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The kinetic regularities, products, and mechanism
of the thermal decomposition of dimethyldioxirane.
The contribution of molecular and radical reaction channels*
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The products and kinetics of the thermal decomposition of dimethyldioxirane (DMDO)
were studied. The reaction proceeds vig three parallel pathways: isomerization to methyl
acetate, oxygen atom insertion into the C—H bond of a solvent molecule (acetone), and the
solvent-induced homolysis of the O—O bond in the DMDO molecuie. The contribution of the
latter reaction channel is ca. 23% at 56 °C. The overall kinetic parameters of DMDO
thermolysis in oxvgen atmosphere were determined. The free radical-induced DM DO decom-
position occurs in an inert atmosphere. The formal Kinetics of this reaction was investigated.
The mechanism of the DM DO thermolysis is discussed.
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Dioxiranes, three-membered cyclic peroxides, are
efficient oxidants for organic compounds of various
classes.!—3 A distinctive chemical property of dioxiranes
is a combination of the high reactivity and selectivity of
oxidation reactions.® The hydroxylation of saturated or-
ganic compounds, including hydrocarbons that contain
inactive C—H bonds, is one of the most dramatic
examples of dioxirane reactivity.

The mechanism of the interaction between dioxiranes
and the C—H bond is acutely debated. It has been
shown’ that dimethyldioxirane (DMDO, 1a) exhibits
electrophilic properties in reactions with hydrocarbons.
The reaction is accelerated in the presence of proton-
donor solvents.5 It was suggested that the oxidation of
the C—H bond proceeds via the oxygen atom insertion
mechanism’-8 (Scheme 1).
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* Dedicated to Professor E. T. Denisov on the occasion of his
70th Birthday.

Dioxirane 1a reacts selectively with the C—H bond.
The ratio of the oxidation rates (based on one H atom)
for the primary, secondary, and tertiary C—H bonds in
toluene, ethyibenzene, and cumene is 1 : 24 : 91,
respectively.” The reaction is characterized by moderate
isotope effects: 2.2 (cyclo-CyDy;, b, =23.9°C)8 and
4.97 (cyclo-C¢Dy5. 1a, 22 °C).7 The high stereospecific-
ity of oxidation is believed to be forcible evidence for
such an "oxenoid" mechanism.”3

However, along with the above facts, experimental
evidences are available for the participation of free radi-
cals in the oxidation process. Photolysis and thermolysis
of dioxiranes is initiated by the radical-chain decomposi-
tion of 1a and 1b.%!0 The oxidation of cyclohexane and
adamantane in the presence of CBrCl; resulted in halo-
gen-containing hydrocarbons among the other reaction
products.!! Carbon-centered radicals formed due to in-
teraction of la with ethers, aldehydes, and alkanes have
been found with the use of inhibitors of radical pro-
cesses. 1213 Finally, the presence of dioxygen in the
system affected drastically the oxidation rate and the
composition and yield of the reaction products.!3 These
facts allowed the conclusion to be drawn!!—13 that the
interaction between dioxiranes and saturated organic com-
pounds proceeds via the radical mechanism (Scheme 2).

An efficient intracell decay of a radical pair was
assumed to be a reason for the stereospecificity of the
reactions of dioxiranes with the substrate under oxida-
tion.13

The data of some studies,!!—!3 contradicting the
common views, have been thoroughly examined and
stimulated further study on the mechanism of the reac-
tion of dioxiranes with saturated organic compounds. In
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particular, it has been shown!? that the interaction
between CBrCly and la is accompanied by the genera-
tion of free radicals and halogen derivatives of
adamantane are formed as by-products. Some inhibitors
of radical processes (for example, 2,2,6.6-tetramethyl-
piperidine-1-oxyl) also initiate the radical decomposi-
tion of la and 1b.15 Hence, it makes no sense to use
them for proving the radical nature of the interaction
between dioxiranes and C—H bonds. The oxidation of
(R)-2-phenylbutane by DMDO proceeds with complete
maintenance of the configuration, although the radical
H atom abstraction from the chiral center should be
accompanied by racemization.!® The data on the oxida-
tion of (rrans-2-phenylcyclopropyljethane by dioxirane
ta can serve as additional argument in favor of the
"oxenoid” mechanism.!” This reaction virtually proceeds
without opening the three-membered cycle of the hydro-
carbon (Scheme 3).

