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scribed for o-chlorobenzoic acid. Isolation by the same procedure 
gave 49 g (88%) of o-bromobenzyl alcohol, mp 78-80' (lit.9 mp 
79.5-80'1, with ir and nmr spectra in accordance with the assigned 
structure. Recrystallization from hexane gave 46.4 g of off-white 
needles, mp 79-80°. 

o-Iodobenzyl Alcohol. The reduction of 74.5 g (300 mmol) of 
o-iodobenzoic acid was carried out using the procedure described 
for o-chlorobenzoic acid. Following methanolysis, the reaction 
mixture was concentrated to dryness on a rotary evaporator. The 
residue contained traces of boron as shown by a flame test. This 
boron-containing impurity was easily removed by dissolving the 
solid in 150 ml of methanol and concentrating to dryness on a rota- 
ry evaporator.IO Further drying in a vacuum oven gave 70 g (100%) 
of o-iodobenzyl alcohol, mp 88-89' (lit." mp 9 l0 ) ,  with ir and nmr 
spectra in accordance with the assigned structure. 

rn-Hydroxybenzyl Alcohol. A dry, 1-1. flask equipped with a 
pressure-equalizing addition funnel, magnetic stirring bar, and re- 
flux condenser was flushed with nitrogen and charged with 100 ml 
of THF,  100 ml of trimethyl borate, and 44 ml(440 mmol) of BMS. 
This solution was then stirred in a 20-25' water bath as 41.4 g (300 
mmol) of rn-hydroxybenzoic acid dissolved in 150 ml of T H F  was 
added dropwise over a 1-hr peri0d.l' Instantaneous hydrogen evo- 
lution occurred throughout the addition. After stirring for 17 hr a t  
20-25', methanol (200 ml) was added dropwise and the solution 
was filtered via nitrogen pressure through a fritted glass funnel 
charged with diatomaceous earth to remove a minor amount of 
suspended solid. The clear, light-yellow filtrate was concentrated 
to dryness on the rotary evaporator, giving a brown oil. This oil 
was dissolved in 100 ml of methanol, concentrated to dryness, re- 
dissolved in 100 ml of methanol, and again concentrated to  dry- 
ness, giving 36.9 g (99%) of rn-hydroxybenzyl alcohol as a brown 
oil, which was free of boron-containing impurities by a flame test. 
The  oil rapidly crystallized a t  room temperature, giving tan crys- 
tals, mp 69-71' (lit.13 mp 73'), with an ir spectrum identical with 
that reported for the authentic material.14 

o-Aminobenzyl Alcohol. A dry, 1-1. flask equipped as usual was 
charged with 41 g (300 mmol) of anthranilic acid, 200 ml of THF, 
and 40 ml of trimethyl borate. The resulting solution was heated at  
reflux as 87 ml(870 mmol) of BMS was added dropwise over a 1-hr 
period. Vigorous hydrogen evolution occurred during the BMS ad- 
dition. The reaction mixture was maintained a t  reflux with stirring 
for an additional 2 hr. After cooling to 20-ZS', the light-yellow su- 
pernate was removed via nitrogen pressure, leaving behind a small 
amount of black precipitate. Methanol (280 ml) was then added 
dropwise over a 1-hr period a t  20-25'. The reaction mixture was 
then heated to a gentle reflux for a few minutes with stirring and 
concentrated on a rotary evaporator to a red oil. This oil was dis- 
solved in 150 ml of ethyl ether and treated with 200 ml of 6 N 
aqueous sodium hydroxide. After heating a t  reflux for 2 hr and 
then cooling to 20-25', the organic layer was removed and the 
aqueous layer was saturated with potassium carbonate and ex- 
tracted with ethyl ether (3 X 50 ml). The combined organic layers 
were dried over anhydrous potassium carbonate, filtered, and con- 
centrated to dryness on a rotary evaporator. Further drying in a 
vacuum oven gave 34.6 g (94%) of o-aminobenzyl alcohol as a light- 
tan, crystalline solid, mp 81-82' (lit.13 mp 84O), with an ir spec- 
trum identical with that reported for the authentic material.16 

