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Ozonations of ammonia, amines, anilines, and p-phenylenediamines have been shown to proceed
via an electron transfer reaction mechanism. The ozonation rate constants for the alkenes with
different substituents were shown to be linearly correlated with the ionization potentials of the
corresponding olefinic substrates. The rate constants for the ozonations of methyl-substituted
benzenes were also shown to be linearly correlated with the ionization potentials of the corresponding
aromatic substrates. These results together with other related experimental evidences lead us to
suggest that the olefinic ozonations proceed via an electron transfer reaction mechanism (Scheme
4). This mechanism explains why the derivatives of p-phenylenediamine can be used as efficient
antiozonants to prevent the degradation of rubber products caused by ozone.

Introduction

Ozone is an allotrope of ordinary atmospheric oxygen
in which the molecule is composed of three oxygen atoms
rather than two and is one of the most powerful known
oxidizing agents. It can react with almost all organic
compounds.1 Reaction of ozone with olefins has been the
subject of intensive study for over 100 years.1,2 The
ground-level ozone concentration in normal air is in the
range of 1-5 parts per hundred million (pphm), which
has been shown to be sufficient to cause elastomer
polymer cracking and to destroy the usefulness of rubber
products.3 Reaction of ozone with the double bond of a
polymer molecular backbone was believed to be respon-
sible for the fast degradation of rubber (elastomer)
products when exposed to the atmospheric air.4 Preven-
tion of the ozone degradation to increase their service
lifetime is known to be the most economical way to reduce
the manufacturing cost of the rubber products.
Ozonation is also known as one of the most important

and useful reactions used to selectively cleave the olefinic
double bond to synthesize ketone and/or aldehyde in
synthetic organic chemistry. Ozone has been used for
olefinic cleavage oxidation more often than the other
oxidizing agents such as permanganate because the
ozonation yields are generally much higher and the
reactions are much cleaner, gentler, and more versatile.
The olefinic ozonation was generally believed to pro-

ceed via a very reactive primary ozonide intermediate
formed by a concerted 1,3-dipolar cycloaddition of ozone
with the carbon-carbon double bond, which is followed
by the rapid ring cleavage and recombination of the

primary ozonide to form the ozonide intermediate. Many
stable ozonides have been isolated and characterized by
ordinary chemical methods.5 The reduction or hydrolysis
of the ozonide intermediates formed gives the final chain
scission products (ketones and/or aldehydes dependent
on the substitution on the double bond). This is generally
called the Criegee ozonation mechanism as depicted in
Scheme 1.6
The major drawback of the Criegee olefinic ozonation

mechanism (Scheme 1) is not consistent with the prevail-
ing experimental evidences documented in the literature
about the existence of radical intermediates from various
olefinic ozonations (vide infra). In the present paper, we
will first discuss the electron transfer reaction mecha-
nism for the ozonations of ammonia, amines, anilines,
and p-phenylenediamines. Then, we will present the
experimental evidences to suggest that the olefinic ozo-
nations also proceed via the electron transfer reaction
mechanism (Scheme 4).

Results and Discussion

Ozonations of Ammonia and Aliphatic Amines.
Ammonium nitrate has been shown to be the final
product for the ozonation of liquid or solid ammonia.7 The
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first step of the reaction was suggested to proceed via
an electron transfer mechanism as shown in Scheme 2
because of the observation of a red-colored salt at lower
temperatures, which was assigned as a radical cation
salt.7
The ozonations of aliphatic amines were also believed

to proceed via the electron transfer mechanism since the
pink-colored charge-transfer complex intermediates have
been observed at the low temperature ozonations of tert-
butylamine and di-tert-butylamine.8 The most conclusive
evidences for the formation of the charge-transfer com-
plexes are the observation of their ESR spectra at the
low temperatures.8
Ozonations of Anilines and p-Phenylenediamines.

