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The initiated oxidation of a num ber  of cycl ic  aee ta ls  at 50-95~ was studied by kinetic 
methods .  It  was found that  the examined 1,3-dioxacyelanes  a re  oxidized via a f r e e -  
radica l  m e c h a n i s m  with quadrat ic  t e rmina t ion  of the chains in the peroxide  rad ica ls .  
The s t rengths  of the ca rbon-hydrogen  bonds undergoing at tack by the peroxide  rad ica l s  
range f r o m  80 to 90 k c a l / m o l e .  

The f r e e - r a d i c a l  i somer iza t ion  of cycl ic  ace ta ls  leads to e x t r e m e l y  valuable e s t e r s  [1]. The p r o -  
cess  is a r ad ica l -cha in  unbranched react ion:  

~ o ~  Ini t iator  ~ O  ~ R--c'~O +u ~o 0-~ ""O--C H~--CH2--CH 2 ~ R--CK\o--CH~--CH2--CH 3 

R H R 

In the presence of oxygen the reaction may be accompanied by oxidation of 1,3-dioxaeyclanes [2, 3]. 
Considerable aeeumulation of 2-hydroperoxides in the initial step of the oxidation has been noted [4]. Only 
the products of oxidation of 2-alkyl- and 2-alkenyl-l,3-dioxolanes have been studied [5]. Quantitative data 
on the reac t iv i t i es  of cycl ic  aee ta ls  in the oxidation reac t ion  a re  not avai lable .  

In the p re sen t  r e s e a r c h  we have studied the initiated oxidation of substi tuted 1 ,3-cyclanes  (Table 1) 
by kinetic methods in o rde r  to de te rmine  the effect  of the i r  s t ruc tu re  on the i r  reac t iv i t i es .  

The compounds under  considera t ion  a re  oxidized at a ra te  the square  of which depends l inear ly  on 
the in i t ia tor  concentra t ion (Fig. 1). In all  of these expe r imen t s  the ra te  of oxidation cons iderably  exceeds  
the ra te  of init iation calculated f r o m  the l i t e ra tu re  data [6]. It  follows f rom this that  all of the invest igated 
cyclanes  a re  oxidized via a chain pathway with quadrat ic  t e rmina t ion  of the chain. 

* Deceased.  

TABLE 1. 

Corn I 
pound t 

I 
II 

llI 
IV 

V 
VI 

VII 

Name 

1,3-Dioxane 
1,3-Dioxepane 
4-Methyl-l.3-diox~ne 
2,2-Pen'tamethylene- 

4-methyl-l,S-dioxane 
2-Phenyl-l,3-dioxane 
2-Mettiyl-l,8-dioxane 
2,4-Dimethyl-l,3- 

dioxane 

Phys icochemica l  Cha rac t e r i s t i c s  of 1 ,3-Dioxacylanes 

Found, % I Calc,, ~ ~ 

103 (7451 1,03421 1,4165154,501 9,05 36,40 54,57 9,00 36,34 
117 1,01571 1,4319 58,80 9,76131,45158,781 9,79131,43 
115 0,9758] 1,4170158,751 9 70131,46158 781 9 79 31,43 
120--122 (7) 1,028 1,4550 62,27 

95--97 (1) 1,5260173,04[ 7,31L19,53t73,09/ 7,31119,51 
107--108 0,~990, 1,4140158,801 9 74131,40158,78] 9,79131,43 
118--118,5 ,,41372,00 / 9:577,52/02,10 [ 9,4T7,58 

Ufimskii  Pe t ro l eum Insti tute.  Bashkirski i  State Univers i ty ,  Ufa. Trans la ted  f r o m  Khimiya Ge te ro -  
t s ik l icheskikhSoedineni i ,No.  9, pp. 1190-1194, September ,  1975. Original a r t ic le  submit ted July 9, 1974. 

�9 76 Plenum Publishing Corporation, 22 7 West 1 7th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission o f  the publisher. A copy of  this article is available from the publisher for $15.00. 

