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The  t h e r m a l  d e c o m p o s i t i o n  of p e r o x y d i c a r b o x y l i c  a c i d s  and t h e i r  e s t e r s  i s  a conven ien t  m e t h o d  fo r  
the  g e n e r ~ t i o n  of c a r b o n i u m  r a d i c a l s  tha t  con ta in  the  c a r b o x y l  and  c a r b a l k o x y l  g roup  [1-3] .  In the p r e s e n t  
p a p e r  a s tudy  was  m a d e  of the  k i n e t i c s  and  m e c h a n i s m  of the  t h e r m a l  d e c o m p o s i t i o n  of the  m e t h y l  e s t e r s  
of  s y m m e t : r i c a l  a l i p h a t i c  p e r o x y  d i a c i d s ,  the  p r i n c i p a l  p r o d u c t s  w e r e  i den t i f i ed ,  and a r e l a t i o n  was e s t a b -  
l i s h e d  be tween  the  s t r u c t u r e  of the  p e r o x i d e s  and the  d e c o m p o s i t i o n  r a t e .  

T h e  p e r o x i d e s  w e r e  p r e p a r e d  f r o m  the m o n o e s t e r s  of the  s e m i a c i d  c h l o r i d e s  of d i c a r b o x y l i c  a c i d s  and 
H202, and t h e i r  c h a r a c t e r i s t i c s  a r e  g iven  in  T a b l e  1; they  a r e  s t a b l e  when s t o r e d ,  a r e  r e s i s t a n t  to shock  
and rubbir~g, and exp lode  w e a k l y  in a f l a m e .  The IR s p e c t r a  a r e  in  good a g r e e m e n t  wi th  the s t r u c t u r e  of 
p e r o x i d e s  T h r e e  i n t e n s e  n a r r o w  a b s o r p t i o n  bands  in the 1700-1850 c m  -1 r e g i o n  c h a r a c t e r i z e  the  v i b r a t i o n s  
of t h e  C = O g r o u p ;  two bands  with  m a x i m a  at  1780 and 1807 cm -1 be long  to the p e r t u r b e d  s t r e t c h i n g  v i b r a t i o n s  
that  a r e  c h a r a c t e r i s t i c  fo r  d i a c y l  p e r o x i d e s  [4], whi le  the  a b s o r p t i o n  bands  with a m a x i m u m  at  1738-1745 
c m  -1 be longs  to the  s t r e t c h i n g  v i b r a t i o n s  o f t h e C - O  g r o u p  in e s t e r s .  An a b s o r p t i o n  band  of m e d i u m  i n t e n -  
s i t y  in the  875-920 c m  -1 r e g i o n  can  be  a s s i g n e d  to the  v i b r a t i o n s  of  the O -  O band .  

The  k i n e t i c  p a r a m e t e r s  fo r  the  t h e r m a l  d e c o m p o s i t i o n  of p e r o x i d e s  in CH3COOH and b e n z e n e  a r e  g iven  
in  T a b l e  2. The  r e a c t i o n s  obey  the  f i r s t  o r d e r  equa t ion  and the A r r h e n i u s  equa t ion .  In F i g .  i a r e  p lo t t ed  
the  s e m i l c g a r i t h m i c  a n a m o r p h o s e s  of the  k i n e t i c  c u r v e s  fo r  the d e c o m p o s i t i o n  of the  d i m e t h y l  e s t e r  of p e r -  
o x y d i g l u t a r i c  a c i d .  A n a l o g o u s  l i n e a r  func t ions  w e r e  ob ta ined  for  the o the r  p e r o x i d e s .  A s  was  shown in 
[3] u s i n g  an  i n h i b i t o r  on the e x a m p l e  of the  d i m e t h y l  e s t e r  of p e r o x y d i s u c c i n i c  a c i d ,  i nduced  d e c o m p o s i t i o n  
f a i l s  to o c 2 u r  in t h e s e  s o l v e n t s .  The  h igh  exponent  of the  p r e e x p o n e n t i a l  f a c t o r ,  which has  a va lue  of the  
o r d e r  of 13u-1015 s e c  - t ,  t e s t i f i e s  in s u p p o r t  of the  m o n o m o l e c u l a r  m e c h a n i s m .  

