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I. INTRODUCTION 

Statement of Problem 

The decomposition of diacyl peroxides is an important phase of 

free radical chemistry. In this field acetyl and benzoyl peroxides 

have received the most attention. One question that has arisen from 

these investigations concerns the existance of the acetoxy radical. 

In the past decade there has been a great controversy as to whether the 

initial decomposition of acetyl peroxide involves the acetoxy radical, 

and, if so, whether the radical has a finite existance outside the 

solvent "cage." 

In 1959 Shine and Slagle (1) reported that the decomposition 

of acetyl peroxide in cyclohexene gave rise to products which suggested 

the operation of the acetoxy radical. The present work was undertaken 

to further investigate the extent of the existance of the acetoxy 

radical. It was begun by attempting to trap the radical by a method 

similar to that used by Hammond (2). He decomposed benzoyl peroxide 

in moist carbon tetrachloride in the presence of iodine and found a 

quantitative amount of benzoic acid, which he attributed to the fol

lowing mechanism: 
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-h Ĥ O 

0 

HOI 

Since acetyl peroxide apparently exhibited acetoxy radical prop

erties in cyclohexene, it seemed possible that the addition of iodine 

and water to the system might "trap" these radicals And prevent their 

further decomposition into methyl radicals and carbon dioxide. 

The results of these investigations led to the use of other sol

vents as well as other radical traps. In most cases parallel reactions 

with benzoyl peroxide were used as a measure of the effectiveness of 

the radical trap. 

Survey of the Literature 

Diacyl Peroxide Decompositions 

Diacyl peroxides have been studied quite extensively and a 

number of mechanisms proposed for their decomposition. In an inac

tive solvent such as benzene, all diacyl peroxides decompose to give 

large amounts of carbon dioxide (3-7). In most cases the amount of 

carbon dioxide is dependent on the solvent (8) . 



Benzoyl and acetyl peroxide have been studied to a greater 

extent than any other diacyl peroxide. The decarboxylation of these 

two peroxides is of immediate interest. The liberation of carbon 

dioxide during the decomposition of benzoyl peroxide is more solvent 

dependent than the corresponding liberation from acetyl peroxide. 

To explain these rather large and constant quantities of carbon di

oxide from acetyl peroxide, Edwards and Mayo (9) postulated that the 

acetoxy radicals formed in the initial decomposition were decarbox-

ylating as they reacted with carbon tetrachloride. 

The decomposition of benzoyl peroxide in cyclohexene has been 

investigated by several workers (10-13). The major products were 

found to be benzoic acid, cyclohexyl benzoate, and carbon dioxide. 

With one exception (12) the reports indicate that cyclohexyl benzoate 

is the most prominent ester formed. This seems to indicate that the 

benzoyloxy radical favors double bond addition over o^-hydrogen ab

straction. A recent investigation by Kochi (14) supports addition to 

the double bond in cyclohexene. He decomposed benzoyl peroxide in 

several butenes and found that addition to the double bond was favored. 

The best demonstration that the initial scission of benzoyl 

peroxide is into benzoyloxy radicals was given by Hammond and Soffer (2) 

They found that the decomposition in moist carbon tetrachloride in 

the presence of iodine gave a quantitative amount of benzoic acid. 

In the absence of water the intermediate benzoyl hypoiodite decomposed 

to give a near quantitative yield of lodobenzene (15). Bevington (16) 

has also shown the existence of the benzoyloxy radical by efficiently 

trapping it with 2,2-diphenyl-l-picrylhydrazyl. 



The acetoxy radical has also come under close investigation. 

In a single experiment Walling and Hodgdon (17) obtained 97.2% (see 

discussion) recovery of carbon dioxide from the decomposition of acetyl 

peroxide in moist carbon tetrachloride in the presence of iodine. 

Yet, Edwards and Mayo (9) had earlier reported yields of only 73 and 

797o of the theoretical carbon dioxide from the decomposition of acetyl 

peroxide in carbon tetrachloride alone. Carbon dioxide yields using 

other solvents have been reported from 59 to 87% of the theoretical 

(1, 18, 19). 

De Tar (20) has found that the carbon dioxide yield from the 

decomposition of </-phenylvaleryl peroxide in carbon tetrachloride 

is reduced by 18%, by the addition of iodine and water. 

Besides carbon dioxide, the major decomposition products of 

acetyl peroxide result from the reactions of the methyl radicals formed 

by the decarboxylation (8, 9, 18). Other products include ethane, 

methyl acetate (9,21), and small amounts of acetic acid (18, 21). 

Szwarc (21-23) has shown that both ethane and methyl acetate are formed 

in the solvent "cage." The absence of methyl acetate in the gas phase 

indicates the operation of acetoxy radicals in its formation in solution 

by one of two paths (22). 

0 9 
CH3C0- - CH^- > CH3COCH3 

0 0 
ZCH^CO- * CH3COCH3 - CH^-



Although calculations indicate that the decarboxylation of acetoxy 

radicals is exothermic (25), Szwarc states that a small amount of 

activation energy is needed (26,27). He also expresses doubt that the 

acetoxy radicals ever escape the solvent "cage." 

In several instances products have been isolated that seem to 

suggest the operation of the acetoxy radical. The decomposition of 

acetyl peroxide in acetic-2-cl^ acid produces a small amount of labeled 

methane (28). Shine and Slagle (1) have found cyclohexyl and cyclo-

hexenyl acetate in the decomposition products of acetyl peroxide in 

cyclohexene. They attributed the formation of these esters to the 

acetate radical. 
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Szwarc (24) also finds that acetyl peroxide behaves somewhat differ

ently in cyclohexene than it does in other solvents. He reports a 

"loss" of carbon dioxide in cyclohexene as compared with other sol

vents, but, at the same time finds its methyl affinity to be less 

than other cyclic olefins. 



Martin and Drew (29) decomposed 0-'-°-labeled acetyl peroxide 

in cyclohexene and analyzed the esters. Their results led them to 

believe that the acetates were formed by the cyclohexene-induced de

composition of the peroxide. Using similarly labeled peroxide, Szwarc 

(22) has shown that the recombination of acetoxy radicals does not take 

place in the "cage," or, if it does, scrambling of oxygen does not 

occur. 

Radical Traps 

2,2-Diphenyl-l-picrylhydrazyl has been used as a radical trap 

for several years. Its efficiency was first demonstrated by Bartlett 

and Kwart (30) in 1950. In most cases it has been used to follow the 

production of well established radicals. Its disappearance can be 

followed spectrophotometrically in the range of lO"-* to 10'-* molar 

(31-34). Larger concentrations were used by Bevington (16) in the 

efficient trapping of the benzoyloxy radical. 

Another stable free radical that has been used as a radical 

trap is galvinoxyl (35), which has the structure 

°\ )'^^^^ ^^ 

Its disappearance can be followed in the ultra violet in the concen-

9 -5 
tration range of 10' to 10' molar (35-37). 



Hydrogen Donors 

The role of cumene (isopropylbenzene) as a hydrogen donor in 

free radical reactions has been investigated by several workers. 

Kharasch (19) has shown that cumene forms slightly more dimer and 

higher condensation products than does ethylbenzene when used as the 

solvent for the decomposition of acetyl peroxide. Likewise the sty-

rene radical (38) extracts the tertiary hydrogen from cumene somewhat 

more easily than it abstracts the secondary hydrogen from ethylbenzene. 

When benzoyl peroxide was decomposed in cumene and ethylbenzene (39), 

less benzene was found in the cumene case. 

The hydrogen donor properties of cumene have also been com

pared with cyclohexene (40). Methyl and benzyl radicals generated from 

triazenes abstract the oC-hydrogen from cyclohexene more easily than 

the tertiary hydrogen from cumene. At the same time no products of 

addition to the double bond were found with either radical. 

9,10-Dihydroanthracene has been used as a hydrogen donor in 

polar reactions for some time. It has also been shown to be an ex

cellent hydrogen donor to the trichloromethyl radical (41). Its hy

drogen is abstracted by the free radical 2,2-diphenyl-l-picrylhydrazyl 

(42), which, due to its stability, has only a small tendency to abstract 

hydrogen from another molecule. 