Ozonations of aniline and its derivatives have been found
to produce p-benzoquinone, azobenzene, and polymeric
products.9 The formation of these products was at-
tributed to the formation of the aniline radical cation
intermediates by an electron transfer mechanism.9 The
polyanilines (conducting polymers) are known to be
readily produced by single electron oxidation of anilines
via aniline radical cation intermediates.10
The initial ozone attack should occur at the nitrogen

atom since it has lone pair electrons, which is consistent
with numerous experimental observations.11 For ex-
ample, no ozonation of amines has been found in formic
acid solution because of the protonation of the amine
group.12 When ozone passes through a solution of p-
substituted-N,N-dimethylaniline in 70% perchloric acid,
no ozonation reaction takes place. But ozone was quan-
titatively absorbed when the perchloric acid solution was
diluted to about 20-25%.13 The quantitative ozonation
of p-substituted-N,N-dimethylaniline is clear due to the
formation of the yellow color of free p-substituted-N,N-
dimethylaniline in 20-25% perchloric acid solution. The
yellow p-substituted-N,N-dimethylaniline is colorless in
70% perchloric acid solution because of the complete
formation of the protonated p-substituted-N,N-dimethyl-
aniline.13
p-Phenylenediamine and its derivatives are much

easier than anilines to be oxidized to form the corre-
sponding radical cation intermediates.14 For example,
N,N,N′,N′-tetramethyl-p-phenylenediamine can readily
be oxidized by various one-electron oxidants to generate
a deeply colored stable radical cation, called Wurster’s
salt.15 The formation of Wurster’s salts from the ozona-
tion of p-phenylenediamines provides the convincing
evidences for the electron transfer mechanism.4,15,16 The
extremely high reactivities of p-phenylenediamines against
the one-electron oxidation could be attributed primarily

to the high degree of the resonance stabilization of the
corresponding radical cation as shown in Scheme 3.
The high reactivities of p-phenylenediamines are also

clearly associated with their lower ionization potentials
in the gas phase17a (or their lower oxidation potentials
in solution17b). Ionization potentials and oxidation po-
tentials have generally been considered to provide the
best quantitative measure about the thermodynamic
stabilities of the radical cations formed.18 The ionization
potentials and oxidation potentials for some representa-
tive nitrogen compounds are summarized in Table 1.
Examination of Table 1 shows that both ionization
potentials and oxidation potentials of p-phenylenedi-
amines are much lower than those of anilines and other
related nitrogen compounds. The data in Table 1 also
show that the ionization and oxidation potentials have a
good linear relationship.
Electron Transfer Mechanism for Olefinic Ozo-
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Table 1. Ionization Potentials in the Gas Phase and
Oxidation Potentials in DMSO Solution for Some

Representative Nitrogen Compounds

nitrogen substrate
ionization

potentials (eV)a Eox(HA)c

aniline 7.44 0.445d
p-methylaniline 7.24 0.305d
m-chloroaniline 8.09 0.635d
o-chloroaniline 8.5 0.625d
p-chloroaniline 8.18 0.535d
p-nitroaniline 8.34 0.895d
N-methylaniline 7.33 0.446d
carbazole 7.57 0.755d
diphenylamine 7.16 0.455d
o-phenylenediamine 7.29b -0.142
m-phenylenediamine 7.26b -0.04
p-phenylenediamine 6.52b -0.320
N,N,N′,N′-tetramethyl-
p-phenylenediamine

5.97b

a In eV; taken from Lide, D. R. CRC Handbook of Chemistry
and Physics, 76th ed.; CRC Press: Boca Raton, 1995-1996; p 10-
210 (unless otherwise indicated). b Layer, R. W. In Kirk-Othmer
Encyclopedia of Chemical Technology, Vol. 2, 4th ed.; Kroschwitz,
J. I., Ed.; Wiley: New York, 1992; pp 473-482. c In volts; oxidation
potentials measured in DMSO solution by cyclic voltammetry and
referenced to the ferrocene/ferrocenium couple; this work unless
otherwise indicated. d Data taken from Bordwell, F. G.; Zhang, X.-
M.; Cheng, J.-P. J. Org. Chem. 1993, 58, 6410.
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millimeter spectra in the gas phase20 and confirmed by
the theoretical calculations.21 The charge-transfer com-
plexes have been suggested to be formed in the low-
temperature ozonations of mesitylene, 1-mesityl-1-phen-
ylethylene, and 1-methoxy-1,2,2-trimesitylethylene.22 An
initial electron transfer from the double bond of the
olefinic substrates to ozone has been proposed to explain
the formation of the radical intermediates observed at
-78 °C for these ozonations as the primary ozonide.22

