C.\
F7 p
§ 6

obtained at the UHF/3.21G level,?° is not totalily reli.
able; the importance of using more flexible basis sets

and correlation corrections has already been discussed.
The calculated OO bond is unreasonably long (1.774 A).
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Better results are obtained by using the GVB(2) /6.31G*
treatment—optimization at this level leads to an Q0
distance of 1.468 A. Thus, the ab initio calculations
predict an incremental lengthening of the OO bond with
fluorine substitution (note that substitution by F in the
anti position causes a larger increase in QO bond dis.
tance than for the syn position).1®* This trend is not
reproduced well by the MINDO/3-UHF results. Per.
haps more important is the observation that even the
ab initio energies are remarkably insensitive to the OO
bond distance. Thus, the GVB(2)/6.31G* energy using
the optimized geometry (OO = 1.468 A) from that
method is only 2.1 kcal/mol lower than a similar, sin.
gle:point calculation using the 3:21G geometry (00 =
1.774 A).2® This example demonstrates clearly the
difficulty in obtaining precise, reliable bond distances
for carbonyl oxides and provides a caveat for inter.
pretations of electronic character and reactivity based
on bond distances for these systems.

Other points of comparison for ab initio and the
semiempirical method are calculations of the methyl-
substituted carbonyl oxides. Two stereoisomers, syn
and anti (7 and 8, respectively) are possible. Ab initio

[8) [8)
o o
6)
[ [ (
H - CH, CH3/ ~ H
1 8

calculations (6.31G*, MP2) indicate that the syn isomer
is 3.3 kcal/mol more stable than is the anti isomer.158
This result, opposite to what might be expected on the
basis of steric considerations, is attributed in part to
a stabilizing interaction of the =-orbital on the terminal
oxygen with the methyl orbitals of x.symmetry. This
interaction, possible only for the syn isomer, leads to
a cyclic aromatic-type sextet, as evidenced by positive
orbital populations between the hydrogen atoms and
the terminal oxygen atom. The MINDO/3-UHF does
not reproduce this effect, as the anti isomer is deter.
mined to be 0.2 kcal/mol more stable than the syn
isomer.2* Therefore, while the semiempirical method
will surely be useful for evaluating trends in substituent
effects, extreme care must be exercised when using this
method to analyze more subtle features of carbonyl
oxide structure.

C. Reaction Energetics and Dynamics

Computational methods have been especially useful
for exploring the energetics of reactions which form
carbonyl oxides, as well as subsequent transformations
of these reactive intermediates. A particularly useful
presentation is the energy diagram in Figure 1, which
follows that due to Kafafi et al.,? with minor modifi.
cations. This chart outlines some of the energetic re-
lationships among carbonyl oxide, its precursors, and
its products. Of particular interest is the relationship
between the carbonyl oxide 1 and its cyclic isomer, the
dioxirane 9. Ab initio,01213.1561% gemiempirical 222 and
thermochemical®®13 calculations all place 9 at least 30
kcal/mol lower in energy than 1. Results from Cremer’s
study of the conversion of 1 to 9 are used here:1% the
reaction is exothermic by 31.3 kcal/mol, and has an
activation barrier of 22.8 kcal/mol. This large activa.
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Figure 1. Energy relationships on the CH;0, surface.

tion barrier would seem to rule out isomerization of 1
to 9 in the face of competitive bimolecular processes,
at least for a thermally equilibrated carbonyl oxide.
Consideration of the energetics of carbonyl oxide form-
ing processes, however, indicates that it is possible for
1 to be formed with considerable excess energy. If this
internal energy is not dissipated efficiently (via colli-
sional deactivation, etc.), a vibrationally excited car-
bonyl oxide may isomerize to the dioxirane. For ex-
ample, the ozonolysis of ethene leads to equal amounts
of formaldehyde and carbonyl oxide 1, with an overall
exothermicity of 45-50 kcal/mol.%?* Depending on the
partitioning of this excess energy between the products,
and further on the efficiency of collisional deactivation,
the carbonyl oxides can be formed with sufficient in-
ternal energy to isomerize spontaneously. The available
energy is indicated in the diagram by the shaded bar.
The reaction of methylene with oxygen is still more
exothermic, and the product carbonyl oxide can be
produced with considerable excess energy, as indicated
by the mark on the diagram.

Under conditions where the initially formed carbonyl
oxide retains enought of the excess internal energy,
then, isomerism to the dioxirane is possible. Of course,
the exothermicity of this cyclization implies that the
dioxirane will be formed with a large amount (ca. 50

kcal/mol, taking account of the activation barrier) of .

internal energy, and will react further. Cleavage of the
00 bond to form methylenebis(oxy) 10 has a barrier
of only 10-12 kcal/mol; the energy needed to dissociate
the weak OO bond is nearly counterbalanced by relief
of ring strain.? Rearrangement of methylenebis(oxy),
by 1,2-hydrogen atom shift, generates formic acid with
an exothermicity of over 100 kcal/mol. In the absence
of mechanisms for quenching this “hot” acid, further
dissociation (to H,, CO, CO,, H,0, H, OH, etc.) is en-
ergetically feasible.%

Other fates of the carbonyl oxide can be considered.
In the absence of coreactants, it is possible for the
carbonyl oxide to eject an oxygen atom. On the basis
of the heats of formation for CH,0 and O, this reaction
should be slightly endothermic (1.4 kcal/mol). The
activation energy is not known. Kafafi et al. conclude
that, for dioxymethyl, the loss of oxygen atom does not
compete with isomerism to dioxirane, and so the acti-
vation barrier must be larger than for 1 — 9 (>23
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kcal/mol).® This process may become important for
other carbonyl oxides.

The diagram in Figure 1 is meant to provide the
reader with a general feeling for the relative energetics
of some of the processes involving carbonyl oxides.
Substituent groups can alter relative energies, and
changes in reaction conditions can open up new avenues
for reaction. A great deal of experimental data per-
taining to the formation and reactivity of carbonyl ox-
ides is available and is the subject of the remainder of
this article.

II1. Preparation of Carbonyl Oxides

A Alkene Ozonolysis

Historically, the most important method for gener-
ating carbonyl oxides is that which prompted Criegee
to postulate their existence in the first place, namely
alkene ozonolysis. A very large body of mechanistic
work has since confirmed the basic features of the
Criegee mechanism including the intermediacy of the
carbonyl oxide in this process.>” This is all the more
remarkable since, under the conditions of alkene ozo-
nolysis, the carbonyl oxide cannot be detected directly.
Nevertheless, the weight of circumstantial evidence is
overwhelmingly in support of the Criegee mechanism,
which is shown below.

The carbonyl oxide is produced by fragmentation of
a primary ozonide (PO, 1,2,4-trioxolane). This process,
which occurs spontaneously at the temperatures (=-80
°C) usually employed for alkene ozonolysis, can be
viewed as a retro [3 + 2] dipolar cycloreaction® and is
generally considered to be a concerted process. Cleav-
age of the PO produces one equivalent each of a car-
bonyl compound and a carbonyl oxide. For a substi-
tuted PO, this is a complicated event. Two modes of
fragmentation are possible, each leading to a different
carbonyl oxide—carbonyl pair. Moreover, if the sub-
stituents on the carbonyl oxide are not identical, two
stereoisomers (syn and anti) are possible. In general,
then, the ozonation of an alkene can lead to up to four
different carbonyl oxide intermediates, subject to the
controlling features of PO fragmentation.

With regard to the generation of carbonyl oxides by
alkene ozonolysis, then, we must consider the impor-
tance of stereochemistry and regiochemistry in this
process. From extensive studies of the stereoselectivity
of alkene ozonolysis, it is clear that stereoisomerism is
an important feature of the carbonyl oxide intermedi-
ate. Thus, the general result that cis and trans alkenes
form different mixtures of cis and trans final ozonides
(that is, some transmission of stereochemistry occurs)
can only be accomodated within the Criegee mechanism
if the carbonyl oxide carries stereochemical information
(clearly, the carbonyl partner cannot). Very sensible
models, which account for the transfer of stereochem-
istry via the Criegee mechanism, have been developed,”
and a detailed computational study has provided ad-
ditional refinements and some new insights.?® For
thorough discussions of these developments, the reader
is directed to recent reviews.2’

Notwithstanding the importance of carbonyl oxide
stereochemistry, there has been to date no definite
stereochemical assignment for any carbonyl oxide.
Direct experimental verification of the syn-anti ster-
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eoisomerism of carbonyl oxides remains a challenge for
the future. We will return to the issue of carbonyl oxide
stereochemistry in section IV.C.1.

A number of investigations have focused on the re-
gioselectivity of PO cleavage.?* In general, these
studies have involved ozonolysis of substituted alkenes
in a hydroxylic solvent, normally methanol. Under
these conditions, the carbonyl oxide is intercepted by
addition of the solvent, forming the corresponding a-
methoxy hydroperoxide. Various control experiments
have indicated that the solvent has a negligible effect
on the rate or mode of PO decomposition, and that
trapping of the carbonyl oxide is essentially quantita-
tive.2?d In most cases, the a-methoxy hydroperoxides
are reasonably stable, and can be quantified by a num-
ber of methods. The proportion of the two possible
a-methoxy hydroperoxides (measured directly or in-
ferred from the ratio of the carbonyl partners), then,
is directly related to the partitioning of the PO frag-
mentation to the respectively carbonyl oxides.

The most extensive studies are those carried out by
Fliszar and associates in the lates 1960’s.2° These have
been described in detail elsewhere,>” but some of the
general features will be summarized here. For the most
part, one can make a reasonable prediction of the pre-
ferred direction of PO cleavage based on the inductive
effects of the alkene substituents. Thus, electron-do-
nors tend to be incorporated into the carbonyl oxide
and electron-withdrawing groups turn up mainly in the
carbonyl fragment. Thus, 1-alkenes (e.g., propene) are
found to lead to an excess of the substituted carbonyl
oxide, while allyl bromide shows the opposite regiose-
lectivity.?%d

H H 0 CHOH CH,0 O0H -
R"& + Y o - N I

0 H H H L

H 0

H o H uh
E — 0 )
R._o  chon CHO(_ OOH

R™H R™~(
H oD w,. H
H—‘& + Y ) — Y
0 H LF

63 204

As these examples indicate, it is not at all unusual for
both carbonyl oxides to be formed in significant
amounts, and the preference for one over the other
actually represents a very small energy difference (<1
kcal/mol) between the competing pathways.

The use of substituent inductive effects alone to
predict PO cleavage is certainly naive, and it is indeed
surprising that this model works as well as it does.
Excellent correlations of the regioselectivities of PO
fragmentation with electron donation by substituents
(as measured by Hammett®2< and Taft?®"® parameters)
have been obtained, consistent with the effects expected
for stabilization of a zwitterionic carbonyl oxide. It is
less clear how these results fit with the current view that
carbonyl oxides are best described as polar, singlet
diradicals. In particular, electron density calculations
do not show the carbon center of these species to be
electron deficient.?? On the other hand, a more
“correct” theoretical interpretation of substituent di-
rective effects is not yet available. PO decomposition
is a very complex process. For many, but not all pri-
mary ozonides, cleavage to carbonyl oxide is probably
an exothermic process.2#?>? According to the Ham-
mond postulate, these should have a transition state
which resembles the PO. As Cremer has pointed out,
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Figure 2. The orbital alignment for PO cleavage and the four
substituted PO conformers, each identified with a puckering
coordinate. See ref 28b.

however, there are four conformers of the PO which
have the proper orbital alignment for the [3 + 2] cy-
cloreversion (Figure 2), and therefore there are four
transition states which must be considered.?® Unfor-
tunately, reliable computations of the transition state
properties for this process are not yet practical, because
of the prohibitive cost involved in using the large basis
sets with the multideterminant approach which is re-
quired for accurate results.?®

In order to approximate transition-state properties,
recourse can be made to an analysis of the respective
PO conformers. Cremer has examined the effect of a
methyl group on the computed structure and energy of
the PO and has carried out a similar analysis for
fluorine.’® He found that conformational intercon-
version among the four transition-state-like geometries
is a low-energy process, and so conformational prefer-
ence is not a determining feature, at least for these
groups. Furthermore, the substituent exerts a signifi-
cant effect on the electronic energy of the PO, and this
depends strongly on the precise PO conformation.
Thus, a substituent will affect the HOMO energy dif-
ferently for each of the four “transition-state” con-
formers of the substituted PO. The extent to which
these effects are retained in the true transition states
is difficult to estimate and must be balanced against
the development of product-stabilizing features, di-
pole—dipole interactions, and the like. Since the energy
differences between the various paths are quite small
to begin with, and since too little is known about other
types of substituents or how to assess the interplay
between two or more groups, reliable predictions of
regioselectivity based on theory are not yet possible.

As a practical matter, it would be very desirable to
identity alkene substituents which have a directing
effect powerful enough to ensure that only one of the
possible carbonyl oxides is produced on ozonolysis. In
particular, groups that have a high propensity for in-
corporation in the carbonyl fragment are useful, since
these would permit the selective preparation of any
desired carbonyl oxide by choice of the appropriately
substituted starting alkene. Ideally, the carbonyl
product containing the directing group will be inert, so
that the subsequent chemistry of the carbonyl oxide can
be explored with minimal interference. During the past
several years, several auxiliary groups of this type have
been developed, and their use has facilitated the study
of carbonyl oxide chemistry under ozonolysis conditions.

