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{NTRODUCT ION

Although ozone was discovered by Schonbein in 1840 (1), the first
investigation of the mechanism of its formation from oxygen was that
of Lind in 1911. In 1968, Sears and Sutherland (2) of the Broockhaven
National Laboratory, reviewing Lind's work, point out that "it is thus
one of the oldest systems in radiation chemistry'.

The first studies of the reactions of ozone with organic compounds
were made by Harries (3) at the beginning of the 20th century. Harries
worked exclusively in anhydrous nonparticipating (aprotjc) solvents
such as chloroform. The products which he obtained were almost invari-
ably unstable polymeric ozonides having unpredictable and violently
explosive properties. The hazards of working with ozone and ozonation
products discouraged all but a handful of scientists from engaging in
the study. Progress in the field, therefore, did not keep pace with
that made in other arecas of science.

Interest in ozone and ozonation products was renewed about 20
years ago, stimulated in part by the discovery that the presence of
ozone in the atmosphere and stratosphere of the earth plays an import-
ant and ever increasing part in the health and welfare of its people.
Paradoxically, the potent oxidizing properties of ozone have created
an important place for it in the field of antipollutants.

A great deal remains to be learned about ozone and its reactions.
It has been the object of this investigation to make a contribution
towards the complete understanding of the complex mechanism of the
reactions of czone with pyrene, a tetracyclic arcmatic compound. Speci-
fically it is directed to the ozenation of pyrene with water as a

participating solvent, a novel feature introduced by Sturrock and



and co-workers (4) in 1959 in an attempt to bring about concurrent
ozonation and hydrolysis of the ozonation precduct with the prime object

of removing the explosion hazard.



HISTORICAL

The structure of the ozone molecule has been studied by a series of
inveétigators (5 ) who have determined that the ozone molecule has
an obtuse angle (116°45' + 30') and a bond length of 1.278 + .002 A.
O:one has been produced under various conditions including the passage
of oxygen through a silent electric discharge, by photolysis, by the
celectrolysis of water and more recently by its formation under radio-
lytic conditions. So far, the most practical method of making ozone
is by silent electric discharge.

In 1905, Harries(3) published a report on the oczone treatment of
3 wide variety of compounds containing double bonds. He showed that
ozone is a specific reagent for double bonds. He was not, however,
concerned with the mechanism involved. In 1925, Staudinger proposed
that ozone reacts with a double bond to form an initial unstable "mol-
ozonide', which then rearranges to the more stable ozonide. Mechanisms
for the formation of the ozonide have been proposed by Criegee, Leffler

and Milas. Of these, the most widely accepted is the Criegee mechan-

ism (6).
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Cricgee proposed that intermediate (11) of uncertain structure cleaved
into two fragments, a zwitterion (IV) and a carbonyl containing fragment
(V) through the ynstable intermediate (111). The behavior of the zwit-
terion (IV) depended on its structure, the structure of the carbonyl
containing fragment, and on the environment. The normal course of the
reaction would be recombination with the carbonyl containing group to
give the normal ozonide (VI) in inert solvents. In polar solvents such
as aliphatic alcohols, Criegee proposed that the zwitterion combined
with the solvent to give cyclic hydroperoxides.

In further study, Bailey (7) determined using low temperature
nuclear magnetic resonance spectroscopy, that the intermediate (I1)
which was not designated by Criegee was structure (X). Huisgen (8)
proposed that ozone adds via a 2 + 3 cycloaddition as shown in structure
(1X). A reverse 1,3 cycloaddition could give the fragments shown in

structures (1V) and (V).
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Milas (9) proposed a mechanism which involved the attack of ozone
on the olefinic bond and a cleavage of the unstable intermediate (X1)
and therefore rearrangement to the stable ozonide (VI) which is in
equilibrium with the open zwitterionic forms (V1) and (V). According
to this mechanism an ozonide is an intermediate in all ozonolyses and

reaction with the carbonium ifons and decomposition are the processes

which form dimeric and polymeric peroxides.
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Prior to 1959, ozonations were invariably conducted under anhydrous
conditions regardless of the solvent. Moriccni and co-workers (10)
rcoorted the ozonation of phenanthrene in anhydrous chloroform and
acetic acid in 1855 and claimed the product obtained to be the first
monomeric monoozonide to have been isolated in the arene series. Sub-
sequent work by Bailey and Mainthiz (!11) in 1956 showed the material to
be a pclymer. in addition, Bailey (12) ozonized phenanthrene in anhy-
drous methanol and isolated hydroperoxide procucts which could be reduced
with sodium iodide in acetic acid to 2,2'-biphenyldicarboxaldehyde with
an 84% yield. Sturrock, Cline and Robinson (13) ozonized phenanthrene
in mixtures of aliphatic alcchol ard water in an attempt to bring about
ozonation and hydrolysis concurrently. They found that water acts as
a participating solvent in this reaction. The cyclic dihydroxyperoxide
(X1V), analogous to the cyclic alkoxyhydroxy (XVI11) and dialkoxyperoxide
(X1X) isolated by Bailey (12), was prepared and shown to be converted
quantitatively to diphenaldehyd=z (XV) and hydrogen peroxide by gentle
heating in acidic aquecus solution. Series of equilibria were postulated
to explain the high yield of diphenaldehyde withcut the addition of a

reducing agent.
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Anthracene has been shown to be anothcr example of the importance

of water

in the ozonation mixture.