1 0 3 4  



w~.~o ~~ m o l e / l i t e r ,  scc  2 

L. 
~ v  

2 

0,5 1,0 1,5 2,0 
I n i t i a t o r .  10 2, m o l e / l i t e r  

Fig. 1. Relationship between the 
rate of oxidation and the init iator 
concentrat ion in pure 1,3-diox- 
acyelanes at 70~ with 2 ,2 ' - a zob i s -  
isobutyronitr i le  as the indicator.  
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Fig. 2. Dependence of the rate con- 
stant for  oxidation of 1,3-dioxacyclanes 
on the temperature i n  Arrhenius co- 
ordinates.  

The rate of oxidation of 1,3-dioxane is independent of 
the oxygen concentrat ion for gas mixtures  containing f rom 
100 to 5% oxygen. For  the remaining dioxanes this indepen- 
dence was established by experiments  with gas mixtures  
containing 100 and 50% oxygen. Inasmuch as all of these 
exper iments  were ca r r i ed  out in a pure oxygen atmosphere,  
the oxidation chains were consequently terminated only in 
the peroxide radicals  under the investigated conditions. 

The rate of oxidation depends l inear ly  on the concen-  
t ra t ion of the acetals  in chlorobenzene, and this consti tutes 
evidence for  a react ion that is f i r s t - o r d e r  in substrate .  

The experimental  results  obtained show that the oxida- 
tion of the investigated dioxanes occurs  via the well-known 
radica l -chain  mechanism and that its rate is determined by 
the following express ion for  degrees of convers ion that are 
not very  high: 

W = ~ [DH]]/W i, 

where [DH] is the mola r  concentrat ion of the dioxacyclanes,  
W i is the rate of initiation in moles per  l i ter  pe r  second, 
k~. is the rate constant for detachment of a hydrogen atom 
in the cyclane by the peroxide radical  in l i ters  per mole per 
second, and k~ is the rate constant for  recombination of two 
peroxide radicals  leading to terminat ion of the  chain in l i t e rs  
pe r  mole pe r  second. 

A study of the dependence of the rate on the t empera -  
ture (it is presented in Arrhenius  coordinates in Fig. 2) en-  
abled us to determine the effective energy of activation of 
the react ion and to calculate the preexponential  fac tor  
(Table 2). 

As seen f rom a compar ison of the k2/Y~ 6 at a single 
tempera ture  (70~ the react ivi t ies  of 1,3-dioxane (I) and 
1,3-dioxepane (II) are  identical, i.e., an increase  in the size 
of the ring by one methylene group does not affect the re -  
activity; 4 -methyl - l ,3 -d ioxane  {III) is oxidized more  easi ly 
than dioxane I. This is evidently associated with the weaken- 
ing of the C4--H bond of the methyl group. The reactivi ty of 
this bond can be evaluated f rom the k 2/~--GG value for dioxane 

IV, in which the react ivi t ies  of the five methylene groups of the carbocycl ic  ring should be identical to the 
react ivi t ies  of the methylene groups of cyclohexanes.  If it is assumed that the k 6 values for  dioxanes VII 
and IV differ only slightly, one can use the known k2/~ value for cyclohexane [7] to evaluate the reactivi t ies 
of the methylene groups in dioxane IV: 

5 k2 

The value obtained charac te r i zes  the react ivi ty of the C 4 - H  bond activated by a methyl group and of the 
C--H bonds in the 5 and 6 positions of the dioxane ring. By substract ing this value f rom the k2/~ value 
for dioxane III, one can, within the same approximation, evaluate the reactivi t ies of the C2- .Hbondsof the  
1, 3-dioxane ring: 

This value turns out to be equal to k J - ~  6 for dtoxanes I and II. Consequently, their  react ivi t ies  are  p r ae -  
tically completely assoeiated with attack by the peroxide radical  on the methylene group in the 2 position, 
and the C - H  bonds in the remaining posit ions pract ica l ly  do not inerease the reaetivi t ies.  
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TABLE 2. Kinetic Pa rame te r s  for the Oxidation of Cyclic Acetals 

Corn- N ame E, I mole sec j  [liter/mole. sec] 11~ pound kcal/molel A' !litet/~t/2 k~/~'6" 10s (70~ - 

I 
II 
III 
IV 

V 
VI 

VII 

1,3-Dioxane 
1,3-Dioxepane 
4-Methyl-1 3-dioxane 
2,2 -Pen'tam~thylene-4 -methyl- 

1,3-dioxane 
2-Phenyl-l,3-dioxane 
2-Methyl-l,3-dioxane 
2,4-Dimethyl-l,3-dioxane 

