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Kinetics and mechanism of the reaction of dimethyldioxirane with cumene 
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The reaction of dimethyldioxirane with cumene (22--52 ~ follows a chain-radical 
mechanism. The kinetic regularities of this reaction were studied by the chemiluminescence 
and kinetic UV spectrophotometry methods by monitoring the consumption of dioxirane. 
The process is inhibited by oxygen. In the absence of O.~, the process is accelerated due to 
the decomposition of dimethyldioxirane induced by alkyl radicals. In this case, the reaction 
occurs according to a complicated kinetic law including the fi~t and second orders with 
respect to dioxirane. Based on the kinetics and reaction products, the scheme of the process 
was proposed. 
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Selective oxidat ion o f  organic compounds  to the 
corresponding hydroxy- and oxo-derivat ives is of  great 
theoretical  and practical interest. Dioxiranes, which com- 
bine high selectivity and mild oxidation condit ions,  are 
very promising oxidants for organic compounds,  t,z The 
majority o f  studies on the chemist ry  of  dioxiranes are 
devoted to revealing their  synthetic possibilities. The 
study of  the mechan i sms  of  oxidat ion processes involv- 
ing dioxiranes is also an urgent  problem. Two mecha-  
nisms of  the reactions o f  dioxiranes with saturated or- 
gan ic  c o m p o u n d s  are d i scussed :  inse r t ion  at the 
C - - H  bond and the radical mechanism.  One argument 
favoring the insert ion m e c h a n i s m  3 

R ) 
- 

is the high stereospecificity of  the oxidation process. 3-s  
For example,  the oxidation of  R- ( - ) -2 -pheny lbu tane  by 
methyl( t r i f luoromethyl)dioxirane occurs with the com- 
plete retention of  the configuration, s The value of  the 
coqstant  of  the reaction series P = -2 .76  for the oxidation 
ofpara-substituted cumenes  by dintethyldioxirane 6 agrees 
well with the insertion mechanism.  The primary isotope 
effect (kH/k o = 4.97 for the oxidat ion of  cyclodo-  
decane-d24 and kH/k D = 2 for cyclohexane-dl23,4) and 
the high selectivity (the ratio of  the rate constants of the 
react ions  o f  d ime thy ld iox i r ane  with to luene ,  e thyl-  
benzene,  and cumene  calculated per benzyl C - - H  bond is 
equal to 1 : 24 : 91) 3 are also evidence for the nonradical 
c h a r a c t e r  o f  the  process.  The  inhibi tory  effect  of  
para-benzoquinone and 2,2,6,6-tetramethylpiperidineoxyl 
on the oxidation of  hydrocarbons by dimethyldioxirane 9 
agrees with the radical scheme.  7-9 

R 1 R1 
R ~  72/~6 ~ Rt O" RH= 

+ x o .  + .. 

Another  a rgument  in favor o f  the radical mechan i sm is 
the effect of  oxygen on the rate and compos i t ion  of  the 
oxidat ion products.  7-9 

Evidently, the mechanism of  the reaction of  dioxirane 
with the C - - H  bond depends  on a number  o f  factors 
(the nature of  reagents, solvent ,  and tempera ture) .  The 
possibility that the reaction proceeds  s imul taneously  via 
several pathways with different degree  of  charge separa- 
tion in the transit ion states cannot  be ruled out. a 

Data on the reaction kinetics give very useful infor- 
mat ion on the mechan i sm o f  the process. Therefore ,  in 
the present work, the kinetic regularities of  the react ion 
of  d imethyldioxirane  ( D M D O )  with c u m e n e  ( C u r e r )  
are studied in detail along with the compos i t ion  o f  the 
products,  and the scheme of  the process is suggested on 
the basis of  this study. 

Exper imenta l  

Dimethyldioximne was synthesized, identified, and ana- 
lyzed as described previously. 8 Isopropylbenzene (cumene, 
Cure r )  was purified by a known procedure, l~ The reaction 
products were analyzed on a Finnigan GLC mass spectrometer 
and by GLC on a Shimadzu chromatograph (PEG-20M. / = 
25 m, 50--180~ The concentrations of DMDO and CumH 
were measured within ( I .2- -5 .7) '10  -2 m o l l  -I and 0.45-- 
1.8 tool L -1, respectively. The reaction kinetics was studied 
spectrophotometrically by the consumption of DMDO at k = 
335 nm (e = 10 L tool -~ cm - l )  on a Specord M-40 instrument. 
A solution (2--2.5 mL) of DMDO in acetone was placed in a 
quartz cell (the optical path was [ cm), and argon was bubbled 
through the solution for -2.5 rain. The cell was placed in a 
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chamber of the spectrophotometer and thermostated at 42 ~C 
(the concentration of DMDO remained almost unchanged 
during thermostating). The necessary amount of CumH was 
rapidly added by a syringe, with a negligible change in the 
temperature. The cell was tightly closed, and the consumption 
of DMDO was monitored. Some experiments were performed 
with continuous bubbling of oxygen. 