Yields of anthraquinone obtained

directly as a precipitate were improved from approximately 35% in

anhydrous methanol (14) to 73% in aqueous t-butyl alcohol by Sturrock,

Cline and Pobinson (15).

insoluble and therefore not available for further ozone attack.

scquently Batterbee and Bailey (16) isolated 52% anthraquinone

acetic acid-water mixtures without the aid of reducing agents.

The first report of the ozonation of pyrene was published

by Vellman (17).

In this instance the dicarbonyl compound is

Sub-

in 90%

in 1937

The reaction of ozone with pyrene to give 4-formyl-5-

phenanthrenecarboxylic acid has been investigated repeatedly (18-21).

In 1968, Sturrock and Duncan (4) isolated an intermediate from aqueous

solutions of alcohols and characterized

it as a monomeric monoczonide

of pyrene. This was the first of this species to be authentically



identified in the arene series. They found that the monomeric mono-
czonide could be reduced with acidic potassium ioaide to the 4,5-dj-
formylphenanthrene and further that the oxidative fjssion could be
reversed to regenerate pyrene by the application of the Bacon and
Lindsay (23) reaction of hydrazine in boiling-acetic acid. The mono-

meric moncozonide of pyrene rearranged readily upon gentle warming to

give the 4-formyl-5-phenanthrene carboxylic acid as shown below.
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Further work presented in the author's Master's Thesis (Texas
Woman's University, August 1968) described the isolation of 1,10-dihydro-
xy—(h-tert—butyloxy)-],4,7,lO-tetrahydrobenzoxepino-(6,5,Q-§fg)benzodio-
xocin-8-one (XXXIII a), 1.4,10-trihydroxy-1,4,8,10-tetrahydrobenzoxe-
pino(6,5,k~efg)benzodioxocin-8-one (XXXI111 b) and the dinitrophenyl-
hydrazone derivative of 2,2',6-triformyl-6"'-biphenylcarboxylic acid
(xxxv1). (These compounds will be referred to hereafter by the abrev-
iated names butoxyhydroxyperoxide (XXXI111 a) and dihydroxyperoxide (XXXIi1b)

respectively.



EXPERIMENTAL

The ozonation of the compounds described in the subsequent sections
was carried out using a Welsbach T-438 ozone generator having a reaction
vessel of the column type described in the Welsbach Basic Manual with
the addition of a dry ice condenser. Because of the tendency of the
lydrocarbon to settle below the fritted area of the gas inlet tube, the
absorption apparatus was mounted on a magnetic stirrer. A '"Teflon'-
coated stirring bar revolving at moderate speced served to insure adequ-
ate homogeneity. The quantity of ozone absorbed in each experiment was
determined using a potassium ifodide trap and titration with sodium thio-
sulfate. Unless otherwise stated all experiments were carried out at
room temperature and atmospheric pressure. The pyrene was Aldrich
"ouriss' grade ( m.p. 147-15L°) ground to acceptance by a 100 mesh siecve.
All other chemicals employed were reagent grade. Microanalyses were
carried out by the independent testing laboratory, Midwest Microlab,
Inc., Indianapolis, Indiana, or in the TWU laboratory with a Perkin-
Elmer-240 Elemental Analyzer. All meiting points were determined with
a Nalge Precise Mzlting Point Apparatus or an Electrothermal Capillary
Melting Point Apparatus with standardized thermometers.

A total cof more than 200 individua! ozonation experiments was made,
however the primary purpose of many was the preparation of pure mono-
meric monoozonide of pyrene which can only be prepared free of p;rene
by carrying the reaction to completion.

A. Ozonation of Pyrene.

Typical experiments of the ozonation of pyrene involved the
use of 5 grams of pyrene, Y49 ml. of acetone or t-butyl alcochol and 70

mt. of water. The soluticn was treated with a stream of czonjzed oxygen
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containing 1.73 g. of ozone per cubic foot at a rate of 0.006 cubic feet

per minute. (See chart 6, page 23, for structures.)

