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Acid-catalyzed formation of free radicals in the reaction of 
hydroperoxides with ketones 
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The kinetics of formation of free radicals in the cyclohexanone (CH)--tert-butyl- 
hydroperoxide (TBHP)--para-toluenesulfonic acid (PTSA) system itt acetonitrile was studied. 
The stoichiometry of the reaction corresponds to the consumption of two TBHP molecules 
per ketone molecule, whereas the yield of free radicals is ~20 % based on the TBHP reacted. 
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In one of the versions of  the mechanism of  acid- 
catalyzed decomposi t ion of hydroperoxides,  12- the for- 
mation of  free radicals 

H302 + + H20 ? ~ H3 O+ + HO" + HO 2' 

is the result of  the bimolecular  reaction of  two hydroper-  
oxide molecules,  one of which is protonated.  

We have previously established that the introduct ion 
of  the third component  (ketone) into the initiating bi- 
nary hydroperoxide- -minera l  acid system accelerates 
sharply overall consumption of hydroperoxide 3 and its 
radical decomposit ion.  In this work, the kinetics of  this 
reaction was studied. 

Experimental 

The rate of formation of radicals (initiation rate vi) was 
calculated by the aprobated procedure 2 from the rate of oxygen 
absorption by styrene oxidized in an acetonitrile solution in the 
presence of hydroperoxide and cocatalysts of its radical decom- 
position (ketone and acid) in a reactor of a manometric 
installation. 

A two-section reactor 2 was used in order to heat separately 
an acetonitrile solution containing ketone, hydroperoxide, and 
styrene and a solution of acid. The separate heating was 
necessary to prevent decomposition of ROOH before the be- 
ginning of measurements of the oxidation rate. When reagents 
were heated, they were mixed by switching-on a shaker. Recti- 
fied ketones, cyclohexanone (CH), hydroperoxides, tert-butyl 
hydroperoxide (TBHP), styrene, and perchloric acid were used. 
Acetonitrile was purified by the known procedure. 2 para- 
Toluenesulfonic acid (PTSA) was recrystallized from chloro- 
form and dried in vacuo. An initiator, azobisisobutyronitrile 
(AIBN) was recrystallized from ethanol, and the initiation rate 
for AIBN was calculated by the equation presented in the 
previous work. 4 

Results and Discussion 

The kinetic curves of  oxygen absorpt ion by styrene 
are presented in Fig. 1. A distinct effect of  the combined  
presence of  CH and PTSA in the solut ion is observed: 
according to kinetic curves 1, 1' and 2, 2 ' ,  the radical 
decomposi t ion of  TBHP is accelerated by approximate ly  
two orders of magnitude,  and the rates of  styrene chain 
oxidation increase ~10-fold when CH and PTSA are 
combined in a solution of  TBHP.  The fast format ion of  
radicals is accompanied by the consumpt ion  of  hydrop-  
eroxide (tested by iodometry),  which results in the  retar- 
dation of  oxygen absorption (see Fig. 1, curves 1' and 
2"). The addition of a fresh port ion of  T B H P  again 
results in the fast oxidation (see Fig. 1, curve 3). 

The data on the rates of  chain-radica l  oxidat ion of  
styrene in the presence of  triple hydroperox ide - -ke -  
tone- -ac id  systems of  various composi t ions  and binary 
hydroperoxide--ketone and hydroperox ide- -ac id  systems 
are presented in Table 1. No  data for systems without  
hydroperoxides or with sole hydroperoxide are presented,  
because in these cases the oxidation rates are negligible. 
The analysis of  the data presented in Table 1 allows one 
to draw the following conclusions: first, proton acids 
accelerate radical decomposi t ion of  secondary and ter- 
nary hydroperoxides in the presence of  various ketones; 
second, synergism of the action of  ketones (ket) and 
acids (ac) on the decomposi t ion of  hydroperoxides  is 
pronounced,  namely, ill all cases Vke t + Vac << Vket+ac 
(when all values are measured in the presence of  the 
same [ROOH]).  A substantial detail should also be men-  
tioned: the well-known reaction of  degenerate branching 
of  ketones with hydroperoxides 5,6 does not virtually ini- 
tiate oxidation under the condit ions studied. For  ex- 
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Table 1. Oxidation rate of styrene (v/mol L -1 s - I )  at various concentrations (mol L - l )  of the components  of the initiating systems: 
ketone--acid--hydroperoxide in acetonitrile, [styrene] = 0.2 tool L - l ,  343 K 

