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The Decomposition Kinetics of Benzoyl Peroxide in Pyridine and in Pyri- 
d i ne-Benzene 
By Simone Vidal, Jean Court," and Jane-Marie Bonnier, Universite Scientifique et Medicate de Grenoble, 

Batiment 52 Chimie Recherches, B.P. 53X, 38041 Grenoble Cedex, France 

The decomposition kinetics of benzoyl peroxide in pyridine and in pyridine-benzene have been studied in the 
presence and absence of an inhibitor. We observed that pyridine could induce the decomposition of benzoyl 
peroxide, the reaction of which was first-order with respect to the peroxide and pyridine, respectively, to give 
pyridine N-oxide and benzoic anhydride. We demonstrated that pyridine cation radicals are not formed in the 
reaction. The unusual decrease of the first-order rate constant for the decomposition of benzoyl peroxide in pyridine 
with the increase of the initial concentration is ascribed to a decomposition induced by the dihydro- and tetrahydro- 
pyridines which predominates at low initial concentrations. 

IT is well known that the overall decomposition kinetics 
of benzoyl peroxide (BPO) in solution l v 2  are the sum of 
spontaneous cleavage and radical-induced decomposi- 
tion. The disappearance of BPO can be expressed by 
equation (1) where -d[P]/dt represents the decomposi- 
tion rate of BPO, k, the specific rate constant of the 
spontaneous cleavage reaction which is first-order with 
respect to the peroxide concentration, and ki the specific 

-d[P]/dt = k, [PI + kj [PI" 
rate constant of the radical-induced decomposition which 
is dependent on the xth order of the peroxide concen- 
tration. The large variation of the overall rates of BPO 
decomposition in various solvents mainly arises from 
drastic variations of ki, whereas k, remains nearly the 
same in the solvents studied.* However in the presence 
of nucleophiles, such as sulphides,6 a third decomposition 
pathway competes with homolysis. In the thermal 
decomposition of BPO in pyridine and methylpyridines 7 

this third type of decomposition has been postulated in 
order to rationalize the formation of pyridine N-oxide 
and the high yield of benzoic acid. Therefore we assum- 
ed that in the presence of pyridine the rate equation 
should have form (2) where k, represents the specific rate 

constant of the pyridine-induced decomposition and y 
the order of the pyridine concentration. Our purpose 
was to determine the rate constants k,, ki, and k, and to 
evaluate the relative importance of these pathways in an 
endeavour to assign a mechanism to the pyridine-in- 
duced decomposition. We therefore measured the rate of 
disappearance of BPO at various initial concentrations of 
the peroxide in pyridine-benzene in the presence and 
absence of radical traps. Since BPO decomposition 
could be accelerated by the addition of stable radicals,899 
benzoyloxyl radical scavengers, such as galvinoxyl, 
should be avoided. We therefore chose N-(t-buty1)-a- 
phenylnitrone (PBN) as the inhibitor, as it is known that 
phenyl and benzoyloxyl radicals are readily trapped by 
this compound.1° 

-d[P]/dt = k,[P] + ki[P]" + k,[P][Pyr]Y (2) 

RESULTS A N D  DISCUSSION 

Decomposition of PBO in Benzene.-In order to estab- 
lish the experimental procedure as well as the PBN 

trapping efficiency, we first studied the kinetics of BPO 
decomposition in benzene at 80 "C. In this solvent the 
radical-induced reaction is three-halves order in peroxide 
concentration [i.e. x = 3/2 in equation (l)] leading to 
equation (3).11 The rate constants k, and ki can be 

(3) 
deduced from equation (4) where kt stands for the ob- 

kt = B,  + ki[P]i'' (4) 

served first-order rate constant and [PI, for the initial 
peroxide concentration (Table 1). A plot of kt against 

TABLE 1 

Rate constants for the decomposition of benzoyl 
peroxide (BPO) in benzene at 80 "C 

10' [P]o/M-' 4.63 9.7 14.6 18 22.8 
105 kt/s-l * 4.22 4.72 6.06 6.18 6.26 
* All data are an average result of three independent runs. 

[PI$' gave rate constants k, = 4.0 x s-l and kg = 
3.1 x mol-1/2 l1i2 s-l. These results are in accord 
with those reported in the literature.? 