TABLE i. Esters of Peroxydicarboxylic Acids 

o o o o 
![ If II ]I 

ROC(CH2)nCOOC(CH:)nC0 R 

+ + ,  

n I t  

2 CH a 

3 CHs 

4 CH a 

5 CH 3 

6 CH 8 

8 CH~ 

2 C2H ~ 

4 C~H 5 

8 C~H 

Found, % 

C t I  

vC= O, am -1 

per- 
H oxide ester 

t740 

1737 

1738 

t738 

1742 

t 747 

!6,20 t780  173t 
1807 ] 

8,02 i780 I t732 
1.8o7 ! 

9,t7 t.780 1.735 
1.807 

57 

--13 

--3 

5 

t0 

24 

t9 

- - t l  

22 

t,45i4 

t,4480 

i,4443 

1,4440 

t,t940 

t,t3t8 

t,t020 

t,0890 

45,74 

49,60 

52,60 

55,66 

58,06 

6t,37 

5,40 

6,29 

7,04 

7,63 

8,03 

8,98 

Calculated, % 

! 
15,34 

i6,20 

16,94 

7,50 
I 

Is,on 
8,75 

1780 
i807 i 
t780 
1807 
i780 
t807 
t780 
t807 
i780 
1807 
t780 
1807 

45,80 

49,70 

52,84 

55,49 

57,75 

61,75 

t,4436 t,0980 

49,55 

55,75 

62,90 

6,25 

8,00 

9,22 

49,70 

55,75 

62,88 

N. D. Zelinskii Institute of Organic Chemistry, Academy of Sciences of the USSR. 
Izvestiya Akademii Nauk SSSR, Seriya Khimicheskaya, No. 4, pp. 825-831, April, 1973. 
submitted April 29, 1972. 

T r a n s l a t e d  f r o m  
O r i g i n a l  a r t i c l e  

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West ]7th Street, New York, 
N. / .  10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

801 



TABLE 2. K ine t i c  P a r a m e t e r s  of D e c o m p o s i t i o n  of E s t e r s  of P e r o x y  
0 o 0 0 

D i a c i d s  11 It I1 il in CH3COOOH and Benzene  
ROC(CH-~)nCOOC(CH2)nCO R 

Acetic acid Benzene 

k. 10 s E, k0, AS, cal k .  10siE, 
n R sec'l '  kcal/M sec' l /deg-.M sec -1 Ikcal/M 

(8 o~ j 

CHa 
CHs 
CH3 
CH3 
CH~ 
CH3 
C_gH 5 
C2H 
C~H 

7,t 
t6,7 
27,2 
30,3 
3t,4 
32,8 
9,3 

30,3 
22,2 

29,2 
3t,6 
29,4 
29,2 
29,0 
29,0 
25,9 
30,6 
3t,4 

4,2. t0 la 2,9 
5,9.t015 ] t l ,4  
4,3-t014 [ 6,3 
3,8. t0141 6,0 
2,8.10x4 [ 5,5 
2,7.10141 5,4 
1,0- t0121 - -5 ,8  
2,0. t015 9,9 
1,0.t01~ tt ,5 

5,2 32,8 
11,3 33,7 
i6,3 29,8 
i9,i  29,2 
20,7 28,8 
22,0 28,0 

39,8 28,2 

ko, sec" AS, cal 
/deg. M 

3,0.i01~ i2,6 
9,0.i010 16,7 
4,l.i014 6,0 
i ,3. i01' 4,9 
t ,3. i01' 3,9 
i,9.i013 i,7 