II. EXPERIMENTAL 

Preparation of Materials 

Acetyl Peroxide 

The method of Slagle and Shine (43) was used for the preparation 

of acetyl peroxide. Upon removal of the ether, the solid peroxide 

was immediately dissolved in the desired solvent. These solutions 

were diluted to the desired concentration in the reaction vessel. 

On occasion, commercially available acetyl peroxide (25% so

lution in dimethyl phthalate) was used. This was obtained from the 

Lucidol Division of Wallace and Tiernan, Incorporated. 

Benzoyl Peroxide 

The Borden Chemical Company was the source of all benzoyl per

oxide used. It was dissolved in slightly more than the minimum amount 

of chloroform and precipitated by the addition of methanol. Following 

suction filtration, the white crystals were dried in a vacuum desiccator. 

Purification of Solvents 

The cyclohexene was obtained from both Arapahoe Chemicals, 

Incorporated and Phillips Petroleum Company. In early runs it was 

distilled, under nitrogen atmosphere, through a 2 ft. Vigreaux column 

(b.p. 77°). Immediately prior to use, it was passed through a column 

of Davison silica gel (60-200 mesh). After such treatment, no ti-

tratable peroxides were present. The cyclohexene obtained from Phillips 

8 
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was not distilled but was passed over silica gel immediately before 

use. 

Matheson, Coleman & Bell benzene and anisole were used exclu

sively. The benzene was distilled (b.p, 75°) and passed through sil

ica gel before use. The anisole was distilled through a 2 ft. Vigreaux 

column (b.p. 148°). 

Cumene was obtained from the Phillips Petroleum Company and 

was used without further distillation. After passing through a 2 ft. 

silica gel column, it was found to be peroxide free. 

Stock, reagent grade carbon tetrachloride was distilled through 

a 2 ft. Vigreaux column (b.p. 72°). The distillation product was 

peroxide free. 

Iodine 

Baker reagent grade iodine was used without further purification. 

9,10-Dihydroanthracene 

The 9,10-dihydroanthracene, obtained from the Aldrich Chemical 

Company, Incorporated, was recrystallized from ethanol (m.p. 110-110.5 ). 

2,2-Diphenyl-l-plcrylhydrazyl 

The portion of the 2,2-diphenyl-l-picrylhydrazyl not prepared 

in the laboratory was obtained from Distillation Products Industries. 

2,2-Diphenyl-l-picrylhydrazyl was prepared by a slightly mod

ified version of the Goldschmidt method (44). Twenty grams (0.091 mole) 

of 1,1-diphenylhydrazine hydrochloride (Distillation Products Industries) 
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was added to a separatory funnel containing 200 ml. of water. An 

approximately 2N sodium hydroxide solution was added, dropwise, until 

the entire solution remained basic to Hydrion paper. The 1,1-diphenyl

hydrazine thus formed was extracted into 150 ml. of chloroform: the 

solution was dried over calcium chloride. 

Fourteen grams (0.057 mole) of picryl chloride in 40 ml. of 

chloroform was mixed with the 1,1-diphenylhydrazine solution. The 

volume of the resulting red-brown solution was evaporated to approx

imately 125 ml., from which diphenylhydrazine hydrochloride separated 

on cooling. Following filtration, the volume was further reduced to 

75 ml. Ethanol (100 ml.) was added, and deep red crystals formed over

night. These were filtered by suction, dissolved in 175 ml. of chloro

form, and added to a flask which contained 175 g. of lead dioxide and 

15 g. of magnesium sulfate. This solution, which turned purple almost 

immediately, was shaken mechanically for one hour and then filtered 

by suction. The volume of the filtrate was reduced under vacuum to 

50 ml. and combined with 100 ml. of ether. After thorough chilling, 

dark purple crystals formed which were filtered and recrystallized 

from chloroform by the addition of ether. The yield was 10 g. (56%,) 

of 2,2-diphenyl-l-picrylhydrazyl. 

2,6,3',5'-Tetra-(tert-butyl)-4'-phenoxy-4-methylene-2,5-cyclohexadiene-
-1-one radical (galvinoxyl) 

The procedure used for the preparation of galvinoxyl was that 

of Kharasch (45). Twenty-two grams (0.105 mole) of 2,6-di-tert-butyl-

phenol, 15 ml. of 40% formaldehyde, and 50 ml. of ethanol were combined 

in a flask. Nitrogen was bubbled into the solution throughout the reaction 
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Aqueous sodium hydroxide (8 g. in 15 ml. water) was slowly added and 

the reaction heated for 15 minutes. After several color changes, 

the solution turned red-green. The solution was cooled and the de

posited crystals were filtered by suction. These tan crystals were 

washed with ethanol and dried. 

The above material, 4,4'-dihydroxy-3,5,3',5'-tetra-(tert-butyl)-

diphenylmethane, (10.5 g., 0.025 mole) was dissolved in 50 ml. of ben

zene. The solution was added, dropwise, with constant stirring, to 

30 g. potassium ferricyanide, 4.5 g. of potassium hydroxide in 50 ml. 

of water, and 200 ml. of benzene under nitrogen atmosphere. This 

reddish-yellow mixture was stirred for about one hour before the ben

zene layer was removed, washed with water, and dried over calcium 

chloride. Removal of the benzene under vacuum left dark blue crys

tals that were taken up in hot ethanol and quickly recrystallized. 

These were dried and stored in a vacuum desiccator. The yield was 

7.5 g. (71.5%) of galvinoxyl, melting point 157-158° (Lit. 157.5) 

(45). 

General Analytical Methods and Calculations 

Peroxide Determinations 

Sodium thiosulfate (O.IN) was standardized against potassium 

dichromate as described by Willard, Furman, and Bricker (46). The 

iodometric method of Wagner, Smith, and Peters (47) was used in the 

determination of all diacyl peroxide concentrations. Calculations 

were as follows: 
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ml X N x m w 
2 X 1000 X vol samp " S'™^ 

where ml = volume of sodium thiosulfate 
N = normality of sodium thiosulfate 

m w • molecular weight of the diacyl 
peroxide 

vol samp = volume of the aliquot of peroxide 
solution 

g/ml = grams of peroxide per ml of peroxide 
solution. 

Then, 

g/ml X ml of solution added to reaction = g peroxide in reaction. 

Theoretical carbon dioxide yields were then calculated from the fol

lowing expressions: 

(RC00)2 2R- 2C02 R = CH3 or C5H5 

wt of peroxide 
m w peroxide x 2 x m w CO2 - theoretical CO2 

actual CO2 

theoretical CO2 ^ ^°° ' ''' ^2 

Acid Determinations 

Aliquots of the reaction solution were pipetted into a small, 

stoppered, separatory funnel. Aqueous sodium hydroxide (O.OIN, stand

ardized against potassium acid phthalate) was used to titrate the acid 

content. The funnel was repeatedly stoppered and shaken during the 

titration. The end point was taken at the point when the indicator 

color (phenolphthalein) persisted after shaking the funnel for 15 seconds 
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ml X N X vol reaction mixture _ mole acid in 
vol aliquot reaction mixture 

mole acid in reaction mixture 
2 X mole peroxide decomposed ^ ^°° " "^^ ^^^^ 

In these calculations the acid titrated was considered to be 

either acetic acid or benzoic acid, depending on the peroxide decomposed. 

Open Vessel Decompositions 

Apparatus 

All decompositions described in this section were carried out 

using the apparatus shown in Figure 1. A constant flow of nitrogen 

was passed through the apparatus during the entire reaction period. 

Before entering the 500 ml. decomposition flask (B), the nitrogen 

was passed through a calcium chloride-sodium hydroxide trap (A). 