1. Ozonation of Pyrene in t-Butyl Alcohol-Water. The ozonation of

pyrene in t-butyl alcohol allowed the isolation of the monomeric mono-
ozonide as described by Sturrock and Duncan (4). The butoxy-hydroxy-
peroxide (XXI11) was precipitated by the addition of one gram of sodium
chloride after dilution of the aqueous filtrate to a volume of 1000 ml.
as described by Cravy (23). Elemental Analyses corresponded to a
mixture of (XXXII1) and (XXXIV).
Elemental Analysis: Calculated for C,oH,405: (XXX1V)

Carbon 64.5 Hydrogen 5.3 Oxyqgen 30.1

Calculated for C_ H 0 : (XXXI11)
20 206

Carbon 67.5 Hydrogen 5.6 Oxyqgen 26.9
Found:
Carbon 66.11 Hydrogen 5.40 Oxyqgen 26.9
a. Decomposition of the butoxy-hydroxyperoxide (XXXI11 and (XXX1V).
Boiling this compound in acidic aqueous t-butyl alcohol produced a red
syrup. Extraction of the red material with chloroform gave white
crystals which melted at 170-5°. MNuclear maqgnetic resonance soectro-
metry exanination showed the presence of 2,2',6,6'-biphenyltetracarbox-
aldehyde (XXXV) and 2,2',6-triformyl-6'-biphenylcarboxylic acid (XXXV1).
b. Aquéous filtrate. The extraction of the aquecous filtrate with
chloroform yielded several crops of crystals with melting noints varyina
from 169° to 192°. Mass spectrometric examination of the material showed
it to be a mixture of 2,2',6,6"'-biphenyltetracarboxaldehyde (XXXV),
2,2",6-triformyl-6'-biphenylcarboxylic acid (XXXVI) and 2,2',6,6'-bi-

phenyltetracarboxylic acid (XXXVI1). (See section E and appendix.)
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2. 0Ozonation of Pyrene in Acetone-later.

a. Monomeric monoozonide of pyrene (XXX). The ozonide was
recovered after ozonation of pyrene in acetone-water mixtures by allow-
ing the acetone to evaporate at room temperature. As the concentration
of acetone decreased, the ozonide precipitated slowly and was removed
from the aqueous solution remaining by filtration with suction. This
ozonide has been shown to have the same structure as the ozonide isolated
by Sturrock and Duncan (4) from E;butyl alcohol and water. Ildentification
was by infrared spectra (see appendix), active oxygen determinations
using potassium iodide and acetic acid and conversion to L4-formyl-5-
phenanthrenecarboxylic acid (¥XXVIII) in warm dilute base with subscquent
acidification. The ozonide, which was readily reduced with potassium
iodide and acetic acid, could not be réduced with dimethyl sulfide in
acetone solution upon stirring for approximately two hours. Only L-formyl-
5-phenanthrenecarboxylic acid (XXXVII1) was found.

b. Aqueous Filtrate. The aqueous solution obtained by the filtra-
tion of the ozonide gave & red paste on drying. Treatment of the red
material with chloroform gave a light yellow solution. VWhite crystals
with a broad melting point in the range of 167° to 202° were obtained
upon removal of the chloroform by boiling at atmospheric pressure and"
addition of a small amount of water. The best yield was 4(% based on
pyrene. Mass spectrometric examination of the crystals showed a mixture

21

of the 2,2',6,6'-biphenyltetracarboxylic acid (XXXVI1), 2,2',6-triformyl-
6'-biphenylcarboxylic acid (XXXVI) and 2,2',6,6'-biphenyltetracarbox-
aldehyde (XXXV). Exhaustive fractional recrystallization of the mix-
ture with water gave the 2,2',6,6'-biphenyltetracarboxaldehyde in 9%

yield. m.p. 163-4°; literature 162-3° (138).
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Elemental Analysis: Calculated for C;4H,,04:

Carbon 72.18 Hydrogen 3.76 Oxvgen 24,06
Found:

Carbon 72,08 Hdydrogen 3.81

Carbon 72 02 Hydrogen 3.77 Oxygen 23.90

Treatment of the pure 2,2',6.€£'~biphenyltetracarboxaldehyde with
hydrogen peroxide in agueous soiution increased the melting point from
164° to 181°,

Dimethyl sulfide reduction of the aqueous solution obtained from
filtration of the ozonide substantially increasced the yield of the
2,2',6,6'-biphenyltetracarboxaidebyde. The yield was 24% estimated by
comparison of the results of mass spectrometry.

B. Ozoration of the Mornomeric tionoozonide in Acetone-Vater.

Typical experiments ot the ozonation of the monomeric mono-
ozonide of pyrene used 0.5 g. of ozonide, 70 ml. of acetone and 40 ml.
of water. A red syrup formed when thz acetone was removed by boiling
at atmospheric pressure., White crystals with a melting point of 195°
were obtained by extraction with chloroform and subsequent removal at
atmospheric pressure. These crystals gave an immediate dinitrophenyl-
hydrazone derivative in aqueous solution. Comparison of the infrared
spectrum of the crystals obtained by the ozonation of the ozonide in
acetone-water with the spectrum of the crystals obtained by the ozonation
of the ozcnide in t-butyl aicoholshowed the same multiple absorption in
the 5.7 to 6 pum range.