Chemiluminescence (CL) was detected on an installation 
with an FEU-140 photomultiplier. For detection of CL, cumene 
(I mL) or a solution of cumene in CCI4 and a solution 
(0.8 mL) of DMDO (006 tool L -I)  in acetone were placed in 
a reactor with a stirrer and a bubbler. The temperature was 
varied in the range from 22 to 52 ~C. 

Resul ts  and Discuss ion  

Reaction products.  The  main products of  the reaction 
of C u m H  and D M D O  at 42 ~ with continuous bubbling 
of oxygen are 2-phenylpropan-2-o l  ( C u m O H )  and ac- 
e tophenone (PhC(O)Me) ,  in yields of  0.6 and 0.34 moles 
per  mo le  o f  D M D O  (Table  1). The  rat io  
A[CumOH1/,_XIPhC(O)MEt = 1.78 is close to that calcu- 
lated using the data from Ref. II for the initiated oxida- 
tion o f c u m e n e  (1.45) at [ C u m H ]  = 1 tool L -I  and 42 ~ 

In an inert a tmosphere  (the oxygen that is initially 
present in the system is e i ther  chemica l ly  bound or 
removed by bubbling of  Ar), the yields of  C u m O H  and 
P h C ( O ) M e  per  c o n v e r t e d  D M D O  are lower  (see 
"l-able I). In addit ion,  cumyl  acetate,  (~-methylstyrene, 
c t-methylstyrene oxide,  and ter t -butylbenzene are ob- 
SErVed in the products.  The  formation of these com-  
pounds can be Explained only by radical processes. 
Thus,  even a simple study of  the reaction products 
makes it possible to conc lude  that the reaction occurs 
via the radical route. 

React ion kinetics in an oxygen atmosphere .  Under  
these condi t ions,  the react ion kinetics were studied by 
tire C L  method  at [CumH]0  > [ D M D O ] 0  ( [CumH]0 and 
[ D M D O ] 0  are the initial concen t ra t ions  of  cumene  and 
d imethyldioxi rane ,  respectively) and at {O2] 0 = (5--  
6)" 10 -3 tool L - t .  We have previously shown that the 
reaction of  D M D O  with c u m e n e  is accompanied  by CL 
in the visible spectral region. 12 It is impor tant  that CL is 
obserVed only in the presence of  O 2 . When the O~ 
supply is s topped,  the l uminescence  decays, which is a 
convinc ing  argument  that the luminescence  is caused by 
the recombina t ion  of  peroxyl radicals. The typical ki- 
netic curves of  the l uminescence  decay presented in 

Table 1. Products of the reaction of dimethyldioxiranr with 
cumene 

T.."~ [DMDOI {Cumttl [CumOH]'102 [PhC(O)Mel'I02 

/mot L- 1 

30 0 04 1.0 0.83 0.38 
51 0.04 I 0 0 85 0.35 
42" 004 t 0 2.43 1.36 

' Fhc experiment was carried out with continuous bubbling of 
oxygen 

Fig. I can be linearized (r_> 0.99)  in the coordinates  of  
first-order equat ion.  Rate cons tan t s  of  a pseudo-firs t  
order ker r were calculated from the  kinetic curves o f  the 
CL  decay: 

[CumHl/mol L -t  0.45 2.0 3.0 4.5 
ker r .  103/s -t 0.84_*_0.08 4.6+0.4 6.3• 8.7• 
([DMDO] 0 = 2.8" t0-" moIL -1, CC14 as solvent, 42 ~ 

The  t e m p e r a t u r e  d e p e n d e n c e  k , e d [ C u m H  ] = 
4 tool L - t )  

T/K 295 303 310 315 317 325 
ketr �9 103/s -t  I.II 2.86 4.06 7.72 5.32 8.0 

is described by the eqt,ation logkeff = 6.4 - (12 .5~2 .2 ) /  
0 (0 = 2.303" RT kcal r e � 9  

React ion kinet ics  in an iner t  a tmosphere .  The  reac- 
tion kinetics were studied spec t ropho tome t r i ca l ly  by 
measuring the consumpt ion  o f  d imethy ld iox i rane  over 
t ime at [CumH]0 > { D M D O ]  0. The  kinetic curves of  
consumpt ion  of  D M D O  have an  S-l ike character .  The 
initial regions of  the kinetic curves  in the induct ion 
period can be descr ibed by a f i r s t -o rder  e q u a t i o n  
(Fig. 2). The rate constants agree  satisfactorily with the 
values obtained in Experiments in an a tmosphere  of  O, .  
The existence of  the induct ion per iod  is likely related to 
the inhibiting action of  the O 2 that  is present  in the 
solution. This is indicated by a decrease  in the induct ion  
period when argon is bubbled th rough  the system. An 
increase in the concentra t ion  o f  c u m e n e  also results in a 
decrease in the induct ion per iod  due to the more  effi- 
cient binding of  O 2 (see Fig. 2). Con t inuous ly  bubbling 
O,  through the system cons tan t ly  inhibits the  system 
and, as a consequence ,  au toacce le ra t ion  of  the process 
does not occur.  Unfor tunate ly ,  in an a tmosphere  of  O 2, 