The Friedrichs condenser (C) returned most of the refluxing liquids 

to the flask. The low-temperature trap (D) (dry ice-alcohol) con

densed the vapors that escaped the condenser. Trap E, which contained 

sulfuric acid, absorbed any gaseous materials not yet removed, and 

served as a flow meter for the nitrogen. Magnesium perchlorate (F) 

removed any traces of moisture which might still have been present in 

the gas stream. Absorption tubes, G and H contained Ascarite for the 

quantitative trapping of carbon dioxide. These tubes also contained 

a small amount of magnesium perchlorate to assist in holding the water 

formed in the carbon dioxide-Ascarite reaction. It was apparent from 

the color change in the Ascarite that no carbon dioxide escaped tube G. 

Only G was weighed; H served as a protection from the atmosphere. 
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Description of Experiments 

All of the determinations described in this section involved 

the measurement of the carbon dioxide evolved in the thermal decom

position of acetyl peroxide in either cyclohexene or carbon tetra

chloride. Some of the reactions contained, in addition to peroxide 

and solvent, varying amounts of iodine and water. The decompositions 

were usually run in pairs that consisted of a "blank" (acetyl peroxide 

and solvent) run along side a reaction containing peroxide, solvent, 

iodine, and water. All determinations were performed in the apparatus 

shown in Figure 1 under a continuous stream of nitrogen. 

The peroxide concentration of all reactions was normally kept 

near 0.05 molar. Iodine concentrations ranged from one to four times 

the peroxide concentration. Sufficient water (7-12 mL) was added to 

keep the iodine reactions moist. The peroxide-solvent solution was 

added to the reaction vessel by either a pipet or a buret; the water 

was added from a graduated cylinder. All decompositions were carried 

out at the temperature of reflux of the reaction mixture. Absorption 

weighings were made at 3 to 5 hour intervals. Normally the reactions 

were discontinued when the difference in weight between two successive 

weighings was less than 1%, of the weight of the theoretical carbon 

dioxide. 

Example: 

The gas train was assembled as in Figure 1. Freshly prepared 

acetyl peroxide was dissolved in 100 ml. of dry, peroxide-free cyclohexene 
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Iodometric titration of aliquots showed 0.0537 g./ml. of acetyl per

oxide in the cyclohexene. After thoroughly flushing the gas train 

with nitrogen, 37 ml. of the acetyl peroxide-cyclohexene solution 

was introduced into the reaction vessel (B, Fig. 1) by means of a 

buret. The resulting peroxide content was 2.0 g. (0.0171 mole). 

Then, 15.0 g. (0.059 mole) of iodine and 12 ml. (0.66 mole) of water 

(graduated cylinder) were added to the solution. Finally, 300 ml. 

of cyclohexene was added to reduce the peroxide concentration to 0.050 

molar. The absorption tube was weighed and the reaction vessel then 

heated until the contents came to a gentle reflux (73°). The system 

was continuously swept with nitrogen throughout the entire reaction. 

During the course of the reaction, the first absorption tube 

(G) was weighed periodically until there was no appreciable change 

in its weight. The final weighing was made after the low-temperature 

trap had been removed from the dry ice-alcohol slush for one hour. 

The increase in weight of the absorption tube over the 41 hour reaction 

period was 0.3547 g. This corresponded to 23.8% of the theoretical 

carbon dioxide. 

The results of this, and similar decompositions, are given in 

Table I. 

Sealed Vessel Decompositions 

Description of Apparatus 

Special flasks were constructed from 250 and 50 ml. distilling 

flasks for these decompositions. The original side arm was bent upwards 

and a second side arm was sealed on to the body of the flask (Figure 3). 



TABLE I 
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ACETYL PEROXIDE, IODINE, AND WATER 
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Solvent 

Cyclohexene 

Carbon 
tetrachloride 

AC2O2, 
mole l"-*-
0.056 
0.056 
0.050 
0.051 
0.056 
0.056 
0.050 

0.051 
0.040 
0.042 
0.039 
0.039 
0.043 
0.050 
0.040 
0.051 
0.040 
0.045 
0.044 
0.045 
0.044 
0.042 
0.043 

l2' 1 
mole 1"^ 

-

-

-

0.208 
0.198 
0.198 
0.176 

-

-

-

-

-

-

0.190 
0.160 
0.143 
0.142 
0.140 
0.124 
0.095 
0.082 
0.042 
0.045 

H2O, 
ml. 
-

-

-

12 
10 
10 
12 

-

-

-

-

-

-

10 
10 
12 
12 
10 
10 
10 
10 
7 
10 

CO2, 
% 

57.7 
60.0 
65.4 
31.4 
22.8 
25.0 
23.8 

100.0 
80.8 
87.5 
84.3 
82.7 
79.9 
25.3 
33.2 
28.4 
37.7 
26.5 
51.3 
48.7 
51.1 
54.4 
52.9 

Time, 
hr. 

45 
37 
40 
45 
45 
37 
40 

49 
51 
69 
54 
54 
53 
43 
61 
49 
51 
53 
62 
53 
62 
69 
53 

Temp., 

°C 
80 
80 
80 
75 
75 
75 
73 

75 
75 
74 
73 
73 
74 
67 
68 
69 
69 
70 
69 
70 
69 
70 
70 
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The ends of the side arms were drawn off in such a manner that they 

could be easily broken. A standard-taper joint was sealed to the 

neck and a constriction made to enable the flask to be sealed under 

vacuum. 

When two phases were involved (addition of water to the reaction), 

it was necessary that they be throughly mixed during reaction. This 

was accomplished in two ways. In the first, a magnetic stirring bar 

was placed in the reaction vessel during its construction. Throughout 

the reaction, the contents of each flask was stirred by a magnetic 

stirrer which had been placed under the constant temperature bath. 

It was possible to stir only two flasks at a time. Later, a device 

was constructed to enable the flasks to be shaken while at the desired 

temperature. The shaking apparatus consisted of a rectangular copper 

tub (12 X 20 in.) sufficient in size to hold six, 250 ml. flasks. A 

framework of horizontal rods above the bath, to which the flasks were 

clamped, was shaken mechanically in a back and forth motion. The 

shaking was vigorous enough to keep the water and the organic phases 

in the flasks thoroughly mixed. 

The gas train depicted in Figure 2 was used for the carbon 

dioxide determinations in all sealed vessel reactions. Connections 

of "Tygon" tubing were used throughout. The system contained a sodium 

hydroxide trap (A), and a low-temperature trap (B), followed by a sul

furic acid (C) and a quinoline (D) trap. Tube E(E') contained mag

nesium perchlorate, and tubes F and G (F* and G') contained an Ascarite-

magnesium perchlorate mixture. When carbon dioxide in the order of 

0.4 g (250 ml. reaction flasks) was to be weighed, traps B, C, and D 
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were of normal laboratory size and absorption tubes E, F, and G were 

used. Carbon dioxide weighings in the order of 0.03 g. (50 ml. re

action flasks) necessitated reducing the volume of traps B, C, and 

D as much as possible. For example, the low-temperature trap (B) 

was reduced from 450 ml. in volume. Tubes E' and G' were hand blown 

from 8 mm. Pyrex tubing, and F' was a micro absorption tube. In these 

"micro" reactions, the nitrogen was passed through an Ascarite-mag-

nesium perchlorate mixture (A') before entering the reaction vessel. 

Description of Experiments 

The various decompositions carried out in sealed vessels are 

listed in Table II. Carbon dioxide was measured in all systems and 

acidic products titrated in a number of the reactions. 

All solids were delivered to the reaction vessels through a long 

stem funnel, followed by the peroxide-solvent solution (and water if 

necessary) delivered by pipet. All ingredients were thoroughly rinsed 

into the flasks with additional solvent. Peroxide concentrations were 

normally kept near 0.05 molar. The evacuation process was then car

ried out. The contents of the flasks were frozen in liquid nitrogen. 

After a 10 min. evacuation on the high-vacuum line, the flasks were 

allowed to warm until their contents melted. They were again frozen, 

evacuated, and thawed. Following the third freezing and evacuation, 

the flasks were sealed with a torch at the constriction. All reactions, 

whether stationary, stirred, or shaken, were carried out at 80° C. 