p-Nitrobenzyl Alcohol. The reduction of 50.2 g (300 mmol) of 
p-nitrobenzoic acid was carried out using the procedure described 
for o-chlorobenzoic acid. However, the T H F  solution of the acid 
and trimethyl borate was heated at reflux as 33 ml (330 mmol) of 
EMS was added dropwise over a 1-hr period. Vigorous hydrogen 
evolution occurred during the BMS addition. The reaction mixture 
was then heated at reflux with stirring for an additional 3 hr. 
Methanolysis and isolation of the product, using the procedure de- 
scribed for o-iodobenzyl alcohol, gave 48 g (>loo% yield) of a light- 
yellow, crystalline solid. This solid was washed with hot hexane, 
filtered, and dried in a vacuum oven, giving 44.8 g (97.6%) of p-ni- 
trobenzyl alcohol, mp 93-94.5' (lit.16 mp 93O), with an ir spectrum 
identical with that reported for the authentic materia1.ls 

4,4'-Sulfonyldibenzyl Alcohol. The reduction of 91.8 g (300 
mmol) of 4,4'-sulfonyldibenzoic acid with 66 ml (660 mmol) of 
EMS was carried out using the procedure described for o-chloro- 
benzoic acid. Methanolysis and isolation of the product, using the 
procedure described for rn-hydroxybenzyl alcohol, gave 83.3 g 
(99%) of 4,4'-sulfonyldibenzyl alcohol: mp 133-135'; ir (mineral oil 
mull) 3401 (s), 3311 (s), 2933 (vs), 2865 (vs), 1597 (w), 1458 (m), 
1412 (w), 1376 (w), 1309 (mj, 1290 (m), 1267 (w), 1202 (w), 1151 (s), 
1103 (m), 1070 (wj, 1030 (s), 1012 (m), 986 (w); nmr (CDC13 plus 
DMSO-de) 6 4.58 (5, 4 H), 5.11 (s, 2 H), 7.47 (d,  4 H), 7.76 (d, 4 H). 

Registry No.-BMS, 13292-87-0; trimethyl borate, 121-43-7; 
hexanoic acid, 142-62-1; benzoic acid, 65-85-0. 
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Although the peroxycarboxylic acids are a well known 
and widely used group of oxygenating agents,3-5 the corre- 
sponding peroxycarbonic acids (e .g . ,  2) have been little 
studied. The parent member of this family, monoperoxy- 
carbonic acid (H2C04) has been suggested as a transient in- 
termediate6 and a number of its metal salts have been re- 
ported.7 Dialkyl esters of monoperoxycarbonic acid 
(ROC03R') have been prepared.8 

However, there seems to be no mention of an 0-alkylmo- 
noperoxycarbonic acid (ROCO3H) in the literature, al- 
though such compounds would be expected to be reason- 
ably stable and readily prepared by perhydrolysis of the 
well-known dialkyl peroxydicarbonates.8.9 It is possible 
that the active oxidizing agents formed by the reaction of 
hydrogen peroxide and aryl isocyanates are, in fact, N-aryl- 
peroxycarbamic acids (ArNHC03H), nitrogen analogs of 
0 -alkylperoxycarbonic acids.lOJ1 

We have prepared 0-benzylmonoperoxycarbonic acid 
(2) by perhydrolysisl* of dibenzyl peroxydicarbonate (1) a 
crystalline, relatively stable peroxydicarbonate which is 
easily obtained from the reaction of benzyl chloroformate 
and alkaline hydrogen p e r o ~ i d e . ~ J ~  

The structure of 2 is based upon its reconversion to di- 
benzyl peroxydicarbonate (1) upon reaction with benzyl 
chloroformate in pyridine, its high peroxide content (>97% 
of theoretical amount by iodometric titration), its acidic 
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Table I 
Comparison of Rates of Epoxidation of trans-Stilbene by 0-Benzylmonoperoxycarbonic Acid (2) and 

Selected Aromatic Peroxycarboxylic Acids, with the Acidity of the Parent Acid 
Peroxy acid 104k126°, l./mol seca krel pKs. of parent acidb -Log kP/pKa 