/(rel. units) In(l�9 
7 .- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7~-. 1.5 
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Fig. !. Time dependence of the intensity of CL m the 
CumH--DMDO system ~42 'C.  [Cumtt] 0 = 2.0 tool L -L. 
IDMDOh = 0.028 tool L - l ,  ~ol~cnt CCI~). 
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Fig, 2. Typical kinetic curves or consumption of DMDO 
(42 ~ acetone) (1~4) and their anamorphoses (2a, 2b, 3a, 
4a). 1, [CumH]0 = 0; 2, oxygen was preliminarily bubbled 
through the reaction mixture, [CumH]0 = 0.75 mol L-L; 3 and 
4, argon was preliminarily bubbled through the reaction mix- 
ture, [CumHlo = 0.75 and 1.5 mol L -t, respectively. 

the reaction kinetics cannot be studied spectrophoto- 
metrically, because the spectra of DMDO and oxidation 
products are superposed. As the reaction conversion 
increases, the concentration of O 2 decreases due to its 
chemical binding, and the process is sharply accelerated. 
Under these conditions, the kinetic order with respect to 
dioxirane increases as the reaction develops. The kinetic 

Table 2. Effective one-and-half-order constants 
(k/LIi2m~3l-L/2s -t) of consumption of DMDO in cumene 
(42 ~ acetone) 

[DMDO]" �9 102 k" 103 [CurnHl** k" l03 
/mol L -I /tool L -I 

1.2 7.2 0.45 23.7 
2.2 17.1 0.75 21.3 
3.0 16.6 1.0 25.5 
4.2 27.3 1.3 32.8 
5.1 28.3 1.5 38.8 
5.7 . 39.4 1.8 4t.8 

" iCumH] = i real L -t. "" [DMDOI = 0.04 tool L -!. 

curves are described with reasonable correlation coeffi- 
cients by equations of either one and half or second 
orders. The effective rate constants that formally de- 
scribe the kinetics of the consumption of DMSO under 
different conditions are presented in Table 2. 

According to Table 2, k increases as the concentra- 
tions of CumH and DMDO increase. The dependence 
of k on the concentration of dioxirane testifies that the 
time order of the reaction with respect to dioxirane 
determined by the integral method differs from the true 
order. This situation is characteristic of complicated 
processes, in particular, of the case when the products 
are involved in the reaction. 13 In fact, since both 
ct-methylstyrene and its oxide were observed in the 
products, it can be supposed that the increase in the rate 
constant is caused by the epo• of styrene by 
dimethyldioxirane. It is known t4 that dioxirane effi- 
ciently epoxidizes alkenes. It has been determined by 
the spectrophotometric method that the second-order 
rate constant  of the react ion of D M D O  with 
ct-methylstyrene is equal to 2.0+0.4 L tool - t  s - i  (25 "C, 
acetone). 

The experimental results obtained testify convinc- 
ingly that the reaction of DMDO with cumene involves 
free-radicals: 

a. The effect of 0 2 on the kinetics of the process. 
The substantial retardation of the reaction in the pres- 
ence of 0 2 is associated with the diffusion-controlled 
reaction of the latter with alkyl radicals. Since under the 
conditions studied the ROO" radicals cannot induce the 
decomposition of DMDO, the reaction R'  + O 2 is in 
fact the stage of termination at the inhibitor (O2). The 
shape of the kinetic curves and the dependence of the 
reaction rate on the concentration of 0 2 are characteris- 
tic of chain-radical inhibited processes. 

b. The formation of such reaction products as ac- 
etophenone, a-methylstyrene, and ten'-butylbenzene is 
possible for the radical process. 

c. The ratio of the concentrations of the main reac- 
tion products (2-phenylpropan-2-ol and acetophenone) 
is characteristic of radical processes, in which the 
cumyloxyl radical is generated to be either decomposed 
or to eliminate the H atom. 

d. The detection of CL in the visible spectral region 
is evidence for the existence of radical intermediates. 
The presence of oxygen in solution is necessary for the 
appearance of luminescence. This suggests that peroxyl 
radicals are responsible for the CL observed. 

Mechanism of the process. The combined experi- 
mental (kinetics, reaction products) and published data 
suggest the following mechanism of the reaction. 

Generation of  free radicals. Although free radicals 
appear only in reaction (+1), the reactions leading to 
the primary, products and carbon-centered radicals were 
also included in this group of reactions. 