In the presence of PBN, the second term in equation 
(4) disappeared due to scavenging and indeed the BPO 
decomposition obeyed strict 1 y first-order kinetics with 
rate constant kt = k,  = 3.9 x 10" s-l which is identical 
to that obtained for the uninhibited decomposition 
(4.0 x sl), within experimental error. Further- 
more, since we did not detect any biphenyl by g.1.c. 
analysis of the decomposition products , benzoyloxyl and 
phenyl radicals must have been cleanly trapped by PBN 
and the radical-induced decomposition suppressed. As 
only 0.52 mole of PBN was consumed per mole of 
BPO decomposed, we used e.s.r. spectroscopic analysis to 
monitor the trapping pattern of PBN during decomposi- 
tion. At  the beginning of the decomposition the e.s.r. 
spectrum consisted of a triplet of doublets as expected 
for nitroxide radicals derived from the addition of ben- 
zoyloxyl and phenyl radicals to PBN. But, when the 
decomposition was near completion, a triplet-(aN 15 G )  

-f In the presence of styrene, Swain reported k, 4.6 x 
s-l. Furthermore taking the results of Gill and Williams la 
a t  78 "C and the activation energy recommended by Janzen 
et U Z . ~  we calculated a value of 2.6 x 6-1. Gill and Williams l* 
also reported kl = 3.7 x 11/* mo1-l'' 0. 
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was observed. Such a hyperfine splitting pattern indi- 
cated the absence of a p-hydrogen in the second nitroxide, 
to which structure (111) might be assigned. These 
observations can be explained by the sequence of reac- 
tions (A)-(C). 

(CH,),C-k=CH-Ph + R' (CH,),C-N-CH-Ph (A) 

0- I d* k 
(1) 

+ 
(I) + R + RH + (CH,),C-N=C-Ph (B) 

I I  

(11) 
0-R 

R 
I 

I I  
(11) + R' (CH,),C-N-C-Ph 

This suggestion does not contradict Janzen's report lo 

that PBN trapping can be used to monitor benzoyloxyl 
and phenyl radicals produced from BPO decomposition 
as a function of time since Janzen ran the reaction at low 
conversion of BPO for which products (11) and (111) 
would not be formed. A coupled dimer of nitroxide (I) 
seems unlikely since it has been recently shown l3 that 
rate constants for bimolecular coupling of such spin 
adducts are smaller than the rate constants of these spin 
adducts with radicals. Such a reaction sequence has 
been reported in the case of atom rea~ti0ns.l~ As the 
spin adduct (111) could also trap another radical, one 
molecule of PBN could in theory scavenge four radicals. 
Therefore, although the consumption of PBN per mole of 
BPO was low, we concluded that both benzoyloxyl and 
phenyl radicals were totally trapped. 

Decomj5osition of BPO in Mixed Solvents of Pyridine- 
Benzene.-In order to eliminate the radical-induced 
decomposition, the kinetic measurements were carried 
out in the presence of PBN. In such a case rate equation 
(2) becomes (5). Assuming that the pyridine-induced 

1 mol-l s-l; in neat pyridine ([Pyr] = 12 .43~)  it rises to 
6.4 x 1 mol-l s-l. 

These bimolecular kinetics are expected for both 
mechanisms postulated to rationalize the data for the 

TABLE 2 
Rate constants for the decomposition of benzoyl peroxide 

(BPO) in pyridine-benzene mixtures a t  80 f 0.1 "C 
with [PI, = 1 0 - l ~  

10' ki 
10' k,/ 10' k2/ [~11";/ 

[Pyrl /M s-l 1 mol-l s-l 10' kJs-1 C 

0 3.9 4.72 8.2 

0.62 4.25 0.56 5.06 8.1 
1.24 4.01 0.09 5.55 15.4 
1.86 4.38 0.26 6.76 23.8 
2.49 4.34 0.18 7.40 30.6 
3.11 4.69 0.25 8.3 36.1 
3.73 5.02 0.30 9.23 42.1 
6.22 6.13 0.36 
8.70 7.64 0.43 23.23 231.5 

12.43 11.89 0.64 50.20 383.1 

(pure C6H6) 