The ratio between the overall yield of the products
4+ 5+ 6and 2 + 3 is ~3%. Acetate 7 also forms as
traces. The oxidation of cyclohexane by dioxirane 1ain a
solution and in the gas phase has been studied.!8 [n both
cases, cyclohexanone was the main reaction product.

Nevertheless, the discussion is far from completion.
The authors of the radical mechanism have thoroughly
examined their findings and those of the opponents and

Scheme 4

presented new evidences on the panicipation of frea
radicals in the hydrocarbon oxidation.!® For example,
cyclohexene epoxide, which was found in the products
of cyclohexane oxidation.'® can be formed only from
cyclohexene that was an intermediate in the radical
process!? (Scheme 4).

The participation of radicals in the reaction of cumene
with dioxirane 1a has been observed.2? The reaction is
accompanied by chemiluminescence in the visible region
of the spectrum, indicating the presence of free radicals
in the system. This reaction leads to dimethylphenyl-
carbinol and acetophenone in the ratio typical of radi-
cal-chain cumene oxidation.

Thus, the main arguments of the opposite sides are
the following.

"Oxencid” mechanism. The interaction of dioxiranes
with saturated organic compounds proceeds vig the
mechanism of O atom insertion into the C—H bond!416
if the factors capable of initiating the radical-chain
oxidation are absent: additives of active substances, traces
of transition metals, micro-admixtures, the effect of
luminous radiation, the presence of oxygen in a solu-
tion, etc.

Radical mechanism. The substrate molecules induce
the homolysis of the O—O bond in the dioxirane mole-
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Table 1. The products of DM DO thermolysis (acetone is the solvent)

Atmosphere  7/°C

Yield of the product?

CH,COOCH, CH;COCH,0H CH;COOCH,COCH; CH,COOH
o, 10 0.98 0.02 — . -
0, 50 0.59 0.39 - 0.02
0,% 50 1 - - —
Ar 41 Traces Traces I Traces

@ Calculated per consumed 1a.
5 The solvent is CCl,.

cule.!? The H atom abstraction by the bis-oxyisopropyl-
idene biradical formed results in the radical cell pair,
which undergoes fast cross-recombination. A small frac-
tion of radicals evolves into the bulk of a solvent,
initiating the radical-chain dioxirane decomposition.
The study of the kinetic features of the process is one
of the methods for studying mechanisms of the chemical
transformations. Previously, the kinetics of DMDO de-
composition in a oxygen atmosphere21-23 and its reac-
tions with hydrocarbons (cumene,2® 2-methylbutane 24
and adamantane?3) have been studied. The free-radical
processes have been found to play an important role in
these reactions. In this work, the effect of oxygen on the
kinetic features and the products of the DMDO thermal
decomposition, as well as the relationship between mo-
lecular and radical pathways of its consumption, is studied.

Experimental

Acetone (high purity grade) was purified by distillation.
Hydrocarbons (chemically pure), 2.2.4-trimethylpentane.
n-octane, and cyclohexane were treated with concentrated
H,SOy, dried over Na, and distilled on a Fischer Mikro-
SPALTROHR® distillation column. The purity of reagents was
tested by GLC (a Chrom 3 chromatograph, 3.7 m X 3 mm
column, SE-30) and the UV absorbance spectra.