Ozonation of the monomeric monoozonide for extended periods of

time gave only the 2,2',6,6'-biphenyltetracarboxylic acid. m.p. 390°

(Decomp.}; literature 390° (Decomp.), (17). (XxXvil)
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Elementai Arnalysis: Calculated for C, H, 0.:
Carbon 58.18 Hydrogen 3.03 Oxygen 38.79
Found:

Carbon 58.20 Hydrogen 2.96

C. Ozonation of the Moqpmer?c Honoozonide with Reductivq
Treatment of Dimethy! Sulfide.

Approximately cne-haltf grem samples of moncmeric mononzonide
were ozenized in 70 ml. of acetone and LU ml, of water. The entire
ozonaticn product was treated with 7 ml. of dimethyl sulfide. The
acetone and dimethy! sulfide were removed by vacuum evaporation and
the resultant aqueous solution was extracted with chloroform. When the
chloroform was removed, vhite crystals viere obtained which were shown
to be 2,2',6,6'-biphenyltetracarboxaldehyde. The yield was 65.87.

m.p. T52—4°; literature 162° (18).
Eltemental Aralysis:: Caiculated for Cy¢H;004:  (xxxv)
Carben 72.18 Hydrogen 3.76  Oxygen 24.06
Found:
Carbon 72.05 Hydrogen 3.66
The mass spectra and nuclear magnetic resonance spectra described under
section E confirm the identification.

D. Gzonation of h—Formyl-Sjgﬁgnanthrenecarboxy1ic Acid Peduction
with Dimethyl Sulfide. T

The compound 2,2',6-triformyl-6'-biphenylcarboxylic acid was
isolated from the ozoraticn of 0.3 g. of L-formyl~5-phenanthrenecarbox-
ylic acid in 70 ml. of acetone and 40 ml. of water when reduced with
dimethyl sulfide. The 2,2',6-triformyl-5'-biphenylcarboxylic acid was

separated from the unreacted starting material by chloroform extraction.



13
This compound has not been previously reported in the literature.
m.p. 199-200°.

Elemental Analysis: Calculated for C H 0,. (XXXVI)

Carbon 68.08 Hydrogen 3.54
Found:
Carbon 67.90 Hydrogen 3.45
The 2,2',6-triFormy;—6'-bibheny]carboxylic acid obtained by the ozonation
of L-formyl-5-phenanthrenecarboxylic acid was shown to be identical to
that obtaired from the ozonation of pyrene by infrared spectrometry,
mass spectrometry and nuclear magnetic resonance spectrometry.

E. Spectroscopic Studies on Ozonation Products of Pyrene and

Pyrene Monoozonide.

The following instruments were used under the conditions outlined
in examination of the products obtained by the ozonation of pyrene and
pyrene monoozonide.

1. Infrared Spectra

The infrared spectra were recorded on a Beckman IR-5 spectro-

photometer.  The samples were prepared as potassium bromide pellets by
a Carver Laboratory Press Model K. MNo effort was made to maintain
anhydrous conditions in the sample compartment. Concentrations of samnle
were varied in the pellet to obtain the best overall spectra. Represent-
ative spectra are presented in the appendix.

2. Ultraviolet Spectra

The ultraviolet spectra were obtained on a Cary Model 1

v

spectrophotometer using cylindrical one-centimeter silica cells. Con-
.. . 5
centrations employed varied between 3.2 x 10 and 6 x 10 molar in all

solvents used. Plots of the spectra are presented in the appendix.
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3. HNuclear Magnetic Resonance Spectra
The nuclear magnetic resonance spectra were obtained from
a Varian A-60-A spectrometer. Tetramethylsilane was used as an internal
reference for the determination of chemical shifts. Operating conditions
and solvent employed are recorded on the individual spectra in the
appendix.
L. Mass Spectra

The mass spectra were recorded on a Consolidated Electro-

dynamics Corporation (CEC) single-focus mass spectrometer model 21-104
with the fecllowing operating conditions.

Inlet system temperature: 170°

Source temperature: 250°

lonizing voltage: 70 ev

Anode current: 10 microamps

Acéelerating voltage: 3400 volts-nominal

Magnet current: 7.3 amps

S1it width; 4 mil

Electrostatic scanning rate: Position 9

Recording chart rate: 1/4 in/sec.

