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FOREWORD 

A D V A N C E S I N C H E M I S T R Y SERIES was founded in 1 9 4 9 by the 

American Chemical Society as an outlet for symposia and col
lections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented, 
their papers distributed among several journals or not pub
lished at all . Papers are refereed critically according to A C S 
editorial standards and receive the careful attention and proc
essing characteristic of A C S publications. Papers published 
in A D V A N C E S I N C H E M I S T R Y SERIES are original contributions 
not published elsewhere in whole or major part and include 
reports of research as wel l as reviews since symposia may em
brace both types of presentation. 
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PREFACE 

'T'he nine chapters which comprise this volume are based on papers 
presented at the symposium on Ozone Chemistry—Reactions with 

Organic Compounds. This, to my knowledge, was the fifth symposium or 
conference which was devoted (or included sessions which were devoted) 
exclusively to the ozone chemistry of organic compounds. The first was 
the broadly based International Ozone Conference in Chicago in Novem
ber 1956. This was followed by symposia or sessions at the September 
1959 A C S meeting in Atlantic City, the December 1963 Southwest Re
gional A C S meeting in Houston (both of which were either arranged or 
coarranged by the undersigned), and the August 1967 International Oxi
dation Symposium in San Francisco. It is hoped that these meetings w i l l 
continue to be held every three to four years. 

Interest in ozone-organic chemistry remains strong, not only because 
of its use and potential use in industrial synthetic chemistry and in the 
space program, but, perhaps more importantly today, its role in air pol
lution and its potential utilization in water pollution problems. More and 
more, ozone appears to be the brightest hope of the future for purifying 
sewage and industrial waste water. This is at least partially the result of 
research during the last 20 years which has called attention to the fact 
that ozone is much more versatile in its reactions than was supposed 
when it was earlier thought of purely as a double-bond reagent. 

Although Harries reported upon the versatility of ozone, this was 
almost forgotten until recently because of the emphasis placed by Harries 
and others upon the ozonolysis reaction. Ozone can be described as a 

resonance hybrid of the following canonical structures: : 0 = 0 + — O " : <—> 

:&—6+=6: <—> 6— 6—O": <—> :6 — 6—6+. As such, it should be 

able to function as a 1,3-dipole, an electrophile, or a nucleophile. In the 
ozonolysis of olefins, acetylenic compounds, and aromatic groupings ozone 
is thought to behave predominantly as a 1,3-dipole although it is possible 
that it sometimes behaves initially as an electrophile in these reactions. It 
is likely that it also behaves as a 1,3-dipole in its reactions with various 
carbon-hydrogen bonds, which are thought to involve insertion. A n inser
tion reaction of some description is also thought to occur in the ozone-
hydrosilane and the organomercurial ozonations reported in this volume. 

ix 
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M u c h of the versatility of ozone in its reactions is the result of its electro-
philic character. As an electrophile it reacts with certain olefins to give 
epoxides or rearrangement products thereof, with certain aromatics and 
heterocyclics, and with nucleophiles such as amines, sulfides, phosphines, 
phosphites, and others, perhaps including ethers. Regarding the reactions 
of ozone with carbon ir systems, evidence is presented here that the initial 
attraction between ozone and the ir system involves the formation of ir 
complexes, examples of which have been observed and characterized for 
the first time. Reactions of ozone with amines and certain other nucleo
philes are often as fast or faster than those with carbon-carbon double 
bonds. This book includes one such study involving aromatic amines. The 
reactions with sp3 systems (carbon- or silicon-hydrogen bonds, etc.) are 
much slower but can occur readily when more reactive systems are not 
present. Examples of ozone as a nucleophile are few and are not included. 
There is no evidence that ozone can react as a radical at ordinary ozona
tion temperatures (room temperature or below). It is not paramagnetic, 
and any initiation of radical reactions via ozonation is probably caused 
by decomposition of hydrotrioxides (insertion products) rather than by 
ozone itself. In addition to the reactions mentioned, ozone reacts with 
carbon-nitrogen, nitrogen-nitrogen, and other unsaturated groupings. 

Although interest is increasing in the versatility of ozone in its re
actions with systems other than carbon IT systems, there is still much to 
be learned concerning the ozonolysis reaction and other reactions between 
ozone and sp2 carbon-carbon systems. Thus, six of the nine papers in 
this volume deal with such reactions. Four of these deal primarily with 
mechanistic aspects of these reactions, while the other two have more to 
do with the utility of ozonolysis although they also discuss mechanistic 
ideas. 

The revival of interest in ozone-organic chemistry during the past 
20 years, which has led to the five symposia or conferences mentioned 
above, is generally credited to Prof. Rudolf Criegee, Emeritus Director of 
the Institute of Organic Chemistry of the University of Karlsruhe, Ger
many. His extraordinarily detailed and precise investigations into the 
mechanism of the ozonolysis reaction transformed this classical reaction 
from an art into a science, dispelling unwarranted fears concerning it 
(based on misconceptions regarding the nature of the peroxidic ozonolysis 
products), and pointing the way to a host of additional theoretical and 
practical studies. Because of this pioneering work, Prof. Criegee can 
justly be called the father of modern ozone-organic chemistry. 

During the past seven or eight years some excellent and novel studies 
have cast doubt upon the Criegee mechanism as the sole mechanism of 
ozonolysis. A l l of the newer mechanisms proposed, however, have ac-
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knowledged that the Criegee mechanism plays an essential, though per
haps sometimes minor, role in ozonolysis. Thus, the genius of Criegee is 
unblemished. In the view of this writer, time is showing that the Criegee 
zwitterion mechanism, with necessary refinements to account for recent 
stereochemical observations, is the major route to the various peroxidic 
ozonolysis products. The other mechanisms may compete and even be
come predominant under specialized conditions but are minor or non
existent under normal ozonolysis conditions. 

I agreed to arrange this symposium only if Prof. Criegee could be 
brought over as an honored participant. This was arranged through the 
help of the Petroleum Research Fund of the American Chemical Society, 
for which I am grateful. Because of the overwhelming contribution of 
Prof. Criegee to modern ozone-organic chemistry and of his great influ
ence on my own professional life, especially during my 1953-54 stay in 
Karlsruhe, I am pleased to dedicate this volume to him, a true gentleman, 
scientist, and personal friend. 

P H I L I P S. B A I L E Y 

Austin, Tex. 
March 1972 

xi 
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1 

Complexes and Radicals Produced during 
Ozonation of Olefins 

PHILIP S. BAILEY, JAMES W. W A R D , R E X E. HORNISH, and 
F R E D E. POTTS, III 

The University of Texas at Austin, Austin, Tex. 78712 

Ozonation of certain hindered olefins at —78°C or higher 
is known to give epoxides or rearrangement products. 
Some new examples are given. It has been proposed that 
a pi complex is formed initially during ozonation of olefins 
and that this either proceeds into 1,3-dipolar cycloaddition 
and ozonolysis products or forms a sigma complex which 
loses oxygen to give an epoxide. The greater the steric 
hindrance, the more that epoxide formation is favored. 
Chemical, NMR, and visible spectral evidence are pre
sented for the formation of complexes between ozone on 
the one hand and 1-mesityl-1-phenylethylene, 1,2,2-tri-
mesityl-1-methoxyethylene and similar compounds on the 
other, at —150°C. Ozonation of 1,2,2-trimesitylvinyl alcohol 
at temperatures ranging from —20° to —150°C gives the 
corresponding oxy radical. An ozone-olefin complex pre
cursor to this is suggested. 

T n previous work it has been shown that a competition exists during 
ozonation of olefins between ozonolysis and epoxide formation ( I ) . 

As steric hindrance increases around the double bond, the yield of 
epoxide or subsequent rearrangement products increases. This is illus
trated with both old (1) and new examples in Table I for purely aliphatic 
olefins and in Table II for aryl substituted ethylenes. It was suggested 
that the initial attack of ozone on an olefinic double bond involves TT (pi) 
complex formation for which there were two fates: (a) entrance into 
1,3-dipolar cycloaddition (to a 1,2,3-trioxolane adduct), resulting in 
ozonolysis products; (b) conversion to a o- (sigma) complex followed by 
loss of molecular oxygen and epoxide formation (Scheme 1). As the bulk 
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2 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Table I. Percentage Epoxide from Ozonation of Aliphatic Olefins 

Olefins 

tert-Bu-C=CH.2 

C H 3 

( t e r ^ B u ) 2 C = C H 2 

(neopent) 2 C = C H 2 

(tert-Bu)2C C=CHo 
I I 

CH3 C H 3 

(neopent) 2 C=CH-£er£-Bu 

Percentage0 

Epoxide 

10b 

15 

29 

81 

91 

Reference 

U) 

U) 

present 

present 

present 
0 Yield of epoxide based on unrecovered olefin, usually determined by V P C . 
b Yield of molecular oxygen accompanying epoxide formation. 

Table II. Percentage Epoxide from Ozonation 
of Aryl Substituted Ethylenes 

Percentage 
Epoxide0 

306 

Olefins 

(C6H5) 2 C = C H 2 

C e H 5 C = C H 2 

o-tolyl 

C 6 H 5 C = C H 2 

o-carboxyphenyl 

C e H 5 C = C H 9 
I 

Mesi ty l 

( M e s i t y l ) 2 C = C H 2 

(Mesityl) 2 C = C (Mesityl) 2 

"Yield of epoxide or rearrangement product(s) thereof based on unrecovered 
olefin. 

b Molecular oxygen yield accompanying epoxide formation. 
0 Isolated yield of epoxide rearrangement product (s). 
d V P C yield of epoxide rearrangement products. 
e No products from attack on double bond found. 

40c 

82d 

95c 

Reference 

V) 

a) 

U) 

(1) 

present 

present 
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1. BAILEY E T A L . Ozonation of Olefins 3 

A , 
I i c—c 

ozonolysis products 
0 

products such as III 
(see Scheme 2) 

Scheme 1 

of the groups around the double bond increases, the rate of 1,3-dipolar 
cycloaddition would be expected to decrease, and epoxide formation 
would be increasingly favored. In the case of tetramesitylethylene 
(Table II) , steric hindrance is so great that there was no evidence for 
attack on the olefinic double bond to produce either ozonolysis products 
or an epoxide (or rearrangement products). It appeared that attack 
occurred only at the mesityl groups. 

Additional evidence for the above picture of ozone—olefin interaction 
arose from ozonation of 1,2,2-trimesitylvinyl alcohol ( I ) . Ozonation of a 
methylene chloride-methanol solution of the vinyl alcohol (I) with 1 
mole equivalent of ozone at — 78 °C gave a yield of the corresponding 
oxy radical (III) of approximately 50% (2). Since ozone itself has no 
radical character, the most reasonable explanation appeared to be a third 
fate of a complex (e.g., II, Scheme 2), which, because of excessive steric 
hindrance, undergoes neither 1,3-dipolar cycloaddition nor sigma com
plex formation but instead dissociates to a cation radical ( IV) and the 
ozonate anion radical ( V ) . The anion radical then abstracts a proton 
from I V to give III (2). This third fate is also illustrated in Scheme I. 
Supporting this mechanism are new data indicating that the yield of III 
is greater in polar than in nonpolar solvents (only 10-20% in pentane 
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4 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

and 5-10% in carbon disulfide). This is reasonable on the basis that 
solvent polarity should increase the ease of dissociation of complex II 
(or some similar complex) through solvation of the resulting moieties. 
Another possibility is that proton abstraction occurs intramolecularly in 
complex II, after which dissociation to III and - O O O H occurs. 

To test these hypotheses further, 1-mesityl-l-phenylethylene ( V i a ) 
and 1,2,2-trimesityrvinyl alcohol (I) were ozonized at temperatures rang
ing from the usual - 7 8 ° C (I , 2) to - 1 5 0 ° C , and the acetate ( V l l b ) 
and methyl ether ( V i l a ) of the vinyl alcohol were ozonized at tempera
tures ranging from 0° to —120°C. 

Ozonation of 1-mesityl-l-phenylethylene at —120 °C gave the same 
results as ozonation at — 78°C ( I ) : evolution of molecular oxygen 
throughout the ozonation and the production of the corresponding epox
ide or the subsequent rearrangement products. However, when the 
ozonation was carried out in Freon 12 at —150 °C, ozone was rapidly 
absorbed, as at higher temperatures, but no molecular oxygen was 
evolved. As the ozone reacted, the reaction mixture changed from color
less to greenish to Burgundy red. No ozone passed into the iodide trap, 
and no precipitate formed in the reaction mixture. When the tempera
ture of the reaction mixture was raised to about —140°C, the color disap
peared, a gas was evolved, and a precipitate of the epoxide appeared. 

H 
: 0 : 

O - H O 

; 0 - H + - O — O — O : 

M e s 2 C ^ - ' C — M e s <• M e s 2 C ^ - ^ C M e s 

II I I V 

• 0 — 0 — 0 — H •> 0 2 etc. 

Scheme 2 
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1. BAILEY E T A L . Ozonation of Olefins 5 

Table III. NMR Absorption Peaks of 1-Mesityl-1-phenyl-
ethylene and Ozonation Products" 

Olefin 
(-150°C) 

7.69 

7.09 

6.74 

5.92 

5.03 

2.29 

2.06 
a The values 

-150°C 
Complex 

7.52 

6.96 

6.58 

5.79 

4.90 

-135°C 
Reaction Mixture 

Containing Epoxide 

6.99 

6.68 

Assignment 

phenyl protons 

mesityl ring 
protons 

vinyl protons 

former vinyl 
protons 

mesityl methyl 
protons 

T M S . 

2.97 

2.15 2.17 

1.97 2.04 
shown are 8 values expressed in ppm, relative to 

In another experiment the gas evolved was shown to be molecular oxygen 
(Beckman oxygen analyzer) (3). Additional experiments showed that 
the evolved oxygen contained singlet oxygen, through its decoloration of 
rubrene and tetraphenylcyclopentadienone (4) and through mass spec
tral characterization of the rubrene—singlet oxygen product. 

Further characterization of the ozone-mesitylphenylethylene com
plex produced at —150°C was done by N M R and visible spectral studies. 
The low temperature N M R spectra of the starting olefin, the red complex 
(ozonized olefin at —150°C) and the dilute reaction mixture at —135°C 
containing the epoxide of 1-mesityl-1-phenylethylene are described in 
Table III. The —150°C solutions of the olefin and the complex contain 
the same bands, the only difference being that the peaks were shifted 
slightly upfield in the formation of the complex. Such is typical of ir 
complexes with very little charge transfer, such as iodine and tetracyano-
ethylene complexes of various aromatic molecules (5, 6) . When the 
temperature of the ozonized reaction mixture was allowed to rise above 
about —145 °C, the N M R spectrum changed, giving rise to the charac
teristic peaks of the epoxide of 1-mesityl- 1-phenylethylene. 

The two phenyl proton peaks in the olefin and the complex spectra 
must be conformational in origin since the olefin at room temperature 
has only one phenyl proton peak, at 8 = 7.18 ppm. A LaPine molecular 
model of the molecule indicates that the phenyl group can rotate freely, 
but the mesityl group is firmly held out of the plane of the olefinic 
double bond. At room temperature there is only one phenyl proton peak 
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6 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

as a result of free rotation, but at —150 °C there are two as a result of the 
molecule's being "frozen" into one particular conformation. 

Visible spectra of frozen solutions of ozone and of the ozone-
mesitylphenylethylene complex in isopentane at —195°C (l iquid N 2 ) 
showed clearly the production of a new band (at 450 m/x) in the forma
tion of the complex. Only a trace of the characteristic (7) ozone band 
(at 575-625 m/x) was present in the spectrum of the complex. 

M e s — C = C H , M e s 2 C = C M e s 

R O R 

V I V I I 

(a) R = phenyl (b) R = C C H S 

(b) R = mesityl || 
0 

Ozonation of 1,1-dimesitylethylene (VIb) at —150°C also gave a 
color indicative of a complex, but because of the low solubility of the 
solvent, an N M R study was not possible. 

Ozonation of 1,2,2-trimesitylvinyl alcohol (I.) at —150°C gave radi
cal III strongly, just as at — 78°C. Apparently, if a complex is formed 
first, the reaction over to the radical is so fast that the complex can not 
be detected. 

Ozonation of the acetate ( V l l b ) and the methyl ether ( V i l a ) of 
vinyl alcohol I in Freon 11, Freon 12, carbon disulfide or methylene 
chloride at temperatures ranging from —50° to —145°C gave no ESR 
signal for a radical. Only in pentane or isopentane at —110°C or below 
was an ESR signal observed, and this proved to have been caused by 
the action of ozone on the solvent. In Freon 11 or 12 at —120°C, a 
greenish gray color indicative of a complex was obtained during ozona
tion of both the ether and the acetate. A n N M R spectrum of the ozone-
methyl ether (of trimesitylvinyl alcohol) complex was almost identical 
with that of the methyl ether itself at —120 °C, with any apparent shifts 
being slightly upfield, as with the ozone-mesitylphenylethylene complex. 
The visible spectrum of the complex was similar to that of the complex 
of mesitylphenylethylene, except that the pure ozone absorption was 
slightly stronger. 

The formation of these complexes is reversible, as one would expect. 
When a cold (—150°C) solution of the reactive olefin cis-3-hexene was 
added to the mesitylphenylethylene complex, the complex was destroyed 
with about one-fifth of the ozone reacting with the olefin to give cis- and 
trans 3-hexene ozonides and the other four-fifths producing the epoxide 
of mesitylphenylethylene, as determined by V P C and N M R spectral 
monitoring of the reaction. Similar treatment of the complex of 1-meth-
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1. BAILEY E T A L . Ozonation of Olefins 7 

oxy-l,2,2,-trimesitylethylene ( V i l a ) with cis-3-hexene at —120°C robbed 
the complex of all of the ozone, producing the 3-hexene ozonides. 

P i complexes have frequently been proposed in initial ozone—olefin 
interactions ( I , 8, 9, 10). To our knowledge, however, the ones reported 
here are the first ever observed and characterized. The fact that com
plexes but no radicals were observed during ozonation of the ether and 
ester of trimesitylvinyl alcohol indicates that the hydroxy proton was 
essential to dissociation of the complexes to radicals. Further discussion 
of the significance of these complexes to ozonation of olefins, as well as a 
discussion of the ir systems involved, wi l l be given elsewhere. 

Experimental 

Materials. 3-te^Butyl-2,3,4,4-tetramethyl-l-pentene and 1,1-dineo-
pentyl-2-ter£-butylethylene were prepared as described by Bartlett and 
Tidwel l ( I I ) ; 1,1-dimesitylethylene was prepared by the method of 
Snyder and Roeske (12); tetramesitylethylene was prepared by the 
method of Zimmerman and Paskovitch (13); trimesitylvinyl alcohol and 
its acetate were prepared by the methods of Fuson et al. (14). The 
methyl ether ( V i l a ) of the vinyl alcohol was prepared by using sodium 
hydride and methyl iodide in tetrahydrofuran; recrystallized from pen-
tane, m.p. 161°-162°C. Anal. Calcd. for C 3 o H 3 6 0 : C , 87.33; H , 8.79. 
Found: C, 87.27; H , 8.70. 

Ozonolyses. Ozonolyses and product determinations at ordinary 
temperatures were carried out as described in previous publications 
(1,2). 

Complex between Ozone and 1-Mesityl-l-phenylethylene. A small 
ozonolysis vessel containing 1.0-2.0 mmole of 1-mesityl-l-phenylethylene 
was purged with nitrogen and cooled to —150 °C in an isopentane-liquid 
nitrogen bath, after which 1 m l of cyclopropane and 10-15 m l of Freon 12 
were condensed in the vessel. The solution was purged with nitrogen, and 
an ozone—nitrogen stream (3) containing one equivalent of ozone was 
introduced into the reaction mixture. Some of the ozone condensed in 
the inlet tube but was slowly pushed into the reaction mixture by the 
nitrogen stream. As the ozone reacted, the color of the complex appeared 
and deepened. In some experiments cis and/or £rans-3-hexene was added 
dropwise to the —150 °C solution of the complex under a dry nitrogen 
atmosphere. Similar techniques were used with the other olefins which 
produced complexes. 

NMR Spectra. The instrument used was a Varian Associates HA-100 
N M R spectrometer equipped for taking spectra at low temperatures. 
The ozonation of 1-mesityl-l-phenylethylene was carried out as described 
above, except in the N M R tube itself using a syringe needle as the inlet. 
In some of the solutions studied cyclopropane was used as the standard. 
However, in all cases the 8 values are relative to T M S . 

Visible Spectra. These were taken on frozen isopentane solutions in 
a rectangular quartz cell cooled in l iquid nitrogen in a quartz Dewar 
flask, using a Cary ultraviolet spectrophotometer. 
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8 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

ESR Spectra. These were recorded with a Varian Associates V-4502 
spectrometer provided by N S F Grant GP-2090 to the Department of 
Chemistry. The techniques used are described in earlier papers (2, 15). 

Singlet Oxygen Determinations. These were carried out as described 
by Murray et at. (4). 
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Ozonolysis: Formation of Cross Diperoxides 

ROBERT W. MURRAY, JOHN W.-P. L I N , and D A N I E L A. G R U M K E 

University of Missouri, St. Louis, Mo. 63121 

Parent and cross diperoxides are produced when tetra-sub-
stituted olefins containing suitable substituents are ozonized. 
Cross diperoxides are also produced when pairs of tetra
-substituted olefins are ozonized together. Comparison sam
ples of diperoxides are conveniently synthesized by treating 
the appropriate ketone with peracetic acid at low tempera
ture. Peracetic acid oxidation of ketone pairs can also be 
used to prepare cross diperoxides. Low temperature NMR 
is used to study diperoxide stereochemistry as well as barriers 
to conformational isomerization. 

*TT<he Criegee (1) mechanism of ozonolysis postulates that unsymmetrical 
olefins should give two zwitterions and two carbonyl compounds and 

hence postulates the possible formation of three different ozonides. This 
prediction has now been realized in a number of cases (2-9). It has also 
been shown that in many cases the ozonide stereoisomer ratio depends 
upon olefin stereochemistry in both normal (3, 6-12) and cross (6-9) 
ozonides. Since the original Criegee mechanism did not provide for these 
stereochemical results, a number of additional suggestions for the mecha
nism have been made (6, 9, 13, 14), all of which retain the fundamentals 
of the Criegee mechanism. 

Criegee and Lohaus (15) and others have shown that tetra-substi-
tuted olefins do not usually give ozonide products but instead give dimeric 
and higher peroxides. Only in the special cases of negatively substituted 
(18) or cyclic olefins (19) do such compounds give ozonides. Presumably 
the failure to give ozonides is the result of the reduced reactivity of the 
ketonic carbonyl toward the zwitterion. If the ketone is present in large 
excess, such as when 2-pentene (20) or tetraphenylethylene (21) are 
ozonized in acetone solvent, then the corresponding ozonide is formed. 

W e have attempted to gain further information concerning the 
mechanism of ozonolysis by using conditions where ozonolysis might be 
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OZONE REACTIONS WITH ORGANIC COMPOUNDS 
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2. M U R R A Y E T A L . Cross Diperoxides 11 

expected to give both normal and cross diperoxides. By choosing suitably 
substituted olefins we would ultimately want to examine diperoxide stereo
isomer ratios and look for a dependence on olefin stereochemistry. In 
carrying out this approach there were at least four different variations 
to be considered. Ozonolysis of olefins type 1 could give both normal 
and cross diperoxides. Here one of the cross diperoxides is capable of 
existing as stereoisomers. Ozonolysis of stereoisomers of type 2 could 
give a single pair of stereoisomeric diperoxides. Ozonolysis of more com
plex tetrasubstituted olefins of type 3 could give both normal and cross 
diperoxides, each of which could exist in stereoisomeric forms. Finally, 
ozonolysis of pairs of symmetrically substituted olefins of types 4 and 5 
could permit formation of both normal and cross diperoxides. In some 
of these cases more than one trans isomer of a diperoxide could be formed, 
depending upon axial-equatorial preferences of the substituents. 

Experimental 

Microanalyses were done by Schwarzkopf Microanalytical Labora
tory, Inc., 56-19 37th Ave., Woodside, N . Y. 11377. 

General Ozonolysis. A Welsbach T-23 ozonator was used as the 
ozone source. Its sample stream output was 0.5 mmole 0 3 /minute. 

NMR Analyses. N M R spectra were recorded on a Hitachi-Perkin 
Elmer R-20 high resolution N M R spectrometer equipped with an 
R-202VT variable temperature accessory. Temperatures were determined 
by measuring peak separations in a methanol sample. Deuteriochloro-
form was used as solvent. 

GPC Analyses. G P C analyses were carried out using a Varian-Aero
graph Model A-700 gas chromatograph. Columns used were 3-10-ft col
umns containing 5-10% XF-1150 on chromosorb G . 

Ozonolysis of Tetramethylene and c*s-3,4-Dimethyl-S-hexene. A 
solution of tetramethylethylene (0.503 gram, 5.98 mmoles) and cis-3,4-
dimethyl-3-hexene (0.692 gram, 6.17 mmoles) in 20 ml pentane was ozon
ized to 63% theoretical yield at —40°C. The product mixture was 
analyzed by G P C using an 8-ft 10% XF^1150 column at 85 °C and a flow 
rate of 150 ml/minute. The mixture contained 25 mg acetone diperoxide, 
36.7 mg l,l,4-trimethyl-4-ethyl-2,3,5,6-tetraoxacyclohexane, and 23.2 mg 
methyl ethyl ketone diperoxide as determined by G P C using an internal 
standard. Total yield of diperoxides was 14%. The diperoxides were 
identified by comparing mp, infrared, N M R , and G P C data with those 
of authentic samples. 

Ozonolysis of 2,3-Dimethyl-2-pentene. A solution of 2,3-dimethyl-
2-pentene (1.04 grams, 10.6 mmoles) in 20 ml pentane was ozonized to 
60% theoretical yield at — 40 °C. The product mixture was analyzed by 
G P C using an 8-ft, 10% XF-1150 column of temperature 85°C and flow 
rate 150 ml/minute. The mixture contained 0.503 mmole acetone diper
oxide, 0.210 mmole l,l,4-trimethyl-4-ethyl-2,3,5,6-tetraoxacyclohexane, 
and 0.12 mmole of methyl ethyl ketone diperoxide. Total yield of diper-
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12 OZONE REACTIONS W I T H ORGANIC COMPOUNDS 

oxides was 31.1%. Anal Calcd. for C 7 H 1 4 0 4 : C , 51.84; H , 8.70. Found: 
C, 51.68; H , 8.51. 

Ozonolysis of cis-3,4-Dimethyl-3-hexene. A solution of cis-3,4-di-
methyl-3-hexene (98% pure, Chemical Samples Co.) (1.12 grams, 10 
mmoles) in 50 ml pentane was ozonized at — 62°C until the blue color 
of excess ozone was evident. A nitrogen stream was used to purge the 
solution of excess ozone. Pentane was then carefully distilled off at atmos
pheric pressure. A water aspirator (20 mm H g ) was then used to remove 
the ketone product. Treatment of this material with 10 ml of an 0.1M 
solution of 2,4-dinitrophenylhydrazine gave 2.33 grams of crude 2,4-
dinitrophenylhydrazone. The crude product was recrystallized and 
identified as the 2,4-dinitrophenylhydrazone of methyl ethyl ketone, mp 
115-116°C. Yield of the ketone was 92% based on olefin used. 

The remainder of the ozonolysis mixture was distilled from 22 °C 
(0.4 mm) to 55°C (0.03 mm) to give 0.549 gram of product. The crude 
product was distilled at 27°C (0.25 mm) to give 0.376 gram of a l iquid. 
Analysis of this material by G P C showed that 70% of it was methyl ethyl 
ketone diperoxide (30% yield) identified by comparison with authentic 
material. The diperoxide had m.p. 7 ° - 8 ° C . The remainder of the product 
was not identified. 

Ozonolysis of tvans-3,4-Dimethyl-3 -hexene. A solution of trans-3,4-
dimethyl-3-hexene (83% pure, Chemical Samples Co.) (1.325 grams, 10 
mmoles) in 50 m l pentane was ozonized at — 65°C until the blue color 
of excess ozone was evident. A nitrogen stream was used to purge the 
solution of excess ozone. Most of the pentane was carefully distilled off 
at atmospheric pressure, and methyl ethyl ketone was distilled off using 
the water aspirator. The ketone was identified through its 2,4-dinitro
phenylhydrazone. The remaining reaction mixture was distilled at 25 °C 
(2 mm) to give 0.396 gram of product. Analysis of this material by G P C 
showed it to be 95% pure (42.7% yield) , and it was identified as methyl 
ethyl ketone diperoxide by comparing its infrared and N M R spectra and 
melting points with those of an authentic sample. 

Ozonolysis of 2-Methyl-3-ethyl-2-pentene. A solution of 2-methyl-2-
ethyl-2-pentene (99% pure, Chemical Samples Co.) (4.48 grams, 40 
mmoles) in 60 m l of methylene chloride was ozonized at — 65°C until 
excess ozone was present. After removal of excess ozone with nitrogen 
purging, methylene chloride and acetone were distilled off at atmospheric 
pressure. Diethyl ketone was removed under water aspirator pressure. 
The remaining reaction mixture was subject to short path distillation at 
19°-23°C (0.05-0.02 mm) to give 2.774 grams of l iquid (fraction A ) . 
Further distillation at 30°C (0.02 mm) gave 0.504 gram of l iquid (frac
tion B ) . Analysis of fraction A by G P C showed that it contained acetone, 
diethyl ketone, and three diperoxides. The diperoxides were identified as 
acetone diperoxide, l,l-dimethyl-4,4-diethyl-2,3,4,5-tetraoxocyclohexane, 
and diethyl ketone diperoxide by comparing infrared and N M R spectra 
and G P C retention times with those of authentic materials. G P C analysis 
of fraction B showed that it contained diethyl ketone diperoxide and an
other unidentified material. Yields as determined by G P C were: 4.26 
mmoles acetone diperoxide, 5.19 mmoles l,l-dimethyl-4,4-diethyl-2,3,5,6-
tetraoxacyclohexane, and 3.34 mmoles of diethyl ketone diperoxide. Total 
yield of diperoxides was 32%. 
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2. M U R R A Y E T A L . Cross Diperoxides 13 

Ozonolysis of Tetramethylethylene and Tetraphenylethylene. A so
lution of 0.259 gram (3.1 mmoles) of tetramethylethylene and 1.0 gram 
(3.1 mmoles) of tetraphenylethylene in 40 ml chloroform was ozonized 
to completion at room temperature. Chloroform was used as the solvent 
since tetraphenylethylene is fairly insoluble in pentane. Analysis of the 
reaction mixture by T L C and G P C showed only acetone diperoxide and 
benzophenone diperoxide to be present. 

Preparation of Diethyl Ketone Diperoxide. To a solution of 0.37 
mole peracetic acid (54 grams, 52% solution in glacial acetic acid) and 
32 grams of 70% sulfuric acid we added, dropwise, 22 grams (0.25 mole) 
of diethyl ketone. The reaction mixture was kept at 2 ° - 1 0 ° C for 80 
minutes and then at 15°-17°C for 130 minutes. The organic layer was 
separated immediately and washed twice with 25-ml portion of 2 M potas
sium bicarbonate solution. The total weight of the organic product was 
21.48 grams. This material was distilled at 39°C (0.01 mm) to give 12.398 
grams (46.2% ) of diethyl ketone diperoxide. Redistillation of this ma
terial at 45°C (0.035 mm) gave pure diethyl ketone diperoxide, m.p. 
8 ° - 9 ° C . The room temperature N M R spectrum in C D C 1 3 of the diper
oxide had a multiplet at 1.8 (8H) and a triplet at 0.98 (12H, / = 7.6 H z ) . 
Anal Calcd. for C 1 0 H 2 0 O 4 : C, 58.80; H , 9.86. Found: C, 58.62, H , 9.95. 

Preparation of Methyl Ethyl Ketone Diperoxide. To a solution of 
0.37 mole peracetic acid (54 grams, 52% solution in glacial acetic acid) 
we added, dropwise, 1.8 grams (0.25 mole) of methyl ethyl ketone. The 
reaction mixture was maintained at 8 ° - 1 0 ° C during ketone addition. 
After addition was complete, the reaction mixture was stirred for 3.5 
hours at 10°-18°C. Stirring was ended when the organic layer had 
reached maximum volume. The organic layer was separated and washed 
twice with 2 M potassium bicarbonate solution. The crude diperoxide 
weighed 18.30 grams. The crude material was distilled at 44° -45°C 
(1.95 mm) to give 16.2 grams (73% ) of pure methyl ethyl ketone diper
oxide with mp 6.5°-8°C. The G P C analysis of the diperoxide on a 10-ft 
X Vi-inch XF-1150 column at 82°C and with a flow rate of 80 ml/minute, 
showing that it had a retention time of 48 minutes. Anal. Calcd. for 
C 8 H 1 6 0 4 : C , 54.43; H , 9.14. Found: C, 54.39, H , 9.20. 