Dioxirane la 26-27 was synthesized according to a known
procedure?!; it was identified and analyzed according to the
earlier described method.3 Water admixtures were removed by
freezing (an acetone—liquid nitrogen cooling mixture). Dehy-
dration of the la solutions with magnesium sulfate resuits in a
sharp decrease in the lifetime of dioxirane. The kinetics of 1a
decay in acetone, CCl,, and binary solvenis were monitored
spectrophotometrically (Specord M-40) by a decrease in absor-
bance (A = 335 nm) in the temperature range of 24—56 °C.
The reactor was a thermostatted quartz cuvette (volume 1.1 mL,
optical path 0.5 c¢m). The starting concentration of la was
varied in the (2.7—11.1) - 10~2 mol L™ range. Oxygen or argon
was purged through the fa sotution prior to experimental runs.
Jt was shown in preliminary experiments that the content of 1a
remained virtually constant. The concentrations of Q; in ace-
tone and in the binary acetone—hvdrocarbon systems were
calculated from the published data2® assuming molar additivity.
The reaction products were analyzed on a chromatograph—
mass-spectrometer—computer system; a Hewlett Packard HP-
5980 chromatograph with an HP-5972A mass-selective detector
{column 50 m x 0.2 mm: Ultra-2; grafted phase, methylsilicon
rubber; carrier gas. hetium) and by the 'H NMR spectra
recorded on a Bruker AM-300 spectrometer with a working
frequency of 300 MHz (acetone-dg and CCl, as solvents, Me,Si
as the internal standard).

Resuits and Discussicn

Reaction products. The composition of the products
of 1a thermal decomposition depends on the O, concen-
tration in the solution and the temperature. The results
of chromato-mass-spectrometric analysis of the solution
under study after the reaction (complete consumption of
1a) are presented in Table 1. When 1a decomposed in
the presence of O; at 10 °C, methyl acetate was the only
reaction product. When 1a decomposed at 50 °C, the
fraction of methyl acetate in the total products decreased
to 59%; 39% of 1-hydroxypropan-2-one (acetol) and 2%
of acetic acid also formed. Quite another picture was
observed when O, was removed by purging the solution
of 1a with argon. Acetol acetate CH;COOCH,COCH;
was the main reaction product at 41 °C; traces of methyl
acetate and acetol were also found.

To elucidate the effect of acetone on the mechanism
of thermal decomposition of 1a, the decomposition of
dioxirane in an inert solvent CCly* was studied. With
this purpose, la was extracted by tetrachloromethane
from a solution in acetone according to the previously
published procedure.?® The solution obtained was washed
3 times with water, and the latter was then removed by
freezing. As a result, 0.11 M solution of la in CCly
(according 10 the data of iodometric titration) contain-
ing less than 0.15 mol L™! of acetone was obtained.
Thermal decomposition of 1a was carried out at 50 °C in
an O, atmosphere for 24 h. After the procedure was
completed, a small amount of unreacted dioxirane was
found in the solution. The 'H NMR method showed the
presence of methyl acetate as the only reaction product.

The findings on the reaction products in the solu-
tions saturated with O, give evidence of parallel occur-
rence of two processes, monomolecular conversion of 1a
into methyl acetate and reaction between dioxirane and
acetone. The latter reaction is suppressed at 10 °C due to
a high strength of the primary C—~H bond in the acetone
molecule, and the yield of acetol is minimum (2%).
When the temperature increases, the involvement of the
solvent in the 1a thermal decomposition becomes more
probabie. In this case, the reaction likely proceeds
through both oxygen atom insertion and radical mecha-

* Because of the low strength of the O—Cl bond, the abstraction
of a Cl atom by the oxy! radical or the molecular insertion of an
O atom into the C—Cl bond is thermodynamically unfavorabie.



Thermal decomposition of dimethyldioxirane

Russ.Chem. Bull., Int. Ed., Vol. 49, No. 8, August, 2000 1341

nisms. The formation of acetic acid gives evidence in
favor of this assumption (see Table 1).

The mechanism of the methyvl acetate formation
has been studied.3® Ab initio calculations by the
B3LYP/6-31G(d, p) method indicate that methyl ac-
etate forms as a result of isomerization of the bis-
oxyisopropylidene biradical (Scheme 3).

