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Ozonolysis—A Modern Method in the Chemistry of Olef ins

V.N.Odinokov and G.A.Tolstikov

The review is devoted to the advances in the last ten years in the development of the ozonolysis of olefins as a synthetic
method, in the study of the structures of peroxy-products of the azonolysis, and in the study of the stereochemistry of
ozonides, which have in many respects determined the progress in our ideas concerning the mechanism of the ozonolysis
of olefins.
The bibliography includes 351 references.
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I. INTRODUCTION

The ozonolysis t of olefins has become not only a recognised
analytical method for the determination of the structures of
unsaturated compounds, but also a method for the highly
selective introduction of oxygen-containing functional groups
into the organic molecule at the site of the double bond.
The development of the ozone generation technique and of the
ozonolysis process itself has attained a level such that this
reaction has acquired increasing importance for technology1.
In recent years the study of the structures of peroxy-prod-
ucts of ozonolysis and of the stereochemistry of ozonides,
which has in many respects promoted progress in our ideas
concerning the mechanism of the ozonisation of olefins, has
been prosecuted particularly vigorously in recent years.

I I . PEROXY-PRODUCTS OF OZONOLYSIS AND THE MECHA-
NISM OF THE OZONISATION OF OLEFINS

It has now been established that the ozonolysis of olefins
begins with the addition of an ozone molecule to the double
bond. The adduct, in which the carbon—carbon bond still
persists, has been called the primary ozonide2 (in this review
it is henceforth referred to as the primary ozonide). It is
formed via a mechanism involving electrophilic 1,3-dipolar
cycloaddition3 via transition state (I) in which the electro-
philic oxygen of the ozone molecule is bound to the carbon
atom of the double bond more strongly than the nucleophilic
oxygen atom. The interacting ozone and olefin molecules
can attain the semipolar transition state (I) either via a
single-step concerted cycloaddition3 or via an additional
reversible stage in which the π-complex (II) is formed1*"6:

V
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\ \
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tThe term "ozonolysis" is used in this review for the entire
process involving the cleavage of the double bond by ozone,
leading to the final peroxy- or non-peroxy-products. The
term "ozonisation" refers only to the action of ozone on an
unsaturated compound.

π-Complexes of ozone with aromatic compounds and aryl-
ethylenes have been detected by spectrophotometry and
XH NMR at temperatures between -150 and -155 °C. 7 ' 8

Similar complexes have also been observed for the usual
olefins9'10.

The formation of the primary ozonide is an irreversible pro-
cess occurring with liberation of 37-39 kcal mol""1 of heat 1 1.
The primary ozonide derived from trans- 1,2-di-t-butyl-
ethylene has been detected by XH NMR at -110 °C and its
conversion into the normal ozonide with increase of tempera-
ture has been observed1 2:

(CH3)3

6 = 4 20!p.p.m.

6 = 4,71 p.p.m.

The primary ozonides of other olefins are less stable. The
^H NMR spectra of the primary ozonides of cis-olefins recorded
at -130 °C contain a broad and poorly resolved signal due to
the ring protons in the range 4.35—4.40 p . p . m . 1 2 ' 1 3 The
greater stability of the primary ozonides derived from trans-
olefins has been confirmed by quantum-mechanical calcula-
tions l l f and microwave spectroscopy15.

Three probable structures of the primary ozonides have
been discussed:

o—o-

o+

(Ilia)

o—0/

(IHb)

o-

(IIIc)

The formation of the peroxyepoxide (Ilia) or the σ-complex
can occur in the ozonisation of sterically hindered olefins,
where the reaction products are epoxides 1 6" 1 8. The forma-
tion of the "anomalous" ozonolysis product (IV) has also been
attributed to the formation of the o-complex19:

CHjOH

(IV)
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In the case of hindered allenes the formation of the initial
intermediate (V) as a consequence of the electrophilic
attack by ozone has been postulated2 0. The elimination of
oxygen leads to the stabilised zwitter-ion (VI), which is con-
verted into the final ozonolysis products:

R" P

R 2 R' R 3

In conformity with the "unifying concept"2 1, it has been
suggested that the addition of ozone to the double bond of a
compound, for example, ethylidenecyclohexane, gives rise to
a peroxyepoxide or the σ-complex (VII), which is then con-
verted into the Staudinger four-membered molozonide (VIII),
capable of oxidising the excess aldehyde or ketone via a reac-
tion of the Baeyer—Villiger type. The molozonide (VIII) is
then converted into the dioxetan (IX) and then into cyclo-
hexanone and acetaldehyde2 2 '2 3:

However, these results were not subsequently confirmed21*"28.
A decisive argument in support of the 1,2,3-trioxolan

structure of the primary ozonide (IIIc) rather than that of
the molozonide (Illb) has come from 1H NMR spectra18'21*.
Only one signal due to the methylidyne ring protons has been
observed in the spectra of the primary ozonides of symmetri-
cally disubstituted olefins, while in the case of structure (Illb)
these protons would not have been equivalent. Although in
the peroxyepoxide (Ilia) both ring protons may also give
rise to the same chemical shift, the signal would be signifi-
cantly displaced downfield as a consequence of the deshielding
influence of the positive charge on the neighbouring oxygen
atom.

It has been suggested that the carbon—carbon bond in the
1,2,3-trioxolan ring has partial double bond character2 9.
Indeed X-ray diffraction yielded a bond length of 1.44 A,
which is the mean of the lengths of single C 1.53) and double
(1.34) bonds 3 0. The low stability of the primary ozonides
hinders the study of their conformations by the usual meth-
ods. The quantum-chemical calculation, which permitted a
choice between the possible half-chair (X) and envelope (XI)
conformations of the primary ozonides of lower olefins in
favour of the latter as the more stable, proved extremely
effective31:

(XI)

Thus electrophilic 1,3-dipolar cycloaddition of ozone to a
carbon—carbon double bond results in the formation of a pri-
mary ozonide, which in most cases has the structure of a
1,2,3-trioxolan.

The energy-rich O-O-O linkage and the appreciable ring
strain caused by the steric hindrance due to the three
neighbouring oxygen atoms are responsible for the low
stability of 1,2,3-trioxolan and the ease of its conversion into
1,2,4-trioxolan or the normal ozonide32. The mechanism of
the conversion of the primary ozonide into 1,2,4-trioxolan
has been widely discussed in the last ten years. Up to the
middle of the 1960s, Criegee's mechanism33, which provides
a satisfactory explanation of the formation of normal and
"cross" ozonides (both monomeric and oligomeric), cyclic
dimeric and linear oligomeric peroxides, and "anomalous"
ozonolysis products in ozonisation in inert solvents, as well
as the formation of α-substituted hydroperoxides in ozonisa-
tion in a "participitating" proton-donating solvent of the type
HX (X =OH, OR, OCOR, NH2, NHR, NR2orCN), was generally
accepted16'31*'35. A fundamental feature of this mechanism is
the formation of a zwitter-ion and of a carbonyl compound as
a result of the heterolytic cleavage of the Ο—Ο and C—C
bonds in the 1,2,3-trioxolan ring of the primary ozonide.
For an asymmetric olefin, there is a possibility of two path-
ways leading to the cleavage of the primary ozonide with for-
mation of different zwitter-ions:

R\+ R\
- >C—OO-+ >c=0

R 2/ R 4/

R\ + R\ +

>c-°o-
/

V:=o

It has been shown in many instances 1 1 ' 3 6 that the mode of
decomposition of the primary ozonide is determined mainly by
the inductive effect of the substituents, while the mesomeric
effect plays a secondary role3 7. The mode of the cleavage
of primary ozonides can be conveniently investigated by
analysing the products of the reaction of the zwitter-ions
with methanol, which takes place quantitatively. The
α-methoxyhydroperoxides formed correspond to the initial
zwitter-ions 38~"*0:

ι/ \OCH»
>c

4/
oo

_ CHjOH OOH

OCHS

It has been established that electron-donating groups at
the double bond promote the formation of a zwitter-ion with
the neighbouring carbon atom as a consequence of the
decrease of the local positive charge on the latter; corre-
spondingly electron-accepting substituents destabilise the
zwitter-ion and facilitate the formation of a carbonyl com-
pound39'1*1. If the substituents exert the same influence, one
of the pathways leading to the decomposition of the primary
ozonide becomes dominant1*2:

C eH 5 ·*-CH

\

C,H.—CH GH—CH, • CH3CHOO"

The groups stabilising the zwitter-ion can be arranged in
the sequence CH3CO >CH3COOH >C6H5 >H >CH2OH >COOCH3.
The stabilising influence of the keto-group can be accounted
for by the possibility of its participation in the delocalisation
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of the charge. The carboxy-group stabilises the zwitter-ion
as a result of the formation of a hydrogen bond:

^•0+ Ο
II II

CH—C—CH,

Ο . . . Η

I I ' °\ >°
CH=C—CHa CH-̂ -C

A pathway to the ozonide via a seven-membered cyclic
intermediate (XII)—the product of the attack on the primary
ozonide by an aldehyde molecule—which constitutes an alter-
native to the Criegee mechanism, has been proposed1*3 ~"*6.
The main evidence in support of the new mechanism is the
significant incorporation of the 18O label into the peroxide
bridge of the ozonide, which has been observed in the ozonis-
ation of trans -1,2-di-isopropylethylene and ethylidenecyclo-
hexane with participation of labelled acetaldehyde and pro-
pionaldehyde respectively "*3'1*'*:

resulting alcohols. In other investigations"·2'"7"1*9'51 the
ozonides were subjected to a direct mass-spectrometric
analysis. The method of microwave spectroscopy1 5 '5 0 is less
susceptible to errors in interpretation, but it is applicable
only to the ozonides of lower olefins. For ozonides known
to contain the isotope label in the ether or peroxide position,
it has been established that the M-32+ fragment ion is formed
as a result of the elimination of oxygen from the peroxide
bridge of the ozonide. Such ozonides have been synthesised
by the photoxidation of diphenyldiazomethane in the presence
of benzaldehyde or acetaldehyde5 5"5 8:

ΰ β Η 5 χ / Ο - Ο χ / , ΰ , Η 5

3~ RCHO C e H 6 N

kv,O*

R

Si

RCHO*

(XII)

The results of the ozonolysis of cis- and trans-di-isopro-
pylethylenes in the presence of [1 8O] isobutyraldehyde con-
firmed the preferential incorporation of the label in the
peroxide bridge1*7. However, in the ozonisation of phenyl-
ethylenes in the presence of [1 8O] benzaldehyde1*2'1*8'1*9 and
subsequently also of lower olefins (ethylene, propene, and
cis- and trans -but- 2-enes) in the presence of [18O]form-
aldehyde or [ 1 8O]acetaldehyde5 0 the label was found exclu-
sively in the ether position in the ozonides. Furthermore,
the joint ozonolysis of cis- and trans-di-isopropylethylene in
the presence of [ 18O]acetaldehyde even at a very low temper-
ature (-110 °C), i .e. under the most favourable conditions
for the exchange reaction between the aldehyde and the
primary ozonide52 led to the incorporation of the label in the
ether bridge to the extent of 90%. An attempt was made to
explain the slight (approximately 10%) incorporation of the
18O label in the peroxide bridge of the ozonide by postulating
a reversible exchange [2+3] reaction between the aldehyde
and ozone53:

Υ
II '
0·

•ο-
c=o+ \0,.

As a result of this reaction, the label can pass to the ozone
molecule and with it into any position in the ozonide:

Υ -ο·
+ 0+- / \ c-o

Λ

yO~-

yO~

/r c = 0 /

Although the possibility of such an exchange reaction of
ozone with the aldehyde cannot be ruled out, under ozonisa-
tion conditions it can hardly compete appreciably with the
very rapid reaction of ozone with the olefin.

The conflict in the results for the distribution of the 18O
label in the ozonide can apparently be accounted for by
differences in the methods of analysis. In some investiga-
tions22'1*5'51* the ozonide was reduced with lithium tetrahydro-
aluminate with subsequent mass-spectrometric analysis of the

The distribution of the label in ozonides is analysed by
employing the molecular ion and the M-32+ fragment "*2>1*8'58:

6 rc,H6
= O

m/e 272

,ο—ο ' N / C H a

QH,
Λη% Ϊ

m/e 242 m/e 210 m/e 209

Labelled ozonides have been reduced with triphenylphos-
phine. Mass-spectrometric analysis of the resulting tri-
phenylphosphine oxide showed that the attack is directed
exclusively to the peroxide oxygen atom of the ozonide5 8 '5 9:

«χ\/

c =

This indirect method of determining the position of the 18O
label in ozonides proved to be the most reliable and con-
venient. With its aid it has been shown58 that in the case of
di-isopropyl ozonide—the product of the joint ozonolysis of
di-isopropylethylene and 18O-isobutyraldehyde—the label is
located solely in the ether position, as shown by the absence
of 18O from triphenylphosphine oxide.

Thus the mechanism of the conversion of the primary
ozonide into 1,2,4-trioxolan via the zwitter-ion must be
recognised as the only correct one. The Criegee mechanism
has been confirmed experimentally by the incorporation of
the 18O isotope label exclusively in the ether bridge of the
ozonide in the joint ozonolysis of an olefin and the labelled
aldehyde.

At the same time the initial Criegee mechanism1* could not
explain the dependence of the ratio of the ozonolysis prod-
ucts (ozonides, aldehydes, and peroxides) on the stereo-
chemistry of the initial olefins60. According to Criegee's
theory, the geometry of the initial olefin should not have
influenced the composition of the ozonolysis product, because
the same intermediate is formed from both isomers. Subse-
quent studies showed that ozonides can exist in the cis- and
trans-forms and that the ratio of both "intrinsic" and "cross"
isomers depends on the configuration of the initial olefin6 1 '6 2.

The configuration of a symmetrical disubstituted ozonide is
determined by resolving it into its enantiomers. By obtain-
ing one of the optically active forms of one of the isomers
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of 3,5-di-isopropyl-l,2,4-trioxolan, it was possible to con-
clude, for example, that the given isomer has the trans-con-
figuration63, because the cis-isomer is a meso-form and cannot
be resolved into enantiomers. The configurations of a series
of isomeric oxonides have been established by their chro-
matographic separation on acetylcellulose61*'65. The ratio of
the cis- and trans-ozonides can be determined from XH NMR
spectra, provided that the spectrum of each configuration is
known.

In order to explain the stereospecificity of the formation of
ozonides, the existence of the zwitter-ion in the syn- and
anti-configurations has been postulated66, which was also
assumed much earlier by Criegee67. Developing this theory,
Lattimer et a l . 1 5 considered the cyclodecomposition reactions
of the primary ozonide and the cycloaddition of the zwitter-
ion to the carbonyl group from the standpoint of the Wood-
ward—Hoffmann theory, according to which ozone and the
zwitter-ion are isoelectronic and have a π-system comprising
four electrons. Correspondingly the ττ-systems of the alkene
and the carbonyl compound have two electrons. Conse-
quently the reactions involving the formation of the primary
and final ozonides can be classified as supra ,supra-addition
of the 4π- and 2TT-systems, which obeys the symmetry laws:

conformation with axial (pathway 1, leading to the syn-zwit-
ter-ion) or equatorial orientation of the substituent R
(pathway 2, leading to the anti-zwitter-ion):

In order to determine which pathway is preferred for a
specific olefin, it is sufficient to know the relative stabilities
of the two possible transition states. In an estimate of this
kind one must take into account the interactions of the sub-
stituent with the ring and with another substituent at the
neighbouring carbon atom. These interactions are clearly
seen in Newman's projection formulae with C—Ο (formulae a
and b) and C—C (formulae a' and b ' ) axes:

At the instant when the carbonyl group approaches the
syn-zwitter-ion, the substituents R in the transition state can
be oriented in two ways—(A) and (B). The transition
state (A) is converted into the trans -ozonide and the transi-
tion state (B) is converted into the cis-ozonide. For the
anti-zwitter-ion, the transition state model (C) gives rise to
the cis-configuration of the ozonide and model (D) gives rise
to the trans-configuration. Evidently models (A) and (C)
should be preferable, because the bulky groups of the
aldehyde in this case interact less strongly with the free
electron pair at the terminal oxygen atom of the zwitter-ion.
As a consequence of this, the syn-zwitter-ion is converted
preferentially into the trans-ozonide, while the anti-zwitter-
ion is converted into the cis-ozonide:

syn

(A)

c R o;
Λ ! /

ο—c.