The reaction times were generally 48 hours. 
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TABLE II 

TYPES OF DECOMPOSITIONS CARRIED OUT 
IN SEALED VESSELS 

Solvent 
Carbon 
tetrachloride 

Carbon 
tetrachloride 

Cyclohexene 

Benzene 

Benzene 

Benzene 

Cumene 

Peroxide 
Acetyl 
Acetyl 
Benzoyl 

Acetyl 
Benzoyl 

Acetyl 
Benzoyl 

Acetyl 
Benzoyl 

Acetyl 
Benzoyl 

Acetyl 
Benzoyl 

Acetyl 
Benzoyl 

a, 9,10-Dihydroanthracene 
b, 2,2-Diphenyl--1-picrylhydrazyl 

Additive 
Iodine and Water 
Water 
Water 

DHA^ 
DHA 

DHA 
DHA 

DHA 
DHA 

DPPH^ 
DPPH 

Galvinoxyl 
Galvinoxyl 

-

-
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Upon removal from the bath, the carbon dioxide formed in the 

reaction was measured using the gas train shown in Figure 2. The 

"Tygon" tubing was slipped over the side arms, connected to the train, 

and the tips were broken. Nitrogen was passed through the system 

at a moderate rate and the absorption tubes weighed at approximately 

one-hour intervals. The measurements were discontinued when the weight 

between two successive weighings was less than 1%, of the weight of the 

theoretical carbon dioxide. 

The absorption tubes were weighed on an analytical balance; 

the micro absorption tubes, on a Mettier balance. 

If titrations of acid content were desired, the flasks were 

removed from the gas train and their contents poured into a graduated 

cylinder. An appropriate sample was removed by pipet and titrated as 

previously described, using O.OIN sodium hydroxide. 

Example: 

Freshly prepared acetyl peroxide was dissolved in a minimum 

amount of dry, peroxide-free cyclohexene. After rough titration and 

adjustment of the solution to the desired peroxide concentration, a 

precise iodometric titration indicated 0.0130 g. of acetyl peroxide 

per milliliter of solution. A long stem funnel was used to deliver 

0.750 g. (0.0041 mole) of 9,10-dihydroanthracene into each of four, 

50 ml. reaction vessels (Fig. 3). Four milliliters of the acetyl 

peroxide-cyclohexene solution, containing 0.0520 g. (0.00044 mole) 

of peroxide, was added by volumetric pipet and rinsed down by 3.6 ml. 

of cyclohexene from a measuring pipet. The flasks were evacuated 
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and sealed. After warming to room temperature, they were placed in an 

80° bath for 48 hours. 

The carbon dioxide formed in one of the flasks was determined 

using the apparatus shown in Figure 2 and described on page 19. The 

"Tygon" tubing was placed over the side arms, connected to the train, 

and the tips broken. Nitrogen was passed through the system at a mod

erate rate and the micro absorption tube weighed at one hour intervals. 

Weighings were discontinued when the difference in weight between two 

successive weighings was less than 0.00038 g. The total weight gain 

of the tube was 0.02372 g., corresponding to 61.2% of the theoretical 

carbon dioxide. 

A graduated cylinder was used to determine the volume of the 

reaction mixture (6.6 ml.). A 6 ml. sample was removed by volumetric 

pipet and titrated with 0.0095N sodium hydroxide solution. A titer of 

2.3 ml. corresponded to 2.7%, acid. 

The results obtained in the sealed vessel decompositions of 

acetyl peroxide and benzoyl peroxide are tabulated as follows: Table III 

contains the results of the experiments involving iodine which were 

stirred with a magnetic bar. Table IV gives the results obtained when 

the reaction vessels containing iodine and water were mechanically 

shaken. The data in Table V show the effect of 9,10-dihydroanthracene 

on the carbon dioxide from the decompositions in several solvents. 

Table VI gives the amount of carbon dioxide and acid found in the 

decompositions in cumene solution. The effects of 2,2-diphenyl-l-

picrylhydrazyl and galvinoxyl on the carbon dioxide yield are given 

in Tables VII and VIII respectively. 



TABLE III 

SEALED VESSEL DECOMPOSITIONS INVOLVING IODINE 
AND WATER STIRRED AT 80^0 
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Peroxide 

Acetyl 

Acetyl 

Acetyl 

Solvent 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Peroxide, 
mole 1"-̂  

0.050 
0.050 
0.052 
0.052 
0.050 
0.052 
0.050 
0.045 

0.050 
0.049 
0.055 

0.051 
0.045 
0.050 

l2> . 
mole l"-"-

0.251 
0.251 
0.205 
0.156 
0.100 
0.050 
0.049 
0.045 

^ 

-

~ 

. 

-

— 

H2O, 
ml. 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

5.0 
5.0 
2.0 

_ 

-

— 

CO2, 
% 

51.8 
41.6 
49.7 
64.5 
53.2 
53.1 
47.2 
48.2 

57.0 
59.1 
65.3 

79.0 
70.3 
85.3 



TABLE IV 

SEALED VESSEL DECOMPOSITIONS INVOLVING IODINE 
AND WATER SHAKEN AT 80°C 
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Peroxide 

Acetyl 

Acetyl 

Acetyl 

Acetyl 

Acetyl 

Acetyl 

Benzoyl 

Benzoyl 

Solvent 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Carbon 
tetrachloride 

Peroxide, 
mole 1"! 

0.054 

0.054 

0.052 

0.054 

0.054 

0.054 

0.054 

0.057 

l2> 
mole 1-1 

0.267 

0.267 

0.544 

^ 

H20, 
ml. 

2.0 

2.0 

2.0 

2.0 

2.0 

5.0 

2.0 

5.0 

C02, 
% 

54.1 
56.9 
49.1 
44.4 
48.9 
47.7 

49-2 
49.3 
48.4 

40.1 
34.9 
40.2 
37.3 
41.3 

64.6 
63.3 
63.6 

65.4 
62.6 
41.9 

55.8 
55.1 
56.1 
54.0 
54.6 
56.0 

97.9 
98.1 
97.9 
97.7 
98.0 

95.1 
95.7 
94.7 
95.8 
96.6 



TABLE V 

SEALED VESSEL DECOMPOSITIONS INVOLVING 
9,10-DIHYDROANTHRACENE AT 80°C 
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Peroxide Solvent Peroxide, 
mo1e 1"1 

DHA, 
mole 1-1 

CO2, 
% 

Acid. 
% 

Acetyl 

Acetyl 

Acetyl 

Acetyl 

Acetyl 

Acetyl 

Benzoyl 

Benzoyl 

Carbon 
tetrachloride 

0.050 

Carbon 0.056 
tetrachloride 

Carbon 0.065 
tetrachloride 

Carbon 0.050 
tetrachloride 

Carbon 0.056 
tetrachloride 

Carbon 0.065 
tetrachloride 

Carbon 0.045 
tetrachloride 

Carbon 0.049 
tetrachloride 

0.487 

0.487 

0.487 

0.208 

0.477 

72.5 
64 .4 

47 .9 
4 5 . 8 
4 7 . 1 

39-3 
58.7 

16.9 
25 .3 

48 .0 
47.6 
44 .7 

53.0 
35.0 

87.0 0.9 

87 .1 
88 .4 
86 .8 

63 .5 
90 .3 

35.5 
37.6 

18.5 
18.9 
18.9 

0 .7 
1.0 
0 .8 

0.6 
0 .5 

56 .3 
53.4 

71.0 
69 .0 
73 .3 

Benzoyl Carbon 0.045 
tetrachloride 

Benzoyl Carbon 0.049 
tetrachloride 

93.7 22.0 

92.2 
91.6 

24.0 
23.4 
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Peroxide 

Acetyl 

Acetyl 

Acetyl 

Acetyl 

Benzoyl 

Benzoyl 

Benzoyl 

Benzoyl 

Acetyl 

Acetyl 

Acetyl 

Solvent 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Cyclohexene 

Benzene 

Benzene 

Benzene 

Peroxide, 
mole I'l 

0.053 

0.055 

0.053 

0.055 

0.049 

0.054 

0.049 

0.054 

0.057 

0.059 

0.052 

DHA, 
mole 1"! 