8,2.i01~ l i ,0  
5,6.t01~ 3,6 

In the  homologous  s e r i e s  of the e s t e r s  of p e r o x y  d i a c i d s  

o o 
Ib II 

CHaOOC(CH2)nCOOC(CH2)nCOOCHs, 

w h e r e  n = 2-6 and 8, an i n c r e a s e  in  the  r e a c t i o n  r a t e  c o n s t a n t s  i s  o b s e r v e d  when the n u m b e r  of CH 2 g r o u p s  
i n c r e a s e s  f r o m  n = 2 to  n = 3 and 4; k r e m a i n s  p r a c t i c a l l y  cons t an t  with f u r t h e r  i n c r e a s e  in  n = 5 ,6  and 8 .  
The  l o w e r  va lue  of k fo r  the  f i r s t  m e m b e r s  of the s e r i e s  i s  p r o b a b l y  a s s o c i a t e d  with a m a n i f e s t a t i o n  of the  
i nduc t ive  e f fec t  of the  c a r b o m e t h o x y l  g r o u p s ,  which i s  found to be  in  a g r e e m e n t  wi th  the  g e n e r a l  r u l e  fo r  a 
r e t a r d a t i o n  of the  d e c o m p o s i t i o n  of a c y l  p e r o x i d e s  u n d e r  the  in f luence  of e l e c t r o n - a c c e p t o r  s u b s t i t u e n t s  [5]. 
In F i g .  2 i s  p lo t t ed  the  h a l f - l i f e  t i m e  ( r  = 0 .6939/k)  of p e r o x i d e s  a s  a funct ion  of the  length  of t h e i r  c a r b o n  
cha in .  

The  a c t i v a t i o n  e n e r g y  (E) of the r e a c t i o n  fo r  the d e c o m p o s i t i o n  of the  e s t e r s  of p e r o x y  d i a c i d s  v a r i e s  
in the  r a n g e  28-33 k c a l / M ,  which in va lue  i s  c l o s e  to the  E fo r  the d e c o m p o s i t i o n  of s i m i l a r  u n s u b s t i t u t e d  
d i a c y l  p e r o x i d e s  in a l i p h a t i c  h y d r o c a r b o n s  [6], e t h y l b e n z e n e  [7], b e n z e n e  and CH~COOH [8]. The  h i g h e s t  
va lue  of E was  o b s e r v e d  fo r  the  d e c o m p o s i t i o n  of the  e s t e r s  of the  p e r o x y d i s u c c i n i c  and p e r o x y d i g l u t a r i c  
a c i d s  in  b e n z e n e .  The f i r s t  two m e m b e r s  of the  s e r i e s  a l s o  d i f f e r  in the e n t r o p y  of a c t i v a t i o n .  

In h a r m o n y  with  the  e x i s t i n g  concep t s  [9], the h o m o l y t i c  d e c o m p o s i t i o n  of d i a c y l  p e r o x i d e s  in the  
s o lven t  cage  can be a c c o m p l i s h e d  by  t h r e e  r o u t e s ;  with the  r u p t ~ e  of one,  two or  t h r e e  bonds ,  in  which 
connec t ion  the c h a r a c t e r  of the  d e c o m p o s i t i o n  e x e r t s  an  i m p o r t a n t  e f fec t  on the  c o m p o s i t i o n  of the  f o r m e d  
m o l e c u l a r  p r o d u c t s :  

Lg c~/ct 

. . . . . .  

hours 

hours 
l/ 

F i g .  1 F i g .  2 

r 

~z 

F i g .  1. S e m i l o g a r i t h m i c  a n a m o r p h o s e s  of k ine t i c  c u r v e s  fo r  
d e c o m p o s i t i o n  of d i m e t h y l  e s t e r  of p e r o x y d i g l u t a r i c  a c i d  in  
CH3COOH at  t e m p e r a t u r e ,  ~ 1) 65; 2) 70; 3) 76; 4) 80; 5) 89. 

F i g .  2. H a l f - l i f e  t i m e  of d i m e t h y l  e s t e r s  of p e r o x y  d i a c i d s  
0 0 0 0 
II 11 11 II as  a funct ion  of the  n u m b e r  of m e t h -  

CHaOC(CH~)nCOOC(CH2)nCOCHa 

y l ene  g r o u p s  at  80 ~ (pe rox ide  c o n c e n t r a t i o n  0.075 M / l i t e r ) :  1) 
b e n z e n e ;  2) CH3COOH. 
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TABLE 3. Principal Products of Thermal Decomposition of 

