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The reaction of ozone with olefins was apparently
first studied in 1855 by Schénbein,! who reported that
ozone and ethylene react to give carbonic acid, form-
aldehyde, and formic acid. The first ozonide was iso-
lated by Houzeau in 18732 as a white, amorphous, ex-
plosive produet from the reaction of ozone with benzene.
From these beginnings interest in this reaction and its
products has grown so that ozonolysis is now recog-
nized as perhaps the most versatile method for oxida-
tive cleavage of the double bond.

Several reviews have appeared which are pertinent
to the subject of this account, and the reader is referred
to them for background information. Long® and, more
recently, Bailey* have written extensive reviews on
organic ozone chemistry. More specialized reviews
have been given by Bischoff and Rieche,? Criegee,® and
Menyailo and Pospelov.”

The term ozonolysis is used here to describe that
reaction of ozone with a double bond which leads to
cleavage of that bond. The terms ozonization and
ozonozation are more general and include all the re-
actions of ozone with other materials. Interest in the
ozonolysis reaction falls conveniently into three gen-
eral areas: use of ozone to locate unsaturation in struc-
ture determinations, use of the reaction synthetically,
that is, to convert unsaturation into ketones, alde-
hydes, alcohols, or acids, and, finally, study of the
mechanism of the reaction. This last ares is the sub-
ject of this account.

Considered formally, the over-all reaction is an un-
usual one in that the three oxygen atoms of ozone are
somehow inserted into a carbon—carbon double bond to
give a cyclic compound, an ozonide, with one ether and
one peroxy bridge between the two carbon atoms origi-
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nally bearing the unsaturation. Hydrolytic or reductive
cleavage of the ozonide to aldehydes, ketones, alcohols,
ete., is beyond the scope of the present discussion.

All of the mechanistic proposals made for the ozon-
olysis reaction accept the idea first suggested by Stau-
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dinger® in 1925 that ozone first adds to the double bond
to give an unstable adduct or molozoriide, as he called it.
This unstable adduct then somehow goes on to give the
normal ozonide. A number of points relative to the
over-all mechanism require attention. These include
(a) the nature of the initial attack of ozone on the dou-
ble bond, (b) the nature and structure of the initial
adduct, (¢) the process or processes by which the initial
adduet is converted to ozonides and other products, and
(d) the influence of olefin geometry and substituents,
solvent, temperature, concentration, and other reaction
variables on points a-c.

I. The Nature of the Initial Attack
and the Structure of the Initial Adduct

The questions whether the ozonolysis reaction is free
radical or ionic in nature are answered by the observa-
tion of Criegee® that ozonolysis of styrene gave no poly-
styrene. All mechanistic proposals which have been
made have been ionic in nature.

Wibaut and coworkers first suggested®® that the
initial attack of ozone on the double bond was electro-
philic in character, and evidence has accumulated
that this is probably the case.®~% Huisgen considers
the formation of the initial adduct to be an example of a
1,3-dipolar cycloaddition reaction.!®* This kind of a
reaction would lead to a five-membered 1,2,3-trioxolane
ring structure (2) for the initial adduet.

Recent evidence on the structure of the initial adduct
suggests that it is indeed the result of a one-step cis
addition of ozone to the double bond. Criegee and
Schroder!® have shown that the initial adduct formed
between ozone and frans-di-t-butylethylene is a crystal-
line material which can be reduced to the racemic diol.
This important observation indicates that this initial
adduct was formed by ¢is addition of ozone and that it
still had one carbon-carbon bond intact. Greenwood
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has shown that the initial adduct in the cases of several
other trans olefins can be reduced to the diol.?+2! Again,
the structures of the diols formed indicated that the
addition of the olefin was stereospecific. No cages of
reduction of the initial adduct to diol have been re-
ported for cis ozonides.