Scheme 35
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It was found that the activation barrier of the iso-
merization of the biradical into methyl acetate is only
3.8 kcal mol~!. The decomposition of the biradical (or
1a) to CO; and ethane is highly energy consuming.
Therefore. it cannot compete with the rearrangement to
the ester.30

The reaction kinetics in an oxygen atmosphere. Ther-
mal decomposition of 1a in an acetone solution satu-
rated with oxygen procesds slowly. At 40°C, the 1a
conversion at 10* h is only 13%. The first kinetic order
with respect to dioxirane was observed. The effective rate
constant of the la thermal decomposition, K., is inde-
pendent of its concentration. A decrease in the acetone
concentration (diluted with tetrachloromethane) lowers
ke, 1t was found at 50 °C:

kep (7Y = 1.8+ 1075 + 1.5+ 1078{CH,COCH,|.

[DMDO}/mol L~!

0.10

0.08

0.06

0.04

0.02

1

0 ! 2 77 5 11073/
Fig. 1. Typical kinetic curves for DMDO consumption. Conadi-
tions: acetone is the solvent, 30°C, previous purging of the
solution with oxygen (a) or argon (4). The results of processing
the kinetic curves according to the first-order equation and
Eq. (42) are shown by solid hines (/. 2 and 3, respectively).

This regularity is in line with the conclusion on the
competition between the mono- and bimolecular chan-
nels of 1a consumption. which was drawn from analysis
of the products.

Purging with argon for 2 min decreases the O,
concentration in the solution. This results in a sharp
acceleration of the reaction upon the complete con-
sumption of O, (Fig. 1). However, before this moment,
the reaction rate remains the same as in the experiments
in which the presence of O, in the solution was main-
tained during the whole kinetic run,

The temperature effect on the k.q values is shown in
Fig. 2. The activation parameters for the 1a decomposi-
tion (acetone is the solvent) were determined from
these data:

logk,; = (10.2£0.6) — (21.6£0.9)/8,

r=0.992, 8 = 2.3RT keal mol™!. The k. values found
are in good agreement with the published data?! (see
Fig. 2). Thermolysis of DM DO in CCl, proceeds some-
what slower; the effective rate constants depend on the
temperature as follows (CCly is the solvent):

logk, = (7.120.3) = (18.0£0.5)/6.

The retardation of the reaction is due to the absence of
C—H bonds. Hence, isomerization to methy! acertate is
the main channel of 1a consumption. This assumption
is in line with both the data for k. (at 50°C
kegr = 1.7+1073 s71) and the results of analysis of the
reaction products. The homolysis of the O—O bond in
the la molecule is the rate-determining stage of isomer-
ization, which is characterized, according to the data of

loglkes/s™1)
-4.0 |

-5.0 -

it A 1

3.0 3.1 32 353 7L o3/K!
Fig. 2. Temperature dependence of the effective rate constant
of dimethyldioxirane consumption in the presence of oxygen.
The k. values were determined either during the induction
period (J) or for the toral consumption of dioxirane after
previous purging of the solution with oxygen (2). The depen-
dence found previously?! is shown by the dash line.
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the B3LYP/6-31G(d, p) calculation,3® by an energy
barrier of 23.1 kcal mol™!, ie., ~5 kcal mol~! higher
than the experimental activation energy.

The rate of DMDO thermal decomposition is af-
fected significantly by trace contaminations that were
introduced during the synthesis and separation of
dioxirane.22 Previously,28-22-24 we have repeatedly stud-
ied the kinetics of ta thermolysis. Reproducible k.
values were obtained only when we gave up the drying
with magnesium sulfate or potassium carbonate and
storage of la over molecular sieves, although these
procedures are commonly used.3-6:3, We removed water
admixtures by freezing the solution. High purity of
dioxirane is necessary in cases when oxidation is slow.
On the other hand, the presence of trace contaminations
initiates the radical decomposition of dioxiranes and can
serve as the origin of errors in the interpretation of the
kinetic data and mechanism of the interaction of 1a and
1b with substrates of oxidation.