0 0 0 0 
[l I/ II II in CH3COOH, M / M  of P e r o x i d e *  

CH~OC(CH~)nCOOC(CH2)nCOCH~ 

2 
35 
4 
5 
6 
8 

co2 

t,52 
1,50 
t,52 
1,33 
0,76 
0,32 

RCOOHT 

0,30 
0,21 
0,42 
0,6i 
t ,22 
1,67 

I%H 

0,t0 
0,31 
0,98 
0,67 
0,75 
0,20 

R--R 

0,57 
0,33 
0,i8 
0,33 

Traces 

R-- CH2COOH 

0,20 
0,t8 
0,10 
0,02 

Traces  

*Succinic acid was identified in all of the experiments. 
o 

~R = CHaO~--(CH2)r~- 
$The yield of butyrolactone was 0.35 M/M of peroxide. 

o // 

(CH~)n(2)O 

%o 

0,t8 
0,28 

011 0tl - - ~  [RC02. CO-~R] 
R--C--O--O--C--R I- -~ [RCO2-CO2.R] 

- - - ,  [ R.  C02CO2. R] 

(1) 
(2) 
(3) 

I t  was  e s t a b l i s h e d  that  the  r a t i o  of the  compounds  that  a r e  ob ta ined  in the  t h e r m o l y s i s  of 

o o 

CH~OOC(CH2)nCOOC(CH2)nC00CHs 

in CH3COCH is  qui te  dependen t  on the va lue  of n (Table  3). The  change  in  the  y i e ld  of CO 2 i s  e s p e c i a l l y  
s h a r p ,  and i t  v a r i e s  f r o m  1 .52-1 .50  M / M  of p e r o x i d e  fo r  the f i r s t  m e m b e r s  of the s e r i e s  (n = 2, 3 ,4)  to 
0.32 M / M  when n = 8. The  m o n o e s t e r s  of t h e d i c a r b o x y l i c  a c i d s  a r e  ob ta ined  in an amoun t  tha t  i s  i n v e r s e l y  
p r o p o r t i o n M  with  r e s p e c t  to the CO2, in which connec t ion  the to ta l  y i e l d  of CO 2 and the m o n o e s t e r  is  c l o s e  
to the t h e o r e t i c a l  in each  c a s e ,  i . e . ,  i t  i s  ~ 2 M / M  of p e r o x i d e  [ taking into  account  the  f o r m e d  a n h y d r i d e s  of 
s u c c i n i c  and g l u t a r i c  a c i d s  ( see  T a b l e  3)]. A s  a r e s u l t ,  u n d e r  the  s e l e c t e d  cond i t ions  the d e c o m p o s i t i o n  of 
the  p e r o x i d e s  a c c o r d i n g  to r e a c t i o n  (1) i s  r e a l i z e d  p r e d o m i n a n t l y  for  the h i g h e r  m e m b e r s  of the  homologous  
s e r i e s ,  n = 6 and 8. The a c e t o x y  r a d i c a l s ,  which a r e  qui te  s t a b l e  u n d e r  the  e x p e r i m e n t a l  cond i t i ons ,  r e -  
a c t  with the  so lven t ,  a s  a r e s u l t  of which  the  h a l f - e s t e r s  of the d i c a r b o x y l i c  a c i d s  and c a r b o x y m e t h y l  r a d -  
i c a l s  a r e  f ) r m e d :  

0 
!t 

CHa00C(CH2)nCO" + CHaCOOH ~ CHaOOC(CH2)nCOOH -? "CH2C00H (4) 

The  a n h y d r i d e s  of s u c c i n i c  and g l u t a r i c  a c i d s  w e r e  iden t i f i ed  in the d e c o m p o s i t i o n  p r o d u c t s  of the 
m e t h y l  e s t e r s  of the  p e r o x y d i s u c c i n i c  and p e r o x y d i g l u t a r i c  a c i d s ,  the amoun t s  of which w e r e  r e s p e c t i v e l y  
0.28 and 0.18 M p e r  m o l e  of d e c o m p o s e d  p e r o x i d e  [10]. It is  p r o b a b l e  that  they a r e  f o r m e d  as  the  r e s u l t  
of  the c y c l t z a t i o n  of a p a r t  of the  a c y l o x y  r a d i c a l s ,  ana logous  to the s i t ua t i on  that  e x i s t s  in the c a s e  of the 
O -  ( ca rbome thoxy)  b e n z o y l o x y  r a d i c a l s  [ 11]: 

C00CHa 
/ 

(CH2)n 
\ 

CO0" 

0 0CH3 
\/ 

C 
/ \ 

(CH2)~ 0 
\ / 

O 
n =~ 2 and 3 

0 
J 

C 
j \.. 