0.208 

0.555 

-

0.208 

0.488 

-

-

0.495 

0.477 

0.520 

CO2, 
% 

68.5 

61.2 
61.9 
60.1 
60.2 

67.6 
68.4 

62.3 
63.8 
62.2 
61.6 

5.7 

4.6 
3.9 
4.2 

4.0 
4.1 

4.2 
4.5 
4.0 

81.3 
70.7 
54.4 

82.1 
81.2 

84.2 
85.2 

Acid, 
% 

4.0 

2.7 
2.6 
2.8 
3.0 

3.5 
3.6 

2.7 
2.2 
2.5 
2.5 

13.8 

17.6 
20.2 
17.3 

12.4 
12.2 

12.2 
11.9 
12.6 

4.2 
3.5 
3.5 

3.5 
4.4 

3.5 
3.3 
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Acetyl 

Acetyl 

Acetyl 

Peroxide Solvent 

Benzene 

Benzene 

Benzene 

Benzoyl Benzene 

Benzoyl Benzene 

Peroxide, 
mole 1"! 

0.057 

0.059 

0.052 

0.046 

0.046 

DHA, 
mo1e 1-i 

0.520 

% 

86.2 

CO2, Acid 

% 

2.6 

84.6 
84.3 
84.8 

89.6 
88.4 
87.3 
88.9 

1 36.6 
36.7 
36.7 

87.0 
86.5 
86.0 

2.8 
3.0 
3.2 

2.3 
2.5 
2.2 
2.0 

56.0 
54.9 
54.5 

11.6 
11.2 
11.9 

TABLE VI 

SEALED VESSEL DECOMPOSITIONS IN CUMENE AT 8OOC 

Peroxide 

Acetyl 

Benzoyl 

Peroxide, 
mo1e 1-1 

0.064 

0.050 

CO 2 
% 

85.8 
85.4 
84.9 

68.4 
66.7 
67.6 
69.2 
69.4 
66.8 

Acid, 
% 

1.6 
1.5 
1.4 

20.8 
19.7 
19.6 
19.5 
20.0 
20.6 
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TABLE VII 

SEALED VESSEL DECOMPOSITIONS INVOLVING 
2,2-DIPHENYL-1-PICRYLHYDRAZYL AT 80°C 

Acetyl Benzene 0.038 - 82.2 

Acetyl Benzene 0.038 

Benzoyl Benzene 0.049 

Benzoyl Benzene 0.049 
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Peroxide 

Acetyl 

Acetyl 

Acetyl 

Solvent 

Benzene 

Benzene 

Benzene 

Peroxide, 
mole 1 

0-040 

0.038 

0.038 

DPPH, 
mole 1 

0.079 

0.095 
0.190 
0.190 
0.285 
0.380 

0.095 
0.190 
0.285 
0.380 
0.380 

C02, 
% 

53.4 

55.2 
50.2 
49.1 
43.8 
39.7 

54.3 
49.5 
43.6 
41.2 
39.5 

DPPH M 
Peroxide M 

2.0 

2.5 
5.0 
5.0 
7.5 
10.0 

2.5 
5.0 
7.5 
10.0 
10.0 

-

-

-

0.151 
0.151 
0.302 
0.453 
0.604 

— 

-

-

85.3 
88.6 
84.3 

2.4 
3.1 
3.0 
2.8 
4.3 

81.3 
79.5 
78.8 

-

-

-

3.0 
3.0 
6.0 
9.0 
12.0 

-

-

-
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TABLE VIII 

SEALED VESSEL DECOMPOSITIONS INVOLVING 
GALVINOXYL AT 80OC 

Peroxide Solvent Peroxide, 
mole 1"! 

Galvinoxyl 
mole 1"1 

CO2, Galvinoxyl M 
% Peroxide M 

Acetyl Benzene 0.049 0.089 
0.089 
0.178 
0.267 
0.356 

82.3 
81.9 
80.7 
76.5 
73.3 
89.7 
88.2 

1.8 
1.8 
3.6 
5.4 
7.2 

Benzoyl Benzene 0.048 0.059 
0.059 
0.118 
0.178 
0.237 

22.5 
21.4 
10.6 
7.5 
7-0 
82.6 
81.0 

1.23 
1.23 
2.46 
3.69 
4.92 
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Product Analysis: 
Decompositions Involving Acetyl Peroxide 

and Iodine 

All Product analyses were made with an F & M Model 300 Gas 

Chromatograph equipped with either a 6 ft. Apiezon L or a 4 ft. Sil

icone Rubber Column. Final identifications were made by adding a 

small amount of an authentic sample to the mixture being analyzed 

and observing an enhancement in an unidentified peak. 

Decomposition in Benzene I 

A solution of 5.58 g. (0.0473 mole) of acetyl peroxide and 

6.6 g. (0.026 mole) of iodine in 95 ml. of benzene was pipetted into 

the reaction vessel of the apparatus illustrated in Figure 1. The 

absorption tube was weighed and the solution brought to gentle re

flux (75°). The following morning (14 hours later) the iodine color 

had vanished, and the solution was colorless. The reaction was dis

continued when the reaction time reached 42 hours. An increase in 

weight of 2.732 g. in the absorption tube corresponded to 65.8% of 

the theoretical carbon dioxide. 

Gas chromatography of the reaction liquid, as well as the low-

temperature trap liquid, gave peaks arising from benzene, methyl iodide, 

methyl acetate, and toluene (Fig. 4,a). A small amount of lodobenzene 

added to the reaction mixture gave an additional peak in the chroma

togram (Fig. 4,b). 



32 

bas( benzene 

metiiyl iodide 
methyl acetate 

L 

jl tolue.ie 

Fig. 4, a Gas Chroi;iatogram of t h e Decoruposi Lion in 
Benzene C o n t a i n i n g I o d i n e ( I ) 

b a s e 

met i iv l i o d i d e 
m e t h y l a c e t a t e 

I 
J 

benzene 

toluene lodobenzene 

Fig. ^,b. (ias ChL-omaLOi;ram of the Dec^nipos L L ion in Benzene 

ConLaining [odine (I), lodobenzene Added 



KKSeCJ 

33 

Decomposition in Benzene II 

Seventy milliliters of benzene, containing 6.55 g. (0.0555 mole) 

of acetyl peroxide, was pipetted into the reaction vessel (Fig. 1). 

To this solution was added 40 g. (0.15 mole) of iodine and an additional 

95 ml. of benzene. The absorption tube was weighed and the solution 

brought to gentle reflux (75°). Following a 48 hour reaction time, 

the weight of the absorption tube had increased 2.805 g., corresponding 

to 58.5%, of the theoretical carbon dioxide. The iodine color still 

remained in the solution. 

A portion of the reaction mixture was shaken with solid sodium 

thiosulfate until the iodine color disappeared. Both this solution 

and the reaction mixture containing iodine, as well as the low temper

ature trap liquid, were subjected to gas chromatography. The reaction 

mixture contained, in addition to benzene, peaks corresponding to methyl 

iodide and methyl acetate (Fig. 5). No lodobenzene could be detected 

in any case. 

Decomposition in Anisole 

A solution of 7.92 g. (0.0670 mole) of acetyl peroxide in 90 ml. 

of anisole was added to the reaction vessel (Fig. 1) and was followed 

by 45 g. (0.17 mole) of iodine and 105 ml. of anisole. The absorption 

tube was weighed and the solution heated to 80°. The reaction time 

was 48 hours; the carbon dioxide trapped, 2.396 g. (40.5% of the theo

retical carbon dioxide). 
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A portion of the reaction mixture was shaken with solid sodium 

thiosulfate until the color remained light brown, and was then dried 

over calcium chloride. Chromatography of this liquid gave peaks corre

sponding to anisole, methyl iodide, methyl acetate, o-iodoanisole, 

and p-iodoanisole (Fig. 6,a). Additional amounts of methyl iodide 

and methyl acetate were found in the trap liquid. 