[MEK] + [PTSA] + [CHHP] v.  106 [CH] + [PTSA] + [TBHP] v. 106 [AcAc] + [PTSA] + [TBHP] v .  106 

1.14 + 0 + 0.025 0.l 0.97 + 0 + 0.003 0.3 0.39 + 0 + 0.003 0.2 
0 + 0 . 0 1 1 + 0 . 0 2 5  10.6 0 + 0 . 0 1 1 + 0 . 0 0 3  3.0 0 + 0 . 0 1 1 + 0 . 0 0 3  3.0 
1.14 + 0.011 + 0.025 22.0 0.97 + 0.011 + 0.003 31.0 0.39 + 0.011 + 0.003 5.2 

[CH] + [PTSA] + [CHP] v" 106 [MEKI + [PTSA] + [TBHPI v.  106 [AcAc] + [HCIO4] + [TBHP] u.  106 

0.19 + 0 + 0.06 0.5 0.69 + 0 + 0.003 0.2 0.05 + 0 + 0.02 0.2 
0 + 0.007 + 0.06 2.7 0 + 0.11 + 0.003 3.0 0 + 0.05 + 0.02 0.05 
0.19 + 0.007 + 0.06 9.0 0.69 + 0.11 + 0.003 12.0 0.05 + 0.05 + 0.02 7.3 

Note. PTSA, MEK, CH, AcAc, Ac are para-toluenesulfonic acid, naethylethylketone, cyclohexanone, acetylacetone, and acetone, 
respectively; CHHP,  TBHP,  CHP are cyclohexyl hydroperoxide, tert-butyl hydroperoxide, and cumene hydroperoxide, respectively. 

a m p l e ,  for  t he  C H - - P T S A - - C H P  sys tem,  t he  ra t io  o f  

t he  ra tes  is t he  fol lowing:  V C H _ P T S A _ C H  p : VpTSA_CHP : 
VCH_CH p = 9 : 2.7 : 0.5, w h i c h  c o r r e s p o n d s  to  t he  ra t io  

o f  t he  i n i t i a t i on  rates  of  81 : 7.3 : 0.25 for squa re  c h a i n  
t e r m i n a t i o n ,  i.e., t h e  c o n t r i b u t i o n  o f  t he  C H - - C H P  
sys t em to  the  overal l  i n i t i a t i on  is negl igible .  T h e r e f o r e ,  
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Fig. 1. Kinetics of oxidation of 0.2 mol L - l  of styrene in 
acetonitrile, 343 K: 1, in a solution of 0~97 mol L -I of  CH + 
3" 10 -3 mol L - l  of TBHP: 1',  after addition of 1 .1 .10 -2 
tool L-I of PTSA; 2, in a solution of 1.1 • 10 -2 mol L-I of PTSA 
+ 3" 10 -3 tool L - l  of TBHP; 2", after addition of 0.97 mol L -I 
of CH; 3, addition of 3 • 10 -3 tool L -I of TBHP is indicated by 
the arrow on curve 2". 

we will cons ide r  the  k e t o n e - - a c i d - - h y d r o p e r o x i d e  ( t r ip le)  
and  a c i d - - h y d r o p e r o x i d e  (b inary)  sys tems  d e n o t i n g  the  
c o r r e s p o n d i n g  values  by symbols  "t" a n d  "b." 
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Fig. 2, 1, Dependence of the rate of AIBN-ini t iated oxidation 
of 0.26 mol L -1 of styrene (I) on (vi)l/2; 11, experiments with 
0.0025, 0.02, and 0.05 mol L -I  of TBHP; 111, experiments on 
oxidation of 0.2 mol L -I of styrene upon mixed initiation, 
dependence of•o 2 on v i AIBN in the presence of 0.005 tool L -I  
of TBHP, 0.0073 mol L "-'1 of CH, and 0.0073 mol L -1 of PTSA; 
2, dependence of oxidation rate v on the concentrat ion of 
styrene, initiator: 0.019 tool L -I of PTSA + 0.005 tool L -I of 
CH + 0.025 tool L -I of TBHP. Acetonitrile was used as a 
solvent, 343 K. 



342 Russ. Chem.Bul l . ,  Vol. 45, No.  2, February,  1996 Petrov et  al. 

and acid--hydroperoxide (binary) systems denoting the 
corresponding values by symbols "t" and "b." 