On the basis of inductive effect arguments, an acyl
substituent should exhibit a strong bias against incor-
poration in the carbonyl oxide. In fact, Fliszar and
Granger®® found instead that ozonation of «,8-unsatu-
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rated ketones in methanol gave high yields of the al-
dehyde derived from the §-carbon—the inference is that
the ketocarbonyl oxide is formed preferentially. This
selectivity was attributed to resonance stabilization of
the carbonyl oxide, as indicated above (presumably, the
argument refers to stabilization developed at the tran-
sition state of the PO cleavage). This result stands in
contrast to the early observation of von Bornhaupt?
that trimethylacrolein and mesityl oxide form the same
final ozonide: the most economical explanation is that

CH;~CH; ™
o’O i
T,y —
0 CH;™~CH, 0
e
| 11
CH;~~CHj,

0—0 0
C“’% )gkcm ®)
cu/ 07 H

fragmentations of the primary ozonides each proceed
to give the dimethyl carbonyl oxide 11 and methyl-
glyoxal, that is, with the carbonyl oxide derived from
the 8-carbon. More recent studies by Griesbaum et al.
also support the inductive directing effect for an acyl
substituent,3>® and provide some explanation for the
different results obtained from earlier investigations.
For example, ozonolysis of methyl vinyl ketone in
methanol/CDCl; at -50 °C gives 86% of the products
corresponding to generation of the carbonyl oxide at the
methylene (8) position, ultimately leading to 13.32 It

o]

HrLCm 0,4, CH,0H
HA Y 50°C
0]
warm
H CH, + CH,0CH,00H e S€CONAATY 9)
products
o]
12 13

is particularly important that the cold reaction mixture
is immediately analyzed by NMR, for it is found that
the product composition changes substantially if the
reaction mixture is allowed to warm to room tempera-
ture. The higher temperatures initiate a series of sec-
ondary reactions between 12 and 13, and these initial
products are nearly completely consumed. In a separate
series of experiments, it was shown that the trapping
products of keto carbonyl oxides are likewise unsta-
ble.323 Therefore, in contrast to the stability of product
mixtures from ozonation of other alkanes in methanol,
those from a,8-unsaturated ketones decompose readily.
This will lead to errors in analyses carried out at room
temperature, as has been common,®® and so the results
from the low-temperature NMR studies must be con-
sidered more reliable.

The acyl group, then, influences PO fragmentation
in line with its electron-withdrawing character and is
a reasonably effective directing group for carbonyl oxide
formation. Nevertheless, the a-dicarbonyl byproduct
is certainly not inert, and so this system is less useful
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for isolating the reactivity patterns of the carbonyl
oxide.

Primary ozonides from vinylic halides fragment with
good to excellent regioselectivity, in favor of an acyl
halide—carbonyl oxide pair.3% A particularly nice ex-
ample of this effect is the basis of a useful preparative
route to methoxymethyl hydroperoxide, the methanol
adduct with dioxymethyl.3* Cleavage of the vinyl

T
HI 4 CHOH
a 0-
H‘[r R i’ CH,0H CH,0CH,00H (10)
0 H™H

13

chloride PO occurs with apparently complete regiose-
lectivity for the primary products shown. Dioxymethyl
is captured by methanol, and formyl chloride decom-
poses to CO and HCIl. Neutralization of the latter
provides nearly pure 13.

An instructive example is provided by 14, where the
directive effect of chloride is measured against that of
an acetyl group.®®® Here, as for other systems, the
chloride effect dominates completely, directing PO
cleavage to the keto carbonyl oxide 15 with high re-
gioselectivity.

o}
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CI™" ™ CH,CH, 0-°
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CH,0~" ~CH,CH; ci,0” oo

(1

Clearly, the vinyl chloride system is an extremely
potent regiocontrol element for PO fragmentation, and
has been used effectively in this manner. One possible
disadvantage to this method is the inevitable production
of HCl from secondary reactions of the acyl chloride
byproducts. Since the peroxide products of ozonation
are often acid-labile, it may be necessary to buffer the
reaction medium, e.g. with sodium bicarbonate.

A directive effect similar to the halides is found for
alkoxy substituents. Ozonolysis of vinyl ethers proceeds
with virtually complete regioselectivity to the carbonyl
oxide—ester pair.®*% Since esters are stable compounds
with a relatively low reactivity toward carbonyl oxides,
this is a good method for the selective generation of
carbonyl oxides with minimal interference from the
byproduct.

The methanol trapping procedure has been used to
verify the high regioselectivity for cleavage of both
cyclic¥” and acyclic® vinyl ethers. In nonparticipating
solvents, the carbonyl oxide can be intercepted with an
external aldehyde (“crossed” ozonide formation, 16 —
17)%% or trapped with a suitably placed group in an
intramolecular reaction, e.g., 18 — 19.3%

In contrast to these results, conversion of the di-
hydrofuranyl ketone 20 to the “slipped” alkoxy ozonide
22 was found to proceed via the ester oxide 21.%° In this
case, the intermediate carbonyl oxide cannot be trapped
by methanol, since intramolecular reaction is apparently
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much faster. The incorporation of the acetyl group of
20 in the ozonide system for 22 does, however, permit
this question to be resolved by 17O-labeling, as outlined
below.4
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Undoubtedly, the course of the fragmentation of 20
is governed by the directive effect of the acyl substit-
uent also present. In this case, in contrast to the con-
version of 14 to 15 noted above, the acyl group effect
overrides that of the vinyl ether. The relatively efficient
formation of final ozonides from other vinylogous esters
and carbonates*®4142 may be additional examples of
this effect. For conversion of 23 to 24, the ozonide could
result from recombination of either pair of Criegee
cleavage products (carbonyl oxide—ester from path a,
ketone—ester oxide from path b). Since it is known that

CO,CH;
AcO fo)
/
0,0
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CO,CH, @ CH, ~~ CHOC o
A \ 05 AQ X O\O
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0 () / 0" "CH,
23 CO,CH; 24 (85%)
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CH;

(14)
cycloaddition of carbonyl oxides with esters is not
generally facile, it is likely that path a does not con-
tribute substantially and that PO cleavage favors path
b. This proposal should be tested with appropriate
trapping experiments.

An unambiguous route to alkoxycarbonyl oxides
(ester oxides) has been reported by Kuczkowski.*?
Thus, Z-1,2-dimethoxyethane (the E isomer reacts
similarly) fragments according to the Criegee pathway,
which must give equal amounts of methyl formate and
the methoxycarbonyl oxide 25. This was characterized
as its adduct with methanol. In nonreactive solvents,
25 could be trapped by added aldehydes to form the
alkoxy ozonides 26.

The results for more highly substituted analogues are
variable.** Ozonation of E-dimethoxystilbene in
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methanol leads to a,a-dimethoxybenzyl hydroperoxide,
the ester oxide trapping product. In contrast, the Z
isomer leads to a different set of products, produced by
a non-Criegee pathway. Similarly, ozonolysis of tetra-
methoxyethene fails to give any of the dialkoxycarbonyl
oxide.*

For alkene ozonation in the gas phase, the very large
exothermicity of the reaction comes into play.®# Since
the PO is formed with a great deal of excess energy and
since this energy is not efficiently dissipated, the frag-
mentation to carbonyl oxide is considerably less re-
gioselective than for the corresponding reaction in so-
lution. For example, nearly equal proportions of the
Criegee fragments are formed from isobutene in the gas
phase;* the reaction in solution provides 77% selec-
tivity for the more substituted carbonyl oxide.®¢
Moreover, the carbonyl oxide retains substantial in-
ternal energy, which affects its subsequent chemistry.
In fact, for gas-phase alkene ozonolysis, only a fraction
of the theoretical amount of carbonyl oxide can be
trapped, for example, as a final ozonide.*>%* The pos-
sible intervention of other PO fragmentation processes
(which do not involve the carbonyl oxide) has been
considered, but the current interpretation is that the
Criegee mechanism is still the dominant process.3® It
has been determined that a large fraction of the car-
bonyl oxide is produced in an excited state(s) from
which unimolecular decomposition, rearrangement, etc.
is very rapid, and therefore cannot be trapped in
biomolecular processes.* Some of the carbonyl oxide,
however, is sufficiently long lived that it can be inter-
cepted in bimolecular reactions, typically oxygen
transfer to SO,4* or scavenging by aldehydes.% The
fraction of trappable carbonyl oxide is a function of the
total system pressure, as would be expected since col-
lisional energy transfer should be an important mode
of energy dissipation for the “hot” carbonyl oxide. At
low pressure (4 Torr), nearly all of the carbonyl oxide
is consumed via unimolecular processes.®# As the total
pressure is increased, the proportion of “stabilized”
carbonyl oxide rises and then levels out at a limiting
value near that at atmospheric pressure*—this is re-
ferred to as the branching ratio. The branching ratio
is a function both of the carbonyl oxide and of the
process by which it is produced. Some representative
values are presented in Table II. It can be seen that,
for gas-phase ozonolysis of ethene, some 60% of the
initially formed dioxymethyl is “hot” and is irretrievably
consumed through unimolecular decomposition. About
40% is sufficiently stabilized that it can be engaged in
bimolecular reactions. The situation with vinyl chloride
is somewhat more complicated. In contrast to the re-
sults in solution (see above), both PO cleavage channels
operate in the gas phase.> This is consistent with the
idea noted above that the “hot” PO should exhibit less
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TABLE II. Branching Ratios for Stabilized Carbonyl Oxide
from Ozonolysis at Atmospheric Pressure

trapping branching
alkene carbonyl oxide agent ratio ref
ethene CH,-0-0 SO, 38-40% 48, 50a
CH,0 35+5% 50,51b
ethene-d, CD,-0-0 SO, 39% 48a
vinyl chloride = CH,-0-O CH,CHO 25% 54
SO, 23% 48a
trans-2-butene CH,CH-0-O SO, 18% 48a
43-45% 47
cis-2-butene CH,CH-0-0O HCHO, SO, 18% 5la
40~46% 47
tetramethyl- (CH,),C-0-0 HCHO 30% 5l¢
ethylene
trans-dichloro- HC(C)-0-O C,Hg, HCHO ~30% 52, 53
ethylene

discrimination between the regioisomeric fragmentation
paths. In this case, the CH,0O0 channel predominates
3:1 over the CICHOO channel. By trapping with
ethanal, a 19% yield of 27 was obtained, which implies
a branching ratio for CH,00 of 25%.5¢ The branching

H __Cl 0—0

I 4 )\CH3 (16)

H” H CH,CHO )

03, air (1 atm)

&L (19%)

ratio for CICHOO could not be determined since the
trapping product was considered to be unstable. The
lowered proportion of stabilized CH,OO from the ozo-
nolysis of vinyl chloride as compared to ethylene can
be attributed to the greater exothermicity of the former
reaction, leading to a higher fraction of “hot” interme-
diates. Similarly, the increased exothermicity for ozo-
nolysis of the other alkenes in Table II may account for
the lowered branching ratios relative to ethene. Of
course, this argument is somewhat oversimplified. A
properly detailed analysis will require more information
about the partitioning of the excess PO internal energy
among the various Criegee cleavage products, and
particularly calls for an improved understanding of the
correlations between the relevant energy states of PO
and carbonyl oxide. In this connection, it is worth
pointing out an interesting feature in the ozonolysis of
ethene. It has been shown“® that the fraction of trap-
pable carbonyl oxide does not approach zero at low
pressure, as is observed for other alkenes. Instead, an
extrapolated value of ~20% is projected at zero pres-
sure, suggesting that this proportion of CH,00 is pro-
duced “cold”, without need for collisional stabilization,
while another 20% (for a total of ~40%) is vibration-
ally excited, but quenchable at atmosphere pressure.

H,C=CH, H,C-0.0' ——= products, 60%
gas phase

H,C.0.0° quenchable, 20% (17
H,C.0.0 ground state, 20%

B. Carbonyl Oxides from Carbene-0O, Reactions

Although the evidence for the involvement of car-
bonyl oxides in alkene ozonolysis is quite compelling,
the chances for direct observation of the intermediates
under these conditions are slim. This is because the
rate of decomposition of the primary ozonide is gen-
erally slower than the subsequent reactions of the
carbonyl oxide, and so the concentration of carbonyl
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TABLE III. Spectroscopic Parameters for Carbonyl
Oxides in Matrix Isolation

carbonyl oxide Apg(m—>7*), nm g0y cm™! ref
28 420 1014 58
31 422 897 63b,c
32 460 898 6la,b
881
44 582 931 68
45 445 938 6la,b
46 395 1016 61b,c
1007
47 387 915 63a,c
890
48 406 931 64
901
49 400 890 67
50 462 1045 66
1034
51 378 1009 65
943
52 - 1049 65
997

oxide is always quite small.

Alternate methods for generation of the carbonyl
oxide are much more suited for this purpose. The
photooxidation of diazoalkanes was considered by
Kirmse et al.’® to involve an intermediate carbonyl
oxide, a proposal supported by the isolation of a ketone
diperoxide (carbonyl oxide dimer) by Bartlett and
Traylor.?® Following these leads, Murray and Suzui®’
demonstrated that the carbonyl oxide could be inter-
cepted by reaction with external aldehydes to form the
corresponding 1,2,4-trioxolanes (final ozonides). This
important result clearly established the connection
between the photooxygenation process and alkene
ozonolysis, with strong implication for the intermediacy
of the carbonyl oxide in both reactions.