While their reduction results were consistent with
both the four-membered ring structure 1, proposed
earlier by Staudinger,® and the five-membered ring
structure 2, both Criegee and Greenwood preferred
type 2.
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The next step in elucidating the structure of the
initial adduct was the significant observation by Bailey,
Thompson, and Shoulders? that the nmr spectrum of
this adduct, again in the case of trans-di-t-butylethyl-
ene, showed a single methine proton absorption.
Thus, at least in this case, the 1,2,3-trioxolane struc-
ture 2 is the correct one since the methine protons are
not equivalent in structure 1. Durham and Green-
wood?? have made similar observations for a number of
other trans olefins. The latter authors have also pro-
vided convincing evidence that the initial adduct is
indeed a precursor to normal ozonide by observing
simultaneous decay of initial adduct nmr absorption
and appearance of normal ozonide absorption, using the
oscilloscope of the nmr spectrometer. More recently
Durham and Greenwood? have obtained the nmr
spectra of the elusive initial adducts from several cis
olefins. In these cases lower temperatures (—130°)
were required to obtain the spectra, and even under
these conditions the initial adduct was being converted
to normal ozonide.

There are several cases in which it seems likely that
the initial adduct does not have structure 2, cases in
which one of the ozonolysis products is the epoxide
derived from the olefin.2~2 Sometimes the epoxide
is the major ozonolysis produet, particularly from 1-
olefins in which one side of the double bond is heavily
substituted.?:26.2  Although the epoxide product may
derive from the five-membered ring structure 2, it
seems more likely that the precursors in these cases
must have a different structure. One possibility is a =
(3) or ¢ (4) complex¥—% which eliminates molecular
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oxygen to give the epoxide. It has also been sug-
gested?® that the intermediate adduct may be an unbal-
anced, open ¢ complex, 5, which is prevented from clos-
ing to 2 because of steric hindrance.
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Several additional observations bear on this point.
While it is not possible to detect retention of olefin
stereochemistry in the reactions of 1-olefins which give
high yields of epoxides, in those few cases where an
internally unsaturated olefin has given epoxide the
olefin stereochemistry was retained.” Such an ob-
servation is consistent with structures 3 and 4 and may
not be inconsistent with structure 5 depending upon the
relative rates of closure to epoxide and rotation about
the carbon-carbon single bond. The literature con-
tains a number of cases in which ozonolysis leads to
cleavage not of the olefinic bond but of the adjacent
carbon—carbon single bond. It seems possible that
these cases also involve an initial adduct of structure
type 3, 4, or 5.

Finally, there is the observation?® that oxygen is
evolved during the production of epoxide product from
sterically hindered 1-olefins. It has recently been
suggested®® that this oxygen and that produced in a
variety of similar reactions in ozone chemistry ought to
have singlet multiplicity. In one such case, the oxi-
dation of triphenyl phosphite to the corresponding phos-
phate,®* it has actually been shown that the oxygen
evolved undergoes typical singlet oxygen reactions.®.?2

II. Conversion of the Initial
Adduct into Normal Ozonide

A. Some Proposals for the Mechanism. A success-
ful complete mechanism for the ozonolysis reaction
must deseribe in as great detail as possible how the
initial adduct, generally 2, but sometimes perhaps 3, 4,
or 5, proceeds to normal ozonide 6. Several sugges-
tions have been made. Leffler’® and Milas®* % made
proposals which involved preliminary heterolysis of an
oxygen—oxygen bond followed by rearrangement to
ozonide without further fragmentation of the adduct.

The most extensive proposal for the ozonolysis mech-
anism was given by Criegee,® ® based on several years
of work by himself and his coworkers. According to
the original Criegee proposal the initial adduet under-
went a heterolysis to give a zwitterion with one carbon~
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carbon bond intact. This was later amended to a syn-
chronous decomposition of the initial adduct to give
zwitterion 7 and a carbonyl compound 8. This path was
chosen because it afforded an opportunity to explain
the formation of both ozonide and nonozonide prod-
ucts.® The proposal then postulated formation of
normal ozonide by recombination of 7 and 8. Depend-
ing upon the structure of the olefin and other reaction
conditions, the zwitterion 7 might dimerize to diper-
oxides 9 or polymerize to give polymeric peroxides 10.
In reactive solvents, here illustrated with methanol, 7
can be diverted to a new product such as the methoxy-
hydroperoxide 11. This mechanism has been success-
ful in explaining most of the accumulated experimental
data.
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B. Recent Experimental Data. We now discuss
some more recent experimental data and consider what
they mean in terms of the mechanism. Strong evidence
for the intermediacy of zwitterion 7 was found by
Criegee® when he showed that addition of a foreign
aldehyde, that is, an aldehyde not derivable from the
olefin being ozonized, leads to the formation of a new
ozonide which incorporates the foreign aldehyde and
the zwitterion.