anti

(Q

V

The zwitter-ion formed can isomerise to a zwitter-ion with
the opposite configuration despite its short lifetime68:

O
R Λ

It is known that specific solvation plays a significant role
in the oxidation reactions of organic compounds69. It has
been noted that the solvent and the olefin can stabilise the
zwitter-ion by forming hydrogen bonds7 0. This effect is
suppressed by an aromatic hydrocarbon6 8, which can form
a complex with the zwitter-ion, preventing or retarding its
isomerisation:

ο—o"

syn

(B)

RS o- ?/0i

anti

(D)

For the decomposition of the primary ozonide into the zwit-
ter-ion and the carbonyl group, it is necessary that the
oxygen adjoining the carbon atom converted into the zwitter-
ion should be displaced from the "plane" of the ring of the
primary ozonide. This transition state has the envelope

The detection of complex formation and the reversible inter-
conversion of stereoisomeric carbonyl oxides is important for
the understanding of the fine structure of the zwitter-ion.
Recent calculations31 showed that both ozone and the carbonyl
oxide are singlet biradicals in their ground states. However,
there is no experimental evidence for the formation of prod-
ucts of the reactions of the singlet biradical carbonyl oxide.
For example, in the decomposition of trans-di-t-butyl-
1,2,3-trioxolan in cumene or oct-4-ene, which are sensitive
to radicals, no radical reaction products were detected 7 1. Nor wai
it possible to detect radicals when the thermal decomposition
of the same primary ozonide was followed with the aid of EPR.
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Thus the hypothesis of the existence of the zwitter-ion in
the syn- and anti-configurations explains satisfactorily the
experimental facts obtained hitherto, including the stereo-
chemical features of the formation of ozonides. The attempt'
to show that the main intermediate in the ozonisation of olefi
is a singlet biradical have not been supported by rigorous
experimental data.

I I I . THE INFLUENCE OF THE STRUCTURE OF OLEFINS AND
OZONIZATION CONDITIONS ON THE STRUCTURE OF
PEROXY-PRODUCTS OF OZONOLYSIS

The solvent has a decisive influence on the structure of the
peroxy-product of ozonolysis. In the ozonisation of olefins
in proton-donating solvents (alcohols, carboxylic acids, and
water) the zwitter-ion is as a rule stabilised by the addition
of a solvent molecule, giving rise to α-substituted hydro-
peroxides 1 1· 1 6·7 2.

Individual alkoxyhydroperoxides have been isolated from
the peroxy-products of the ozonolysis of symmetrical olefins73:

CH3 (CH3)n CH = CH (CH2)n CH 3 - % ^ £ -
OOH

C H 3 ( C H 2 ) n C H /
X O R

R = CH3 ) C2H5, (CH3)2 CH or (CH3)3 C; η = 1 - 3 .

In the ozonisation of cis-octadec-9-ene in various alcohols
(Cx—C16) and monocarboxylic acids (C 2 -C 1 8 ) or in an inert
solvent containing the same alcohols or carboxylic acids in
equimolar proportions, the products are the corresponding
α-alkoxy- and a-acyloxy-hydroperoxides7\ Symmetrical
di-(a-hydroxyalkyl) peroxides have been obtained by the
ozonisation of α-olefins in aqueous acetone7 5.

If the proton-donating group is present in the olefin mole-
cule itself, it is involved in the stabilisation of the zwitter-
ion7 6. When its position is favourable for the formation of
five- or six-membered rings, such stabilisation becomes
preferential7 7:

CH.=CH

C H a - (CH2)n

I o,
- C H . O HOO

C H 2 - (CH2)n

5 η = 1,2 .

HO

The interaction of the hydroperoxy- and formyl groups
leads to the formation of α,α'-disubstituted peroxides.
Depending on the nature of the olefin, the products of this
reaction can have different structures. Whereas monomeric
compounds are formed preferentially from linear olefins78, in
the case of cyclohexene derivatives the main products are
oligomeric hemiperacetals7 9 '8 0. However, monomeric cyclic
peroxides are formed from cyclohexenes with bulky substitu-
ents 8 1 ' 8 2 :

CH3O2(X / X/

o 3
ROH

CH 3O 2<

OOH

presence of bulky substituents next to the double bond81* or
by alcoholic groups8 1:

CH3(CH2) (CH2)|,COOH;

If the formyl and hydroperoxy groups are close together,
as, for example, in the ozonolysis product of norbornene8 5,
then the monomeric hemiperacetal is the main reaction product,
while in the ozonisation of carboxy-derivatives of norbornene
one obtains exclusively monomeric peroxy-compounds as a
consequence of the involvement of the carboxy-groups in the
intramolecular interaction8 6. The formation of the same
peroxy-product from the endo-, cis-, and exo, cis -anhydrides
(Xllla) and (XHIb) is evidence for the isomerisation of the
formyl groups:

(XIII»)

: " — O C H 3 ;

(XIV) .

(XIHb)

On the other hand, in the ozonisation of the dimethyl esters
of the stereoisomeric bicyclo[2,2,l]hept-5-ene-2,3-dicarboxy-
lic acids the products are exclusively oligomeric peroxides,
the degree of oligomerisation being influenced by the stereo-
chemistry of the methoxycarbonyl groups8 7. The reaction
involving cyclo-octene yielded a cyclic bishemiperacetal (XV).88

If the ozonisation of olefins is carried out in an ethereal
solvent, the peroxide ozonolysis products (XVI) and (XVII),
with an enhanced content of active oxygen, are formed87'88:

CO 2CH 3

CO 2 CH 3
(XVI)

Monomeric α-methoxyhydroperoxides are obtained in the
pzonisation of alkylidene- and benzylidene-adamantanes in
methanol83. The mode of the intramolecular interaction of
the hydroperoxy- and formyl groups can be regulated by the

\LOCH 3

H 3CO 2C

OCH3

CO,CH,
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CO 2CH 3

OCH 3 HO

L [ _ H r » ^ «.Γ.Η—OO—1-1ι"
CO 2 CH 3

CII3OH ^ L

H 3 CO 2 C" CO 2 CH 3

Ο
| O C H 3 RO

CII 3 OH

(XV) or OH (XVII)

As a consequence of the deactivation of one of the double
bonds by chlorine atoms, hexachlorobicyclopentadiene89 and
hexachlorobicycloheptadiene are attacked by ozone only at
the unsubstituted double bond9 0:

\)CH, H3CO

The steric influence can be so great that in the ozonisation
of, for example, a substituted cyclobutene in methanol the
attack on the zwitter-ion by the solvent is ruled out and the
corresponding ozonide is formed91:

CH:

Cl·

Cl-

When tetraphenylethylene is ozonised in a mixture of
chloroform and methanol, the product is the bishydroperoxide
of diphenylmethane instead of the expected methoxyhydro-
peroxide9 2.

The main products of the ozonisation of acyclic olefins in
inert solvents are monomeric ozonides3 4 '9 3, but oligomeric
ozonides are also formed. The yield of the latter depends on
the solvent polarity and the structure of the olefin 3 4 ) 9 \
Oligomeric products are obtained almost exclusively from
sterically unhindered six-membered olefins95:

Λ
I /

C - (CH2)4 - I CH C H - (CH2)4 -
VOH

The ozonisation of cyclopentene and cyclobutene gives rise
to monomeric ozonides 1 8 ' 9 6" 9 8, although the formation of oligo-
mers in this case too has been noted9 5.