The fraction of the radical channel of DMDO con-
sumption. The complete consumption of O, from the
saturated solution at 50°C occurs in ~5-10% s. The
removal of O, by Ar decreases the induction period (see
Fig. 1). A sharp acceleration of the reaction (by a factor
of 50—100) indicates a change in the mechanism of
DMDO consumption. It has firmly been found!!.20.24
that the high reaction rate is due to free radical-induced
fa decomposition. This process begins when the O,
concentration in the solution decreases insomuch that it
cannot trap ailyl radicals. Taking into account3! that the
rate constant for the R° + O, reaction is high
((1—5)- 10% L moi~!s™!), ane can treat the sharp accel-
eration of dioxirane decomposition as evidence for the
complete consumption of O,. The system under study is
a typical example of the complete inhibition of the
radical-chain process, and O, is the efficient acceptor of
free radicals. The theory of chain processes inhibition
has been studied in detail.3? According to its main
concepts, the O, consumption rate is proportional to the
initiation rate* and the efficiency of initiation due to the
decomposition of the initiator, dioxirane, can be found
from the amount of the inhibitor, dioxygen, consumed.

The stoichiometry of the consumption of 1a and O,
can be determined as follows. Decomposition of one
dioxirane molecule in fast successive reactions produces
two carbon-centered radicals. The latter add two O,
molecules and undergo recombination. recovering one
O, molecule. At higher conversions of oxygen, the chains
are terminated by the cross reaction

R* + ROO’ -» ROOR

without dioxygen evolution. Thus, the equimolar stoi-
chiometry of the consumption of DMDO and O; in the

* The initiation rate does not include the contribution of latent-
radical processes. According to previous studies, !9 fast intracage
recombination of the radical pair is a distinct feature of the
radical mechanism of the reaction between dioxiranes and
hydrocarbons.

radical channel of 1a thermal decomposition is main-
tained during the whole induction period. Hence, the
[O71/A[DMDO] ratio (where A|DMDO] is the amount
of dioxirane decomposed during the induction period,
see Fig. 1) is the fraction of the processes leading to free
radicals formation in the overall channel of DMDO
consumption. According to Fig. 1., 0.020 mol L™T of
dioxirane decomposed during the induction period at
50 °C. The O, concentration in acetone at this tempera-
ture is equal?® to 0.004 mo!l L™}, hence, the fraction of
the radical channel £ = [O,]/A[DMDO] = 20%. A
similar approach can likely be applied to the reaction of
1a with organic substrates. Table 2 shows the & values for
a series of hydrocarbons. One can conclude that the
initiation efficiency in the dioxirane—hydrocarbon sys-
tem is high. This fact is in line with the conclusion!® on
the hydrocarbon-induced homolysis of the O—O bond
in the dioxirane molecule and is an argument in favor of
the radical mechanism of the reaction of la with the
C—H bond.

The reaction kinetics in the absence of O,. A study of
the kinetics of the radical-chain-induced decomposition
of 1a revealed the following features. The kinetic curve
can be described by an exponent with reasonable accu-
racy. However, a small but well reproducible deviation
of the effective reaction order with respect to dioxirane
(n) from unity was observed. The optimization of the
reaction order with respect to la by the integral method
results in an » value from 1.0 to 1.5 for various experi-
mental conditions of chain decomposition. When the
rate of 1a decomposition is described by a first-order
equation, the rate constant k., depends linearly on the
DMDO concentration (Table 3). The dependence of the
initial rate of the la induced decomposition (wg) on
[DMDOJ, at the portion of the kinetic curve immedi-

Table 2. The ratio between the molecular and radical channels
of the reaction of DM DO with organic compounds?

Substrate [RH], IDMDO], T7/°C [0,}/A[DMDO]
mol L™} (%)
Acetone 13.6 0.108 50 20
13.6 0.096 56 23
2,2.4-Tri- 0.61 0.061 41 68
methyipen-  0.83 0.083 41 76
tane 0.99 0.079 41 73
N 0.078 4] 76
1.2 0.075 41 71
1.7 0.070 25 - 57
n-Qctane 0.84 0.077 41 51
1.2 0.07! 41 53
Cyclo- 1.7 0.078 41 66
hexane
2-Methyl- 0.52—4.6 0.019-0.071 25 - 50
butane?