The formation of normal ozonide upon ozonolysis will
obviously depend upon the nature of the carbonyl and
zwitterion fragments involved. When the carbonyl
compound is an aldehyde, ozonide formation occurs
smoothly. For some time it was believed that simple
ketones, such as acetone, would not react with zwitter-
ions to give ozonides.®® This conclusion was appar-
ently based on the failure of tetramethylethylene to
give an ozonide. Ozonolysis of this olefin gave only
acetone, acetone diperoxide, and polymeric peroxide.®
The latter two products presumably are formed because
acetone is too unreactive to recombine with the zwitter-
ion which is then left to other fates. That the general
conclusion is incorrect was shown by the observation
of two new ozonides when pentene-2 was ozonized
in the presence of an excess of acetone.?® These ozon-
ides were those of 2-methylpentene-2 and 2-methyl-
butene-2 and, formally at least, represent the addition
of acetone to the two aldehydic zwitterions expected
as intermediates in this ozonolysis. Moreover, com-
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bination of a simple ketone with a ketonic zwitterion has
recently been observed by Criegee:* ozonolysis of
tetraphenylethylene in acetone solution gave a 749
yield of crystalline 1,1-diphenyl-2,2-dimethylethylene
ozonide.

Simple ketones containing negative substituents react
readily to give ozonides; an example is trans-1,4-di-
bromo-2,3-dimethylbutene-2.49 Likewise - the bifunc-
tional ketone zwitterions which are produced intra-
molecularly from cyclic olefins readily cyclize to give
ozonides, as in the case of 1,2-dimethyleyclopentene. 4!

According to the Criegee mechanism, unsymmetrical
olefins ought to give two zwitterions and two carbonyl
compounds and, if both scission and recombination are
statistical, the three possible ozonides should be formed
in a 1:2:1 ratio. The three are two symmetrical
ozonides and the ozonide of the parent olefin, with the
latter statistically favored. The two symmetrical
ozonides are referred to as cross-ozonides. When he
failed to find the cross-ozonides in the ozonolysis of
heptene-3, Criegee postulated that the zwitterion and
carbonyl fragments were formed and recombined in a
solvent cage, thus preventing cross-recombination.

The ozonides from symmetrically disubstituted ole-
fins are capable of existing as cis—frans pairs. Criegee
postulated that operation of his zwitterion—-carbonyl
recombination mechanism should give the same cis—
trans ozonide distribution from e¢is and trans olefin
stereoisomers and reported this to be the case for a
number of olefin pairs. In 1962 Schroder*? reported the
important observation that cis- and trans-1,2-di-t-
butylethylenes do not give the same ozonide cis-trans
distribution. His paper was equally important for its
demonstration that gas-liquid partition chromatog-
raphy could be used to handle ozonides.

In 1963 the prediction of the Criegee mechanism rela-
tive to cross-ozonide formation was realized when two
groups reported that ozonolysis of methyl oleate gave
the three expected pairs (cis—trans) of ozonides.*®*
Shortly thereafter a similar finding was reported for the
simple olefin, pentene-2; that is, the ozonide cis—trans
pairs from butene-2, pentene-2, and hexene-3 were all
obtained.®* These results were obtained using the
pure olefin as reactant and glpe to separate the products.
The earlier failure of Criegee to obtain cross-ozonides
in the case of heptene-3 could now probably be attrib-
uted to the olefin concentration used. This view was
confirmed by a plot of the ratio of normal ozonides to
cross-ozonide vs. olefin concentration (Figure 1) which
showed that cross-ozonide formation decreases with
dilution. At the concentration of olefin normally used
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Figure 1. Effect of pentene-2 concentration on ozonide distribu-
tion.

in ozonolysis the predominant product is the parent
ozonide of the unsymmetrical olefin.