(CH2)n 0 -~ CHa0' 
/ 

C 
% 

0 

(5) 

Decomposition along direction (3) is more characteristic for the lower homologs in the ester series 
of the peroxy diacids, n = 2, 3, 4. The given conclusion is corroborated by the formation of a substantial 
amount of the dimethyl esters of dicarbox-ylic acids - the recombination products of the cO_(carboxymethyl) 
alkyl radicals, which is one of the important signs of cage reaction [12]. in addition, these radicals react 
with the solvent, being converted to the esters of monocarboxylic acids. 
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Fig. 3. NM1R spect rum,  obtained in the thermal  de-  
composition of the dimethyl e s t e r  of peroxydiglutar ic  
acid in chlorobenzene:  a) s tar t ing peroxide; b) perox-  
ide during its decomposit ion (after 2 min); c) spect rum 
of end decomposit ion products (after 30 min). 

2CH3OOC(CH~),~" -* CH3OOC(CH2)2nCOOCH3 (6) 

CHsOOC(CH2)n" + CH3C00H ~ CH3OOC(CH2)n_ICHa + "CH2C00H (7) 

The carboxymethyl  rad ica ls ,  which a re  formed f rom CH3COOH, recombine among themselves  and 
with the alkyl radica ls :  

0 0 0 
IL II IL 

2HOCCH2" ~ HOC(CH~)2COH (8) 
0 0 0 
II !L I1 

CHsOC(CH~)n" + "CHzCOOH ---, CH30C(CH2)n+I--COH (9) 

However,  recombinat ion according to Eq. (9) proceeds to a l e s s e r  degree  than according to Eq. (8), 
despite the fact that the "CH2COOH radicals  a re  formed in substantial amount. Apparently,  their  amount 

0 
lJ 

can be even g rea t e r  than that of the CH3--O--C--(CH2)n radicals  [as follows, for example,  f rom the composition 

of the decomposit ion products of the peroxydipimelic  and peroxydiadipic acids (see Table 3)]. This fact also 
test if ies  in support  of the predominant cage mechanism of react ion (3). 

While studying the decomposit ion of "the dimethyl e s t e r  of peroxydiglutar ic  acid we d iscovered  a new 
homolytic cyclization react ion [13]: the 7-carbomethoxypropyl  radica l ,  generated f rom this peroxide,  is 
cycl ized to "/-butyrolactone.  The react ion possibly proceeds  via the in termediate  O~-methoxy-O~-tetrahydro- 
furyl  radical ,  which undergoes/3-decomposit ion with the elimination of the "CH 3 radical .  

CH~----CH2 ] CH2~CH2 
I I I I 

CH3OOCCH~CH~CH2"~ / ' C \  jCH2 ~ / /  ~ / / C  CHz +'CHs (10) 

CH30 0 0 0 
"CH~ + CH3COOH --~ CH4 + "CHzCOOH (11) 
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The butyrolactone was identified via GLC and IR spec t roscopy ,  and ~C = O of the lactone = 1780 cm -1. 
The r ad i ca l  m e c h a n i s m  for  the format ion  of the lactone was es tabl ished by the identification of methane in 
the decomposi t ion  products  and by the viewing of the chemical  polar iza t ion of the nuclear  spins (CPN) in 
the NMR spec t r um  of the peroxide that is obtained during its decomposi t ion (Fig 3). The CPN effect,  which 
r e l a t e s  to the protons of the fi- and "Y-CH2 groups,  with chemical  shifts  in the vicinity of 1.8 and 3.9 ppm, is 
found to be in ag reement  with the theory  given in [14], which postulates  t ransi t ions  between the singlet  and 
t r ip le t  (To) s ta tes  in the rad ica l  pa i r s .  