A "blank" reaction of 3.02 g. (0.254 mole) of acetyl peroxide 

in 65 ml. of anisole was also heated to 80° for 48 hours. Leaks in 

the system prevented a carbon dioxide determination. 

A gas chromatograph of the reaction mixture gave, in addition 

to anisole, two relatively large peaks (Fig. 6,b), which did not corre

spond to any of the peaks in the acetyl peroxide-iodine-anisole reaction. 

Product Analysis: 
Reaction of Iodine with Anisole 

Five grams of iodine was added to 35 ml. of anisole and heated 

to 80 for 24 hours. A portion of the solution was shaken with solid 

sodium thiosulfate, until the color was light brown, and dried over 

calcium chloride. 

Gas chromatography of the iodine-free solution using an Apiezon L 

column (Fig. 7,a) produced peaks of anisole, o-iodoanlsole, p-lodoanisole, 

and methyl iodide. Phenol was also Identified by the use of a Silicone 

Rubber column (Fig. 7,b) which was capable of separating it from anisole. 

The areas under the methyl iodide and phenol peaks were approximately 

the same. The lodoanisole peaks in this, and in the acetyl peroxide-

iodine-anisole reaction were of the same order of magnitude. 



36 

base 

methyl iodide 

anisole 

o-iodoanisoIe 

p-iodoanisole 

Fig. 6, a, Gas Chromatogram of the Decomposition in 
Anisole Containing' Iodine 

I 
base anisole 

\J 
K 

Fij;. b, b. Cas Chroiiiato,v;r.i-. of ihe Deco! pos i t ion in Anisole 



'm 

bas( 

methyl iodide 

-JV_ L 

anisole 

37 

p-iodoanisole 

o-iodoanisole 

Fig. 7, a Gas Chromatogram of the Anisole-Iodine Reaction usin 
Apiezon L Column 

base 

methyl iodidt 

UV. 

anisole 

phenol 

iodoanisoles 

F i g . 7, b, Gcis Clironal o.;ram cU ti ie A a i s o l e - i o d Lnc R e a c t i o n usins.'. 
S i l i c o n e Rubber Column 



III. DISCUSSION AND INTERPRETATION OF RESULTS 

Decompositions Using Iodine and Water 
as a Radical Trap 

The work of Shine and Slagle (1) suggested that cyclohexene 

might be a unique solvent for the decomposition of acetyl peroxide, 

since products were formed that could have arisen from the acetoxy 

radical. The present work was begun to further investigate the ex

istence of the acetoxy radical. The most logical step seemed to be 

to attempt to trap the radical. The method of Hammond (2), using 

iodine and water as the radical trap, was first chosen for this work. 

Since every mole of acetyl peroxide could theoretically decompose 

to give two moles of carbon dioxide, the number of acetoxy radicals 

trapped could be followed by measurement of the carbon dioxide. 

icH3co;2 > 2CH3CO' ^ 2CH3. + 2CO2 

However, since the decomposition of acetyl peroxide does not liberate 

100% of the theoretical carbon dioxide in any solvent, "blank" reactions 

were run along with the reactions containing iodine and water in order 

to determine the number of acetoxy radicals being trapped. 

The first experiments involved the decomposition of acetyl per

oxide in cyclohexene, noting the effect of the addition of iodine and 

water on the amount of carbon dioxide formed. The results of these 

38 
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experiments are found in Table I. A substantial reduction in the 

amount of carbon dioxide was found on the inclusion of iodine and water 

in the system. From these results it seemed necessary to repeat the 

work of Walling and Hodgdon (17), who used carbon tetrachloride as 

the solvent for the decomposition of acetyl peroxide in the presence 

of iodine and water. On close examination of the data reported by 

Walling and Hodgdon an error was found which would change their re

ported yield of 97.2% carbon dioxide to 83.2%. They indicated that 

9.5 g. (0.069 mole) of acetyl peroxide gave 0.134 mole of carbon 

dioxide when decomposed in 245 ml. of carbon tetrachloride containing 

20.3 g. of iodine and 4 ml. of water. The figure of 0.069 mole of 

acetyl peroxide was found to be incorrect if 9.5 g. of peroxide was 

used in the reaction. Correction to 0.0805 mole changed the carbon 

dioxide obtained to 83.2% of the theoretical instead of the 97.3% 

quoted. 

When carbon tetrachloride was used as the solvent, a reduction 

in carbon dioxide was observed when iodine and water were added to the 

system. These results were similar to those obtained in cyclohexene 

and are shown in the last portion of Table I. Although the reduction 

of carbon dioxide obtained on the addition of iodine and water was 

quite real, the individual results were neither in good agreement 

with one another, nor, in proportion to the amount of iodine added 

to the system. 

Up to this point little consideration had been given to the 

amount of water added along with the iodine. Since water had been 

shown to have little effect on the carbon dioxide yield from the 
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decomposition of benzoyl peroxide (48), acetyl peroxide was assumed 

to be similarly unaffected. Upon further investigation of the litera

ture concerning diacyl peroxides, it was found that the amount of 

hydrolysis depends on the solubility of the peroxide in water (49). 

0 \ 0 0 
RCOJ2 ^ H^O > RCOH -̂  RCOOH 

If the hydrolysis took place in the water phase of the reaction invol

ving iodine and water, the carbon dioxide would be decreased corre

spondingly. This led to the next series of investigations in which 

two modifications were made over the previous series. First, the 

water was added to the reaction vessels by volumetric pipet and se

cond, sealed reaction vessels were used to avoid any leaks which might 

arise in the gas train over a 48 hour period. In order to insure 

that the water phase was well mixed with the solvent phase, these sealed 

vessels were magnetically stirred at first, and later, shaken as de

scribed in the experimental section. Carbon tetrachloride was retained 

as the solvent since cyclohexene no longer seemed quite as unique as 

it was suspected to be at one time. The results of these experiments 

are found in Tables III and IV. 

The decrease in carbon dioxide with the addition of increasing 

amounts of water Indicated that hydrolysis of the acetyl peroxide 

was taking place. In contrast, the yield of carbon dioxide from 

benzoyl peroxide was little affected by the addition of water. The 

addition of iodine along with water reduced the carbon dioxide evolved 
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from acetyl peroxide an additional 15% when the iodine to peroxide 

molarity ratio was five, and 25% when the molarity ratio was ten. 

This reduction was not as great as that reported for benzoyl peroxide 

(15), but was significant enough to suggest that an actual trapping 

of the acetoxy radical was taking place. Whether or not any hydrolysis 

of the iodine which took place in the aqueous phase had any effect on 

the carbon dioxide yield could not be determined from these experiments 

Decompositions Using 9,10-Dihydroanthracene 
as a Hydrogen Donor 

It was suggested by Martin and Drew (29) that 9,10-dihydroan

thracene might be a good hydrogen donor in decompositions involving 

acetyl peroxide. Following this idea, 9,10-dihydroanthracene was 

added to reactions involving acetyl peroxide in several solvents. 

If the allylic hydrogen atoms of this molecule could be easily abstracted, 

it seemed reasonable that the acetoxy radical could react with them 

and form acetic acid. 

9 ^ 
CH3C0* + 

9 
^ CH3COH -^ 

H H H H 

For this reason the amount of acid produced in the reactions was mea

sured as well as the carbon dioxide. 
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Carbon Tetrachloride as Solvent 

The first series of experiments was performed in carbon tetra

chloride since it had proven to be a convenient solvent. The results 

given in Table V indicated, somewhat erratically, that the addition of 

ten times the peroxide concentration of 9,10-dihydroanthracene caused 

a 30 to 40% decrease in the carbon dioxide produced in the decomposition, 

At the same time an increase in acid was found which corresponded with 

the decrease in carbon dioxide. All of the acid titrated was assumed 

to be acetic acid. When benzoyl peroxide was used in place of acetyl 

peroxide under the same conditions, a decrease of 757o of the theoretical 

carbon dioxide was found in the reactions where 9,10-dihydroanthracene 

was present. In these cases the acid content was also greater than in 

the blank reactions. At the same time, the acid content of the blanks 

was greater than expected, since the percent acid plus the percent 

carbon dioxide totaled more than one hundred. This is explainable by 

the work of Boesenken and Gelissen (50), who found that hydrochloric 

acid is formed during the decomposition of benzoyl peroxide in carbon 

tetrachloride. 