Oligomeric ozonides are obtained from hexachlorobicyclo-
[2,2,l]hepta-2,5-diene9 0 and benzvalene99. However, the
hexakis(trifluoromethyl) derivative (XVIII) gives a high yield
of the monomeric ozonide100. For steric reasons, monomeric
ozonides are also formed from polynuclear hydroaromatic
hydrocarbons1 0 1:

,,φ /Λ
C H — C H CH

Ο

Ο

\)H

C G H 5 0 ,

(XVIII)

In the presence of double bonds with electron-donating and
electron-accepting substituents [for example, in compound
(XIX)] the bond with the higher electron density is attacked89.
In the polycyclic compound (XX) one of the chloro-substituted
double bonds was ozonised102:

(xix)

The ozonisation of cis- and trans- 1,2-difluoroethylenes
gives rise to a mixture of the ozonide (30%), the epoxide
(15%), and trifluorocyclopropane (0.4%),1 0 3 while fluoroethyl-
ene yields a mixture of ozonides101*:

/ Ο-Οχ / Ο χ / H C F \
C H F = C H F 2 ? — > F C H H C F + F C H - H C F + F C H H C F '•>

CC..P. χ /

C H , = C H F .
CHCI3

/°-°N /
. H2C HCF + H2C

CH2

The corresponding diozonides are formed in the ozonisation
of octamethylsemibullvalene96'105, hexamethy lb icy clo[ 2,2,0]-
hexa-2,5-diene10G, and octamethyltricyclo-octadiene107:

CH3 CH,

CH,

"3 CH3 CH CH3 CH 3 |
CH3 CH3

Trisubstituted 1 0 8 and tetrasubstituted 1 0 9 "cross" ozonides
have been synthesised by the ozonisation of appropriately
substituted olefins in the presence of an excess of the ketone.
If the keto-group, arising on cleavage of the olefin, is acti-
vated by an electronegative substituent, then "intrinsic"
ozonides are formed in a high yield1 1 0:

( C 6 H 5 ) 2 C = C ( C 6 H 5 ) 2 - g j g ^ H

R = C H 3 o r C 2 H 5 > C 6 H 6 ; Η

CH3

I _ CH,
BrCH 2C=CCH 2Br_22-v 3

Ο—Ο ,CH,Br

When a keto-group is present in the olefin molecule, there
is competition between intramolecular and intermolecular reac-
tions. Thus, in the ozonisation of the diketoalkenes (XXI)
and (XXII), the intramolecular reaction of the zwitter-ion
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predominates and the ozonides of dimethylcyclopentene and
dimethylcyclobutene respectively are formed in high yields1 1 1:

3 a — C — ( C H 2 ) f t — C = C — ( Ο Ϊ 2 ) Λ — C-

» = 3 (XXl), η-2 (XXII).

In the ozonisation of ketocyclo-olefins intramolecular compe-
tition of the two carbonyl groups is observed. Owing to the
steric hindrance by the geminal methyl groups in "Dallack-
er 's" ketone (XXIII) only the ozonide of the substituted cyclo-
pentene (XXIV) is formed; in the absence of these methyl
groups, the corresponding ozonides of both cyclopentene
and cyclobutene are obtained1 1 2:

The zwitter-ion formed in the ozonisation of the symmetri-
cally substituted cyclobutene (XXV) can have different
conformations (XXVI, a—c), which lead to three products
respectively1 1 3:

r (xxvic)

C H 2 C O C 6 H s
C H 2 C O C 6 H $ + ^ 0

1,4 : 1

If a formyl or hydroxy-group is present, the zwitter-ion
reacts with them and not with the acetyl group2 6:

C H . — C H O — :IIZCOCH3;

Sterically hindered olefins give rise to epoxides as well as
ozonides. In the ozonisation of the alkenes (XXIX) and
(XXX) the corresponding epoxides are formed preferentially
instead of the expected methoxyhydroperoxides even in the
presence of methanol111*:

Ad=Ad

(XXIX)

B n = B u

(XXX)

o 3 >

0.3 >

• Ad—

- B n —

—Ad

— B n

+

+

0—0
Ad ,Ad

0—0
/ \

Bn B,i

\ /

An analogous behaviour has been observed in the ozonisa-
tion of tetrahydrochromone1 1 5:

In the zwitter-ion (XXVII), which contains two acetyl
groups, there is interaction with the nearest acetyl group,
because this leads to the more stable ozonide of cyclobutene26:

(XXVII)

For the same reason, in the ozonisation of compound
(XXVIII) the reaction of the zwitter-ion with the benzoyl
group and not with the more reactive acetyl group takes
place preferentially. If the carbonyl groups are located in
equivalent positions, the acetyl group is the more reactive2 6:

.CH 2COCH 3

The steric hindrance may be so great that the double bond
becomes inert towards ozone. Thus, whereas isopropyl-,
t-butyl-, and phenyl-methyleneadamantanes normally give
rise to ozonides, the replacement of the vinyl hydrogen atom
by the t-butyl or phenyl group makes these compounds resis-
tant to ozone111*:

o-o
Ad=CHR i-i-ί- Ad CHR 5

R=CH (CH3)2, C (CH3)3 or C eH 5 .

Certain zwitter-ions can be stabilised by isomerisation or
rearrangement, which leads to anomalous peroxide or non-
peroxide ozonolysis products. Thus the zwitter-ion (XXXI),
formed in the ozonisation of tetramethylethylene, isomerises
to the ct-hydroxyketone (XXXIII) via the vinyl hydroper-
oxide (XXXII). This results in the formation of the six-
membered trioxan (XXXIV) 1 0 9 or the cyclic hydroperoxide
(XXXV):116

H s C
C H S N

;C=O CH,

HJJC,.

H,C
: - O O H

(XXXI) (XXXII)
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α
H 3 C / X C H 3

(XXXV)

HOCH 2 X
X C = O -

(XXXIII)

H 3 C O—CH2

J\o-o/
(XXXIV)

/CH3

peroxides are obtained from tetrasubstituted ethylenes in
yields ranging from 15 to 55%.121

R 2 / s R s R2

Rv ^ O - O ^ yR

5—O^ X R 2

R, R1, R2, R3 = CHS> or CaH5 (30 - 43%) 5

R = CH3 (15%); R = Q H 6 (55%) .

The ester of Feist's acid (XXXVI) is ozonised anomalously,
being converted into a mixture of compounds (XXXVII)—
(XXXIX). Evidently the peroxide (XXXVII) is the isomer-
isation product of the zwitter-ion117:

Π
C H 3 0 — C —

CH 3O—C "Ή

II Η
(XXXVI)

X
y

CH,
CH3O2(

CH2CH 3 O 2 CT ο ^ " 2

1

CH a O.

•H

(XXXVII)

CH3O2CV -O.

CH,0 C / \

CH-<

CH3O2C/ \
(XXXVIII) (XXXIX)

Anomalous ozonolysis products are usually observed when
the zwitter-ion contains a group with a tendency towards
migration16:

ρ η fi+

\ . £ / \o-*--'-R\. e +y i O\ _ -* ROCHO -+• ROH
H / H/C"'" °"

Such rearrangements are characteristic of zwitter-ions
generated from substituted styrenes 1 1 8 . On the other hand,
if the zwitter-ion is bound by methanol, anomalous products
are not formed119:

Ar—CH=CH, -2·+ Ar—CH—00
• ArOH

Αι = ο or p- C6H4—OCH3

\OCHj

Alkyl groups show a much smaller tendency towards migra-
tion. In the ozonisation of even trans-di-t-butylethylene
only 5% of t-butyl formate is formed118:

o-

3 C X

>C=
H/

C O ^
(CH3)3C-O-C

When the reaction is carried out in inert solvents, the for-
mation of dimeric and oligomeric peroxides together with
ozonides is frequently noted 3 2 ' 1 1 0 ' 1 2 0 . The yield of these
compounds depends greatly on the structure of the olefin.
Thus, whereas in the ozonisation of α-olefins only traces of
dimeric peroxides are formed1 1 '1 6, dimeric normal and cross

The dimerisation of the zwitter-ion derived from 4,5,6,7-tet-
rahydroindan1 2 2 and 9,10-octalin123 leads to the corresponding
cyclic diperoxides. The dimerisation does not occur when
the ozonisation is carried out in methanol122:

CH,O 00H

Diacetyl peroxide is obtained from trans-2,3-dibromobut-
2-ene, probably via an intermediate cyclic diperoxide12"*. The
crystalline dimeric α-chloroperoxide has been isolated in the
reaction of the dichloro-derivative125:

Hal

C H j — C = C CH3

Hal

C
-HaU

CH 3 COOCCH 3

The influence of the solvent on the formation of ozonides
has been studied in detail in relation to trans-di-t-butyl-
ethylene7 1. It has been shown that the ozonide is formed
only in non-polar solvents (hydrocarbons), while in methylene
chloride, trichlorofluoromethane, acetone, and ethyl acetate
it is not formed at all. Ozonisation in diethyl ether at -75 °C
does not give rise to the ozonide „ but at a lower temperature
(-90 °C) it is possible to obtain the ozonide in 25% yield.
The addition of an extraneous aldehyde reduces the yield of
both the normal and "cross" ozonides. These results have
been explained by the stepwise recombination of the zwitter-
ion and the aldehyde. In a non-polar solvent the interme-
diate (XLa) n or (XLb) 1 2 6 cyclises to the ozonide, while a
polar solvent solvates it, increasing the lifetime and probabil-
ity of side reactions (reactions with the carbonyl oxide and
aldehyde as well as polymerisation)71:

(XLa) (XLb)
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An oligomeric intermediate of type (XLa) or (XLb) solvated
by a polar ethereal solvent can undergo further oxidation,
which in the ozonisation of cyclic olefins leads to the peroxide
ozonolysis products (XLIV) and (XLV), 8 8 ' 1 2 7 which isomerise
to the α-hydroxyperesters (XLIVa) and (XLVa):

off

(XLIV)

(CH2)/

(XLIVa)

CH

CH,O,C

CH3O2C

(XLV)

IV. REACTIONS OF PEROXY-PRODUCTS OF OZONOLYSIS

In the ozonisation of olefins a degree of oxidation interme-
diate between an aldehyde and carboxylic acid is attained.
The reactions of ozonides and other peroxy-products of
ozonolysis can be divided into two types: those occurring
without a change in the degree of oxidation attained (cleavage
reactions) and those with a change in the degree of oxidation
(oxidation and reduction reactions).

The mode of decomposition of peroxy-compounds depends
significantly on the nature of the solvent69. The acidity of
the medium also influences hydrolysis, solvolysis, alcoholysis,
and acidolysis.

The usual products of the cleavage of ozonides are the
corresponding aldehydes and carboxylic acids 1 6 ' 3 4. In an
aqueous medium ozonides are cleaved with difficulty16, but
under the influence of strongly solvating solvents (dimethyl
sulphoxide, dimethylformamide, and amines) the fragmenta-
tion of stilbene ozonide proceeds rapidly and quantitatively1 2 8:

ozonides proceeds at identical rates in neutral and weakly
acid media, while in an alkaline solution the process is acceler-
ated. The isotope effect observed in the methanolysis of
deuterated ozonides65 shows that the stage involving the
elimination of a proton from the trioxolan ring is rate-deter-
mining. The exceptional role of the alcohol in the fragmenta-
tion of ozonides can be explained by the fact that it behaves
simultaneously as a "base" and an "acid" 6 5:

CH,

C

Q

v
CH,

α-Substituted hydroperoxides are cleaved more readily than
ozonides130. Thus the hydrolysis of alkoxyhydroxyperoxides
derived from cyclic olefins gives rise to the esters of the
corresponding ω-formylcarboxylic acids in 85% yield1 3 1:

1) 0 3 , ROH

2) H2O, (C 2 H 5 ) 3 N

The isomerisation of the hydroperoxy-group to the car-
boxylate group has been observed in the interaction of the
peroxide (XIV) with triethylamine86:

: O N H ( C 2 H 5 ) 3

C CO 2 CH 3 H 3 CO 2 C C O 2 C H 3

α-Acyloxyhydroperoxides undergo transesterification1 3 2:

.OOH/ U U H H+ / U U H R*C

R—CH< + R2OH i i R-CH< + R^OOH ΓΖ ! R'COOR2 + H2O ;

/OOH H+ ,ΟΟΗ
R-CH< + R^COOH ^ R-CH<

XOCOR1 \OCOR2

The acidolysis of the product of the controlled ozonolysis
of cyclic polyolefins in acetic acid leads to unsaturated
ω-formylcarboxylic acids1 3 3:

I) O 3 , AcOH

OHCCH2CH2CH=CHCH2CH2CH=CHCHzCHjCOOH.

CHO + ft y-COOH

The isomerisation and cleavage of peroxides with a high
content of active oxygen, which are formed in the ozonisation
of cyclo-olefins in ethereal solvents88, leads to the corre-
sponding a,ω-dicarboxylic acids, which constitutes a new
method of synthesising carboxylic acids without the need for
an additional oxidation stage after ozonisation131*"136:

In methanol and benzyl alcohol the rate of fragmentation of
ozonides is significantly higher than in benzene, di-isopropyl
ether, dioxan, and tetrahydrofuran6 5»1 2 9. The solvolysis of

1) 0 3 l (CH2CH,O);

2) H2/Pil-CaCO3-Pb0

η - 4 , 6, 8,10

>• H 0 2 C — ( C H J ^ - C

3/2(XLIV)
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The fragmentation of the peroxide (XLV) yields the corre-
sponding formylcarboxylic acid, while the ozonolysis of
2-norbornene in an ethereal solvent results in the formation
of cis-cyclopentane-l,3-dicarboxylic acid1 2 7:

l ) 0 3 , (C2H5)2O

2) H2/Pd-.CaC03-PbO

CH3OH
RC0C1 _ H C l >• RCOOCH 3

l) o 3 , ( C 2 H 5 ) 2 O

2.)H2/pd-CaC03-Pb0^

The fragmentation of the peroxide (XLV) also takes place
in an alkaline solution and its interaction with diazomethane
or 2,4-dinitrophenylhydrazine leads to the formation of
peracid groups 1 2 7:

Oxidation of α-alkoxyhydroperoxides with cerium ammonium
nitrate leads to the crystalline dialkoxyperoxides129:

'/ 2 (XLVa)—*- | | +

KO 2 C" *CO2K CO 2 CH 3 'CO 3 CH 3

C *. ^ A C O O C H 3

. . ArNHNH2 , CH,N2

I I *· l/i (XLV) —^-4-

C O 2 C H 3 C O 2 C H 3 CO 2 CH 3 C O 2 C H 3

OCH3 OCH3
,ΟΟΗ Ce,+ I I

CH 3 O 2 C-(CH 2 ) 9 -CH< ^CH 3 O 2 C(CH 2 ) e -CH-O-O-CH-(CH 2 ) 9 CO 2 CH 3 .
\OCH

As in hydrolysis, the main products of the thermal decom-
position of ozonides are the corresponding aldehydes and
carboxylic acids1'11'11*1.

When α-hydroperoxy-a-hydroxydicyclohexyl peroxide is
heated in boiling toluene, cyclohexanone is formed prefer-
entially (25%) and there are lower yields of caproic (8%) and
adipic (4%) acids2 8:

On being eluted with methanol from alumina, the tetrameric
peroxide (XLV) is converted1 2 7 into the dimeric a-methoxy-
perester (XLVI):

CH 3 O 2 C

2 (XLV)

0 0—0 0CH3

C V C

\ /
0—0

(XLVI)

C

°

Alkoxyhydroperoxides derived from trisubstituted and
asymmetrically disubstituted olefins hydrolyse rapidly to the
corresponding ketones and alcohols137. Peroxides obtained
from symmetrically disubstituted olefins do not give high
yields of aldehydes under these conditions. Treatment
with hydrogen chloride converts methoxyhydroperoxides
quantitatively into the methyl esters of the corresponding
carboxylic acids 1 3 8. Derivatives of ω-formylcarboxylic
acids have been obtained under these conditions from certain
cyclic olefins139:

CH3O.

I)OS, CH.OH CH
!!

N—R>

/OOH H +

R=AIk .