The first stage of the process resulting in the genera- 
tion of free radicals is homolysis of the O- -O  bond of 
dioxirane. The bond strength in acyclic peroxides is 
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Me" + Me" + CO 2 (2a) 

M e % o  (2b) 

O" " ~ O  ~ OH 
' ~ 0 "  ~ 0 '  + "CH2C(O)Me 

OH 
~ '  -~O" ~" "CH2C(O)Me (3a) 

- - L  OH 
�9 ~OCH=,C(O) Me (3b) 

O" OH 
~0. +CumH # ~ O  �9 +Cam" 

OH 

t ' - ' "~ '~O" +Cum" (4a) 

f _ , OH 
= / "'~OCum (4b) 

equal to 37--38 kcal mol-~, t5 and the strain energy of 
the three-membered cycle is L26 kcalmol-~J  6 there- 
fore, the dissociation energy of the O--O bond in 
dioxirane is equal to I 1--12 kcal tool -1. The quantum- 
chemical estimations give 15 kcal mol-I .  I The biradical 
formed is transformed into the initial dioxirane via 
reaction ( - I )  and is decomposed (reactions (2a), (2b)) 
or attacks the C - - H  bond of the solvent molecule (reac- 
tions (3a), (3b)) or cumene ((4a), (4b)). Hereinafter, the 
decomposition of the biradical and elimination of the H 
atom of the acetone molecule are neglected due to the 
rather high conce~atration of cumene and the high 
strength of the C - - H  bond in acetone. In fact, the initial 
rate of the decomposition of DMDO in the presence of 
cumene (in an atmosphere of O2) is more than an order 
of magnitude higher than that in the absence of cumene, 
which indicates that reactions (4a) and (4b) predomi- 
nate. The following reactions are possible for the 
hydroxyalkoxyl radical formed: 

destruction: 

HO 

~ H .  tAH0=_6.3kcalmol_l ) 

L_. 
. = -20.2 kcal mot -~) 

(Sa) 

{5b~ 

or elimination of the hydrogen atom: 

OH OH 
O" + ~,=::O ~ ' ~ O H  .., 'CH2C(O)Me, (6) 

OH OH 
~ O .  + CumH ---'-m- ~ O H  +Cum , 

(AH ~ = -21.5 kcat tool -1) 

(7) 

HO" +~=:=O ~ H:zO ~- 'CH2C(O)M e , (S) 

HO" + CumH --= H20 + Cure' (9) 

The tetrahedral intermediate formed in reactions 
(3b), (4b), (6), and (7) is decomposed to acetone and 
the hydroxy-derivative: 

oH )= 
~ O t ROH. 

OR 
(10) 

where R = H, CH2C(O)Me, Cure. 
The heat effects of the reactions were calculated for 

the standard state (ideal gas, I arm, 298 K) from the 
enthalpies of formation of the molecules and radicals 
presented in Table 3. 

Since acetic acid was not found in the oxidation 
products and stage (Sb'~ is strongly exothermic, reaction~ 
(5a) and (Sb) can be neglected. Therefore, the main 

Table 3. Enthalpies of formation of molecules and radicals 
(ideal gas, I arm, 298 K) 

Compound AfH ~ Compound .~.rH e 

HO' 9.4 a M e  34.8 a 
MeO" 4.2 a Cure' 31.4 '~ 
CumO" 9. I a CumOH -42.9 e 

~ ==0 -52.0 ,l -103.9 't 

M e O/,~___ O -97.9 a Cum~ -92.4 c 

O OH 
~ ' ~ ;  -218c ~ '~OH -114"q~ 

OH OH 
~ O M e  -1092c ~ O C u m  -953c 

OH OMe 
~ O '  -62.8 '  ~ O "  -572b 

OCum 
~ O "  -433~ 

a See Ref. IT_ b Calculated by the equation &f/~(RO ") = 
:~fH0(ROt-[) + 52.0. Is "Calculated by the Benson method. I# 
,l See Ref. 19. 
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route of transformation of the hydroxyalkoxyl radical is 
reaction (7). Thus, for the generation of free radicals, 
the sequence of stages (1), (4a), (7), and (10) is most 
probable, and it can be written as the overall reaction 

o 
~ O  I ~- 2CurnH = 2Cure O + H20 

lntracage recombination (4b) results in the forma- 
tion of 2-phenytpropan-2-ol.  Most likely, the contribu- 
tion of this channel is relatively small, since the ratio of 
the concentrations [CumOH]/[PhC(O)Me] is close to 
that obtained for the competition between elimination 
of the H atom and decomposition of the cumyloxyl 
radical. 11 In our case, these reactions are also the main 
reactions of the formation of the compounds indicated. 