The electron transfer mechanism is consistent with the
numerous experimental evidences documented in the
literature.1,2,23 A new visible absorption peak of the
charge transfer complex intermediate could always be
observed when ozone was mixed with olefinic substrate
at low temperatures.24 The wavelengths of the visible
absorption spectra for the aromatic ozonations have been
shown to gradually increase as the number of the alkyl
substitutions of the double bond increases. This could
be attributed to the electron-donating properties of the
alkyl substituents, which can stabilize the radical cation
intermediates formed and shift the absorption to the red
side.22b

A strong ESR signal had been observed when unsatur-
ated polymeric rubber was exposed to ozone.25 Careful
experiments have been performed to show that the
radical intermediate formed does not come from a second
reaction course since the radical intermediate concentra-
tion is proportional to the concentration of ozone and the
number of the double bonds ruptured.26 Therefore, we
conclude that the charge-transfer complex should be
formed before the primary ozonide formation. It is also
conceivable that the primary ozonide is the charge-
transfer complex rather than the 1,3-dipolar addition
product.
It is impossible that the radical intermediates observed

at the olefinic ozonations were generated from the direct
hydrogen atom abstraction from the allylic hydrogen
atom by a neutral ozone molecule23a even though the
theoretical calculations have shown that the ground state
of the ozone molecule has a diradical character.27 Nangia
and Benson have estimated that the O-H bond dissocia-
tion energy of the HO3

• radical is about 69 kcal/mol,28
which is consistent with our 66.3 kcal/mol29 from the
theoretical calculations by the CBS-4 model.30 The allylic

and benzylic C-H bonds are the weakest C-H bonds in
most unsaturated hydrocarbons, and their bond dissocia-
tion energies are known to be in the range of 80-90 kcal/
mol.31 For example, the bond dissociation energy of the
allylic C-H bond in propene is 86 kcal/mol, and the
benzylic C-H bond is 88 kcal/mol in toluene and 82 kcal/
mol in diphenylmethane.31 In other words, the direct
hydrogen atom abstraction by ozone molecule from these
allylic or benzylic C-H bonds will be thermodynamically
unfavorable by about 15-25 kcal/mol.
Conversely, the hydrogen atom abstraction from the

olefinic radical cations by a neutral ozone molecule or
an ozone radical anion32 should be thermodynamically
favorable because the reactivities of radical ions are much
higher than those of their neutral substrates.33,34 The
bond dissociation energies of the benzylic C-H bonds in
toluene and diphenylmethane radical cations were esti-
mated to be 48 and 32 kcal/mol, respectively.33a This
indicates that the formation of the toluene and diphen-
ylmethane radical cations by removal of one electron
weakens the corresponding benzylic C-H bonds by about
40-50 kcal/mol. The hydrogen atom abstraction from
the benzylic C-H bonds of the toluene or diphenyl-
methane radical cations by neutral ozone molecule or
ozone radical anion should be thermodynamically favor-
able (spontaneous).
Correlation of Rate Constants with Ionization

Potentials. If the first step of the olefinic ozonation is
single electron transfer reaction, it is anticipated that the
rate constants for the olefinic ozonations should be
related to the ionization potentials of the corresponding
olefinic substrates since the olefinic radical cation stabili-
ties will be determined by their ionization potentials.18
Wei and Cvetanvic35 have determined the ozonation

rate constants for various substituted olefinic compounds
in the gas phase. The relative rate constants, together
with the corresponding ionization potentials of the ole-
finic substrates, are summarized in Table 2. Examina-
tion of Table 2 reveals that the rate constants increase
as the number of alkyl substituents adjacent to the
double bond increases. Interestingly, the relative rate
constants have a remarkable correspondence with the
ionization potentials of the olefinic substrates. A plot of
the logarithm of the ozonation rate constants versus the
ionization potentials of the corresponding olefinic sub-
strates is linear with a regression coefficient of 0.96 as
shown in Figure 1.
The nice linear correlation indicates that the activation