Preparation of 1,1 -Dimethyl-4,4-diethyl-2,3,4,5 -tetraoxacyclohex-
ane. To a cold mixture of 65.8 grams (0.45 mole) of 52% peracetic acid 
and 55 grams of 70% sulfuric acid we added, dropwise, over a one-hour 
period a mixture of 11.6 grams (0.2 mole) of acetone and 17.2 grams (0.2 
mole) of diethyl ketone. During this addition the reaction mixture was 
maintained at 3 ° - 6 ° C . The reaction mixture was then stirred vigorously 
at 6 ° - 1 0 ° C for 3.5 hours. The solid reaction product was filtered off and 
washed with water. The organic layer of the filtrate was separated and 
washed twice with a 2 M potassium bicarbonate solution. The total weight 
of the crude product obtained was 18.38 grams. Analysis of this material 
by G P C (5% XF-1150, 3-ft X y4-inch, column temp - 8 1 ° C ) showed 
that the solid fraction contained 98.5% acetone diperoxide and 1.5% 
l,l-dimethyl-4,4-diethyl-2,3,5,6-tetraoxacyclohexane. The l iquid fraction 
(12.23 grams) contained 3.28% acetone diperoxide, 60.5% 1,1-dimethyl-
4,4-diethyl-2,3,5,6-tetraoxacyclohexane and 31% diethyl ketone diper
oxide. The pure l,l-dimethyl-4,4-diethyl-2,3,5,6-tetraoxacyclohexane had 
m.p. 7 ° - 8 ° C and b.p. 27 .5°-30°C (0.02 mm). The N M R spectrum (room 
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14 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

temperature, C D C 1 3 ) of this material had a triplet at 0.975 (6H, / = 7.6 
H z ) , a singlet at 1.59, and a broad peak centered at 1.89. Anal. Calcd. 
for C 8 H 1 6 0 4 : C , 54.53; H , 9.14. Found: C, 54.50; H , 9.03. 

Preparation of 1,4,4-Trimethyl-1 -ethyl-2,3,5,6-tetraoxacyclohexane. 
To a cooled solution of 5.11 grams (0.035 mole) of peracetic acid and 
4.9 grams (0.035 mole) of 70% sulfuric acid we added, dropwise, with 
stirring 1.015 grams (0.0175 mole) of acetone and 1.34 grams (0.186 
mole) of methyl ethyl ketone. The reaction mixture was maintained at 
5 ° - 1 0 ° C during this addition. After addition was completed, stirring at 
10°C was continued for 3 hours. After addition of 20 ml of ice water the 
organic layer was separated and washed twice with 15-ml portion of 
5 % sodium bicarbonate. The organic layer was diluted to 50 ml with 
chloroform and analyzed by G P C using an 8-ft, 10% XF-1150 column 
at 85 °C. The reaction mixture contained three diperoxides whose yields 
were determined by G P C using an internal standard. The products were 
acetone diperoxide (0.259 gram, 32.5%), l,4,4-trimethyl-l-ethyl-2,3,5,6-
tetraoxacyclohexane (0.41 gram, 47% ), and methyl ethyl ketone diper
oxide (0.16 gram, 20.5%). The room temperature N M R spectrum of 
l,4,4-trimethyl-l-ethyl-2,3,5,6-tetraoxacyclohexane consisted of a triplet at 
0.98 (3H, / = 7.6 H z ) , and a broad singlet at 1.50 (11H). Its m.p. was 
31°C. 

Results and Discussion 

One of our earlier attempts to form a cross diperoxide used a varia
tion of olefin types 4 and 5. In this case equimolar amounts of tetra-
phenylethylene, 6, and tetramethylethylene, 7, were ozonized together. 
While ultimately both acetone diperoxide and benzophenone diperoxide 
could be isolated from the reaction mixture, it became apparent that 
these olefins have such different reactivities toward ozone that the tetra
methylethylene was selectively ozonized. Only after most of the tetra
methylethylene had been ozonized was the tetraphenylethylene attacked. 
The opportunity for cross diperoxide formation in this case is thus minimal. 

By choosing olefins of comparable reactivity towards ozone this diffi
culty can be avoided. When approximately equimolar amounts of 7 and 
cis-3,4-dimethyl-3-hexene, 8, were ozonized together all three predicted 
diperoxides were obtained—i.e., acetone diperoxide, 9, the cross diper
oxide, l,l,4-trimethyl-4-ethyl-2,3,5,6-tetraoxacyclohexane, 10, and methyl 
ethyl ketone diperoxide, 11. 

A l l of the diperoxides obtained in this study are capable of under
going conformational isomerization of the type described earlier (22) for 
acetone diperoxide. By using variable temperature N M R studies the bar
riers to such isomerizations can be obtained. We have measured these 
barriers for all of the diperoxides obtained in this study and w i l l report 
the results elsewhere. 
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2. M U R R A Y ET A L . Cross Dipewxides 15 

C H 3 ^ ^ C H 3 C H 3 ^ ^ C H s 

C H 3 ^ V C H 3 C H / ^ C H 2 

/ \ 
C H 3 C H 3 

C H 3 0 - 0 . C H 3 C H 3 0 — 0 , , C H 3 

C H / 0 — O ' X D H s C H 3 0 — O ^ C H a — C H 3 

9 10 

C H 3 0 — O C H 3 X 0 _ n X 
C H 2

 U ° C H 2 

/ \ 
C H 3 C H 3 

11 
L o w temperature N M R measurements are required in the present 

study, however, to attempt to determine the stereochemical makeup of 
diperoxides such as 11. These results are described later in this paper. 

The total yield of diperoxides obtained is usually low. Presumably 
most of the available zwitterions end up as polymeric peroxides. In the 
ozonolysis of 7 and 8, for example, the total yield of diperoxides is 17.4%. 
The diperoxides were obtained in the ratio of 1:1.35:0.78 for 9:10:11 as 
compared with the statistically predicted ratio of 1:2:1. 

W e have found it useful to prepare authentic samples of the various 
diperoxides encountered by using a variation of the Baeyer-Villiger oxi
dation conditions. Oxidation of ketones at low temperatures using per
acetic acid has been reported (23) to give diperoxides instead of the 
esters produced under Baeyer-Villiger conditions. Authentic samples of 
10 and 11, can be prepared, respectively, by the peracetic oxidation 
of acetone and methyl ethyl ketone jointly or methyl ethyl ketone alone. 
W e are studying the mechanism of this interesting oxidation reaction. 

A n example of the ozonolysis of an olefin of type 1 is provided by 
the ozonolysis of 2,3-dimethyl-2-pentene, 12. In this case the diperoxides 
9, 10, and 11 are produced from a single olefin. A nomenclature con
sistent with that used for ozonides would describe 10 as the parent 
diperoxide and 9 and 11 as cross diperoxides. 
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16 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

C H 3 

C H 3 

' C H 3 

C H 2 — C H 3 

12 

o3 9 + 10 + 11 

In this case the total yield of diperoxides was 27.6%. W e are still 
trying to improve the yield of diperoxide products from these reactions; 
hence these yields should not be regarded as optimum values. A t any 
rate, we have established that cross diperoxides can be formed so that 
we have an additional probe with which to examine the mechanism of 
ozonolysis problem. 

It was now important to examine the question of a possible stereo
chemical influence on diperoxide formation. W e have approached this 
problem initially by ozonizing olefins of type 2. When either cis- or trans-
3,4-dimethyl-3-hexene are ozonized, presumably a single stereoisomeric 
pair of diperoxides can be formed. In fact, this case is complicated by 
the possibility of two trans-diperoxide conformers being produced. The 
cis-diperoxide conformers are identical. Ozonolysis of cis-3,4-dimethyl-3-
hexene, 8, for example, could give the diperoxides, cis-l,3-dimethy 1-1,3-
diethyl-2,3,5,6-tetraoxacyclohexane, 11a, and £rans-l,3-dimethyl-l,3-di-
ethyl-2,3,5,6-tetraoxacyclohexane, l i b , with the latter capable of existing 
as conformers l i b and l i b ' with trans-diaxial methyl and trans-diaxial 
ethyl substituents, respectively. 

C H 3 C H 2 

C H 3 

l i b l i b ' 
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2. MURRAY E T A L . Cross Diperoxides 17 

6 1.90 1.49 0.96 

Figure 1. Room temperature NMR spectrum of methyl ethyl 
ketone diperoxide 

Similar stereochemical possibilities are present when 11 is obtained 
from £rans-l,3-dimethyl-3-hexene, 13, as a cross diperoxide from the ozon
olysis of 12 or from the peracetic acid oxidation of methyl ethyl ketone. 

In fact, in all of these cases 11 appears as a single G P C peak under 
various analytical conditions. The room temperature N M R spectrum of 
11 obtained from all of the sources described is also identical (Figure 
1) , consisting of a triplet at 0.96 (6H, / = 7.6 H z ) , a broad singlet at 
1.49 ( 6 H ) , and a broad peak at 1.90 (4H) (chemical shift values given 
are 8 values relative to internal T M S ) . The low temperature (ca. — 40 °C) 
N M R spectrum of 11 in each case is also identical and consists of (Figure 
2) a triplet at 1.0 (/ = 7.6 H z ) , a singlet at 1.31, a singlet at 1.8, a quartet 
centered at 1.73 (/ — 7.6 H z ) , and a quartet centered at 2.28 (/ = 
7.6 H z ) . 

These N M R results can be interpreted as follows. A t room tempera
ture rapid conformational isomerization is occurring in 11. This leads 
to a single broad peak at 1.49 for the axial and equatorial methyl groups 
and a single broad peak at 1.90 for the axial and equatorial methylene 
groups. The triplet at 0.96 is then assigned to the methyl protons of 
the ethyl groups which are not affected by the conformational isomeriza-
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18 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

tion. At low temperature the isomerization process is slowed to the 
point where the chemical shifts of the protons in the individual con
formers can be detected. The triplet at 1.0 is still assigned to the methyl 
protons of the ethyl group. The two quartets at 1.73 and 2.28 are then 
assigned to the axial and equatorial methylene groups, respectively. The 
two singlets at 1.31 and 1.8 are assigned to the axial and equatorial methyl 
groups, respectively. The equatorial methylene and methyl groups are 
assigned the low field absorptions on the basis of ring current effects (24). 

The axial and equatorial methyl and methylene absorptions have 
essentially equal peak areas. This spectrum is therefore consistent with 
the product's being the cis isomer, 11a. For the trans isomer one might 
expect a preference for the conformer with the diequatorial ethyl groups, 
l i b . In this case the axial and equatorial absorptions should not have 
equal intensities. Such a preference is expected to be small, however, 
and the N M R spectrum must be regarded as consistent with the trans 

i 

s 

Figure 2. Low temperature (—40°C) NMR spectrum of 
methyl ethyl ketone diperoxide 
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2. M U R R A Y E T A L . Cross Diperoxides 19 

C H 3 ^ ^ C H 2 C H 3 0 a
 C \ y0—0K y C H 2 C H 3 

> 9 + X X + 
C H 3 < - C H 2 C H 3 C H , / N O - 0 ^ C H 1 C H . 

14 15 

C H 3 C H 2 0 _ Q y C H 2 C H 3 

X X' 
C H 3 C H 2 ° — 0 ^ C H 2 C H 3 

16 

0 
|j H 2 S 0 4 

C H 3 — C H 2 — C — C H 2 — C H 3 > X 6 

C H 3 — C — 0 — 0 — H 
II 
0 

0 0 H 2 S 0 4 

II II > 
C H 3 — C H 2 — C — C H 2 — C H 3 + C H 3 — C — C H 3 C H 3 - C - 0 - 0 - H 

0 

9 + 15 + 16 

product also. Although the chemical shifts of the ring substituents in 
the cis and trans isomers can be different, the structures are so similar 
that any differences would probably not be detectable. The N M R results, 
therefore, are consistent with 11 as the cis or trans isomer or a mixture 
of both. 

Since the same product or mixture of products was obtained from 
both cis and trans olefins (8 and 13), it is not possible to determine 
whether there is any influence of olefin stereochemistry on diperoxide 
stereochemistry in this case. 

W e hope to work with a stereoisomeric pair of olefins of type 2 where 
the substituent sizes are sufficiently different to permit an evaluation of 
the influence of olefin stereochemistry on the reaction. Similar considera
tions w i l l have to be kept in mind when choosing a more complex olefin 
of type 3. 
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20 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

We also have examined one final type of olefin. This type of olefin, 
represented by 2-methyl-3-ethyl-2-pentene, 14, is also capable of giving 
cross diperoxides although in this case the diperoxide products are not 
capable of existing as stereoisomers. Ozonolysis of 14 gave three diper
oxides, 9, l,l-dimethyl-4,4-diethyl-2,3,5,6-tetraoxacyclohexane, 15, and 
3-pentanone diperoxide, 16. 

Here again the peracetic oxidation method was used to prepare 
comparison samples of diperoxides. Oxidation of 3-pentanone, for ex
ample, gave a 46% yield of 16. This method can also be used to prepare 
diperoxides such as 15. When equimolar amounts of acetone and 3-pen
tanone are oxidized by the peracetic acid method, diperoxide 15 is ob
tained along with 9 and 16. Similarly, oxidation of equimolar amounts 
of acetone and 2-butanone gave 9, 10, and 11. 

We have shown that cross diperoxides can be formed by various 
ozonolysis procedures. We now hope to parallel the work done where 
cross ozonides were produced—i.e., to examine the influence of olefin 
stereochemistry and other reaction variables. 
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3 
Fragmentation of Ozonides by Solvents 

R U D O L F C R I E G E E and H E L M U T KORBER 

Institut für Organische Chemie, Universität Karlsruhe, Germany 

Ozonides, bearing at least one H atom at the trioxolane 
ring, decompose quantitatively in some solvents into one 
molecule of acid and one molecule of aldehyde or ketone. 
Alcohols show the highest rate while solutions in hydrocar
bons are stable. In methanol the reaction rates were mea
sured at constant pH and salt concentration by automatic 
titration of the acid formed. The rates differ by a factor of 
103, depending upon the constitution and the configuration 
of the ozonides. The abstraction of an H atom from the 
trioxolane ring occurs in the rate-determining step. A 
mechanism similar to that of Kornblum-DeLaMare is pro
posed. Several new ozonides were prepared. In three cases 
their configuration was established by resolution into opti
cally active forms by chromatography on cellulose acetate. 

Solutions of stilbene ozonides in methanol slowly decompose at room 
^ temperature with the formation of benzoic acid and benzaldehyde. 
Other ozonides show similar behavior. However, the reaction rates differ 
from solvent to solvent and depend on the constitution and configuration 
of the ozonide. Therefore, we decided to investigate these reactions 
more carefully. Many new ozonides—especially those with one or more 
aromatic substituents—had to be prepared, and their configurations had 
to be established. 

Preparation of the Ozonides 

Ozonides having one or two substituents at the trioxolane ring—in 
the latter case symmetrically or unsymmetrically—were prepared from 
the corresponding olefins by ozonization in pentane, usually at —78°C. 
The 3,5-disubstituted trioxolanes were separated into cis- and trans-
isomers by crystallization or by column chromatography. 

22 
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3. CRIEGEE A N D KORBER Fragmentation of Ozonides 23 

Table I. New Trioxolanes 

o3 / O - O 
C6H5—CH=CH—C6HS -»• C 8 H 5 — C H ^ ^ C ( C H 3 ) 2 44% 

acetone 0 

0 3 / O - O CH 3 

C6H5—CH=CH—C«Hr> -» C 0H 3—CHC^ 29% 
butanone 0 C2H5 

o3 X)—a C H 3 

C6H5—CH=CH—C6H5 -» C«H-—CHC 59% 
acetophenone C e H s 

0 3 /O—o 
( 0 6 ^ ) 2 0 = 0 ( 0 0 ^ ) ; , - » (CoH3)2cC "X(CH 3) 2 74% 

acetone 0 

0 3 >0—CL CH 3 

(C6H5)2C=C(C«H5)2 -* (C6H5)2CL >C 62% 
butanone 0 C2H5 

o3 ^ , 0 - 0 

( C C H 5 ) 2 C = C ( C 6 H 3 ) 2 (C«H 5 ) 2 C^ ^ C ( C 6 H 5 ) 2 25% 
benzophenone 0 

Some trisubstituted ozonides could be obtained only by the method 
of Murray, Story, and Loan (1)—namely, the ozonization of disubstituted 
olefins in ketones as solvents. Ozonization of tetraphenylethylene in ace
tone, methyl ethyl ketone, or benzophenone gave the hitherto unknown 
trioxolanes with four hydrocarbon residues (2). Table I shows some 
examples. 

Other new ozonides include those of acenaphthylene and 3,4-di-
chloro-3,4-dimethyl-cyclobut-l-ene. They are the cyclic analogs of cis-
stilbene ozonide and l,4-dichloro-but-2-ene ozonide, respectively. Alto
gether, more than 45 ozonides were investigated. 

Experimental 
Ozone was prepared with an ozone generator (type OZ II of the 

Fischer Labortechnik, Bad Godesberg, Germany). D r y oxygen contain
ing about 10% ozone was introduced at a speed of 10-20 liters/hour in 
the olefin solution at — 78 °C. Dry and olefin-free n-pentane was used as 
solvent. 

After ozonation, the solvent usually was removed at 30°C under 
rotation. The residue was either distilled in vacuo or crystallized or 
purified by column chromatography on silica gel. n-Pentane, with in
creasing amounts of ether (up to 1.5% ), served for the elution. Those 
mixtures of stereoisomeric ozonides which could not be separated pre-
paratively were analyzed by their N M R spectra using a Varian A 60 
spectrometer. The results are summarized in Tables I I - V . More details 
can be found in Ref. 3. 
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24 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Table II. Preparation and Properties 

Starting Olefin l$,4-Trioxolane Formula 
Yield, 

% 

Styrene 3-phenyl G 8 H 8 03 71* 

p-Methoxystyrene 3-p-methoxyphenyl C9H10O4 41 

p-Methylstyrene 3-p-tolyl C9H10O3 70 

p-Chlorostyrene 3-p-chlorophenyl C 8 H 7 C 1 0 8 70" 

p-Nitrostyrene 3-p-nitrophenyl C 8 H 7 N 0 5 44 

A l l y l chloride 3-chloromethyl C3H5C103 80 

5-Chloropentene 3- (3-chloropropyl) C B H 9 C 1 0 3 50 

a Calculated values in parentheses. 
b Plus 9% stilbene ozonide (cis/trans 4/6). 

Table III. Preparation and Properties 

Starting Olefin 1,8,4-Trioxolane Formula 
Yield, 

% 

1,1-Diphenylethylene 3,3-diphenyl C14H12O3 57 

2-Pheny 1-but-1-ene 3-ethyl-3-phenyl C10H12O3 62 

2-Phenyl-propene 3-methyl-3-phenyl C9H10O3 74 6 

2-Methyl-propene 3,3-dimethyl C 4 H 8 03 45 c 

2,3-Dimethyl-but-l-ene 3-methyl-3-isopropyl C6H1.2O3 45 

a Calculated values in parentheses. 
b Plus 7% dimeric acetophenone peroxide. 
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3. CRIEGEE A N D KORBER Fragmentation of Ozonides 25 

of Monosubstituted Trioxolanes 

Mp (Bp), 
°C/torr 

Analysis' 
Mp (Bp), 

°C/torr C H NMR Spectrum" in CClt 

(37-38/.01) 4.90 (s), 4.85 (s), 4.10 (s), 2.70 (m) 
1:1:1:5 

61-62 59.57 
(59.37) 

5.77 
(5.53) 

6.24 (s), 4.73 (s), 4.63 (s), 4.06 (s), 2.83 
(AB system, J = 9 H z ) ; 3:1:1:1:4 

(55/0.01) 66.21 
(66.05) 

6.12 
(6.07) 

7.75 (s), 4.81 (s), 4.73 (s), 4.08 (s), 2.79 
(AB system, «/= 9 H z ) ; 3:1:1:1:4 

(62/0.03) 51.23 
(51.49) 

3.73 
(3.38) 

4.73(s), 4.67 (s), 4.04(s), 2.60 (s) 
1:1:1:4 

77 48.86 
(48.74) 

3.62 
(3.58) 

4.65 (s), 4.61 (s), 3.82 (s), 2.02 (AB 
system, J = 9 H z ) ; 1:1:1:4 

(51/18) 28.99 
(28.94) 

4.05 
(4.05) 

6.50(d, J — 5 H z ) , 5.05(s), 4.77(s), 
4.60(t, J = 5 H z ) ; 2:1:1:1 

(36/0.04) 39.20 
(39.36) 

5.99 
(5.95) 

8.11 (m), 6.45(m), 5.02(s), 4.90(s) 
4:2:1:2 

c Plus 13% p,p'-dichlorostilbene ozonide (cis/trans 4/6). 
d Values of T ; T M S as internal standard. 

of 3,3-Disubstituted Trioxolanes 

Analysisa 

°C/torr C H NMR Spectrum* in CClk 

nD
20 1.5760 74.19 5.44 4.85(s),2.75(m);2:10 

(73.67) (5.30) 
4.85(s),2.75(m);2:10 

46/0.05 66.15 6.79 9.12 (t, J — 7Hz) , 8.02 (q, J = 7Hz) , 
(66.65) (6.71) 4.99 (s), 4.93 (s), 2.67 (m) ; 

35/0.03 64.88 6.20 3:2:1:1:5 
(65.05) (6.07) 8.33(s),4.94(s), 2.57(m); 3:2:5 

44/143 45.62 7.61 8.60(B), 5.00(s); 6:2 
(46.15) (7.75) 

8.60(B), 5.00(s); 6:2 

48/37 54.31 9.23 9.06 (d, J — 7Hz) , 8.70 (s), 8.06 
(54.53) (9.15) (septet) 

5.06(s), 4.95(s); 6:3:1:1:1 

c Plus 4% dimeric acetone peroxide. 
d Values of r ; T M S as internal standard. 
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26 O Z O N E REACTIONS W I T H ORGANIC C O M P O U N D S 

Table IV. Preparation and Properties 

Starting Olefin 1$^Trioxolane Formula 

trans- 1-Phenylpropene 3-methyl-5-phenyl C9H10O3 

Yield; 
% 
54c 

(37/63) 

trans-Crotyl bromide 3-methyl-5-bromo- C 4 H 7 B r 0 3 74 
methyl (24:76) 

l,4-T)ibromo-but-2-ene 3,5-bis (bromo-
(cis or trans) methyl) 

C^eBraOa 55 
(36:64) 

£rans-3,4-Dichloro-
3,4-dimethyl-cyclo-
butene 

£rans-3,4-Dichloro-
1,2,3,4-tetramethy 1-

cyclobutene 
Acenaphthylene 

CftHftCloOa 61 

CgHiaCkOs 43 

C12H8O3 25 

• Cis-trans ratio in parentheses. 
6 Calculated values in parentheses. 

Results and Discussion 

Configuration of cis-trans Isomeric Ozonides. In symmetrically di-
substituted trioxolanes, the cis isomer is a meso and the trans isomer is 
a racemic form. Therefore, resolution into antipodes makes it possible 
to determine the configuration. In 1966, Loan, Murray, and Story (4) 
were able to obtain an optically active form of one of the diisopropyl-
trioxolanes, proving it to be the trans isomer. Their method—partial 
decomposition of the ozonide by brucine—could not be applied to the 
stilbene ozonides. 

Chromatography of a benzene solution of the low melting stilbene 
ozonide (mp 92°C) on finely divided cellulose-2 1/2-acetate, however, 
yielded fractions of the ozonide with specific rotation at 360 nm of 
+8 .94° and —20.45°, respectively (5). This isomer, therefore, is the 
trans compound. Under the same conditions, the higher melting ozonide 
(mp 100°C) gave no fraction with optical activity, in agreement with 
its cis configuration. 
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3. CRIEGEE A N D KORBER Fragmentation of Ozonides 27 

of 3,5-Disubstituted Trioxolanes 

Analysisb 

Mp, 
°C 

trans: 54 
cis: l iquid 

trans: liquid 
cis: l iquid 

trans: liquid 
cis: l iquid 

91 

75 

106 

C H 

65.08 6.24 
(65.06) (6.07) 

26.60 3.89 
(26.25) (3.86) 

18.02 2.39 
(18.34) (2.31) 

36.24 4.13 
(36.21) (4.05) 

42.38 5.34 
(42.33) (5.29) 

71.68 3.96 
(72.00) (4.03) 

NMR Spectrum* in CClh 

cis: 8.57 (d, J — 5Hz) , 4.52 (q, J — 
5Hz) , 3.97(s), 2.60(m); 3:1:1:5 

trans: 8.60(d, J = 5Hz) , 4.49 (q, J = 
5Hz) , 4.00(s), 2.60(m); 3:1:1:5 

cis: 8.55 (d, J — 5Hz) , 6.71 (d, J = 
5Hz) , 4.80 (q, J = 5Hz) , 4.52(q, 
J — 5 H z ) ; 3 : 2 : l : l 

trans: 8.57 (d, J = 5Hz (, 6.64(d, J 
— 4.5Hz), 4.60 (q, J — 5Hz) , 4.65 
(q, J = 4 .5Hz) ; 3:2:1:1 

cis: 6.55 (d, J = 4.5Hz), 4.56(t, J = 
4 . 5 H z ) ; 4 : 2 

trans: 6.64 (d, J — 5Hz) , 4.43 (t, J = 
5Hz) •• 4:2 

8.24(s) ,8.21 (s), 4.43(s), 4.29(s); 
3:3:1:1 

8.40(B), 8.29(s), 8.27 (s), 8.20 (s); 
3:3:3:3 

3.63(s), 2.60(m); 2:6 

c Plus 15% stilbene ozonide; but-2-ene ozonide was also found by gas chroma
tography. 

d Values of r; T M S as internal standard. 

In the same way, the l,4-dichloro-but-2-ene ozonide with the shorter 
retention time on silica gel yielded fractions with [a]4oo = —2.66° and 
+ 4 . 2 ° ; the ozonide of l,4-dibromo-2,3-dimethyl-but-2-ene, which only 
could be made in one form with a melting point of 42 °C, yielded frac
tions with M330 — +50 .7° and —39.2°. Both, therefore, have the trans 
configuration. It is remarkable that the trans ozonide in this case is the 
only product, even when pure cis-l,4-dibromo-2,3-dimethyl-but-2-ene is 
ozonized. 

The configurations of the other ozonides are based on the assump
tion that the trans isomers have the lower dipole moments in comparison 
with the cis compounds. As a measure of the dipole moment the reten
tion time in l iquid phase or gas chromatography was used. The isomer 
with the lower retention time should be the trans compound. 

Except for the trioxolanes with halo alkyl groups, the trans com
pounds always reacted more slowly with triphenylphosphine than did the 
cis isomers. The N M R values generally cannot be used to estimate the 
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Table V. Preparation and Properties 
Solvent, 

Temperature, 
°C 1,8,4-Trioxolane 

acetone 3,3-dimethyl-
—78 5-phenyl 

acetophenone 3-methyl-3,5-
0 diphenyl 

Formula 
C10H12O3 

C15H14O3 

Starting Olefin 
£rans-Stilbene 

£rans-Stilbene 

cis-Stilbene 
butanone 

- 7 8 
3-methyl-3-ethyl-

5-phenyl 

3-methy 1-5,5-
diphenyl 

3,5-dimethyl-
3-phenyl 

C11H14O3 

C15H14O3 

C10H12O3 

1,1-Diphenylpropene pentane 
- 7 8 

2-Phenyl-but-2-ene pentane 
- 7 8 

a Calculated values in parentheses. 
b Cis-trans ratio in parentheses. 
c Plus 19% stilbene ozonide + 4% dimeric benzaldehyde peroxide. 
d Phenyl and methyl in the cis position. 

configuration because they are influenced by substituents in different 
ways. They can be of value, however, in series of homologous ozonides. 
As shown later, the rate of fragmentation is always higher for the trans 
ozonides, at least in the series of disubstituted trioxolanes. 

Fragmentation Products. A l l ozonides except for the tetrasubstituted 
ones are cleaved quantitatively by many solvents. While symmetrically 
disubstituted ozonides give one mole of acid and one mole of aldehyde 
as products, and trisubstituted ozonides yield one mole acid and one 
mole of a ketone, in the case of monosubstituted or unsymmetrically 
3,5-disubstituted trioxolanes, two kinds of acids and two kinds of alde
hydes are possible. The fragmentation products in these cases were 
treated with diazomethane, and the mixture of the methyl esters was 
analyzed by gas chromatography. The results are shown in Table V I . 
In all of these examples, the reactions go predominantly in one direction. 
When R and R ' are more similar, however, both kinds of reaction prod
ucts would be expected in more nearly equal amounts. 
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3. CRIEGEE AND KORBER Fragmentation of Ozonides 29 

of Trisubstituted Trioxolanes 

Yield," Bp, 
Analysis' 

% °C/torr C H 
44 39/0.04 67.35 6.62 

(66.65) (6.71) 
29 ° trans :m.p. 54 74.28 5.80 

(43:57) cis: liquid (74.36) (5.82) 

59 70/0.02 68.34 7.31 
(27:73) (68.02) (5.82) 

30 ' 94/0.02 74.18 5.82 
(74.36) (5.82) 

27 ' 43/0.04 66.41 6.62 
(42:58) (66.65) (6.71) 

Ν MR Spectrum' in CClk 

8.49 (s), 8.45 (s), 3.96 (s), 
2.60(m) ; 3:3:1:5 

cis: 8.18(s),4.05(s), 2.65 
( m ) ; 3 : l : 1 0 

trans: 8.28(s), 3.98(s), 
2.75(m); 3:1:10 

cis:" 9.00 (t, J = 7Hz) , 
8.50(s),8.28(q,y = 7Hz) , 
4.08 (s), 2.70 (m); 

3:3:2:1:5 
trans: 9.04(t, J = 7Hz) , 

8.55 (s), 8.16 (q, J = 7Hz) , 
4.04(s), 2.70(m); 
3:3:2:1:5 

8 . 7 4 ( d , j = 5Hz),4.52(q, 
J = 5Hz) ,2 .76(m); 
3:1:10 

cis: 8.74(d, J==5Hz) , 
8.37(s),4.63(q,J = 5Hz) , 
2.67(m); 3:3:1:5 

trans: 8.62(d, J = 5Hz) , 
8.31 (s), 4.70 (q, J = 5Hz) , 
2.67(m); 3:3:1:5 

' Plus 32% benzophenone + 5% dimeric benzophenone peroxide. 
' Plus 5% dimeric acetophenone peroxide. 
'Values of τ; TMS as internal standard. 

Table VI. Direction of Fragmentation of Unsymmetrical Ozonides 
.0—CL 

R—CH^ ^CH—R' 
0 

R 
n - C 3 H 7 -
C I C H 2 C H 2 C H 2 — 

C 1 C H 2 -
CeHe— 
Cells— 

R' 
Η 
Η 
Η 
Η 

C H 3 -

Products, % 

RC02H 
97 
98 

100 
99 
95 

R'CO.H 
3 
2 
0 
1 
5 

Rates of Fragmentation. The solvent dependence was studied first 
(Table I V ) . Solutions of styrene ozonide were stored at 50°C. At vari
ous intervals, samples were quenched with ice water, and the acid formed 
was titrated with 0.05N K O H , using phenolphthalein indicator. Whi le 
the ozonide was stable in benzene, carbon tetrachloride, and chloroform 
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30 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

solution, the rates of cleavage increased in oxygen- and nitrogen-contain
ing solvents, methanol being the fastest solvent. As shown in Table VII , 
there is no clear connection between the rates of reaction and the polari
ties of the solvents, as expressed by the ET values of Dimroth (6). 

Table VII. Fragmentation of Styrene Ozonide at 5 0 ° C 
in Different Solvents 

Solvent k50 Χ 104 (sec'1) E T (Réf. Q) 

Benzene 0 34.5 
Diisopropylether 0.017 34.0 
Acetonitril 0.038 46.0 
Butanone 0.070 41.3 
Dioxane 0.097 36 
Tetrahydrofuran 0.47 37.4 
Benzyl alcohol 1.83 50.8 
Methanol 5.33 55.5 

To study the dependence of the reaction rates on the constitution 
and configuration of the ozonides, an automatic method was worked out. 
Ozonides, dissolved in absolute methanol which was saturated with the 
barium salt of the acid produced in the reaction (mainly barium acetate 
or barium benzoate), were heated in a thermostat to 50°C. In a Combi-
titrator (Methrom Co.) a methanol solution of barium methylate (O.IN) 
was added automatically at such speed that the p H of the solution re
mained unchanged. The variation in the volume of added methylate 
solution with reaction time was registered on chart paper. The reactions 
were carried out under pure nitrogen, and the curves always showed 
first-order kinetics. 

From the kinetic results some rules can be established. 
Rule 1: abstraction of a proton from the trioxolane ring occurs in 

the rate-determining step. This follows from the comparison of the rates 

Table VIII. Isotope Effect 

k 5 0 X 10* (sec-1) 

H Ozonide D Ozonide kH/kD 

0 - 0 ^ 

C 6 H 5 C H C T X ( C H 3 ) 2 0.21 0.073 2.9 

O - O ^ 

C e H 5 CHC ^ C H — C e H 5 4.5 1.17 3.9 

C 6 H 5 C H C ^ C H 2 7.15 1.48 4.8 
" ( Τ 
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3. CRIEGEE A N D KORBER Fragmentation of Ozonides 31 

of protonated and deuterated ozonides (Table VI I I ) . The isotope effect 
was found to be between 3 and 5. The deuterated ozonides had the 
deuterium labels in all positions of the trioxolane rings. They were pre
pared by ozonization of stilbene-d 2 in acetone or in pentane and of 
styrene-ds in pentane. 

Rule 2: aromatic residues at the trioxolane ring render the removal 
of a hydrogen atom from the same carbon atom easier than does an 
aliphatic substituent. The fragmentation rates are 7 to 30 times higher 
in the first case (Table I X ) . 