Mechanism o f  the reaction in the presence of  oxygen. A 
fairly low reaction rate is a characteristic feature of the 
process in the preseqce of oxygen. In particular, the 
induction periods observed in the kinetic curves (see 
Fig. 2) are caused by chemical binding of the initially 
present O,. The cumyl radicals formed at the initiation 
stage are rapidly transformed into cumylperoxyl radicals 
in an atmosphere of O~ (the rate constant of this process 
k>  109 Lmol - t  s-t):  z~ 

Cum' + O  2 ~ C u m O O .  (11) 

Since the decrease in the concentration of DMDO in 
the induct ion  period (see Fig. 2) is equal to 
~10 -3 mot  L -'1 and is comparable to the concentration 
of dissolved O2, it ca,] be supposed that the peroxy 
radicals do not react with DMDO and decay predomi- 
nantly in a recombination reaction, whose mechanism 
has been previously described in detail. 2L22 

CumOO" + CumOO" ~ CumOOOOCum �9 (12) 

Cumene tetraoxide is irreversibly decomposed to form 
cumyl oxide radicals in the solvent cage. These radicals 
can recombine to give dicumene peroxide or diffuse 
from the cage. 

CumOOOOCum ~ C u m O  4. 02  ... O C u m  -~ 

_._{----•- CumOOCum + O~ (13a) 

2CumO" + 02 (13b) 

The cumyl oxide radical can undergo l]-decomposi- 
tion to form acetophenone and a methyl radical or 
participate in chain transfer: 

Ph 

CumO" = "~=:=O ~- Me"  (14) 
/ 

CumO" + C u m H  ~ CumOH + Cum" (15a) 

The cumyt oxide radical can also attack the primary 
C--H bond of cumene: zz 

CumO" + CumH ~ CumOH-, -  Cum ' "  (15b) 

In an oxygen atmosphere, the alkyl radicals (Me ' ,  
Cure ' ,  C u r e " )  are rapidly oxidized to the peroxyl 
radicals, which continue the oxidation chain or (in the 
case of the MeOO' and C u m ' O O "  radicals) decay in 
the cross reaction of chain termination. In the latter 
reaction, the triplet-excited aldehyde is formed, z2 whose 
emission results in the CL observed: 

C u m " ( M e ' )  + 0 2 = C u m ' O O ' ( M e O O ' ) ,  (t6) 

ROO" 4- CumH = ROOH + Curn" (17) 

C u m ' O O +  CumOO" ~ CumOH + 0 2 + 

+ PhCH(Me)CHO* .  (18) 

The main products of the reaction of DMDO with 
cumene in an atmosphere of O 2 are 2-phenytpropanol-2 
and acetophenone, which are formed, as follows from 
the scheme, mainly by reactions (14) and (15). The 
overall yield of acetophenone and 2-phenylpropanol-2, 
calculated per DMDO consumed, is equal to 94% (see 
Table l). Thus, the sequence of reactions (I), (4a), (7), 
and (10) is predominant in the consumption of DMDO 
in an atmosphere of O 2. 

In terms of the scheme, the intensity of CL (/3 is 
proportional to the rate of reaction (18): 

I = ,ow~s = t~kls[CumOO'I[Cum'OO']. (1) 

The kinetic consequences of the mechanism of decay 
of the cumylperoxyl radicals presented above have been 
analyzed in detail previouslyfl z When the concentra- 
tions of cumene are high, chain termination reactions 
(13a) and (18) occur at comparable rates, while the 
contribution of the M e O O  radicals to the overall decay 
of" the radicals is minimum. Under steady-state condi- 
tions, the initiation rate is equal to the sum of the rates 
of the chain termination reactions 

w i = 2ek:fr{DMDO ] = wI3 a + wl8 = 

= (k13 a + 2 8 k l s ) [ C u m O O .  ]2. (II) 

The combination of Eqs. (I) and (1I) results in the 
equation 

1 = 2e~k~fr([ - q ) I D M D O I ,  (III) 

where e is the probability of escape of the radicals from 
the solvent cage (reaction (4)), ;5 is the ratio of the rate 
constants of chain termination by the CumOO" and 
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Cum'OO" radicals via reaction (17); zz ~ = kl3a/(kl3 a + 
26kt8). 

Using the quasi-steady-state principle with respect to 
the biradical in termediate ,  we obtain to / I  = 
exp (k ,  l k 4 [ C u m H ] . t / ( k _  1 + k4[CumHI)) , where 10 is 
the intensity of luminescence at the initial moment. It 
has been experimentally determined that the kinetics of 
CL decay can be described by the equation [o/[ = 
ex.p(ken.'t), from where it follows 

kerr = k~I k4[CumHl (IV) 
k_ I + k4lCumH] ' 

Under the condi t ion k_ I > k4[CumHI, the effective 
rate constant ken . is proportional to the concentration of 
cumene, which is observed in the experiment (see above). 

Mechanism of  the reaction in the absence of  oxygen. 
Bubbling a n o n  through the reaction mixture or chemi- 
cal binding of oxygen result in sharp enhancement of the 
reaction (see Fig. 2). In the absence of O 1, the mecha- 
nism of the process can be presented by the following 
sequence of stages: 

chain generation (similar to that presented above); 
chain l~ropagation involving the decomposition of 

DMDO induced by the alkyl radicals: 

~ i  % O C u m  
+Cum" 

O 

(2,H ~ = -52.9 kcal tool -I) 
(19) 

The intermediate formed can decompose via two 
pathways or eliminate the H atom from the cumene 
molecule. 