The photooxidation of diazo compounds proceeds in
two distinct steps: photoextrusion of N, to provide a
carbene, which then combines with oxygen to form the
carbonyl oxide. In the absence of oxygen, of course,
only the first step occurs, and the carbenes so obtained
can be monitored by using such techniques as matrix
isolation or time-resolved spectroscopy. If oxygen is
present, the lifetime of the carbene is shortened, and
its decay coincides with the appearance of a new species,
assigned the carbonyl oxide structure. A most impor-
tant feature of this process is that the rate of formation
of the carbonyl oxide is fast compared to its lifetime,
and so this product will accumulate. A critical advance
in the study of carbonyl oxides has come in the last
decade with the investigation of the carbene-oxygen
reaction by matrix isolation or flash photolysis/time-
resolved spectroscopy. The details of these methods as
applied to the characterization of carbonyl oxides has
been nicely reviewed by Sander.® Only a summary of
the results will be provided here.

The first direct observations of carbonyl oxides by
each of these methods were reported in 1983. Bell and
Dunkin® provided IR evidence for the formation of 28
from photolysis of diazacyclopentadiene in a frozen
matrix of Nyo-O, (9:1). At almost the same time,
Iwamura et al. reported that flash photolysis of 29 in
oxygenated cyclohexane gave rise to a transient species
with A,,, = 425 nm, which was assigned to the carbonyl
oxide 30.5° Since these initial reports, a large number
of carbonyl oxides have been studied by one or the other
of these techniques.®*7 These are presented in Chart
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I, and a summary of some relevant spectral data is given
in Tables III and IV.

As is evident from the tables, the carbonyl oxides are
characterized by an absorption in the 380-460 nm
range. The absorption does not change substantially
between the matrix and solution for those two carbonyl
oxides (81 and 32) studied in both environments.
Moreover, 32 is reported to provide virtually identical
spectra in 1,1,2-trichlorofluoroethane (Freon 113),
benzene, and acetone, even though the half-life of this
species is strongly solvent dependent.” The observed
absorbance is assigned to a —=* transition in accord
with CNDO/S computations which also predict n—n*
transitions in the region 600-800 nm.?* The latter ab-
sorption is very weak and has not been directly mea-
sured experimentally, but their presence is indicated
by the fact that photochemical conversions of the car-
bonyl oxide (discussed further in section IV.C.2) can be
initiated by irradiation in this range.53%6

To date, UV-vis spectra have been obtained only for
carbonyl oxides with conjugated m-systems. The only
nonconjugated system to be studied is 52; in this case,
the low yield of carbonyl oxide prevents determination
of the UV-vis spectrum.%® It is worth noting that
CNDO/S calculations predict that 1 will have Ay, =
384 nm,? and so it should be feasible to monitor even
these simpler carbonyl oxides spectroscopically.

Infrared spectroscopy has been used to characterize
carbonyl oxides in matrix isolation. Isotope labeling
with 180 in one or both oxygens has been used to assign
vibrational bands as well as to confirm structure. Thus,
for 28 the IR bands at 1014, 947, and 940 cm™! exhibit
a large shift (28, -22, and -15 cm™, respectively) on
double labeling with 120 and are therefore assigned to
vibrations with considerable O-O stretching compo-
nent.’®® There are two 80180 isotopomers for this
species, as evidenced by the fact that the band at 1014
cm™! is split into two (1001 and 995 cm™), clearly in-
dicating that the oxygen atoms are not equivalent.

0—0

150 120
O O o "

%080 isotopomers of 28 53

This is in contrast to the compound reported by
Chapman and Hess,® which was originally assigned the
carbonyl oxide structure 28. Subsequent work dem-
onstrated that only one 8080 isotopomer is formed,?2
and so the oxygen atoms are equivalent, as in the di-
oxirane structure 53.

All of the carbonyl oxides characterized so far have
an absorbance in the 900-1000 cm™ region which is
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TABLE IV. Spectroscopic and Kinetic Parameters for
Carbonyl Oxides in Solution

carbonyl Amax(T—7%),

oxide solvent nm M-i5 2k/el, s71%  ref
30 cyclohexane 425 2 x 10° 59
31 CH,CN 410 5% 10° 1.44 X 10° 69
32 freon 113 450 1.4 x 10° 70
33  CHCN 401 81X10° 72
34 CH,CN 409 2.2%10° 1.99 X 108 72
35 freon 113 418 72
3%  CHCN 428 31X10% 72
37  CH,CN 415 72
38 CH,CN 410 125 x 108 72
39  CH,CN 405 1.87 X 100 72
40 CH,CN 380 3.4 % 108 72
41 freon 113 410 8.6 X 108 6.6 x10* 174
42 cyclohexane 435 3.5x10° 32x10° 71
43  CHOCN 3.0x 10 72

¢ Bimolecular rate constant for disappearance of the carbonyl
oxide. These are listed for { = 10 cm. The value for ¢ is usually
not determined, but refers to the molar absorptivity of the car-
bonyl oxide at the Ap,,.

attributable to a vibration involving O-O stretch, in
reasonable accord with the calculated spectrum for 1.7
The exact position of this band depends on the carbonyl
oxide substituents. In general, electron-withdrawing
substituents tend to shift the 0—O absorption to higher
frequency. This is in accord with an increased shift of
electron density to the carbon center, with development
of some O-0 double bond character, as for resonance
form D. Thus, for the series 31, 51, and 52, an incre-
mental shift of ~50 cm™ is found for replacement of
phenyl by trifluoromethyl.8> For 28, significant con-
tribution of the resonance form 54 might be expected,
and indeed the O-O frequency for 28 is higher than for
45 and 32, where cyclopentadienide character should
be less important. Such comparisons can be hazardous,

.0 ,0

0] +0”
O —
28 34

however, since the “O-0 stretch” is in fact a more
complicated vibration, and a change in structure may
change the O-O stretching character of this band as
well. Thus, while Sander has shown through compar-
ison of the isotope shifts that the O-O contribution is
similar among 31, 51, and 52,5 the isotope shift for 28
is somewhat lower,?® indicating that this is a less-pure
0-0 stretch, and no data are yet available for 45 and
32. It can be noted parenthetically that oxygen-transfer
experiments involving 28 do not indicate a strong con-
tribution from resonance forms like 54 (see further
section IV.D.5).

Sander has carried out a detailed study of isotope
substitution of benzophenone oxide (81), and was able
to assign nearly all of the bands in the spectrum.%%¢ Of
some interest is the location of the C-O stretching band,
since this should provide some experimental bearing for
assessment of the extent of double bond character for
this system. No distinct CO stretching band is
observed—this vibration is strongly coupled to the ad-
jacent C-C stretching modes. Calculations for 1 indi-
cate, however, that the C-O stretching frequency is 1116
cm™), close to that for a C-O single bond.®
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Of the carbene precursors to the carbonyl oxides in
Tables III and IV, all have triplet ground states with
the exception of phenylchlorocarbene (the precursor to
49), which is a singlet. Matrix-isolated phenylchloro-
carbene (PhCCI), in contrast to all of the other carb-
enes, reacts only slowly with oxygen, and the carbonyl
oxide accumulates over 6 h at 35 K.6 Under conditions
where the triplet carbenes are completely converted to
carbonyl oxide, PhCCl does not react perceptibly.5
This result is consistent with the formulation of the
carbonyl oxide ground state as a singlet—only the
triplet carbene—(triplet) oxygen reaction has a spin-
allowed pathway to a single product; the singlet carb-
ene—triplet oxygen reaction cannot proceed directly to
the singlet product.5!2

Absolute rate constants for the carbene—oxygen re-
action in solution can be determined by the use of laser

flash photolysis with fast time-resolved spectroscopy.
At room temperature, the second-order rate constants
are close to 10° M1 g1, near the diffusion-controlled
rate. Compared to the time scale of their formation,
the carbonyl oxides are quite long-lived (1075-1073 s),
and so their subsequent reactions are kinetically dif-
ferent. In fact, the decay time for carbonyl oxides
frequently exceeds the time domain of the laser pho-
tolysis system. In these cases, conventional flash pho-
tolysis” or optical modulation spectroscopy’ have been
used to monitor the decay kinetics. For most of the
carbonyl oxides, the decay is best fit to a second-order
rate law,”' indicating a bimolecular decomposition
pathway. For benzophenone oxide (31), the ketone is
the major product at room temperature.”® A bimole-
cular process involving O, extrusion has been
suggested—this is presented in section IV.D.2. Most
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TABLE V. Kinetic Parameters for Carbonyl Oxide
Reactions in Solution

carbonyl trapping Eyups

oxide solvent agent Mgt ref

30 cyclohexane CHZ;OH 1.8 X 108 a
31 CH,CN CH,CHO  31x10° 72
PhCH,CHO 21X 108 72
n-octanal 2.0 X 10¢ 78
32 freon-113 CH,CHO 1.21 x 10° 70
PhCH,CHO 5 X 108 70
n-octanal 4,5 % 107 70
33 CH,CN CH,CHO 47X10° 72
PhCH,CHO 2.9 x 10° 72
34 CH,CN CH,CHO 4.5 x 108 72
41 freon-113 CH,0H 3.4 % 108 74

aEstimated from data in ref 59.

importantly, the direct observation of the carbonyl
oxide permits determination of the kinetics for reactions
so well known from alkene ozonolysis—the second-order
rate constants for reaction of carbonyl oxides with al-
dehydes (as in the final step of the Criegee mechanism)
vary considerably with the structure of the carbonyl
oxide, as well as the aldehyde (see Table V). Likewise,
it has been possible to extract the rate constant for
methanol trapping of a carbonyl oxide.” The prospects
for this kind of rate data are exciting. In particular, the
large effects of structure on reactivity, already apparent
from the limited data in Table V, will undoubtedly be
very useful in developing a better understanding of the
mechanistic details of the carbonyl oxide reactions.

Fessenden and Scaiano used dielectric loss mea-
surements to determine the dipole moments for ben-
zophenone oxide (31) and dibenzosuberone oxide (33).”
The experimental values, 4.0 and 3.8 D, respectively,
provide an assessment of the electronic distribution in
carbonyl oxides. While the observed dipole moments
for 31 and 33 are considerably larger than would be
expected for a simple peroxy radical, they are less than
that estimated (¢ ~ 5.0 D) for a true zwitterion. The
difference in dipole moment between 31 and benzo-
phenone (Ax ~ 1.1 D) is similar to that calculated for
dioxymethyl (1, ¢ = 3.5 D)1 compared to formaldehyde
(« = 2.34 D).” The interpretation is that these carbonyl
oxides are highly polar diradicals, in accord with the
theoretical results.

The reaction of CH, with O, has been studied in the
gas phase” and in a low-temperature matrix.” In
neither case was the carbonyl oxide detected. The re-
action is highly exothermic (see Figure 1), and so the
carbonyl oxide would rearrange rapidly to formic acid.
In the matrix-isolation experiment, Lee and Pimentel
observed luminescence which they assigned to transi-
tions from the excited A’'A’ state of formic acid, indi-
cating that nearly all of the excess energy (AH = -181
kcal/mol) of the CH,-O, reaction is conserved in this
excited state.” Fragmentation of the excited formic
acid gives rise to a number of products, some of which
are also observed in the gas-phase ozonation of ethyl-
ene.® Likewise, products consistent with the decom-
position from the excited states of formic acid are ob-
tained in the gas-phase methylene—oxygen reaction.™
The amount of ground-state formic acid is increased in
the presence of water vapor. At least two effects are
in play: the H,0O appears to be an effective quencher
of excited formic acid, and also serves to quench a
precursor of the formic acid, probably dioxymethyl.
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This is demonstrated by the production of monolabeled
formic acid when H,'®0 is used.”® Since no doubly
labeled acid is obtained, O exchange of formic acid is
ruled out. A complexation—quenching of the excited
dioxymethyl has been proposed.

C. Singlet Oxygen Reaction with Diazoalkanes

Despite the obvious utility of the carbene—oxygen
reaction for generating carbonyl oxides, there are some
limitations to this process. Conditions must be con-
trolled so that the intermediate carbene reacts with
oxygen before it is consumed in other processes.
Carbenes that rearrange rapidly or solvents which will
react with the carbene must be avoided. For example,
attempts to generate a carbonyl oxide in the presence
of methanol, in order to study the trapping reaction,
will be complicated by competitive reaction of the
carbene with the alcohol.’ An alternate method, which
promises to circumvent many of these problems, was
developed by Higley and Murray.®! Oxidation of diazo
compounds with singlet oxygen leads to carbonyl oxides,
which can be trapped with aldehydes to form ozonides.
The proposed mechanism for this transformation in-
volves cycloaddition of singlet oxygen to the diazoal-
kane, followed by extrusion of N, from the intermediate
diazadioxolene:8!42

Ph /O
Y—o (21)
Ph

i35 1

Significantly, the carbene intermediate is avoided,
and so aliphatic carbonyl oxides can be prepared by this
method. Recently, Scaiano et al. have shown that in-
termediates generated by this method could be ob-
served by time-resolved spectroscopy.®®® Here, laser
pulses (A =~ 590 nm) are used to generate singlet oxygen
(methylene blue sensitizer) in the presence of diazoal-
kane 55. Reaction of singlet oxygen with 55 is very
rapid and proceeds with extrusion of N to the carbonyl
oxide 31 as the first detectable product. Through
comparison of the electronic spectrum (A, = 410 nm),
as well as quenching rate constants, the authors were
able to show that the intermediate obtained by sensi-
tized irradiation (the “single route”) was identical with
that obtained earlier by direct photolysis of 55 in the
presence of oxygen (the carbene-oxygen reaction, the
“triplet route”). Similar results have been obtained for
other aryl carbonyl oxides.”®? As Scaiano points out,
the singlet route offers distinct advantages for the
generation of carbonyl oxides in solution. Thus, it is
possible to generate fluorenone oxide (32) in 2-propanol
solution by the singlet route;” this cannot be done via
the triplet route since the carbene would be completely
consumed by reaction with the solvent. Therefore, the
singlet route offers great potential for the exploration
of the behavior of carbonyl oxides in reactive solvents
(alcohols), and especially for the study of simpler alkyl
carbonyl oxides.