Table IX. Comparison of Aliphatic and Aromatic Substituents 

k50 X 104 (sec-1) 

aromatic/ 

R = —C3H7 —CH3 —C6H5 aliphatic 

X>—(1 R 
H 2 C ^ " X 0.107 0.71 6.6 

C T H 

R X>—<1 R 

H ^ C T H 
0.019 0.31 16 

H R 

R ^ C T H 
0.021 0.59 28 

^ O — O ^ R 
( C G H 5 ) 2 C — J ^ J 

c r H 
0.0083 0.083 10 

Rule 3: electron-attracting substituents increase, electron-donating 
groups decrease the reaction rates. This is shown in Table X for 
para-substituted styrene ozonides. The Hammett equation gives a /o-value 
of about +0 .9 . 

Table X. Fragmentation of Substituted Styrene 
Ozonides in Methanol 

p-B-CtHt-CH^ ^CHz kso X 10* (sec-1) 
^0 

R = C H g O - 4.75 
C H 3 - 5.77 

H - 7.15 
C I - 11.1 

N 0 2 - 53.7 
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32 O Z O N E REACTIONS W I T H ORGANIC COMPOUNDS 

Rule 4: in aliphatic substituents, halogen atoms show an inductive 
effect, decreasing with increasing distance of the halogen from the tri
oxolane ring (Table X I ) . 

Table XI. Inductive Effect 

R—CH^^ J2H 2 
X>—CT k50 X 104 (sec-1) 

R = C H 3 C H 2 C H 2 - 1.07 
C 1 C H 2 C H 2 C H 2 - 1.50 

C 1 C H 2 - 5.7 

Rule 5: the release of strain by the fragmentation of the ozonide is 
very important to the rate of fragmentation. Table X I I gives three pairs 
of ozonides. Each pair is chemically similar but differs in the Baeyer 
strain. The strained ozonides are cleaved up to more than 100 times 
faster than the unstrained ozonides. 

Table XII. Influence of Strain 

~^C. Ĵ CC 0.19 I I 0.96 
H 7 C 3 ^ C T X 3 H T H 2 C \ ^ C H 2 

C H 2 

3.1 CtT 66.0 
H 5 C 6 " ^ X T ^ C 6 H 5 V O ' 

O—CI / H Ek / O — / H 
1.70 C . > 250 

C I C H f X T X J H , C 1 \ CT / 
H 3 C — C C—CI 

I I 
CI C H 3 

Rule 6: among stereoisomeric ozonides, the trans isomers (or the 
compounds which should be trans from the lower retention time) are 
always fragmentated faster than the cis isomers (Table X I I I ) . The 
trans/cis factor, however, usually is not large. Only with halogen con
taining substituents does it exceed 10. 
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3. C R I E G E E A N D KORBER Fragmentation of Ozonides 33 

Table XIII. Reaction Rates of cis-trans Isomeric Ozonides 

O—O, 
R—CH: :CH—R k50 X W4 (sec1) 

CIS trans trans/ &cis 

R = C H 3 

n - C 3 H 7 -
£er£-C 4H 9 

0.123 
0.193 
0.202 
3.13 
1.70 

0.131 
0.213 
0.333 
5.90 

19.5 

1.07 
1.15 
1.65 
1.88 

11.5 

Unfortunately, the dependence of the rates on p H cannot be mea
sured by our method since acidimetric titrations are not possible in 
buffered solutions. However, in weakly acidic and neutral solutions, there 
cannot be much influence because otherwise no rate constants could have 
been obtained. In alkaline solution, on the other hand, a base induced 
fragmentation occurs, which is faster by some powers of 10 than the 
solvent fragmentation. Thus, in 0.025N methanolic N a O H at 0°C, the 
half lifetime of stilbene ozonide is only 2 minutes. 

Mechanism of the Solvent Fragmentation of Ozonides. The driving 
force for the fragmentation, in any case, is the cleavage of the energy 
rich O — O bond of the ozonide and the release of conformational strain 
present in the trioxolane ring. However, the strongly exothermic frag
mentation into stable products can occur only if there is an acceptor for 
the trioxolane proton. It is surprising that this acceptor need not be a 
strong base but can be a solvent with a heteroatom's possessing lone 
pairs of electrons. 

The exceptional role of alcohols as solvents may arise from the fact 
that they are not only "bases" but simultaneously are "acids." Therefore, 
unlike the reaction with strong bases, free acids are formed instead of 
carboxylate anions. 

From our experiments we cannot say whether one or more molecules 
of methanol participates in the rate-determining step. The first possi
bility implies that one methanol molecule is simultaneously acceptor and 

H 3 C 
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donator of a proton, while in the second case these functions are carried 
out by different molecules. The fragmentation seems to be concerted 
because according to rules 1 and 5 both the abstraction of the proton 
and the release of strain are rate determining. Thus, we formulate a 
mechanism which is similar to the well known Kornblum-DeLaMare 
mechanism for the base induced decomposition of dialkyl peroxides (7). 

While this mechanism is not in disagreement with the various kinetic 
results, it can explain only with difficulty all details of the reaction rates. 
The higher rates in the case of ozonides with electron-attracting substitu
ents show that in the transition state there must be a partial negative 
charge at that C atom which loses the proton. Since, however, the rates 
are also influenced by steric factors (steric hindrance as well as steric 
effects upon the ring conformation), the whole situation is complicated. 
No effort has been made, therefore, to explain all rate differences, even 
small ones. From a practical standpoint the solvent fragmentation seems 
to offer a very mild method to cleave ozonides into acids and carbonyl 
compounds. In a recent paper (8) which describes the fragmentation of 
stilbene ozonides with dimethyl sulfoxide and dimethyl formamide the 
authors propose a similar mechanism. 
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4 
Quantitative Investigation of the Ozonolysis 
Reaction 

X V I . Substituent Effects in the Ozonization Rates of Ethylenes 

JACQUES C A R L E S and SÁNDOR FLISZÁR 

University of Montreal, Montreal, Québec, Canada 

The effects contributed by alkyl groups to the relative rate 
constants, krel, for the reaction of ozone with cis- and trans-
1,2-disubstituted ethylenes are adequately described by 
Taft's equation krel = k°rel + ρΣσ*, where Σσ* is the sum 
of Taft's polar substituent constants. The positive ρ* values 
(3.75 for trans- and 2.60 for cis-1,2-disubstituted ethylenes) 
indicate that for these olefins the rate-determining step is a 
nucleophilic process. The results are interpreted by assum
ing that the electrophilic attack of ozone on the carbon
-carbon double bond can result either in a 1,3-dipolar cyclo
addition (in which case the over-all process appears to be 
electrophilic) or in the reversible formation of a complex 
(for which the ring closure to give the 1,2,3-trioxolane is the 
nucleophilic rate-determining step). 

A T o s t of the experimental studies concerning the mode of attack of 
ozone on carbon-carbon double bonds have been done with aro

matic compounds. From the ozonolysis of poly cyclic aromatic com
pounds, Badger ( I ) and Brown (2, 3) concluded that the ozone makes 
a one-step attack on the unsaturated system at the bond with the lowest 
bond localization energy, rather than an attack involving first the atom 
with the lowest atom localization energy. This is supported by the high 
yield (71%) of 4-formyl-5-phenanthrene carboxylic acid which is pro
duced in the ozone attack on the 1:2 bond of pyrene (J)—the bond with 
the lowest bond localization energy. 

O n the other hand, studies on the ozonolysis of substituted benzenes 
by van Dijk (4) and Wibaut (5,6) seem to indicate that the ozone attack 

35 
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is electrophilic in nature; the results presume an attack at the position 
with the lowest atom localization energy. This is confirmed by Bailey's 
finding (7) that anthracene is attacked by ozone at the positions with 
the lowest atom localization energy—i.e., 9 and 10 to give anthraquinone 
in 70% yield. 

More recent studies by Nakagawa, et al. (8) confirm the interpreta
tion of the ozone attack on carbon-carbon double bonds in terms of an 
electrophilic attack. Their investigations on the kinetics of ozonization 
of polyalkylbenzenes, in C C 1 4 and C H 3 C O O H solution, indicate that the 
logarithms of the rate constants for the ozonolysis of polymethylbenzenes 
increase linearly with the number of methyl substituents on the aromatic 
nucleus. 

Similar conclusions are drawn by Cvetanovic et al. from their results 
of ozonization of alkenes in the gas phase (9) and in C C 1 4 solution (10). 
The rate constants for the ozonolysis of chloroethylenes and allyl chloride, 
in C C 1 4 solution, indicate (11) that the rate of ozone attack decreases 
rapidly as the number of chlorine atoms in the olefin molecules is in
creased. However, to explain the departures from simple correlations, 
in some cases steric effects and the dipolar character of ozone had to be 
invoked (10). The relevance of the dipolar character of ozone in its 
reactions has also been stressed by Huisgen (12), who provided evidence 
that the ozone—olefin reaction is usually a 1,3-dipolar cycloaddition. 

Finally (13), the relative rate constants for the reaction of ozone 
with selected ring-substituted styrenes in C C 1 4 solution indicate that the 
second-order rate constants obey Hammett's equation: log k = log k0 + 
pa. The negative value of p (—0.91 db 0.03) confirms that for these 
olefins the ozone attack is electrophilic in nature. 

The trends in the ozonolysis rates of simple olefins require further 
examination. The object of the present work was to obtain kinetic data 
on the reaction of ozone with simple alkyl-substituted ethylenes. The 
results w i l l allow a discussion of the substituent effects on the reaction 
rates and of the mode of ozone attack on the carbon-carbon double bond. 

Relative Rate Constants 

On the basis of the evidence (10) that, in solution, the ozone-olefin 
reaction takes place with a 1:1 stoichiometry, the consumption of olefin i 
may be written 

— dXi/dt = ki[Oz]Xi (1) 

where ac« is the concentration of olefin i at time t = t, and ki the rate 
constant for its reaction with ozone. As indicated by the results obtained 
in a previous study (10), the integral rate law, 
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4. CARLES A N D FLISZAR The Ozonolysis Reaction 37 

log(z[03]o/[0 3 K) = fa(*o-[0,]o)/2.3 (2) 

which is derived from Equation 1, satisfactorily describes the kinetics 
of a variety of olefins with ozone in C C 1 4 solution. In Equation 2, 
[ 0 3 ] 0 and x0 are the ozone and olefin initial concentrations and it is 
assumed that [ 0 3 ] 0 ^ x0. The agreement of Equation 2 with the experi
mental results thus confirms the order of reaction postulated in Equation 
1. Attempts to calculate the rate constants, made with the assumption of 
orders of reaction different from unity (referred to each reactant), failed 
in giving constant values for k. 

In the present work, ozone was continuously bubbled through the 
olefin solution at a constant flow rate. Assuming a steady ozone concen
tration [ 0 3 ] under these conditions, the integral rate law which is de
rived from Equation 1 is as follows: 

]n(xi/xi,0) = — ki[03]t (3) 

where x-h 0 is the concentration of olefin i at time t = 0. 
Hence, in the conventional ozonolysis of a mixture of two olefins 

which are identified by the subscripts 1 and 2, it is 

log(z iM . o ) = -fci[08]*/2.3 
(4) 

log(x2/32.o) = -k2[Oz]t/2.3 

and, consequently, 

ki/k2 = log(xi/x l to)/log(x2/x2.o) (5) 

This equation enables relative rate constants 

fcrel = ki/ko (6) 

(with respect to olefin 2) to be measured in a simple way, by conventional 
ozonolysis, from the analyses of the unreacted olefins. The fact that fcrei 
is independent of the ozone concentration and of the reaction time t (as 
predicted by Equation 5) considerably facilitates the measurements of 
kre\. 

The results in Table I concern the progressive ozonolysis of a C C 1 4 

solution of p-methylstyrene (1) and styrene (2), at 0°C, where the 
initial concentrations are xljQ = 0.05M and x2,0 = 0.1M. The constancy 
of fcrei which is observed clearly confirms that fcrei is independent of 
reaction time. 
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0.0 0.2 0.4 0.6 
\nx2/%l 

Figure 1. Typical plot for calculating krel: 
ip-methylstyrene (l)vs. styrene (2) 

To improve the analysis of the experimental results, it appears ade
quate to plot l o g ( x i A i > 0 ) vs. log(x 2 /x2, 0 ), a s indicated in Figure 1, and 
to calculate the slope—i.e., kreh by a least-squares method. 

Table II presents a summary of the values of krel which were obtained 
in the way just indicated, for p-methylstyrene, in C C 1 4 solution, with 
respect to styrene. These results indicate that kreX is invariant with 
respect to the ozone flow rate, the temperature of ozonolysis, and the 
olefin initial concentration. The fact that fcrei is independent of tempera
ture in this case is readily understood when it is considered that the 
experimental activation energies for the ozone-olefin reaction are likely to 
be very similar for p-methylstyrene and styrene. 

Table I. Relative Rate Constants for the Ozonolysis of 
J-Methylstyrene (1) with Respect to Styrene (2) 

Olefin Concentration, mole/liter 

Ozonolysis, %a x x x 2 k r e i = ki/k 2 

0 0.0500 0.1000 — 
5 0.0474 0.0966 1.54 

10 0.0450 0.0933 1.52 
20 0.0397 0.0856 1.48 
25 0.0375 0.0826 1.50 
48 0.0259 0.0648 1.52 
67 0.0164 0.0470 1.48 

A v . 1.506 ±0 .025 
a With respect to x\ = 0.0500. 
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4. CARLES A N D FLISZAR The Ozonolysis Reaction 39 

Table II. Relative Reaction Rates for ^-Methylstyrene (1) with 
Respect to Styrene (2), in C C l 4 Solution, under Various Conditions 

0 3 Output, Temper-
mmole/ min ature, °C x°i (M) x° 2 (M) k t t

r e l n 

0.090 0 0.10 0.10 1.48 4 
0.120 0 0.10 0.10 1.51 3 
0.142 0 0.10 0.10 1.52 3 
0.142 35 0.10 0.10 1.52 2 
0.142 0 0.05 0.05 1.49 3 
0.142 0 0.025 0.025 1.49 2 
0.114 0 0.05 0.10 1.51 6 

A v . 1.503 
° Average values, from n independent determinations. 

Experimental 

Materials. A sample of pure cis-di-ter£-butylethylene was prepared 
by R. Criegee (Karlsruhe). A l l other olefins are commercial products 
( K & K Laboratories Inc. and Aldr ich Chemical Co. Inc.); their purity 
was controlled by gas chromatographic analysis. 

Ozonolysis Procedure. Ten m l of olefin solution were ozonized at 
0°C with an oxygen-ozone mixture. The ozone concentration was suffi
ciently high 4%) to make the ozonolyses possible with relatively 
low 0 2 —0 3 flow rates ( « 0.15 mmole 0 3 /min) in order to prevent olefin 
loss by evaporation. Control experiments, performed with pure 0 2 , indi
cated that no appreciable amount of olefin is lost by bubbling the gas in 
the olefin solution in time intervals comparable with those required for 
the actual experiments. 

Gas Chromatographic Analyses. Were performed with a 5750 F & M 
gas chromatograph, using a flame detector. Six-foot columns of silicone 
rubber U C W 9 8 were used for styrene, the ring-substituted styrenes, 
3- phenylpropene, cis- and trans-stilbene, and cis-di-feit-butylethylene. 
Six-foot columns of 10% Carbowax 20M were used for styrene, 3-iodo-
propene, 3-chloropropene, cis- and £rans-3-hexene, cis- and trans-4,4-
dimethyl-2-pentene, cis- and £rans-5,5-dimethyl-3-hexene, cis- and trans-
4- methyl-2-pentene, £rans-2-methyl-3-hexene, cis- and £rans-2,5-dimethyl-
3-hexene, trans-di-tert-butylethylene, and 3-ethoxypropene. A 20-foot 
column of 10% nitrilesilicone on Chromosorb P was used for cis- and 
trans-4-octene and 3-bromopropene. A 6-foot 20% propylene carbonate 
column was used for cis- and £rans-2-hexene, cis- and trans-2-pentene, and 
1-pentene. A 20% diisopropyl phthalate 6-ft column was used for 3,3-
dimethyl-l-butene and 3-methyl-l-butene. A l l analyses were repeated at 
least three times. The areas under the peaks corresponding to the olefins 
were measured by a planimeter and compared with the areas which were 
obtained under the same conditions with adequate reference solutions. 
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Results and Discussion 

In the following discussion, the relative rate constants (with respect 
to styrene) are calculated by a least-squares analysis of the data, using 
Equation 5, from six to 10 experimental results. The standard deviations 
(s) from the regression line (k r e l) are also indicated. 

The results obtained for the cis- and trans-l,2-disubstituted ethylenes 
are indicated, for the symmetrical and the unsymmetrical olefins, respec
tively, in Tables III and I V and in Table V for the monosubstituted 
ethylenes. 

A comparison of the results obtained with alkyl-substituted ethylenes 
(Tables III and IV) indicates that fcrei decreases with increasing bulk of 
the substituents. This is also found to be true with the terminal olefins 
(Table V ) , as indicated by the lowering of krei from 1.11 to 0.407 when 
n-propyl is replaced by the tert-butyl group. The terminal olefins bearing 
an electron-withdrawing substituent also indicate a significant decrease 
of kreh as compared with 1-pentene, which is in agreement with Cveta-
novic's observations ( I I ) . 

From this superficial consideration of substituent effects it would 
thus appear that the ozone attack is electrophilic in nature and that 
important steric effects contribute in determining the rate constants. 
The influence of steric effects could be adequately illustrated by the 

Table III. Relative Rate Constants for the Ozonolysis of 
Symmetrical Olefins ( R C H ^ C H R ) in CCI4 

cis trans 

R krel s krel s 

C 2 H 5 2.13 0.14 2.98 0.15 
n - C 3 H 7 1.150 0.044 2.05 0.32 
; - C 3 H 7 0.471 0.014 0.613 0.026 

ter£-C4H9 0.197 0.029 0.088 0.004 
C6H5 0.233 0.016 3.13 0.495 

Table IV. Relative Rate Constants for the Ozonolysis of 
Unsymmetrical Olefins ( R ! C H = C H R 2 ) in C C l 4 

cis trans 

Ri R2 krel s krel s 

C H 3 C2H5 3.44 0.09 4.99 0.06 
C H 3 n - C 3 H 7 2.33 0.09 4.25 0.16 
C H 3 ; - C 3 H 7 1.87 0.05 2.59 0.08 
C H 3 tert-GJl^ 0.932 0.041 0.927 0.051 
C 2 H 5 ; - C 3 H 7 ( . ) («) 1.26 0.02 
C 2 H 5 ter£-C4H9 0.48 0.02 0.45 0.02 

0 Not determined. 
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Table V. Relative Rate Constants for the Ozonolysis of 
Monosubstituted Ethylenes in CCI4 

Olefin krel s 

n - C 3 H 7 - C H = C H 2 1.11 0.05 
t - C 3 H 7 - C H = C H 2 0.680 0.014 

terf-C4H9-CH = C H 2 0.407 0.016 
C 6 H 5 C H 2 — C H = C H 2 0.113 0.008 

C 2 H 5 O C H 2 — C H = C H 2 0.177 0.006 
I C H 2 - C H = C H 2 0.174 0.006 

B r C H 2 - C H = C H 2 0.148 0.004 
C 1 C H 2 - C H = C H 2 0.205 0.006 

results in Table III, which indicate that fcrei drops from 2.98 to 0.008, in 
trans-1,2-disubstituted ethylenes when the ethyl groups are replaced by 
two tert-butyl groups. 

It appears, however, that such a simplified explanation, in which the 
effects from the alkyl substituents are interpreted mainly on steric 
grounds, meets with difficulties. The relative rate constants of ozonation 
can, in fact, differ considerably for ethylenes which have different sub
stituents although their steric factors are similar. This is clearly indicated 
by comparing the results obtained for 1-pentene and iodo-3-propene. 
The n-propyl and C H 2 I groups exhibit similar steric effects, as indicated 
by Taft's steric constants (Es = —0.36 for n - C 3 H 7 ; Es = —0.37 for 
C H 2 I ) ; yet jfcrei is about six times greater for 1-propene than for iodo-3-
propene. Thus, it appears that the polar effects contributed by the groups 
to krei need a closer examination. 

CD 

O) 
O 

— 0.5 tranSypQy^ 

0.0 

-0.5 ^ > 

-1.0 

1 1 1 
-0.3 -0.2 -0.1 _ * 

Figure 2. Comparison of log krel with Taft's polar 
a* constants for symmetrical 1,2-disubstituted eth

ylenes 
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The participation of polar effects can be studied adequately by Taft's 
equation (14): 

log(*A°) = p*a* (7) 

where k is the rate constant for an olefin RiCH=CHR, and k° is the 
rate constant when R = CH 3. In terms of relative rate constants (Equa
tion 6), this equation becomes 

log knl = log k°Tel + p*c* (8) 

The satisfactory agreement of Equation 8 with the experimental 
results given in Tables I I I - V is shown in Figures 2-5. The good 

Figure 3. Verification of Equation 8 for trans-
1,2-disubstituted ethylenes: CH3CH=CHR (1), 
C2H5CH=CHR (2), i-C3H7CH=CHR (3), and tert-

CUH9CH=CHR (4) 

correlations which are observed seem to indicate an important contribu
tion of polar effects and a minor (if any) influence of steric effects on 
fcrei. This point is supported by an evaluation of the relative importance 
of polar and steric effects by Taft's generalized equation (15): 

log(k/k°) = p*a* + hEs (9) 

which, in terms of relative rate constants is: 

l0gfc r el =*l0gA;O
rel + P * S * + %E. (10) 
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Figure 4. Verification of Equation 8 for cis-
1,2-disuhstituted ethylenes: CH3CH=CHR (1), 
~ (2)9 i-C3H7CH=CHR (3), and 

tert-CItH9CH=CHR(4) 
C2H,CH=CHR 

The symmetrical cis- and trans-olefins R C H = C H R (Table III) are 
particularly suited to this evaluation by Equation 10 because the polar 
reaction constant p* and the steric correlation coefficient 8 reflect, in this 
series of olefins, the effect of varying two substituents. Hence, the ex
pected effects (both on p* and 8) are more pronounced than those ex
pected for olefins in which only one substituent is varied. 

A least-squares calculation of p* and 8 by Equation 10, from the 
data in Table III, gives the following results for cis- and trans-olefins, 
R C H = C H R . 

trans p* = 7.58 8 = 0.019 

cis p* = 5.37 8 = 0.0027 

When Equation 10 is applied to symmetrical olefins, the term A : ° r e i 
refers to 2-butene (R = C H 3 ) . The calculated fc°rei values are: 17.5 
for trans-2-butene and 6.13 for the cis-isomer. 

The above calculations show that the steric contributions are small 
compared with the important polar effects, both in trans- and cis-olefins. 
Hence, in the following discussion, attention is focused on the predomi
nant polar effects contributed by substituents, although a minor steric 
effect can possibly influence the overall reaction scheme. 

Figure 3 indicates that for the trans-olefins C H 3 C H = C H R , 
C 2 H 5 C H = C H R , i - C 3 H 7 C H = C H R , and tert-C4H9CH=CHR the slopes 
(Equation 8) are similar, within experimental error. The same observa
tion also applies to the cis-olefins represented in Figure 4. This suggests 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
2 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

2.
ch

00
4

In Ozone Reactions with Organic Compounds; Bailey, P.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1972. 



44 OZONE REACTIONS W I T H ORGANIC C O M P O U N D S 

that in olefins RiCH=CHR 2, the substituent effects possibly obey a 
simple additive rule—i.e., 

Hence, in terms of relative rate constants, the dependence of fcrei on 
polar effects contributed by both substituents is adequately described 
by the following equation: 

where k ° r e i is the relative rate constant of trans- (or cis-) 2-butene. 
Verification of Equation 12 by the experimental results in Tables III and 
IV is shown in Figures 6 and 7. 

For symmetrical 1,2-disubstituted ethylenes o-*(Ri) == o-*(R2) and 
hence, p*2cr* = 2/o*o-*. The apparent slope (Figure 2) for symmetrical 
olefins is, thus, twice that observed for unsymmetrical olefins, or twice 
that observed for unsymmetrical olefins or twice that calculated by 
Equation 12. 

Perhaps the most interesting point which emerges from the results 
is that in ethylenes bearing electron-releasing alkyl substituents the rate-
determining step appears to be a nucleophilic process, as indicated by 
the positive /o* values. This does not contradict the assumption that the 
first step in the ozone-olefin reaction is an electrophilic attack of ozone 
on the carbon-carbon double bond. The present observations also agree 
with some of the results obtained recently by Pritzkow et al. (16) for 
alkyl mono-substituted ethylenes in ethanol solution at — 60 °C. 

log(k/k°) = p*a*(Ri) + p*a*(R2) (11) 

log fcrel = log ft°rel + P*2 <T (12) 

-0.5 

0.0 

-1.0 

-0.3 0.0 0.3 0.6 0.9 a * 
Figure 5. Verification of Equation 8 for RCH=CH2 olefins 
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Figure 5 indicates a discontinuity in the Taft plots between the 
mono-substituted ethylenes bearing electron-releasing groups and those 
bearing electron-withdrawing groups. It is this discontinuity which led 
to the conclusion that the ozone attack is electrophilic in nature. In fact, 
it now appears that this discontinuity can be interpreted in terms of a 
change in mechanism. 

The present results can be explained simply by considering that the 
ozone attack can proceed (a) via a 1,3-dipolar cycloaddition (12), and 
(b) via the formation of a T T - or a-complex (Scheme I ) . The possible 
occurrence of such complexes has already been suggested by Bailey (17-
19), Murray (20), and Cvetanovic (11). 

Scheme I 

> C = C < + 0 3 

k-

>c-

o 

-c< 

[complex] 

0 0 

1 I 
>c c< 

The following structures were suggested for the intermediary 
complex: 

+ / 0 

>c-

0 

l a 

\ 
0- O \ 0 -

>c- -c< >c-Ib Ic 

+ 
-c< 

The contribution of Ic is not considered likely; the possible rotation 
about the carbon—carbon o- bond would result in a non-stereospecific 
ozone addition on the olefin—in violation of Greenwood's observations 
(21, 22) that a trans- (or cis-) olefin yields only trans- (or cis-) primary 
ozonide. Retention of configuration is also shown in those cases in which 
epoxide is formed (20). Finally, a recent communication by Bailey et al. 
(23) reports the formation of free radicals, arising from the homolytic 
dissociation of a TT or cr complex, in the ozonolysis of terminal olefins with 
bulky substituents capable of stabilizing free radicals. 
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O ) 

_o 
0.5 

0.0 

-0.5 

-1.0 

-0.6 -0.4 -0.2 0.0 

l a * 
Figure 6. Verification of Equation 
12 for trans-1,2-disubstituted ethyl

enes 

In line with the suggestions made earlier by Cvetanovic et al. (11) 
it is assumed that the complex is in equilibrium with the reactants. No 
accumulation of complex in the ozonolysis mixtures has ever been ob
served; hence, the assumption of a stationary state for the complex 
appears reasonable. Consequently, from a consideration of the processes 
indicated in Scheme I, the rate constant k for the reaction of ozone with 
olefin is: 

k = ki + k2Kc/(l+k2/k-c) (13) 

where Kc = kc/k.c. By assuming that k2 < < k.c, as suggested by Cveta
novic (11), the following approximate solution for k is obtained: 

k = fci + k2Kc (14) 

The process of ozone cycloaddition (path 1) implies postulates 
similar to those discussed by Huisgen (12) in terms of a 1,3-dipolar 
cycloaddition. Although the extent of simultaneity in the formation of 
the two C - O bonds is an open question, it is assumed that the transition 
state closely resembles the final state—the primary ozonide—and that its 
final conversion to give the primary ozonide occurs rapidly. The rate-
determining step is thus the addition of ozone on the olefin. The electro
philic tendency of ozone, which is shown in several cases to play a domi-
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nant role in ozonolysis and the proposal of a 1,3-dipolar cycloaddition 
may well be accommodated within this scheme. 

Pathway 2 (Scheme I) indicates that electron-releasing substituents 
—e.g., the alkyl groups—are also likely to promote the formation of the 
7r (or a) complex—i.e., to increase the value of Kc. In contrast to the 
situation in which the overall electrophilic character of the reaction is 
preserved because the ozone addition occurs via a 1,3-dipolar cyclic 
mechanism in the sense discussed above, the effect of an important 
electron release is considered to retard the ring closure—i.e., the attack 
of O" on the corresponding C atom. This would result in reducing the 
rate of conversion of the intermediate ozone-olefin adduct to give the 
primary ozonide. Hence, according to Scheme I, when the rate-deter
mining step is no longer the formation of the intermediary ozone-olefin 
adduct but its conversion into primary ozonide, the overall process is 
nucleophilic in nature provided that the final step is the ring-closure 
involving O". [This interpretation offers a justification for Cvetanovic's 
hypothesis ( I I ) that k2 << k.c.~\ 

D) 
O 

0.5 

0.0 

-0.5 

-1.0 

-0.6 -0.4 -0.2 0.0 

l a * 
Figure 7. Verification of Equation 
12 for cis-1,2-disubstituted ethyl

enes 

Conversely, the results obtained for the monosubstituted ethylenes 
can be interpreted in terms of a reduced complex formation under the 
influence of electron-withdrawing groups, resulting in a relatively smaller 
contribution of pathway 2 and in a lowering of the rate constant. It is 
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Table VI. Solvent Dependence of krei at 0°C 

Olefin 

cis-4-Methyl- trans-^-Methyl- 3-Phenyl- p-M ethyl-
Solvent 2-pentene 2-pentene propene styrene 

CC1 4 2.59 1.87 0.113 1.50 
C H 3 O H 3.08 2.01 0.147 1.49 
C 2 H 4 C 1 2 2.45 1.79 0.123 1.49 
C 2 H 5 N O 2 2.75 1.87 0.119 1.51 

also noted that with electron-withdrawing substituents the Taft slope 
/o* approaches zero (Figure 5). 

The particular behavior of styrene, within the series of monosubsti-
tuted ethylenes, can be interpreted in terms of the important conjugation 
in this olefin. This conjugation increases the polarizability of the reacting 
TT bond, as indicated by the important increase of the molecular refraction 
which is observed for styrene, compared with an isolated double bond 
(A[R]« = 1.20 cc/mole) (24). As pointed out by Huisgen (12), this 
exaltation of the polarizability favors the concerted 1,3-dipolar cyclo
addition. The nucleophilic reaction step is no longer the rate-determining 
one, as indicated by the negative Hammett /o-value observed for the ring-
substituted styrenes (IS). Hence, although the two o-bonds are assumed 
to be formed "almost" simultaneously in the cycloaddition, their rates of 
formation differ in that the ozone appears to attack preferentially via 
its positive pole. This increase of the reaction rate also occurs with 
£rans-stilbene (fc r e i = 3.13), where the second phenyl group increases 
the polarizability further with respect to styrene. In cis-stilbene, how
ever, where the conjugation is reduced because of the non-planarity of 
the system, the polarizability is low, with the consequent decrease in 
the rate constant (fc r ei = 0.233). 

The dependence of the relative reaction rates on olefin geometry 
can be discussed with reference to Equation 14. As pointed out by Mur
ray and co-workers (25), the complex formation occurs with cis-olefins 
rather than with their trans isomers for steric reasons; hence, Kc (cis) > 
Kc (trans). However, during the formation of the primary ozonide by 
either path the olefinic carbon atoms change in hybridization, from sp2 

to sp3. The bond angles thus decrease from 1 2 0 ° to 1 0 9 ° ; in the cis 
isomers, this results in a compression of the substituents van der Waals 
radii. The repulsion between the substituents is increased, and so is the 
activation energy. Consequently, fci (trans) > fci (cis) and fc2 (trans) > 
k2 (cis). In the final analysis, the geometry of the olefin has opposite 
effects (a) on Kc and (b) on ki and k2. Present results seem to indicate 
that for large substituents the effect on Kc predominates since k (cis) > 
k (trans). 
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Finally, the activated complex in path 1 and the TT (or a) complex 
in path 2 have similar charge separations, which are similar to that of 
the ozone molecule. Any solvent effect is thus expected to be similar in 
both mechanisms. This is confirmed by the results in Table V I , which 
indicate that kTei is nearly independent of the ozonolysis solvent. 
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5 
The Interaction of Ozone with Double 
Bonds Containing Vinyl Bromide Moieties 

K A R L GRIESBAUM and J. BRÜGGEMANN 

Engler-Bunte-Institut der Universität Karlsruhe, 75 Karlsruhe, Germany 

The present contribution reports the first results of a sys
tematic approach to a study of the reaction and the products 
obtained in the liquid-phase ozonolysis of unsaturated sub
strates containing halogenated double bonds. As a model 
case the ozonolysis of trans-2,3-dibromo-2-butene was stud
ied. Ozonolysis occurs at a slower rate than that of pure 
hydrocarbon olefins and less than equimolar amounts of 
ozone are sufficient for the quantitative conversion of the 
substrate. Double bond cleavage is not the overriding reac
tion, but the original double bond is to a large extent 
converted into C—C single bonds which are fairly stable 
towards further ozone attack. 

/ Tphe ozonolysis of pure hydrocarbon olefins has been studied by gen-
A erations of chemists ever since 1905 when Harries established the 

interaction of ozone with double bonds. During this continued research 
practically all aspects of the ozonolysis reaction have been extensively 
scrutinized, starting from the nature and products of the initial ozone-
double bond interaction, via the mechanistic and stereochemical course 
of the ozone cleavage, to the correlation between the nature of the start
ing material and the reaction products. Consequently, the ozonolysis of 
hydrocarbon olefins is rather well understood. 