In the decompositions which Involved both 9,10-dihydroanthracene 

and carbon tetrachloride the colorless solution turned light orange 

during the reaction. It was shown that this color arose from a free 

radical reaction involving only 9,10-dihydroanthracene and carbon 

tetrachloride turned orange when placed in the sunlight for several 

hours, whereas an identical tube placed in the dark remained color

less after several days. In this reaction a gaseous acid was liberated 
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which was assumed to be hydrogen chloride. This acid could easily 

account for the increase in the acid content of reactions involving 

the diacyl peroxides, carbon tetrachloride, and 9,10-dihydroanthracene. 

With these discoveries, carbon tetrachloride was abandoned as a solvent 

for the acetyl peroxide decompositions. 

Cyclohexene as Solvent 

The investigations involving 9,10-dihydroanthracene as a hy

drogen donor were resumed using cyclohexene as the solvent. The results 

of these decompositions are also found in Table V. The Inclusion of 

9,10-dihydroanthracene in the decomposition of acetyl peroxide in 

cyclohexene caused little or no decrease in the carbon dioxide evolved, 

nor did it cause an increase in the small amount of acid formed in the 

reaction. 

When benzoyl peroxide was used for comparison, an average of 

4%, of the theoretical carbon dioxide was found either with or without 

the inclusion of 9,10-dihydroanthracene. An increase in the acid 

from 12 to 17% indicated that the benzoyloxy radical preferred addition 

to the double bond of cyclohexene over hydrogen abstraction. Since 

9,10-dihydroanthracene has been reported to be thirty times as effective 

a radical trap as cyclohexene for the trichloromethyl radical (41), 

a larger increase in acid would not have been surprising. Thus a con

centration of 9,10-dihydroanthracene which was ten times that of the 

benzoyl peroxide just began to compete with the cyclohexene for the 

benzoyloxy radical. 
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Benzene as Solvent 

The third solvent, benzene, was chosen in a final attempt to 

obtain a comparison of the acetoxy and the benzoyloxy radicals in the 

presence of 9,10-dihydroanthracene. Again, as in cyclohexene, the ad

dition of the hydrogen donor had only a small effect (2% decrease) 

on the amount of carbon dioxide obtained from the decomposition of acetyl 

peroxide (Table V). Similarly, the amount of acid was Increased only 

slightly by the addition of 9,10-dihydroanthracene. Benzoyl peroxide 

was found to decompose in benzene alone with the liberation of 86% 

of the theoretical carbon dioxide. The addition of 9,10-dihydroanthra

cene to the system caused a 50%, decrease in carbon dioxide and a 40% 

increase in acid. 

From these results it can be concluded that the acetoxy radical 

has little tendency to abstract the readily available hydrogen from 

9,10-dihyroanthracene. They also show that a large portion of the 

more stable benzoyloxy radical will abstract this hydrogen. 

Summary of the Results Using 
9,10-Dlhydroanthracene 
as a Hydrogen Donor 

When the concentration of cyclohexene in comparison to 9,10-di

hydroanthracene is taken into account, hydrogen abstraction by the 

benzoyloxy radical is of the same order of magnitude as addition to 

the double bond. The increase in benzoic acid on the addition of 

9 10-dihydroanthracene to the decomposition of benzoyl peroxide in 
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benzene indicates that the benzoyloxy radical will readily abstract 

this available hydrogen in the absence of the reactive double bond of 

cyclohexene. The 12% benzoic acid formed in the decomposition of ben

zoyl peroxide in cyclohexene alone, predicts that only a small amount 

of o<^-hydrogen abstraction takes place in comparison to addition to the 

double bond. Strangely, 12% benzoic acid is also found in the decompo

sition of benzoyl peroxide in the less reactive solvent, benzene. 

This suggests that the acid might not be formed by a free radical hy

drogen abstraction from the solvent. 

Acetoxy radicals formed in the decomposition of acetyl peroxide 

would be expected to behave similar to benzoyloxy radicals. This is 

exactly what is indicated by the results in Table V. A decrease of 

about 20%, in carbon dioxide evolution occurs in cyclohexene alone, as 

compared with other solvents. At the same time, little or no Increase 

in acid is found. This suggests that the acetoxy radicals also prefer 

addition ot the double bond of cyclohexene over o^-hydrogen abstraction. 

It is interesting to note that in cyclohexene the ratio of addition to 

the double bond (carbon dioxide decrease as compared with other sol

vents) to acid formed is essentially the same for both acetyl and ben

zoyl peroxide. Due to the very small (5%,) increase in acid formed 

on the addition of 9,10-dihydroanthracene to the decomposition of ben

zoyl peroxide in cyclohexene, it is not surprising that the Increase 

in acid resulting from the decomposition of acetyl peroxide under the 

same conditions is unnoticeable. The small increase in acid found 

from the acetyl peroxide decomposition in benzene containing 9,10-di

hyroanthracene may, or may not be real. 
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The results of the experiments using this hydrogen donor gave 

little indication as to whether the acetoxy radicals exist outside the 

solvent cage. They did emphasize the reactivity of the double bond of 

cyclohexene toward benzoyloxy radical addition. This reactivity might 

explain why a small amount of the more transient acetoxy radicals are 

able to react with cyclohexene and not with other systems. 

Decompositions Using Cumene as a Hydrogen Donor 

Most indications are that cumene is a good hydrogen donor 

(19, 38-40). With its use as the solvent the peroxides could be de

composed in pure hydrogen donor. The results of these experiments 

are given in Table VI. Carbon dioxide evolution from the decomposition 

of benzoyl peroxide in cumene averaged 68% of the theoretical. This 

is a reduction of about 20%o from the carbon dioxide yields in less 

reactive solvents such as benzene or carbon tetrachloride. When acetyl 

peroxide was decomposed in cumene little or no reduction of carbon diox

ide as compared with other solvents was obtained. 

These results augment the fact that the benzoyloxy radical is 

not extremely prone to abstract hydrogen. They also emphasize the 

hydrogen donor properties of 9,10-dihydroanthracene, which, when pre

sent in much smaller concentrations than cumene, caused a larger de

crease in carbon dioxide from the decomposition of benzoyl peroxide. 

Since the carbon dioxide evolved in the decomposition of acetyl perox

ide was uneffected by the presence of 9,10-dihydroanthracene, the re

sults of the decomposition in cumene were not unexpected. 
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Decompositions Using 2,2-Diphenyl-l-plcrylhydrazvl 
and Galvinoxyl as Radical Traps 

In order to investigate further the possibility of trapping the 

acetoxy radical, 2,2-dlphenyl-l-picrylhydrazyl was used as a radical, 

trap. Bevington (16) had shown that the benzoyloxy radical could 

be very effectively trapped by its use. Since the decomposition of 

benzoyl peroxide was not carried out to completion in his work, it was 

necessary to investigate the effect of diphenylplcrylhydrazyl on the 

carbon dioxide yield from both acetyl and benzoyl peroxide. Benzene 

was chosen as the solvent since diphenylplcrylhydrazyl reacts with 

olefins. The results of the carbon dioxide measurements are given 

in Table VII. As was expected, benzoyl peroxide gave very little 

carbon dioxide when decomposed in the presence of as little as three 

times the peroxide concentration of diphenylplcrylhydrazyl. The con

stant amount of carbon dioxide found was just slightly less than the 

amount found in the decomposition of benzoyl peroxide in cyclohexene. 