Following Schréder’s observation, a number of in-
stances were reported in which the ozonide cis:irans
ratio obtained was different from the cis and trans
olefin isomers of a stereochemical pair.#—% In 1966
the startling observation that the ozonide cis:trans
ratio in cross-ozonides was also a function of the start-
ing olefin geometry was reported.*® Similar observa-
tions have since been made for a number of unsymmetri-
cal olefins,?7:4°

It is also possible to study the formation of an un-
symmetrical cross-ozonide from pairs of symmetrical
olefins which are ozonized simultaneously. Criegee had
attempted to obtain an unsymmetrical cross-ozonide
from hexene-3 and octene-4 but found no evidence of
its being produced.® However, more recently ozonolysis
of these two olefins has been demonstrated to give a
good yield of heptene-3 ozonide.®!

Two other general trends could be discerned in the
results described to this point. One was that ¢is ole-
fins consistently gave a higher yield of ozonide than
their corresponding trans isomers. Greenwood and
Haske have presented a plausible explanation for this
dependence of yield on olefin geometry, based on the
relative stabilities of the initial adducts.4®

Secondly, in those cases where cts and trans olefin
stereoisomers gave different ozonide cis: irans ratios, the
cts isomer gave a higher percentage of cis ozonide.
Furthermore, this tendency seemed itself to be related
to the bulk of the groups present in the c¢is isomer.
Thus cis-di-t-butylethylene gave a 70:30 cis:irans
ozonide ratio whereas its frans isomer gave 1009,
trans ozonide.*? Likewise in the case of diisopropyl-
ethylene, the cis isomer gave ozonide in a 66:34 cis:
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Table 1
Normal Ozonide Stereoisomers from trans Olefins

OLEFINS cis TRANS ZSTQEOY;,EDLE";
5&___¥ 29 71 16b
N% 30 70 azb
‘K—;—\ 53 47 47
—l;~\' 53 47 49
_g 48 52 66

E\/\ 40 60 53b

&R/ 38 62 56

N, 38 62 36

a. IT SHOULD BE NOTED THAT FOR UNSYMMETRICAL OLEFINS
THIS FIGURE INCLUDES THE YIELDS OF CROSS OZONIDE.

b. YIELD OF ONE OR BOTH CROSS OZONIDES COULD NOT
BE DETERMINED,

trans ratio while the trans isomer gave 53:47.48

On the basis of these observations it was decided to
study in detail the effect of substituent size on the
ozonide cis-trans distribution in a series of ¢is and trans
olefins. First, however, it was necessary to find a reli-
able way of making ozonide stereoisomer assignments.
The assignments mentioned heretofore were made on
the basis of a number of experimental correlations in-
cluding various combinations of glpe, nmr, infrared,
tle, and chemical reactivity data. In fact the cor-
relations used were quite reasonable ones. Thus the cis
configuration was assigned to the isomer with the longer
glpe retention time or lower R: value, ete.

An unequivocal assignment of ozonide configuration
was finally made by taking advantage of the fact that
the trans isomer of a symmetrical ozonide must be a
d,l pair.®* The two ozonides obtained in the ozonolysis
of diisopropylethylene were treated with less than the
stoichiometric amount of brucine in an attempt at
kinetic resolution in the true trans isomer. The ozonides
were then reisolated and analyzed for optical activity.
Only one of the ozonide isomers developed optical ac-
tivity, and thisisomer could, therefore, be unequivocally
assigned the trans configuration.®? In fact the assign-
ment made earlier in this case on the basis of glpe, nmr,
and infrared data was the correct one. Ozonide con-
figurational assignments made on the basis of such
experimental correlations could now be used with more
confidence.

(62) R. W. Murray, R. D. Youssefyeh, and P. R. Story, J. 4m.
Chem. Soc., 88, 3655 (1966).
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Table II
Normal Ozonide Stereoisomers from cis Olefins
OLEFINS cis TRANS ;?:ngom%s%a
X:/\ 67 33 84
_E)' 66 34 85
Sk_:_/ 54 46 81
FAC—"VAN 53 47 8t
_,\—_;/ 49 51 86
N/ 42 58 o1
AVASEEY 4 4l 59 72
N—/ 39 61 ‘a8

a. IT SHOULD BE NOTED THAT FOR UNSYMMETRICAL OLEFINS
THIS FIGURE INCLUDES THE YIELDS OF CROSS OZONIDE.

