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The cyclic acetals prepared from benzaldehyde and certain 1,2- and 1,3-diols were converted to benzoate esters in reactions 
Benzaldehyde was formed in small amounts as a by-product in these induced by heating the acetals with di-t-butyl peroxide. 

reactions. Mechanisms involving free radical chain reactions are proposed to  account for the formation of these products. 

Cyclic acetals are isomeric with the appropriate 
carboxylic est'ers. For example, ethylenebenzal (I), 
the cyclic acetal derived from the acid-catalyzed re- 
action of benzaldehyde and ethylene glycol, is iso- 
meric with ethyl benzoate (11). Any conversion of 
anacetal such as I to the ester would require an oxi- 

I I1 

dation of the aldehydic carbon of the aldehyde por- 
tion of the acetal to the carboxylate oxidation state 
and reduction of an alcohol carbon of the diol portion 
of the acetal to the hydrocarbon oxidation state. 
We have found that such intramolecular oxidation- 
reduction reactions can be effected with the cyclic 
acetals of benzaldehyde by heating them with di-t- 
butyl peroxide. For example, ethylenebenzal was 
converted to ethyl benzoate in such a peroxide-in- 
duced reaction. Gas chromatographic analysis of re- 
action mixtures obtained by heating I with di-t-butyl 
peroxide showed that t-butyl alcohol and small 
amounts of benzaldehyde were also formed as reac- 
tion products. Ethyl benzoate was separated from 
oneof the reaction mixtures by distillation and identi- 
fied by its infrared spectra and gas chromatographic 
retention time, both of which were identical with 
those of an authentic sample of ethyl benzoate. 
Hydrolysis of a portion of the ester yielded benzoic 
acid. After removal of the ethyl benzoate and un- 
changed ethylenebenzal from the reaction mix- 
ture by vacuum distillation, a high-boiling residue 
with a molecular weight of 307 remained. This 
molecular weight corresponds to two ethylenebenzal 
units per molecule. The amount of the residue was 
very nearly equivalent to the amount of the per- 
oxide used to initiate the reaction. The infrared 
spectra of the residue showed a strong ester carbonyl 
absorption band. 

The mechanism of the reaction in which this 
cyclic benzal is isomerized to the benzoate ester 
presumably involves the following sequence of 
reactions: 

( 1 )  ilbstraoted from the thesis submitted by Z.  Garcia in partial ful- 
fillment of the requirements for the M.S. degree a t  the University of 
Kansaq. 

(CHS)JCOOC(CH~)~ + 2 (CH3)3CO* (1) 
/O--CHs 

0 -CH2 
(CH3)3CO. + I  - (CH3)&OH + o C ;  1 (2) 

0 CHz A. 
A , -  0 4  I (3) 

O-CHz 
B 

B. + I + I1 + A. (4) 

2 A. + Termination product ( 5 )  
2 B. + Termination product (6) 

A. + B. + Termination product ( 7 )  

Reactions 3 and 4 of this reaction scheme comprise 
a free radical chain sequence in which the cyclic 
benzal is converted to the benzoate ester. The 
small amounts of t-butyl alcohol formed in the 
reaction result from the abstraction of a hydrogen 
atom from I by t-butoxyl radicals (reaction 2 )  
which are formed in the thermal cleavage of the 
peroxide. Coupling reactions of the chain carrying 
radicals A. and B. (reactions 5, 6, and 7) terminate 
the chain sequence and produce the dimeric residue. 

In  another series of reactions, the conversion of I 
to I1 with varying amounts of the initiator was 
determined by gas chromatographic analysis of the 
reaction mixtures. The percent conversion and 
kinetic chain lengths of the reactions are shown in 
Table I .  

TABLE I 
REACTIONS OF ETHYLENEBENZAL WITH DI-&BUTYL PEROXIDE 

AT 132" 
Kinetic 

Time, % chain 
[I]/ [peroxide] hr. conversion length 

5 :  1 18 76.8 2 . 0  
10: 1 18 43.1 2 . 3  
2 1 . 5 : l  18 36.0 3 . 2  

Although the kinetic chain length of t,he reaction 
is short, it is interesting that some chain character 
is observed. The ,&elimination react'ions of ether 
radicals resulting in t,he formation of a carbonyl 
function and an alkyl free radical are known.? 
The p-elimination react'ion in the case of the benzal 