9,7• 
10,1• 
10,3• 
10,2• 

7,2• 
7,5• 
6,8• 

3,1.103 
4,8. l0 s 
1,3.104 
5,1.10 z 

3,0.102 
2,5-102 

1,23.10 ~ 

1,93• 
1,82• 
3,37• 
1,54• 

7,2• 
4,3• 
5,6• 

TABLE 3. Part ia l  Values of 
the Relative Oxidation Rate 
Constants for  the Correspond-  
ing C--H Bonds of 1,3-Diox- 
acyclans 

Bond type I~/V-~-. I0 3 [ l i ter I 
mole �9 see/1 IZ 70* 

--O\c/H 
--0 / \~ 

--C\c/H 
--0 / \CH~ 

--O~/h 
--0 / \C6H ~ 

--O\c/Cff3 
--0 / \H  

1,93• 

1,54• 

7,2• 

3,9• 

( k~ t=97.10-, 

The k2/v~6 value calculated at 70 ~ for one C2-H bond increases  
by a factor  of 7.5 on passing f rom dioxane I to its phenyl derivative 
(V). This sharp increase  in the react ivi ty of the C - H  bond when a 
phenyl group is introduced in the 2 position is evidently associated 
with a considerable increase in the stability of the radical formed 
when the hydrogen atom in the 2 position is detached due to conjuga- 
tion of the unpaired e lectron with the 7r e lect rons  of the aromat ic  
ring. Similarly, the k2/V~ 6 value (at 70 ~ re fe r red  to one C 2 - H  bond 
increases  on pass ing f rom dioxane I to dioxane Vl by a factor  of four. 
In this case part ia l  stabilization of the result ing radical is ensured 
by the e l e c t r o n - d o n o r  proper t ies  of the methyl group. 

However, one should bear  in mind that the increase  in k2/r G 
on passing f rom dioxane I to its dimethyl derivative (V) and phenyl 
derivative (VI) is apparently associated not only with weakening of 
the C 2 - H  bonds but also with the decrease  in the k G value, for  these 
compounds form te r t i a ry  peroxide radicals that recombine more  
slowly than secondary and p r imary  radicals .  For  this same reason, 
the comparat ive evaluation of the reactive positions within the approx-  
imation of equal k 6 values for  different cyclanes is ext remely  approx- 
imate when secondary and te r t i a ry  C--H bonds are  compared.  

[liter/mole. sec 1/2] <1,4.10 .3 [liter/mole. sec I/2] (70 ~ 

Thus, according to the es t imates ,  the react ivi ty of the C - H  bond in the 4 position, which has a methyl 
group, is higher by a factor  of 1.5 than the react ivi ty of the C--H bond in dioxane I. However, inasmuch 
as recombination of t e r t i a ry  peroxide radicals  occurs ,  as a rule, more  slowly than recombination of sec -  
ondary peroxide radicals  [6], one might expect that k 2 (C2-H) > k 2 (C4--H), i.e., the C - H  bond in the 2 posi -  
tion undergoes homolytic cleavage more  readily than the t e r t i a ry  C - H  bond in the 4 position. 

In fact, if one compares  the kz/vqZ6 values for  dioxanes IV and VI, the reactive C--H bonds of which 
are t e r t i a ry  bonds and are adjacent to identical methyl substituents, one can see that the C2-H bond in 
dioxane VI is twice as reactive as the C 4 - H  bond in dioxane IV. 

It is interest ing to note that the k2/V'k'~6 value (at 70 ~ for  dioxane VII is equal, with good accuracy,  
to the sum of the k2/v~6 values (at 70 ~ for  dioxanes IV and VI. It follows f rom this that oxidation proceeds 
independently with respect  to the two weakest C2--H and C4-H bonds, and the peroxide radicals  formed in 
the 2 and 4 positions apparently actually do not differ in their  react ivi t ies  in e i ther  the propagation r eac -  
tion or  in chain termination.  