(pure PYr) 
(I Observed first-order rate constant in the presence of 

inhibitor; [PBN], 10-'M. Second-order rate constant for the 
induced decomposition of BPO by pyridine. Observed first- 
order rate constant without inhibitor. ,I Apparent first-order 
rate constant for the radical-induced decomposition of BPO. 

decomposition of peroxides in the presence of nucleo- 
philes as in Scheme l,l69l7 i . e .  one-electron transfer 
from the nucleophile (path a) and nucleophilic attack on 
an oxygen atom of the peroxide by pyridine (path b). 
As we have not found any compound which could arise 

pure pyridine -+ + 

10 

+ 

decomposition is first-order in peroxide and pyridine 
concentrations, by analogy with the decomposition of 
peroxide by amines,15 the rate constants k, and k, can be 
deduced from equation (6) where R I  is the observed 

first-order rate constant in the presence of inhibitor and 
[Pyr], the initial concentration of pyridine. A plot of RI 
(Table 2) against [Pyr], affords a straight line * for con- 
centrations up to 4~ (Figure). At higher concentra- 
tions the plot curves upward and this can be attributed 
to the effects of the dielectric constant of the solution. 
The rate constant of the bimolecular reaction of BPO 
and pyridine derived from the slope is k,  = 2 x lo* 

I t 1  1 1 1  I ' I )  1 ' 1  

10 [Pyr]/M 

FIGURE Plot of k ,  against [Pyr] 

from the pyridinium cation radical (IV), the intermedi- 
acy of such a radical is doubtful. The following experi- 
ments also support our argument. We have generated 
the pyridinium radical (IV), by the oxidation of pyridine 
with peroxydisulphate, in the presence of PBN and 

* Note that the percentage of BPO decomposed in the pyridine- 
induced decomposition is low, e.g. it is 10% at a pyridine con- 
centration of 1 . 8 6 ~ ,  then the error in the determination of the 
pseudo-first-order rate constant kt  results in a larger error for the 
determination of the rate constant k,. With a more reactive 
heterocycle, the accuracy of the k, determination is far better and 
there must be a second-order reaction as shown by the results 
obtained with 4-methylpyridine [k, = 9.8 x 10-6 1 mol-1 s-1, 

r 0.997 (S. Vidal, unpublished results)]. 
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observed the e.s.r. signal of nitroxide (V) i .e. a 1 : 1 : 1 kt = k, + k,CP37r]o + ~i[P]~z-l  (7) 

(8) 
triplet of 1 : 2 : 2 : 1 quartets.ls E.s.r. analysis of samples 
during the BPO decomposition in the presence of PBN 
did not reveal an unusual nitroxide spectrum. Since 
( IV)  could attack pyridine to give pyridylpyridinium 
salts which could be degraded by the Zincke method to 
aminopyridines, the reaction mixture left after a kinetic 
run in the presence of PBN was subjected to Zincke 

Ki[P]oz-l = k, - kI 

increases rapidly as the pyridine concentration increases. 
If we assume, in analogy with the proposal 1 2 y 2 0  that the 
major induced decomposition pathway in benzene arises 
from the oxidation of the phenylcyclohexadienyl radicals, 
the present observation suggests that the a-complexes 

+ 

complex A 

I I  
I I  
I 1  

+ 

+ 

complex B 

( 1V) $- ( CH3I3C-N=CH- C6H5 - (CHJ)3C--N-CH2N ' \ 
I' I ' 3  
0- 

SCHEME 1 

degradation.lg A4s we did not detect any aminopyridines 
by g.1.c. analysis of the resulting mixture, pyridylpyri- 
dinium salts were not formed. Finally, bipyridyls which 
could arise from the radical substitution of pyridine were 
also not detected. On the other hand the formation of 
pyridine N-oxide and benzoic anhydride can be regarded 
3s good evidence in favour of path b. In the absence of 
PBN, the yield of benzoic anhydride was 0.23 mole per 
inole of peroxide, in good agreement with the theoretical 
yield deduced from the rate constants k, and k ,  in neat 
pyridine (theoretical yield = k,[Pyr]/kr). Therefore our 
data on the induced decomposition of BPO by pyridine 
are better rationalized by the SN than by the ET 
mechanism. However the ET mechanism cannot be 
totally discounted since complex A\ ma17 be rapidly 
transformed into complex B.I7 