(2) L. P. Kuhn and C. Wellman. , I .  Org. Chem.,  22,  774 (19.56): E. 
S. Huyser, {b id . ,  26, 1820 (1960). 
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free radical A. (reaction 3) is somewhat surprising 
since it involves the conversion of a resonance- 
stabilized benzyl type free radical to a compara- 
tively unstable primary alkyl free radical. This 
reaction is quite possibly endothermic to the extent 
of about 15-20 k~al . /mole .~  One possible explana- 
tion for the fact that the reaction does take place is 
the favorable increase in the entropy of the process 
of changing from the rather highly ordered cyclic 
free radical to the linear free radical. Reaction 4 of 
the reaction sequence should be expected to take 
place readily since it involves the attack of a very 
reactive primary alkyl free radical on a reactive 
benzylic hydrogen. The presence of the ester car- 
bonyl function in the termination product indi- 
cates that this reaction does not proceed to the 
complete exclusion of the radical coupling reactions 
of this radical (reactions 6 and 7). 

The increase in the kinetic chain length with the 
accompanying decrease in peroxide concentration 
is consistent with the proposed mechanism. The 
higher concentration of chain-carrying radicals in 
reactions with more chains being started by the 
greater amount of peroxide present should increase 
the rate of radical coupling and hence decrease the 
kinetic chain length. 

Reactions of trimethylenebenzal (111), the six- 
membered cyclic benzal prepared in an acid-cata- 
lyzed condensation of benzaldehyde and l,&pro- 
panediol, induced by di-t-butyl peroxide yielded n- 
propyl benzoate. This ester was isolated from one of 
the reaction mixtures and identified by comparison 
of its infrared spectra, gas chromatographic re- 
tention time, both of which were the same as those 
of an authentic sample, as well as by hydrolysis to 
benzoic acid. A termination product with a molec- 
ular weight corresponding to two trimethylene- 
benzal units, the infrared spectra of which showed 
a strong ester carbonyl absorption, was also ob- 
tained. h free radical chain sequence similar to 
that shown for I may be proposed for these reac- 
tions:. 

2 C. + Termination product 

2 D. + Termination product 

C. + D. + Termination product 

(10) 

(11) 

(12) 

(3) For discussion of resonance stabilization of free radicals in  terms 
of bond dissociation energies, see C. Walling, “Free Radicals in Solu- 
tion,” Wiley, New York, N. Y., 1957, pp. 40-53. 

The kinetic chain lengths of the reactions of III 
shown in Table 11, although they follow the same 
pattern of increasing with decreasing peroxide 
concentration, are noticeably shorter than in the 
reactions with ethylenebenzal. The shorter kinetic 
chain lengths may very likely result in part from a 
lower reactivity of the benzylic hydrogens in I11 
toward attack by radical D (reaction 9) compared 
to the reactivity of the benzylic hydrogens in I 
toward attack by radical Be (reaction 4). This 
suggestion arises from the fact that the ester con- 
tent in the termination products, determined by in- 
frared analysis, is about 40Y0 in the reactions with 
111 and about 3001, in the reactions with I. The 
presence of the ester function in the termination 
products of both reactions indicates that the seem- 
ingly more facile hydrogen abstraction is as much a 
factor in determining the chain length of these iso- 
merizations as is the endothermic @-elimination 
reaction. The higher ester content in the termina- 
tion products of the reactions with 111 suggests that 
it is even a greater limiting factor than in the reac- 
tion with I. The lower reactivity of the benzylic 
hydrogens in I11 could be accounted for on the basis 
of the slower rate of radical formation in six-mem- 
bered ring compounds compared to that of five- 
membered ring  compound^.^ 

TABLE I1 
REACTIONS OF TRIMETHYLENEBENZAL WITH DI-~-BUTYL 

PEROXIDE A T  132’ 
Kinetic 

Time, % chain 
[III]/ [peroxide] hr. conversion length 

4.9:l 18 37.8 1.03 
9.7:l  18 26.0 1.3 
20: 1 18 18.2 1 .9  

The di-t-butyl peroxide induced reactions of pro- 
pylenebenzal (IV), the cyclic benzal prepared by 
the acid-catalyzed reaction of benzaldehyde and 
1,2-propanediol, yielded a mixture of n-propyl 
benzoate and isopropyl benzoate as major reaction 
products. The formation of these two esters arises 

from the fact that two different @-elimination reac- 
tions of radical E. are possible. One yields radical 
F.  and the other radical G. and subsequent hydro- 
gen abstractions from IV by these radicals yield 
n-propyl benzoate and isopropyl benzoate, respec- 
tively. 