Detector: electron multiplier

Sample introduction was through the CEC Direct Inlet Probe

(Mo. 285700). The temperature of the probe rose slowly from ambient to
about 100° if the source temperature was initially at 250°, From this
point, additional heat was supplied to the probe heater to raise the
sample temperature to as high as 300°. The object of the temparature
increase was to provide a form of temperature-programmed "distillation"
of compounds of differing volatility. The spectra was scanned periodic-

ally.
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Table 1
Ultravialet Absorption of Moncmeric Monoozonide

of Pyrene (xxx)

A z

max . max

354 nm 1.52 x 107
336 9.27 x 10
320 6.81 x 10°
299 1.02 x 10
262 9.27 x 10°

Varying the solvent by the use of ethanol, chloroform, acetonitrile,
cyclohexane and aqueous sedium hvdroxide did not cause the position of
Amax ner the values of €hax O change. Since no effect was observed
with change in solvent polarity, exact transitional assignments were

not possible. It is probable that the bands at 299 and 262 nm are
aromatic absorptions of the phenantiirene system. Some loss of resolution
did occur in the aquecus sodium hydroxide solution but it is believed
that this is a feature of the medium rather than the structure involved.
The spectra obtained in all solvents showed unusual detail and resolu-
tion. It was therefore concluded that the molecule has a very riqid
structure and a small number of vibraticral states possible. Gentle
heating of the basic solution of the ozonide followed by cooling to
room temperature gave a solution whose spectrum was identical to that

of the h-formyl-5-phenanthirenccarboxylic acid. (XXxviin)
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Table 2
Ultraviolet Absorptions of L-Formyl-5-phenanthrene-

carboxylic Acid (xxxviil)

A €
max B - max
Ethanol
3
362 nm 1.05 x 10
3
346 1.03 x 10
5
269 2.60 x 10
Aqueous
Sodium Hydroxide
"
278 nm 2.7 x 10
Y
229 2.7 x 10

The 4-formyl-5-phenanthrenecarboxylic acid did not show the
resolution found in the spectrum of the monoozonide of pyrene but like
the ozonide, it did not show changes in the Xmax with change in solvent.
The solvents used were ethanol, chloroform and acctonitrile. However,
the spectrum of the bL-formyl-5-phenanthrenecarboxylic acid in aqueous
sodium hydroxide solution showed drastic changes. The absorptions at
362 and 34C nm did not appear in the spectra at all and a broad plateau
was obtained from 242 to 222 nm. Increasing the sensitivity and power
allowed the detection of two Amax at 278 nm and 229 nm. It is proposed
that an equilibrium exists between the following structures a11 of
which viould be expected to have slightly different absorptions. Multiple

absorptions of this type not resolved by the instrument could give the



the broad plateau observed in the spectrum.
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Table 3

Partial Hass Spectrum of 2,2' 6 6'-Biphenyltetracarboxaldehyde:

0 0

0 0
m/e Parcent Total Relative

jonizaticn Abundance

151 2.23 LY 22
152 5.04 100.00
180 .77 15.20
181 3.34 66.23
209 1.30 25.5)
237 3.13 66.26
266 (P) 0.39 7.82

The appearance of the parent peak (P) corresponded to the calculated
molecular weight of C, H,,0,. The complete spectra is presented in the
appendix and & proposed pathway of the production of these ions is

included in the discussion.
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Table 4

Partial Mass Spectrum of 2,2' 6-Triformyl-6'-biphenylcarboxylic Acid:

m/e Percent Total Relative
lonization Abundance
152 8.24 100.00
197 4.22 50.28
225 1.02 42.30
253 6.01 53.62
282 (P) 0.81 ‘ 3.31

The observed parent peak (P) corresponded with the calculated
molecular weight of C,eH,005. The complete spectra is oresented in
the appendix and a diagram of the possible fragmentation pathway for

the ions observed is presented in the discussion.



Partial Mass Spectrum of 2,2',6,6'-Biphenyltetracarboxylic Acid:

Table 5

20

m/e Percent Total
lonization

Relative
Abundance

150
178
197
206
224
2
268
286

330 (P)

15.01
5.51
50.12
10.53
13.55
13.55
L.sh
L.o1

11.21

90.
51.
100.

61.

79

81.

25.

21

00
76
00

17

L

29

.76

.35

The observed parent peak (P) corresponded to the calculated

molecular weight for CgH 0.

the appendix and a diagram of the proposed fragmentation pathway for

the formation of the ions observed is presented in the discussion.