On the basis  of the es t imates  presented above, which are given in Table 3, it can be stated that the 
p r ima r y  site of attack by the peroxide radical  is the C 2 - H  bond, par t icular ly  when an alkyl or  phenyl sub- 
stituent is present ,  and also the C4-H bond activated by alkyl substituents, whereas the react ivi t ies  of all 
the remaining methylene C - H  bonds are  lower by a minimum of one order  of magnitude. The principal  
products  of the initial step of the oxidation are  therefore  2-hydroperoxides for  cyclanes I, II, V, and VI 
and 4-hydroperoxides  for  cyclanes IV. In the case of III and VII, one might expect the formation of dihydro- 
peroxides in addition to 2- and 4-monohydroperoxides  (with predominance of the 2-hydroperoxide).  

The experimental ly  determined energies of activation represent  the difference between the energies  
of activation of chain propagation (E2) and half the energy of activation of recombinat ion of the peroxide 
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rad ica l s  (E6): Eex p =E 2 -- 1/2E 6. Although the E G values above 4 k c a l / m o l e  a re  known for  secondary  p e r -  
oxide rad ica l s  in hydrocarbon  media  (EG=4.3 k c a l / m o l e  for  t e t r a ly lpe roxy  radicals) ,  E~ does not exceed 
2.0 k c a l / m o l e  for  mos t  secondary  peroxide  radica ls ,  whereas  E G is, on the average ,  re la t ive ly  high fo r  
t e r t i a r y  peroxide  rad ica l s  (5-8 k c a l / m o l e  [6]). 

According to empi r i ca l  p r inc ip les  that re la te  the s t rength  of the C - H  bond to the energy  of act ivat ion 
(E2) of detachment  of a hydrogen a tom by a peroxide  radical ,  E 2 = - 2 7  +0.45 D C _ H [8], where  DC_ H is the 
s t rength  of the bond undergoing c leavage in k i loca lo r ies  p e r  mole .  The E 2 value calculated with allowance 
for  the assumpt ions  made above is 10-13 k c a l / m o l e ,  and the cor responding  DC_ H values range f r o m  80 to 
k c a l / m o l e .  

E X P E R I M E N T A L  

The kinet ics  of the oxidation of the cyelanes  were  studied f r o m  the absorpt ion  of oxygen with a volu- 
m e t r i c  appara tus  with m e r c u r y  drops  moving in a horizontal  bure t .  A gas mix ture  with a known percen tage  
of oxygen was p r e p a r e d  in a g a s o m e t e r ,  and the r e a c t o r  and the bure t  were  then purged with it and sub-  
sequently t he rmos ta t t ed .  St i r r ing with a magnet ic  s t i r r e r  insured rapid dissolving of the oxygen in the 
liquid phase .  The s ta r t ing  1 ,3-dioxacyclanes  (Table 1) were  obtained by the method in [9]. The i r  pur i ty  
was checked by gas chromatography;  the absence  of hydroperoxides  was moni tored  iodometr ica l ly ,  and the 
absence of oxo compounds was moni tored  f r o m  the IR spec t r a  in the region of the cha r ac t e r i s t i c  ab so rp -  
tion band of the carbonyl  group. 

The chlorobenzene used as the solvent  was purif ied by the method in [10]. Benzoyl peroxide  and 
2 ,2 ' - azob i s i sobu ty ron i t r i l e  were  purif ied by c rys ta l l i za t ion  f rom ethanol.  

The oxidation r a t e s  (W) in the expe r imen t s  were  de te rmined  f r o m  the change in the volume of oxygen. 

p . v  
w=z T.-c.a' 

where Z is the appara tus  constant,  V is the volume of absorbed  oxygen in cubic cen t ime te r s ,  P is the a t -  
mosphe r i c  p r e s s u r e  in m i l l i m e t e r s  (mercury  column), T is the t e m p e r a t u r e  in degrees  Kelvin, T is the 
t ime  in seconds,  and a is the volume of the reac t ion  m a s s  in cubic cen t ime te r s .  

The k2/vrk~6 values were  de te rmined  f r o m  the W and W i =ki[ ini t ia tor  ] values obtained. The initiation 
constant  (k i) was taken  f r o m  a handbook [6]. The working ini t ia tor  concentra t ions  were  (0.1-2) �9 10 -2 m o l e /  
l i te r ,  and the working subs t ra te  concentra t ions  were  0.5-11 m o l e / l i t e r .  The W/W i values in all of the ex-  
p e r i m e n t s  ranged f r o m  20 to 150. 

The accu racy  in the p a r a m e t e r s  p resen ted  was de te rmined  with a m e a n - s q u a r e  e r r o r .  
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