In the absence of inhibitor, a third decomposition path 
may also occur in addition to the two already investi- 
gated. The observed first-order rate constant in the 
absence of inhibitor k, is then the sun1 of three terms as 
shown in equation (7) .  A combination of equations (6) 
and (7) gilres equation (8) from which the importance of 
the radical-induced decomposition can be deterniined. 
From the kinetic data (Table 2) it appears that kjiP]o*-l 

from pyridine are more prone to attack the peroxide 
linkage than are the a-complexes from benzene. 

Decomfiosition of BPO in Pyridine.-The decomposi- 
tion rate of BPO in substituted benzenes 12,21 has been 
reported to be either insensitive to the initial peroxide 
concentration [PI, or to increase as this concentration 
increases. On the other hand, in the similar decom- 
position of BPO in pyridine the first-order rate constant 
decreases as [PIo increases (Table 3).  Two possible 

TABLE 3 
Rate  coiistants for the decomposition of BPO in pyridine 

a t  various initial BPO concentrations [PJ,, 
[PI ol Rf 0.187 0.141 0.096 0.067 0.05 0.024 
1 O4 kt/s-' 3.86 4.44 5.02 5.7 6.2 8.01 
[P],,-1/2/11/2 mol-'/' 2.31 2.66 3.23 3.86 4.47 6.46 
104 k r p  1.2 1.2 1.08 
~ P I o / ~  0.183 0.087 0.049 

explanations can be envisaged for this unusual observ- 
ation. First, one can postulate that the order x of the 
radical-induced decomposition with respect to BPO is 
smaller than 1 .  Alternatively, it could be suggested that 
in addition to radicals, other non-radical species might 
also induce BPO decomposition. As such, in order to 
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fit the experimental results, the BPO concentration has 
to be related to the concentration of the compounds 
responsible for induced decomposition in such a way that 
the lower the former, the higher is the latter. 

The first postulate was tested by a plot of k, from Table 
3 against [P]o-1/2, giving a straight line (r  0.99); this 
indicates that the radical-induced decomposition should 
be dependent on a half-order in peroxide concentration, 
the rate constant of the radical-induced decomposition 
deduced from the slope is ki = 9.7 x mol 112 1-112 s-l. 
The half-order necessitates that the induced decom- 
position process and the termination process have the 
stoicheiometry shown in Scheme 2. In this simplified 

k 
P A  2R' 

P + k._ (C@,CO)@ + C&&NO 
ke 

R' + Pyr IS* (u-complex) 

0- + P k,_ R' + products 
kd 

2 R  + products 
SCHEME 2 

mechanism P stands for the undecomposed BPO and 
R' for benzoyloxyl and phenyl radicals. 

Applying steady-state treatment to the mechanism 
shown in Scheme 2, equation (9) is obtained. The calcu- 

(9) 
lated value from equation (9) for ki, 1 mol l I2  1-112 s-l,* 
is four orders of magnitude higher than the actual value 
of ki, 9.7 x loh5 mol 112 1-112 s-l. Such a discrepancy rules 
out a radical-induced reaction being half-order in 
peroxide concentration. 

We pro- 
pose that another species responsible for the decom- 
position arises from the disproportionation of the a-com- 
plexes, i .e. dihydropyridines as shown in Scheme 3. In 
Scheme 3 D stands for dihydropyridines. 

Thus the second assumption is more likely. 

k 
P 1 L 2 R .  (i) 

k, R + Pyr + a* (u-complex) (ii) 

(iii) 
k 

k 
a* + u. -& C,H,N-R + D 

D + P -% u* + R' + C6H,COOH (iv) 

u* + P -% C,H,N-R + R' + C,H,COOH (v) 
k 

R* + R ~ R - R  (4 
(vii) k* R + u* ---t C,H,N-R + RH 

SCHEME 3 

Several facts support this assumption. (i) Contrary 
to a report for benzene,% dihydro-derivatives are not 
observed at the end of the reaction. Since dihydro- 
phenylpyridines can be thermally decomposed into 
phenyl- and tetrahydrophenyl-pyridines we also looked 
for the latter compounds but we did not find any. 