The complete spectrum is presented in
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Tahle 6

Partial Mass Spectrum of L-Formyi-5-phenarthrenecarboxylic Acid:

m/e Percent Tortal Relative
lonization Abundance
88 _ 56.31 100.00
176 5. 83 L2 8%
189 3.65 13.67
204 L5, 3k 97.95
218 3.80 14,28
232 1.88 5.7}
234 3.02 9.18

250 (P) 0.90 1.63

The observed parent peak (P) corresponded with the calculated
molecular weight for C H D . The complete spectra is presented in the
appendix and a prcposed fragmentation pathway for the ions observed is

presented in the discussion,



DISCUSSICON

Although there are several mechanisms proposed for ozonation
reactions as described in the historical section, there is still no
complete agreement on which is correct. The theories proposed appear
to have only one point in common which is that an initial adduct is
formed when a molecule of ozone attaches itself to a double bond. Of
these the molozonide of Staudinger (Formula XXI1X) is the most generally
accepted. The various theories also seem to agree that when the initial
adduct rearranges to form a simple ozonide, the five-member ring
(Formula XXX) of Rieche (5) results. However there is considerable
disagreement with respect to the manner in which the rearrangement
occurs. The Criegee mechanism (6), which has gained widest acceptance,
contends that the initial adduct immediately cleaves to discrete frag-
ments, a ''zwitterion' (Formula IV) and a carbonyl compound. Although
it is nowhere clearly stated, it would seem that the Crieqee fragmenta-
tion mechanism may have developed because at the time it was conceived
no monomeric monoozonide had been isolated. Vhile Crieqece himself was
the first to isolate a monomeric monoozonide in the alkene series (5),
it was prepared in inert solvents. Since his theory predicts the form-
ation of an ozonide in an inert solvent, it probably seemed to him that
there was no need to modify his original thesis. In any event, the

egee mechanism docs not provide for the formation of an ozonide in

(@]

r
protic solvents.

The Milas mechanism (9) postulates that the ozonide is formed by
rearrangement of the molozonide and that the ozonide may be in equil-
ibrium with the zwitterion. Thus the Milas mechanism proposes that all

ozonation reactions proceed through the ozonide. Since the first product
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isolated from the ozonation of pyrene in both agueous and inert solvents

is an ozonide (4), it is apparent that the reaction of ozone with pyrene

gives support to the Milas mechanism.

The following chart diagrams the

proposed mechanism for the ozonation of pyrene in aqueous solutions.

HO, OH
0=C- -C=0
O:C- C\=0
HO OH

XXXV

O

XXXVITI

Structures enclosed in square brackets were not isolated.
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Upon reading the work of Sturrock and Duncan (4), Crieqee (23) responded
that the monomeric . monoozonide of pyrene is formed from the zwitterion
and aldenyde groups in the residual fixed phenanthrene system. Thus
Criecoee regards the formation of pyrene as an anomoly resulting from
steric effects. His interpretaticn is open to criticism on the broad
basis that the use of sterically hincered molecules is a common tech-
nique in mechanistic organic chemistry to oermit the isolation of inter-
mediates non-isolable in unhinaered meiecules. The equally plausible
possibility that the ozonide actually oreceeds the zwitterion in accord-
ance with the Milas mechanism musti also be con;idcred. This order of
formation provides an explanation for the quantitative conversion of
the monomeric monoozonide <o tne L-formyl-5-phenanthrenccarboxylic acid
by centle warming. Jt is suggested that the czonide formed the zwitt-
erion but because of the proximity of zwitterion and aldehyde groups,
it either deoes not react with tne alcoho! or water to form the serics
of peroxides isolable in the case of nhenanthrene (15) or the reaction
proceeds with such ranidity that they cannot be detected as in the case
of anthracene (13).

Since the monoozonide is tne sole source of the L-formyl-5-phenan-
threnccarboxylic acid (4), it would appear from the results of a great
many experiments carried out in this and earlier work (4) and (23) that
when the monoozonide concentration has reached aporoximately 30%, there
is a competition for the ozcne being supplied and the reaction of the
ozonide and pyrene proceed at approximately the same rate. This explains
why many investigators have been baffled in their attempts to improve
the yield of h-formyl-5-phenanthrenecarboxylic acid (18). 1t also

explains why pure monoozonide can only be prepared by the introduction
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of 2.2 molar equivalents of ozone which is sufficient to react all the
pyrene (k).

When the second molecule of ozone reacts with the pyrene monoozonide
the fate of the ozonide ring becomes important. The orginal ozonide
ring (XXX) could remain intact during attack of the 9,10-bond on the
residual phenanthrene system or open to form the zwitterion. In the
large number of experiments performed, there is no instance in which
active oxygen determinations by the use of potassium iodide and acetic
acid corresponded to a double ozonide. Furthermore the stero-molecular
model of the diozonide cannot be constructed. It is therefore preposed
that the attack of the second molecule of ozone destroyed the orginal

ozonide ring and the intermediate is structure (XXXIX).