When acetyl peroxide was decomposed in the presence of diphenylplcryl

hydrazyl, a decrease in carbon dioxide corresponding to each increase 

of diphenylplcrylhydrazyl concentration was observed. The minimum 

carbon dioxide obtained in the decomposition was 40% of the theoretical 

This represented a reduction of 45%, from the control reactions. Since 

the carbon dioxide evolution was nearly constant in the presence of 

the higher concentrations of radical trap, any further increase in 

diphenylpicLvlhydrazyl concentration would be expected to cause very 

little additional decrease in carbon dioxide. 
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The diphenylplcrylhydrazyl undoubtedly trapped all of the 

benzoyloxy radicals that escaped the solvent cage. It could thus be 

expected to react with acetoxy radicals very readily. It is doubtful 

that a molecule as bulky as diphenylplcrylhydrazyl could account for 

more than a very small portion of the solvent cage surrounding an 

acetyl peroxide molecule. Thus, in order for an acetoxy radical to 

be removed as an entity, it would be necessary for it to escape the 

solvent cage. The results indicated that as much as 45%, of the ace

toxy radicals do escape the solvent cage before decomposing into methyl 

radicals and carbon dioxide. The much shorter life of the acetoxy 

radical is illustrated by the large concentration of diphenylplcryl

hydrazyl necessary to trap all of the radicals that escape the sol

vent cage. 

Another free radical, galvinoxyl, was also used as a radical 

trap. The results of these experiments are given in Table VIII. 

A substantial decrease in the carbon dioxide evolved from the decom

position of benzoyl peroxide was found on the addition of galvinoxyl. 

This effect was not as pronounced as the corresponding effect caused 

by using 2,2-diphenyl-l-picrylhydrazyl as the radical trap. Galvi

noxyl is not, then, as efficient a trap for benzoyloxy radicals as 

is diphenylplcrylhydrazyl. 

A small reduction of carbon dioxide resulting from the addition 

of galvinoxyl to the decomposition of acetyl peroxide in benzene was 

also found. This smaller reduction, as compared with the use of di

phenylplcrylhydrazyl as a radical trap, was expected based on the re

sults obtained with benzoyl peroxide. The indication was that the 
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acetoxy radical was again being trapped, but not as effectively after 

escaping the solvent cage as when diphenylplcrylhydrazyl was used. 

Product Analysis: 
Decompositions in the Presence of Iodine 

Hammond (15) had shown that when benzoyl peroxide was decomposed 

in benzene or chlorobenzene in the presence of iodine, an iodonation 

of the aromatic nucleus took place. He proposed that an iodine-ca

talyzed, polar decomposition of the benzoyl hypoiodite intermediate 

iodonated the solvent. 

In order to determine whether this could be extended to acetyl 

peroxide, decompositions were carried out in benzene containing iodine. 

The products of the decomposition were identified by gas chromatography. 

In the first reaction an excess of iodine was not used. Gas chromato

graphy of the reaction solution (Fig. 4,a) gave peaks corresponding 

to methyl iodide, methyl acetate, and toluene, in addition to the 

solvent benzene. Addition of an authentic sample of lodobenzene 

(Fig. 4,b) to the mixture gave an additional peak, indicating that 

no lodobenzene was formed in the decomposition. The methyl iodide was 

formed by the reaction of methyl radicals with iodine and the methyl 

acetate arose from the initial decomposition of acetyl peroxide in 

the solvent cage (21-23). 

CH3- + l2 * CH3 CH,I +- I' 
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Since the iodine was not present in excess of the peroxide concen

tration, it all reacted before the decomposition was complete. In 

the absence of iodine, the methyl radicals were able to methylate the 

benzene, resulting in the formation of toluene. 

^ ^ 
CH 

CHy -̂
5 R" r̂ ^̂ ^̂ -CH ̂5 

" ^ ^ ^ ^ 

RH 

When a large excess of iodine was used in the decomposition, 

the only products were methyl iodide, methyl acetate and benzene 

(Fig. 5). In this case there was no evidence of toluene or lodoben

zene. The excess of iodine prevented the formation of toluene by re

moving the methyl radicals as methyl iodide before they could undergo 

the more difficult addition to benzene. The absence of any lodobenzene 

suggested that either acetyl hypoiodite was not being formed from the 

reaction of the acetoxy radicals with iodine. 

CH-^CO* + I2 ^ 
9 

7-^^ CH3COI 

or, if it was, a decarboxylation took place before the iodine-catalyzed 

iodonation of the benzene could occur. 

CH3COI -> CH-̂ I ^ CO^ 
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Since benzene gave no iodonation products, the same decompo

sitions were performed in anisole. It was felt that since anisole 

was more subject to electrophilic attack than benzene, iodonation 

would be more likely to occur via the very unstable acetyl hypoiodite. 

Gas chromatography of the reaction mixture from the decomposition 

of acetyl peroxide in anisole containing iodine identified methyl iodide, 

methyl acetate, and anisole, as expected. In addition, o-iodoanisole 

and p-iodoanisole (Fig. 6,a) were also found to be present. A blank 

reaction of acetyl peroxide in anisole did not contain methyl iodide, 

o-iodoanisole, or p-iodoanisole due to the absence of iodine, but did 

contain several unidentified peaks (Fig. 6,b). These peaks, which 

were very close to the anisole peak, were probably methyl anlsoles 

resulting from the methylation of anisole by methyl radicals. 

On further investigation it was found that iodonation of anisole 

by iodine at 80° took place in the absence of acetyl peroxide. Gas 

chromatography of an anisole-iodine solution that had been heated for 

24 hours at 80° through an Apiezon L column also gave peaks of methyl 

iodide, o-iodoanisole, and p-iodoanisole (Fig. 7,a). The use of a 

Silicone Rubber column showed that phenol was also present (Fig. 7,b). 

The products undoubtedly arose from the following sequence of reactions. 

I 

OCH5 CH 

2 

3 CH 3 

• ^ + H + [ 
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H V r -» HI 

HI + 

CH3 OH 

S^ 
+ CH3I 

A definite conclusion about the acetoxy radical could not be 

reached from this series of experiments. Since the acetyl hypoiodite 

would probably be less stable than the benzoyl hypoiodite, the absence 

of iodobenzene is not surprising. The anisole reaction indicates that 

the use of a solvent which is more subject to electrophilic attack is 

not possible due to the interference of iodonation by molecular io

dine. Thus any iodonation of anisole that took place due to the acetyl 

hypoiodite could not be detected due to the same products being formed 

by the iodonation by molecular iodine. 



IV. SUMMARY AND CONCLUSIONS 

1. Acetyl peroxide is more easily hydrolyzed by water than 

is benzoyl peroxide. 

2. The presence of iodine and water in the decomposition of 

acetyl peroxide causes a greater decrease in the amount of carbon 

dioxide than does the same amount of water alone. 

3. The carbon dioxide decrease is dependent on the amount 

of iodine present as well as on the amount of water. 

4. The addition of 9,10-dihydroanthracene to the decomposition 

of acetyl peroxide in cyclohexene or benzene solution has little or 

no effect on the amount of carbon dioxide or acid produced in the re

action. 

5. The benzoyloxy radical readily reacts with the double bond 

of cyclohexene. 

6. The benzoyloxy radical readily abstracts the hydrogen from 

9,10-dihydroanthracene in benzene solution but not in cyclohexene so

lution. 

7. Less than one fourth of the benzoyloxy radicals formed in 

cumene solution abstract the tertiary hydrogen from the solvent. 

8. The acetoxy radical shows little or no tendency to abstract 

the tertiary hydrogen from cumene. 

9. Large concentrations of 2,2-dlphenyl-l-picrylhydrazyl trap 

as much as 45% of the acetoxy radicals formed in the decomposition of 

acetyl peroxide in benzene solution. 
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10. Galvinoxyl is not as effecient a radical trap for acetoxy 

radicals as is 2,2-diphenyl-l-plcrylhydrazyl. 

11. The decomposition of acetyl peroxide in benzene solution 

containing iodine does not result in the iodonation of benzene. 

12. Iodonation of anisole by molecular iodine prevents the 

determination of whether acetyl hypoiodite also participates in the 

iodonation of this compound. 
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