%~?um 

C umO/~___ 
0 +Me 

(&/.-t ~ = -14.3 kcal  mot -1) 

(20a) 

" ~ " 0  ~- CumO" (20b) 

(:3/-/0 = +0.4 kcal mo1-1) 

OCum 
+ CumH - . - /  

_-- ,/2<.. -~ Cure (20c) 
OH 

The Me radical reacts similarly. 

O . O M e  

(,AH 3 = -70.2 kcat rno1-1) 
(21) 

MeO 
~ = = 0  4- Me" (22a~ 

(A/-'/~ = - 5 . 9  kca l  rno1-1 ) 

O M e  . . ' ~ = = O  +MeO" (22b) 
O" 

(;M-# = +9.4 kcal mol -| ) 

OMe 4- CumH 
~ 2 ~  + Cum" (22c) 

OH 

The alkoxy radicals formed in reactions (20b) and 
(22b) regenerate alkyl radicals according to reactions 
(14), (15a), and (23); 

MeO' + CumH ~ MeOH*  Cum,  (23) 

chain termination: since two carbon-centered radi- 
cals are present in the system, chain termination can 
occur via three cha,mels (reactions (24)--(26)). 

F 
CumCum (24a) 

Cure" + Cure" - - - - - ]  
/ 

I _ .  ph 
CumH + ,,~==CH z (24b) 

< CumMe 

Gum' + Me" 

L .  1- Ph. CH OH4 ~ 2 

(25a) 

(25b) 

M e '  + Me" - M e M e  (26) 

Let us consider the kinetic consequences of this 
mechanism. The rate of decomposition of DMDO is 
determined by the equation 

d{DMDO1 
dt 

+ km[Cum'l[DMDOl+ k21[Me'IIDMDOI, (V) 

where ken- is the effective constant of the decomposition 
of dioxirane in an atmosphere of O 2 (see Eq. (IV)). 

Using the quasi-steady-s':lte approach for the con- 
centrations of Cure '  and M e ,  we obtain 

dlCum t 
~ = 2 e k ~ f r [ D M D O  1 -~1, km[Cum" I[DMDOI + 

dt 
* (I - 13)k,_I[Mel[DMDOI - wt,cu, , = 0, (Vl) 

dime I 
�9 =cx- kIg[CumI[DMDOI-(1-~3)k2t[MeI[DMDOl - 

dz 

- Wt, Me = O, (Vll) 

where e is the probability of escape of the radicals from 
the solvent cage (reaction (4)): ct and [3 are the prob- 
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abilities of formation of the Me" radical from the 
Me2C(OCum)O (reactions (20a--c), (14), and (15a)) 
and Me2C(OMe)O" intermediates (reactions (22a--c) 
and (23)), respectively. 

The kinetic order with respect to [DMDO] is deter- 
mined by the predominant stage of chain termination. 

a. Cam" + Cure" termination. In this case, w~,,~r = 
O, Wr, cu  m = 2k241Cum .]2, which results in a decrease in 
the initiation and termination rates in Eq. (VI) and the 
simple correlations 

ctklg[Cum ] = (1 - 13)k2~[Me'I, ( r i l l )  

k24[Curn'l 2 = ekeff[DMDO I. {IX) 

It follows from Eqs. (VIII) and (IX) that the concen- 
trations of the alkyl radicals are proportional to 
[DMDO] I/2. In this case, Eq. (V) takes the form 

_ d[D/VlDOI = k{U[DMDOI + kO-S){DMDO]3/2, (X) 
dt 

where L al) and /d ~.5) are the rate constants describing the 
overall effect of the decomposition of DMDO by the 
corresponding kinetic orders. 

b. Cure" + Me" termination. Here Wt, Me = Wt, C u m  -~" 

k25[Cum" I [Me ' l  = ek~{DMDOI. Cross termination is 
possible when the concentration of methyl radicals is 
rather high. Therefore, the probability [3 must be close to 
unity, and Eqs. (Vl) and (VII) can be written in the 
form 

e/%dDMDO ] = aklglCum'l[DMDOl = k25[Ct, m]lMe" ]. {XI) 

Thus, in the case of cross chain termination, the 
concentrat ion [ C u m l  is independent of [DMDOI,  
[Me ' ]  is proportional to the concentration of dioxirane, 
and Eq. (V) takes the form 

_ d[DMDO] = kmIDMDO] + k:(2}[DMDOI2 ' (Xl I) 
dt 

where L a2) is the effective second-order constant. 
c. Me" + Me" termination. In this case, Wt, cum = 0, 

Wt.M e = 2k26[M e. ]2. A necessary condition for squared 
termination at methyl radicals is the predominant for- 
mation of Me" in the induced decomposition of DMDO 
(stages (19)--(23)), i .e . ,  ct = [3 = I. From this it follows 
that 

2ekcfr[DMDOI = k!9{CumI[DMDO] = 2k26[Me'] 2. (Xlll) 

The concentration of cumene radicals is independent 
of the concentration of dioxirane, and [Me ' l  is propor- 
tional to [DMDO] 1/2. This results in an equation of 
consumption of dioxirane that is similar to Eq. (X). 