] B
H H H H
0 -C- -C=0 0 = C- =0
/ —>
|0, " |« ; ) . -
0 -C- € -0-0 0-0-¢C C-0-0
H H H
- == -
XXX XXXV

Analogous with the reaction of ozone with phenanthrene, the zwitt-
erion reacts with the solvent to form a serics of equilibria between
the alkoxyperoxide and the dihydroxypneroxide as shown in structures

(XXX XY, (XXXX), (XXXXT1), (XXXT11 @) and (0XX111 b)),



26

Chart 8
- - - T - ' -
H H HaCWO H H 0CyHog HO _H (") H.OCuHs
0=C - -C=0 0 - C- c’- o0 0-2¢C =0
. P N Ll I
0-0-C - -C-0-0| <« 0 - C- -0 |* 0-2¢C C.-0
’ S — NN P N
H H HO H H OH LHo i H OH
i ) L - N
XXX1X XXXX | XXXX 1|
H H OCuHag H H OH H H
. 1 ~ e \ ,
0=C c- 0 0=C- - 0 0=C C=0
- l “ I = + H,0,
<  0=C C -0 s 0=C c-0 <« 0=C C=0
. ~~ p; : ; <
H HOH H H OH H H
XXX111 a XXXI11 b XXX
H H_OCyHs i H_OH H, H
0=C ¢’- 0 0=" £°= 0 0=C- -C=0
XXXXT1 > [|. |* | 4+ Hp0,
- 0=C C-0 <« 0=C C.-0 % o=C -C=0
HO'H\OH H }".\O‘rl v LO ) oy
XXXV a XXXV b XXXX 1V

It is believed that steric interferences prohibit the isolation of

v

the dibutoxyhydroxyperoxide (XXX1) in aqueous t-butyl alcohol. The first
isolable product is a cyclic butoxyhydroxyperoxide of a substituted
biphenyl (XXXI111) and (XXXVI). The results of a series of elemantal
analyses of this product did not correspond to either the butoxyperoxide
of biphenaldehyde (XXXI11) nor to the butoxyperoxide of biphenaldehyde
acid (XXXIV). Best agreement was found to be with the calculated values

of the two. The zwitterion may have reacted with water, then rearranged

to form the aldehyde acid or split out hydrogen peroxide to give the
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dialdehyde. The 2,2',6,6'-biphenyltetracarboxaldehyde is formed from
the dihydroxyperoxide of the biphenaldehyde (XXXI11b) without the
addition of reducing agents which is further analogous with nhenanthrene
(15). 1t is proposed that the addition of dimethyl sulfide destroys the
hydrogen peroxide formed therefore shifiting the equilibrium to allow
the isolation of an increased yield of 2,2',6,6'-biphenyltetracarbox-
aldehyde (XXXX111). The 2,2',6-triformyl-6'-biphenylcarboxylic acid
(XXXX1V) is formed from (XXXIVb) in the same manner. Dimethyl sulfide
is specific for active oxygen in hydroperoxides (24), does not attack
the ozonide and certainly would not brina about the reduction of the
2,2' 6-triformyl-6'-biphenylcarboxylic acid to increase the vield of
2,2',6,6'-biphenyltetracarboxaldehyde.

The foregoing postulations may represent an over simnlification
of the actual mechanism which could involve the rearrancement of the
cyclic aihydroxyperoxide to the open chain hydroperoxides before reduc-
tion with dimethyl sulfide. The appcarance of the accompanying acidic
product in the case of pyrene (2,2',6,6'-biphenyltetracarboxylic acic)
is readily explained by the fact that biphenaldehyde is unusually
resistant to oxidation (17) whereas &,5-phenanthrenedicarboxaldehyde
is easily oxidized (4). The oxidation of phenanthrene and biphenyl
polyaldehyde derivatives by ozone has been demonstrated by other workers
(18, 19), who obtained 2,2',6,6'-biphenyltetracarboxylic acid (XXXVII)
in 61% yield by the exhaustive ozonation of pyrene.

On the basis of the evidence presented, it is, therefore possible
to argue logically that the isolation of the monomeric monoczonide from
the products of ozonation of pyrene in aqueous media is not an ancrolous

reaction resulting from steric effects. Rather it appears that the
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steric hindrance in pyrene has permitted the isolation of intermediate
products which indicate the actual mechanism of the overall reaction
and supports the Milas mechanism.

The use of mass spectrometry for identification of the products
described above permits examination of spectra of compound types which
have not been characterized previously by the instrument. Compounds
capable of undergoing successive losses of aldehyde and acid functional
groups in the 2,2', 6 and 6' positions of a biphenyl system lend them-
selves to the formation of intermediate rings in the fragmentation
process. A suggested fragmentation pattern for the formation of the
ions observed is presented in Charts 9, 10, 11 and 12 for 2,2',6,6'-bi-
phenyltetracarboxaldehyde, 2,2' 6-triformyl=-6'-biphenylcarboxylic acid,
2,2',6,6'"-biphenyltetracarboxylic acid and b-formyl-5-phenanthrene-
carboxylic acid. The pathways indicated for the formation of the various
ions shéuld be regarded as possible pathways and not as defined path-
ways. Emphasis must also be placed on the fact that observation of the
presence of a given m/e does not allow structure assignment. Fragment-
ation patterns are proposed only for the loss of the functional groups
since the biphenyl system fragmentation has been estahlished by MNatlis
and Franklin (25). Examination of the spectra indicated agreement with
their work in that the main fragment ions corresponded to the loss of

one or two H atoms or to the loss of Call3 C3Hzand CuyHyagrouns. The
spectra also showed a number of double charced ions in agreement with
their data.