In contrast to this, very little is known about the ozonolysis of olefins 
which bear halogen substituents at the double bond. This is somewhat 
surprising since compounds containing vinyl halide moieties are impor
tant technical products whose properties could be adversely affected by 
ozone degradation. A case in point is neoprene rubber, whose perform
ance as an elastomer could suffer considerably by ozone attack and 
concurrent crack formation (1). 

50 
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5. G R I E S B A U M A N D B R U G G E M A N N Double Bonds 51 

Background 

When this work was initiated, there were only a few scattered 
reports in the literature concerned with the interaction of ozone and 
halogenated double bonds. The bulk of these reports dealt with the 
ozonolysis of substrates containing both halogenated and non-halogenated 
double bonds. In all of these cases the non-halogenated double bond 
was attacked preferentially by ozone, and only products derived from 
that kind of reaction were described. 

Ozonolysis of 1,2,3,4,7,7-hexachlorobicyclo [2.2.1] hepta-2,5-diene, 1, 
in participating and in non-participating solvents was reported to yield 
the cleavage products, 2 and 3, respectively (2) : 

Ozonolysis of l,6,7,8-tetrachloro-2,3,4,5-tetramethylbicyclo [4.2.0.0. 
(2,5) ] octadiene, 4, in pentane was reported to form the monomeric 
ozonide, 5 (3) : 

C H 3 

CI C H 3 . CI C H 3 

cu 

CI' 

. . C H 3 

CI C H 3 

S C H 3 

CI. 

CI' 
CI C H 3 

C H 3 

Ozonolysis of hexachlorodicyclopentadiene, 6, in methanol-methylene 
chloride solution produced 7 as a major ozonolysis product (4): 

CI O H 
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Ozonolysis of the monobromide 8 in ethyl acetate occurred also pref
erably at the non-halogenated double bond to form the ozonide 9 (5): 

C H , 

C H , 

C H 3 

These scattered observations indicate that ozonolysis of a halogen
ated double bond occurs at a much slower rate than that of a non-halo
genated double bond, even if the former is part of the more strained ring 
system as in 6 or if the double is monohalogenated as in 8. This qualita
tive picture was substantially confirmed by the results of a quantitative 
study of the rate of ozone attack at variously chlorinated ethylenes (6). 
As shown in Table I, the rates of ozone attack decrease dramatically as 
chlorine is successively substituted for hydrogen in ethylene. 

Table I. Second-Order Rate Constants (K) for the 
Reactions of Ozone with Olefins in C C l 4 Solutions 

at Room Temperature (6) 

Olefin K , liter/mole sec 

CC12=CC12 

CHC1=CC12 

CH2=CC12 

a s - C H C l = C H C l 
£rems-CHCl=CHCl 

CH2=CHC1 
C H 2 = C H 2 

1.0 
3.6 

22.1 
35.7 

591 
1118 

25,000 (estimated) 

This decreased reactivity of halogenated double bonds towards ozone 
has been ascribed by some workers to the inductive electron-withdrawing 
effect of the halogen substituents and to a concurrent decrease of the 
electron density at the double bond (6); others argued more on the basis 
of steric hindrance of the double bond by the bulky halogen substituents 
(4). In any event, the slow reaction is probably the major reason for the 
fact that little is known about the products and thus about the course 
of the ozonolysis of halogenated double bonds. In fact, to our knowledge 
the reaction products have only been thoroughly examined for the ozon-
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olysis of certain special substrates such as tetrafluoroethylene (7) and 
the 9,10-dihaloanthracenes (8). 

Ozonolysis of tetrafluoroethylene 10 in non-participating solvents 
was reported to produce carbonyl fluoride 11 and tetrafluoroethylene 
oxide 13 as the major compounds, along with minor amounts of perfluoro-
cyclopropane 15 as well as trace amounts of a compound to which the 
authors assigned the structure of the monomeric ozonide 16 of tetrafluoro
ethylene (7). This result was rationalized by assuming a normal Criegee-
type cleavage via the two fragments 11 and 12, followed by secondary 
reactions of the zwitterion 12 such as epoxidation of tetrafluoroethylene 
and deoxygenation of 12 to form the carbene 14. 

C F 2 = C F 2 + 0 3 

10 

C F 2 = 0 + C F 2 — 0 — 0 -

11 12 

-> C F 2 C F 2 + 

- 0 2 

13 

•> : C F 2 

C F 2 = 0 

11 

+ 10 

14 

C F 2 

15 

C F 2 

O — O 

/ \ 
^ F 2 C C F 2 v 

16 

Ozonolysis of 9,10-dibromo- (17a) and 9,10-dichloroanthracene (17b) 
was reported to occur partly by attack at the non-halogenated double 
bonds to yield the d i - (18) and tetracarboxylic acids, 19, as well as by 
attack at the 9,10-positions to yield the dehalogenated product anthra-
quinone, 22 (8). This dual attack might at first seem to be in contrast 
to what was said above about the relative rates of ozone attack at halo
genated and non-halogenated double bonds. However, this is not the 
case if one considers that ( in analogy to the ozonolysis of the unsubsti-
tuted anthracene) the reaction at the 9,10-positions has to be formulated 
as an atom- rather than a bond attack. In accordance with such a rationali
zation, the authors (8) formulated the intermediates 20 and 21 as pre
cursors for anthraquinone. 
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54 OZONE REACTIONS W I T H ORGANIC COMPOUNDS 

It is apparent from the foregoing that these special cases cannot be 
viewed as typical examples for the ozonolysis of halogenated double 
bonds in general. In the ozonolysis of tetrafluoroethylene there was 
partial cleavage of the double bond and no loss of halogen substituents, 
while ozonolysis of the 9,10-dihaloanthracenes resulted in the loss of the 
halogen substituents, however, not in a cleavage of the halogenated 
double bonds. To obtain information of a more general nature, it ap
peared necessary to select model substrates which more closely resemble 
the structures of the commonly occurring mono- and dihalosubstituted 
olefins. As the first model we chose 2,3-dibromo-2-butene, whose ozon
olysis is described below. 

Experimental 

Ozonolysis of 2,3-Dibromo-2-butene. The ozone-oxygen stream that 
left the ozonizer passed through a trap which was kept at — 78 °C in order 
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to keep the gas free of moisture. The gas then passed through the reaction 
mixture and then to a condenser kept at — 78 °C to minimize losses of low 
boiling components. Before entering an aqueous sodium iodide solution, 
the exit gas again passed a cold trap to avoid condensation of moisture 
from the sodium iodide solution into the reaction mixture. Samples for 
N M R analysis were taken by transferring the reaction mixture pneu
matically into a previously attached N M R tube so that during this 
operation also admission of moisture was minimized. 

Ozonolysis of £r*MM-2,3-Dibromo-2-butene in Inert Solvents. S T A R T 
I N G M A T E R I A L . The title compound 23 was prepared by adding bromine 
to 2-butyne at ca. —30° to — 40 °C. The reaction produced 23 in more 
than 95% yield, along with less than 5 % of the cis-isomer, 24, and trace 
amounts of as yet unidentified by-products. 

C H 3 B r C H 3 C H 3 

c=c c=c 
B r C H 3 B r B r 

23 24 

Results 

The stereochemical assignments of 23 and 24 are based on the 
infrared spectra of the isolated pure compounds (Figure 1). The spectrum 
of the cis-isomer, 24, shows a sharp, presumably C = C stretching band 
at 1640 c m - 1 which is absent in the spectrum of the trans-isomer, 23. 

Stoichiometry of the Reaction. Upon ozonolysis of 23 in inert sol
vents (pentane, methylene chloride, 1,1,2,2-tetrachloroethane) or without 
solvents, the originally colorless solutions turned light brown within min
utes after the ozonolysis began and gradually assumed the typical deep 
red color of dissolved bromine. Unreacted ozone began to pass the reactor 
a few minutes after the ozonolysis began, and at any time thereafter the 
amount of ozone produced surpassed the amount of ozone consumed 
(Figure 2) . This result was undoubtedly caused by the decreased reac
tivity of the dibrominated double bond in 23. 

To assess the quantitative correlations between ozone consumption, 
olefin consumption and product formation, experiments were carried out 
in the presence of 1,1,2,2-tetrachloroethane as an internal standard for 
N M R analyses. These experiments showed that only about half the equi-
molar amount of ozone was required to consume the olefin completely 
(Figure 3). This stoichiometry was obviously not the 1:1-stoichiometry 
usually found in the ozonolysis of hydrocarbon olefins and which is the 
basis for the quantitative assessment of the number of double bonds in 
organic molecules by ozonolysis. Attempts to explain this unusual stoi-
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5000 4000 3000 2500 2000 1800 1600 1400 1200 1000 950 900 850 800 750 700 650 

f\f r : 

I C H 3 - C = C — C H 3 -

r••••••• ,• | |--r i | •' 

f] 

i 1 i i • ' i i i i 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Figure 1. Infrared spectra of cis- and trains~2,3-dibromo-2-butene (neat) 

chiometry had to await the qualitative and quantitative analysis of the 
reaction products. 

Ozonolysis Products. Preliminary experiments showed that the ozon
olysis of 23 produced a number of highly reactive components such as 
bromine, acetyl bromide, and acetic acid. Therefore, a quantitative analy
sis of the crude reaction products by G L C was not feasible. N M R anal
ysis, on the other hand, was easily possible since both the starting material 
and most of the products exhibited singlet signals that were well enough 
separated for quantitative analysis. Figure 4 shows the N M R spectrum 
of a crude ozonolysis product in which the substrate 23 had been com
pletely converted. 

Each structural assignment of signals 1-7 in the spectrum of Figure 4 
is based on the addition of the authentic compound to the crude ozon
olysis mixture, and—aside from peak 1—is also based on additional 
analytical evidence: 2,2,3,3-tetrabromobutane (peak 2), 3,3-dibromobu-
tanone (peak 4), and acetic acid were actually isolated while acetyl 
bromide (peak 3) as well as acetic anhydride (peak 5) were further 
identified by their sensitivity to solvolysis reactions, particularly hydrolysis 
and alcoholysis to form the corresponding esters. Diacetylperoxide (peak 
6) was identified by the disappearance of peak 6 from the N M R spectrum 
as well as the disappearance of the typical infrared bands at 1810 and 
1835 cm" 1 when the reaction mixture was treated with sodium iodide. 
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In addition to the seven organic products mentioned above, ozonoly
sis of 23 also produced considerable amounts of free bromine, which was 
qualitatively and quantitatively detected by its addition to 2,3-dimethyl-
2-butene and subsequent analysis of the resulting dibromide. 

Discussion 

Rationalization of Ozonolysis Products. Obviously the ozonolysis of 
£rans-2,3-dibromo-2-butene leads to a greater variety of products than one 
might have expected if the reaction were strictly analogous to the ozon
olysis of hydrocarbon olefins. In particular, there is no evidence for the 
formation of the trioxolane-type ozonide 27. Nevertheless, all the reaction 
products identified could be readily rationalized by a normal Criegee-type 
primary cleavage pattern if one assumes that, owing to their special struc
tural features, the two fragments, acetyl bromide 25 and the zwitterion 26, 
undergo a number of subsequent reactions which are not open to the 
ozonolysis fragments derived from purely hydrocarbon olefins: 

B r 
I 

CH3 C==C CH3 

I 
B r 

0 3 

23 

Products < < < C H 3 — C — B r + C H 3 — C — 0 — 0 " > > > Products 
II I 
0 B r 
25 26 

27 
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10 50 100 150 200 250 300 

Reaction Time, minutes 

Figure 2. Ozone produced (•) vs. ozone consumed ( A ) 

0 3 consumed, mole % 

Figure 3. Ozone consumption vs. olefin consumption 
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BrCH 2 

in (1) 

I 
-A-

4.48 

2 CH 3-CBr 2-CBr 2-CH 3 

3 CH 3-COBr 

4 CH 3 -CO-CBr 2 -CH 3 

5 CH,-O0-C-CH 3 
3 II II J 

0 0 

6 CH,-C-0-0-C-CH, 
' II 

7 CH3-COOH 

Figure 4. NMR spectrum of the ozonolysis product 
of trans-2,3-dibromo-2-butene 

The acetyl bromide fragment, 25, is most likely the precursor for 
acetic acid, 28, acetic anhydride, 29, and for part of the bromine that is 
formed during the ozonolysis reaction. Although the reactions were car
ried out under anhydrous conditions, adventitious amounts of moisture 
could initiate the following reaction sequence: 

C H 3 C O B r + H 2 0 C H 3 C O O H + H B r 
25 28 

C H 3 C O B r + C H 3 C O O H -> C H 3 C O — 0 — C O C H 3 + H B r 
29 

2 H B r + 0 3 -> H 2 0 + B r 2 + 0 2 

Spontaneous hydrolysis of acetyl bromide, 25, leads to the formation of 
acetic acid, 28, acetic anhydride, 29, and hydrogen bromide. Since there 
is always excess ozone present, hydrogen bromide is rapidly reoxidized 
to form bromine and to reform the water. Therefore, the sequence 
depicted above can be summarily represented by the following reaction: 

2 C H 3 C O B r + 0 3 -> C H 3 C O — 0 — C O C H 3 + B r 2 + 0 2 

Such a reaction course has indeed been verified by independent experi
ments. Upon treatment of acetyl bromide with ozone under conditions 
that were comparable with those used in the ozonolysis of the dibromo-
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olefin 23, the reaction produced bromine and acetic anhydride in more 
than 90% yield. 

The zwitterion fragment, 26, is probably the precursor for the forma
tion of 3,3-dibromobutanone, 31 and of diacetyl peroxide, 33. The former 
compound, 31, is probably formed through the epoxidation of the starting 
material, 23, by the zwitterion, 26, and subsequent spontaneous rear
rangement of the dibromoepoxide, 30. Such a reaction sequence has 
been rendered likely by the results of the direct epoxidation of 23 with 
m-chloroperbenzoic acid which also produced the rearrangement product, 
31. 

+ 23 

C H . ^ B r 

C H 3 — C — 0 0 " > 24 + C C > C H 3 C O B r 2 C H 3 

B r B r ^ ^ C H , 

26 30 31 

The formation of the completely debrominated product, diacetyl peroxide 
33, from the zwitterion intermediate, 26, probably proceeds via the di -
meric peroxide of structure 32 in the manner depicted below: 

O — O C H 3 

2 C H 3 — C — 0 0 " > C / N s C / > 

B r C H 3 ^ O ^ o ' ^ B r 

32 

C H 3 — C — 0 — 0 — C — C H 3 + B r 2 

II II 
0 0 

33 

Although the intermediate dimeric peroxide, 32, could not be iso
lated and rigorously proved, there are two items of evidence which favor 
the postulated reaction course. The first evidence comes from inde
pendent experiments in which tetracyanoethylene was used as a co-
reagent during the ozonolysis of 23. In these cases, the formation of 
diacetyl peroxide, 33, as well as that of 3,3-dibromobutanone, 31, was 
drastically reduced, and at the same time tetracyanoethylene epoxide was 
formed. Apparently, the reaction of tetracyanoethylene with the zwit-
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5. G R I E S B A U M A N D B R U G G E M A N N Double Bonds 61 

terion, 26, is faster than the dimerization of the zwitterion to form 32—a 
phenomenon already observed during the ozonolysis of normal olefins (9). 

The second piece of evidence for the intermediacy of the dimeric 
peroxide, 32, stems from the low temperature ozonolysis of trans-2,3-
dibromo-2-butene, 23. In contrast to the usual reactions which were 
carried out at ca. —35°C, the ozonolysis of 23 in pentane at —78°C 
yielded a solid white precipitate which exploded violently when we tried 
to isolate it. When the low temperature ozonolysis was carried out in 
methylene chloride, on the other hand, no precipitate appeared. However, 
when the methylene chloride solution of the ozonolysis product was al
lowed to warm up gradually, an exothermic reaction set in at around 
—50°C, and the originally colorless solution showed the typical color of 
dissolved bromine. It is assumed that the explosive material is the dimeric 
peroxide, 32, which undergoes spontaneous debromination to form di 
acetyl peroxide, 33. 

The remaining two products from the ozonolysis of 23—viz., the 
tetrabromide, 34, and the tribromide, 3 5, are the result of addition and 
substitution reactions of the bromine that is liberated during the ozon
olysis reaction. Both reactions are probably favored by the presence of 
peroxidic materials in the solution since it could be shown that they 
progress much slower if bromine and £rans-2,3-dibromo-2-butene, 23, 
react in the absence of initiators. This is particularly true for the sub
stitution reaction leading to 35. During independent experiments, when 
the substrate, 23, was added to ozonized solutions of bromine in methylene 
chloride, the substitution was markedly favored. 

B r 
I B r 2 

C H 3 — C = C — C H 8 - » C H 3 C B r 2 C B r 2 C H 3 + B r C H 2 C B r = C B r C H 3 

| Peroxides 

B r 
23 34 35 

The nature and the distribution (Table II) of the ozonolysis prod
ucts in conjunction with the probable modes of their formation allow 
also a qualitative rationalization of the observed ozone-olefin stoichi
ometry. Three reactions compete with ozone for the starting material, 
£rarw-2,3-dibromo-2-butene. These reactions are the formation of 3,3-
dibromobutanone, 31, and the formation of the brominated products, 34 
and 35. O n the other hand, hydrogen bromide is oxidized to form bro
mine and water, which consumes ozone on top of the regular olefin-
ozonolysis reaction. A n attempt to explain the observed stoichiometry 
quantitatively did, however, not lead to a satisfactory correlation between 
the actual ozone consumption and the observed material balance. This 
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Conversion, 

Table II. Products of the Ozonolysis 

Product Distribution, mole % 

Solvent % AcBr AcOH AcOAc AcOOAc 

none 50 26 15 8 9 
Pentane 85 44 19 — 6 
C H 2 C I 2 95 23 24 14 13 

could be the result of a concurrently occurring, ozone-initiated autoxida-
tion reaction such as ozone-initiated oxidation of hydrogen bromide. 

Ozonolysis of tvans-2,3-Dibromo-2-butene in Participating Solvents. 
In contrast to the great variety of products resulting from the ozonolysis 
of 23 in inert solvents, the ozonolysis in methanol, ethanol, and 1-butanol 
produced mainly the corresponding acetates, 37, and bromine. In addi
tion, the presence of an as yet unidentified peroxidic material was detected 
by the sodium iodide method. However, in each case the amount of 
ester produced was greater than one would have expected if the acetyl 
bromide fragment, 25, were the only precursor for it. This seems to indi
cate that the second, presumably zwitterion fragment, 26, can also lead 
to the formation of ester. Obviously, this would require the reduction 
of a peroxidic intermediate, possibly of the type 36. This may proceed 
in a manner similar to that formulated for the debromination of the 
dimeric peroxide, 32. The hypobromite that is also formed during this 
step can subsequently oxidize the hydrogen bromide produced during 
the alcoholysis of acetyl bromide. 

B r 
I 

C H 3 — C = C — C H 3 

0 3 B r 

C H 3 — C — 0 — 0 -

B r 
26 

+ 
C H 3 — C — B r 

ROH 
O R 

C H 3 — C — O — O H 
I 

B r 

ROH 
C H 3 

-HBr 
0 

25 

J , - H O B r 
- C — O R 

O 

36 

37 

Conclusions 

If one disregards the tribromide, 35, in which the double bond of 
the substrate, 23, has not been touched at all , the ozonolysis of trans-
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of 2,3 -Dibromo-2 -butene 

Product Distribution, mole % 

CH3COCBr2CH3 CH3CBr2CBr2CH3 CH3CBr=CBrCH2Br 

14 16 11 
20 6 5 
13 9 4 

2,3-dibromo-2-butene, 23, in inert solvents leads essentially to three types 
of reaction products—the two actual cleavage products, 25 and 28, two 
products (29 and 33) in which the carbon atoms of the original double 
bond are still held together by a labile anhydride and peroxide group, 
respectively, and two products (31 and 34) in which the original double 
bond has been converted to single bonds that are stable towards further 
ozone attack: 

- » C H 3 C O B r + C H 3 C O O H 
25 28 

-» C H 3 C O — 0 — C O C H 3 + 
29 

C H 3 C O — 0 0 — C O C H 3 
33 

C H 3 C 0 C B r 2 C H 3 + C H 3 C B r 2 C B r 2 C H 3 

31 34 

Although the distribution among these products varies, depending 
on the reaction conditions, particularly on the solvent used, it is evident 
from the data in Table II that the latter type of products in which the 
double bond has been immunized towards further ozone attack comprises 
in each case a significant part (between 22 and 30% ) of the total product 
mixture. This is perhaps the most remarkable result of the present investi
gation. In contrast to the ozonolysis of hydrocarbon olefins, the ozonolysis 
of this dibromosubstituted double bond cannot be viewed primarily as a 
double bond cleavage reaction. 

This result may also give a partial explanation for the known ozone 
stability of polymers containing vinyl halide moieties. Part of this inert
ness is undoubtedly the result of the slow ozone attack. However, this 
phenomenon can only impart a prolonged ozone resistance, while the con
version of the original double bond into single bonds could impart a 
permanent ozone resistance. W e are extending our research to further 
model compounds of such polymer microstructures to find out whether 

C H 3 — C B r = C B r — C H 3 + 0, 
23 
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64 OZONE REACTIONS W I T H ORGANIC COMPOUNDS 

this is a general phenomenon of the ozonolysis of halogenated double 
bonds. 

From a preparative standpoint, ozonolysis in inert solvents does not 
represent a satisfactory method for the ozone cleavage of dibromo-sub-
stituted double bonds. If this is the desired reaction, it is preferable to 
use alcohols as participating solvents, which lead to a clean cleavage 
and to a high yield of the corresponding ester fragments. The latter 
reaction constitutes a convenient preparative method for the cleavage of 
acetylenes into the corresponding ester fragments via the intermediate 
dibromination products. 
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6 
The Ozone-Hydrosilane Reaction: 
A Mechanistic Study 

LEONARD SPIALTER, LEROY PAZDERNIK, STANLEY BERNSTEIN, 
WILLIAM A. SWANSIGER, GLEN R. BUELL, and MICHAEL E. 
FREEBURGER 

Chemical Research Laboratory, Aerospace Research Laboratories, 
Wright-Patterson AFB, Ohio 45433 

The reaction of a hydrosilane with ozone results in the rapid, 
quantitative conversion of the Si-H bond to the Si-OH 
moiety. The mechanism of this conversion has now been 
elucidated. It involves a fast, reversible complexation of 
ozone (acting as a nucleophile) with the silicon atom, fol
lowed by rate-determining electrophilic attack by the bound 
ozone upon the hydridic hydrogen, and decomposition into 
a R3Si· ·OΗ radical pair which recombine to produce the 
silanol. Extensive data concerning the relative rates and 
other structure-dependent properties in the ozonation of a 
number of mono-, di-, and trihydrosilanes are presented. 

*Tphe use of ozone as an oxidant for organic substrates has been k n o w n 
A for several decades, a n d the scope a n d m e c h a n i s m ( s ) of these ox ida 

tions have experienced considerable invest igat ion (1, 2). H o w e v e r , i t 
was not u n t i l 1962 that the i n i t i a l report of the ozone ox idat ion (ozona
t ion ) of organosilanes appeared ( 3 ) . I n 1965, i t was discovered that 
ozone w o u l d r a p i d l y , c leanly , a n d quant i tat ive ly convert an S i - Η moie ty 
to the corresponding s i lano l ( S i - O H ) (4). Subsequent investigations of 
this react ion e luc idated its scope a n d resulted i n suggested mechanist i c 
pathways (5-11). A l t h o u g h the ozonat ion of the C - H b o n d is re lat ive ly 
s low a n d yie lds , i n general , a mixture of products ( I , 12-15), that of the 
S i — H b o n d is r a p i d a n d affords on ly s i lanol . T h e present paper describes 
a rat iona l mechanism for the ozonat ion of the S i — H bond . D u r i n g the 
invest igat ion, considerable data concerning substituent electronic effects 
on s i l i con were accumulated a n d are descr ibed. T h e i r impl i cat ions i n 
organosi l icon chemistry are also discussed. 

65 
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66 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Experimental 

Materials. Solvents used i n c l u d e d hexane, carbon tetrachlor ide , a n d 
methylene ch lor ide , a l l of spectroqual i ty a n d further pur i f i ed b y satura
t i on w i t h ozone f o l l owed b y n i trogen p u r g i n g a n d d is t i l la t ion . F o r ozone 
generation, oxygen gas, d r i e d b y passage through a d r y ice-acetone co ld 
trap, was in t roduced into a W e l s b a c h m o d e l T -23 laboratory ozonator 
operated at 10 volts a n d 7 ps ig . T h e effluent gas, about 4 % ozone i n 
oxygen, was passed through an adjustable stream splitter for flow contro l 
a n d then b u b b l e d through a saturator conta in ing the solvent also be ing 
used i n the react ion system. ( F o r the experiments w i t h oxygen-free 
ozone, the ozone was first selectively adsorbed f r o m the ozonator effluent 
stream onto s i l i ca ge l at — 77 ° C a n d then desorbed b y w a r m i n g a n d 
e lut ion b y a d r y argon stream. ) 

T h e hydros i lane reagents used, where avai lable , were obta ined f rom 
c o m m e r c i a l suppliers such as Pierce C h e m i c a l ( R o c k f o r d , 111.), Peninsular 
C h e m Research (Ga inesv i l l e , F l a . ) , a n d M a t h e s o n , C o l e m a n a n d B e l l 
( N o r w o o d , O h i o ) . Others were synthesized b y the l i t h i u m a l u m i n u m 
h y d r i d e or deuter ide ( A l f a C h e m i c a l , Bever ly , Mass . ) r educ t i on of 
appropr iate organic ch loro - or fluorosilane, either purchased f r o m the 
above-ment ioned sources or synthesized b y convent ional routes i n v o l v i n g 
organomagnesium or - l i t h i u m condensations w i t h halosilanes. A l l such 
compounds were at least 9 8 % pure as determined b y vapor-phase chro 
matography ( V P C ) . S t ruc tura l ident i ty was establ ished b y molecu lar 
analysis, in f rared , a n d N M R spectroscopy where necessary. 

A n e w c o m p o u n d synthesized was 2 ,2 ' -b iphenylenyls i lane, b y 
L i A l H 4 r educ t i on of 2 ,2-biphenylenyldi f luorosi lane ( p r o v i d e d b y A n d e r 
son C h e m i c a l D i v i s i o n , Stauffer C h e m i c a l Co . , A d r i a n , M i c h . ) w i t h m.p. 
36.6°C, b.p. 8 6 ° C (0.31 m m . ) . Anal C a l c d for S i C 1 2 H 1 0 : S i , 15.41; C , 
79.06; H , 5.53. F o u n d ( G a l b r a i t h M i c r o a n a l y t i c a l L a b , K n o x v i l l e , T e n n . ) : 
S i 15.12; C , 78.92; H , 5.61. 

Ozone Competition Reaction Procedures. I n the relative rate studies, 
the solvent-saturated ozone—oxygen stream was passed into a glass b u b 
b ler reactor vessel charged w i t h 4 m l of about 4 X 1 0 " 2 M concentrat ion 
of each of the two silanes to be compet i t ive ly ozon ized as w e l l as of an 
inert saturated a l iphat i c hydrocarbon to funct ion as interna l s tandard . 
( F o r example , n-undecane was used for the t r ibuty l s i l ane / t r ihexy l s i l ane 
study.) T h e effluent f r o m the reactor passed through a solvent-f i l led 
b u b b l e counter to v isual ize the flow. T h e inlet stream splitter ment ioned 
earl ier was adjusted to a l l o w 2 -4 hours for each run's complet ion , as 
determined b y experience. T h e temperature was contro l led at 0 ° C i n 
b o t h the saturator a n d the reactor b y ah ice bath . 

T o f o l l o w the course of the react ion, smal l (0.1 m l ) al iquots were 
per i od i ca l l y r emoved a n d ana lyzed b y gas chromatography on a 150-ft 
0.1 i n c h i d c a p i l l a r y c o l u m n coated w i t h D o w - C o r n i n g D C - 5 5 0 si l icone. 
Peak areas were de termined a n d converted to concentrat ion values b y 
reference to the area of the in terna l s tandard peak. F r o m the unreacted 
fract ion ( S i ) ^/ ( S i ) 0 , of each p a i r e d compet ing silane S i at sampl ing t ime 
t was c omputed the re lat ive rate constant fcrei, the rat io of the correspond
i n g first order ( i n s i lane) rate constants, b y the earl ier reported (5 , 11) 
equat ion : 
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6. spiALTER E T A L . The Ozone-Ηydrosilane Reaction 67 

Table I. Relative Rate /Sa* Correlation 
4 4 

Silane &rel Λ l0g fcrel Σ σ * 6 Σσ*< 

T r i s (perhydro - l -naphthy 1) s i l a n e c 378 2.578 - 0 . 2 9 * - . 2 9 
Tr i cyc lohexy ls i lane 236 2.373 .04 - . 1 2 
t e r t -Buty ld i cyc l ohexy l s i lane 226 2.354 —.11 - . 1 1 
Tr ihexy l s i lane 115 2.061 .07 .12 
T r i b u t y l s i l a n e 100 2.000 .10 .17 
T r i e t h y l s i l a n e 84 1.924 .19 .23 
3 ,3 ,3 -Tr i f l uoropropy l d i m e t h y lsilane 51.7 1.714 .48 " .40 
D i ch loromethy ld imethy lsilane 41.7 1.620 .48 " .48 
Tris (3 ,3 ,3- tr i f luoropropyl )s i lane 35.6 1.551 .46 " .53 
Pheny ld imethy l s i l ane 30.7 1.487 .54 " .58 
Di i sopropy ls i lane 28.5 1.455 .60 .61 
Ch loromethy ld imethy l s i l ane 23.6 1.373 .67 d .67 
D ipheny lmethy l s i l ane 23.0 1.362 .59" .68 
Tr ipheny ls i lane 23.0 1.362 .64 d .68 
D i b u t y l s i l a n e 21.7 1.336 .72 .70 
Tr ie thoxys i lane 19.0 1.278 .76" .75 
Pheny lmethy ls i lane 12.0 1.079 1.03" .91 
2 ,2 -Dipheny leny lsilane 9.6 0.982 .99" .99 
Dipheny l s i lane 7.9 .898 1.08" 1.05 
Cyc lohexyls i lane 3.65 .562 1.32 1.32 
Dibenzy l s i lane 3.31 .520 1.42 1.36 
H e x y lsilane 3.04 .483 1.33 1.38 
Phenyls i lane 2.10 .322 1.52" 1.51 

a A i l rates reduced to 0 ° C and relative to B u 3 S i H rate of 100. 
6 Where applicable, T a f t σ* values for substituents are taken from tabulations i n 

J . H i n e , " P h y s i c a l Organic C h e m i s t r y / ' 2nd ed., p. 97, M c G r a w - H i l l , N e w Y o r k , 1962. 
c M i x t u r e of 1-decalinyl isomers obtained by l i t h i u m a l u m i n u m hydride reduction 

of hydrogenated trîs-1-naphthyl-naphthylfluorosilane (cf. Réf. δ.) 
d Calculated using σ* values of this paper, Tab le II. 
e Calculated from the equat ion: Σσ* « (2.2166 - log fcrei)/1.2513 of Figure 1. 

fcrel = h/k2 = { ^ [ ^ « J i / O i J o D / i l o g K S O l / i S O o ] } 

[ N o t e : E q u a t i o n 4 i n Ref . 11 has a t ypograph i ca l error result ing i n a 
numerator -denominator interchange error. ] Stat ist ical reduct i on of data 
f r o m m u l t i p l e samples was accompl i shed b y a non- l inear least squares 
computer p r o g r a m (16). 

T h e fcrei values of this paper are n o r m a l i z e d to 100 for t r ibuty ls i lane 
rather than to the earl ier tr iethyls i lane whose greater vo la t i l i t y in t roduced 
evaporat ive losses a n d resultant data scatter i n the experiments. 

Results and Discussion 

Relative Reactivity and Electronic Considerations. T h e i n i t i a l thrust 
of this invest igat ion was to determine the re lat ive react iv i ty of selected 
organosilanes towards ozone a n d to correlate the react iv i ty w i t h the sub
stituents, either s tructura l ly or e lectronical ly . A l inear re lat ionship be
tween the S i - Η stretching frequency — 2 2 0 0 cm" 1 ) of monohydrosi lanes 
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68 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

( R 3 S i H ) a n d the l ogar i thm of their relat ive rates of ozonation has been 
prev ious ly reported (5, 8). T h e S i - Η stretching frequency has also been 
correlated w i t h an effective group electronegativity (17, 18) a n d w i t h 
the Ta f t induct ive parameter , σ* (19, 20); however , certain substituents 
( chloro , fluoro, methoxy, p h e n y l , d imethy lamino ) do not correlate w e l l 
at a l l (21) but appear to be s ignif icantly less electron w i t h d r a w i n g than 
their σ* values w o u l d suggest. T h i s has been at tr ibuted to (p —> d)U 
back donat ion f rom the substituent into the vacant 3d orbitals of s i l i con 
(21, 22), result ing i n p a r t i a l cancel lat ion of the induct ive e lec tron-with
d r a w i n g p o w e r of the group. 