D. Photooxygenation of Other C=X Systems

Singlet oxygen reacts with a variety of C=X (X =
heteroatom) systems, including azines, hydrazones, and
sulfur ylides to give peroxidic intermediates which are
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capable of oxygen-transfer reactions. Several possible
structures have been considered for these intermediates,
including carbonyl oxides or the isomeric dioxiranes.
For example, Tezuka and Iwaki have reported that the
base-induced decomposition of a-azo hydroperoxides,®
prepared by photooxidation of hydrazones, generates
an oxidizing species which epoxidizes alkenes stereo-
specifically. Electron-deficient alkenes do not react.
The reactive species is believed to be either the carbonyl
oxide 56 or the dioxirane 57. The stereospecificity of
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Ryl O
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(22)
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oxygen transfer, as well as the electrophilicity of the
intermediate, are more consistent with a dioxirane,’
though this point bears further study.

Ando and co-workers have found that the sensitized
oxidation of the phosphazine 58 leads to a mixture of
the indanone 62 (68%) and the corresponding lactone
(63, 9%).% Since the reaction is inhibited by p-di-
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methoxybenzene (an electron-transfer quencher), the
authors propose that oxidation proceeds by initial
electron transfer from azine to singlet oxygen, followed
by radical recombination to the zwitterion §9. This can
fragment to liberate the carbonyl oxide 60 or, alterna-
tively, to the dioxirane 61. One of these is presumably
the precursor to the lactone. The peroxide intermediate
could be diverted by reaction with methyl phenyl
sulfoxide—the sulfone is produced, with a correspond-
ing decrease in the lactone yield. A similar mechanism
has been reported for the photooxidation of adaman-
tanone azine;® in this case, the involvement of a car-
bonyl oxide intermediate was established by trapping
with methanol.

A variety of ylides react with singlet oxygen to give
species capable of oxygen transfer to sulfides. Directly
analogous mechanisms have been proposed and either
the carbonyl oxide or the dioxirane may be involved as
the oxygen-transfer agent.®

Certain alkylidenecyclopropanes react with singlet
oxygen to give products indicative of a carbonyl oxide
intermediate. Addition of singlet oxygen to 64 provides
the peroxycyclopropylcarbinyl cation 65. This rear-
ranges to the carbonyl oxide 66, which transfers oxygen
to 64, providing 67 and 68.87

Finally, Martinez8 has suggested a unified mecha-
nism for the matrix photooxidation of alkenes which
invokes the intermediacy of carbonyl oxides from
cleavage of a vic-bisperoxy radical 69. The reverse re-
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action is considered to be facile. This may be a pos-
sibility in the confinement of a solid matrix, but the
dimerization of carbonyl oxides in solution proceeds
through a formation of C-O bonds (head-to-tail).
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E. Carbonyl Oxides from Furan Endoperoxides
and Other 1,2,4-Trioxolanes

Adam and Rodriguez have observed that furan en-
doperoxides can act as oxygen-transfer systems in ep-
oxidation, sulfoxidation, and Baeyer-Villiger reactions.®®
Direct oxygen transfer by the endoperoxide itself is
considered unlikely, since reaction only occurs at tem-
peratures where the peroxide is thermally unstable. A
ring opening of the peroxide is proposed to provide a
carbonyl oxide, which serves as the active oxygen-
transfer agent. It is interesting to note that the ring
opening of the furan endoperoxide, which is actually an
ozonide, corresponds to a formal reverse of the carbonyl
oxide—carbonyl cycloaddition:
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Trapping experiments, designed to assess the in-
volvement of a carbonyl oxide in this process, gave very
striking results.® Thus, thermolysis of 70 leads to
formation of the rearranged ozonide 72, corresponding
to intramolecular capture of the carbonyl oxide inter-
mediate. In contrast, the unsaturated analogue 71 re-
arranged to the ester 74 and gave none of the ozonide
expected from trapping of a carbonyl oxide. The in-
terpretation is that the carbonyl oxide from 71 is ki-
netically labile and rearranges to the dioxirane 73.
Baeyer-Villiger rearrangement of 73 would then lead
to 74. The difference in behavior between these com-
pounds is apparently due to the electron-withdrawing
conjugation in 71 which is not present in the saturated
system 70. This subtle effect underscores the close
relationship between carbonyl oxides and their dioxi-
rane isomers.
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Carbonyl oxides have been invoked in the decompo-
sition of other furan endoperoxides. Recent work by
Scarpati and associates reveals clear evidence for the
production of carbonyl oxides during the photo-
oxygenation of certain a-methoxyfurans.® Reaction of
75 with 10, in methanol proceeds quantitatively to the
a-methoxy hydroperoxide 78, the solvent trapping
product of carbonyl oxide 77. When the photo-
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oxygenation is carried out in acetone, the carbonyl oxide
is trapped as the ozonide 79. In nonreacting solvents,
the unstable endoperoxide 76 is produced—this reacts
quantitatively on addition of methanol to give 78, es-
tablishing 76 as the likely precursor to 77.%? Formation
of the carbonyl oxide is strongly influenced by sub-
stituents on the endoperoxide. In particular, an elec-
tron-withdrawing group at the 5-position completely
inhibits opening to the carbonyl oxide.®* The origin
of this effect is not well understood.

Ozxazole endoperoxides rearrange to triamides in a
synthetically useful process. Ring opening to the car-
bonyl oxide, exactly analogous to 76 — 77, has been
suggested as a possible mechanism.®!

Protic and Lewis acids catalyze the equilibration of
the endo—exo ozonides endo-80 and exo-80, leading
Nojima to propose the involvement of a complexed
carbonyl oxide in this process.?2 The benzylic C-H
does not exchange when deuterated acid is used, ruling
out a simple epimerization at this center. Instead,
endo—exo isomerization requires inversion at the ozo-
nide (bridgehead) carbons; this can occur only if one
C-0 bond to each is broken. According to ab initio
calculations,? protonation of the peroxide will cause
facile ring opening to the carboxonium species 81.
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Further cleavage of this intermediate to the protonated
carbonyl oxide 82 occurs more slowly, and reverse of
this process after C-C bond rotation accounts for the
stereoisomerization. A similar complexed carbonyl
oxide is implicated in the acid-mediated dimerization
of certain ozonides. Lewis acid complexes analogous
to 81 can be isolated. In at least some cases, these react

Bunnelle

by ring opening to the acid complex of the carbonyl
oxide.924d

IV. Reactions of Carbonyl Oxides
A. Nucieophliic Trapping

The most common nucleophile trapping reaction of
carbonyl oxides is, by far, the formation of a-methoxy
hydroperoxides with methanol. The reaction has been
used extensively to verify the production of carbonyl
oxides, and several examples of this type have already
been discussed. Higher alcohols, water, carboxylic acids,
ammonia, and cyanide are among other nucleophiles
which have been used to trap carbonyl oxides.? Niki
et al. have studied the reaction of oxygen nucleophiles
with carbonyl oxides, and determined the order of re-
activity:?

MeOH > EtOH > n-PrOH > i-PrOH >
H,0> t-BuOH > CH;CO.H

The alcohol reactivities correlate with various solvent
polarity parameters, although it is likely that steric
effects are also important. The relatively low reactivity
of water and acetic acid was attributed to increased
strength of the OH bond in these compounds, and a
cyclic transition state for simultaneous delivery of O and
H was suggested.

More recently, a second-order rate constant of 3.44
X 108 M 571 has been measured for the reaction of 41
with methanol at room temperature.” Data for direct
comparison with other alcohols is not available, but the
relatively long half-live for fluorenone oxide (32) in
2-propanol (255 us)™ suggests that this solvent is less
reactive (k ~ 105 M1 s71),

Schreiber® recognized the symmetry-breaking prop-
erty of alkene ozonolysis—the equivalent olefinic car-
bons of a symmetric, cyclic alkene are converted to
different functional groups: in methanol, these are a
carbonyl and an a-methoxy hydroperoxide. In con-
junction with procedures to selective modify one or the
other of these groups, the method provides for the
controlled preparation of linear molecules with differ-
entiation of the terminal functionality. Of course, for
nonsymmetric alkenes, one can also exploit the re-
gioselectivity of primary ozonide fragmentation to
control the development of new functionality.

The intramolecular trapping of a carbonyl oxide by
a suitably tethered alcohol is likewise very efficient:
Schreiber has made good use of the 8-scission chemistry
of hydroperoxides in a beautifully clever route to
macrocyclic lactones:
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Under the right circumstances, other groups can
participate in the nucleophilic trapping of carbonyl
oxides. Nojima and co-workers have found that, with
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cyclic olefins, ozonation in methanol can lead to a va-
riety of complex peroxides involving participation of
both Criegee fragments along with the solvent.%#” The
conversion of 83 to 85 probably proceeds by the usual
addition of methanol to carbonyl oxide to form the
a-methoxy hydroperoxide 84, which then closes to the
hemiacetal 85.
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A different trapping mode is indicated by the struc-
ture of 88, obtained on ozonation of 86 in methanol. In
this case, the carbonyl oxide is captured by intramo-
lecular addition of the carbonyl oxygen, followed by
reaction with the solvent. This process is especially
interesting in that it exemplifies a combination of
carbonyl oxide with a carbonyl group which does not
result in cycloaddition. In fact, this represents the first
step of a nonconcerted cycloaddition—in principle, the
zwitterion 87 could close to form the ozonide 89. In
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fact, in nonnucleophilic solvents, the ozonide is obtained
directly. The ozonide is stable in methanol, confirming
that it is not the precursor to 88 and supporting the idea
of a stepwise mechanism for combination of carbonyl
oxide with a carbonyl group. This is discussed more
fully in the next section.

B. Cycloadditions

As typical 1,3-dipoles, carbonyl oxides participate in
the cycloaddition chemistry characteristic of this class
of reactive intermediates. The best-known reaction of
this type is the cycloaddition with carbonyl compounds
to give ozonides (1,2,4-trioxolanes), but a number of
other 7w-bonded systems have also been found to be
suitable dipolarophilic partners.

1. Cycloaddition with the C=0 Group

As a general rule, ozonide formation is efficient only
for cycloaddition of carbonyl oxide with aldehydes.
Ketones are considerably less dipolarophilic, and good
yields of ozonides are limited to special situations in-
volving particularly reactive ketones, intramolecular
reactions, or where the ketone is used as the reaction
solvent and is therefore present in large concentration.2
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Esters are even less reactive than ketones, and in fact
have been used as “nonparticipating” solvents for ozo-
nolysis. In 1984, Keul and Kuczkowski showed that,
under favorable conditions, carbonyl oxides would react
with esters.33% In this case, formate esters were chosen
to trap the carbonyl oxide, since these are most like
aldehydes, and should have the highest dipolarophil-
icity. Thus, ozonolysis of styrene in methyl formate as
solvent led to the isolation of 5-10% yields of the alkoxy
ozonide 990, the product from cycloaddition of dioxy-
methyl with the ester.%% Less reactive esters, such as

0y
PhCH=CH,
methyl formate
H_(0—0 . i 0-0
H o” ~OCH, LO)‘OCH3 (32)
1 20

methyl acetate, gave correspondingly lower yields. The
major product (75%) from this reaction is styrene
ozonide, indicating that recombination of the carbonyl
oxide with the cognate aldehyde is more favorable than
cycloaddition to the ester. Higher yields of the alkoxy
ozonide are obtained by ozonolysis of methyl vinyl ether
in methyl formate—in this case, the PO fragments with
high selectivity to dioxymethyl and methyl formate.
Under these conditions, a 29% yield of the alkoxy
ozonide 90 is obtained.3%

Odinokov et al. found that ozonation of the cyclo-
pentadiene-maleic ester adduct 91 gave 15% of the
crystalline ozonide 93, resulting from intramolecular
cycloaddition of the nascent carbonyl oxide with the
adjacent ester group.? An interesting feature of this
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2 93
transformation is the competition of the ester and the
aldehyde within 92 for the carbonyl oxide; cycloaddition
with the aldehyde is sterically difficult, and so intra-
molecular reaction takes place at the ester.

Ozonolysis of the homoallylic ester 94a proceeds to
the bicyclic alkoxy ozonide 96a via an unusually effi-
cient intramolecular carbonyl oxide-ester cyclo-
addition.!® The high yield for formation of 96a is due
to a fortuitous coincidence of steric and electronic ef-
fects. The steric influence of the gem-di-tert-butyl
group is to restrict the conformations of 95a to those
which place the carbonyl oxide in close proximity to the
ester, thereby favoring cyclization. Replacement of one
of the tert-butyl groups by methyl restores enough
conformational flexibility so that intramolecular cy-
cloaddition is no longer preferred: 94b gives none of
96b. Likewise, the electron-withdrawing effect of the
p-nitro substituent is critical, since the analogous ben-
zoate derivative 94¢ does not form ozonide. It is clear
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from these examples that, despite the uniquely efficient
conversion of 94a to 96a, the carbonyl oxide—ester cy-
cloaddition is not a favorable process. In general, one
can expect that other, competing reactions of the car-
bonyl oxide will be more facile, and alkoxy ozonide
yields will be low.