* From the value of k, in ref. 22, our value of k,, and assuming 
that the termination reaction is diffusion controlled. 

However, the formation of dihydrophenylpyridines must 
be postulated to rationalize the results of the phenylation 
of [2-2H]- and [3-2H]-4-methylpyridine by BP0.M 
Therefore the dihydrophenylpyridines initially fonned 
have to be oxidised. 

(ii) I t  has been reported that dihydropyridine deriv- 
atives are oxidised by BPO at room t e m p e r a t ~ r e . ~ ~  We 
prepared an ethereal solution of 1,2-dihydr0-2-phenyl- 
pyridine using the method published by Giam et aZ.26 
This compound reacts readily with BPO at room tempera- 
ture and the rate constant is estimated as 10 1 mol-l s-1 
from the half-life of BPO in benzene solution. Thus, 
dihydrophenylpyridine concentrations as low as 1 0 - 5 ~  
would justify the magnitude of the induced decom- 
position. 

(iii) It has been shown 23 that in the reaction of BPO 
with benzene termination at low [PI, occurs largely by 
interaction of pairs of cyclohexadienyl radicals giving 
rise to dihydrobiphenyls and tetrahydroquaterphenyls; 
we assume that the same should hold for decomposition 
in pyridine. Thus at very low [PI,, the reaction should 
be almost entirely accommodated by the processes (i) 
-(iv), whereas at high [PI, the process (vi) should 
predominate with processes (iii) and (iv) being of minor 
importance. Therefore as [PI, increases, the yield of 
phenylpyridines should increase whereas the yield of 
a-complex dimers (which one would expect to be formed 
together with the disproportion products by reaction of 
two o-complexes) should decrease. As shown in Table 4, 

TABLE 4 

Variation in yield of cr-complex dimers in the phenylation 
of 4-methylpyridine-benzene mixtures with initial 
BPO concentration [PI, 

8.4 5.9 4.5 2.4 
0.15 0.23 0.27 0.38 

10': tPIO!M 
dimer 

2- and 3-Ph-4-MeC5H,N 
a This ratio has been deduced from the variation in isomer 

percentages with initial BPO concentration ' since this varia- 
tion results from the selective removal of the 3-position a-complex 
by the dimer formation. 

the variation in yield of o-complex dimers in the phenyl- 
ation of 4-methylpyridine-benzene mixtures with initial 
BPO concentration, [PI,, are consistent with this assump- 
ti0n.t Therefore as [PI, increases the decomposition 
induced by the dihydro- and tetrahydro-phenylpyridines 
decreases, providing an explanation for the unusual 
variation of the pseudo-first-order rate constant in 
pyridine with change in [PI,. 

t In pure pyridine the coupling reactions of the three u- 
complexes might give rise to many bisdihydrophenylbipyridyl 
isomers and stereoisomers. Even after dehydrogenation, the 
reaction mixture might remain complex and the accuracy of the 
yield measured might be low. We chose to study the decomposi- 
tion in 4-methylpyridine-benzene solutions since the product 
analysis should be less difficult and therefore more accurate than 
in pyridine. In addition to the tetrahydroquaterphenyls and 
the quaterphenyls, we only observed two dimers, namely 2- (p- 
biphenylyl)-4-methyl-3-phenyl- and 2-(p-biphenylyl)-4-methyl- 
6-phenyl-pyridine which resulted from the coupling of the u- 
complex at the 3-position with the phenylcyclohexadienyl 
radical.*' A benzene : 4-methylpyridine ratio of 6 : 1 (or 
higher) prevents coupling of two 4-methylpyridine o-complexes. 
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Note that radical traps scavenge not only the benzoyl- 
oxyl and phenyl radicals but also the a-complexes formed 
under these conditions. Therefore, dihydropyridine- 
induced decomposition is suppressed and consequently 
the reaction ma!. be taken as a radical-induced decom- 
posit ion. 