- 
0-Benzylmonoperoxycarbonic acid (2) 7.12 it 0.04c 1 . 7  3 .  76d 0 . 8 4  
Peroxybenzoic acid 4 .  27e (1.0) 4.21 0 .80  
m-Chloroperoxybenzoic acid 15 ,  OE 3 . 5  3.82 0.74 

a In benzene solution. b Data from ref 15. 0 Average of three separate runs with measured rate constants (104h2) 6.67, 7.00, 
and 7.68. Error indicates deviation of individual rate constants from the average. pK,  of carbonic acid. e Data from ref 14. 

1 0 2 165%) 

I I1 t C,HjCH20CCI 

Ppr 56O4 

character (extraction of the alkaline reaction mixture prior 
to acidification affords only a small amount of recovered l),  
and its spectral properties [ir (film) vmax 3700-2700 and 
1775 (C=O, br) cm-l; nmr (CC14, - 2 2 O )  6 12.17 (s, 1 H, 
OC03H), 7.25 (5, 5 H, Ar H), and 5.08 (5, 2 H, CHz)]. 0- 
Benzylmonoperoxycarbonic acid (2) reacts with olefins to 
afford moderate to good yields of epoxides and the by- 
products benzyl alcohol and carbon dioxide (assumed). 

+ C6HjCH?OH 
+ 

coz 

2 

R 
I 4 a, b, c R 

3a, R = CO,CH, 
b, R = CH,CH,OAc 
c R = (CH,),CO,CH, 

0 -Benzylmonoperoxycarbonic acid (2) could be stored 
in the cold with relatively little decomposition, i .e . ,  loss in 
peroxide content according to iodometric titration [approx- 
imate decomposition rates: -4%/week a t  -20° (neat); 
“i%/week a t  1’ (benzene solution)]. The rate of decompo- 
sition at room temperature is appreciable (-50% loss of 
peroxide content after 2I/z days a t  23’ in benzene solution). 

Since the log of the rate of olefin epoxidation ( h z )  of var- 
ious peroxybenzoic acids correlates rather precisely with 
the u constant (pK,) of the corresponding normal acid,14 
it was of interest to determine the rate of epoxidation with 
0 -benzylmonoperoxycarbonic acid (2). The rate of epox- 
idation of stilbene with 2 (0.069 M in benzene a t  25 f 0.5’) 
was followed to -60% completion by iodometric titration 
giving a second-order rate constant h2 = 7.1 f 0.4 X 10-4 
l./mol sec (average of three runs). Thus, O-benzylmono- 
peroxycarbonic acid (2) is a more reactive epoxidizing re- 
age,nt toward trans -stilbene than peroxybenzoic acid but is 
less reactive than m -chloroperoxybenzoic acid (see Table 
I). Although the acidity of the parent acid, O-benzylcar- 
bonic acid, is unknown, it should be approximated by the 
acidity of carbonic acid (pK, = 3.76).15 The data in Table I 
indicate that the epoxidative reactivity of 2 toward trans - 
stilbene is rather close to, though apparently somewhat less 
than, that  predicted on the basis of the acidity of carbonic 
acid. 

Two alternative transition states (A and B) for olefin ep- 
oxidation with an 0-alkylmonoperoxycarbonic acid may be 

A B 
considered. The first (A), analogous to that usually sug- 
gested for epoxidation with peroxycarboxylic a ~ i d s , ~ , ~ J ~  
would initially form an 0-alkylcarbonic acid which would 
subsequently collapse to the alcohol and carbon dioxide. 
The second (B) suggests that epoxidation and decarboxyla- 
tion may be concerted. Since the epoxidative reactivity of 2 
corresponds rather closely to that expected on the basis of 
the acidity of carbonic acid, we assume that the transition 
state very likely resembles that for peroxycarboxylic acid 
epoxidation (A). 