Thus, the evidence for a complicated kinetic law 
describing the decomposition of DMDO that was ob- 
tained in this work and observed previously 7,s,13 can be 
explained by the analysis of the scheme of the process. 
When chain termination occurs via several reactions, the 

kinetic description is more complicated than that pre- 
sented by Eqs. (X) and (XII). 

The choice between different versions of the mecha- 
nism suggested can be based on the analysis of the 
reaction products. The experimental results suggest that 
cross decay of the alkyl radicals is more probable: 

- - t h e  formation of the main products (cumyl and 
methyl acetates) is accompanied by the parallel forma- 
tion of the Me" radical; 

- - t h e  ratio of the concen t ra t ions  [ C u m O H ] /  
[PhC(O)Mel testifies that the cumyloxyl radical partici- 
pates in the process (see above). However, the yield of 
these products is considerably lower than that in the 
reaction in an atmosphere of 0 2 . This indicates that the 
contribution of the reactions involving methyl radicals is 
significant; 

-- the absence of methanol in the reaction products 
is evidence for the negligible contribution of reactions 
(22b), (22c), and (23) and for the high probability of 
regeneration of the methyl radical in the sequence of 
reactions (21)--(23), i .e.,  13 = 1; 

-- dicumyl was not detected in the reaction products, 
which decreases the probability of reaction (24); 

- - a  high probability of cross chain termination is 
directly indicated by the observation of tert-butylbenzene, 
ct-methylstyrene, and the product of its epoxidation: 

-_>=o 
The thermochemical calculations of the heat effects 

of the reactions agree with the mechanism proposed. In 
fact, reaction (2l) is more exothermic than reaction 
(19), which indicates that the methyl radical is more 
reactive. The decomposition of the alkoxyl intermedi- 
ates formed in these reactions is more probable for 
directions (20a) and (22a). Reaction (22b) is endother- 
mic by ~10 kcal tool -t  and likely does not occur under 
our experimental conditions, which results in a high 
probability of [3-regeneration of the Me' radicals. By 
contrast, stage (20b) is thermally neutral and can occur 
at a high rate. 

Thus, in an inert atmosphere, the reaction of cumene 
and dimethyldioxirane is described by the sequence of 
reactions (1), (4). (7), (I0),  (14), (15a), (19)--(2l) ,  
(22a), (25), and (27). 

Using the quasi-steady-state principle over all radi- 
cal intermediates and r (this is justified 
due to the high rate constant of epoxidation) and assum- 
ing that 13 = l, we can obtain the following equation for 
the rate of consumption of DMDO: 

d[DMDO] (I ,- e-t. + e / a) . &lk4[CumH] [ D M D O l  + 
dt k z + k4[CumH] 

ctklgk-~ 1 I-DM DO]2 
k25 a § k25 h " 

(XlV) 
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where ~ = k25b/(k25 a + k25b) is the probability of  the 
disproport ionat ion stage in the overall decay of  the 
radicals; c~ = q + Lb, where at = k2oa/(k2o ~ + k2o b + 
k20c[CumH1), q = Ic2ob,/(k~,oa + k2ob + k,0 , [CumH]) ,  
and y = k14/(k14 + klsa[CumH]) .  

According to Eq. (XIV), the observed reaction order 
with respect to [ D M D O ]  should be between 1 and 2. In 
this connec t ion ,  a satisfactory approximat ion of  the 
react ion kinetics by a law of  3/2 (see Table 2) is quite 
probable. Equat ion (XIV) describes satisfactorily both 
the kinetic regularities at the initial stage of  the process 
and the whole kinetic curve of  the decomposi t ion of  
D M D O  under the condi t ion of  excess CumH.  The 
values of  the initial rates w 0 are presented in Table 4, 
f rom which  it can  be seen  tha t  at [ C u m H ]  = 
1.0 mot L -1 the w0/ [DMDO]0 ratio depends  linearly on 
[ D M D O I o  (Fig. 3): 

w0/[DMDOI0 = (1.4+_0.9). 10 -3 -~ (0.30+_0.02)[DMDOI0. (XV) 

Thus,  in an inert a tmosphere ,  the main contribution 
to the decompos i t ion  of  D M D O  is made  by the induced 
decompos i t ion  of  the latter by the Me" radicals. When 
[ D M D O ]  = 5-  t0 -2 tool L - I ,  the fraction of  the chan-  
nel of  second order  decompos i t ion  is equal to ~90%. 
According  to the data in Table 4, the reaction rate 
increases as the concent ra t ion  o f  c u m e n e  increases. 
However ,  the exper imenta l  results obtained do not allow 
one to check the cor respondence  o f  this dependence  to 
Eq. (XIV) due to its compl ica ted  charac te r  (parameters 
~,1, L~, and y are also a f imction of  [CumH]) .  