The results of the ozonolysis of a series of cis and
trans olefins in which the substituent size has been
varied are shown in Tables I and IL.¥ In the cis series
there is a clear dependence of the parent olefin ozonide
cis:trans ratio on the substituent size. In keeping
with the earlier observations, the correlation is that
increasing substituent size increases the percentage of
cis ozonide. The {rans series shows a similar correla-
tion to a point. Increasing the substituent size also
increases the percentage of ¢is ozonide produced until
one of the substituents becomes -butyl, at which point
the products suddenly contain a higher percentage of
trans ozonide.

We now consider the effect of other reaction vari-
ables on the ozonolysis reaction, particularly as re-

Table 111
Ozonide Stereoisomers from cis-1,2-Diisopropylethylene

Solvent dipole ~—~—OQzonide %———  Total yield of

Solvent moment trans cis ozonides, %
Pentane 0 34.0 66.0 83.8
CH,Cl, 1.55 36.9 63.1 57.7
Ethyl acetate 1.81 46.6 53.4 81.2
Ethyl ether 1.15 44.3 55.6 84.1

Table IV

Ozonide Stereoisomers from ¢rans-1,2-Diisopropylethylene

Solvent dipole ~——Ozonide %—— Total yield of

Solvent moment trans cis ozonides, %
Pentane 0 47.3 52.7 46.8
CH,Cl, 1.55 50.8 49.2 55.6
Ethyl acetate 1.81 64.5 35.5 57.4
Ethyl ether 1.15 64.7 35.3 73.1
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flected in ozonide cis:trans ratios. Tables IIT and IV
contain data from the ozonolysis of cis- and trans-
diisopropylethylenes in a variety of solvents.’* The
results indicate a pronounced effect of solvent on ozon-
ide cis—trans distribution as well as some effect on the
yields obtained. For both the cis and trans isomers the
more nucleophilic solvents, ethyl acetate and ethyl
ether, gave substantially higher percentages of trans
ozonide, with the effect being more pronounced for the
trans olefin. Greenwood has also observed the forma-
tion of higher percentages of {rans ozonides in ether
solvents.®® The fact that use of methylene chloride
as solvent causes little change in the ozonide ratio from
either olefin stereoisomer suggests that the solvent ef-
fect has more to do with the nucleophilicity than the
polarity of the solvent.®:5% More data in a variety of
solvents are needed before a definite statement can be
made on this point.

The effect of solvent on yield is also evident. For
the ¢is isomer the yields are all about 839, except in
methylene chloride where the yield is substantially
lower. The trans isomer, on the other hand, shows a
substantially higher yield in ether solvent.

The ozonide distribution and yield are also a func-
tion of the olefin concentration, as shown in Figures 2
and 3.3 At higher olefin concentrations, that is,
above ~1.5 M, the ozonide distribution is constant,
but different, for the cis and trans isomers of diisopropyl-
ethylene. At lower olefin concentrations the ozonide
cis—trans distribution changes in the direction of a
greater percentage of trans ozonide from both the
cts and trans olefins. In addition the trans olefin ap-
parently shows a maximum in the percentage of irans
ozonide (Figure 2) at low olefin concentrations. Actu-
ally, more data at very high dilution are needed in
order to verify this observation.

The yield data in Figure 3 indicate that there is an
optimum concentration of olefin insofar as yield is
concerned. As seen before, the cis olefin gives a higher
yield of ozonide than the frans under all concentration
conditions. A comparison of Figures 2 and 3 suggests
that the process which causes the decrease of yield
after the maximum is reached is also associated with the
change in the ozonide distribution in the direction of a
lower percentage of trans ozonide. This further im-
plies that there may be two general pathways to ozon-
ide, one of which becomes dominant at higher olefin
concentrations. The latter pathway would then be
associated with the production of ozonides containing a
lower percentage of trans ozonide. At the same time it
apparently permits nonozonide-producing reactions to
compete and thus leads to a decreasing yield of ozonide.
The two general pathways could be as simple as a cage
vs. noncage competition or perhaps something more
complex including the possibility of two distinet pre-
cursors to ozonide formation. Again additional data are
required before a final conclusion can be drawn on this
point.

(63) R. W. Murray, R. D. Youssefyeh, G. J. Williams, and P. R.
Story, Tetrahedron, 24, 4347 (1968).
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Figure 2. 'The percentage trans ozonide obtained from ¢is- and
trans-1,2-diisopropylethylenes as a function of concentration.
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Figure 3. Ozonide yield as a function of concentration for ¢is- and
trans-1,2-diisopropylethylenes.