0-Benzylmonoperoxycarbonic acid (2), as well as other 
peroxycarbonic acids, should provide a useful alternative 
reagent to peroxycarboxylic acids for epoxidation and other 
oxygen transfer reactions. This type of peroxy acid has the 
potential advantage that the reaction medium remains es- 
sentially neutral during the oxidation reacti0n.l; Side reac- 
tions are sometimes catalyzed by the carboxylic acid 
formed in the reactions of peroxycarboxylic a ~ i d s . ~ ~ , ~ J ~  
However, for slow reactions self-decomposition of the re- 
agent may become competitive. It is also necessary to be 
able to separate the desired product from benzyl alcohol. 

Experimental Section20 

0-Benzylmonoperoxycarbonic Acid (2). Dibenzylperoxydi- 
carbonate (1, 5.01 g, 16.6 m m 0 1 ) ~ ~ ~ ~  was suspended in a solution 
containing 30% hydrogen peroxide (8.03 ml, 75.0 mmol) and mag- 
nesium sulfate (heptahydrate, 0.22 g, 0.83 mmol) in alkaline, aque- 
ous methanol [3.00 g (75.0 mmol) of sodium hydroxide, 75 ml of 
methanol, and 67 ml of distilled water].12 The mixture was stirred 
vigorously for 10 min, diluted with 80 ml of cold distilled water, 
and extracted with cold chloroform (2 X 50 ml) to remove neutral 
products (<1% recovery of dibenzyl peroxydicarbonate by iodome- 
tric titrationz1). Acidification with 10% sulfuric acid (to -pH 6) of 
the aqueous reaction solution and extraction with cold benzene (3 
X 50 ml) gave the peroxycarbonic acid 2 in 65% yield (determined 
by iodometric titration) in benzene solution. 

Evaporation (in vacuo without heat) of a 5.0-ml aliquot of the 
cold benzene solution (0.129 M in peroxycarbonic acid 2) gave a 
clear, colorless oil (111 mg): ir (film) vmax 3700-2700, 1775 (br) 
cm-’; nmr (100 MHz, cc14, - 2 2 O )  6 12.17 (s, 1 H, -OC03H), 7.25 
(s, 5 H,  Ar H), 5.08 (s, 2 H, CH2); iodometric titration showed the 
oil product to contain >97% theoretical peroxide content for 
peroxycarbonic acid 2. 

In a separate experiment, benzyl chloroformate (0.6100 g, 3.58 
mmol) and pyridine (0.2830 g, 3.58 mmol) were placed in a flask 
and cooled to 5-10°.22 A benzene solution of peroxycarbonic acid 2 
(75 ml of a 4.76 X M solution; 0.6015 g, 3.58 mmol of 2) was 
added to the flask, and the resulting solution was stirred for 5 min 
and placed in a refrigerator (+lo) overnight. The solution was then 
washed with distilled water (3 X 50 ml), dried (MgSOd), and evap- 
orated to  yield 1.268 g of an oily, white precipitate (-100% perox- 
ide content, according to initial peroxycarbonic acid titer). Recrys- 
tallization from acetone-water (-20’) gave dibenzyl peroxydicar- 
bonate 1 in 56% yield as powdery, white crystals: mp 99-100° with 
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gas evolution (lit.* mp 101-102' dec); nmr (CC14) 6 (CH2) 7.37 (s, 
10 H, Ar H), 5.30 (s, 4 H, CH2); peroxide content 97% of theoretical 
amount for 1 by iodometric titration. 

The peroxycarbonic acid 2 was stored a t  -20°, with only 4% de- 
composition after 7 days (by titration). The peroxycarbonic acid 
was determined (by titration) to decompose a t  a rate of -7% per 
week in benzene solution when kept cold (+lo). The half-life of 
peroxycarbonic acid 2 in benzene solution a t  room temperature 
(-23') was found, in two independent determinations, to  be -61 
hr, with an average rate of decomposition of -0.09 mg/hr. 