The rate of chain-radical oxidation (v) can be ex- 
pressed by the formula 

v = k2/k6-1/2[RH]ui I/2, (1) 

where k 2 and k 6 are the rate constants of chain propaga- 
tion and termination,  v i is the rate of radical formation 
(initiation rate), and RH is styrene. When the T B H P - -  
C H - - P T S A  t-system is an initiator, v depends linearly 
on [RH] (Fig. 2, curve 2). 

When oxidation is initiated by AIBN, the depen- 
dence of v o n  (Oi,AIBN)1/2 is also expressed by the 
straight l ine (see Fig. 2, curve 1). The value 
(k2" k6-1/2)343 K = 4.3" 10 -2 L 1/2 mo1-1/2 s -l/2 was deter- 
mined from its slope, and the additives of TBHP were 
found to exert no effect on it (see Fig. 2, curve 1, III). 
Since all components  of the t-system can affect the 
chain length of styrene oxidation, the method of mixed 
initiation was used to determine the k 2" k6-I/2 value by 
the more reliable calculations of v i from v. 2 The t-system 
and AIBN were the components  of the mixed initiator. 
The following value was determined from the slope of 
straight-line dependence A u 2 - - f  (Ui,AIBN), Au 2 = ur2 -- u 2 
(see Fig. 2, line 1), where V z is the oxidation rate in the 
presence of the t-system and AIBN2: 

k 2 • k6 -1/2 = 5.3 • 10 -2 L 1/2 mol -I/2 s -I/2. 

This value was used in calculations of v i from the v t 
values when the concentrat ions of components  of the 

t-system (CH, PTSA, and TBHP)  varied. The depen- 
dences of oxidation and initiation rates on the experi- 
mental conditions are presented in Figs. 3 and 4. The 
data presented in Fig. 3 testify to a complex mechanism 
of radical formation from TBHP in the acid medium: for 
the triple system, the reaction order with respect of 
PTSA n = 0.5+0.1, with respect to ketone n = 1.5+0.15, 
and the first reaction order with respect to hydroperoxide 
(Fig. 4, curves 1, 1"),  i .e. ,  the initiation rate by the 
t-system is expressed as 

ui,t = ki,t[PTSA] 1/2. [TBHp]I. [CH13/2. (2) 

The activation energy was measured within the 328 
to 348 K range by two methods: from temperature depen- 
dences of initial 9xidation rates and coefficients of trans- 
formation of kinetic curves. 7 According to Eq. (1), the 
overall activation energy determined by the temperature 
run of the oxidation rate is the following: 

E = E 2 - (E6/2) + (Ei/2) = 63.7 kJ mol - l .  

According to the literature data, 4 the E 2 - (E6/2) value 
is -30 kJ mo1-1, whence Eit = 67.3+8 kJ mol - l .  There- 
fore, the Arrhenius form o~ the initiation constant is the 
following: 

ki, t = 1.87. 101°exp[-67.3(kJ mol-l)/RT] (L 2 tool -2 s-l), 

ki, t = 1.0 L 2 mo1-2 s -l  (343 K). 
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Fig. 3. 1 and 2, Dependences for the triple system, 343 K: 1, v i 
on [PTSA] at [TBHP] = 5- 10 -3, [CH] = 7.3" 10 -3 mol L-I; 2, 
(vi) 1/2 on [CH] at [TBHP] = 5" 10 -3, [PTSA] = 1.82" 10 -2 
tool L-I; 3, dependence of v i on [PTSA] for the binary system, 
[TBHP] = 1.1 • 10 -2 tool L -1. 

Fig. 4. Dependences of the oxidation rate on [TBHP] at 
[styrene] = 0.26, [PTSA] = 1.92" 10 -2 mol L -I,  343 K: 1, triple 
system, [CH] = 5 • 10 -3 mol L-l; 2, binary system, [CH] = 0; 
1", dependence of v i on [TBHP], calculated from the data in 
curve 1. 
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The kinetic parameters  of  the binary system were 
obtained from the dependences  of  v i and v on [TBHP] 
and [PTSA] (see Figs. 3 and 4). Proport ionali ty v ~ 
[TBHP] testifies to the second order of the reaction of  
the radical format ion with respect to TBHP as well as for 
the  o t h e r  h y d r o p e r o x i d e - - a c i d  pairs.  2 W h e n  
[PTSA] >__ [TBHP] ,  the ui, b value reaches a limit and 
changes slightly as [PTSA] increases (see Fig. 3, curve 
3), i.e., at [PTSA] _> [TBHP] the reaction order with 
respect to acid is zero and u i b = ki b" [ROOH] "2 There-  
fore, according to the data in/~ig. 3, at [PTSA] -> [ROOH] 

kLb = (Ui,b/[TBHP1) = 3.9" 10 -3 L tool - i  s -I (343 K). 