2 The concentration of Oj in solutions was calculated from the
literature data.28
b See Ref. 24.
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Table 3. Kinetic parameters of the radical-chain decomposition of 1a (acetone, 50 °C)

[DMDO},7/moi L™ ko~ 103757

wy?+ 10%/mot L1 57!

K103 st k2 103/L moi™! 57

9.48
16.8
1.96
6.29
8.53
13.6
16.8
19.0

0.101°
0.1024
0.026
0.041
0.055
0.077
0.092
0.102
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2The DMDO concentration corresponding to the inflection point on the kinetic curve (for example see Fig. 1).

5 The rate in the initial portions of the chain consumption of ia.

‘At 4] °C.
4 At 45 °C.

ately after inflection (see Table 3) results in a similar
conclusion. The plots of wy versus {DMDOJ, and of
wy/|DMDO]y versus [DMDO|, are linear. These for-
mal-kinetics features lead to the conclusion that the
main amount of 1a is consumed in a reaction of the first
order with respect to dioxirane. However, a minor reac-
tion channe! that is characterized by a higher (appar-
ently, second) reaction order with respect to DMDO
also manifests in the kinetics.

The reaction mechanism. As shown above, in the
presence of dissolved O,. the main fraction (<80%) of
DMDO is consumed by the molecular pathway or at
least without evolution of radicals from the solvent
“cell.” We examined three versions of the reaction:
O atom insertion into the C—H bond, homolysis of the
0—O0 bond induced by the substrate of oxidation, and
monomolecular homolysis of the O—O bond. The first
two types of reactions are bimolecular, and one can
suggest that they proceed through an intermediate com-
plex of dioxirane with acetone. The latter can either
transform into acetol, regenerating acetone (insertion
mechanism) or form a radical cell pair (radical mecha-
nism). This assumption was confirmed by the findings of
recent high-level quantum-mechanical calculations,33
which showed that the reaction of dioxirane with the
C-—H bond proceeds through a transition state of the O
atom insertion type. The decay of the transition state
results in either alcohol or a radical pair. Similar conclu-
sions have been drawn by several researchers.14.16,17 The
monomolecular homolysis of the O—O bond leads to
bis-oxyisopropylidene biradical. Due to the low activa-
tion energy of its isomerization to methyl acetate 30
other channels of its consumption such as destruction or
H atom abstraction from an acetone molecule are im-
probable. These processes can be described as the fol-
lowing sequence of reactions:

o
><L + CHCOCH, === K, (+1)(=1)

— CH,COCH,0H + CH,COCH, &)
q
}

I~ _OH .
L {><0' CHZCOCH3J : (3)

0 O
5 T >

(+4x—4)

>

Further transformations of the radical intermediates
proceed as follows: the alkyl radicals react with O, or, in
its absence, induce la decomposition and decay by
recombination. The oxygen-centered radicals undergo
B-cleavage or H atom abstraction from the acetone
molecule:

—+ CHZCOOCH, )

CH,COCH,OH +
1 + CH,COCH, 6)

N
|L>< o 'CH2COCH3i o
Tl <L+ ICH,COCH,, )

OH
><O_ —> "CH, + CH,COOH, (3)

OH
>

—» CH,COCH, + H,0 + CH;COCH; , )

+ CH,COCH, —
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o) OCH,COCH
CH3COCHé+><6 ->><O_ 2 S o)

><OCH2COCH3
o

~— "CH, + CH,COOCH,COCH,, (11

OCH,COCH,
><0' + CH,COCH, —»

— CH,COCH, + CH,CCCH,0H + CH;COCH; | (12)

‘CH, + ><g ><g(.:H3 , (13)

OCH, L
o | T 'CHg* CHiCO0CH, (14)

OCH,
><o- + CHyCOCH, —»

—» CH,COCH, + CH,OH + CHyCOCH; | (15)

"CHy + CH,COCH; — CH, + CH,COCH . (16)

In the above sequence, reaction (16) proceeds!® with
a rate constant of 2.7+ 10® L mol~! s~! and is capable
of competing with reaction (13) as k3 = 10°5—
108 L mol ~Vs~! 120,24 The ratio berween the concen-
trations of acetone (3.6 mol L™!) and la (~0.01—
0.1 mol L™y is ~102—103.