Determinations of the relative amounts of these 
two esters formed in the reactions were made from 
their gas chromatographic peak areas. The data in 
Table I11 show that n-propyl benzoate was formed 

(4) E. L. Eliel, “Steric Effects in Organic Chemistry,” M. S. New- 
man, ed., Wiley, New York, N. Y.. 1956, pp. 148-149. 
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TABLE I11 

IDE AT 132" 
ItEACTlONS 0 l a  PROPYLENEBENZAL WITH I)I-t-BUTYL PEROX- 

Kinetic 
Time, % ,.hain n-Propyl ester 

IIV)/lperoxideJ hr. conversion length Isopropyl ester 

5 . 4 : l  18 90 3.6 5.4 
11.2: l  18 75 4 . 0  5.2 
18.6: l  18 61 6.0 5.4 

in an amount about 5.3 times greater than that of 
t,he isopropyl benzoate. 

Such a distribution of the esters was not un- 
expected since radical E .  would be expected t,o 
undergo &elimination to form the comparatively 
more stable secondary radical F. faster than to  
form the less stable primary radical G . .  

Similar reactions with 2-phenyl-4-methyl-l,3- 
dioxane (V), the cyclic benzal obtained from the 
reaction of benzaldehyde with 1,3-butanediol, 
yielded a mixture of n-butyl benzoate and see-butyl 
benzoate. As in the reactions of IT', the n-alkyl 
ester was the predominant product (see Table IT) 
presumably for the same reason. 

TABLE IV 

BUTYL PEROXIDE AT 135' 
REACTIONS O F  ~-PHENYLF~-METHYL-~,~-DIOXANE WITH DI-t- 

Kinetic 
Time, % n-Butyl ester 

IV]/[peroxide] hr. conversion length aec-Butyl ester 

5: 1 18 47 1.3 5 . 4  
19.6: l  18 14.8 1 . 5  4.8 
36.8:l 18 9.8 1.9 4.5 

The reactions of both IV  and V showed the ex- 
pected increase in the kinetic chain length when the 
initiator concentration was decreased. Again, the 
chain length of the reaction is shorter in the reac- 
tions of the six-membered ring compound. 

In  all of the reactions of these cyclic beneals with 
di-t-butyl peroxide, benzaldehyde was formed as a 
reaction product. The amount ranged from less 
than 1% of the reaction products in the case of I11 
to as high as 18% in some of the reactions of V. 
X o  benzaldehyde was formed when V was heated 
for eighteen hours a t  135". Further, heating V at  
this same temger:it~ue with t-butyl nlcohol in one 

case and with the butyl esters in another also 
failed to produce any detectable amounts of benz- 
aldehyde. The fact that the aldehyde was found 
only in those reactions in which the peroxide was 
present suggests that the benzaldehyde was formed 
by a free radical reaction. One feasible reaction 
sequence which would yield benzaldehyde is the 
following: 

V + R . -  'CHZ (17) 
_- 

K .  

Thus, the radical formed by abstraction of a hydro- 
gen bonded to a carbon alpha to an ether oxygen, 
such as H. in the case of V, could undergo two p- 
elimination reactions and yield benzaldehyde. The 
isolation of methyl ethyl ketone along with benz- 
aldehyde from a peroxide-induced reaction of V 
supports this mechanism for the formation of the 
aldehyde. Further, the relatively large amount of 
benzaldehyde formed in the case of V compared to 
III would also be expected if the mechanism out- 
lined above is correct. One of the hydrogens that 
must necessarily be abstracted from V to yield benz- 
aldehyde is bonded to a branched carbon and is com- 
paratively more susceptible to abstraction than the 
similarly placed hydrogens in 111. 

Experimental6 
Preparation of the Cyclic Acetals of Benzaldehyde.-The 

cyclic acetals used in this study were prepared by refluxing a 
benzene soluticin of the appropriate diol with an equivalent 
amount of benzaldehyde in the presence of a catalytic 
amount of p-toluenesulfonic acid. As fast as water was 
formed in the reaction, it waa distilled aa an azeotrope with 
benzene and collected in a Dean-Stark trap. The cyclic 
acetals prepared in 70-1000/0 yield using this procedure were 
the following: ethylenebenzal, from benzaldehyde and 
ethylene glycol, b.p. 115-116' a t  16 mm., 1 2 % ~  1.5182; 
trimethylenebenzal, from benzaldehyde and 1,3-propanediol, 
b.p. 128-129O a t  14 mm., m.p. 4S0, reported, 49-5lo6; 
propylenebenzal, from benzaldehyde and 1,2-propanediol, 
b.p. 125" at 24 mm., n 2 6 ~  1.5068; 2-phenyl-4-methyl-l,3- 
dioxane, b.p. 102-103° a t  4 mm., nt5n 1.5118, c I ~ h 0 p ;  
C, 74.13; H,7.91; found, C, 74.34; H,7.95. 