The peroxides formed in the ozonisation of chloro-olefins
in methanol readily decompose into the corresponding methyl
carboxylates. By neutralising the hydrogen chloride
evolved, it is possible to isolate the methoxyhydroperoxide
(XLVII): 1 3 8 ' 1" 0

H O ^

> = O + CH3 (CH2)4COOH + HOOC (CH2)4CQOH

Thermal, and recently also photochemical, cleavage of
ozonides has become a promising trend in organic synthesis1>tZ.
Thus the thermolysis96'11*2 of bisadamantylidene ozonide leads
to the formation of adamantanone and the lactone (XLVIII): ιχι*

- 0

100° C

(XLVIII)

The photolysis of the mono-ozonides of Dewar hexamethyl-
benzene11*3 and hexakis(trifluoromethyl)benzvalene100 leads to
the syn-dimers of tetramethyl- and tetrakis(trifluoromethyl)-
cyclobutadiene:

The photolysis of the diozonide of octamethylsemibullvalene
results in the formation of a triketal of a new type i o 3 : r
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Ozonides can be synthesised by methods other than the
ozonisation of olefins120. The method involving the oxidation
of furan derivatives with singlet oxygen1"*1*, which can be
readily obtained, for example, from the adduct of ozone with
triphenyl phosphite11*5'11*6 or with certain other compoundslh7,
is of special interest. The [4 + 2] cycloaddition results in the
formation of the mono-ozonides of substituted cyclobuta-
dienes11*2. Thus the photoxidation of 2,5-dimethylfuran yields
the ozonide (XLIX), which is converted at room temperature
into the stable dimer (L), the latter decomposing into the
dione (LI) only at a high temperature1"1*:

The photoxidation of substituted furans can be regarded
as a general method of synthesis of cis-diacylolefins11*2:

R-\ - 7-R
0—0

R — r » ' — T T . T> — Ό — f Xf ' » " Q — f * U Τ Ϊ — W • T i — f XT " R — 1-Γ•~1\ — IT. | x\ — ±i — V^gr le | JC\ — i ^ F i j , I i —XI, i\ — y-'Qiit. t η - Π ·

The thermolysis and photolysis of cyclic di- and tri-per-
oxides have been considered in reviews11*2'11*8. Such per-
oxides are usually synthesised by the reaction of cyclo-
alkanones with hydrogen peroxide11*9. In the ozonolysis of
certain olefins they are formed as a consequence of the
dimerisation of the zwitter-ion. The thermal or photochemical
fragmentation of cyclic diperoxides leads to carbocyclenes,
lactones, and cyclic ketones11*2. Thus the diperoxide (LII),
obtained by the ozonolysis of 4,5,6,7-tetrahydroindan, is con-
verted on heating in boiling decane into cyclononane-l,5-dione
(18%), [cyclising to compound (LIII) during isolation], a
mixture of cyclohexadecane-l,8-dione and cyclohexadecane-
1,9-dione (50%), and four isomeric dioxoheptadecanolides
(16%):122

The reactions of ozonolysis peroxy-products under the
influence of oxidants or reductants are widely used in
preparative organic synthesis16'31*'150 and have already found
application in industrial technology1'151. The oxidative
decomposition of peroxy-products of ozonolysis takes place
in two stages: the oxidation proper and thermal decomposi-
tion of peroxides. In the synthesis of carboxylic acids the

two stages are combined or are arbitrarily divided in terms
of temperature conditions #.

Oxidative decomposition occurs under the influence of
oxygen at an elevated temperature. In this case oxidation
initiators or catalysts (ozone, variable-valence metal com-
pounds 1 ' 1 6 ' 1 5 3 " 1 5 9 , inorganic salts in polar aprotic solvents160,
and aminoacids161) are used. The oxidants consist of a
suspension of silver oxide in an alkaline solution1'31*'35, potas-
sium permanganate162, chromic acid163, and nitric acid161*.
However, hydrogen peroxide usually employed as a mixture
with formic or acetic acid, is the most convenient and most
widely used reagent 1 ' 3 5 ' 1 5 0 ' 1 6 5" 1 6 7 . Investigators have paid
particular attention to the synthesis of aliphatic α,ω-dicar-
boxylic acids1 6 8 '1 6 9, which are of greatest practical inter-
est 1 ' 1 7 0 · 1 7 1 . Methods combining the ozonisation and oxidation
stages have been developed1'35'172.

The ozonolytic synthesis of polycarboxylic acids and other
polyfunctional compounds has been studied to a lesser degree.
When the molecule contains several functional groups, they
interact and complicate the oxidative decomposition. In the
ozonolysis of cyclic polyenes or cyclo-olefins containing func-
tional groups, catalysts increasing the process selectivity are
therefore used.

The isomeric butane-l,2,3,4-tetracarboxylic171*~176 and
pentane-l,2,3,4-tetracarboxylic177»178 acids have been syn-
thesised by the ozonolysis of the stereoisomeric A^-tetrahy-
dro- and S-methyl-A^-tetrahydro-phthalic acids173:

CH 2 —CO 2 H

'-'°ί Η—C—CCLH
2) H 2 o 2 Τ

*- Η—C—CO 2 H

H O , C — C — Η

trans, cis

cis, trans

erythro, threo

R = Η or CH3.
CH 2 —C0 2 f l

9/ ' ) 0 3 H — C — C O 2 H
2) H2O2 I

£ H — C — C O 2 H

H — C — C 0 2 H

CH 3

erythro, erythro

C H 2 — C O 2 H

9, l ) 0 3 H _ ( j ; _ c 0 2 H
u 2) H2o2 T _

H — C — C O 2 H

CH 3

threo, threo

CH 2 —CO 2 H

') 03 H—C—CO,H
2) H2O2

HO9C-ι Ρ ΤΤ

trans, trans threo, erythro

#In the ozonolysis of the alkenyl esters of phosphoro-
diamidic acids, peroxy-compounds were isolated after the first
oxidative decomposition stage152:

C1CH2CH2NH—P—O—CH2CHaCH=CH i i

NHCH2CH2C1

i)Oa

-OOH

Ο Ν
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Cyclic polycarboxylic acids have been obtained from deriva-
tives of bicyclic olefins 1 7 9" 1 8 1 and tricarboxylic acids have
been synthesised from alkenylcyclohexenes182:

2) H2O2

l ) 0 3 , CH2C12 H 0 , C C0 2 H
IN 2)H2O2,HCO,H '•^/N[̂ '

N C ' '''• ( C H 2 ) 6 C 0 3 C a H s 5

Ketocarboxylic and ketodicarboxylic acids have been
obtained by the oxidative ozonolysis of 1-alkylcycloalkenes183

and cycloalkenones181* respectively:

1) O,, CH.OH
2) H,O,, HCO.H± ^ HOaC(CHa)4CR;

Ο
II

\ / \

1) O,, CH,OH
2) H,O,, HCO,H

Ο
II

HOjC (CH,)5—C (CH2)aCO2H

The ozonolysis of cyclo-olefins containing a h y d r o x y - g r o u p
led to lactones whose hydrolys i s const i tutes a pathway to
hydroxydicarboxyl ic ac ids 1 8 5 » 1 8 6 :

:o,H

An α-hydroxydicarboxylic acid has been obtained from the
acrolein dimer1 8 7, while tetrahydrofuran derivatives have been
synthesised from a cycloalkene condensed with a hetero-
cycle1 8 8:

OH

! X / C O 2 H

In o r d e r to synthes i se polychloro- 8 9 » 9 0 » 1 8 9 and polyfluoro-
d e r i v a t i v e s 1 9 0 of di- and mono-carboxylic ac ids , the c o r r e -
sponding halogeno-derivat ives of olefins have been ozonised:

The oxidative decomposition of p e r o x y - p r o d u c t s of ozonoly-
s i s , car r ied out by t reatment with h y d r o g e n perox ide, can
be accelerated with the aid of selenium d i o x i d e 1 9 1 " 1 9 3 , in t h e
p r e s e n c e of which t h e process proceeds u n d e r milder condi-
tions with a h igher select ivi ty. This makes it possible to
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increase the yield by 10-30% as well as the purity of the
aliphatic polycarboxylic acids. Thus the 2,3-dimethyl ester
of pentane-l,2,3,4-tetracarboxylic ac id 1 9 1 " 1 9 3 and the corre-
sponding stereoisomeric 3,4-disubstituted N-phenylpyrroli-
dine-2,5-diones1 9 l f"1 9 6 have been synthesised from the
dimethyl ester and the stereoisomeric N-phenylimides of
Alt-tetrahydrophthalic acid and its 3-methyl derivative:

JL /CO2CH, » °3- A c 0 H

(Γ Υ 2) HjOjiSeOu)

V CO 2 CH 3

— C 6 H 5

l) O3, AcOH

(I H ^ X .0 2) H2O2(SeO2) "\

II ι / \ ^
C-NC 6 H 5

CIS, CIS

3fl(S), AS(R), aR(S)

HO2i

KV H

SR(S), 4S(fl), aS(R)

ι—C 6 H &

trans, trans ZR(S), 4R(8), aR(S)

The use of selenium dioxide permitted the successful
ozonolysis of the polycyclic compounds (LIV) and (LV): 1 9 7 ' 1 9 8

GH, CO,CH3

(Liv) x, y = ci,ceH s

o"

(JUV). R = H, OCH,, or O

The oxidative decomposition of the peroxy-products of the
ozonolysis of olefins in the corresponding alcohols led to the
formation of carboxylic acid es ters 1 9 3 ' 1 9 9 ' 2 0 0 :

1) O, + ROH

. CHS (CH2)4 C H = C H a

2 > H ' ° ' ( S e O ' U CH^CH^COuR ',

' R = CH3, 11-C4H9, or n-CgH17;

R—CH—CO2CH3 R

C=O CHCO,CHS

CHa CHCO2CH8r
CHaCOaCH3 R = Η or CH 3.
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The copolymers of butadiene with isobutene 1 5 0 ' 2 0 1 ' 2 0 2 and
styrene 2 0 3 have been converted by oxidative ozonolysis with
participation of pyridine into the corresponding oligomers
with terminal carboxy-groups. 3-Phenyladipic acid has
been synthesised by the selenium dioxide-catalysed oxidative
decomposition of the peroxy-product of the ozonolysis of
regular butadiene-styrene rubber2 0 1*'2 0 5.