In the presence of O,, chain termination occurs on
the peroxy radicals according to the Russell scheme.34
Radicals *CH; and CH3;COCH," conduct la chain
decomposition and decay via three pathways: two homo-
recambinations and one cross-recombination:

CH4COCH; (or "CH,) + 0, — ROO", (I
ROO" + ROO" — alcohol + ketone + O,, (13)

CH,COCH; + CH,COCH; —a

— CH,COCH,CH,COCHy, (19

CHZCOCH; + "CH, —» CHyCOCH,CH,, 20)

"CHy + "CHy — CH,CH. @

The kinetic analysis of the mechanism. O, atmo-
sphere. In this case, the rate of la decomposition is
equal to:

~d[DMDO}/dt = wpypo = 4 ICH,COCH,JIDMDO] —
- k_,IC] + k,IDMDO] ~ k_,[BR]. (22)

where [C] and [BR] are the concentrations of the com-
pltexes of DMDO with acetone and biradical, respec-
tively. A quasi-steady-state approximation with respect
to [C} and [BR] leads to the expression

wompo = ({ay + ag) - & [CH3;COCH;] +
+ Biso " k)[DMDO] = 44{DMDO], (23)

where ap = ky/A4 and ag = k3/A are the fractions of the
molecular and radical channels of the transformation of
complex C, A = k| + ky + k3; Biso = ks/(k—y + ks).
Eq. (23) is in line with the first order with respect 1o the
1a concentration, which was found experimentally. The
proportionality between k. and acetone concentration
can also be explained (¢f. the above equation for & and
Eq. (23)).

The analysis of the reaction products confirms the
above scheme. At low temperatures, dioxirane decom-
poses mainly according to reactions (4) and (3), leading
to methyl acetate with nearly 100% yield. At 50 °C, the
major part of the products is formed by bimolecular
reaction (1). Acetol forms at stages (2) and (6), and acetic
acid is the product of destruction of a-oxyisopropylidene
radical according to reaction (8). The molecular chan-
nel of 1a decay apparently prevails (see Table 2),
ie., 23V] > aR.

The contribution of the radical reaction channel (%)
and the ratio between the rates of the main pathways of
1a decomposition, monomolecular (w;,) and O atom
insertion at the C—H bond in acetone (wy;), can be
evaluated from the data obtained. At 50 °C (acetone is
the solvent), k4= 3.8+ 1073 574, and the specific rate of
the homolytic reaction channel is kg[CH;COCH;] =
8-107¢ s ! and kg = 6- 1077 L mol™! s, According to
the experimental data, &, = 1.8+ 1073 571 and &y =
(1.5~106)-107°=9-10"7 L mol~! s~i. Thus, in CCl,
(acetone concentration ~1 mol L), wig, : wyy = 1:0.05,
and this is in line with the high vield of methyl acetate.
In acetone solutions (13.6 mol L), kyjCH3COCH;] =
1.2-1073 sl and the ratio wi, : wy = 0.6 : 0.4; this
finding is in good agreement with the data of Table 1.

Eq. (23) can be rewritten as follows:

wpMpo = kel DMDOJ = (ki +
+ (kpyy + kg)ICH;COCH;){DMDOJ, (23a)

where kiso = Biso.k“’ kM = aM'klv kR = O.R'k]. As
mentioned above, the rate constant of 1a thermolysis in
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CCly is the rate constant of DMDO isomerization to
methyl acetate k;,. With the use of the experimenial
expressions for k. and Z (see Table 2), the Arrhenius
parameters for the rate constants of the radical and
molecular reactions of DMDO with acetone were evalu-
ated: logkp = 11.9 — 26.8/6 and logk,y = 9.5 — 23.0/8,
8 = 2.3RT kcal mol™!.