C. Additional Proposals for the Mechanism. The
Criegee mechanism has been successful in coordinating
and explaining a large amount of the literature data on
the ozonolysis reaction. This mechanism makes no
provision for stereochemical effects,® % however, and
some alternative proposals need to be considered either
as modifications to the Criegee scheme or possibly as
competing pathways. Two such proposals have been
made. Prompted by their results indicating a depen-
dence of cross-ozonide cis: trans ratio on olefin geometry,
Story, Murray, and Youssefyeh put forth an addi-
tional proposal for the mechanism in the form of a work-
ing hypothesis.?:2¢.5% More recently Bauld, et al.,
have also made some new proposals regarding the mech-
anism which they regard as a refined Criegee mecha-~
nism.® Both proposals are more involved than the
original Criegee proposal, but recent data on the ozonol-

(54) P.S. Bailey, Chem. Rev., 58, 925 (1958) ; see p 936,

(55) R. W, Murray, Trans. N. Y, Acad. Sei., 29, 854 (1967).

(56) N.L. Bauld, J. A, Thompson, C. E. Hudson, and P. 8. Bailey,
J. Am. Chem. Soc., 90, 1822 (1968).
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ysis reaction require that more complex schemes be
considered.

The working hypothesis of Story, et al., suggests that,
in addition to the Criegee pathway to ozonide, at least
one other pathway might be important under certain
reaction conditions. Essentially this other pathway
involves the reaction between aldehyde and the initial
olefin~ozone adduct. The aldehyde could be added
aldehyde or that generated in the reaction via the
Criegee pathway. The proposal further suggests that
the ozonide c¢is:trans ratios observed experimentally
may be the result of more than one contributing path-
way, each of which may contribute a different ozonide
c1s:trans ratio. It was felt that the direct reaction
between aldehyde and initial adduct provided a means
by which the stereochemistry of the olefin could operate
to give different ozonide cis: trans ratios. The hypoth-
esis contains the additional proposal that the initial
adduct, probably with a structure approximated by 3
or 4, could proceed directly to ozonide in a stereospecific
or at least stereoselective manner. This possibility
was seen as most likely to occur in a c¢is olefin with
large substituents which would resist the transition
to structure 2; the change from sp? to sp® hybridiza-
tion would increase steric interaction between substitu-
ents in the olefin. This additional proposal is admit-
tedly speculative, but at present cannot be rigidly ex-
cluded and is only invoked under special circumstances
in the total proposal.

A number of points must be kept in mind when con-
sidering this working hypothesis. The scheme requires
reaction between aldehyde and initial adduct and thus
would only be expected to play an important role under
reaction conditions where both species are present.
While the scheme makes predictions regarding relative
tendencies toward ¢is or frans ozonide production, it
cannot make predictions about the absolute value of the
ratio of these two isomers. Since it is postulated that
this kind of reaction is occurring along with others,
including the Criegee pathway, the resultant cis:trans
ratios will depend on the percentage contribution of
each path as well as the individual czs:¢rans ratio con-
tribution. Comparison of predictions of this scheme
with experiment, therefore, requires careful considera~
tion of a number of factors for the precise case under
consideration. It may be that as more data become
available this process of prediction will become simpler
or, alternatively, that parts of the scheme may have
to be modified or discarded.

The main elements of the scheme are shown in Figure
4 for a specific ¢is olefin. Addition of ozone to the
olefin gives either the five-membered ring adduct 12
or the ¢ complex 13, with the latter perhaps also being
a precursor to 12 under special circumstances. Heterol-
ysis then occurs at an oxygen—oxygen bond in 12 to
give the zwitterion 14. The zwitterion 14 can cleave
further to give an aldehyde and the Criegee zwitterion 15.
Zwitterion 15 may then combine with the 2-methyl-
propanal to give ozonide 16 with some cis:frans ratio.
Alternatively, 14 may react with aldehyde to give a new
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Figure 4. Schematic of proposed mechanism for cis-4-methyl-
pentene-2.

intermediate or transition state, 17a—d, which has two
configurational and four conformational possibilities.
It may also be that the original cleavage of 12 is induced
or assisted by the aldehyde in a path which leads
directly to 17.