The peroxy-products of ozonolysis are sometimes subjected
to preliminary reduction in order to facilitate the oxidative
decomposition206:

OSi (CH3)j|Bu-t

\

\ / \

CHjCOgH

X C O 2 R

1) O,
2) Na,SO»
3) H,O,, HCO.H

Ο
II

HO 2 C (CH 2 ) 1 0 C (CH 2 ) a CO a H.

Various reductants, used to convert the peroxy-products
of ozonolysis into aldehydes and ketones, have been listed
in a number of reviews16'31*'207. Among traditional reagents,
sodium bisulphite 2 0 8, the lower-valence metal sa l t s 2 0 9 " 2 1 1 ,
alkali metal iodides2 1 2, and sodium thiosulphate 2 1 3 ' 2 1" have
been used in recent years. Among inorganic reductants,
zinc dust has been most often employed2 1 5"2 1 9, for example,
in the reductive ozonolysis of tetrahydrochromone deriva-
tives 2 2 0 and the cyclo-oligomers of allene2 2 1:

Organic reductants have been used on an increasingly wide
scale in recent years. Dimethyl sulphide 2 2 2" 2 2" and some-
times other dialkyl sulphides or thiacyclanes 2 2 5 ' 2 2 6 have been
used to synthesise alkoxyhydroperoxides:

= O + CH.0H+ (CH,)lSO.

Dimethyl sulphide has been introduced into practical fine
organic synthesis 2 2 7 " 2 3 0 , for example, the synthesis of the
intermediates for prostaglandins 2 3 1 ' 2 3 2:

CHO

Ozonolysis has found an interesting application for the
cleavage of ketones and carboxylic acids via the trimethyl-
silyl ethers of their enolic forms233:

OSi(CH s ) 3
OSi(CH s) 3

CH;s \ / \ 1) LIN (iso-Pr)2 CH3.
X / N 2) (CH,), SIC1 v

CH,

CHj. .COaH CH» /CO2H

1) <_>„ Uri,<JH
2) (CH,),S

1 ) L i N ( i s o - P r ^ / V N l M e
, 2 ) t - B u ( C H 3 ) 2 S i C l t ' j . \

30:70

/ ^ yCOaCH8

I I^OSi (CHg),Bu-t

Aldehydes can sometimes be more conveniently isolated in

t h e form of a c e t a t e 1 3 9 ' 2 3 " " 2 3 6 :

(cn3o),t:n 0

R = Η or C 6 H 5

R OCH 3

( C H 3 O ) 2 C H \ / CH(OCH3)2

R = Η or OCH3.

Under the influence of dimethyl sulphide, the peroxy-prod-
ucts of the ozonolysis of the endo-, cis- and exo.cis-anhy-
drides (XIII, a and b) give rise to the same syn-3,5-bis-
(methoxy methyl )dilactone (LVI), while the en do, exo -diacid
gives rise to the anti-isomer (LVII) under analogous condi-
tions 2 3 7. In the presence of water both the ozonolysis
peroxy-products and the dilactones (LVI) and (LVII) are
converted into oxygen-containing polyheterocyclic compounds
(LVIII) and (LIX) respectively8 6 '2 3 7:

(XIII, a and b)

(LVII) (LIX)

The peroxy-products of the ozonolysis of the endo,cis- and
exo,cis-diesters (LX) and (LXI) are converted on treatment
with dimethyl sulphide into the same product (LXII), while
the isomeric compound (LXIV) is formed under analogous
conditions from the en do, exo -isomer (LXIII): 8 7 > 1 2 7

(LX)

C H 3 O 2 C < >CO 2 CH 3

(LXII) (LXI)

1) O 3,CH 3OH 39 ^ 0 \ 9C

(LXIIi) (LXIV)
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Glyoxylic acid has been used as the reductant in acetic
acid2 3 8. Triphenylphosphine has been employed for the
reduction of ozonides239"21*1. Thus the ozonides of substi-
tuted methyleneadamantantanes were converted quantitatively
into adamananone after being refluxed with triphenylphosphine
in hexane for 2 h . 8 3 The reduction of the ozonides of sub-
stituted cyclopentenes led to cyclic triacetals with the
adamantane structure 2 6 :

The ozonide of hexakis(trifluoromethyl)benzvalene has been
reduced with an equimolar amount of triphenylphosphine to
the diketone (LXV), which underwent further transformations
in the presence of an excess of the reagent21*2:

CF3 (20%)

(50%)

Methoxyhydroperoxides have been reduced electrolytically
to aldehydes21*3. Selective hydrogenation on platinum group
metals is a modern method1'16'31*'21*1*"21*6. Under these condi-
tions , the product of the ozonolysis of dihydrolinalol in
methanol gives rise to enantiomeric cyclic acetals, which have
been separated by preparative gas—liquid chromatography247:

2Λ.55 2fl,5fl

The hydrogenation of ozonides yields mainly the corre-
sponding aldehydes, but the formation of carboxylic acids
(up to 18%) as a consequence of disproportionation has also
been noted21*8. If cyclohexene is ozonised in the absence of
oxygen and then hydrogenated (Pd/C), then 66% of adipic
dialdehyde and 24% of 5-formylvaleric acid are obtained21*9.
The hydrogenation of the ozonides of substituted methylene-
adamantanes results in the formation of adamantanone and the
lactone (XLVIII).83 Diketones have been obtained from
cyclic2 5 0 and linear 2 5 1 olefins with a substituted double bond:

Reductive ozonolysis has been used to synthesise macro-
cyclic ketones11*9:

The hydrogenation of the diozonide of Dewar hexamethyl-
benzene led 1 0 6 to tetramethylfuran, which was identified in
the form of the adduct with maleic anhydride, and to 3-meth-
ylpentane-2,4-dione:

,OCH,

COCH 3

- 2 C H 3 C O a H

- H 2 O

CH3OC COCH3

I
CH.OC COCH3

<?H3

2 CH3—CO—CH—COCHj

If the catalytic hydrogenation of ozonides is carried out
under more severe conditions, the corresponding alcohols and
glycols are obtained2 5 2. In the presence of amines the
products are aliphatic amines253, while diamines have been
obtained from the cross-products of the ozonolysis of cyclo-
olefins251*"256.

Complex alkali metal hydrides 1 ' 2 5 7, boron 2 5 8, and organo-
aluminium compounds259 are convenient reagents for the con-
version of ozonides into alcohols. The complexes of lithium
tetrahydroaluminate with chiral alcohols have reduced
ozonides to optically active compounds260. The reaction with
lithium tetrahydroaluminate takes place quantitatively with
selective loss of the oxygen atom from the peroxide bridge,
while in the hydrogenation over a palladium catalyst an
oxygen atom is split off from both the peroxide and ether
bridges51*:

(16,1% H2/Pd-CaCO3

(8,5%

Reductive cleavage with complex alkali metal hydrides has
been used in the ozonolysis of olefinic ferrocenes2 6 1 and in
the synthesis of intermediates for nucleosides2 6 2 and other
physiologically active compounds263:

(CH 3) 2N·

(CH 3 ) 2 N OH .
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The "non-peroxide" reductive ozonolysis, carried out in the
presence of compounds which take up peroxide oxygen, is of
practical interest. One of the first versions was ozonolysis
in the presence of tetracyanoethylene6 5 '2 6 1*'2 6 5.