I n this research, since the silanes i n c l u d e d mono- , d i - , a n d t r ihydro 
species, the sum of all four σ* values was taken as ind icat ive of the total 
electronic environment of s i l i con. W h e n the logarithms of the relative 

4 
rates ( l og fcrei) were p lo t ted against 2σ* ( T a b l e I a n d F i g u r e 1 ) , an 
excellent correlat ion was observed for most substituents (vide infra). 
Least-squares analysis of the data afforded E q u a t i o n 1. 

log A w = - 1 . 2 5 1 3 Σ α * + 2.2166 (1) 

Substituents whose standard T a f t σ* values p r o d u c e d points far 
removed f rom the plot of F i g u r e 1 i n c l u d e d p h e n y l , ch loromethy l , d i -

o| I I I I I 
- 4 0 .4 4 .8 1.2 1.6 

Σ σ * 

Figure 1. Hydrosilane-ozone rate/Σσ* correlation 
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6. SPIALTER E T A L . The Ozone-Ηydrosïlane Reaction 69 

Table II. New asi* Values 

β σ*' σ* —as»* 

l - C 1 0 H i r - » - . 2 6 e 

F3C—CH2—CH2— - . 0 1 0.32 0.33 
C 1 2 C H - - . 0 1 1.94 1.95 
2 ,2 ' -B ipheny leny l .01 
P h e n y l .05 d 0.60 0.55 
C 2 H 5 0 - .09 e 1.35 1.26 
C 1 C H 2 - .18 1.05 .87 

α T h i s paper. 
6 M i x t u r e of 1-decalinyl isomers obtained b y catalyt ic hydrogénation of 1-naphthyl 

on silcon (δ). 
c T h i s value is probably well behaved and equal to σ*. 
d I n exact agreement w i t h value of At t r idge . 
e Substantial ly different from calculated value of 0.75 for C H 3 0 - , whose standard 

σ* is 1.35 (see text). 
' S tandard T a f t values (20, 29). 

ch loromethy l , ethoxy, a n d 3,3 , -trifluoropropyl. These points m a y be 
brought into correlat ion b y redef ining the substituent constant as a S i * , 
whose va lue m a y be deduced f r o m fcrei. T a b l e I I lists the values of σ$* 
thus der ived . T h e factor w h i c h these substituents have i n c o m m o n is the 
presence of unshared electron pairs or Π-electrons close to the s i l i con 
atom. 

T h e va lue of σδΐ* for p h e n y l , 0.05, agrees w i t h that ca l cu la ted for 
p h e n y l f rom the S i - Η stretching f requency (21). T h i s d iscrepany be
tween the latter a n d 0.60, the " n o r m a l " σ* for p h e n y l , has also been 
at tr ibuted to (p —> d)li back b o n d i n g (21, 23-25). H o w e v e r , the here-
observed a S i* for ethoxy, —0.09, does not agree w i t h the va lue of 0.75 
der ived f rom V S Î -H stretch for methoxy a l though their σ* values are qu i te 
s imi lar—1.35 a n d 1.45, respectively. Indeed , a l l of the "e lec tron-r i ch" 
substituents ind icate a near cancel lat ion of induct ive a n d mesomeric 
effects. H o w e v e r , alternate explanations of the so-cal led (p - » d)U back 
donat ion exist (26, 27). 

I m p r o v e d unders tanding a n d treatment of the p h e n y l case was 
deve loped f r om the recognit ion that the der ived a S i* ( C 6 H 5 - ) is almost 
i dent i ca l w i t h the " s t a n d a r d " H a m m e t t σ va lue , a parameter conta in ing 
bo th mesomeric a n d induct ive contributions. Since p u b l i s h e d data on 
the fcrei of ozonat ion of subst ituted phenyld imethyls i lanes were ava i lab le 
(11), a n d i n c l u d e d the c o m m o n point , pheny ld imethy ls i lane , s imple 
mathemat i ca l m a n i p u l a t i o n c o u l d b r i n g these a n d the present data on 
to the same scale. W h e n the H a m m e t t σ for the subst i tuted phenyls was 

4 
used i n the 2σ* ca l cu lat ion , a l l of the compounds correlated w e l l w i t h 
E q u a t i o n 1. A compar ison of the f o u n d a S i * ( X - C 6 H 4 - ) a n d the ir 
H a m m e t t σ values (29) appears i n T a b l e I I I . 
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70 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

I n essence, then, the electronic env ironment of the s i l i con can be 
descr ibed b y a substituent va lue , w h i c h is ( a ) equa l to the Ta f t 
σ* i f the substituent is an a l k y l group , ( b ) e q u a l to the H a m m e t t σ i f 
the substituent is p h e n y l or substituted p h e n y l , a n d ( c ) for substituents 
bear ing unshared electron pairs close to the s i l i con , each σ 8 1 * must be 
i n d i v i d u a l l y determined . T h e σ8* values c omputed i n this study appear 
i n T a b l e I I . 

Reaction Mechanism. T h e proposed mechanism for the o z o n e - h y d r o -
si lane react ion (7 ) s h o w n i n E q u a t i o n 2, as d e d u c e d b y a n a l y z i n g a n d 
corre lat ing data on re lat ive rates, substituent effects, d e u t e r i u m isotope 
effects, l o w temperature N M R , a n d ul travio let spectroscopy for a range 
of hydrosi lanes, is a mult i s tep one as f o l l ows : 

0 
R 3 S i — H + < / N 0 

A ^ 
R 3 S i ' ' 

- 0 - 0 
0 (2) 

Ή 

R 3 S i . 

. 0 — 0 
^ 0 

R 3 S i - 0 2 - O H < R 3 S i 0 0 0 H 

I n the next sections of this report, each step of this react ion scheme is 
considered i n t u r n , the alternatives discussed, a n d the rat ionale for 
dec is ion presented. 

Step A—Association of Ozone with the Silicon Atoms. T h e l inear 
H a m m e t t - t y p e re lat ionship of F i g u r e 1 a n d E q u a t i o n 1 indicates a slope, 
P, of —1.25. T h i s negative va lue denotes e lec trophi l i c attack b y the ozone 
a n d / o r the deve lopment of a par t ia l posit ive charge on s i l i con i n the 
transit ion state. Since the s i l i con is re lat ive ly electroposit ive, an electro
p h i l i c attack b y ozone on s i l i con seems un l ike ly . T h e hydrogen b o u n d to 
s i l i con , however , is h y d r i d i c i n character a n d is the l i k e l y site of attack 
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6. sp iALTER E T A L . The Ozone-Ηydrosilane Reaction 71 

b y an electrophile . I f attack b y ozone on hydrogen occurs i n the rate 
step, a p r i m a r y deuter ium isotope effect is pred i c ted ( 30 ) . 

T h e deuter ium isotope effect, fcH/fcD, w a s de termined for the react ion 
of t r i (η-butyl ) si lane w i t h ozone, b y c o m p a r i n g the fcrei for the ox idat ion 
of ( n - C 4 H 9 ) 3 S i H a n d ( n - C 4 H 9 ) 3 S i D vs. ( n - C 6 H i 3 ) 3 S i H . O z o n a t i o n here 
exhibits a surpr is ing ly large p r i m a r y isotope effect, the ratio of the proto -
to the deuteriosi lane, & H A D , b e i n g 6.9. T h e ca lcu lated & H A D , based on 
the zero-point energy effect us ing the in f rared stretching frequencies of 
the S i - Η a n d S i - D bonds i n t r i (η-butyl ) s i lane, is 4.5 at 0° (31). T h i s 
large isotope effect is ind i cat ive of the involvement of S i - Η b o n d break
i n g i n the rate step and , therefore, corroborates e lec trophi l i c attack b y 
ozone on the h y d r i d i c hydrogen . T h e poss ib i l i ty that this large isotope 
effect c o u l d be caused b y autoxidat ion b y the oxygen carrier gas, as 
observed i n aldehydes (12), has been r u l e d out since the kH/kD is u n 
changed i f argon is used as the ozone carrier rather than oxygen (10). 

I n v i e w of the poss ib i l i ty that attack b y ozone m a y proceed via 
oxygen insert ion into the S i - H σ -bond (state l ) , the k n o w n react ion of 
d ichlorocarbene w i t h the S i - Η b o n d (32) was taken as a m o d e l for such 
insert ion. T h i s react ion is postulated to proceed via the three-center 
transi t ion state 2, w h i c h is s tructural ly analogous to 1. T h e isotope 
effect, kn/kD, for insert ion of d ichlorocarbene into ( n - C 4 H 9 ) 3 S i H a n d 
( n - C 4 H 9 ) S i D , de termined i n the same manner as for their ozonations, 
was f o u n d to be 1.23 (10). T h e large difference i n the & H A D values 

R 3 S i -μ R 3 S i ; - ; H 

V /\ 
O — O CI CI 

suggests that the mechanism of the ozone react ion does not closely 
resemble that for the carbene insert ion. Fur thermore , a H a m m e t t - t y p e 
ρσ treatment of the carbene insert ion produced a ρ va lue of —0.63 (32) 
c o m p a r e d w i t h —1.25 for the ozone reaction. T h i s indicates a greater 
separation of charge (less concertedness) i n the latter a l though both do 
invo lve e lectrophi l i c attack. 

T h e p r i m a r y isotope effect a n d the relat ive rate data, however , do 
conflict at one point . I f attack on hydrogen is , indeed , rate determining , 
one w o u l d expect a statist ical factor for attack on the d i - a n d t r i h y d r o -
silanes. These compounds are, however , correct ly accommodated on the 
same l inear p lot ( F i g u r e 1) as are the monohydrosi lanes. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
2 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

2.
ch

00
6

In Ozone Reactions with Organic Compounds; Bailey, P.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1972. 
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Table III. σ$* Values for Substituted Phenyl Groups 

X in X C e H 4 - ( * . / * H ) e 

P - C H 3 O 2.5 .22 - . 2 7 - . 2 6 8 
P - C H 3 1.8 .34 - . 1 5 - . 1 7 0 

Η 1.0 .54 .05 0.000 
p - C l 0.48 .80 .31 .227 
m - C l 0.31 .87 .38 .373 
P - C F 3 0.20 1.03 .54 .54 

a Re lat ive rate of ozonization of substituted phenyldimethylsi lane compared w i t h 
phenyldimethylsi lane (11). 

b Ca lcu lated from ozonization rates of aryldimethylsi lanes (11) relative to pheny l 
dimethylsi lane and use of equation of Figure 1, assuming .05 for asi* (phenyl). 

c Obtained by subtraction, from preceding column, of σ* values for hydrogen and 
two methyls . 

d S tandard H a m m e t t substituent constants based on ionization constants of 
substituted benzoic acids (28). 

O n e possible explanat ion for this behavior is that charge separation 
occurs i n the transit ion state ( p r o d u c i n g either ==Si+ or = S i - ) a n d that 
the species order of s tab i l i ty ( tert iary > secondary > p r i m a r y ) exactly 
cancels the statistical factor. A l t h o u g h this explanat ion shou ld not be 
rejected out -o f -hand, the fortuitous co inc idence r e q u i r e d makes i t 
unattract ive . 

A second poss ib i l i ty is that the ozone forms some k i n d of complex 
w i t h the silane before attack on the hydrogen . F r o m this complex , a l l 
hydrogens are equa l ly accessible, a n d the decomposi t ion is first order i n 
complex. I n the hope of observing such a complexat ion , the u l trav io let 
spectra of ozone / s i lane mixtures i n carbon tetrachlor ide were examined 
(33). A l t h o u g h no spectral bands attr ibutable to a s i l i con -ozone complex 
were f ound , i t was observed that any s i l i con-conta in ing species ca ta lyzed 
the decomposi t ion of ozone. T h a t is, not only tr iethyls i lane, b u t t r i -
e thy ls i lano l a n d tetramethyls i lane as w e l l , destroy ozone i n carbon tetra
chlor ide . T h i s result indicates an association of the ozone w i t h the s i l i con 
atom, regardless of the funct ional i ty of the s i l i con species ( w i t h i n the 
types examined) a n d complete ly independent of the s i l i con substrate's 

3 4 
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6. spiALTER E T A L . The Ozone-Η y drosilane Reaction 73 

ab i l i ty to enter into a subsequent transformation react ion. I n v i e w of the 
electroposit ive nature of s i l i con , the nuc leoph i l i c association of ozone w i t h 
the s i l i con is the l i k e l y candidate for a suitable intermediate . Possible 
models for this type of interact ion range f r o m one of weak electrostatic 
attract ion, 3, to a f u l l y pentacoordinate s i l i con species, 4. 

I n an attempt to observe the complex, a l o w temperature N M R 
invest igat ion of mixtures of ozone w i t h t r ie thy ls i lano l a n d w i t h tetra-
methyls i lane were conducted . A t — 57 ° C i n methylene chlor ide , there 
was no discernible change i n the proton N M R of either t r i e thy l s i lano l 
or tetramethyls i lane as the ozone concentration of the resul t ing b lue 
solutions was increased to the po int of saturation. T w o possible explana
tions for these results are: (a ) the complex exists i n e q u i b r i u m w i t h the 
silane a n d ozone, a n d the actual concentrat ion of complex is too smal l 
to be detected b y N M R (less than 5% i n this exper iment ) , or ( b ) the 
c h e m i c a l shifts of the silane protons are not altered b y complexat ion. 
O f the two explanations, the first seems the more reasonable, p a r t i c u l a r l y 
i f the complex has more of the character of 4 than of 3. T h e exact nature 
of the complex is imposs ib le to determine at this t ime, b u t one signif icant 
observation is that opt i ca l ly act ive p e r h y d r o - l - n a p h t h y l p h e n y l m e t h y l s i l a -
n o l undergoes s low racemizat ion u p o n standing at r o o m temperature i n 
a pentane—ozone solution. T h i s is consistent w i t h reversible complexat ion 
to a species h a v i n g some pentacoordinate character f r om w h i c h racemiza 
t ion m a y occur via pseudorotat ion (34). 

These data suggest that the i n i t i a l step i n the react ion of ozone 
w i t h the S i - Η b o n d is the reversible f ormat ion of a s i l i con -ozone c o m 
plex. T h i s cannot be the rate step since ρ w o u l d have to be posit ive 
(nuc l eoph i l i c attack) a n d no p r i m a r y isotope effect w o u l d be predic ted . 
T o e l iminate the statist ical factor for the d i - a n d tr ihydrosi lanes , attack 
b y ozone on the h y d r i d i c proton f r o m w i t h i n the complex must be m u c h 
more favorable than direct encounter a n d react ion w i t h uncomplexed 
ozone a n d S i - H . 

Step(s) Bi and B 2 — H y d r o g e n Abstraction. H o w the ozonat ion pro 
ceeds f r om the complex is n o w considered. I f d irect σ -bond insert ion ( 1 ) 
is e l iminated on the basis of isotope effects as discussed above, then 5 
a n d 6 are the v iab le alternatives. T h e transit ion state 5 c o u l d col lapse 
to f o r m the s i l i con hydroperox ide 7, w h i l e transi t ion state 6 c o u l d collapse 
to f o r m the s i l i con hydrotr iox ide 8 ( p a t h B i ) ; a l ternat ively , 6 c o u l d 
collapse d i rec t ly to i o n or r a d i c a l pairs ( p a t h B 2 ) . T h e transformation 
5 - » 7 is not meant to suggest that atomic oxygen is the other product . 
Since the react ion order i n ozone has not been determined, the fate of 
the other oxygen a t o m ( s ) is moot. 
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74 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

R 3 S i H 
^ R 3 s i 0 0 H 

0 0 — 0 

5 7 

• 0 - 0 
\ R s S i c ' 0 R3S1OOOH 

R 8 S i ( + o r « ) 0 2 ( - o r - ) O H 

I f the react ion is four-centered (5 - » 7), a s i l i con hydroperox ide 
shou ld be formed. T h e react ion of tr iethyls i lane w i t h ozone was m o n i 
tored b y N M R at — 57°C . T h e only species observed under these c ond i 
tions were the si lane a n d the s i lano l ; no evidence for a hydroperox ide 
intermediate w h i c h m i g h t have been stable at that temperature (35) 
was detected, a n d c h e m i c a l tests for peroxides p r o v e d negative (5 , 6 ) . 
A s the concentrat ion of ozone was increased f r om zero to saturation, the 
spectrum of the silane complete ly d isappeared w i t h the concurrent ap
pearance of the s i lanol N M R spectrum. 

I f the react ion is five-centered ( 6 - » 8 ) , a s i l i con hydrotr iox ide m a y 
be f ormed . Since there has been no previous report of a s i l i con h y d r o 
tr iox ide , the s tabi l i ty of a species such as 8 under these condit ions c a n 
on ly be est imated. A m o n g carbon analogs, the reported d ia lky l t r iox ides 
have only m a r g i n a l s tabi l i ty at l o w temperatures (36, 3 7 ) , a n d a l k y l 
hydrotr iox ides , proposed as intermediates i n the ozonation of alcohols 
a n d ethers ( 3 8 ) , decompose at ca. — 10°C. A d m i t t e d l y , speculative 
extrapolat ion based o n the comparat ive stabil it ies of other types of s i l i con 
a n d carbon analogs suggests that a s i l i con hydrotr iox ide 8, shou ld have 
been observable i f i t h a d been present, b u t this requirement is debatable . 

Steps C and D — T h e Nature of the Recombining Fragments. U p o n 
assumption of the in termediacy of a five-center transi t ion state, the ques
t i on then arises as to h o w 6 (or 8 ) decomposes to the s i lanol . T h e break
d o w n c o u l d be via r a d i c a l or i o n pairs . T h e large p r i m a r y isotope effect 
suggests a r a d i c a l p a t h w a y ( 1 2 ) . F u r t h e r insight was ga ined f r o m the 
ozonat ion of op t i ca l ly act ive p e r h y d r o - l - n a p h t h y l p h e n y l m e t h y l s i l a n e , 
w h i c h y ie lds the s i lanol 10 w i t h retention of conf iguration ( E q u a t i o n 3 ) . 
Pro l onged exposure of 10 to ozone causes racemizat ion , but the product 
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6. spiALTER E T A L . The Ozone-Ηydrosilane Reaction 75 

10 

i n i t i a l l y has reta ined its configuration. Presumably , the silane 9 is also 
racemized b y ozone (via c omplexat i on ) , but the rate of ozonizat ion is 
faster. Retent ion of conf iguration b y s i l y l radicals has been demon-
trated (39) whereas the op t i ca l properties ( indeed , the very existence) 
of t r ivalent s i l i c on ium ions have not been established. F o r this reason, 
decomposi t ion of 6 ( or 8 ) through a r a d i c a l p a i r w i t h subsequent, r a p i d 
recombinat ion is the mechanism w h i c h appears most compat ib le w i t h 
the exper imental observations. 

Conclusions 

W h e n a l l the mechanist i c evidence is taken into consideration, the 
f o l l o w i n g react ion sequence appears to best satisfy the data. T h e silane 
undergoes reversible complexat ion ( A ) w i t h the ozone, the complex 
be ing present i n on ly smal l concentrations. T h e rate step then involves 
e lectrophi l i c attack on the h y d r i d i c hydrogen , passing through a five-
center transit ion state. T h i s m a y decompose to either a s i l y l hydrotr iox ide 
( B i ) or d i rec t ly to the r a d i c a l pa i r ( B 2 ) . T h e s i l y l hydrotr iox ide , i f pres
ent, must decompose r a p i d l y to the r a d i c a l p a i r ( C ) . T h i s r a d i c a l p a i r 
then recombines w i t h retent ion of configuration to afford the u l t imate 
product , the s i lano l ( D ) . 

W i t h regard to the five-center transit ion state, K e n n e t h W i b e r g ( Y a l e 
U n i v e r s i t y ) has k i n d l y po in ted out to us that the magni tude of the isotope 
effect supports the five-centered act ivated complex w h i c h w e have postu
lated . I n the smaller r i n g complexes, the v i b r a t i o n a l mode converted to 
the react ion coordinate is a b e n d i n g mode , w h i c h w o u l d not produce a 
large isotope effect. I n the five-centered complex, b o t h b e n d i n g a n d 
stretching modes are converted, a n d the large isotope effect is not 
unexpected. 

F i n a l l y , a referee has suggested that 8 c o u l d decay to product via 
a concerted p a t h w a y ( i ) [p. 76 ] . A l t h o u g h such a p a t h w a y cannot be 
r u l e d out, w e feel that the large isotope effect suggests the r a d i c a l pa i r , 
p robab ly f rom B2. B o t h i a n d the r a d i c a l mechanism w o u l d proceed w i t h 
retention of configuration. 
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R 3 S i — Ο — 0 R 3 S i O H + 0 2 (i) 

Η — 0 
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7 
The Ozonolysis of Organomercurials 

WILLIAM L. WATERS, PAUL E. PIKE, and JOSEPH G. RIVERA 

University of Montana, Missoula, Mont. 59801 

The reaction of ozone with over 20 different dialkylmer-
curials and alkylmercuric halides produced good yields of 
carboxylic acids, ketones, and alcohols from primary, sec
ondary, and tertiary alkylmercurials, respectively. Although 
carbon—mercury scission was the chief course of reaction, 
some carbon—carbon cleavage did occur in varying degrees. 
A kinetic study of the reaction under pseudo first-order rate 
conditions indicated a build-up of positive charge on carbon 
in the rate-determining step. The mechanism for carbon
-mercury cleavage is depicted as a mixture of pure SE2 and 
four-center processes. Although somewhat limited in scope, 
ozonolysis of organomercurials does promise synthetic utility. 

Τ η the search for n e w synthetic uses of organomercurials a n d the olefin 
A mercurat ion reactions i n general , attention was d r a w n to ozone as a 
possible reactant. 

Organomercur ia ls react r a p i d l y w i t h a var iety of e lec trophi l i c spe
cies, a n d a recent book b y Jensen a n d R i c k b o r n f u l l y describes the scope 
of these reactions ( I ) . Foremost among the e lectrophi l i c reagents are 
the halogens w h i c h cleave the carbon—mercury b o n d to produce a l k y l 
m e r c u r i c hal ides a n d / o r a l k y l hal ides , depend ing on the type of organo-
m e r c u r i a l invo lved . 

fast 
R 2 H g + B r 2 • R B r + R H g B r ^ 

slower 
R H g B r + B r 2 > R B r + H g B r 2 

I n add i t i on , pro t i c acids also cleave organomercurials to y i e l d the proton-
substituted products analogous to those for halogenat ion above. F i n a l l y , 
mercur i c salts also act as e lectrophi l i c reagents towards organomercurials . 

78 
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7. WATERS E T A L . Ozonolysis of Organomercurials 79 

R 2 H g + H g B r 2 

R H g B r + * H g B r 2 

2 R H g B r 

R * H g B r + H g B r 2 (2) 

where * H g = 2 0 3 H g 

Several mechanisms have been proposed for these e lectrophi l i c 
c leavage reactions. I n general , these mechanisms range f r o m pure S E 1 
to pure S E 2 processes a l though these two extreme mechanisms are usua l ly 
reserved for spec ia l cases. 

SBl: R 2 H g + Y -» R — H g — R 

I 
γ 

R X 

R + R H g Y 

X 
(3) 

Sd: R 2 H g + X — Y R — H g — R • R H g — R 

Χ — Y X — Y + (4) 

R X + Y H g R 

R 

Four-Center : R 2 H g + Χ — Y > R H£ > R X + Y H g R (5) 

X 

SE2: R 2 H g + X — Y R — H g — R 

X — Y 

R — X — Y 

H g - R (6) 

R X + Y H g R 

O z o n e has l ong been assigned the role of e lectrophile i n add i t i on 
a n d subst i tut ion reactions ( 2 ) . I n this respect the reagent has been 
reported to cleave various carbon-metal bonds (3-9). 

( E t ) 4 S n 
03 

A c H + ( E t ) 2 S n O + a peroxide (7) 
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( E t ) 4 P b 
20° 

(E t ) «Si 
Os 

( E t ) 3 P b O H + ( E t ) 2 P b O + ( E t ) 3 P b O E t 

+ A c H + E t O H 

A c O H + H 2 0 2 + E t 3 S i 0 2 H + ( E t 3 S i ) 2 0 

R 2 S e 
03 

R 2 S e O 

( t - P r ) 2 H g 
03 

R S e H + aldehyde 

2 ( C H 3 ) 2 C O + H g O 

(8) 

(9) 

(10) 

(11) 

A l t h o u g h reports of mechanist ic studies are scarce for these reac
tions, Ouel let te a n d M a r k s d i d propose a 1,3-dipolar attack b y ozone 
(10). T h e corresponding intermediate was pred i c ted to be a h y d r o t r i 
oxide of s i l i con. 

- H 

R 3 — S i Ο 

Ο-
/ 

- ο 

-> [ R 3 — S i — Ο — Ο — O H ] (12) 

T h e unstable hydrotr iox ide c o u l d then decompose via singlet or t r ip let 
oxygen ejection to f o r m the observed s i lano l products (10). 

The Reaction 

T h e cleavage of c a r b o n - m e t a l bonds b y ozone is in t r igu ing . Study 
was begun to discover the scope of this react ion us ing mercuria ls as the 
organometal l i c reagent. I t was h o p e d that not on ly w o u l d the cleavage 
mechanism be c lari f ied but also that a synthet ica l ly useful m e t h o d of 
in t roduc ing oxygen funct ional i ty m i g h t be developed. 

O z o n a t i o n of over 20 different organomercurials resulted i n a f a i r l y 
r a p i d disappearance of organometal l i c start ing mater ia l , a c companied 
b y a constant prec ip i ta t i on of inorganic mercury salts. A product study 
i n ch loro form a n d methylene chlor ide solvents at temperatures rang ing 
f r om —75° to + 2 5 ° C showed that m e r c u r y was rep laced b y an oxygen-
conta in ing moie ty i n a l l cases (11). A l t h o u g h these products w e r e chiefly 
the analogous a lcohol , ketone, or a c id f r om the parent 3 ° , 2 ° , or 1° 
organomercur ia l respectively, some c a r b o n - c a r b o n scission d i d occur. 
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7. WATERS E T A L . Ozonolysis of Organomercurials 81 

T h i s was especial ly evident at the h igher temperatures a n d i n the case 
of the a l k y l m e r c u r i c hal ides. 

A k inet i c study of the react ion was also per formed i n w h i c h N M R -
obta ined rate data were correlated w i t h m e r c u r i a l structure changes (12). 
T h i s s tudy revealed a qui te dist inct react iv i ty order w h i c h , c oup led w i t h 
a 1:1 reactant stoichiometry, indicates a 1,3-dipolar e lec trophi l i c attack 
b y ozone via SL S e 2 or four-center process. A l t h o u g h the exact mechanism 
was not conclus ive ly proved , it is certain that neither the S E 1 or S E i 
processes were operative d u r i n g these reactions. 

Experimental 

Materials. G e n e r a l l y the organomercur ic hal ides were prepared us ing 
the G r i g n a r d method as out l ined b y M a r v e l et al. (13). T h e d i a l k y l -
mercur ia ls were also synthesized b y the G r i g n a r d procedure as out l ined 
b y G i l m a n a n d B r o w n (14). E x a c t s tructura l identi f icat ion of the organo
mercuria ls was fac i l i ta ted b y correlat ion of N M R - o b t a i n e d 1 9 9 H g - 1 H 
spin-sp in coup l ing data w i t h l i terature values for s imi lar systems (15 ,16) . 
P r e l i m i n a r y ident i f i cat ion was per formed b y the usua l comparison of 
p h y s i c a l properties w i t h those for k n o w n compounds. 

Apparatus. T h e apparatus used i n these studies consisted of a W e l s -
b a c h T-408 electric discharge ozonator connected to three 200-ml gas 
w a s h i n g bottles i n series. T h e first bottle was the react ion vessel, a n d its 
temperature was mainta ined at —76° , 0 ° , or + 1 0 ° C . T h e second bott le 
was a c o l d trap for the more vo lat i le products—e.g. , a ce tone—which were 
general ly swept out of the react ion vessel b y the large vo lume of 0 2 . 
T h e t h i r d bott le contained an aqueous K I solut ion for t r a p p i n g any 
unreacted 0 3 . A f ter complet ion of a react ion this so lut ion c o u l d be 
t i trated w i t h thiosulfate for l iberated I 2 a n d thus unreacted 0 3 . B y us ing 
Ο2 as the feed gas, an 0 3 - 0 2 mixture , 3-4% 0 3 b y weight , was p r o d u c e d 
b y the ozonator. F l o w rates were adjusted to produce 18 -30 mmoles of 
0 3 per hour . F o r the rate studies the above-mentioned react ion vessel 
was modi f i ed to a l l o w for r a p i d a n d per iod i c r e m o v a l of so lut ion al iquots 
d u r i n g the progress of the react ion. 

Procedure. P R O D U C T - D E T E R M I N I N G STUDIES . I n a t y p i c a l product -
de termin ing r u n 10 mmoles of o rganomercur ia l were dissolved i n ca. 50 
m l of C H 2 C 1 2 a n d p l a c e d i n the react ion vessel. A f ter the vessel was 
cooled to the proper temperature , the 0 3 - 0 2 flow was started. I n a l l 
cases an immediate whi te prec ip i tate appeared. T h i s prec ip i ta t i on was 
constant throughout the entire ozonolysis procedure a n d i n fact was used 
as an endpoint determinant i n certain cases. 

Ozonat i on was general ly ha l ted after a l l of the organomercur ia l h a d 
reacted. T h e resultant w h i t e so l id was then col lected, w a s h e d w i t h 
C H 2 C 1 2 , d r i ed , a n d subjected to analysis b y p o w d e r x-ray di f fraction 
w i t h a Nore l co ana ly t i ca l x-ray diffractometer. 

T h e C H 2 C 1 2 so lut ion was ana lyzed b y vapor phase chromatography 
( V P C ) methods us ing 6 ft X % i n c h 3 0 % C a r b o w a x or 6 ft X % i n c h 
2 0 % S E - 3 0 columns. Retent ion times of the react ion products were 
matched on bo th co lumns w i t h preca l ibrated chromatographs of k n o w n 
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82 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

compounds. A n interna l s tandard was a d d e d to the C H 2 C 1 2 so lut ion for 
integrat ion purposes. 

K I N E T I C STUDIES . I n a t y p i c a l k ine t i c r u n 10 mmoles of organo
m e r c u r i a l were dissolved i n 100 m l of C H C 1 3 a n d p laced i n the react ion 
vessel. T o this so lut ion were a d d e d 30 mmoles of C H 3 N 0 2 as an in terna l 
N M R standard. Ozone flow rates were determined a n d the m e r c u r i a l 
solution was then ozon ized at 0 ° C . A l i q u o t s were per i od i ca l l y w i t h d r a w n 
(general ly , 8 -10 samples taken) a n d shaken w i t h a so l id mixture of ca. 
0.1 gram K I a n d 0.1 g ram N a 2 S 2 0 3 . I n this manner excess 0 3 was i m m e 
diate ly quenched a n d the resultant I 2 , w h i c h itself reacts w i t h organo
mercuria ls at r oom temperature, was q u i c k l y reduced . 

E a c h a l iquot was ana lyzed wi thout further w o r k - u p b y an H A - 6 0 
A n a l y t i c a l N M R Spectrometer, us ing the field sweep method to e l iminate 
the usua l phase changes associated w i t h the f requency sweep mode. T h e 
relat ive integrals for C H 3 N 0 2 a n d one set of resonance lines for the 
organomercur ia l were repeated 10 t imes a n d averaged. T h i s average 
va lue was compared w i t h the o r i g ina l C H 3 N 0 2 / o r g a n o m e r c u r i a l ratio 
to determine the concentration of o rganomercur ia l at that t ime. These 
ac tua l concentrations, a long w i t h the respective t ime intervals f r om f 0, 
were submit ted to a least-squares computer program. U s i n g an I B M 
1620 computer , the n a t u r a l l ogar i thm of the concentration was p lo t ted 
vs. t ime (ca. 10 po ints ) to give the best-f itt ing l inear re lat ionship be
tween the two variables . F r o m this p lo t the least-squares slope, (/-inter
cept, absolute rate constant, a n d corre lat ion coefficient of the l ine were 
determined. 

O T H E R STUDIES . C e r t a i n ozonations were carr ied out us ing N 2 as the 
carr ier gas instead of 0 2 . F o r these reactions the usua l s i l i ca ge l pro 
cedure (17) was used. S i l i ca gel , 100-150 grams, 6 -12 mesh, was p laced 
i n a 200-ml s ide -arm co ld trap a n d cooled to — 76 ° C . Ozone was intro 
d u c e d into this trap as the usua l 0 3 - 0 2 mixture . A f t e r the desired amount 
of 0 3 h a d been adsorbed b y the s i l i ca ge l , the ozonator was disconnected 
a n d the c o l d trap flushed w i t h ambient temperature N 2 for 5 minutes to 
remove any 0 2 . Ozone was then flushed s lowly f r o m the s i l i ca gel b y 
g radua l ly m o v i n g the trap very short distances out of the d r y i c e — 
acetone bath w h i l e cont inu ing to flush w i t h N 2 [hastening this w a r m i n g 
procedure resulted i n a v io lent exp los ion] . 