( 5 )  All boiling points and melting points are unrorrerted. 
(81 E. Fisher, Be?., 17,1587 (1894). 
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Reaction of Ethylenebenzd with Di-t-butyl Peroxide.-A 
solution consisting of di-t-butyl peroxide (2.0 g., 0.014 mole) 
in ethylenebenzal(25 g., 0.16 mole) was heated a t  130-132' 
for 18 hr. The infrared spectra of the resulting reaction 
mixture showed a strong carbonyl absorption a t  1718 cm.-'. 
Gas chromatographic analysis of the reaction mixture indi- 
cated the presence of materials with retention times the 
same as those of t-butyl alcohol, benzaldehyde, ethyl benzo- 
ate, and the unchanged ethylenebenzal. Distillation of the 
reaction mixture yielded 12 g. of ethyl benzoate, b.p. 209- 
213, n Z 5 ~  1.5032. The infrared spectra of the ester was 
identical with that of an authentic sample of ethyl benzoate. 
Hydrolysis of a portion of the ester yielded benzoic acid, 
m.p. 121-122'. 

In another run under the same conditions with a solution 
consisting of 7.3 g. (0.05 mole) of the peroxide and 75.1 g. 
(0.50 mole) of the cyclic acetal, the Bame reaction products 
were found. After removing the t-butyl alcohol, benzalde- 
hyde, ethyl benzoate, and unchanged ethylenebenzal by 
vacuum distillation, a high-boiling residue with a molecular 
weight of 307 (determined cryoscopically in benzene) 
amounting to 18.5 g. (0.06 mole) remained. The infrared 
spectra of this residue showed a carbonyl absorption a t  1718 
cm.-l, and hydrolysis of the residue with 25% sodium 
hydroxide gave benzoic acid, m.p. 121'. Calculation of the 
ester content in this residue based on the carbonyl 
absorption band, using the carbonyl absorption of ethyl 
benzoate as a standard, showed that 31% of the residue con- 
sisted of benzoate ester. 

Reaction of Trimethylenebenzal with Di-t-butyl Peroxide. 
-A reaction mixture consisting of 25 g. (0.15 mole) of tri- 
methylenebenzal and 4.4 g. (0.03 mole) of di-t-butyl per- 
oxide was heated for 18 hr. a t  135'. Distillation of this 
reaction mixture yielded 8.8 g. of n-propyl benzoate (b.p. 
112' at 5 mm., n2'J~ 1.5170). Hydrolysis of the ester gave 
benzoic acid, m.p. 121-122'. The infrared spectra and gas 
chromatographic retention time of the ester obtained in the 
reaction were identical with those of an authentic sample of 
n-propyl benzoate. 

In another run, 88.0 g. (0.50 mole) of the benzal was 
heated for 18 hr. a t  135' with 8.5 g. (0.054 mole) of the 
peroxide. Removal of t-butyl alcohol, benzaldehyde, n- 
propyl benzoate, and unchanged benzal by vacuum distilla- 
tion left a residue with a molecular weight of 332 (deter- 
mined cryoscopically in benzene) amounting to 14.9 g. 
(0.045 mole). The infrared spectra of the residue showed a 
strong ester carbonyl absorption at  1718 cm.-l. Determina- 
tion of the ester content from the infrared spectra, using the 
carbonyl absorption of n-propyl benzoate as a standard, 
indicated 41 % of the residue was benzoate ester. 

Determination of Kinetic Chain Lengths .-Samples of 
ethylenebenzal and di-t-butyl peroxide in the mole ratios 
indicated in Table I were placed in sealed tubes and heated 
for 18 hr. a t  132' in a refluxing chlorobenzene bath. A 
weighed aliquot of each reaction mixture was added to a 
weighed amount of chlorobenzene and the resulting mixture 
gas chromatographed on a 5 ft. X in. column packed with 
Tide. The areas of the ethyl benzoate and chlorobenzene 
peaks were found with a planar compensating planimeter. 
Knowing the moles of chlorobenzene in the sample chro- 
matographed, the moles of ester could be calculated from the 
following relationship 

Moles of ester - Peak area of ester 
Moles of chlorobenzene 0'78 Peak area of chlorobenzene 

The correction factor, 0.78, was previously determined from 
the peak areas observed in the gas chromatograms of known 
mixtures of ethyl benzoate and chlorobenzene. 