The ability of alkoxyhydroperoxides to epoxidise the double
bond has been reported 2 6 6. The reductive ozonolysis of
olefins in the presence of "Baeyer—Villiger solvents" (pinaco-
line, cyclohexanone, and propionaldehyde) 2 2 ' 2 3 ' 2 6 7 was not
confirmed in subsequent studies2 1*'2 7 '2 6 . Carbonyl compounds
are obtained in a single stage in ozonisation in the presence
of pyridine1 5 0, tertiary aliphatic amines 2 6 9 ' 2 9 0, and alkaline
earth metal hydroxides 2 7 1 ' 2 7 2:

BaO, · H 2 O + OHC (CH^CHO O. + Ba(OH),
(CH,),CO

-»- OHC (CHj^CHO + R,N ->- Ο

When cyclohexene is ozonised in the presence of pyridine
and acetic anhydride, then, apart from adipic acid (30%),
5-formylvaleric acid is formed (in 35—40% yield) and cyclises
at an elevated temperature2 7 3:

COOH

ι,, C.H.N OHC (CH^COOH -Α.-

Emulsion ozonisation in the presence of reactive nucleophiles
leads to non-peroxide ozonolysis products 3 5 ' 2 7 1*" 2 7 8. Cyano-
ozonolysis has been applied to bicyclic olefins279:

C H 3 .

Methods have been developed for the determination of the
positions of the double bonds in alkenes by ozonolysis and
oxidation (with silver azide2 8 0) or reduction (with dimethyl
sulphide"*0>281 and triphenylphosphine2 8 2) and subsequent
GLC analysis of the methyl esters of carboxylic acids or
carbonyl compounds. The oxidative and reductive ozonolytic
analytical methods have been compared2 8 3 '2 8 4. Oxidative
ozonolysis has been applied to natural rubber 2 8 5, butyl-
rubber 2 8 6 ' 2 8 7 , 3-methylheptatriene—methacrylic acid copoly-
mer2 8 8, a mixture of isomeric bicyclic olefins289, and natural
unsaturated aliphatic acids2 9 0. The structures of polypiperyl-
ene 2 9 1 and isobutene oligomers292 have been established by
the ozonolysis of olefins in ethereal solvents. Reductive
ozonolysis has been used to determine the structures of rub-
bers 2 9 3 " 2 9 7 , poly(vinyl chloride) 2 9 8 " 3 0 0 and other polymers3 0 1"3 0 3,
oligomers301*, cellulose305, and aliphatic acids3 0 6. The optical
purities of cis- and trans -olefins have been determined with
its aid3 0 7.

Recently increasing attention has been devoted to the prob-
lem of the selectivity of chemical reactions 3 0 8 ' 3 0 9 . In rela-
tion to the ozonolysis reaction, this problem has acquired
particular importance for the specific cleavage of one of the
multiple bonds in polyunsaturated compounds. Until
recently, such compounds have been subjected merely to com-
plete ozonisation in order to establish their structures. It
was assumed that partial ozonolysis can be successfully
achieved only when the double bonds are conjugated, where-
upon the ozonide group formed exerts a significant influence
on the remaining double bond, as, for example, in cyclohexa-
1,3-diene310 and p-divinylbenzene11. If the double bonds
were separated by one or two carbon atoms, the unsaturated
dicarboxylic acid could be obtained only in a low yield3 1 0:

\
(7%)

HOaC (CH,)aCH=CH (CH ! !) ! !CH=CH(CHa)2CO2H.

(20%)

The yields of unsaturated α, ω-dicarboxylic acids increase to
50—60% in emulsion ozonisation in aqueous alkaline hydrogen
peroxide3 1 1»3 1 2. The Asinger oxidation of the peroxy-prod-
ucts of the controlled ozonolysis of norbornadiene3 1 3,
4-vinylcyclohexene (LXVI), 311*~316 and poly-cis-buta-1,4-
diene 3 1 7 led to the synthesis of the corresponding unsaturated
dicarboxylic acids. The diester of 3-vinyladipic acid has
been obtained by the selenium dioxide-catalysed decomposi-
tion of the peroxy-product of the partial ozonolysis of the
diene (LXVI) in methanol1 9 3 '1 9 9. Treatment of the product
of the controlled ozonolysis of endo-dicyclopentadiene318 with
Jones' reagent yielded the acid (LXVII):

C 0 , H
l ) O 3 ,CH 3 OH

2], H 2 O 2 (SeO 2 )

(LXVI)

XJO,H

> ^ CO
When hydrogen peroxide is used for the decomposition of

the ozonides of polybutadiene 2 0 5 ' 3 1 9 ' 3 2 0 and polyisoprene2 0 5 '3 2 0,
the hydroxylation of the double bonds results in the forma-
tion of the γ- and δ-lactones2 0 5. It has been shown in rela-
tion to the partial ozonolysis of the cyclic oligomers of
1,3-dienes321'322 that this reaction is stereospecific in the
presence of selenium dioxide323:

Considerable synthetic possibilities are inherent in partial
reductive ozonolysis313'321*"326:

CHO
O 3 , MeOH

C O 2 C H 3
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The synthesis of substances regulating the populations of
insects 3 2 7" 3 3 2 requires unsaturated aldehydes and ketone with
a specific configuration. As a result of the selective ozonoly-
sis of cyclic oligomers of 1,3-dienes333, such carbonyl com-
pounds have become available:

/ \ ) Oi
) H,/Pd-CaCO,-Pbq

The synthesis of disparlure—the sexual attractant of the
silkworm moth—has been developed on the basis of the prod-
uct of selective ozonolysis of cis.cis-cyclo-octa-1,5-diene33"*'335:

The selective cleavage of the trisubstituted double bond in
l-methyl-ciSjCis-cyclo-octa-ljS-diene336 constituted the basis
of a new approach to the synthesis of the sexual attractants
of coleoptera. These compounds have the structure of cis-
enol acetates 3 3 0 ' 3 3 1 :

/ 1)0,
' 2) H,/Pd-CaCO.-PbO_

\ / \

DNaBH (OAc),
2)TsNHNH,
3)NaBH,CN

Ο

\ / \ 3) Br(CH,)rtOAc

OH
\ / \ /

n=3,5, 7.

A new stereospecific synthesis of terpenoid 1,5-polyenes
involves the selective ozonolysis of cyclic isoprene oligo-
mers3 3 7»3 3 8:

1)0,
2) H,/Pd-CaCO.-PbO

/ \ / \ / \ /

I I

The selective ozonolysis of the isopropylidene group in
linear isoprenoid compounds339 constitutes a convenient
method of synthesising regular isoprenoid blocks with terminal
functional groups and double bonds having a specified config-
uration, which are necessary for the construction of poly-
propenols3"0»3"1:

i,o.
2) Η,/Pd-CaCO.-PbO

N:HO

1 I

o,
/X/\/Xo

\ CHO

/CHjGsCH CH2C=CH .

Oligomeric blocks with terminal hydroxy-groups, which
have found applications as monomers, plasticisers, adhesives,
coatings, and binders for rocket fuel31*8, are obtained by the
controlled ozonolysis of cis-l^-polybutadiene259'3"*2'31*3,
cis-l,4-polyisaprene3'*'*»3't5, and copolymers of 1,3-dienes3^6'3^7

with subsequent reduction of the ozonides.

A new approach to the synthesis of bifunctional cis-1,5-
polyprenols3"9 (from natural rubber or its synthetic analogues)
and cis-l^-polyenes 3 5 0 (from SKD-cis-l,4-polybutadiene
rubber) has been developed on the basis of the selective
ozonolysis of polyunsaturated rubbers with a regular struc-
ture. Individual polyenes have been isolated in the form of
bis (trimethylsilyl) ethers:

= 1 M = l U = l 2) (.iso- Bu)2AIH HO-, \=

R = CH3,H [π = (8-9)χ 103] R= CH3 (n= 0-5); R = H (n = 0-4)

When the cyclic hydrocarbon contains several double bonds
of different geometry, the transoid bond is attacked prefer-
entially351:

—oOo—

Thus the advances achieved in the last decade have led to
the inclusion of ozonolysis among the modern methods in the
chemistry of olefins. There are considerable prospects for
the selective ozonolysis of cyclic and linear oligomers and
co-oligomers of 1,3-dienes, which have become extremely
readily available in recent years as a result of the vigorous
development of the chemistry of metal complex catalysis.
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