At [PTSA] >-- [ROOH] the ratio of  v i values for the t-  
and b-systems is the following: 

(U i i /ui b) = (ki t [PTSA] 1/2. [CH]3/2 , [ T B H P ] /  
' (ki'b[TBHp]2) = (k i t[PTSA]i/2" [CH]3/2)/ 
(kilb[TBHPl2). ' 

Inserting the k t and k b values at [PTSA] = [TBHP] = 
0.01 mol L - ,  'we fin~ that even at [CH] = 6" 10 - j  
tool L - I ,  oi ,  t > O i b, i.e., ketone exerts an extremely strong 
effect on the radical formation.  At TBHP > 0.6 tool L - i  
the curve of  the dependence  bends upward (Fig. 4, curve 
1), i.e., the ini t iat ion reaction of  the order higher than 
unity is manifested.  It is likely that a new form of  
peroxide, which transforms rapidly into free radicals via 
the f i rs t-order  reaction,  forms in the presence of CH and 
TBHP.  When [TBHP] becomes considerably higher than 
[CH],  free hydroperoxide decomposes to radicals under 
the action of  acid, and the contribution of the b-system 
becomes noticeable against the background of  the t- 
system (see Fig. 4, curve 1). The question concerning 
the ratio of  radical and nonradical  channels of  transfor- 
mation is usually central in studies of  catalytic decompo-  
sition of  hydroperoxides.  The fraction of  the radical 
channel  (e) was determined by the graphic differentia- 
tion of  the kinetic curve of  styrene oxidation at [CH] = 
0.04, [TBHP] = 0.04, and [PTSA] = 5.5" 10 -3 tool L - I  
at 343 K from the formula e = 2viAt/2A[ROOH]. The v i 
values at each period At were calculated from Eq. (I) ,  
the concentra t ion of  hydroperoxide decomposed in the 
exper iment  (A[ROOH])  was determined by titration with 
a correct ion for formation of  styrene hydroperoxide 
ROOHs ,  A [ R O O H ]  = [ R O O H ] o  - [ R O O H ]  t - 
IROOH]s;  and the latter value was determined in a 
special exper iment  with AIBN. The value e = 0.22, i.e., 
the contr ibut ion of  the radical channel to the overall 
decomposi t ion of  T B H P  is ~22 %, which is considerably 
higher than the similar value for binary systems.i,z Chro-  
matographic analysis of the cyclohexanone oxidates (col- 
umn with poly(ethylene glycol) adipate on Chromaton 
N - - A W ,  365 K, dodecaue as an external standard) in 
experiments  with the triple system shows that the con- 
sumption of  T B H P  is accompanied by the consumption 
of CH with the s toichiometry A [ C H I : A [ T B H P 1  = 
0.4 4-0.1,  i.e., one molecule of  CH is approximately 
consumed per two TBHP molecules. 

The experimental  data obtained can be explained by 
the following simplified scheme of  the mechanism of  
radical formation: 
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The stage of  radical formation (3") can be written ill 
another  way, via the cleavage of  the C - - O  bond and 
concerted cleavage of  the O - - O  bond (Scheme 1). 

The difference between variants (3 ' )  and (3") is of  no 
importance tbr the further discussion. The meaning of  
the scheme is the intermediate formation of  semiperketal  
X I followed by its reaction with the protonated [brm of 
enol (enH+). This scheme is based on our and the 
literature data: it follows from Table 1 that the formation 
of  radicals in the triple k e t o n e - - R O O H - - a c i d  systems is 
not a particular case. Many substances can participate in 
this reaction, including ketones of different structures 
with different C i H  bond strengths, for example,  the 
acetone--cyclohexanone--acetylacetone series, if  the lira- 
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Scheme 1 