E p o x i d a t i o n  of trans -S t i lbene with O-Benzy lmonoperoxy-  
c a r b o n i c  A c i d  (2). A. P r e p a r a t i v e  Rur1.1~ trans -Stilbene (-4.4 
mmoi) was added to a solution of the peroxycarbonic acid 2 (-4.8 
mmol) in benzene (-80 mi). The reaction mixture was stirred to  
dissolve the olefin and then allowed to  stand a t  room temperature 
(23-24') for 2-3 days. The benzene solution was then extracted 
with 5% sodium bicarbonate (2 X 50 ml), washed with distilled 
water (1 X 50 ml), dried (MgS04), and evaporated to  yield a mix- 
ture of benzyl alcohol and trans-stilbene epoxide. The solid epox- 
ide was obtained in highest yield (85%) by column chromatography 
(silica gel, ether-hexane) of the product mixture (benzyl alcohol 
was also obtained in 66% recovery, based on the initial concentra- 
tion of 2 in the solution; four other unidentified minor products 
were obtained, accounting for 11% of the weight of crude product 
placed on the column). Recrystallization from absolute ethanol 
gave white crystals: mp 68-69' (lit.14 mp 69'); ir (CHC13) 870 
cm-'; 6 (cc14) 7.25 (s, 10 H, Ar H) ,  3.70 (s, 2 H ,  epoxide H). Direct 
recrystallization of the crude product mixture from absolute etha- 
nol gave the epoxide in -75% yield. 

B. Kinetics.14 A benzene solution of the peroxycarbonic acid 2 
(-6.9 X lo-* M )  was brought to temperature equilibrium (25 f 
0.5') in a water bath. trans-Stilbene was then added with stirring 
to make the solution initially -5.5 X M in olefin. Aliquots 
were removed a t  set intervals and titrated iodometrically, thus fol- 
lowing the reaction from 0-60% completion. The rate constant was 
determined from data obtained in three independent runs, assum- 
ing second-order kinetics. After correcting for the decomposition 
of peroxycarbonic acid 2 in benzene solution at  room temperature, 
the values obtained ( k z  = 6.67 X loM4, 7.68 X lo-*, and 7.00 X 

1. mol-' sec-l) gave an average rate constant of k z  = 7.12 X 
10-~  1. mol-' sec-l. 

E p o x i d a t i o n  of S u b s t i t u t e d  N o r b o r n e n e s  (3a, 3b, and 3c) 
with 0 -Benzylmonoperoxycarbonic A c i d  (2).23 A typical pro- 
cedure for the epoxidation of the norbornenes 3a, 3b, and 3cZ3 is as 
follows. 

The olefin was added to a cooled (0-5') benzene solution con- 
taining a 25% excess of peroxycarbonic acid 2 (-4.5 X M in 
2). The homogenous solution was then allowed to warm to room 
-temperature and stand for an average of 3 days. The solution was 
then extracted with 5% sodium bicarbonate solution, washed with 
distilled water, dried (MgSOd), and evaporated in vacuo to yield a 
mixture of benzyl alcohol and the epoxide. 

Analysis of the crude product mixture by glpc (column A, 155- 
195') showed the yields of epoxides to  be -70% in the cases of nor- 
bornene analogs 3a and 3c. Preparative glpc (column B, 155-195") 
gave the pure epoxides (4a and 4c) in 39% average yield. Column 
chromatography (silica gel, ether-hexane) of the crude product 
mixture obtained with the acetate 3b gave the pure epoxide (4b) in 
53% yield. 
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The observation of CIDNP signals in the nmr spectra of 
solutions in which free-radical reactions occur provides an 
extremely effective means of probing the mechanisms of 
such reacti0ns.l Since the discovery of CIDNP in the ther- 
molysis of benzoyl peroxide by Bargon and Fischer2 there 
have been numerous CIDNP studies of aroyl  peroxide^.^ 
We report here the use of CIDNP techniques to detect the 
rearrangement of the o-tolyl radical, 1, to the benzyl radi- 
cal, 2, during the thermolysis of o-toluyl peroxide, 3. In ad- 
dition, we have confirmed the postulated4 intramolecular 
rearrangement of the o- toluoyloxy radical, 4, to the o- car- 
boxybenzyl radical, 5. 

CHj 
1 2 

.CH2 

4 5 