Structure 17 provides a means for an aldehyde inter-
change to oceur to give the ozonide 16a,b and the other
aldehyde (acetaldehyde in this example). Examina-
tion of models suggests that production of ozonide in
this way may permit steric and stereochemical effects
in the olefin to influence the cis-trans distribution in
the ozonide. Thus it appears that in this ease con-
former 17¢ should be preferred because it contains only
H-H nonbonded interactions. Since this conformer
is a precursor to ¢zs ozonide one would expect that more
cts thans trans ozonide would be produced by this inter-
change reaction. Provided also that this pathway is a
significant one, the final ozonide cis—trans ratio in
ozonide 16 might be in favor of more cis. A similar
analysis starting with the érans olefin leads to the con-
clusion that the aldehyde-interchange reaction should
not show any great preference for cis or trans ozonide or
at least that any preference shown will not be as great
as in the c¢is case.

There is no question that the working hypothesis of
Story, Murray, and Youssefyeh is an involved scheme,
although the underlying proposal of a reaction between
aldehyde and initial ozonide would probably be con-
sidered a reasonable possibility by most workers in the
field. It has the virtue of permitting olefin stereo-
chemistry and steric factors to influence ozonide cis:
trans ratios. What has been lacking is sufficient ex-

THE MECHANISM OF OZONOLYSIS 319

perimental data to be able to distinguish one kind of
reaction pathway from another.

Recently three reports have appeared which bear on
this last point. Taking advantage of the fact that the
aldehyde oxygen is incorporated differently into the
ozonide depending upon whether the ozonide is formed
from the aldehyde-initial adduct path or the Criegee
path, Story, et al.,¥ have used ¥0-labeled aldehyde to
prepare an ozonide. Reference to Figure 4 and the Crie-
gee mechanism schematic given above will show that
the aldehyde-interchange mechanism puts 80 into the
peroxide bridge of the ozonide, specifically at the
oxygen atom adjacent to the original carbonyl carbon
atom of the incorporated aldehyde. The Criegee
mechanism, on the other hand, puts the *0 label only
in the ether bridge of the ozonide, The method used
then calls for reduction of the ozonide and determina-
tion of 0 distribution in the ozonide from its distribu-
tion in the alcohols produced. Some experiments to
determine which ozonide oxygen is lost upon lithium
aluminum hydride reduction have also been completed .
The case studied was the ozonolysis of trans-diisopropyl-
ethylene in the presence of labeled acetaldehyde. The
methyl isopropyl ozonide so produced was then ex-
amined for 80 distribution. Because of the possibility
that the results may have been affected by a steric
effect in the ozonide the reduction was carried out both
by lithium aluminum hydride and by methyllithium.

The results from the hydride reduction suggest that
329% of the ozonide was formed by a pathway which
placed O in the ether oxygen bridge, presumably the
Criegee pathway, and 689, of the ozonide was formed
by a path which placed 0 in the peroxide bridge.
The results are consistent with the aldehyde-inter-
change path described above, but do not exclude other
possibilities. Use of methyllithium as reducing agent
showed 239, of the ozonide with ®0 in the ether bridge
and 779, with label in the peroxide bridge. Thediffer-
ence between the two types of reduction is presumably
due to a small steric effect which should operate in
opposite directions in the two types of reduction.
Strictly speaking the results apply only to conditions
where excess aldehyde is present. They do suggest,
however, that more complex ozonide-forming mecha-
nisms may be operating under the usual ozonolysis
conditions.

Results of a similar approach using 120 labeling have
also been reported by Fliszar, et al.®® The system
studied was the ozonolysis of cts- and irans-stilbene
in the presence of added benzaldehyde containing 80,
In this work an analysis of mass spectral fragmentation
pattern was used to determine the location of the 0
in the ozonide. The results of the experiments, ac-
cording to the authors, show that 80 is incorporated
mostly at the ether oxygen except at low temperature
where some 109, of the 0 may have been incorporated

(57) P. R. Story, C. E. Bishop, J. R. Burgess, R. W. Murray, and
R. D. Youssefyeh, J, Am. Chem. Soc., 90, 1907 (1968).

(68) C. E. Bishop and P. R. Story, tbid., 90, 1905 (1968).