In principle, the yield of ozonides from alkene ozo-
nolysis would be improved if side reactions of the in-
termediate carbonyl oxide could be reduced. One
strategy to accomplish this is to immobilize the alkene
during ozonolysis—the carbonyl oxide and carbonyl
cleavage products will be likewise immobilized, in close
proximity to one another, which should favor their re-
combination to ozonide. Silica gel has been used as a
support material for this purpose,!® but the most
spectacular success has come with Griesbaum’s use of
powdered polyethylene as an inert support.1%%19 The
“dry ozonolysis” technique has already been used to
prepare a large number of ozonide types for which
conventional solution methods fail, including those from
tetrasubstituted alkenes, large-ring cycloalkenes, vinyl
chlorides, ethers, and esters. Undoubtedly, this method
will continue to provide access to new classes of sub-
stituted ozonides.

Cycloadditions of carbonyl oxides to carbonyl groups
have been variously described as concerted, biradical,
or zwitterionic processes. On the basis of thermo-
chemical considerations, Nangia and Benson conclude
that, at least for cycloaddition to aldehydes, biradical
pathways will not compete with a concerted cyclo-
addition.2* This is, of course, an orbital symmetry al-
lowed [,4 + ,2] process, which may involve considerable
variation in the degree of synchronicity for the forming
bonds. Experimental study of the mechanism is com-
plicated by several factors. For example, solvent cage
effects are often significant for ozonide formation from
alkenes. Particularly in nonpolar solvents, a significant
proportion of ozonide results from in-cage recombina-
tion of the fragments from the same PO. This can be
rationalized in terms of the dipole-dipole interaction
between carbonyl oxide and its carbonyl partner, which
favors the head-to-tail orientation appropriate for cy-
cloaddition. Solvents of higher permittivity can sta-
bilize these polar intermediates, facilitating escape from
the solvent cage. Indeed, the proportion of ozonide
which forms outside of the original solvent cage is found
to increase with solvent polarity.”

Reaction stereoselectivity is a useful probe of reaction
mechanism. For alkene ozonolysis, some transmission
of alkene stereochemistry to the final ozonide is ob-
served, since cis and trans alkene stereoisomers tend
to give different cis/trans ozonide mixtures. The in-
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terpretation is not entirely straightforward, since both
the stereoselectivity of the PO fragmentation (formation
of syn vs anti carbonyl oxide) and that of the subse-
quent cycloaddition come into play. Explanations for
the overall stereoselectivity of alkene ozonolysis based
on both concerted and stepwise cycloaddition steps
have been advanced. These have been reviewed else-
where. %7

We focus here on the question of concertedness for
the carbonyl oxide—carbonyl cycloaddition. The most
compelling evidence in favor of concerted reaction co-
mes from Kuczkowski and associates.!%1% An espe-
cially striking result is the finding that the stereolabeled
ethyl vinyl ethers 97 lead to complementary distribu-
tions of stereolabeled ozonides (99).1% It is known that
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the PO cleavage is highly selective for formation of
dioxymethyl,?® and so the product distribution reflects
stereoselective formation and cycloaddition of the
stereolabeled carbonyl oxides syn- and anti-98. The
preservation of stereochemistry in this system is re-
markable, since even a totally concerted cycloaddition
reaction could wash out the stereochemical differences.
For example, assuming that PO cleavage is entirely
stereospecific (say, E-97 leads exclusively to anti-98; the
argument holds regardless of the stereochemical as-
signment), concerted recombination of carbonyl oxide
with ethyl formate can occur in either an endo or an exo
mode. As indicated, these lead to different stereoiso-
mers of the ozonide product. Therefore, the 3:1 ste-
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reospecificity for the overall process is the lower limit
for any individual step and is entirely consistent with
a sequence of concerted processes. On the other hand,
a stepwise cycloaddition process can only account for
these results if it is assumed that ring closure is faster
than single bond rotations.

Further evidence in favor of a concerted cycloaddition
comes from a study of kinetic secondary isotope effects
(KSIE) on the process.!% By analysis of the isotope
composition of ozonides from ethylene-1,1-d, in the
presence of varying amounts of acetaldehyde, an inverse
deuterium KSIE was established for the carbonyl oxide
in the cycloaddition.!%® Similarly, an inverse KSIE was
demonstrated for the carbonyl component as well.1%¢
Since an inverse KSIE is generally associated with
change in carbon hybridization from sp? to sp?, these
results imply that cycloaddition involves development
of bonding for both carbon centers at the transition
state, that is, a concerted reaction.

While this constitutes strong evidence for a concerted
mechanism for some carbonyl oxide-carbonyl cyclo-
additions, a very substantial case has been made for the
operation of a stepwise process for others.1%-1% For
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instance, it is known that yields of ozonides are dras-
tically reduced, and the amount of peroxide oligomer
correspondingly increased, when alkene ozonolysis is
carried out with aldehyde as the solvent. This is dif-
ficult to reconcile with a concerted mechanism where
increased aldehyde concentration should enhance car-
bonyl oxide recombination to ozonide. The implication
is that an ozonide precursor is diverted to the oligomer.
Murray has pointed out that the “added aldehyde
effect” can be explained by assuming a stepwise car-
bonyl oxide—carbonyl cycloaddition process.!% In this
view, the intermediate, formulated as 100 according to
the suggestion of Harding and Goddard,!®® could un-
dergo ring closure to the ozonide, or, in the presence of
excess aldehyde, further additions to give oligomeric
products. ,
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In order to account for solvent effects on the yields
and stereochemistry of ozonide formation, Nojima has
proposed that the cycloaddition reaction occurs by a
stepwise mechanism involving a zwitterionic interme-
diate.%197 A remarkable result is the enhanced yield
of ozonides in protic, but weakly nucleophilic solvents
such as 2,2,2-trifluoroethanol (TFE).17¢ The authors’
rationale is that the electrophilicity of the carbonyl
oxide is enhanced by solvation, and this facilitates nu-
cleophilic addition of the carbonyl group to provide the
zwitterion 102. In nucleophilic solvents like methanol,
this intermediate can be trapped (as for 86 — 88, see
above), but in TFE the peroxide closure to 103 is pre-
ferred. An interesting “memory effect” is observed in
the ozonolysis of 101 and 104. Although both of these
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should give the same carbonyl oxide intermediate, they
lead to nearly opposite stereoisomer distributions in the
ozonide product. This is considered to involve a very
rapid cyclization onto the solvated carbonyl oxide, be-
fore substantial conformational change in this sterically
encumbered system can occur. Since the orientation
of groups in the cyclic alkene is very different than in
the open-chain compound 104, cyclization proceeds with
opposite stereochemical results.

Relevant to the scenario for oligomer formation
outlined above, the sequential capture of two carbonyl
groups by a carbonyl oxide has been reported very re-
cently.!® Dioxymethyl (from ozonolysis of ethyl vinyl
ether) reacts with 105 to produce a variety of products,
including 107, 108, and 110. Formation of the “[3 + 2
+ 2]” product 107 most likely proceeds from the zwit-
terionic intermediate 106, with capture by the carbonyl
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group competing with closure to 108. The regioisomeric
peroxide 110 could arise by initial addition to dioxy-
methyl by the ketone carbonyl, with subsequent closure
as for 107. Alternatively, the authors suggest that the
carbonyl oxide adds as a nucleophile to the aldehyde
to give the zwitterion 109, which cyclizes as shown.
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On the basis of the experiments describe dhere, three
possible modes of cycloaddition for carbonyl oxides with
carbonyl groups can be identified. For less-substituted
systems, including ethylene, a concerted cycloaddition
is likely. For other alkenes, it is apparent that a step-
wise process operatres, and that either of the C-O bonds
may be formed first. The situation is obviously com-
plicated, and not enough data is yet available to define
clear trends. Likewise, the intermediates have been
variously described as diradicals or zwitterion, and this
distinction will undoubtedly depend on variables such
as structure and solvent. Finally, the sensitivity of
carbonyl oxide reaction to structural features is evident
in the fact that the second-order rate constant for re-
action of 32 with acetaldehyde is three orders of mag-
nitude larger than for 33 (see Table V).

2. Cycloadditions to Alkenes

The ready availability of ozonides from alkene ozo-
nolysis has stimulated attempts to convert these to
other, less accessible peroxides. The Nojima group was
developed a route to 1,2-dioxolanes through the Lewis
acid mediated decomposition of ozonides in the pres-
ence of alkenes.!® This reaction involves the formation
of an acid-complexed carbonyl oxide, as discussed in
section IILE, which undergoes stepwise addition to the
alkene.

During their study of vinyl ether ozonation, Keul and
Kuczkowski found that 1,2-dioxolanes were produced
as the major products.31% Ag described earlier, the
vinyl ether fragments to dioxymethyl and an ester.
Because of the low reactivity of the ester, recombination
of the Criegee fragments is not efficient. Instead, the
carbonyl oxide adds to unreacted vinyl ether to yield
a 3-alkoxy-1,2-dioxolane. A series of competition ex-
periments established that the vinyl ethers are reason-
ably good dipolarophiles toward carbonyl oxides,
ranking better than ketones but not as reactive as al-
dehydes.®® The regiochemistry of carbonyl oxide ad-
dition to the vinyl ether corresponds to that expected
for electrophilic addition. Stereolabeled vinyl ethers
were used to show that the alkene stereochemistry is
completely retained in the dioxolane product, consistent
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only with a concerted cycloaddition process. Similar
stereospecificity is observed when alkyl substituents are
present,3&

Electron-poor alkenes are also effective dipolarophiles
toward carbonyl oxides, as recently demonstrated by
Scarpati and co-workers.®® The carbonyl oxide 112,
generated by fragmentation of the furan endoperoxide
111, was found to react with methyl acrylate as well as
with ethyl vinyl ether. The reversal of regioselectivity
in these two examples is notable, and is in accord with
the bipolar character of the carbonyl oxide.

CO,CH Ph
—COCHs —COCHs 7 ol COCH;
COyCH; o CO,CH,
Ph OCH, — |Ph — 2CH;
o -
0—0 0-0 CO,CH,
111 112
Ph
HOE‘ ol CO,CH;
o CO,CH,
EO

(40)
3. Other Dipolarophiles

For reaction of a carbonyl oxide with an «,8-unsatu-
rated ketone, 1,2-additions to either the carbonyl group
or to the alkene might be anticipated. On the other
hand, the dipolar nature of carbonyl oxides raises the
possibility for 1,4-addition across the enone system. In
principle, this would be an orbital symmetry forbidden
process, but could occur by a nonconcerted route.
Nojima and co-workers have recently described such a
reaction.!’® The controlled monoozonation of 1,2,3,4-
tetraphenyl-1,3-cyclopentadiene leads to a mixture of
the ozonide 114 and the [3 + 4] product 115. Presum-
ably, these form in a stepwise manner from the zwit-
terion 113, which can close to either product.

Ph Ph Ph  Ph P Ph
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Ph Ph o Ph
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Carbonyl oxides combine with other C=X =-systems
to give cycloadducts. Imines'!! and thioketones!!? have
been shown to react in this way. These compounds are
relatively unreactive toward ozone, and so carbonyl
oxides can be generated in their presence by ozonolysis
of vinyl ethers. The reaction with imines is quite ef-
ficient; in fact, imines appear to be significantly more
reactive than the comparably substituted ketones.!!
Most remarkable is the cycloaddition of carbonyl oxides
with thioadamantanone, which occurs in preference to
oxidation of the sulfur. In contrast, aryl thioketones
do not form cycloadducts—the dominant reaction with
carbonyl oxide is oxygen transfer to form the sulfine.
This difference is attributed to the change in polarity
of aryl thioketones which makes the sulfur more elec-
trophilic, facilitating nucleophilic oxygen transfer by the
carbonyl oxide.

Cycloaddition of carbonyl oxide to the SO bond has
been invoked as a key step in the gas-phase oxidation
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of SO, to H,S0,.44° A cycloadduct was proposed to
account for the fact that H,SO, forms more rapidly
than could be expected for hydration of SO3 H,SO, was
considered to arise primarily from reaction of H,O with
this cycloadduct.*® The formation of this intermediate
is supported by the observation of oxygen exchange
between labeled carbonyl oxide and SO,.4b

Sawaki has suggested a similar process for the in-
triguing deoxygenation of diphenyl sulfoxide by an
electron-poor carbonyl oxide.!'®> The probable in-
volvement of a cyclic adduct is supported by 20-tracer
studies, which establish oxygen transfer consistent with
the proposed mechanism.

4. Dimerization

A common byproduct in most condensed phase re-
actions of carbonyl oxides is a 1,2,4,5-tetraoxane, the
carbonyl oxide dimer. These are often reasonably sta-
ble, crystalline compounds, though, as peroxides, they
must be handled carefully. The concerted [3 + 3] di-
merization of a carbonyl oxide is thermally forbidden,
and probably occurs via a stepwise process. Typically,
unsymmetrical carbonyl oxides give a mixture of cis-
and trans-tetraoxanes.!'* In principle, other 1,3-dipoles
should also react with carbonyl oxides. Indeed, the
cycloaddition of carbonyl oxides with nitrones has been
observed.!!®

In the absence of suitable coreactants, carbonyl oxide
lifetimes are on the order of 10%-107% s at the typical
concentrations employed.®®*™ The decomposition pro-
cess has been studied by conventional flash photolysis
with time-resolved spectroscopy,’? or by optical modu-
lation spectroscopy.’”® In most cases, bimolecular ki-
netics are observed for loss of carbonyl oxide. Benzo-
phenone oxide (31) has been the best studied—the rate
constant is somewhat less than that for a diffusion-
controlled process. An activation energy of ~1.8
kcal/mol has been determined, with log A = 9.1.”® This
has been interpreted in terms of a bimolecular process
requiring substantial alignment of the reactants at the
transition state. All of this, of course, is consistent with
a dimerization process, but product studies indicate that
the major product is benzophenone and oxygen,3"3 and
the dimer is only formed at low temperatures.’® Pre-
sumably, the formation of benzophenone is accompa-
nied by evolution of oxygen, but Bartlett and Traylor
have determined that no O-O cleavage occurs.’® The
following mechanism, based on the proposal by Girard
and Griller, can account for these results.”™
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0 Ph
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(42)

C. Isomerization of Carbonyl Oxides

1. Syn-Anti Stereoisomerism

The issue of stereochemistry for carbonyl oxides is
an important one, but for which there is only indirect
information. It is clear that these intermediates carry
stereochemical information—the different cis/trans-
ozonide ratios obtained by ozonolysis of cis- vs trans-
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alkenes (generally, cis-alkene leads to a greater pro-
portion of cis-ozonide, and trans-alkene forms more
trans-ozonide, at least for larger substituent groups)
implies that the ozonolysis intermediates also have
differing stereoisomer distributions. For the Criegee
mechanism, this is possible only with the carbonyl ox-
ide. Models based on conformational analysis of the
primary ozonide, and incorporating least-motion argu-
ments in PO fragmentation, have been developed to
predict the predominant carbonyl oxide geometry, and
from this the resulting ozonide stereochemistry. De-
tailed discussions of these models are available*’ and
will not be repeated here. One significant aspect of
these stereochemical arguments is that the carbonyl
oxides are configurationally stable—if syn—anti equili-
bration were rapid, both cis- and trans-alkenes would
produce the same mixture of ozonides.