The same procedure was employed for the kinetic chain 
length determinations for the reactions of trimethylene- 
benzal shown in Table 11. The correction factor used for 
converting the peak area ratios to  mole ratios, previously 
found from known mixtures of chlorobenzene and n-propyl 
benzoate, was 0.72. 

- 

In  the gas chromatograms of both seta of reactions, small 
peaks with retention times identical to that of benzaldehyde 
were present. Rough calculations of the benzaldehyde con- 
tent based on these peak areas showed that it amounted 
to less than 1% of the total products in the case of trimethyl- 
ene benzal and 5-lOyo in the reactions of ethylenebenzal. 

Reactions of Propylenebenzal with Di-t-butyl Peroxide.- 
Samples of propylenebenzal and the peroxide in the mole 
ratios shown in Table I11 were sealed in glass-stoppered 
tubes. The reaction mixtures were heated for 18 hr. a t  132- 
133' in a refluxing chlorobenzene bath. Gas chromatogra- 
phic analysis of the reaction mixtures on a 10 ft. X l / 4  in. 
column packed with 15% polyethylene succinate on Chro- 
masorb W showed peaks with retention times identical with 
those of t-butyl alcohol, benzaldehyde, n-propyl benzoate, 
and isopropyl benzoate. The ratio of the two esters was 
determined from their peak areas (correction factor for con- 
verting peak area ratios to mole ratios was equal to one). 
The benzaldehyde content in these reaction mixtures wa3 
estimated from the peak area of this component with respect 
to the total area of the two esters and ranged from 1-12% of 
the reaction products. 

Reactions of 2-Phenyl-4-methyl-1,J-dioxane with Di-t- 
butyl Peroxide.-Samples of Z-phenyl-4-methyl-l,3-diosano 
and the peroxide in the mole ratios indicated in Table IV  
were placed in glass-stoppered tubes and heated for 18 hr. a t  
135" in a constant temperature oil bath. Gas chromato- 
graphic analysis of the reaction mixtures on the same column 
described in the previous experiment indicated the presence 
of t-butyl alcohol, benzaldehyde, n-butyl benzoate, and sec- 
butyl benzoate. The ratio of the two benzoates formed in 
each case was determined from their peak areas (correction 
factor for converting peak area ratio to mole ratio was one). 
An estimate of the benzaldehyde content with respect to the 
amount of the esters formed in the reactions was determined 
from the peak areas of these components and the amount of 
benzaldehyde ranged from 4-18% of the total products. 

Indentification of Methyl Ethyl Ketone and Benzaldehyde 
as Products in the Reaction of 2-Phenyl-4-methyl-1,J-diox- 
ane with Di-t-butyl Peroxide.-A solution consisting of 12.2 
g. (0.087 mole) of 2-phenyl-4-methyl-l,3-dioxane and 1.08 g. 
(0.007 mole) of di-t-butyl peroxide was heated in a sealed 
tube at  135' for 18 hr. Distillation of the resulting reaction 
mixture gave a low-boiling fraction (b.p. 80-90") which 
showed a strong carbonyl absorption in the infrared spectra 
a t  1710 cm.-l. Gas chromatogmphic analysis of this distil- 
lation fraction showed a peak with retention time identical to 
that of methyl ethyl ketone. Reaction of a portion of this 
fraction with 2,4-dinitrophenylhydrazine yielded the 2,4- 
dinitrophenylhydrazone of methyl ethyl ketone (m.p. 117- 
118'; reported m.p. 117O).' The next distillation fraction 
with a boiling temperature up to 80" at  45 mm. contained 
the benzaldehyde (m .p. of 2,4-dinitrophenylhydrazone, 
242-243"; reported m.p., 237').8 A mixture of n-butyl 
benzoate and sec-butyl benzoate w a ~  distilled from the reac- 
tion mixture a t  90" at  1 mm. No attempt wm made to 
separate these esters by distillation. 

No benzaldehyde was detected by either infrared analysis 
or gas chromatographic analysis of samples of 2-phenyl4 
methyl-1,3-dioxane which had been heated without peroxide 
for 18 hr. a t  135'. Other experiments in which this cyclic 
acetal was heated at  the same temperature with t-butyl alco- 
hol in one case and the benzoate esters in another also failed 
to yield any detectable amounts of benzaldehyde. 
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(7) R. L. Shriner, R. C. Fuson, and D. Y .  Curtin, "The Systematic 
Identification of Organic Compounds," 4 t h  ed., Fl'iley, New York, 
N. Y., 195G, p. 316. 
(8) Itof. 7, p. 287. 