EXPERIMENTAL 

Stuvting Muteria1s.-Pyridine and principally 4-methyl- 
pyridine may contain traces of amine. Because of the high 
reactivity of amines with BP0,2* they must be removed. 
For pyridine BPO (12 g) was decomposed in 1 1 which was 
then distilled over a spinning band column. In order to 
obtain good reproducibility of the kinetic results, this 
procedure was repeated. Pyridine N-oxide was identified 
by comparison of its i.r. spectrum and its retention time in 
g.1.c. with that of an authentic sample. Benzoic anhydride 
could not be isolated from the reaction mixture; however 
g.1.c. comparison and co-injection with an authentic sample 
showed its presence. Furthermore, on addition of water, i t  
disappeared to give benzoic acid. Yields were measured 
by g.1.c. analysis with 1,2-di-4-pyridylethylene as internal 
standard (column 3 f t  x 1/8 in packed with 5% SE 30 on 
80-100 mesh Chromosorb I\'; isothermal at 180 "C). 
2-(p-BipltenyZyZ)-4-methyl-3-phenylpyridine and 2-(p-Bi- 

pltenyZyl)-4-methyl-5-phenyZpyrzdine.-A solution of biphen- 
ylyl-lithium (27 mmol) in ether (80 ml) was added at room 
temperature to a solution of 4-niethyl-3-phenylpyridine 28 

(2.5 g, 15 mmol) in toluene (100 ml). The mixture was cooled 
to 40 "C and water (20 ml) was added. The ethereal extract 
was dried (Na,SO,), the toluene distilled, and the residue 
poured into N-hydrochloric acid (200 ml). The ethereal 
extract gave $-quarterphenyl (0.15 g, 0.5 mmol). The 
aqueous solution was basified and extracted with chloroform. 
The residue was chromatographed over silica gel with light 
petroleum-chloroform (1 : 1 v/vj as eluant. 2-($-Biphenyl- 
yl)-4-methyl-5-phenylpyridine was eluted first. The two 
isomers were distinguished by lH 1i.m.r. spectroscopy, the 
6-H of the 2-(p-biphenylyl)-4-methyl-3-phenylpyridine is 
coupled with the 5-H ( J S p 6  4 Hz) whereas the 6-H signal of 
the other isomer appeared as a singlet (J3*." < 0.5 Hz). 
2-(p-BiplaenylyZ) -4-metlzyl-5-~l~enyZpyvi~~~ (Found : C, 
89.6; H,  6.0; N, 4.4. C24H19N requires C, 89.7; H, 5.9; N, 
4.35%) had v,,,,,. (KBr) 3 030, 3 000, 1 600, 1 480, 1 4 5 0 ,  
1000, 885, 840, 765, 760, 725, 705, and 695 cm-l; G(CDC1,) 
2.35 (3 H,  s, CH,), 7.1-7.65 (13 H, m, aromatic H), 8.05, 7.95 
(2 H, 2'- and 6'-H of biphenyl), and 8.4 ( lH ,  s, 6-H) ; i n / e  321 

167, 166, 165, 153, 152, 151, 141, 140, 139, 128, 127, 126, and 
1 16. 2-(p-BiphenylyZ)-4-~netlzyE-3-pltelzylpyr~dine (Found : 
C, 89.5; H, 6.0; N, 4.5%), vmax. (KBr) 3 040, 3 010, 2 940, 
2 905, 1580, 1660, 147  5,  1455, 1430, 1 395, 1008, 845, 
765, 730, 700, and 595 cm-l; G(CDC1,) 2.15 (3 H,  s, CH,), 7.05 
-7.6 (15 H, m, aromatic), and 8.45 (1 H,  d ,  J 4 Hz, 6-H); 
nz/e 321 (58%, M+),  320 (100, M +  - H), 304, 244, 160, 153, 
151, 139, 126, and 115. 

(100%) hf'), 320 (14, Mt - H), 244, 243, 216, 202, 178, 177, 

1,2- Dihydvo-2-phenyZPyridine--An ethereal solution of 
this compound was prepared according to the procedure 
described by Giam et aZ.26 by hydrolysis of the correspond- 
ing N-lithio-2-phenyl- 1,2-dihydropyridine 30 with an excess 
of water which was removed by addition of anhydrous 
sodium sulphate. 

\Ve thank Professor Y. Chaw, Simon Fraser University, 

[1/989 Receiued, 18th June, 19811 
for discussions. 
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