HO + 
RO-tLo[~OH + H 0 - 

0 
I I  

RO" + ~ + 

0 o 

+ ~ ]  + H3 O+ (3") 

iting stage of  the reaction studied involved the cleavage 
of  the C - - H  bond of  ketone in the redox act with 
hydroperoxide, the reaction rate would be the lowest 
with acetone and the highest with acetylacetone. The t- 
system involving cyclic ketone (CK), whose ability of  
forming semiperketals with hydroperoxides (reaction 2 ' )  
is well known 6 and exceeds those of aliphatic ketones, 
provides the highest rate of  radical formation. The reac- 
tion order with respect to ketone n < 1 corresponds to 
the noncatalytic decomposition of semiperketal formed 
from CH and TBHP.  s In the case of  the acid-catalyzed 
radical decomposition in the t-system, n > 1 and an 
effect of  CH on the decomposition of  TBH P is consider- 
ably stronger than that in the noncatalytic reaction: 
according to the previously published data, 5 the rate of 
the TBHP radical decomposition is the highest in the 
CH medium, where the initiation constant is equal to 
6" 10 -7 s -I  at 393 K. In our case, in the acid medium (see 
Fig. 3, curve 2) when the temperature is 50 ° lower, the 
specific rate of radical formation from TBHP in the 
presence of  only 0.02 tool L -1 of  CH is 3" 10 .4 s - I ,  i .e.,  
500-fold higher. The difference in kinetic orders with 
respect to [CH] (n < 1 for the example cited 5 and is 
close to the second order in our case) is explained by 
reaction (3 ' )  of  the scheme suggested; this stage is 
similar to the scheme of  acid-catalyzed radical formation 
from TBHP in the binary systemZ: the cleavage of the 
weak - - O - - O - -  bond is followed by the elimination of a 
protonated molecule of  the strong base, alcohol. Accord- 
ing to the scheme, the initiation rate is determined by 
reaction (3 ' ) ,  v i = ki[Xl][enH +] tinder the condition 
that [ket] > [ROOH],  which corresponds to curve 2 in 
Fig. 3, 

[X~l = (K?[ket] [ROOH]/(1 + K?[ket]). 

The concentration of  enol can be expressed by the 
concentration of ketone as [enl = K0[ket], and the 
concentration of  the protonated form is determined as 

[enH +] = Kl([en} - [enH+]) " [HAnl, 

[enH +] = (K I [en]- [HAn])/(1 + K I[HAnD = 
(KoK ~[ket] • [HAn})/(I + K I[HAn]), 

whence the equation 

v i = (kiKoKiK2[ket]2"[ROOH] " [HAND/ 
(l + Kl[HAn])(l + K2[ket]) (4) 

follows that approximately corresponds to the experi- 
mental kinetic orders: the first order with respect of  
TBHP,  nTBHP = 1, nke t < 2, and nHA n < 1, i .e.,  to the 
rational orders with respect of  ketones and acid (2), 
which should be observed in the concentration ranges 
corresponding to the condition of  commensurability of  
the KI[HAal ] and K2[ket ] values to unity (see the de- 
nominator of  Eq. (4)). 

Formation of  two radicals per molecule of  decom- 
posed hydroperoxide in the form of semiperketal corre- 
sponds to the scheme of  reactions 1 ' - - 3 ' ,  i .e.,  the yield 
of radicals is equal to 100 %. The yield of  radicals deter- 
mined experimentally is equal to 22 %, and one ketone 
molecule is consumed per two reacting ROOH mol- 
ecules. The supplement of  the scheme by probable reac- 
tions (5) and (6) involving radicals (a) and (b) formed via 
reaction (3 ' )  corresponds to the stoichiometry of  con- 
sumption of  one ketone molecule per two ROOH mol- 
ecules with 50 % yield of radicals. 

HO O" HO\ //0 

(a) 

02 

HO \c//O /62 

C/& Styrene 

. R '02--CH2-4~H--Ph (5) 

O" 

[ ~ ( b )  
ROOH 

OH 

[ ~  + RO 2 

(6) 

Since the 22 % yield of radicals was experimentally 
determined without special study of overall decomposi- 
tion of  TBHP in the triple P T S A - - C H - - T B H P  system, 
this fact cannot be explained. It should be mentioned 
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that our data on the stoichiometry of  consumption of  
TBHP : CH in the presence of  different acids (PTSA and 
HCIO4) are not contradictory: this value is close to 2 
(Ref. 3) at the ratio of  initial concen t ra t ions  
[TBHP] : [CH] ~ 1 as in this work. The scheme of radical 
formation is not complete and final. The main result of  
the study is observation of  the new catalytic reaction 
with high yield of  free radicals. 
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