Next , a sto ichiometric study was undertaken to determine the n u m 
ber of moles of 0 3 w h i c h reacted w i t h each mole of organomercur ia l . 
T o accompl i sh this task the 0 3 flow rate was accurately determined b y 
the K I - N a 2 S 2 0 3 procedure. O z o n a t i o n of a m e r c u r i a l i n C H 2 C 1 2 or C H C 1 3 

was then begun. I n c l u d e d i n the react ion mixture was a smal l amount 
of C H 3 N 0 2 as an N M R integrat ion standard. T h e react ion was stopped 
several times to check the organomercur ia l concentration b y N M R spec
troscopy. T h e amount of unreacted ozone also h a d to be ca lcu lated at 
each sampl ing p e r i o d for the p r i m a r y a n d secondary a lky lmercur i c 
hal ides. T h e 0 3 flow rate was also rechecked at each sampl ing in terva l 
to ensure that the dispersion tubes h a d not c logged. T h e n u m b e r of 
moles of reacted 0 3 was then compared w i t h the n u m b e r of moles of 
reacted organomercur ia l . 
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7. WATERS E T A L . Ozonolysis of Organomercurials 83 

Results 

Product Studies. T a b l e I outl ines the organic a n d inorganic products 
of the ozonolysis reactions. T h e ozonolysis products of n -a lky lmercur i c 
halides a n d d i -n -a lky lmercur ia l s were a mixture of carboxyl i c acids w h i c h 
h a d a carbon cha in equa l to or shorter than the a l k y l group of the parent 
organomercur ia l . 

Ozonolys is of the s -a lky lmercur ic hal ides a n d the d i - s -a lky lmercur ia ls 
p r o d u c e d the coresponding ketone. A l t h o u g h some c a r b o n - c a r b o n c leav
age occurred , i t was general ly less than w i t h the react ion of the p r i m a r y 
organomercurials (see Reactions 13 a n d 14, T a b l e I ) . I n p a r t i a l contrast 
to the results of B o c k e m u l l e r a n d Pfeuffer (Reac t i on 11), the ozonation 
of d i i sopropy lmercury y i e l d e d acetic a c id i n add i t i on to acetone ( Reac 
t ion 14, T a b l e I ) . 

T e r t i a r y a lky lmercur i c hal ides y i e l d e d a considerable amount of the 
corresponding a lcohol u p o n ozonat ion (Reac t i on 17, T a b l e I ) . Some 
c a r b o n - c a r b o n cleavage accompanied the m a i n react ion i n this case as 
w e l l . 

T h e inorganic products of the ozonolysis reactions were determined 
for three different organomercurials . Ozonolys is of t w o d i a l y k y l m e r -
curials p r o d u c e d a mixture of mercur i c chlor ide , mercurous ch lor ide , 
a n d mercur i c oxide (React ions 3 a n d 14, T a b l e I ) w h i l e one a lky lmer 
cur i c ha l ide gave only mercur i c a n d mercurous chlorides (Reac t i on 13, 
T a b l e I ) . A k n o w n mixture of the three salts was tested for its stabi l i ty 
to the react ion conditions. T h e salts were ozon ized as a s o l u t i o n / m i x t u r e 
w i t h methylene chlor ide . P o w d e r x-ray di f fract ion showed no difference 
i n the mercury salt mixture after a 2-hour ozonation at 10°C. 

Carbon—Carbon Cleavage. A s ment ioned above, carbon—carbon 
cleavage usual ly accompanied the " n o r m a l " carbon—mercury cleavage 
react ion. W h i l e this chain-shortening process was most prominent for 
the n -a lky lmercur i c hal ides w h i c h were ozonated at 10 °C (React ions 1 
a n d 6, T a b l e I ) , i t was r educed to a m u c h l ower l eve l w h e n the d i - n -
a lky lmercur ia ls were ozonated at — 7 6 ° C (React ions 5 a n d 10, T a b l e I ) . 
A c t u a l l y even less carbon—carbon scission occurred d u r i n g the ozonation 
of the d i - s -a lky lmercur ia ls hal ides ( React ion 14, T a b l e I ) a n d d u r i n g the 
p a r t i a l ozonat ion of the f er f -a lky lmercur i c hal ides (not l i s t ed ) . 

B y comparison of the n - a l k y l m e r c u r i a l results alone, i t is possible to 
general ize that bo th h igher ozonat ion temperatures a n d the presence of 
a halogen l i g a n d on m e r c u r y promote carbon—carbon cleavage d u r i n g 
the ozonolysis of the c a r b o n - m e r c u r y bond . 

A s a check of a possible react ion p a t h w a y for the format ion of the 
shorter acids d u r i n g ozonation of n -a lky lmercur ia ls , pentanoic a c id was 
ozonized for 4 hours at 10 ° C . T h e ozonation was carr ied out i n d i ch loro -
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84 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

methane w h i c h contained smal l amounts of m e r c u r i c chlor ide a n d mer 
curous chlor ide . O n l y start ing mater ia l c o u l d be detected b y V P C 
analysis of the produc t mixture . 

I n another test of the react ion p a t h w a y for c a r b o n - c a r b o n cleavage, 
the exit gas f rom the react ion vessel d u r i n g a 10 ° C ozonat ion of n -
p r o p y l m e r c u r i c b romide was passed through a B a ( O H ) 2 so lution. T h i s 
solution showed an almost immediate a n d constant prec ip i ta t ion of B a C 0 3 

d u r i n g ozonation. H o w e v e r , further invest igat ion revealed that methylene 
chlor ide y i e l d e d C 0 2 at about the same rate at 10 °C . H e n c e , after 
de termin ing that F r e o n 114 d i d not react w i t h ozone at —76°C., the test 
was repeated on d i -n -propy lmercury at the reduced temperature a n d i n 
the inert solvent. U n d e r these conditions C 0 2 was s t i l l p r o d u c e d at an 
apprec iable rate. O n e final experiment, however , p laced the o r ig in of the 
C 0 2 back into an u n d e c i d e d l ight . F o r m i c a c id was ox id i zed s lowly to 
C 0 2 w h e n ozonized in F r e o n 114 at — 76 °C . 

The Role of Oxygen. T o define proper ly the role w h i c h 0 2 p l a y e d 
i n these ozonolysis reactions, n i trogen was occasional ly used as the carr ier 
gas for ozone. A f t e r ozon iz ing n-hexylmercur ic b r o m i d e at 10°C w i t h 
the usual 0 3 - 0 2 mixture , the react ion was repeated w i t h 0 3 - N 2 (see 
E x p e r i m e n t a l ) . B y compar ing the react ion products f rom runs 6 a n d 7 
( T a b l e I ) , i t can be read i ly seen that no product differences exist w h e n 
N 2 is subst ituted for 0 2 . 

I n a s ignif icantly different approach to the prob l em, i sopropy lmer -
cur i c ch lor ide was oxygenated i n C H C 1 3 at 10 ° C for 2 hours at 24 liters 
of 0 2 per hour . Analys is ( V P C ) showed that 4 % of the organomercur ia l 
h a d reacted to give acetone. 

Stoichiometry of Ozone Uptake.. T h e results of the stoichiometry 
study are out l ined i n T a b l e I. 

Intermediate Products from Ozonolysis of Organomercurials. A 
bonus of the N M R m e t h o d for k inet i c analysis of the 0 3 - o r g a n o m e r -
c u r i a l react ion was the fact that certain 0 3 - r e a c t i v e intermediates were 
observed d u r i n g ozonolysis of some of the organomercurials . 

D i i s o p r o p y l m e r c u r y y i e l d e d i sopropy lmercur i c chlor ide a n d iso-
p r o p y l a l coho l as w e l l as acetone. T h e first two products gave acetone 
u p o n further react ion w i t h 0 3 . T h e f o l l ow ing equat ion appears to 
describe this system: 

03 

— • ( C H 3 ) 2 C O < » 

o3 

0 3 ( C H 3 ) 2 C H H g C l > ( C H 8 ) 2 C H — O H (13) [ ( C H 3 ) 2 C H ] 2 H g — — 
C H C l -

( C H 3 ) 2 C H O H 
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7. WATERS E T A L . Ozonolysis of Organomercurials 85 

T h e bel ie f that acetone was one of the i n i t i a l products of the react ion 
is supported b y its extremely fast rate of f ormat ion compared w i t h the 
rate of ox idat ion of i sopropy l a l coho l to acetone b y 0 3 - 0 2 . 

A s tudy of the intermediate products f r om the ozonolysis of iso-
p r o p l y m e r c u r i c ch lor ide shows that the rate of b u i l d - u p of i s opropy l 
a l coho l adequately accounts for the rate of acetone format ion . T h e 
react ion sequence therefore appears to be one of c a r b o n - m e r c u r y c leav
age, f o l l owed b y ox idat ion b y ozone. 

T h e tert iary a l k y l m e r c u r i c ha l ide , i e r f -buty lmercur i c ch lor ide y i e l d e d 
on ly tert-butyl a l cohol as the p r i m a r y product . It was not u n t i l a l l the 
organomercur ia l h a d reacted that acetone appeared as a react ion p r o d 
uct (see React ion 17, T a b l e I ) . T h u s i t again is suggested that an a lcohol 
is the immediate product of C - H g cleavage b y ozone, at least i n the 
case of a lky lmercur i c hal ides. 

Results 

Kinetic Studies. T h e ozonat ion rates of 10 a l k y l m e r c u r i c hal ides were 
de termined i n chloro form at 0 ° C . T h e rate of ozone ox idat ion of iso
p r o p y l a l coho l to acetone under ident i ca l condit ions was also measured. 
A n attempt to measure the ozonation rate of six d ia lky lmercur ia l s f a i l ed , 
however , because the react ion w i t h R 2 H g was m u c h too fast under these 
condit ions. 

T h e previous ly descr ibed method used to obta in rate constants for 
these reactions i n v o l v e d the continuous passage of a stream of 0 3 — 0 2 

through the react ion vessel. F o r the k inet i c s tudy of the s lower-react ing 
a l k y l m e r c u r i c hal ides the 0 3 concentrat ion r e m a i n e d saturated a n d there
fore constant. T h i s was not true for the d ia lky lmercur ia l s , however , since 
they reacted so fast w i t h ozone that an 0 3 concentrat ion approach ing the 
saturation value c o u l d never be reached. T h i s s ituation was also borne 
out b y the consistent observation that the K I trap ( of the react ion a p p a 
ratus) became co lored d u r i n g the d i a l k y l m e r c u r y ozonations only after 
a l l of the m e r c u r i a l h a d reacted. B y comparison, the reactions of the 
a lky lmercur i c hal ides were s low enough so that iod ine was f o rmed i n 
the K I trap short ly after start ing the 0 3 - 0 2 flow. 

I n the case of the a lky lmercur i c hal ides , the rate equat ion appears as, 

~ d [ R ( t i g X ] = k [ R H g X ] [ ° 3 ] ( 1 4 ) 

Since w e m a y consider / c [ 0 3 ] to be constant after i n i t i a l saturation is 
achieved, the integrated rate expression is that i n E q u a t i o n 15. 
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OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Table I. Products 

Reaction 
Organomercurial Temperature, °C 

1. C H 3 C H 2 C H 2 H g B r 10 

2. C H 3 C H 2 C H 2 H g B r 0 

3. ( C H 3 C H 2 C H 2 ) 2 H g 10 

4. ( C H 3 C H 2 C H 2 ) 2 H g 0 

5. ( C H 3 C H 2 C H 2 ) 2 H g - 7 6 

6. C H 3 ( C H 2 ) 5 H g B r 10 

7. C H 3 ( C H 2 ) 5 H g B r 10 

8. [ C H 3 ( C H 2 ) 5 ] 2 H g 10 

9. [ C H 3 ( C H 2 ) 5 ] 2 H g 0 

10. [ C H 3 ( C H 2 ) 6 ] 2 H g - 7 6 

11. ( C H 3 ) 3 C C H 2 H g C l 10 

12. ( C H 3 ) 2 C H ( C H 2 ) 2 H g B r 

13. ( C H 3 ) 2 C H H g C l 

10 

10 
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7. WATERS E T A L . Ozonolysis of Organomercurials 

of Ozonolysis" 

Inorganic Products Organic Products 

4 4 % C H 3 C H 2 C O O H 
5 4 % C H 3 C O O H 

4 8 % C H 3 C H 2 C O O H 
5 0 % C H 3 C O O H 

6 7 % C H 3 C H 2 C O O H 
1 9 % C H 3 C O O H 
1 4 % H C O O H 

7 2 % C H 3 C H 2 C O O H 
1 6 % C H 3 C O O H 
1 2 % H C O O H 

3 0 % C H 3 ( C H 2 ) 4 C O O H 
4 0 % C H 3 ( C H 2 ) 3 C O O H 
1 0 % C H 3 ( C H 2 ) 2 C O O H 

5 % C H 3 C O O H 

3 0 % C H 3 ( C H 2 ) 4 C O O H 
4 0 % C H 3 ( C H 2 ) 3 C O O H 
1 0 % C H 3 ( C H 2 ) 2 C O O H 

5 % C H 3 C O O H 

5 0 % C H 3 ( C H 2 ) 4 C O O H 
2 5 % C H 3 ( C H 2 ) 3 C O O H 
1 0 % C H 3 ( C H 2 ) 2 C O O H 
1 0 % C H 3 C H 2 C O O H 

5 % C H 3 C O O H 

7 0 % C H 3 ( C H 2 ) 4 C O O H 
1 0 % C H 3 ( C H 2 ) 3 C O O H 

5 % C H 3 ( C H 2 ) 2 C O O H 
< 5 % C H 3 C H 2 C O O H 
< 5 % C H 3 C O O H 

8 0 % C H 3 ( C H 2 ) 4 C O O H 
5 % C H 3 ( C H 2 ) 3 C O O H 

< 5 % other acids 

— ( C H 3 ) 2 C O 
— ( C H 3 ) 3 C O H 
— ( C H 3 ) 3 C C O O H 

C o m p l e x mixture 

4 5 % H g C l 2 

3 5 % H g 2 C l 2 

2 0 % H g O 

6 4 % C H 3 C H 2 C O O H 
2 0 % C H 3 C O O H 
1 5 % H C O O H 

7 7 % H g C l 2 

2 3 % H g 2 C l 2 

7 9 % ( C H 3 ) 2 C O 
1 9 % C H 3 C O O H 
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Table I. 

Reaction 

Organomercurial Temperature, °C 

14. [ ( C H 3 ) 2 C H ] 2 H g 10 

• H g B r 
15. I I 10 

H g C l 

16. I I 10 α 
0 C H 3 

17. ( C H 3 ) 3 C H g C l 10 

a Carr ier gas was Ο2 for a l l reactions except React ion 7 where i t was Ν2. 

/

R d [ R H g X ] r l 

= k' I dt (15) 
[ R H g X ] / 

where k' = k [0 3] 

therefore In [ R H g X ] - In [ R H g X ] o = —k't 

or In [ R H g X ] = — k't + In [ R H g X ] o 

Least-squares plots of In [ R H g X ] vs. t b y an I B M 1620 computer gave 
values for the pseudo-first-order rate constant k'. A l s o , assuming a first-
order rate dependence on ozone concentration, k was ca l cu lated via 
exper imental saturation values for O3 i n C H C 1 3 at 0 ° C . T h e results of 
these calculations are shown i n T a b l e I I I . F r o m T a b l e I I I a f e w relat ive 
rate sequences can be formulated . These are l i s ted be low. 

C h a n g i n g the mercury l igand : 

R H g R > > R H g l > R H g B r > R H g C l (16) 

C h a n g i n g the R -group : 

3° > b e n z y l > 2° > m e t h y l > 1° (17) 
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Continued 

Inorganic Products 

5 5 % H g C l 2 

3 5 % H g 2 C l 2 

1 0 % H g O 

-oc 
— 5 0 % ( C H 3 ) 3 C O H 

2 2 % ( C H 3 ) 2 C O 
2 8 % H C O O H 

6 T h i s was the only organic product identif ied; y i e ld not determined. 

A second method of measur ing the rate constants of ozonat ion was 
attempted. T h i s alternate m e t h o d i n v o l v e d the pre-saturat ion of a k n o w n 
vo lume of C H C 1 3 at 0 ° C w i t h ozone. A n equimolar amount of organo
m e r c u r i a l i n C H C 1 3 was then a d d e d to the 0 3 so lut ion, a n d b o t h reagents 
were a l l o w e d to decrease i n concentration. T h i s attempted second-order 
rate analysis fa i l ed , however , since the necessarily l o w concentrat ion of 
ozone (0 .0163M) d i d not y i e l d re l iab le N M R m e r c u r i a l integrations. 
H e n c e the data were qu i te scattered a n d inconsistent. 

Discussion 

Ozonolysis Products. T h e ozonolysis of a lky lmercur i c hal ides a n d 
d ia lky lmercur ia l s p r o d u c e d acids, ketones, a n d alcohols f r o m p r i m a r y , 
secondary, a n d tert iary organomercurials , respectively. T h e reactions also 
p r o d u c e d mercurous a n d mercur i c salts i n v a r y i n g degrees. A l t h o u g h 
carbon—carbon scission frequent ly competed w i t h the m a i n c a r b o n -
mercury cleavage react ion, it is evident that the occurrence of the former 
react ion can be h e l d to a m i n i m u m i f d ia lky lmercur ia l s are chosen as the 
react ing organomercur ia l a n d i f l o w react ion temperatures are used. 
W h i l e the exact mechanism of the chain-shortening react ion is u n k n o w n , 

Organic Products 

8 9 % ( C H 3 ) 2 C O 
1 0 % C H 3 C O O H 

3 8 % H O O C ( C H 2 ) 4 C O O H 
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90 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

i t was determined that ne i ther the carboxy l i c acids nor ketones were the 
sources of the l ower molecu lar we ight products . 

C H 3 ( C H 2 ) 4 C O O H + 0 3 , 0 2 — > C H 3 ( C H 2 ) 3 C O O H 
(18) 

( C H 3 ) 2 C O + 0 3 , 0 2 —H-^ C H 3 C O O H 

T h e poss ib i l i ty of carbon—carbon cleavage via C 0 2 loss, w h i l e not 
p r o v e d conclusively , was at least suggested b y the studies i n F r e o n 114. 
Studies i n this laboratory are n o w be ing done to prove the mechanism 
of this side react ion. 

Intermediates. T h e N M R - o b s e r v e d format ion of alcohols d u r i n g the 
ozonolysis of secondary a l k y l m e r c u r i c hal ides, c oup led w i t h a r o u g h rate 
profile for the appearance a n d / o r disappearance of the m e r c u r i a l , alco
h o l , a n d ketone, suggests that the i n i t i a l ozonolysis product was largely 
a lcohol . 

o3,o2 o3,o2 

R 2 C H H g X • R 2 C H — O H > ketone (19) 
CH2CI2 

T h e exact percentage of ketone format ion via the a lcohol intermediate 
cannot be defined at this point . Moreover , no evidence exists for the 
format ion of s imi lar intermediates f rom the analogous p r i m a r y m e r c u r i 
als. F u r t h e r rate studies, i n c l u d i n g computer-assisted calculations for 
c oup led consecutive a n d compet ing react ion systems, are c lear ly needed 
to solve this complex pro b l e m. 

T h e need for further invest igat ion into the d i a l k y l m e r c u r i a l inter 
mediates is also ind i cated . R o u g h rate profiles for these reactions suggest 
that the major i ty of the i n i t i a l organic product f r om cleavage of the first 
c a r b o n - m e r c u r y b o n d was a carbony l funct ion . 

03,02 

( R 2 C H ) 2 H g > R 2 C O + R 2 C H H g C l 
C H 2 C 1 2 (20) 

+ R 2 C H O H (minor) 

T h e simultaneous format ion of a mole of a lky lmercur i c ha l ide was quite 
surpr is ing . H o w e v e r , these results para l l e l c losely those obta ined b y 
oxygenation of d ia lkymercur ia l s i n ch lor inated solvents (18). R a z u v a e v 
a n d co-workers got h i g h yie lds of bo th i sopropy lmercur i c ch lor ide a n d 
acetone f r om O2 treatment of d i i sopropy lmercury i n C C 1 4 or C H C 1 3 

at 2 0 ° C (18). O b v i o u s l y , a free r a d i c a l intermediate of some type is sug
gested b y these results. 
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Table II. Stoichiometry of Ozone Uptake 

Organomercurial Moles Oî/Hg cpd @0°C. 

1. ( C H 3 C H 2 ) 2 H g 1.20" 
2. ( C H 3 C H 2 C H 2 ) 2 H g 1.00" 
3. [ C H 3 ( C H 2 ) 6 ] 2 H g 1.00" 
4. [ ( C H 3 ) 3 C C H 2 ] 2 H g 1.09" 
5. (<2>CH2)2Hg 1.06» 
6. [ ( C H 3 ) 2 C H ] 2 H g 0.91» 
7. [ C H 3 C H 2 ( C H 3 ) C H ] 2 H g 0.95» 
8. C H 3 C H 2 H g B r 1.31 
9. 4 > C H 2 H g C l 1.95 

10. ( C H 3 ) 2 C H H g C l 1.55, 1.85 
11. ( C H 3 ) 3 C H g C l 1.00 

° These values are moles of Ο3 per cleavage of the first C - H g bond. 

Reaction of Oxygen. T h e role of oxygen d u r i n g the ozonolysis of 
a l k y l m e r c u r i c hal ides appears to be minor . N o t on ly d i d oxygen f a i l to 
react w i t h these mercur ia ls at an apprec iable rate, but subst i tut ion of 
n i trogen for oxygen as the ozone carr ier gas f a i l ed to change either the 
y ie lds or ident i ty of the final products . 

T h e d ia lky lmercur ia l s present a different s i tuat ion, however , as the 
l i terature reports that R 2 H g compounds do react w i t h oxygen at an 
apprec iable rate (18, 19). T h e react ion apparent ly causes a d ispropor -
t ionation of the d i a l k y l m e r c u r i a l (18). 

[ ( C H 3 ) 2 C H ] 2 H g — -> [ ( C H 3 ) 2 C H ] 2 H g . 0 2 (21) 

/ 
Hg° + ( C H 3 ) 2 C H O H + ( C H 3 ) 2 C O 

Since the effect of oxygen on the products of d i a l k y l m e r c u r y ozonations 
was not invest igated i n this study, the quest ion of its role i n these reac
tions remains i n doubt . It shou ld be clear that the entire y i e l d of a l coho l 
products f rom the react ion of d i - s -a lky lmercur ia ls w i t h ozone might be 
the result of the react ion of the organometal l i c w i t h oxygen. A more 
deta i led study of oxygens role i n these reactions w i l l be i n c l u d e d i n 
future investigations. 

Reaction Stoichiometry. T h e results of the stoichiometry study (see 
T a b l e I I ) were var i ed but d i d suggest a 1:1: : ozone: m e r c u r i a l rat io for the 
cleavage of a carbon—mercury bond . Several problems were evident i n 
such a study. Since most ly on ly the highest ox idat ion states for carbon 
were observed i n the products of p a r t i a l ozonat ion of 1 ° , 2 ° , a n d 3 ° 
organomercurials , i t c o u l d be assumed that ozonolysis of the C - H g b o n d 
i n v o l v e d the slowest step i n the total react ion sequence. H e n c e , some 
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92 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

ozone was probab ly used u p as ox id izer for the o r ig ina l organic products 
of the C — H g cleavage react ion. A l s o , as previous ly noted, methylene 
ch lor ide d i d react at an apprec iable rate w i t h ozone to produce carbon 
d iox ide a m o n g other possible products . F o r this reason also, the apparent 
amount of ozone used to cleave a mole of organomercur ia l was p r o b a b l y 
greater than the actual amount. 

I n v i e w of the above-mentioned problems, the range of values for 
the data of T a b l e I I m a y be explained. T h e d ia lky lmercur ia l s reacted 
m u c h faster w i t h ozone than d i d the corresponding a lky lmercur i c hal ides. 
A s such, the start ing mater ia l was complete ly gone before the concentra
t ion of a lky lmercur i c ha l ide a n d a lcohol h a d started to decrease 
percept ib ly . 

slow 
03,02 I 1 

R 2 H g • R H g X + R O H + ketone (22) 
fast I slow f 

A measure of reacted ozone to reacted d i a l k y l m e r c u r i a l d u r i n g the first 
part of the react ion, therefore, y i e l d e d a consistent 1/1 rat io , as shown 
b y Reactions 1-7 i n T a b l e I I . 

T h e a lky lmercur i c hal ides , on the other h a n d , reacted s lowly enough 
w i t h ozone to permi t k inet i c studies. W h i l e attempts were made to m o n i 
tor ozone uptake d u r i n g the first par t of the reactions, i t was c lear that 
the p r i m a r y a n d secondary a lky lmercur i c hal ides f o rmed m a n y ozone-
reactive intermediates soon after the in troduct ion of 0 3 / 0 2 . H e n c e , i n 
the case of i sopropy lmercur i c ch lor ide (Reac t i on 10, T a b l e I I ) , iso
p r o p y l a l coho l was f ormed a n d h a d begun to react apprec iab ly w i t h 
ozone w e l l before the m e r c u r i a l h a d ha l f reacted. B y comparison, the 
react ion of terf-butylmercuric ch lor ide was considerably faster than the 
p r i m a r y a n d secondary a l k y l m e r c u r i c hal ides ( T a b l e I I I ) . I n this case 
an excellent 1:1 correlat ion w i t h ozone was noted throughout the major i ty 
of the react ion. O n l y at the end of this react ion, w h e n other organic 
products began to appear ( N M R ) , d i d the react ion mixture d e m a n d 
more than one equivalent of ozone. 

Kinetic Studies. A l t h o u g h i t was not possible to measure the ozona
t ion rates for d ia lky lmercur ia l s b y the techniques descr ibed earl ier , the 
a l k y l m e r c u r i c hal ides reacted s l owly enough at 0 ° C that qui te good rate 
plots were obtained. These plots, per formed b y an I B M 1620 computer 
a n d on concentration data obta ined under pseudo-first-order react ion 
condit ions, y i e l d e d the re lat ive rate data l isted i n T a b l e I I I . These data 
suggested the two general relative-rate sequences i l lustrated b y sequences 
16 a n d 17 (see p. 88 ) . 
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Table III. Ozonolysis Rates 

ka 

10 3 k' (l/mole- Relative* Correlation 
Reactant (min~l) min) Rate Coefficient 

1. ( C H 3 ) 3 C C H 2 H g C l <0.417 — <0.15 — 
2. C H 3 C H 2 H g C l 2.766 0.169 1.00 0.989 
3. C H 3 C H 2 H g B r 3.757 0.231 1.36 0.962 
4. C H 3 H g C l 7.245 0.444 2.62 0.997 
5. C H 3 C H 2 ( C H 3 ) C H H g C l 14.65 0.899 5.29 0.995 
6. ( C H 3 ) 2 C H H g C l 20.02 1.228 7.24 0.990 
7. ( C H 3 ) 2 C H H g B r 22.27 1.366 8.05 0.982 
8. ( C H 3 ) 2 C H H g I 28.11 1.724 10.16 0.999 
9. ( C H 3 ) 2 C H O H 41.71 2.560 15.1 0.994 

10. <*>CH2HgCl 51.29 3.147 18.54 0.989 
11. ( C H 3 ) 3 C H g C l 117.6 7.217 42.51 0.981 
a Based on [031 = 0 .0163M for a saturated solution of 0 3 i n C H C 1 3 at 0°C. 
& Based on the rate for C H 3 C H 2 H g C l = 1.00. 

Sequence 16 c lear ly demonstrates e lectrophi l i c attack b y ozone i n 
these reactions. As noted b y Jensen a n d R i c k b o r n ( 2 ) , the rate of electro
p h i l i c c leavage of a carbon-metal b o n d increases as the po lar i za t i on of 
that b o n d increases. T h i s , i n t u r n , is a d irect consequence of the electro
negat iv i ty of the second atom attached to mercury . T h e f o l l o w i n g repre
sentations, based on P a u l i n g e lectronegativity values, i l lustrate this 
re lat ionship . 

δ + δ + δ δ - δ + δ + δ - δ + δ + δ -
C H g F C H g C l C H g B r 

2.5 1.9 4.0 2.5 1.9 3.0 2.5 1.9 2.8 (23) 

δ - δ δ + δ - δ δ - δ δ + δ δ -
C H g — I C — H g C 

2.5 1.9 2.5 2.5 1.9 2.5 

T h u s , not on ly should a l k y l m e r c u r i c iodides a n d d ia lky lmercur ia l s have 
a more nuc leophi l i c carbon compared w i t h the others, but their respec
t ive - H g - X functions should also be better l eav ing groups i n e lectrophi l i c 
subst i tut ion reactions. T h i s latter prophesy is supported i n par t b y the 
results of H u g h e s et al. f rom their k inet i c studies of m e r c u r y exchange 
reactions (20). 

I n transit ion state language, the fact that e lec trophi l i c subst i tut ion 
rates for organomercurials general ly show the above t rend (i.e., R H g R 
> R H g l > R H g B r , etc.) (2 ) m a y be expla ined b y assuming that a less 
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energetic transit ion state exists w h e n the deve lop ing posit ive charge on 
mercury is more f u l l y dispersed. H e n c e , based on induct ive a n d reso
nance effects, one w o u l d expect the transit ion state for C - H g R or C - H g l 
c leavage to be at a l ower energy l eve l than that for C - H g C l cleavage. 

T h e above discussion assumes the usual induct ive effect w h i c h ha lo 
gens have on c a r b o n i u m ions, but , of course, necessitates a reversal of 
the usua l order for resonance effects. I t is important to note that w h i l e 
fluorine can quite effectively f o rm a p i b o n d w i t h carbon, i t cannot do so 
w i t h the large m e r c u r y atom. T h u s , structures such as 24 shou ld be i m 
portant on ly for the larger halogens. 

- ^ C - H g - _ ^ J = X 
+ 

(24) 

I n this same regard , the transit ion state for cleavage of the d i a l k y l m e r 
curials must be of re lat ive ly l ower energy, solely as a result of the i n d u c 
t ive effect of the a l k y l group since hyperconjugat ion effects shou ld be 
nonexistent here. 

F i n a l l y , i n this s tudy, as w e l l as most others ( 2 ) , subst i tut ion of 
carbon for halogen as the m e r c u r y l i g a n d p r o d u c e d a huge rate increase 
for e lec trophi l i c cleavage. A l t h o u g h the P a u l i n g electronegativity values 
for iod ine a n d carbon are ident i ca l , the bonds of these two atoms to 
mercury are total ly d iss imi lar . H e n c e , comparisons of these two systems 
shou ld invo lve a complete treatment of o rb i ta l theory before one arrives 
at any conclusions concerning re lat ive reactivit ies . 

T u r n i n g to the other ha l f of the k inet i c s t u d y — t h a t of rate effects 
f r o m changes of the R group i n R H g X — i n c r e a s e d subst i tut ion on the 
carbon b o u n d to mercury caused an apprec iable react ion rate increase 
( T a b l e I I I a n d sequence 17) . These results certa inly indicate the gen
eration of p a r t i a l pos i t ive charge on carbon i n the transit ion state of the 
carbon-mercury cleavage react ion. W h i l e such a posit ive charge b u i l d - u p 
m i g h t appear imposs ib le at first considerat ion of the four general mecha 
nisms for e lec trophi l i c cleavage (React ions 3-6) , m i n o r modi f i cat ion of 
t w o of them adequate ly predicts i t . 

Jensen a n d R i c k b o r n (2 ) discussed the poss ib i l i ty of transit ion states 
i n w h i c h the e lectrophi l i c species was p a r t i a l l y b o u n d to the σ o rb i ta l of 
carbon—mercury bonds. T h u s the f our th "center" of the four-center 
brominat i on mechanism was p i c t u r e d as the carbon—mercury b o n d itself, 
or more specif ically, the carbon sps o r b i t a l ( 2 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
2 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

2.
ch

00
7

In Ozone Reactions with Organic Compounds; Bailey, P.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1972. 



7. WATERS E T A L . Ozonolysis of Organomercurials 95 

+ 

/ 

B r ^ 

δ+ 

H g 
B r 

^ B r 8 " 

(25) 

T h e carbon sp3 atomic o rb i ta l was dep i c ted as a so l id l ine " i n d i c a t i n g 
that its charge density is changed p r i m a r i l y b y electronic factors rather 
than the ac tua l m a k i n g a n d b r e a k i n g of the b o n d " (2). I n a s imi lar 
fashion the same authors i l lustrated the S E 2 cleavage of a d i a l k y l m e r -
c u r i a l b y X H g + . 

7°^ 8+ 

• H g — R 

H g 
8+ 

\ 

(26) 

X 

T h e authors stated that the posit ive charge w o u l d probab ly be d i v i d e d 
between the three atomic centers a n d that e lectron-donating groups o n 
carbon shou ld increase the cleavage rate. 

Mechanism. I n considerat ion of a possible mechanism for cleavage 
of the c a r b o n - m e r c u r y b o n d b y ozone, i t should be possible to ru le out 
the S E 1 mechanism (Reac t i on 3) altogether. T h i s mechan ism c lear ly 
demands the f ormat ion of a carbanion i n the rate -determining step. 
L i k e w i s e , the S E i mechan ism for e lectrophi l i c cleavage seems i m p r o b a b l e 
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since the b imo lecu lar rate -determining step involves a s imi lar negative 
charge b u i l d - u p on carbon (4). T h e transit ion state to such intermediates 
w o u l d obviously produce inverted relative-rate orders f rom that shown 
i n sequence 17. 