The pathways which are presented repeatedly involve Hiclafferty
rearrangements, that is the formation of six member transition statés.

Loss of some aldehyde and acid functional grouns appecar to follow the

fragmentation pathways proposed for benzaldehyde and benzoid acid (26).



29
Chart S

Proposed fragmentation Parhway for 2,2',6,6'-Biphenyltetracarboxaldehyde:

i M H ol H
H o H Hj ,,w/o‘\ H - gt 4
“2 . .
0=r t=0 c=c-L €= 0=1c-°Js
. c -0 ] =0, {H
0 =t = 0= C-r”NC =0 0= C- L’=0
(O t:’@\' H O Y
HN"H HNH He H
H 4 H
m/e 266 m/e 265

He  C = 097 ! € =0
O O i
H- H HSN

Chart 10

Proposed Fragmentation Pathway for 2,2' ,6-Triformyl-6'-biphenylcarbox-
ylic Acid.
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Chart 11

Fragmentation Pathway for 2,2',6,6'-Biphenyltetracarboxylic Acid:

-COO0H

2 1 3 m/c224
v /
H. JH 'HZO
H” OH
+ OH 0
H- -H
H




Chart 12 31
Proposed Fragmentation Pathway for 4-Formyl-5-phenanthrenccarboxylic

Acid:

m/e 204

- CO
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The appearance of metastable peaks at m/e 151.1, 236.8 and 203.8
are used as evidence to support the propcsed pathway in the 2,2',6,6%-
biphenyltetracarboxaldehyde. These peaks are the result of decomposition
after near complete acceleraticen from the ion source, but before complate
mass separation. The product ion from such a decomposition gives rise
to a somewhat diffuse peak in the spectrum below its actual m/e. In
the conventional, single-focusiny mass spactrometer, the product ion,
m; from the decomposition of the nrezcursor ion M, 4 is most likely to
N

. 5l m . . .
be found at mass m*, where m* = — (26). Examination of the spectrum of

",

fluorenone allows correlation of the fragmentation pathway from m/e
178 in the 2,2',6,6'-biphenyltetracarboxylic acid spectrun.
The synthesis of labeled molecules wculd be necessary for complete

elucidation of the mechanism proposed.



SUMMARY

The widely accepted Criegee mechanism for the reaction of ozone
with double bonds postulates that normal ozonides are formed from a
zwitterion in inert solvents and that they are not formed at all in
polar ("'participating') solvents. The Milas mechanism, on the other
hand, proposes that normal ozonides are formed in all ozonation react-
ions, that the ozonide is in equilibrium with the zwitterion and that
in polar solvents the equilibrium is shifted away from the ozonide as
a result of reaction of the zwitterion with the solvent.

It is proposed that this study of the ozonation of pyrene in
aqueous solutions supports the Milas mechanism since the first product
isolated is a monomeric monoozonide of pyrene in participatina solvents
and subsequent products isolated are formed from the zwitterion.

The results of the present study of the mechanism of the ozona-
tion of pyrene do not represent the first challenge to the qeneral
applicability of the Criegee mechanism to ozonation reactions. It is,
however, the first example of the inadequacy of the Criecec postula-

tions when applied to the ozonation of polycyclic hydrocarbons.
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ABSTRACT

Cravy, Betty Dozier

The Mechanism of the Czonation of Pyrene- Ozonide-Zwitterion

Relationships

Directed by Dr. Murray G. Sturrock

Submitted for the Doctor of Philosophy Degree, December, 1970

The widely accepted Criegee mechanism for the reaction of ozone
with double bonds postulates that normal ozonides are formed from a
zwitterion in inert solvents and that they are not formed in polar
("participating'') solvents. The #ilas mechanism, on the other hand,
propcses that normal ozonides are formed in all ozonation reactions,
that the czonide is in equilibrium with the zwitterion and that in
polar solvents the equilibrium is shifted away from the ozonide as a
result of reaction of the zwitterion with the solvent.

The isolation of pyrene monoozonide from ozonations conducted in
polar solvents was not in accord with the Criegee mechanism. In
response to Criegee's explanation that the formation of pyrene mono-
ozonide is an anomaly resulting from steric effects, evidence has
been adduced to show that subsequent reactions of the monoozonide with
ozone must proceed through the zwitterion, a pathway that is again
contrary to the Criegee mechanism.

Spectroscopic studies have been conducted on many of the ozonation

products.
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