energies of these ozonations are proportional to the
ionization potential differences of the corresponding
substrates.36 This also suggests that the electron transfer
reaction is the rate-determining step for the ozonations.37
This explains why the ozonation rate constants for
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halogenated olefins are much slower than those for the
related non-halogenated olefins. The ozonation rate
constants were found to dramatically decrease as the
number of chlorine substituents increases because chlo-
rine has a much larger electronegativity than does
carbon.38 The electron density of the carbon-carbon
double bond will decrease as the number of the chlorine
substituents increases.
The linear correlation of Figure 1 also suggests that

the ozonation of nonsubstituted ethylene proceeds via the
electron transfer mechanism even though no charge-
transfer complex has been observed in the condensed
phase at low temperature.19d It is, however, consistent
with the observation of the ozone ethylene complex in
the gas phase.39 Therefore, we believe that the Criegee
ozonation mechanism needs to be modified by addition

of the electron transfer reaction in order to interpret the
experimental observations. The new mechanism is shown
in Scheme 4.
The formation of radical cation intermediates is con-

sistent with the negative F (∼-1.0) values for the
ozonation of a series of olefins containing aromatic
substituents.40 The electron transfer mechanism is also
consistent with the antiozonant protection mechanism
for the elastomer (rubber) products.41 Antioxidants42 and
antiozonants41 play a very important role in the polymer
industry. From a chemical point of view, the ozonation
mechanism for the small alkenes should be same as that
for the unsaturated polymer molecules. The olefinic
radical cation intermediates formed from the ozonations
(Scheme 4) should be readily quenched by p-phenylene-
diamine since the ionization potentials of p-phenylene-
diamine and its derivatives (Table 1)43 are about 2 eV
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90, 4248.
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J. Z.; Gillies, C. W.; Suenram, R. D.; Lovas, F. L.; Stahl, W. J. Am.
Chem. Soc. 1989, 111, 3073.
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Can. J. Chem. 1973, 51, 3398.
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Chemistry; Transworld Research Network, Vol. II, in press. (b) Zhu,
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Figure 1. Linear correlation of the logarithm of the ozonation rate constants versus the ionization potentials: (1) ethylene; (2)
propene; (3) 1-butene; (4) 1-pentene; (5) 3-methyl-1-butene; (6) 4-methyl-1-pentene; (7) 1-hexene; (8) isobutene; (9) 2-methyl-1-
butene; (10) cis-2-butene; (11) trans-2-butene; (12) 2-methyl-1-pentene; (13) cis-2-pentent; (14) trans-2-pentene; (15) 4-methyl-2-
pentene; (16) 2-methyl-2-butene; (17) 2-methyl-2-pentene; (18) 2,3-dimethyl-2-butene.

Table 2. Relative Ozonation Rate Constants for
Substituted Olefins

olefinic substrate
ionization

potential (eV)a k (L mol-1 s-1)b

ethylene 10.51 1.00
propene 9.73 4.52
1-butene 9.58 4.05
1-pentene 9.52 4.05
3-methyl-1-butene 9.52 3.57
4-methyl-1-pentene 9.45 4.05
1-hexene 9.44 5.00
isobutene 9.24 4.76
2-methyl-1-butene 9.13 5.95
cis-2-butene 9.11 9.52
trans-2-butene 9.10 10.5
2-methyl-1-pentene 9.08 5.95
cis-2-pentene 9.04 11.4
trans-2-pentene 9.04 12.9
4-methyl-2-pentene 8.98 11.0
2-methyl-2-butene 8.68 15.2
2-methyl-2-pentene 8.58 15.2
2,3-dimethyl-2-butene 8.27 26.2
a Ionization potentials in the gas phase at 25 °C. Data taken

from Lide, D. R. CRC Handbook of Chemistry and Physics, 76th
ed.; CRC Press: Boca Raton, 1995-1996; p 10-210. b Relative gas
phas ozonation rate constants under a nitrogen atmosphere.36