The combined  de te rmina t ion  of  the effective first- 
and second-o rde r  rate constants  of  the decomposi t ion  of  
D M D O  was per formed by integrating Eq. (XIV). The 
calculat ions  were per formed by the equat ion 

Table 4. Initial rates (w0) and effective first- (k ~1~) and second- 
order (/d 2)) rate constants for decomposition of dimethyl- 
dioxirane induced by alkyl radicals (42 *C, acetone) 

[DMDOI-102 [CumH] w 0" I04 /d t)" 103 k O) 

/mol L -t  /tool L -I s -t  /s - t  /L mol - l  s -I 

2.1 
2.9 
3.1 
3.2* 
4.1 
5.0 
5.2* 
5.5 
6.2* 
8.4* 
3.6 
3.4 
3.4 

1.0 1.39 0.6 0.28 
1.0 2.98 - -  0.46 
.0 3.26 2.1 0.27 
.0 3.33 1.9 0.30 
.0 6.05 2.3 0.28 
.0 8.78 1.2 0.37 
.0 10.3 3.9 0.31 
.0 9.7 2.1 0.51 
.0 12.5 3.4 0.42 

t.0 21.5 0.5 0.46 
1.3 4.93 3.6 0.30 
1.5 6.05 2.2 0.50 
1.8 6.28 3.7 0.45 

* Oxygen (~10 -3 mol L -I) was initially present in the solution. 
The reaction rate and concentration of DMDO were deter- 
mined after "burn-out" of O,. 

measured by the CL method  in an a tmosphere  of  O 2. In 
fact, the kcf r value de te rmined  by Eq. (IV) co inc ides  
with the /~ l )  parameter  of Eq. (XVI) with an accuracy of  
(1 + ex + e /a ) .  It is likely that  the (1 + ~ + e/~t) 
parameter  does not  differ strongly f rom 1; therefore ,  k~f r 
is close t o / 6  l) within the exper imenta l  error. 

The good agreement  between the second-o rde r  rate 
constants favors the suggested mechan i sm of the reac- 

~ . 102/s - ,  

3.0 
k~t) + k~2)IDMDO] = In ktl) + k~2)IDMDO]~ + k t~ In -t, (XVI) 

[DMDO] [DMDOI0 
23 

where /6 ~) = (1 + ex + e /c t ) . k+tk4[CumH1/ (k_  I + 
k~[CumH]) ,  /d 2~ = c t k lgk21 / ( k25  a +k25b). 

The  k ~l) a~d k "~2) values (see Table  4) were deter-  2.0 
mined  by min imiza t ion  of  the partial derivatives dt/Ok (l) 
and 3t/~162~. The  k ~j~ values are charac ter ized  by a large 
error  of  de te rmina t ion  and, in some cases, have no 1.5 
physical meaning .  As in the previous case, this is related 
to a smal ler  cont r ibut ion  of  the first order  consumpt ion  
o f  D M D O .  1.o 

At different  initial concen t ra t ions  of  D M D O  and 
[ C u m H I  = 1.0 tool L - I  

0.5 

k ~t) = (2.0+1.0). 10 -3 s - l  k c) = 0.37+_0.09 L tool -1 s - t .  
/ 

It is no tewor thy  that the values of  the effective first- 00  
order  rate constants  obtained by independent  methods  0.00 
(in the first case, the de te rmina t ion  was performed from 
the initial rates, and in the second case, from the whole 
kinetic curve) agree well with each o ther  and are close 
to the rate constants  of  the consumpt ion  of D M D O  

/ ]  

/ 
/ / 

/ 
/ 

O :  
@ 

Q/@ 

.@ 

/ "  

/ 

0.02 0,04 [DMDOlo/mol L -I 

Fig. 3. Dependence of the initial rate of  consumption of 
DMDO on its concentration (42 ~ [CumH] 0 = 1.0 mol L - t ,  
acetone). 
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tion and makes it possible to est imate the rate constant 
of  the decompos i t ion  of  D M D O  induced by the alkyl 
radical. Since chain terminat ion at alkyl radicals occurs 
with rate constants  close to diffusion constants, ~ let us 
accept  that k25 a + k25 b ~ 5" 109 L tool -I s - I ,  from which 
cLklgk21 -~ 1.7 �9 109 L 2 tool -2 s -2. Assuming that a ~ 0.1--  
I and k19 ~ k21 , we found that the rate constant of  the 
reaction of  D M D O  with the alkyl radical is equal to 
~10 5 Lmo1-1 s-~. 

Thus, all obtained data on the reaction products and 
kinetics make it possible to conclude that the consumption 
of  D M D O  in its reaction with cumene involves chain- 
radicals. The chain decomposition of  dioxirane results in 
the "barren" consumption of  D M D O  to cause small yields 
of  the products of  the oxidation of  cumene per dioxirane 
converted (see Table l and Refs. 3, 6, and 9). 
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