Theoretical studies of the syn/anti interconversion
of carbonyl oxides indicate a substantial activation
barrier for the process.!l131521 Two isomerization
pathways are possible, corresponding to inversion
through the central oxygen (via a linear C-0-0O system)
or rotation about the C-O bond. According to Crem-
er,158 the latter process is the lower energy path, with
a barrier of 32.1 kcal/mol for dioxymethyl. A slightly
larger barrier (35.6 kcal/mol) is predicted for the con-
version of syn- to anti-dioxyethyl; as mentioned earlier,
the syn form is more stable than the anti. The calcu-
lated energies indicate that syn—anti interconversion
should be slow compared to other reactions of the
carbonyl oxides, and it is reasonable to expect config-
urational stability for these intermediates.

Such computations, of course, refer to isolated mol-
ecules in the gas phase, and it must be kept in mind
that solvation effects can dramatically alter the ener-
getics of these processes. It is quite possible that the
activation barrier for carbonyl oxide stereoisomerization
is much lower in solution. Thus, Bailey has observed
that the ozonide stereoisomer distributions from cis-
and trans-alkenes tend to converge at higher temper-
atures,!!8 which is attributed to partial equilibration of
carbonyl oxides at the higher temperatures. An oppo-
site shift in isomer distribution is found in the presence
of certain polyalkylbenzenes. This was rationalized in
terms of 7-complexation with the carbonyl oxide, which
either inhibited syn—anti isomerism, or afforded pref-
erential stabilization of the anti form, or both.!18
Moreover, the rate of warmup after ozonation also in-
fluences ozonide stereochemistry. For both cis- and
trans-alkenes with bulky substituents, the proportion
of cis-alkene is higher if a very slow warmup (24 h to
reach room temperature) is used.!'8t17 Since the
standard models indicate that cis-ozonide is formed
preferentially from anti-carbonyl oxide, these results
have been taken to indicate that more syn-carbonyl
oxide is available under the fast warmup conditions.
Isomerization of some anti-carbonyl oxide to the more
stable syn form might be possible with the higher tem-
peratures during rapid warmup.

Nevertheless, these results are very complicated, and
it is difficult to isolate the effects of possible syn—anti
equilibration from other possible influences on ozonide
stereochemistry. For instance, the intervention of a
stepwise pathway for ozonide formation might be more
significant at higher temperatures. This is reasonable
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if one considers that the concerted cycloaddition should
have a more unfavorable entropy of activation than a
stepwise reaction, and this feature will become more
important at higher temperatures. The stereochemistry
of a stepwise mechanism, which might therefore com-
pete, would be determined at the final ring-closure stage
and would likely favor the more stable trans-ozonide.
In this connection, it is interesting to note that Murray
has suggested, on the basis of warmup effects on ozo-
nide stereochemistry from diisopropylethylene, that a
mechanism change occurs around —60 °C.1'7 QObviously,
there are several possible factors influencing the ozonide
stereochemistry, and it is extremely difficult to sort
them out individually.

In any case, the fact that different cis/trans-ozonide
mixtures are obtained from stereoisomeric alkenes is
evident that carbonyl oxide syn-anti equilibration is
incomplete, if it occurs at all. Keul and Kuczkowski
have completed a very nice set of experiments which
suggest strongly that syn—anti interconversion is insig-
nificant for dioxymethyl.!** As described in section
IV.B.1, the 3:1 stereospecificity for ozonide formation
from stereolabeled ethyl vinyl ether indicates a high
degree of concert for the formation and cycloaddition
of the stereolabeled carbonyl oxides, and also places an
upper limit on the extent of their interconversion.
Virtually the same 3:1 stereospecificity is obtained in
pentane and in ethyl formate as solvent. If syn—anti
equilibration were important, a change in stereochem-
istry might be expected for the more polar solvent. In
addition, when ethyl acetate is used as the solvent, both
alkoxy ozonides are obtained, and both with 3:1 ste-
reospecificity. The invariance of this ratio to changes
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i ( —————. ( < o
05X os 4R g,
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in solvent and dipolarophile is a strong indication that
stereoisomer equilibration does not occur. Interestingly,
a similar isomer distribution was obtained when di-
oxymethyl was generated from the corresponding la-
beled styrene or 1-hexene. This suggests that the car-
bonyl oxides are formed with very high stereoselectivity,
and that the 3:1 ratio of products reflects competition
between endo and exo transition states for the ozo-
nide-forming cycloaddition, as discussed above. An
assignment for the stereochemistry of the carbonyl
oxides must be tentative, but assuming that the bulky
substituent prefers the equatorial position for all three
PO’s, the prediction is that the E-labeled alkenes will
lead to the anti-carbonyl oxide, and the Z-alkene to the
syn isomer.!* If this is correct, the major cycloaddition
pathway with ethyl formate is via the exo transition
state.

A similar study with the stereoisomeric 1-ethoxy-
propenes can, in principle, permit a similar analysis of
the possibility for syn—anti interconversion for dioxy-
ethyl.? The situation here, however, is considerably
more complex. In particular, it is no longer reasonable
to assume similar reactivity for syn and anti stereoiso-
mers, nor will the stereoisomeric primary ozonides form
or fragment with the same rates. A computer program
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was developed to model the kinetics of the process, and
rate constants were determined which would allow the
best fit to the experimental yields.3® Although the
system could not be determined uniquely, the model
does predict partial stereospecificity (4:1) for carbonyl
oxide formation, and implies that the carbonyl oxides
are configurationally stable. Clearly, more studies are
needed which will address this question, and allow
study of more substituted systems.

Obviously, direct observation of the dynamics of syn
and anti isomers of carbonyl oxides would be an ideal
solution. This has not yet been achieved. Nevertheless,
Sander has found two distinct bands for O-O stretch
in the IR spectrum of matrix-isolated dioxyphenyl-
methyl (47), which might be attributed to the presence
of syn and anti stereoisomers of this species.% On the
other hand, for 51, where stereoisomerism is also pos-
sible, only one band is observed.8

2. Cyclization to Dioxirane

A most intriguing aspect of carbonyl oxide chemistry
is the connection of these compounds with their cyclic
isomers, the dioxiranes. The very recent development
of dioxiranes as potent oxygen-transfer agents has
stimulated much interest in the similarities, and espe-
cially the differences, between these classes of mole-
cules. In this section, the isomerization of carbonyl
oxides to dioxiranes will be considered.

Can carbonyl oxides be converted to dioxiranes? The
answer is clearly that they can, under the right cir-
cumstances. As discussed in section II.C, the isomer-
ization of carbonyl oxide to dioxirane is thermodynam-
ically favorable, but involves a substantial activation
barrier. For ground-state dioxymethyl in solution,
unimolecular transformation to dioxirane is too slow to
be competitive with other processes. On the other hand,
carbonyl oxides produced in the gas phase, whether by
alkene ozonolysis or by carbene-0, reaction, retain
substantial excess internal energy which is not effi-
ciently dissipated. This is evident from the discussion
in Section III.A, where it was pointed out that a large
fraction of the carbonyl oxide produced in the gas phase
cannot be trapped as such. Instead, this portion of the
intermediate reacts further through numerous unimo-
lecular isomerization and fragmentation channels. In
at least some cases, these involve conversion of the
carbonyl oxide to a dioxirane. Thus, for the ozonolysis
of ethene, the products include CO, CO,, H,0, H,, and
formic acid.?4650 These are considered to arise via
conversion of “hot” dioxymethyl to thermally excited
dioxirane, which isomerizes to an excited state of formic
acid.® Fragmentation and quenching of this interme-
diate accounts for many of the observed products.
Because of the exothermicity of its formation, the di-
oxirane should be very short-lived. It is therefore
somewhat of a paradox that dioxirane has been detected
in the gas phase from ozonation of ethene at low tem-
perature.!’® It has been suggested that this may have
been produced by an indirect pathway.8

Isomerization to dioxirane appears to be a dominant
process for “hot” dioxymethyl, but becomes relatively
less important for substituted carbonyl oxides produced
by gas-phase ozonation. For the ozonation of trans-2-
butene, the dioxirane channel is still operable, but other
processes compete.*d With dimethylcarbonyl oxide,
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from ozonation of tetramethylethylene, the dioxirane
pathway does not contribute significantly.*® The
products arise largely from tautomerization, to be dis-
cussed in the next section.

The conversion of carbonyl oxides to dioxiranes can
be accomplished photochemically, as has been demon-
strated for several matrix-isolated species.®1 8 In fact,
the extreme photolability of carbonyl oxides requires
that particular care be exercised in their preparation
and characterization. In oxygen-rich matrices, it is im-
portant to use low-wavelength irradiation (A < 300 nm)
to effect generation of the carbene precursor, which
reacts with available oxygen to form the carbonyl oxide.
Light of longer wavelength will be absorbed by the
carbonyl oxide, and will cause isomerization to the di-
oxirane and other products. This was a problem en-
countered in an attempted preparation of cyclo-
pentadienone oxide (28);% the actual product was later
shown to be the isomeric dioxirane 53.52 Alternatively,
the carbene can be generated in more lightly O,-doped
matrices, and the carbonyl oxide generated in the dark
by annealing the matrix to permit diffusion of oxygen
to the carbene. Photoisomerization can be selectively
induced by irradiation%38586 with visible light (A ~ 600
nm)—this apparently is the domain of the n—* tran-
sition for the carbonyl oxide, and the dioxirane product
is transparent in this region, minimizing further pho-
tochemistry. The dioxiranes, in turn, can be photolyzed
at ~400 nm; rearrangement to esters is a major reaction
pathway. 56168

For some carbonyl oxides, photoisomerization to the
dioxirane is quite inefficient. Especially for carbonyl
oxides with one hydrogen substituent, a significant side
reaction is the photoextrusion of an oxygen atom from
the carbonyl oxide, producing the corresponding al-
dehyde.?3% The oxygen atoms so produced can com-
bine with unreacted carbene when the matrix is
annealed—chemiluminescence observed during this
process has been attributed to this reaction.-%

The formation of esters as byproducts in the solu-
tion-phase reactions of carbonyl oxides raises the
question as to whether dioxiranes are involved in these
conversions, Sawaki and associates have studied the
mechanism of ester production from the photo-
oxygenation of diazoalkanes.!'®1% [Isotope tracer ex-
periments established that oxygen scrambling was
complete—a unimolecular process, including the in-
volvement of a dioxirane, was therefore ruled out. In
fact, crossover experiments established that the ester
alkyl groups were also scrambled intermolecularly, and
a radical chain mechanism, not involving a carbonyl
oxide, was proposed for ester formation.!?

While these results seem to rule out dioxirane for-
mation for many carbonyl oxides, some special cases
exist where ring closure might be favorable. The re-
action of difluoromethylene with oxygen has been re-
ported to provide an intermediate which epoxidizes
alkenes stereospecifically.?® This is a result more typical
of dioxiranes than of carbonyl oxides.®* Moreover, ab
initio calculations indicate that the isomerization of
carbonyl oxide to dioxirane is facilitated by the presence
of 7-donors such as F,1°? and for the difluorocarbonyl
oxide 6, closure should be fast. Therefore, the weight
of the evidence falls in favor of difluorodioxirane 116
as the active oxygen-transfer agent. This might be
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formed directly from the CF,-0, reaction, or proceed
via 6.

F F 0
CF, + O l' >_Q} - /<|
0 F o]
[1 116
(44)

Dioxiranes have also been proposed as one of the
intermediates in the ozonation of certain alkynes. A
mechanism for alkyne ozonation is illustrated below.
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Ring opening of the initially formed 1,2,3-trioxolene
provides the acylcarbonyl oxide 117, which can cyclize
either to the 2,3,5-trioxabicyclo[2.1.0]pentane 119 or to
dioxirane 118. Both of these intermediates can be ex-
pected to isomerize to the anhydride, a usual end
product of the reaction.!?! Keay and Hamilton'?? de-
termined that two unstable intermediates capable of
alkene epoxidation were produced in the ozonation of
2-butyne. The first, which decomposed at temperatures
above -50 °C, was assigned the 1,2,3-trioxolene struc-
ture, and the second species, stable to -15 °C, was
tentatively identified as the dioxirane 118. Ando et al.
have presented NMR evidence that the low-tempera-
ture oxidant is in fact the trioxabicyclo[2.1.0]pentane
(119), which was found to decompose at —50 °C.!2 This
assignment is also favored by Pryor, Govindan, and
Church, who studied the reaction by ESR in the pres-
ence of spin traps.!# These workers also found that the
-15 °C oxidant formed an acetyl spin adduct, which
they considered to arise from 118. This assignment is
in line with the earlier IR study of DeMore and Lin,
which showed that the anhydride precurser contained
a carbonyl group.!® One inconsistency, however, is
evident. Keay and Hamilton found that the -15 °C
peroxide transferred oxygen to alkenes in a nonster-
eospecific fashion.'?? This does not fit well with the
current picture of dioxiranes as highly stereospecific
oxidants,? and this point must be rectified before the
dioxirane intermediate can be accepted.