As follows f rom the quantitative composi t ion of the fo rmed products ,  the decomposi t ion of the peroxides  
according  ~o Eq. (2) probably  does not take place .  

EXPERIMENTAL METHOD 

The LR spectra were obtained on UR-10 and UR-20 instruments. The spectra of the liquid peroxides 
were taken as a thin layer between NaCI plates, while the spectra of the solid peroxides were taken as 
Nujol mulls. The NIVIR spectra were obtained on a DA-60-IL instrument. The decomposition of the per- 
oxides (10'~c solutions in C~ H 5 Cl was accomplished directly in the resonator of the spectrometer at I00- 
120~ 

Synthesis of Diesters of PeroxyDiacids. To a vigorously stirred mixture of 10~c NaOH and 30~c H202 
solutions, taken in a molar ratio of 2 : I, at 0-2 ~ was added in 30 min a double molar amount (relative to 
the H202) of the acid chloride of the monoester of the diearboxylic acid. The esters of the peroxydisuceinic 
and peroxydisebacic acids were separated from the reaction mass by filtration, washed with 5~c NaHCO 3 
solution, then with chilled water, and dried in vacuo. The esters of the peroxy diacids: glutaric, adipic, 
pimelic and suberic, were extracted with either ether or ethyl acetate, and the extract was washed with 
NaHCO 3 solution, then with water, and dried over MgSO 4. The peroxides were isolated either by freezing 
or by distilling off the solvent in vacuo. The dimethyl ester of peroxydiglutaric acid was also obtained by 
the methylation of perox~diglutaric acid with CH2N 2 [15], while the peroxydiglutaric acid was prepared from 
glutaric ar,.hydride and 8~c H202 solution [16]. The purity of the peroxides, determined from the amount of 
active oxygen, was 98-100% [17]. 

Kinetics of the Thermal Decomposition. The reactions were run in a thermostatted reactor (• 0.i ~ 
in a pure argon atmosphere, and the initial concentration of the peroxides was 0.075 M/liter. The iodomet- 
ric titration of samples (5-8 measurements in one experiment) was used to determine the decomposition rate 
from the current concentration of the peroxides. The activation energy of the decomposition was determined 
from the function: log k vs. I/T in the temperature range 60-80 ~ 

C(~mposition of Decomposition Products. The reactions were run in a 100-ml flask, and the solution 
concentration of the peroxide was 0.4 M/liter. The liberated carbon dioxide was collected in a trap con- 
taining caustic solution. The reaction products were analyzed by GLC on an LKhM-8M chromatograph, 
using detection based on the heat conductivity, a 2 m • 4 mm column, either SE-30 or 10% PEGS deposited 
on Chromcsorb W (80-100 mesh) as the liquid phase, and helium as the carrier gas. The esters of the di- 
carboxylic acids were analyzed directly in the decomposition products. The amounts of the monocarboxylic 
acids and half-esters of the dicarboxylic acids were determined after methylation of the reaction products. 

The :succinic and glutaric anhydrides were isolated from the reaction mixture by distilling off the low- 
boiling products in vacuo and subsequent recrystallization from chloroform. The structure of the anhy- 
drides was confirmed by the elemental analysis data and the IR spectra. 

CONCLUSIONS o o 
II II 

i. We synthesized the esters of some peroxydicarboxylic acids CII3OOC(CH2)nCOOC(CH2)nCOOCH3 , and 

determined the kinetic parameters of the reaction for their thermal decomposition in CH3COOH and ben- 
zene. The predominant generation of CH3OOC(CH2)'n radicals occurs in the decomposition of the lower 

o 
!J 

homologs (n = 2, 3), while the CH3OOC(CH~)nCO" radicals are obtained mainly from the higher homologs (n = 6, 

8). 

2. A new homolytic cyclization reaction was discovered, namely the formation of ~/-butyrolactone 
from the 71-carbomethoxypropyl radicals that are obtained during the decomposition of the dimethyl ester 
of peroxydiglutaric acid. 

1. 
2. 
3. 
4. 
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