O f the two r e m a i n i n g mechanisms, the four-center a n d S E 2 processes, 
no selection is possible based on the data co l lected i n this study. M o r e 
over, since the S E 2 a n d S E i mechanisms are mere ly the two possible ex
treme versions of the four-center mechanism, the exact " p u r i t y " of an 
S E 2 or four-center process can often not be determined . O n e test w h i c h 
has been used to determine the par t i cu lar invo lvement of the nucleo 
p h i l i c part of the attacking X - Y molecule d u r i n g organomercur ia l c leav
age reactions is to change the nature of Y such that it becomes a better 
or poorer nuc leophi le (21 ) . I f the react ion rate remains unchanged , the 
process is p u r e l y S E 2—i .e. , no interact ion occurs between the Y group 
a n d mercury . T h i s procedure of mechanist ic determinat ion is of course 
impossible for cleavage reagents such as ozone. 

A t this po int i n our studies w e favor a five-membered cyc l i c transi 
t i on state, quite analogous to the four-center transit ion state (Reac t i on 
5 ) , except that no σ bonds of the at tacking e lectrophi le are broken . T h e 
f our th b o n d i n g "center" is the carbon spB o rb i ta l as i n structures 25 
a n d 26. 

\ 
— c 

/ 

8+ 

8+ 

- H g - C l 

I 
I 

(27) 

A l t h o u g h no k inet i c evidence exists at this t ime to inc lude the 
nuc leoph i l i c oxygen i n such a b o n d i n g process (i.e., S E 2 vs. f our -center ) , 
i t is diff icult to bel ieve that a negat ive ly charged oxygen w o u l d not par 
t i c ipate i n the nearby format ion of a pos i t ive ly charged mercury atom. 

Such a five-membered cyc l i c transit ion state has been proposed for the 
t r i i od ide cleavage of carbon-mercury bonds ( 2 ) . W h i l e such a structure 
is u n l i k e l y for the l inear I 3 ~ i on , i t shou ld easily accommodate the ozone 
molecule whose b o n d i n g angle is 116° (12). O f course the geometr ical 
p laus ib i l i t y of Structure 27 depends on the degree of c a r b o n - m e r c u r y 
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7. WATERS E T A L . Ozonolysis of Organomercurials 97 

b o n d break ing i n the transit ion state. M o d e l s show that the extremely 
long carbon-mercury b o n d (2.06-2.20 A ) (22) need not be stretched too 
m u c h i n order to permi t a 1,3-dipolar attack b y ozone as p i c tured . 

T h e exact chronology of b o n d break ing a n d b o n d m a k i n g is i m p o r 
tant i n consider ing Structure 27 as the transit ion state for carbon—mercury 
cleavage. T h e i n i t i a l attack b y ozone must l ie on the S E 2 side of the 
concerted, four-center process i n order to a l l ow for the b u i l d - u p of some 
posit ive charge on carbon. T h u s , the e lectrophi l i c oxygen should have 
ach ieved a greater degree of b o n d m a k i n g w i t h the carbon sp3 o rb i ta l 
than that of the nuc leoph i l i c oxygen w i t h the m e r c u r y atom b y the t ime 
Structure 27 is reached. At tent i on is p a i d to this b o n d m a k i n g order b y 
the different lengths of p a r t i a l bonds i n Structure 27 ( 2 ) . 

T h e overa l l importance of transit ion state 27 is that rate sequences 
16 a n d 17 are adequately expla ined. It is only this type of energy m a x i 
m u m w h i c h predicts p a r t i a l posit ive charge on bo th carbon and mercury . 

A s an alternate transit ion state, one might envis ion the result of 
i n i t i a l attack b y the 1,2-dipolar resonance f o r m of ozone via a four -
m e m b e r e d cyc l i c transit ion state. 

Since this transit ion state c o u l d y i e l d an intermediate w h i c h i n turn c o u l d 
conce ivably produce the products observed, i t cannot be r u l e d out at 
this point . Perhaps after more data have been col lected concerning the 
existence of the analogous Staudinger intermediates (23) f r o m olefin 
reactions, i t w i l l be possible to choose between the two react ion pathways . 

F o l l o w i n g the proposed transit ion state 27, a l i k e l y intermediate 
w o u l d be a tr ioxide s imi lar to that proposed b y Ouel le t te for s i l i c o n -
hydrogen cleavage (Reac t i on 12) . 
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98 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

[ — C — 0 — 0 — 0 — H g X ] 
/ 

(29) 

A l t h o u g h this intermediate was not isolated or even detected b y N M R 
spectroscopy (at 31 ° C ) , its existence is in ferred f rom the type of organic 
a n d inorganic products f o rmed i n the react ion. F u t u r e l o w temperature 
N M R studies of the ozonolysis solutions w i l l be done to ver i fy Structure 

T h e tr ioxide intermediate m a y decompose b y m a n y pathways. 
Results obta ined i n this paper suggest that these decomposi t ion pathways 
m i g h t expla in the two classes of m e r c u r y salts p r o d u c e d ( H g 2 + a n d H g + ) 
as w e l l as the two divis ions of organic products f o r m e d ( w i t h a n d w i thout 
c a r b o n - c a r b o n scission) . T h i s poss ib i l i ty looks par t i cu lar ly attractive 
w h e n the ace tone / f o rmic a c i d a n d H g C l 2 / H g 2 C l 2 ratios are compared i n 
React ion 13, T a b l e I. H o w e v e r , before extending speculat ion on this 
matter, several future experiments a n d theoret ical calculations must be 
pursued . A m o n g these w i l l be an effort to measure quant i tat ive ly the 
amount a n d type (s inglet or t r ip le t ) of oxygen generated b y an 0 3 / N 2 

ozonolysis. A l s o , theoret ical considerat ion w i l l be g iven to the metalo -
tr ioxyalkanes i n l i ght of p u b l i s h e d data on the k n o w n d ia lky l t r i ox ide 
systems (24, 25). 

Synthetic Utility. O n e goal of this research was to investigate n e w 
synthetic uses of organomercurials . A l t h o u g h the synthetic u t i l i t y of this 
react ion has not been extensively invest igated, products such as that 
f r o m Reac t i on 16 i n T a b l e I do suggest a possible u t i l i t y to organic 
chemists. T h u s , the preparat ion of α-alkoxyketones should be possible b y 
consecutive a lkoxymercurat ion a n d ozonation reactions. 

29. 

O R ' 
H g X 2 

R2C = C H — R R 2 C — C H — R 
R ' O H 

H g X 

O R 
0 ; (30) 

R 2 — C — C — R 

Ο 

A n attempt to prepare α-diketones via consecutive hydroxymercurat i on 
a n d ozonation fa i l ed , presumably because of the product 's extreme re 
ac t i v i ty towards ozone. 
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C O O H 
C O O H 

90% 

A study is n o w u n d e r w a y to evaluate complete ly the future synthetic 
role of the oxymercurat ion-ozonolys is sequence. 

Literature Cited 

1. Jensen, F. R., Rickborn, B., "Electrophilic Substitution of Organomercu
rials," McGraw-Hill, New York, 1968. 

2. Belew, J. S., "Oxidation," Vol. I, R. L. Augustine, Ed., p. 259, Marcel 
Dekkar, New York, 1969. 

3. Aleksandrov, Yu. Α., Sheyanov, N. G., Shushunov, V. Α., Zh. Obshch. Khim. 
(1968) 38, 1352-6; CA (1968) 69, 77388q. 

4. Aleksandrov, Yu. Α., Sheyanov, N. G., Zh. Obshch. Khim. (1966) 36, 953; 
CA (1966) 65, 8955e. 

5. Emel'yanov, Β. V., Shemyakina, Ζ. N., Shvarov, V. N., Khim. Prom. (1968) 
44, 498-500; CA (1968) 69, 7964y. 

6. Aleksandrov, Yu. Α., Sheyanov, N. G., Zh. Obshch. Khim. (1969) 39, 
141-3; CA (1969) 70, 96847a. 

7. Spialter, L., Austin, J. D., Inorg. Chem. (1966) 5, 1975-8. 
8. Ayrey, G., Barnard, D., Woodbridge, D. T., J. Chem. Soc. (1962) 2089-99. 
9. Bockemuller, W., Pfeuffer, L., Ann. (1939) 537, 178. 

10. Ouellette, R. J., Marks, D. L., J. Organometal. Chem. (1968) 11, 407-13. 
11. Pike, P. E., Marsh, P. G., Erickson, R. E., Waters, W. L., Tetrahedron 

Letters (1970) 2679; Pike, P. E., MS Thesis, University of Montana 
(1970). 

12. Rivera, J. T., MS Thesis, University of Montana (1971). 
13. Marvel, C. S., Gauerke, C. G., Hill, E. L., J. Amer. Chem. Soc. (1925) 47, 

3009-11. 
14. Gilman, H., Brown, R. E., J. Amer. Chem. Soc. (1929) 51, 928. 
15. Hatton, J. V., Schneider, W. G., Siebrand, W., J. Chem. Phys. (1963) 39, 

1330-6. 
16. Kiefer, E. F., Waters, W. L., J. Amer. Chem. Soc. (1965) 87, 4401. 
17. Bailey, P. S., Reader, A. M., Chem. Ind. (London) (1961) 1063. 
18. Ref. 2, p. 98. 
19. Brilkina, T. G., Shushunov, V. Α., "Reactions of Organometallic Compounds 

with Oxygen and Peroxides," Chemical Rubber Co. Press, Cleveland, 
1966. 

20. Hughes, E. D., Ingold, C. K., Roberts, R. M. G., J. Chem. Soc. (1964) 3900. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
2 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

2.
ch

00
7

In Ozone Reactions with Organic Compounds; Bailey, P.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1972. 



100 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

21. Charmen, Η. Β., Hughes, E. D., Ingold, C. K., J. Chem. Soc. (1959) 2530. 
22. Grdenic, D., Quart. Rev. (1965) 19, 303-28. 
23. Story, P. R., Alford, J. Α., Ray, W. C., Burgess, J. R., "Abstracts of Papers," 

161st National Meeting, ACS, March 1971, PETR A13. 
24. Bartlett, P. D., Günther, P., J. Amer. Chem. Soc. (1966) 88, 3288. 
25. Bensen, S. W., J. Amer. Chem. Soc. (1964) 86, 3922. 

RECEIVED June 21, 1971. Supported by the National Science Foundation Grant 
No. GP-18317. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
2 

| d
oi

: 1
0.

10
21

/b
a-

19
72

-0
11

2.
ch

00
7

In Ozone Reactions with Organic Compounds; Bailey, P.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1972. 



8 
Ozonation of p-Nitro-N,N-Dimethylaniline 

PER KOLSAKER 

Universitetets Kjemiske Institutt, Blindern/Oslo 3, Norway 

BRITA TEIGE 

Odontologisk Institutt for Fysiologi og Biokjemi, Blindern/Oslo 3, Norway 

The reaction of p -n i t ro -N ,N-d imethy lan i l ine with ozone was 
studied. Only side-chain oxidation products, p - n i t r o - N 
-methylani l ine , p -n i t ro -N-methy l formani l ide , and a dimeric 
peroxide, di-[(N-methyl-N-p-nitrophenyl)aminomethyl] per
oxide, were formed. No N-oxide could be obtained. For 
comparison 2-carboxy-4-nitro-N,N-dimethylaniline, p-chloro
- N , N - d i m e t h y l a n i l i n e , and N,N-dimethylaniline were ozon
ized. A mechanism is proposed. 

^ V z o n a t i o n of tert iary a l iphat i c amines has rece ived some attention i n 
recent years. A m i n e oxide format ion was establ ished l ong ago ( 1 ). 

O x i d a t i o n of a l k y l groups was reported b y Henbes t a n d Strat ford ( 2 ) , 
S h u l m a n ( 3 ) , a n d B a i l e y et al. (4, 5 ) . F o r m a t i o n of amine hydroch lo 
rides was established w h e n ch lor inated solvents were used ( 2 - 5 ) . D e -
a lky la ted products were f o rmed (2, 4, 5 ) , a n d amides were f o u n d b y the 
same authors (2-^5). 

I n a previous paper (6 ) w e reported on the ozonat ion of 2-carboxy-
4 - n i t r o - N , N - d i m e t h y l a n i l i n e ( I ) a n d p - n i t r o - N , N - d i m e t h y l a n i l i n e ( I V c ) . 
N-oxides were not f o u n d i n these cases, a n d the products f o rmed i n d i 
cated on ly s ide-chain oxidat ion. T h e intermediacy of a carb ino lamine I I 
is ind i ca ted b y the format ion of the lactone I I I . 

C H 3 \ ^ C H 3 C H 3 \ M / C H 2 O H C H 3 \ K I / C « Î Î 2 C H 3 \ M / C H 3 

N02 

II 

a:X = H 
b:X = Cl 
c:X=N0 2 

III IV 

101 
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102 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Table I. Ozonation of 2-Carboxy-4-nitro-2V,N-dimethylaniline (I) 

Demethylated 
Solvent Starting Material, % Lactone (III), % 

C H 2 C 1 2 81 18 
E t O A c 71 28 
M e O H 64 32 

D e m e t h y l a t e d start ing mater ia l was also a product of the ozonation. 
P r o d u c t composi t ion v a r i e d w i t h solvent as shown i n T a b l e I. 

W h e n p - n i t r o - N , N - d i m e t h y l a n i l i n e ( I V c ) was ozon ized at 0 ° C i n 
e t h y l acetate, methylene ch lor ide , or methanol , a mixture of products 
resulted. I n add i t i on to the expected s ide-chain ox idat ion p r o d u c t s — 
p - n i t r o - N - m e t h y l a n i l i n e ( V c ) , p - n i t r o - N - m e t h y l f o rmani l ide ( V i c ) — a 
peroxide c o m p o u n d was formed. T h i s peroxide, w h i c h is not f o rmed 
u n t i l the solvents are removed , was shown b y a series of experiments 
(descr ibed b e l o w ) to be ident i ca l w i t h d i - [ ( N - m e t h y l - p - n i t r o p h e n y l ) -
aminomethy l ] peroxide ( V I I ) . Deoxygenat ion of V I I w i t h t r i e thy l phos
ph i te (7 ) y i e l d e d the ether V I I I , w h i c h i n t u r n decomposed at its m e l t i n g 
po int to the amine I X . 

Χ X N0 2 N0 2 

V VI VII 

α:Χ = Η , b:X = CI , c :X=N0 2 

N0 2 N0 2 N0 2 N0 2 

VIII IX 

W e n o w report our results w h e n the exper imental condit ions are 
systematical ly var ied . Ozonat ions of some other Ν,Ν-dimethylanilines are 
also i n c l u d e d . T h e results are g iven i n T a b l e I I . 

Experimental 

General. T h e ozonat ion procedures are those descr ibed i n the l i t e ra 
ture, b o t h us ing ozone—oxygen a n d ozone -n i t rogen . O x y g e n analyses 
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8. KOLSAKER AND T E i G E Ozonation of p-Nitro-N,Ν-Dimethy laniline 103 

were per formed us ing a B e c k m a n F 3 oxygen analyzer as descr ibed p r e v i 
ously ( 8 ) . Gas l i q u i d chromatographic ( G L C ) determinations were 
carr ied out w i t h an A e r o g r a p h m o d e l A 700, us ing an 8.5-ft X 0.25-inch 
c o l u m n of po lyethylene g l y c o l 2 0 M ( 3 0 % on C h r o m o s o r b W H M D S , 
6 0 / 8 0 mesh) for Exper iments 1 a n d 2. 

Pro ton magnet ic resonance ( P M R ) spectra were recorded on a 
V a r i a n A 60A spectrometer us ing o rd inary ch loro form as solvent a n d 
tetramethylsi lane as in terna l reference. M e l t i n g points were not corrected. 

Materials. 2 - C a r b o x y - 4 - n i t r o - N , N - d i m e t h y l a n i l i n e ( I ) was synthe
s ized f rom its chloro analog w i t h d i m e t h y l a m i n e (aqueous so lut ion ) , 
m p 164° -166°C . p -Ch loro -N , IV -d imethy lan i l ine ( I V b ) a n d N , N - d i -
methy lan i l ine ( I V a ) were commerc ia l l y avai lab le i n the pure state a n d 
were used as suppl ied . p - N i t r o - N , N - d i m e t h y l a n i l i n e ( I V c ) was prepared 
f rom p-nitrochlorobenzene a n d d imethy lamine ( 9 ) ; m p 166°C. 

Ozonation of 2-Carboxy-4-nitro-N,N-dimethylaniline (I) · T h e 
amine (2.10 grams, 10 mmoles ) was dissolved i n the appropr iate solvents 
( 200 m l methanol , e thy l acetate, or methylene ch lor ide ) a n d ozon ized at 
0 ° C w i t h equ imolar amounts of ozone; quant i tat ive absorpt ion occurred . 
N e a r the e n d of the ozonat ion t ime, a prec ipi tate formed. I n ozonations 
i n methano l this substance was ident i ca l w i t h lactone I I I ; m p 176°-177°C., 
p repared accord ing to V i l l i g e r (10). I n the other solvents the insoluble 
product was the demethylated start ing mater ia l , m p 2 6 5 ° - 2 6 8 ° C ( d e c ) ; 
reported m p 2 6 3 ° - 2 6 4 ° C (11). T h e mother l i q u o r was evaporated, and 
the two compounds were separated b y f ract ional crysta l l izat ion . T h e 
results are shown i n T a b l e I. 

Ozonation of N,N-dimethylaniline (IVa). T h e amine (10 mmoles ) 
was dissolved i n methylene ch lor ide (150 m l ) a n d ozonized at — 7 8 ° C 
w i t h 10 mmoles of ozone (n i trogen as carrier gas) (12); quant i tat ive 
absorpt ion occurred . T h e solut ion became dark b r o w n , a n d finally a 
tarry substance separated out. T h i s substance, w h i c h adhered to the 
wal ls of the ozonat ion vessel, was repeatedly digested w i t h methylene 
chlor ide . T h e c o m b i n e d methylene chlor ide extracts, after wash ing w i t h 
water , were concentrated a n d ana lyzed b y G L C . T h e results are shown 
i n T a b l e I I . 

Ozonation of £-Chloro-N,N-dimethylaniline (IVb). T h e amine (10 
mmoles ) was dissolved i n methylene chlor ide (100 m l ) a n d ozon ized at 
—78 ° C w i t h 10 mmoles of ozone. Quant i tat ive absorpt ion occurred . T h e 
solut ion was careful ly washed w i t h water a n d then ana lyzed b y G L C . 
F o r the results see T a b l e I I . 

Ozonation of ^-Nitro-2V,2V-dimethylaniline (IVc) . Concentrat i on , 
temperature, a n d solvents were v a r i e d as shown i n T a b l e I I . I n a t y p i c a l 
r u n , 5 mmoles of amine were dissolved i n 200 m l of e t h y l acetate and 
ozon ized at 0 ° C w i t h 5 mmoles ozone, us ing ni trogen as carrier gas; 
quant i tat ive absorpt ion occurred . T h e exit gas was ana lyzed for mo le cu 
lar oxygen. A f ter the solution h a d come to room temperature, i t was st i l l 
c lear a n d homogeneous. T h e solvent was evaporated, a n d the residue 
was d r i e d a n d we ighed . E t h y l acetate (200 m l ) was added . A y e l l o w 
c o m p o u n d ( V I I ) was n o w inso luble and was removed b y filtration. T h e 
filtrate was evaporated, and the residue was examined b y P M R . T h e 
amounts of p -n i t ro - IV ,N-d imethylani l ine ( I V c , starting m a t e r i a l ) , p -ni tro -
N - m e t h y l a n i l i n e ( V ) , a n d p - n i t r o - N - m e t h y l f ormani l ide ( V I ) were esti -
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104 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Table II. Ozonation 

Expt. Com Amine, O s / 0 2 Os/N2 Solvent Temp., 
pound mmoles mmoles mmoles (ml) °C 

1 I V a 10 10 C H 2 C 1 2 ( 1 5 0 ) - 7 8 
2 I V b 10 10 C H 2 C 1 2 ( 1 0 0 ) - 7 8 
3 I V c 10 10 E t O A C ( 2 0 0 ) - 7 8 
4 I V c 5 5 E t O A c ( 2 0 0 ) - 7 8 

5 I V c 5 5 M e O A c ( 2 0 0 ) - 7 8 
6 I V c 5 5 C H 2 C 1 2 ( 2 0 0 ) - 7 8 
7 I V c 10 10 E t O A c ( 2 0 0 ) - 4 0 
8 I V c 10 10 E t O A c ( l O O ) - 4 0 
9 I V c 5 5 E t O A c ( 2 0 0 ) - 4 0 

10 I V c 5 5 M e O A c ( 2 0 0 ) - 4 0 
11 I V c 5 5 C H 2 C 1 2 ( 2 0 0 ) - 4 0 
12 I V c 10 10 E t O A c ( l O O ) 0 
13 I V c 10 10 E t O A c ( 2 0 0 ) 0 
14 I V c 5 5 E t O A c ( 2 0 0 ) 0 
15 I V c 5 5 E t O A c ( 2 0 0 ) 0 
16 I V c 5 5 M e O A c ( 2 0 0 ) 0 
17 I V c 5 5 C H 2 C 1 2 ( 2 0 0 ) 0 
18 I V c 10 10 E t O A c ( 2 0 0 ) 25 
19 I V c 5 5 E t O A c ( 2 0 0 ) 25 
20 I V c 5 5 M e O A c ( 2 0 0 ) 25 
21 I V c 5 5 C H 2 C 1 2 ( 2 0 0 ) 25 
22 I V c 5 10 E t O A c ( 2 0 0 ) - 7 8 

23 I V c 5 10 E t O A c ( 2 0 0 ) - 4 0 

24 I V c 5 10 E t O A c ( 2 0 0 ) 0 

25 I V c 5 10 E t O A c ( 2 0 0 ) 25 

26 I V c 5 2.5 E t O A c ( 2 0 0 ) - 7 8 
27 I V c 5 2.5 E t O A c ( 2 0 0 ) - 4 0 
28 I V c 5 2.5 E t O A c ( 2 0 0 ) 0 
29 I V c 5 2.5 E t O A c ( 2 0 0 ) 25 

mated b y measur ing the integrated areas for the N - m e t h y l protons. T h e 
l i m i t of error i n such a determinat ion is p robab ly around 5 % . 

Insoluble Compound VII. T h i s c o m p o u n d me l ted at 1 7 6 ° - 1 7 7 ° C 
( a c e t o n i t r i l e - w a t e r ) . It was ident i ca l ( b y in frared) w i t h the product 
obta ined w h e n p -n i t ro -N-methy lan i l ine , f ormaldehyde , a n d hydrogen 
peroxide were heated i n ethanol ( 7 ) . 

A C T I V E O X Y G E N C O N T E N T . A to ta l of 181.2 m g (0 .5 m m o l e ) of V I I 
were dissolved i n 7 5 m l of acetonitr i le ; 1 g ram of s od ium iod ide i n 25 m l 
acetonitri le was added , a n d ni trogen was passed through the solution. N o 
react ion occurred ; w h e n 2 m l perch lor i c a c id ( 6 0 % ) were added , the 
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8. K O L S A K E R AND T E i G E Ozonation of p-Nitro-N,N-Dimethylaniline 105 

Experiments 

Products 

02, V, VI, VII, Rec. IV, 
mmoles mmoles mmoles mmoles mmoles 

(%) (%) (%) (%) 
7.9 1.0(10) 2.0(20) 0 2.4(24) 
— 1.7(17) 2.6(26) 0 2.0(20) 
6.5 0 1.3(13) 0 8.7(87) 

4.0-4.7 0 0.5-1.0 0 4 . 0 ^ . 5 
(10-20) (80-90) 

4.4 0 1.3(26) 0.1(4) 3.5(70) 
4.5 2.6(52) 1.2(24) 0.6(24) 0 
6.9 1.7(17) 2.5(25) 1.6(32) 2.7(27) 
— 0.6(6) 2.7(27) 1.5(30) 4.4(44) 
4.1 0.7(14) 1.8(36) 0.8(32) 0.8(16) 
4.1 0.9(18) 1.7(34) 0.7(28) 0.9(18) 
3.9 2.1(42) 1.2(24) 0.7(28) 0.2(4) 
n.c. 0.8(8) 2.7(27) 1.9(38) 2.7(27) 
9.0 1.1(11) 3.3(33) 2.2(44) 1.3(13) 
— 1.0(20) 1.4(28) 0.9(36) 0.8(16) 
4.1 0.8(16) 1.5(30) 1.0(40) 0.7(14) 
4.0 0.6(12) 1.6(32) 0.9(36) 0.9(18) 
3.4 1.5(30) 1.2(24) 0.7(28) 0.7(14) 
— 0.3(3) 3.5(35) 2.2(44) 1.6(16) 
4.0 0 1.8(36) 1.0(40) 1.2(24) 
4.3 traces 1.2(24) 0.7(28) 2.2(44) 
3.3 1.3(26) 1.3(26) 0.8(32) 0.8(16) 
7.9 0 2.3(46) 0 2.5(50) 

8.4 0 3.3(66) 0 traces 

6.1 0 3.7(74) 0 0 

6.9 0 4.3(86) 0 0 

2.1 0 0 0 5.0(100) 
1.9 0 0.6(12) 0.4(16) 3.6(72) 
1.5 0 0.6(12) 0.5(20) 3.3(66) 
1.3 0 0.5(10) 0.3(12) 3.9(78) 

Remarks 

tar f o rmat ion 
tar f ormat ion 

several runs 

no oxygen analysis 

0.3 mmoles diperoxide 
(12%) 
0.9 mmoles diperoxide 
(36%) 
0.7 mmoles diperoxide 
(28%) 
0.4 mmoles diperoxide 
(16%) 

b r o w n color of i od ine appeared immediate ly . A f ter 20 minutes at r oom 
temperature the solut ion was t i trated w i t h 0 . 1 N sod ium thiosulfate. T h e 
endpoint was diff icult to observe, but approx imate ly 10-11 m l of t iter 
so lut ion were used, corresponding to about 1 0 0 % active oxygen. S o l i d 
sod ium bicarbonate was then added , a n d the acetonitr i le was evaporated. 
Y e l l o w crystals were filtered off, m e l t i n g at 150° -152°C . In f rared spectra 
( K B r pel let ) conf irmed the ident i ty of the substance as p - n i t r o - N - m e t h y l -
an i l ine ( V ) ; the y i e l d was 133 m g ( 8 7 . 5 % ). 

T H E R M A L D E C O M P O S I T I O N : C o m p o u n d V I I (101.7 m g ) was heated 
neat at 155°C ( b o i l i n g aniso le ) . A n in f rared spectrum ( K B r pe l le t ) of 
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106 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

the residue showed it to be ident i ca l w i t h p -n i t ro -N-methy l f o rmani l ide 
( V I ) ; the y i e l d was 96 m g ( 9 5 % ). 

R E A C T I O N W I T H T R I E T H Y L P H O S P H I T E ( 7 ) . Re f lux ing V I I i n t r i e t h y l 
phosphite y i e l d e d a very insoluble c o m p o u n d ( V I I I ) me l t ing at 1 7 7 ° -
178°C. ( F o u n d : C 55.4, H 5.3, Ν 26.4. Ca le . ( C i 6 H 1 8 N 4 0 5 ) : C 55.5, 
Η 5.2, Ν 16.2). 

D E C O M P O S I T I O N O F V I I I . H e a t i n g V I I I neat at its me l t ing po int 
y i e l d e d I X ; m p 2 7 6 ° - 2 7 8 ° C ( F o u n d : C 56.9, Η 5.1, Ν 17.3. Ca le . 
( C i 5 H 1 6 N 4 0 4 ) : C 57.0, H 5.1, Ν 17.7). C o m p o u n d I X c o u l d also be 
synthesized f r om p -n i t ro -N-methy lan i l ine a n d formaldehyde . 

Ozonation of £-Nitro-N,N-dimethylaniline with Two Mole Equiva
lents of Ozone. T h e products f rom this ozonat ion were obta ined a n d 
ana lyzed b y the same procedure as for the equ imolar runs. T h e inso luble 
c o m p o u n d ( X V I I I ) me l ted at 150°C. ( F o u n d : C 49.0, Η 4.4, Ν 14.3. 
C a l e . ( C i 6 H 1 6 N 4 0 8 ) : C 49.0, H 4.1, Ν 14.3). 

Results 

(1 ) T h e r e seems to be no significant difference i n product y ie lds 
us ing either ozone -oxygen or ozone—nitrogen (e.g., Exper iments 14 a n d 
15) . T h e smal l differences m a y be the result of different rates of ozone 
del ivery . 

( 2 ) U s e of methylene chlor ide as solvent consistently leads to h igher 
y ie lds of demethylated produc t ( V ) , accompanied most ly b y a decrease 
i n recovered start ing mater ia l . L o w e r oxygen yie lds are also observed at 
a l l temperatures except at —78°C . 

(3 ) O z o n e appears to be décomposée! b y p - n i t r o - N , N - d i m e t h y l a n i -
l ine i n e thy l a n d m e t h y l acetate at — 7 8 ° C (cf. Exper iments 3, 4, 5, a n d 
especial ly 2 6 ) . 

(4 ) T h e only temperature effect of any significance is observed i n 
e t h y l or m e t h y l acetate i n go ing f r om —40° to —80°C (Exper iments 4 
a n d 9 ) . 

(5 ) T h e h igher y ie lds of the f o rmani l ide V I are accompanied b y 
h igher yields of the peroxide V I I . 

(6 ) Since start ing mater ia l a lways is recovered i n the equ imolar 
runs, the i n i t i a l attack of ozone must be somewhat slower than one (or 
several) of the subsequent steps i n v o l v i n g ozone a n d the p r i m a r y react ion 
p r o d u c t ( s ) . 

Discussion 

Several authors ( I , 3, 4) propose that ozone attacks amines electro-
p h i l i c a l l y at the ni trogen lone pair . A d d i t i o n a l support for this comes 
f r o m the f o l l o w i n g observation. Ozone passes unchanged through so lu 
t ion of p -n i t ro -A^N-d imethy lan i l ine ( IVc) [or Ν,Ν-dimethylaniline ( IVa) ] 
i n 7 0 % perch lor i c ac id . D i l u t i n g the a c i d to about 2 0 - 2 5 % produces the 
y e l l o w color of unprotonated amine, a n d ozone is n o w absorbed q u a n t i 
tat ively . Since the y e l l o w color of the free amine ( I V c ) disappears i n 
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8. K O L S A K E R AND T E i G E Ozonation of p-Nitro-N,N-Dimethylaniline 107 

concentrated a c i d solution, the amine n i trogen ( a n d not another po int 
of the molecule ) must be protonated. 

N M R studies show that amides are protonated at the oxygen atom, 
ind i ca t ing a lower electron density at the n i trogen atom i n amides than 
even i n p - n i t r o - N , N - d i m e t h y l a n i l i n e . A b o u t 5 0 % excess ozone h a d to be 
passed through a solut ion of Ν,Ν-dimethylbenzamide a n d as m u c h as 
1 2 5 % excess through p -n i t ro -N, IV-d imethylbenzamide to ensure a c om
plete react ion. 

Since the products of the ozonat ion of I V only indicate s ide-chain 
oxidat ion, i t is possible that ozone insert ion i n the carbon—hydrogen 
b o n d is the start ing po int of the mechanism. A g a i n the answer m a y be 
f o u n d i n N M R spectroscopy, bear ing i n m i n d that the various resonance 
positions reflect the electron density near the hydrogen atom i n a c a r b o n -
hydrogen b o n d ( i n the absence of strong anisotropic g roup ings ) . T h e 
chemica l shift difference for the m e t h y l protons i n go ing f r om N,N-di-
methylan i l ine to its conjugate a c id is 0.45 p p m , i n d i c a t i n g a somewhat 
lower electron density i n the c a r b o n - h y d r o g e n bond . T h e chemica l shift 
difference for the methylene group protons go ing f rom tr ie thy lamine to 
d i e t h y l ether is about 1 p p m (12). F o r bo th these compounds s ide-chain 
ox idat ion takes place a l though a m u c h larger electron density change 
than i n amine -con jugate a c i d pa i r is ind i ca ted b y N M R . T h u s , the 
inab i l i t y of ozone to react w i t h the conjugate a c i d must be l i n k e d to the 
absence of the lone p a i r on the amine nitrogen. 

F r o m these considerations i t seems safe to conclude that the initial 
attack of ozone on amines takes place at the ni trogen atom. T h i s is also 
l og i ca l since the e lectrophi l i c ozone molecule must interact w i t h the 
center of highest nuc l eoph i l i c i t y i n the substrate—viz. , the lone pa i r of 
the n i trogen atom. 