If the assignment is correct, the implication is that
the acylcarbonyl oxide can isomerize to the dioxirane.
No computational results are available, but Cremer has
indicated that m-acceptors should raise, not lower, the
activation barrier for direct ring closure.!?? Itoh and
co-workers have studied the decomposition of 41 (see
Chart I): there is no evidence for dioxirane formation
from this ester-substituted carbonyl oxide.™ It is, of
course, possible that species like 119 might rearrange
to the dioxirane, and this could provide an alternate
route to the dioxirane. Finally, in this connection it is
interesting to review the mechanistic dichotomy ob-
served by Adam (Section IILE): the saturated endo-

Chemical Reviews, 1991, Vol. 91, No. 3 35§

peroxide 70 rearranges via a carbonyl oxide, while the
unsaturated analogue 71 appears to isomerize to the
dioxirane.8®® It can be noted that 71 opens to a viny-
logous acylcarbonyl oxide, and dioxirane formation
might be expected on that basis.

Other pathways for conversion of a carbonyl oxide to
a dioxirane may be available under certain conditions.
Murray and Agarwal have carried out the ozonation of
E-1,4-dibromo-2-butene in acetone, and have identified
acetone diperoxide and triperoxide among the prod-
ucts.'?® The symmetric alkene can give only the bro-
minated carbonyl oxide 120, and this must transfer
peroxide to the solvent. The authors propose that the
products arise from dimerization and trimerization of
dimethyldioxirane, which they consider to arise from
stepwise addition of 120 to acetone. The intermediate
zwitterion 121, from nucleophilic addition of the car-
bonyl oxide to acetone, can close to form the ozonide,
or proceed to dimethyldioxirane by extrusion of brom-

oacetone. Two features of this mechanistic scheme
CH CH,B G CH
T
? — : Os, acetone CH, CH /go ? 81

BrCH; CH,
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(46)
should be emphasized: first, it reaffirms the involve-
ment of nonconcerted pathways in ozonide formation,
and second, it outlines an alternative route from car-
bonyl oxides to dioxiranes which may be more favorable
than direct unimolecular cyclization. This is an intri-
guing possibility which deserves further study to es-
tablish its viability and generality.

3. Tautomerization of Carbony! Oxides

For carbonyl oxides with a-protons, tautomerization
becomes a competitive isomerization pathway. Story
and Burgess first demonstrated intervention of this
process in the ozonation of tetramethylethylene in
acetone solution.!?” The isolation of 122 along with a
smaller amount of hydroxyacetone is rationalized by
tautomerization of the initially formed dimethyl-
carbonyl oxide 3 to 2-hydroperoxypropene, followed by
isomerization of this to hydroxyacetone. This ketol
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captures the carbonyl oxide, accounting for the observed
product. Interestingly, hydroxyacetone has also been
reported as a major decomposition product of di-
methyldioxirane, and might be an alternative route to
these products.!?® That reaction, however, occurs over
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a period of several hours to room temperature, and does
not appear to be rapid enough to contribute to the
formation of 122 under the ozonolysis conditions.

Tautomerization appears to be the dominant process
in the gas-phase ozonolysis of tetramethylethylene. At
low pressure (4 Torr), where little of the dimethyl-
carbonyl oxide is collisionally stabilized, kinetic mod-
eling leads to an estimate that 80% of the carbonyl
oxide follows the tautomerization pathway, while isom-
erization to dioxirane is negligible.4¢ Similar results
were obtained from studies at atmospheric pressure,
where that portion of carbonyl oxide not collisionally
stabilized was found to decompose via tautomeriza-
tion.5!'* The situation for methylcarbonyl oxide from
ozonation of trans-2-butene is more complex, but
modeling studies suggest that both the dioxirane and
the tautomerization pathways are operable.44

The tautomerization process has been implicated in
the atmospheric ozonation of certain terpenes.!® Thus,
ozonlysis of a-pinene in humid air leads to significant
amounts of dioxymethyl Eq(48) (1), as evidenced by
trapping products. While 1 cannot be produced directly
from Criegee-type cleavage of a-pinene, this species can
arise by tautomerization of the carbonyl oxide 123 and
further ozonolysis of the hydroperoxy alkene 124.

CHa CH, CH;_ ,CH, CHa_ ,CHs
/@ O 0,
_— E Eﬂ S— 1
Ut ; CHO
CHy 0 CH? 0 CHO
0 HO
123 124
(48)

D. Oxygen-Transfer Reactions

In recent years, the recognition that carbonyl oxides
are easily accessible, highly reactive peroxides has
brought to the fore intensive study of their oxygen-
transfer chemistry. Considerable effort has been di-
rected at characterizing the oxidation chemistry of
carbonyl oxides, differentiating it from the similar re-
activity of dioxiranes and other peroxides, and estab-
lishing the pertinence of these processes to biological
oxygenations and to problems in atmospheric environ-
mental chemistry. Some of these reactions have been
mentioned earlier. A more systematic overview follows.

1. Models for Biochemical Oxidations

Much of the interest in carbonyl oxides as oxygen-
transfer agents relates to their apparent character as
oxenoids,? that is, the ability to effect transfer of a
singlet oxygen atom to suitable substrates. In this re-
spect, the oxygen transfers are considered similar to the
range of reactions for singlet carbenes: C-H insertion,
addition to alkenes, and formation of arene oxides. The
significance of these reactions is that they resemble a
varity of processes carried out by oxygenase enzymes,
and carbonyl oxides have been considered as possible
models for these enzyme systems.13

Hamilton first proposed the involvement of carbonyl
oxides in the action of the aromatic hydroxylase fla-
voenzymes.*13! These “mixed-function oxidases” use
a bound flavin cofactor to react with O, and to deliver
one oxygen to an aromatic ring, generating water with
the other. Reaction of O, with dihydroflavin is known
to provide the 4a-hydroperoxide 125. Hamilton sug-
gested that this intermediate could ring open to the
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acylcarbonyl oxide 126, which would be the actual ox-
ygen-transfer agent. Reclosure and dehydration pro-
vides oxidized flavin, which is turned over by reduction.
This proposal was based on the premise that a hydro-
peroxide like 125 would not be a good hydroxylating
agent. Support for the oxenoid character of species like
126 was gained by the observation of phenol hydroxy-
lation and alkene epoxidation by an intermediate in the
ozonolysis of 2-butyne, presumed to be an acylcarbonyl
oxide.!3"® Subsequent work, however, has cast doubt
on that assignment (see section IV.C.2). Moreover,
detailed studies of enzyme models based on modified
flavins have demonstrated that hydroperoxides like 125
are actually very good oxygen donors,'® and there is no
need to postulate ring opening to carbonyl oxide. In
addition, an intermediate observed spectroscopically in
the flavoenzyme system cannot be reconciled with the
involvement of ring-opened forms like 127,133

An analogous proposal for the involvement of car-
bonyl oxides in pteridine-dependent monooxygenases
is likewise unconfirmed by experiment.!3% Neverthe-
less, the concept of carbonyl oxides as oxenoid species
has greatly stimulated interest in their oxygen-transfer
potential and has led to the discovery of a number of
intriguing processes.

2. Oxygen Atom Loss

Under certain conditions, carbonyl oxides can frag-
ment by ejection of an oxygen atom to produce the
corresponding carbonyl compound. While not, strictly
speaking, an oxygen transfer process, this can be an
important reduction pathway for carbonyl oxides and
is included -here.

The gas-phase (1 atm) reaction of CH, with O, leads
to “hot” dioxymethyl (the reaction is exothermic by 60
kcal/mol, see Figure 1); among the decomposition
products are ozone and formaldehyde.” These are
formed by fragmentation of dioxymethyl to form-
aldehyde and an oxygen atom, which recombines with
O, to provide ozone. This decomposition mode is not
easily accessible in this system, amounting to an esti-
mated® 1-5% of the total carbonyl oxide consumption.
A substantial activation barrier is indicated by the fact
that dioxymethyl produced in the less-energetic ethene
ozonolysis does not produce oxygen atoms at a de-
tectable level.5

Likewise, the extent of O-atom formation from the
gas-phase ozonation of trans-2-butene has been placed
at 5% or less.*®d This increases to 20% for dimethyl-
carbonyl oxide from ozonolysis of tetramethylethylene
at low pressure (4 Torr).# At atmospheric pressure,
however, this pathway is not detected.?!¢ Apparently,
that fraction of carbonyl oxide which expels O atoms
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at 4 Torr is collisionally stabilized at the higher pressure
and no longer has sufficient excess energy to cross the
activation barrier for this process. Oxygen atom pro-
duction from trans-dichloroethene is more efficient,
amounting to 20% even at atmospheric pressure.5

Ketones have typically been observed as byproducts
in the carbene—0, reaction in frozen matrices. Since
bimolecular combination of the type 31 — (2 benzo-
phenone + O,) (Section IV.B.4) is improbable under
matrix-isolation conditions, it is likely that the ketone
is formed by unimolecular O-atom ejection from the
carbonyl oxide. Sander has studied this reaction in
some detail.#3% The generation of carbonyl oxides in
inert matrices invariably produces some oxygen atoms.
This can arise from scission of the initially formed “hot”
carbonyl oxide, as well as from cleavage of the carbonyl
oxide induced by the photolysis used to generate the
carbene precursor. The photoejection of oxygen from
carbonyl oxides competes with isomerization to the
dioxirane, and this is sometimes the dominant reaction.
For example, no dioxirane is detected from irradiation
of 52. Only hexafluoroacetone is obtained.%

The oxygen atom is generally considered to reside in
the ground O(®P) state,®® although spin conservation
arguments suggest that this is not the form produced
initially.? Some of the oxygen atoms are lost by re-
combination to O,, and in matrices with high O, con-
tent, formation of ozone has been observed 636488
Perhaps the most interesting process is the strong
chemiluminescence observed on annealing these ma-
trices. Sander has shown that this luminescence is most
reasonably attributed to combination of oxygen atoms
in the matrix with unreacted carbene.®®* This produces
the carbonyl compound in an electronically excited
state, and the observed emission corresponds to phos-
phorescence of this species.

One curious feature of the competition between the
dioxirane and O-atom pathways for decomposition of
carbonyl oxides can be noted. For the photochemical
conversion in frozen matrices, the O-atom splitting
predominates over isomerization to dioxirane for those
carbonyl oxides where one substituent is hydrogen.6
This is opposite to the trend noted for the fragmenta-
tion of “hot” carbonyl oxides produced in gas-phase
ozonolysis. For these, replacement of alkyl groups by
H leads to increased importance of the dioxirane isom-
erization pathway.#® No direct correlation should be
expected, since these represent very different types of
reactions, but this observation may have some impli-
cations for the nature of the excited states involved in
these processes.

3. Alkene Epoxidation

In 1963, Criegee and Giinther reported that ozonolysis
of tetramethylethylene in the presence of tetracyano-
ethylene (TCNE) does not give peroxide products.!3
Instead, acetone and tetracyanoethylene oxide are ob-
tained in nearly quantitative yield. Since TCNE does
not react with ozone under the conditions of the ex-
periment, it was concluded that one of the peroxidic
intermediates from ozonation of tetramethylethylene
was capable of effecting epoxidation of TCNE. Kwart
and Hoffman!3 pointed out that the tautomeric form
of a peracid, which they considered to be involved in
alkene epoxidation, was in fact a carbonyl oxide and
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suggested that it is the carbonyl oxide which is the
oxygen-transfer agent in alkene ozonations. Epoxide
formation has also been attributed to intermediates in
the ozonation of alkynes!?-1 and haloalkenes!3—these
might be due to carbonyl oxides, but this is not certain.
From the discussion in Section IV.C.2, it is possible that
some of these might involve dioxiranes or other per-
oxidic species. The reaction is more readily studied
when carbonyl oxides are prepared by methods not
involving ozonolysis. Murray et al. demonstrated that
the carbonyl oxide from singlet oxygenation of diazo-
diphenylmethane is indeed capable of alkene ep-
oxidation.!®” For the dialkyl olefins studied here, ep-
oxidation is much less efficient than with TCNE.
Nevertheless, oxygen transfer from the carbonyl oxide
does occur, and the epoxidation is partially stereospe-
cific: trans olefins give trans epoxides while cis olefins
give predominately cis epoxides. The partial erosion
of stereochemistry with cis alkenes can be contrasted
with the high stereospecificity obtained from dioxirane
epoxidation—Murray has suggested that this criterion
may be useful for differentiation of carbonyl oxides and
dioxiranes.5 Interestingly, Murray et al. have observed
a significantly lower transmission of stereochemistry in
epoxidation by photochemically produced carbonyl
oxide compared to that formed with thermally gener-
ated singlet oxygen (from (PhQ);PO;), and suggest that
higher electronic states of the carbonyl oxide (with a
different pattern of stereoselectivity) may be involved
in the former case.!3” Of course, photochemical exci-
tation of carbonyl oxides is now known to produce di-
oxiranes and/or oxygen atoms; since the former should
enhance the stereospecificity of epoxidation, it is con-
ceivable that the loss of stereochemistry might be due
to contribution by O-atom addition to the alkene.