(69) 8. Fliszar, J. Carles, and J. Renard, ¢bid., 90, 1364 (1968).
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in the peroxide bridge. The authors conclude that
either the Criegee mechanism or a new mechanistic
proposal which is a variation of the aldehyde-inter-
change reaction is equally compatible with the *O dis-
tribution found.

Another major attempt to provide a mechanistic
scheme which takes account of olefin stereochemistry
has been given by Bailey, ef al.®® Basic to this scheme
is a revival of the idea originally discussed by Criegee?®
that the Criegee zwitterion can exist as syn and antt
isomers. The proposal by Bailey, et al., is a compre-
hensive one which defines conditions which would lead
to a different syn—antt zwitterion distribution as well
as proposing that syn and ani zwitterions can react
with aldehydes to give different ozonide cis:trans ratios.
The separate existence of syn and ants zwitterions under
the usual low-temperature conditions of ozonolysis is
certainly conceivable. While at present no information
is available on the barrier to interconversion of these
two forms, the nmr results reported by Winstein, et al.,%
on protonated aldehydes and carboxylic acids at low
temperatures suggest that the syn and ant forms may
not be rapidly interconverting, at least at low tempera-
tures.

The Bailey proposal starts with a consideration of the
factors which determine the best conformation of the
initial adduct. The proposal also assumes concerted
decomposition of the adduct and then specifies three
rules which operate to determine the final ozonide
cis:trans ratio. In summary, the rules are (1) equa-
torial substituents in the initial adduct preferentially
become anti to the terminal oxygen and axial sub-
stituents syn in the zwitterions, (2) an equatorial sub-
stituent is incorporated into a zwitterion moiety in
preference to an axial substituent, and (3) in their re-
actions with aldehydes anti zwitterions preferentially
give cis ozonide and syn zwitterions give trans ozonide.
The last conclusion is based on a consideration of the
preferred conformation in the final ozonide. The rules
then lead to several predictions for the ozonolysis re-
action, as follows. A cis olefin with bulky substitu-
ents should yield a final ozonide with a cis:trans ratio
greater than unity. For trans olefins the prediction
will depend upon the conformation of the initial ad-

(60) M. Brookart, G. C. Levy, and S, Winstein, J. Am. Chem. Soc.,
89, 1735 (1967).
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duet. With very bulky substituents a predominance of
syn zwitterion and hence trans final ozonide is predicted.
With less bulky substituents the trans olefin should give
more anti zwitterlon and hence more cis ozonide.
The authors feel that these predictions are consistent
with the available experimental data.

The over-all proposal is an interesting one and should
stimulate experimental activity to determine some of
the unknowns which are essential to the scheme, for
example, the position of the syn-eni7 equilibrium under
various experimental conditions. One might also ex-
pect that some temperature should be reached at which
the syn—antt distribution would be the same from iso-
meric ¢zs and trans olefins, and thus that the ozonide
cis: trans ratio should be the same. At present there are
few data available regarding temperature effects on
ozonide distributions. Needed also is some indication
that the application of conservation of symmetry argu-
ments is valid, that is, evidence as to whether the
initial adduct decomposes in a stepwise or concerted
manner.

At this time it is difficult to come to any definite
conclusions regarding a complete mechanism of ozonoly-
gis other than that it is more complicated than origi-
nally thought. The several proposals which have been
put forth to provide a mechanism consistent with more
recent experimental data require careful consideration
of a number of individual factors. While this makes
them difficult to use in any specific case, they will un-
doubtedly serve the purpose of guiding further experi-
mental work. Sufficient evidence is available to suggest
that the mechanism is sensitive to a number of experi-
mental factors. More work of this kind is needed and
can be expected. More kinetic data on reactions of
simple alkenes is certainly needed. Additional work
using isotopic labeling could prove valuable in unravel-
ing the intricacies involved in going from initial ad-
duct to final ozonide.

Most of the work referred to here in which I am a coauthor s the
result of a collaborative effort with Professor P. R. Story when he and
I were colleagues at Bell Telephone Laboratories. We were for-
tunate to have as coworkers Drs. L. D. Loan, R. D. Youssefyeh, and
G. J. Williams, each of whom made significant contributions to the
over-all program. In my subsequent efforis in this area I have had
the very talented assistance of Dr. R. Hagen and Mr. M. L. Kaplan,