T h e secondary reactions w i l l then be determined b y the rest of the 
molecule . W h e t h e r amine oxide format ion w i l l be compet i t ive w i t h side-
cha in ox idat ion or not depends on the strength of the nitrogen—oxygen 
b o n d i n the p r i m a r y adduct . T h i s again is determined m a i n l y b y the 
electron density at the nitrogen atom of the substrate—viz. , the strength 
of the base. A l i p h a t i c amines are stronger bases than the aromatic ( t r i -
methy lamine , pKh = 4.2, Ν,Ν-dimethylaniline, p K 6 = 9.6). A m i n e oxides 
are f o rmed f rom a l iphat i c amines, ind i ca t ing that the b o n d between 
nitrogen a n d oxygen i n the p r i m a r y adduct is covalent a n d stronger t h a n 
the oxygen-oxygen b o n d , w h i c h breaks d o w n to f o rm amine oxide a n d 
molecular oxygen. I n the aromatic amines s tudied here the n i t r o g e n -
oxygen b o n d is weaker than a n o r m a l covalent b o n d a n d p r o b a b l y is 
more l ike a charge transfer b o n d , a n d secondary attack on a c a r b o n -
hydrogen b o n d of the side cha in takes p lace as ind i ca ted i n Reactions 
1 a n d 3. 
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108 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Table III. Ozonation Experiments 

Consumed a Consumed a Produced" >b 

Expt. Temp., 
°C 

IV 0 3 0 2 Expt. Temp., 
°C Solvent 

Temp., 
°C Calcd. Found Calcd. Found Calcd. Found 

1 CH2CI2 - 7 8 3.0 7.6 5.0 10.0 5.0 7.9 
2 CH2CI2 - 7 8 4.3 8.0 6.9 10.0 6.9 
3 E t O A c - 7 8 1.3 1.3 2.6 10.0 2.6 6.5 
4 E t O A c - 7 8 0 .5 - 0 . 5 - 1.0- 1.0- 4 . 0 -

1.0 1.0 2.0 5.0 2.0 4.7 
5 M e O A c - 7 8 1.5 1.5 2.7 5.0 2.7 4.4 
6 CH2CI2 - 7 8 5.0 5.0 5.6 5.0 5.0 4.5 
7 E t O A c - 4 0 7.4 7.3 8.3 10.0 6.7 6.9 
8 E t O A c - 4 0 6.3 5.6 7.5 10.0 6.0 
9 E t O A c - 4 0 4.1 4.2 5.1 5.0 4.3 4.1 

10 M e O A c - 4 0 4.0 4.1 5.0 5.0 4.3 4.1 
11 CH2CI2 - 4 0 4.7 4.8 5.2 5.0 4.5 3.9 
12 E t O A c 0 7.3 7.3 8.1 10.0 6.2 
13 E t O A c 0 8.8 8.7 9.9 10.0 7.7 9.0 
14 E t O A c 0 4.2 4.2 4.7 5.0 3.8 
15 E t O A c 0 4.3 4.3 4.8 5.0 3.8 4.1 
16 M e O A c 0 4.0 4.1 4.7 5.0 3.8 4.0 
17 CH2CI2 0 4.1 4.3 4.6 5.0 3.9 3.4 
18 E t O A c 25 8.2 8.4 9.5 10.0 7.3 
19 E t O A c 25 3.8 3.8 4.6 5.0 3.6 4.0 
20 M e O A c 25 2.6 2.8 3.1 5.0 2.4 4.3 
21 CH2CI2 25 4.2 4.2 4.7 5.0 3.9 3.3 
22 E t O A c - 7 8 2.9 2.5 5.2 10.0 4.6 7.9 
23 E t O A c - 4 0 5.1 5.0 8.4 10.0 6.6 8.4 
24 E t O A c 0 5.1 5.0 8.8 10.0 7.4 6.1 
25 E t O A c 25 5.1 5.0 9.4 10.0 8.4 6.9 
26 E t O A c - 7 8 0 0 0 2.5 0 2.1 
27 E t O A c - 4 0 1.4 1.4 1.6 2.5 1.2 1.9 
28 E t O A c 0 1.6 1.7 1.7 2.5 1.2 1.5 
29 E t O A c 25 1.1 1.1 1.3 2.5 1.0 1.3 

a Y i e l d s are given i n mmoles. 
b N o entry i n co lumn means value not checked. 

A t t a c k other than on the amino group apparent ly does represent a 
compet i t ive react ion course w h e n the substituents on the aromat ic r i n g 
are less electronegative than the ni tro group. T h i s is demonstrated b y 
the strong co lorat ion a n d tar f ormat ion observed w h e n A / , N - d i m e t h y l -
an i l ine a n d p - ch loro -N ,A 7 -d imethy lan i l ine are ozon ized a n d b y the fact 
that more ozone is consumed b y these compounds than can be accounted 
for b y side cha in ox idat ion ( T a b l e I I I , Exper iments 1 a n d 2 ) . 
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8. K O L S A K E R AND T E i G E Ozonation of p-A/itro-N,Ν-Dimethy'foniline 109 

CH 3 

δ + / δ + _ 
Ar-N—0-0-0] • 

J 
r u V ι i * 

CH, 
J 

Ar-N + 000H" 

X H , 

XI 

CH, 

Ar-N + OH" 

CH, 

XII 

• 0 2 (1) 

A t t a c k of a second mole of ozone on X I I I , s imi lar to React ion 1, w i l l 
then l ead to the N - m e t h y l f ormani l ides V I ( Reac t i on 3 ) : 

+ / C H 3 

Ar-N + OH" 

V 
/ 

Ar-N 
V 

CH, 
/ 

Ν (2) 

XII XIII 

/ 3 , C H 3 
δ + / δ + _ / 3 

XIII + 0 3 — • Ar-N---0-0-0j — • — • Ar-N + 0 2 • H 20 (3) 
\ H O 

N---0-0-07 — • — • Ar-N 

I 
OH 

XIV VI 

A c c o r d i n g to Rieche et al. ( 13 ) a l iphat i c carbinolamines m a y react w i t h 
hydroperoxides to f o rm α -aminoalkylperoxides. H o r n e r a n d K n a p p (7 ) 
prepared di -a -aminoalkylperoxides f rom N-a lky lan i l ines , f ormaldehyde , 
a n d hydrogen peroxides. I f the react ion sequences l ead ing to these per
oxides are those out l ined be low, a s imi lar α -aminohydroperoxide ( X V ) 
p r o b a b l y also is the precursor i n the format ion of the d i -a - aminoa lky l -
peroxide obta ined i n the ozonation of p-nitro-IVjIV-dimethylanil ine. 

+ / C H 3 

Ar-N • OH" 

"CH, 

CH q 

Η00Η 
/ XII 

Ar-N 
\ 

Ar-N 
/ C H 3 CH, 

CH 200H \ 

XII XV 

C H 2 - 00-

VII 

\ 
Ν 

/ 
N-Ar (A) 

CH, 

T h e p r o b l e m then is the route to hydrogen peroxide i n the present case. 
Insert ion of ozone into a c a r b o n - h y d r o g e n b o n d has been postulated b y 
W h i t e a n d B a i l e y (14) to expla in the ozonat ion of benzaldehydes , b y 
Pr i ce a n d T u m o l o (15) i n the ozonation studies of ethers, a n d b y Batter -
bee a n d B a i l e y (16) i n their studies on the ozonat ion of anthrone. W e 
postulate a s imi lar intermediate to exp la in the format ion of hydrogen 
peroxide a n d subsequently the d iaminoperox ide V I I . 
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110 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

/ C H 3 
Ar-N + O o 

V 

ChU 
67 3 

Ar-N—0-0-0, Ar-N 

/ C H 3 
Ν 

\H 2 OOOH 

XVI 

(5 ) 

Ar-N 

/ H 3 / H 3 

I • Ar-N + Η00Η 

C CH0 
ρ 0-0-0Η 
Η 

XVI VI 

A s seen above, N - m e t h y l f o r m a n i l i d e is also p r o d u c e d b y this route. T h e 
react ion routes pert inent to our studies are s u m m a r i z e d i n Scheme 1. 

\ 
Ν 

/ 
N - C H , • 0 , 

N = CH 2 + OH' 

χ + 2 y • ( z - y ) 

N—CH2000H 

N=CH 2 • OH 

z - y 

\ 
Y N-CH 2000H 

Γ N—CHO + 0 2+ H 20 

z - y 

\ 
I 

/ 

N-CHO + H 2 0 2 

N=CH 2 • OH' 

2y 

N=CH 2 * OH' 

/ 

N —CH,0H 

\ l — C H 2 0 0 C H 2 - N ^ + 2 H 20 

N-H + CH 2 0 

Scheme 1 

F r o m these sequences the f o l l o w i n g can be obta ined : 

C o n s u m e d start ing m a t e r i a l : a = χ -\- y -\- 2y -\- (z — y) = χ 2y z, 

C o n s u m e d ozone: b = χ + 2y + ζ + (ζ — y) = χ + y + 2ζ, 
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8. KOLSAKER AND T E i G E Ozonation of p-Nitro-N,N-Dimethylaniline 111 

P r o d u c t i o n of oxygen: c = χ + 2y + (z — y) + (z — y) = χ -\- 2z, 

H e r e χ is the y i e l d of demthy lated starting mater ia l ( V ) , y is the y i e l d of 
the d iaminoperox ide V I I , ζ is the y i e l d of N-methy l f o rmani l ides ( V I ) . A 
comparison of the ca lcu lated values for a, b, a n d c w i t h those obta ined 
in the experiments, as seen f r o m T a b l e I I , are shown i n T a b l e I I I . W h e n 
2 mole equivalents of ozone are used, a c o m p o u n d w h i c h apparent ly is 
a d iperox ide is f o rmed (see T a b l e I I ) . E l e m e n t a l analysis indicates a 
molecular f o rmula of C i 6 H i 6 N 4 0 8 , a n d ac id hydrolys is gives sma l l 
amounts of p - n i t r o - N - m e t h y l a n i l i n e ( V c ) . F o r m a t i o n of this d iperox ide 
can be rat iona l i zed as fo l lows : 

Ar-N 

\ 
( 

X V 

/ H 3 

C H 2 O O H 

C H , 
• / 3 

Ar-N O H ' 

C H O O H 

X V I I 

(6) 

C Η ο C Η ο 
/ 3 \ 3 

2 XVII Ar-N η - 0 N-Ar + 2 Η,Ο 
\ / \ / 

C H C H 

X V I I I 

T h e entity X V I I of questionable s tabi l i ty is thought to d i m e r i z e to the 
d iperox ide X V I I I . A modi f ied react ion must then be a p p l i e d to E x p e r i 
ments 22-25 (Scheme 2) (p . 112) . 

F r o m Scheme 2: 

C o n s u m e d start ing mater ia l : a = ζ + 2yf 

C o n s u m e d ozone: b = (z + 2y') + (z — 2i / r ) + 2y' = 2z + 2y' 

P r o d u c t i o n of oxygen: c = ζ + (ζ — 2y') + 2yf = 2z, 

T h e va lue of y' is n o w the y i e l d of d imer i c d iperox ide X V I I I . T h e results 
are entered i n T a b l e I I I , Exper iments 22-25. 

T a b l e I I I shows that the starting mater ia l is accounted for w e l l . I n 
Exper iments 1 a n d 2 considerable attack on the aromatic nucleus must 
have taken place since m u c h tar is f o rmed i n these ozonations. W h e n 
p - c h l o r o - N , N - d i m e t h y l a n i l i n e ( I V b ) is ozonized , more attack takes p lace 
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112 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Ν—CH, • 0 , 

\ + 

N = CH 2 + OH 

(z -2y') + 2y' \ 
Γ 

/ 

'N—CH2000H 

2y' 

V 
N=CH,+ OH" 

z ' - 2 y ' 

\ 
V N-CHO + 0 2 + H 20 

ζ -2y' 

ί' 
/ 

N-CH 2000H 

2y* 

\ 
I 

/ 

N-CH0 • H 2 0 2 

2y* 

V . 
N=CH 2 + OH' 

2y' 

N=CH2+ 00H' 

+ H 20 2 

0 3 

2y* 

N = CH00H + OH" 

2y' 

N = CH,+ 00H" 

2y' 

N = CH00H + OH' + 0? 

2y' 
0-0 

\ / \ / 
N —CH CH-N • 2 H.,0 

o-o 

Scheme 2 

on the amine funct ion than is the case w i t h the unsubst i tuted N,N-di-
methy lan i l ine ( I V a ). T h i s is expected since the chlor ine atom deactivates 
the r i n g for e lectrophi l i c attack. T h i s t rend is accentuated i n go ing to the 
nitrosubst i tuted d imethy lan i l ine ( I V c ) , where r i n g attack is not observed. 

T h e amount of ozone used for r i n g attack is not accounted for i n our 
expressions; therefore the values for b a n d c i n Exper iments 1 a n d 2 w i l l 
be erroneous. T h e large d iscrepancy i n consumed ozone a n d ozygen y i e l d 
w h e n ozon iz ing i n e thy l or m e t h y l acetate at — 7 8 ° C (Exper iments 3-5, 
22, a n d 26) cannot be accounted for b y any of our schemes. T h e possi 
b i l i t y of ozone attack on the solvents cannot be exc luded. H o w e v e r , we 
have not been able to discover any product ar is ing f r o m oxidat ion of the 
solvent. O z o n a t i o n of e thy l acetate was shown b y P r i c e a n d T u m o l o to be 
nonquant i tat ive w h i l e ozone is quant i tat ive ly absorbed at — 78 ° C w h e n 
p -n i t ro -N^N-d imethy lan i l ine ( I V c ) is dissolved i n e thy l acetate. T h i s 
p r o b l e m has to be left open at this stage of our research. 
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9 
Mechanism of Ozonation Reactions 

V . Feist's Ester 

RONALD E. ERICKSON and GARY D. MERCER 

University of Montana, Missoula, Mont. 59801 

The ozonation of Feist's ester yields three products: 2,3-
dicarbomethoxytetrahydrofuran-4-one (III), 3,4-dicarbome-
thoxy-5-hydroxy-2-oxa-2,3-dihydropyran (IV), and 4,5-di-
carbomethoxy-1-oxaspiro[2.2]pentane (V). Structures were 
assigned primarily through spectroscopic evidence (mass, 
NMR, and infrared spectra). The last of these compounds 
is probably not a direct ozonation product (stoichiometry 
and trapping studies). A mechanism is proposed in which 
the initial step is formation of a primary ozonide. From that 
stage, the breakdown is abnormal. 

>Tphe structure of Feist 's a c id , l a , was determined w i t h certainty some 
60 years after its preparat ion (1-6). M o r e recently, the proposal 

that the ozonat ion product of Feist 's ester ( l b ) h a d structure I I was 
shown to be incorrect ( 7 ) . O u r i n i t i a l report not only showed that no I I 
was present i n any ozonat ion of Feist 's ester but offered chemica l a n d 
spectroscopic proof for I I I as a major ozonation product . 

Ο 
II 

R O - C — 
Ο 
II 

R O - C — 

Η 

I 
I 

Η 

Ο Ο Η Ο 

C H 2 R O — C — C — C — C — C H 

I 
C O O R 

R O — C ^ 
\ . 

H C 
\ 

H C -

R O Ο 

Ο . 

C H 2 

/ 
- C 

Ο 

l a , R = H 
Ib , R = C H 3 

I I I I I 

114 
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9. ERICKSON AND M E R C E R Ozonation Reactions 115 

T h i s paper is concerned w i t h the structure proof of each of the 
major products of the ozonat ion of the m e t h y l ester of Feist 's ac id . O t h e r 
data per ta in ing to the mechanism of this u n u s u a l ozonation are presented, 
a n d a mechanism is hypothes ized . 

Experimental 

Materials. Solvents were the best c ommerc ia l grades avai lable a n d 
were not pur i f i ed further . F e i s t s a c i d was prepared b y the m e t h o d of 
Goss et al. ( 2 ) . T h e m e t h y l ester was prepared i n the n o r m a l F i s h e r 
manner w i t h methano l a n d sul furic ac id . A d d i t i o n of water , ether ex
tract ion , r emova l of ether, a n d d is t i l la t ion y i e l d e d a colorless l i q u i d ( b p 
7 8 ° - 8 0 ° C at 1.5 m m H g ) w h i c h crysta l l i zed u p o n standing , m p 30 ° C 
( l i t . va lue 3 0 ° C ) ( 8 ) . 

2 , 3 - D i C A R B O M E T H O X Y M E T H Y L E N E C Y C L O P R O P A N E - 2 , 3 d 2 . T h e m e t h y l 
ester of Feist 's a c i d was specif ically deuterated b y d isso lv ing 5.0 grams 
of the ester i n 25 m l of deuteromethanol conta in ing 0.5 gram sod ium 
methoxide a n d a l l o w i n g the mixture to stand for one day. A f t e r a d d i n g 
40 m l of d i lute sul fur ic a c id a n d extract ing w i t h two 20 -ml portions of 
methylene chlor ide , a d is t i l la t ion y i e l d e d 3.5 grams of the dideutero 
compound . Its N M R spectrum showed only the methoxy protons ( singlet 
at δ = 3.63) a n d methylene protons (singlet at δ = 5.53). 

Ozonations. T h e ozonations were carr ied out us ing a W e l s b a c h T-23 
ozonator at — 78 ° C i n methanol , methylene chlor ide , F r e o n 11, or acetone. 
N o changes i n product ratios or ozone sto ichiometry were noted w h e n 
nitrogen was used as the ozone carrier. 

Isolation of Products. Produc t isolat ion proved to be extremely 
difficult. A t y p i c a l procedure invo lved the ozonat ion of the ester (2.0 
grams) i n 30 m l methano l at — 7 8 ° C u n t i l the solut ion became b lue a n d 
a prec ip i tate h a d formed. A f t e r f lushing w i t h ni trogen, a n d a l l o w i n g the 
mixture to stand overnight at —78°C., w e col lected 1.0 g ram of p r e c i p i 
tate. T h i s was recrysta l l i zed three times f r om 15 m l of anhydrous ether 
to y i e l d I I I , m p 6 7 ° - 7 1 ° C ( l i t . 6 8 ° C ) . E v a p o r a t i o n of the first ether 
recrystal l izat ion res idue a n d slow crysta l l i zat ion f rom 1.5 m l of anhydrous 
ether y i e l d e d c o m p o u n d I V , m p 9 6 ° - 1 0 2 ° C [ca lculated for C 8 H i 0 O 7 : 
C — 44.04, Η = 4.58, Ο — 51.8; f o u n d : C = 44.67, Η — 4.66]. C o m 
p o u n d V was isolated b y ozonat ion of the ester i n F r e o n 11 at — 78 ° C 
a n d a l l o w i n g the precipitate w h i c h f o rmed to stand i n solut ion overnight. 
A f t e r the prec ip i tate was col lected i n a c o l d B u c h n e r funne l ( the pre 
c ipitate melts be l ow 0 ° C a n d was shown to be a mixture of I I I a n d I V 
b y N M R ) , the filtrate was evaporated a n d the l i q u i d residue was d is 
t i l l e d to y i e l d ( b p 95°-100°C. , 1 m m ) a mixture r i c h i n V ( > 9 0 % 
accord ing to N M R ) [ca lculated for C 8 H 1 0 O r > : C = 51.63, Η =* 5.34, 
Ο = 43.03; f o u n d : C = 50.24, 50.53, Η = 5.27, 5.29]. 

Product Analysis. Quant i ta t ive analysis for each of the products 
of the ozonat ion of Feist 's ester was carr ied out b y an N M R method 
( V a r i a n H A 6 0 ) . T h e solvent for the ozonat ion was evaporated in vacuo, 
a suitable in terna l s tandard (usua l ly tert-butyl benzoate ) , was a d d e d 
a n d the spectra were determined a n d integrated i n chloro form-d . A l l 
analyses were reproduc ib le to ± 1 0 % . 
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116 OZONE REACTIONS WITH ORGANIC COMPOUNDS 

Table I. Important Ions in the Mass Spectra of III and I l ia 

/// ΙΠα 

Assignment 

Ρ 
P - H 2 0 
P - O C H 3 

P - C H 3 O H 
P -C2H3O2 

and { O C H 2 C O } H 
P - C 2 H 3 0 2 , C H 2 0 , 

a n d { C 2 H 3 0 2 C H O } H 
P - C 2 H 3 0 2 , C H 3 O H 

m / e (% rel. 
abundance) Assignment 

202 (2) Ρ 184 
171 
170 
143 

(3) 
(9) 

(53) 
(73) 

113 (100) 

111 (53) 

P - H D O 
P - O C H 3 

P - C H 3 O D 
P -C2H3O2 

P - { O C H 2 C O } D 
P-C2H3O2, C H 2 0 
P - { C 2 H 3 0 2 C D O } H 
P - C 2 H 3 0 2 , CH2OD 

m / e (% rel. 
abundance) 

204 
185 
173 

(1) 
(3) 
(4) 

171 (60) 
145 (21) 
144 (75) 
115 (33) 
114(100) 
112 (63) 

Results 

T h e structure of I I I was reasonably w e l l established i n our pre 
l i m i n a r y communica t i on of this work . A comparison of its mass spectrum 
( T a b l e I ) w i t h that of its d ideutero analog I l i a confirms its structure 
a n d provides a mass spectral m o d e l for comparison w i t h u n k n o w n 
compounds I V a n d V . 

,0, D 
H s C O O C - C ^ X C H 2 

1 I 
H 3 C O O C - C C 

D 0 

I I I a 

T h e h i g h mass peaks i n T a b l e I can be ra t i ona l i zed quite easily. 
H o w e v e r , the ions of highest abundance at 143 a n d 113 i n I I I w h i c h at 
first glance can be assigned to fragmentation of a carbomethoxy group 
are, f r o m inspect ion of the data f rom I l i a , of more complex or ig in . C o m 
p o u n d I l i a h a d a peak at 145 as expected for loss of carbomethoxy, but 
i t also shows an intense peak at 144 w h i c h must come f rom the loss of 
{ — O C H 2 C = 0 } D . T h e deuter ium theoret ical ly c o u l d be transferred 
f r om either the a or β carbons to either the keto or ether functions. N o n e 
of these rearrangements are par t i cu lar ly faci le accord ing to the l i t e ra 
ture. T h e base peaks i n the spectra of I I I a n d I l i a ( 113 a n d 114 respec
t ive ly ) are also of interest. Loss of carbomethoxy a n d C H 2 0 , w h i c h 
appears to be a l ike ly f ragmentat ion pattern, does not seem to occur to 
a major extent for I l i a where the corresponding 115 peak is present i n 
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9. ERICKSON AND M E R C E R Ozonation Reactions 117 

only 3 3 % relat ive abundance . T h u s , another hydrogen transfer, this 
t ime f rom the methylene group to one of the oxygen atoms, must take 
place. 

T h e in f rared spectrum of I V indicates an enol (3200 a n d 1650 c m " 1 ) , 
an α,β unsaturated ester (1675 c m " 1 ) , a n d a n o r m a l carbomethoxy car-
b o n y l group (1725 c m " 1 ) . T h e N M R spectrum substantiates the enol ic 
character of the molecule w i t h a singlet (δ •= 11.3 p p m ) . It also shows 
two doublets ( ^ 4 . 4 0 a n d 4.84 p p m , / = 16.5 cps) w h i c h can be assigned 
to two methylene protons ( s imi lar chemica l shift to analogous protons 
i n I I I ) , a n d singlets at 3.78 p p m a n d 5.16 p p m . T h e ratio of protons was 
shown to be 1:1:1:6:1 i n the order given. Such a spectrum is consistent 
w i t h either the enol f o rm of I I I ( I l l b shown be low ) or w i t h structure I V . 

Hscooc^ H3cooc-cif °No 
?H P1*2 H 3 C O O C — C s . . C H 2 

I I ^ c r 
/ C = C I 

H 3 C O O C O H 0 H 

I l l b I V 

C o m p o u n d I V gave a posit ive peroxide test w i t h potassium iod ide 
i n methano l a n d ana lyzed reasonably w e l l for the structure shown. H o w 
ever, i t was difficult to pur i f y a n d decomposed u p o n standing , a n d w e 
be l i eved that mass spectral evidence was necessary for its f inal structure 
proof. W e experienced some diff iculty i n ob ta in ing pure dideutero I V 
but were able to obta in a satisfactory monodeutero c o m p o u n d b y ex
change of the enolic pattern w i t h methanol-ci . T a b l e I I compares the 
mass spectrum of I V w i t h that of the monodeutero der ivat ive . 

H 8 C O O C N ^ ( V 
C H Ο 
I I 

H 3 C O O C ^ 
I 

O D 

I V a 
A l t h o u g h the parent, p a r e n t - O H ( D ) , a n d p a r e n t - H 2 0 ( H D O ) 

peaks give strong corroborative evidence for I V a n d I V a as the correct 
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118 OZONE REACTIONS W I T H ORGANIC COMPOUNDS 

Table II. Important Ions in the Mass Spectra of IV and IVa 

IV IVa 

m / e (% rel. m / e (% rel. 
Assignment abundance) Assignment abundance) 

Ρ 218 (4) Ρ 219 (4) 
P - O H 201 (1) P - O D 201 (2) 
P - H 2 0 200 (3) P - H D O 200 (3) 
P - O C H 3 187 (1) P - O C H 3 188 (1) 
P - C O O C H 3 159 (100) P - C O O C H 3 160 (100) 
P - C 3 H 7 0 3 

159 (100) 
P - C 3 H 7 0 3 

or C 2 H 3 0 4 127 (44) P - C 2 H 3 0 4 128 (17) 127 (44) 
P - C 3 H 6 D 0 3 

or C 2 H 2 D 0 4 127 (25) 

structure for the h i g h m e l t i n g compound , interpretat ion of the complete 
mass spectrum is not s tra ight forward. F o r example, the base peak for 
b o t h I V a n d I V a is accounted for r ead i l y b y a loss of carbomethoxy, b u t 
the second most intense m/e, 127, must arise f r om at least two different 
pathways (ne i ther of w h i c h is obv ious ) . T h e accumulated evidence 
leaves l i t t le doubt but that I V is the correct structure of the h i g h me l t ing 
product . 

T h e t h i r d c o m p o u n d to be isolated f r om ozonations of Feist 's ester 
was V . Its N M R spectrum was of p r i m e importance i n establ ishing its 
structure. O t h e r t h a n the methoxy s ignal at 3.67 p p m , the outstanding 
feature of the spectrum was the presence of two sets of A B doublets w i t h 
chemica l shifts for the four protons at 3.33, 3.23, 2.90, a n d 2.72 p p m . 
T h e rat io of peak intensities was 6 :1 :1 :1 :1 for the five types of protons. 
I n the spectrum of the d ideutero der ivat ive , the A B pattern at h i g h field 
was not present, showing that these h i g h field protons were those a to 
the carbomethoxy groups. 

Table III. Important Ions in the Mass Spectra of V and V a 

V Va 

Assignment 

Ρ 
P - C H 2 0 
P - O C H 3 
P - C H 3 O H 
P - C 2 H 3 0 2 

P - C 2 H 3 0 2 , C H 2 

m / e (% rel. 
abundance) Assignment 

186 (0) 
156 (2) 
155 (11) 
154 (12) 
127 (100) 
113 (40) 

Ρ 
P - C H 2 0 
P - O C H 3 
P - C H 3 O D 
P -C2H3O2 
P - C 2 H 3 0 2 , C H 2 

m / e (% rel. 
abundance) 

188 (0) 
158 (2) 
157 (12) 
155 (13) 
129 (100) 
115 (44) 

T h e major features of the mass spectra of V a n d its d ideutero der iva 
t ive are presented i n T a b l e I I I . A l t h o u g h w e were unab le to detect the 
parent peak for V , the reasonable assignments i n T a b l e I I , the s imp l i c i t y 
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9. ERiCKsoN AND M E R C E R Ozonation Reactions 119 

of the N M R spectrum, a comparison w i t h n o r m a l epoxide c h e m i c a l shifts 
(methylene signals at lower field t h a n methoxy s ignals ) , a n d the ana 
l y t i c a l data argue for 4 ,5-dicarbomethoxy- l -oxaspiro [2.2] pentane as 
c o m p o u n d V . 

Ο 
II 

T a b l e I V summarizes some of the spectral data for the assignment 
of structure to compounds I I I , I V , a n d V . 

T a b l e V shows the re lat ive amounts of I I I , I V , a n d V f o u n d i n differ
ent solvents under var iab le exper imental condit ions. 

K n o w l e d g e of the major products of the ozonat ion of Feist 's ester 
does not l ead immedia te ly to a knowledge of the mechanism of the reac
t ion a l though the nature of the products makes i t obvious that the 
mechan ism is different f r o m that of most ozonations. H o w e v e r , inspect ion 
of T a b l e I V , i n w h i c h produc t ratios change w i t h changes i n condit ions 
a n d other types of experiments, a l lows us to rat ional ize a reasonable 
mechanist i c sequence. T h e most important points to note are : 

(1 ) T h e epoxide is not a p r i m a r y product ; bo th the sto ichiometry 
a n d the tetracyanoethylene experiments ind i cate that i t is f o rmed f r o m 
attack of a n intermediate on unreacted Feist 's ester. F o r example, less 
t h a n 1 mole of ozone per mole of Feist 's ester is r e q u i r e d for a l l ozona
t i o n s — w i t h the less react ive solvents, such as methylene ch lor ide a n d 
F r e o n 11, the defic iency i n ozone r e q u i r e d is approx imate ly equa l to the 
amount of epoxide formed. A d d i t i o n of tetracyanoethylene before ozona
t ion results i n a n ozonat ion of n o r m a l sto ichiometry w i t h n o epoxide 
be ing formed. 

(2 ) I f the react ion is s topped before complet ion , the re lat ive amounts 
of I V f o rmed are great ly decreased. T h i s suggests to us that the i n i t i a l 
ozonat ion product has several modes of decomposi t ion avai lable , a n d 
that react ion w i t h Feist 's ester (or tetracyanoethylene) is more r a p i d 
t h a n un imo lecu lar decomposit ion. 

(3 ) W e were unab le to detect a n intermediate [e.g., Criegee's p r i 
m a r y ozonide ( 9 ) ] b y l o w temperature N M R (to — 1 3 0 ° C ) ; yet the 
above-ment ioned results a n d the fact that I V does not react w i t h Feist 's 
ester strongly suggest that a h i g h l y react ive intermediate does exist. 
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120 OZONE REACTIONS W I T H ORGANIC COMPOUNDS 

Compound 

I I I 

I V 

V 

C-H 

ΟδΗχοΟβ 

ΟδΗχοΟγ 

C S H I O O Ô 

T a b l e I V . Spec t ra l 

Mp, ° C MW 

67-71 

96-102 

l i q u i d 

202 

218 

186 

° As reported i n Ref. 7. 

W e hypothesize the f o l l ow ing general react ion scheme: 

H 3 C O O C . 

H3COOC 

C H 2 + 0 3 

l a 

N C C N 

P a t h a involves un imolecu lar decomposi t ion of a n i n i t i a l ozonide 
( V I ) . I t is important to note that since other methylenecyc lopropane 
derivatives , such as 2 ,3-dimethylmethylenecyc lopropane, do not undergo 
r i n g opening of the cyc lopropane r i n g , b o t h r i n g strain a n d the presence 
of the carbomethoxy groups must be necessary for such an unusua l de
composi t ion of an i n i t i a l ozonide. T h e f o l l o w i n g sequence rationalizes 
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D a t a f o r I I I , I V , a n d V 

Infrared, cm~i 

1778, 1740, 1675, 
1636 

3200, 1725, 1675, 
1600 

3080, 3030, 1720, 
890, 865, 833 

NMR 
σ mult. (rel. intensity) 

5.1d(l ) , 4 .25d( l ) , 4 . 1 2 d ( l ) , e 

3.8e(6), 3.7d(l) 

11 .38(1) , 5.16e(l), 4 .84d(l ) , 
4 .55d( l ) , 3.78s(6) 

3.67sC6), 3 .33d(l ) , 3 .23d(l) , 
2 .90d(l ) , 2.72d(l) 

such an occurrence b y suggesting that a p a r t i a l negative charge is sta
b i l i z e d b y the carbomethoxy groups. 

Just as the conversion of V I to I V m a y be a concerted react ion 
w i t h o u t the intermediary act ion of V I I , so p a t h w a y b might reasonably 
invo lve either V I or V I I . Cr iegee a n d G u n t h e r have shown that tetra
cyanoethylene can change the n o r m a l course of the ozonat ion of alkenes 
b y react ion w i t h either a zwi t ter i on or the " p r i m a r y " ozon ide p r o d u c e d i n 
such reactions (10). W e have no proof as to whether tetracyanoethylene 
reacts w i t h V I or V I I , a n d either react ion can be envisaged to produce 
I I I as i n p a t h w a y c. W e are left w i t h the dif f iculty of exp la in ing the 
re lat ive ly h i g h y ie lds of I I I i n some solvents l is ted i n T a b l e I V . W h e n 
I I I , a two-oxygen product is f ormed, either oxygen or some other ox id i zed 
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T a b l e V . R e l a t i v e Y ie lds 

Solvent 

CH2CI2 
C H 3 O H 
C H 3 O H « 
F r e o n 11 
F r e o n 1 1 b 

Acetone 
A c e t o n e - C H 2 C l 2 

A c e t o n e - C H 2 C l 2
c ' d 

Stoichiometry, 
moles Oz/moles I 

0.67 
0.76 
0.86 
0.74 
0.71 
0.75 
0.65 
1.03 

Relative Yields, % 

III IV V 

40 21 39 
64 23 13 
57 13 30 
35 33 30 
62 0 37 
38 30 32 
33 32 35 
71 29 0 

a Reaction stopped after 60% of I had reacted. 
6 Reaction stopped after 34% of I had reacted. 
c 75% CH2CI2 by volume. 
d Tetracyanoethylene (equimolar with I) added before reaction began. 

product must be produced . W i t h ox id izable solvents, such as methano l 
or acetone, the most reasonable assumption m i g h t be that V I or V I I 
reacts w i t h solvent to y i e l d I I I ( p a t h d ) , but w e have no direct proof 
for such an assumption. 

Story et al. have suggested that V I I I might be the important inter 
mediate i n the ozonat ion of Feist 's ester ( I I ) . 

V I I I 

I f this is the intermediate , other methylenecyclopropanes should give 
ozonat ion products s imi lar to those f o u n d i n the ozonation of Feist 's 
ester. S ince they do not a n d because our evidence indicates that the 
epoxide is not a p r i m a r y product , the mechanism of Story et al. does not 
seem to a p p l y to this react ion. 
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