Sawaki et al. found that allylic H abstraction and
C=C cleavage products were produced along with ep-
oxides from reaction of carbonyl oxides with alkenes.??
This might be interpreted in terms of radical character
for the carbonyl oxide, but the low yield of the products
leaves open the possibility that side reactions not in-
volving the carbonyl oxide are dominant. Singlet oxy-
gen, used to generate the carbonyl oxide, reacts with
cyclohexene to give a product distribution similar to
(and with higher total yield) that obtained for this al-
kene in the presence of diazofluorene, underscoring this
point,.

Pryor and Govindan have studied the decomposition
of ozone-free solutions of the primary ozonide of
trans-di-tert-butylethylene (128).13 This unusually

o)
o’ Yo 60°C o ° TCNE o
r-Bu® t-Bu t-Bu H NC CN
128 129 60%
(50)

stable 1,2,3-trioxolane fragments normally at —60 °C to
tert-butyl carbonyl oxide 129. In neat cyclohexene, only
a trace of epoxide is obtained. In contrast, TCNE is
epoxidized efficiently (60% yield) by 129. The impli-
cation here is that carbonyl oxides are nucleophilic
oxygen-transfer agents toward alkenes.

On the other hand, Adam and Rodriguez have ob-
tained high yields of tetramethylethylene oxide from
the intermediate formed on thermolysis of 130.2% This
is most reasonably the carbonyl oxide 131, by analogy



358 Chemical Reviews, 1991, Vol. 91, No. 3

to that from 71, indicated through intramolecular
trapping (section II.LE). Likewise, Nojima and co-

CHJ\Q,CH3 A
0

0—0
130
—7(—\_ (CH3),C=C(CHj,), 0
s ! CHy  —— Clg{ﬁccl:js (51)
131 93%

workers have demonstrated an intramolecular oxygen
delivery from a carbonyl oxide to a vinyl ether.!® These
results indicate that even electron-rich alkenes can be
oxidized efficiently under some circumstances.

Alkene epoxidation by a carbonyl oxide has been
studied theoretically by Cremer and Bock.!4® A con-
certed mode for oxygen transfer was identified and
could be described as an Sy2-type attack of the alkene
on the terminal oxygen of the carbonyl oxide. Analysis
of the electron density in the transition state reveals the
oxenoid character of this process. A polarization of the
carbonyl oxide w-density toward the terminal oxygen
atom (approaching a zwitterionic state) is balanced by
withdrawal of the O—O o¢-electrons to the central oxy-
gen, ultimately resulting in O-O cleavage. Depending
on the alkene, different frontier orbital overlaps can
dominate. For electron-poor alkenes, interaction of the
carbonyl oxide HOMO (compromising the enhanced
m-density at the terminal oxygen) with the alkene
LUMO is most significant, while the #+ HOMO of
electron-rich olefins can interact strongly with a low-
lying o* (O-O antibonding) orbital of the carbonyl ox-
ide. Thus, both kinds of interactions can facilitate
epoxidation, and help to explain why both electron-rich
and electron-deficient alkenes are readily epoxidized.

A special class of epoxidations is the hydroxylation
of aromatic rings. A key experiment involved the
demonstration that fluorenone oxide effects the con-
version of 4-[2H]anisole to 4-hydroxyanisole with sig-
nificant retention of the deuterium label.!¥! This is clear
evidence for a hydroxylation mechanism which proceeds
by formation of the arene oxide, followed by rear-
angement including the NIH shift, as observed for
many microsomal oxidations.

Murray’s group has carried out extensive studies of
arene oxidation by carbonyl oxides.!421# Sensitized
photooxygenation of diazodiphenylmethane in the
presence of naphthalene gives an 85:15 mixture of a-
and @-naphthols, consistent with the formation of
naphthalene 1,2-oxide.14?2 Similarly, oxidation of p-
xylene leads to a mixture of xylols, 133 and 134, for
which the latter must arise from NIH shift of methyl
in the intermediate epoxide 132,142 Intramolecular

»=N, %

pexylene

cHy CH, oH
OH CH
J—¢" - g" e
CH, CH, CH,
132 133 134

oxygen transfer has been observed.!*3¢ In the case of
135, the K-region arene oxide 136 is obtained in 7%

Ph

Ph

Bunnelle

yield after treatment with 10,. The same product was
formed in the ozonolysis of 137: when this alkene is
immobilized on silica gel during ozonolysis, the arene
oxide 136 is still produced, supporting an intramolecular
path for oxygen delivery.4%

oSN e oY e o

CH; " CH
133 136 137
(53)

The electronic character of carbonyl oxide for arene
oxidation was investigated by Agarwal and Murray.!4
The yields of naphthols from a series of substituted
diphenyl carbonyl oxides could be correlated with
substituent o constants in a Hammett plot. The slope
so obtained (p = +0.93) indicates that the carbonyl
oxide acts as an electrophilic oxidant in these trans-
formations. This, of course, is not consistent with the
zwitterionic structure for a carbonyl oxide, but can be
rationalized within the framework of carbonyl oxides
as an oxenoid species. With naphthalene as substrate,
the arene HOMO-carbonyl oxide LUMO interaction
should dominate. In this situation, the electrophilic
character of the carbonyl oxide should be expressed.

4. Baeyer-Villiger Oxidation

The Baeyer-Villiger oxidation of ketones to esters and
lactones is a useful sythetic transformation. The re-
action is also known in biological systems and can be
considered an oxenoid process.!3% Indeed, several of
these are mediated by flavin-dependent monooxygenase
enzymes, as for arene hydroxylation. In view of the
activity of carbonyl oxides for the latter reaction, similar
efficacy for Baeyer-Villiger oxidation might be antici-
pated. Although Baeyer-Villiger-type products are
frequently observed in alkene ozonolysis, it is often
difficult to determine whether these are derived through
oxygen transfer from a carbonyl oxide or from some
other intermediate.

Here again, the generation of carbonyl oxides by
photooxygenation of diazoalkanes helps to simplify a
potentially complicated situation. This method has
been used by Ando and associates in a study of oxygen
transfer to silyl ketones.!45146 Efficient conversion to
the corresponding silyl esters was achieved with ben-
zophenone oxide. Aryl silyl ketones react more readily
than alkyl silyl ketones, leading the authors to suggest
that delocalization of negative charge by the ketone
substituent facilitates the rearrangement. The pro-
posed mechanism involves nucleophilic addition of
carbonyl oxide to the silyl ketone, followed by C-to-O
migration of the silyl group, and elimination of benzo-
phenone.!4

Rearrangement of a silyl carbonyl oxide, obtained
from photooxygenation of the corresponding silyl-
diazoalkane, to the silyl ester was also reported, and an
intramolecular pathway was suggested.!*6 Oxygen-
tracer experiments,!? however, are not consistent with
this interpretation. Scrambling of the oxygens rules out
a unimolecular rearrangement. On the other hand,
crossover experiments indicate that transfer of oxygen
from silyl carbonyl oxide to silyl ketone does not oc-
cur.!46b Most likely, a radical chain decomposition of
the diazoalkane as proposed by Sawaki!? is responsible
for the formation of these silyl esters, and carbonyl
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oxides do not play a significant role.
Photooxidation of adamantanone azine leads to
mixture of adamantanone (140) and the lactone 141,
and a unimolecular rearrangement of the carbonyl oxide
138 or the isomeric dioxirane 139 was proposed to ac-
count for this.®® A similar mechanism has been sug-

(o]
1 1 0
2 @70 andlor @700
138 139
(0]
140 141

(54)

gested for photooxygenation of 7-diazo-8-
acenaphthenone (142).147 An intermolecular oxygen
transfer was considered unlikely in each case because
the yield of oxidation products did not increase when
excess ketone (140 or 145) was added. Sawaki’s isotope
tracer studies, however, rule out a unimolecular rear-
rangement for each of these reactions.!? Moreover, in
the case of 142, the failure of added ketone to increase
product yield is nicely explained by the observation that
the evolved gases from photooxidation contain both
N,O (45%) and N, (55% ), comparable to the product
ratio 145:146.12° Therefore, much of the singlet oxy-

Ad=N—=N=Ad

(Ad = adamantylidene)

0. N, o N 30 o %o
P 'o P . N, (55%)
O CO O
142 143 144
.N20(45%)‘ ml
o ' 0 Oy 00
A
>
145 146
(55)

gen—diazoalkane adduct 143 decomposes by loss of N,O
to provide the diketone 145. The yield of carbonyl
oxide is limited at the photooxidation stage and is al-
ready trapped efficiently by intermolecular reaction
with 145, so additional diketone has little effect. Ke-
tones such as adamantanone have been shown to be
readily oxidized by other carbonyl oxides,® and it may
be concluded that these are intermolecular Baeyer-
Villiger oxidations.

5. Oxidation at Sulfur

Organosulfur compounds are good acceptors for a
variety of oxygen-transfer species, and carbonyl oxides
are no exception. Sulfides and sulfoxides can be added
to alkenes during ozonation, and function as efficient
scavengers for carbonyl oxides. The formation of car-
bonyl oxides from other sources has likewise been
probed by addition of sulfides or sulfoxides;®® inhib-
ition of reaction products in the presence of sulfoxide
is taken as evidence that these are formed via a carbonyl
oxide. Obviously, such determinations are sensitive to
the involvement of other oxygen-transfer agents, for
example dioxiranes, which might also be intercepted by
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these trapping agents. One particular advantage of
sulfur compounds for the study of oxygen transfer is
the range of oxidation levels at sulfur, with the at-
tendant changes in electronic character of this center,
which permits a rather detailed study of electronic
character of these intermediates.

Sulfides and sulfoxide substituent effects have been
used to gauge the reactivity of carbonyl oxides in oxygen
transfer. As suggested by the results from alkene ep-
oxidation described above, carbonyl oxides are capable
of displaying a range of behaviors—the particular mode
of reactivity which is expressed will depend to a large
extent on substituent effects and on the reaction
partner. Carbonyl oxides generally react faster with
sulfoxides than with sulfides, and this has led to their
characterization as nucleophilic species. Fluorenone
oxide (32) exhibits nucleophilic character in reactions
with substituted aryl sulfoxides, as evidenced by the
positive value (p = 0.26) for a Hammett correlation.2?
On the other hand, benzophenone oxide (31) reacts with
aryl sulfides as an electrophilic oxygen donor,!4® dem-
onstrating that the electronic nature of the carbonyl
oxide is not simply defined. Electron-withdrawing
substituents on the carbonyl oxide do seem to enhance
the electrophilic character of these species: trifluoro-
acetophenone oxide (51) reacts as an electrophile with
both sulfides and sulfoxides.!®* Likewise, Ando has
found that an acylcarbonyl oxide exhibits increased
reactivity toward sulfides (electrophilic reaction) com-
parable to that with sulfoxides.!4?

Adam has introduced thianthrene-5-oxide as a
standard to measure electronic character in oxygen
transfers.!® The premise is that electrophiles will tend
to react at the sulfide center of 147, while nucleophiles
will attack the sulfoxide group. The Xgg scale has been

9
S
0
S
147

defined as the fraction of nucleophilic attack of 147, and
should vary between 0 (totally electrophilic reaction)
and 1 (completely nucleophilic character). The scale
has been calibrated against a number of common oxi-
dants and shown to be useful for discriminating these
systems.

A number of carbonyl oxides have been studied. In
general, carbonyl oxides are determined to be nucleo-
philic by this method, having Xgq values in the range
0.8-1.0. Predictable variations can be observed: tert-
butyl carbonyl oxide 129 (Xgo = 0.94) is more nucleo-
philic than benzophenone oxide (31, Xgo = 0.83), and
the high nucleophilicity for dibenzotropone oxide (148,
Xso = 1.0) compared to dibenzosuberone oxide (33, Xgq
= (.83) can be attributed to a strong contribution of the
aromatic resonance form shown. On the other hand,

G —— B0

148
(87

aromaticity should render cyclopentadienone oxide (28)
electrophilic. This is not the case (Xgg = 0.87), and so
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the contribution from resonance form 54 is not pro-
nounced.

O/O 20

5

One potential use of the Xgq scale is in the differen-
tiation of carbonyl oxides from other peroxide systems,
especially dioxiranes. This remains a challenge. The
Xgo scale has some promise in this area, since Xgq
values for carbonyl oxides are generally larger than
those for dioxiranes. Nevertheless, some difficulties
remain. The Xgq values for dioxiranes (0.57-0.67) are
higher than should be expected for these distinctly
electrophilic species.®® Conjugative interaction between
the sulfide and sulfoxide groups of 147 may alter their
reactivity. Moreover, reaction at the sulfoxide can be
electrophilic, and this would inflate the Xgq values for
electrophiles.

V. Conclusion

Investigation of carbonyl oxides continues to present
challenges for all comers. Tremendous progress has
been made in the last 15 years; as always, there is much
more to be learned. The discovery and development
of new methods for the preparation of these reactive
intermediates, and the application of sophisticated ex-
perimental and computational techniques to their
characterization have paced recent advances and
promise to play an increasingly large role in the future.
The existence of carbonyl oxides from a variety of
sources has been firmly established, and a number of
reactivity patterns have been identified. Future work
holds answers to subtler questions relating to mecha-
nistic detail, stereocisomerism, excited-state chemistry,
and the details of electronic structure, to name a few.
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