Scheme 4
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(46 kcal/mol) lower than those of 2,3-dimethyl-2-butene,
the lowest ionization potential in Table 2. It is not
unexpected that most of the efficient antiozonants on the
market are the derivatives of p-phenylenediamine.44 The
tremendous differences in ionization potential are con-
sistent with the fact that addition of a small amount (less
than 5%) of antiozonants can efficiently prevent the
rubber products from the ozone degradation until all of
the antiozonants are exhausted.45

The ozonation rate constants for a series of methyl-
substituted benzenes in carbon tetrachloride are sum-
marized in Table 3,46 along with the ionization potentials
of the corresponding aromatic compounds. The ozonation
rate constants for aromatic compounds are expected to
be much smaller than those for olefinic compounds
because of the much larger activation energies necessary
to destroy the aromatic resonance structure in the
formation of the corresponding radical cations.47 Nev-
ertheless, the ozonation rate constants dramatically
increase as the number of the methyl substituents
increases.48 The logarithm of the ozonation rate con-
stants can also be linearly correlated with the ionization
potentials of the corresponding aromatic substrates with
a regression of 0.97 as shown in Figure 2. The good

correlation also suggests that the aromatic ozonations
proceed via the electron transfer mechanism (Scheme 4).

Experimental Section
The oxidation potentials of the nitrogen compounds were

measured by conventional cyclic voltammetry similar to the
method described previously.49 The working electrode con-
sisted of a 1.5 mm diameter platinum disc embedded in a
cobalt glass seal. It was polished with 0.05 µm Fisher
polishing aluminum or cleaned with an ultrasonic instrument,
rinsed with ethanol, and dried before each run. The counter
electrode was platinum wire (BAS). The reference is Ag/Ag+

couple, but the reported oxidation potentials are all referenced
to the ferrocene/ferrocenium couple.

Acknowledgment. We are grateful to Mr. Douglas
A. Pippin and Mr. Jerome C. Shiels for their proof-
reading of the manuscript.

JO970297S

(44) Berrand, G.; Leleu, E. Rubber World 1985 192, 32-35.
(45) (a) Cox, W. L. Rubber Chem. Technol. 1959, 32, 364. (b)

Erickson, E. R.; Berntsen, R. A.; Hill, E. L.; Kusy, P. Rubber Chem.
Technol. 1959, 32, 1062. (c) Razumovskii, S. D.; Batashova, L. S.
Rubber Chem. Technol. 1970, 43, 1340.

(46) Nakagawa, T. W.; Andrews, L. J.; Keefer, R. M. J. Am. Chem.
Soc. 1960, 82, 269.

(47) Razumovskii, S. D.; Zaikov, G. E. J. Org. Chem. USSR (Engl.
Transl.) 1972, 8, 473.

(48) (a) Sixma, F. L. J.; Boer, H.; Wibaut, J. P. Recl. Trav. Chim.
Pays-Bas 1951, 70, 1005. (b) Bernatek, E.; Karlsen, E.; Ledael, T. Acta
Chem. Scand. 1967. 21, 1229.

(49) Bordwell, F. G.; Cheng, J.-P.; Ji, G.-Z.; Satish, A. V.; Zhang,
X.-M. J. Am. Chem. Soc. 1991, 113, 9790-9795.

Table 3. Relative Ozonation Rate Constants for the
Methyl-Substituted Benzenes

aromatic substrate
ionization

potential (eV)a k (L mol-1 s-1)b

benzene 9.246 1.00
toluene 8.82 5.9
o-xylene 8.56 29.3
m-xylene 8.56 27.9
p-xylene 8.44 33.9
mesitylene 8.41 150
durene 8.04 382
pentamethylbenzene 7.92 1786
hexamethylbenzene 7.85 8750
a In eV; ionization potentials in the gas phase at 25 °C. Data

taken from Lide, D. R. CRC Handbook of Chemistry and Physics,
76th ed.; CRC Press: Boca Raton, 1995-1996; p 10-210. b Relative
rate constants measured in carbon tetrachloride.46

Figure 2. Linear plot of the logarithm of the relative
ozonation rate constants versus the ionization potentials: (1)
benzene; (2) toluene; (3) o-xylene; (4) m-xylene; (5) p-xylene;
(6) mesitylene; (7) durene; (8) pentamethylbenzene; (9) hexa-
methylbenzene.
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