A similar estimation was carried out for the reaction
of DMDO with 2,2.4-trimethylpentane. The reaction is
characterized by the first order with respect to both
reactants. The rate constants of the second order, which
are equal to 2.08-1073 L mol™! s7F at 25°C and
1.03-107* L mol™' s~} at 41 °C, were found from the
experimental data. Taking into account the % values (see
Table 2), it was found: logkg = 1.1 — 21.8/6 and
logkyy = 4.0 — 12.3/8. Note that the preexponential
factors of the rate constants of the reactions of DMDO
with acetone and 2.2.4-trimethylpentane through the
radical direction are close to each other (taking into
account the statistical correction for six C—H bonds in
acetone). The difference in the activation energies of
these reactions (5 kcal mol™!) reflects the difference in
the strength of the attacked bond in the acetone and
2,2 4-trimethylpentane molecules.

It was of interest to find a relationship between the
overall rate of DMDO consumption and the rates of
initiation w; and oxygen absorption wq,. Since we used
easily oxidizable hydrocarbons with a tertiary C atom.
we can estimate initially the amount of consumed
dioxygen due to the radical-chain oxidation of a hydro-
carbon by the example of 2,2,4-trimethvlpentane. The
rate of the radical-chain consumption of O, is wy, =
ky/(2k)'/2 < [RHJ * (w))!/2. For the sake of reliability, let
us accept that the rate of initiation is equal to the initial
reaction rate and is constant over whole induction pe-
riod. At [RH} = 0.99 mol L7! and [DMDO] =
0.079 mot L™, the initiation rate w; = 8 - 109 mot L1 s~!
(41 °C). The parameter of oxidizability is k,/(2k)!/? =
8.7-1075 LV2 moi~V/2 §1/2 (the data for the more
oxidizable 2.4,6-trimethylheptane3S). Hence w., =
24-1077 mol L™! 57!, ie., 35 times lower than the rate
of initiation w;. The induction period in the conditions
of our experiments was 1400 s; hence, A[O,] = w1 =
3.4-107* mol L™, ie., ~3% of the initial concentration
of dissolved O,. A similar estimation for cyclohexane
shows that the amount of O, consumed during the
radical-chain oxidation of hydrocarbon is <1% of the
amount of O, consumed during the induction period.
Hence, the role of these processes in DMDO thermal
decomposition in pure acetone is negligible. lgnoring
the contribution of the chain oxidation of hydrocarbons
to the rate of O, consumption. we obtain

2wo, = w, = w, + Wy, = d[CH,COCH,)/dr +

+ d[CH,|/dr. 29
where wa. and wy,, are the rates of generation of acetonyl

and methyl radicals. respectively. The obvious equations
can be deduced from the sequence of the stages which

present the mechanism of free radical generation in the
system ((1). (3). (6)—(9)):

wy, = (1 + §,)  7agk,[CH;COCH,](DMDO], (25)
Wy = 837agk, [CH,COCH,}{DMDO), (26)
w, = 2k, [CH,COCH,][DMDO], (27)

where v is the probability of the escape of the radical
pair from a “cell” of the solvent that is equal to
kyf(ke + kp); Bp = kg/D and 8, = kol CH;COCH;}/D are
the contributions of the decomposition and H atom
abstraction by the a-oxyisopropyloxyl radical, 34 + 8p = 1,
D= kg + kg|CH;COCHs;].

When 1a reacts with hydrocarbons, the rate of
dioxirane consumption and the efficiency of the initia-
tion of the radical channel increase substantially (see
Table 2). This indicates that reaction (4) does not
contribute significantly to the kinetics of the process.
Otherwise, the reaction mechanism does not change.
Hence, the rates of consumption of dioxvgen and 1a are
the following:

wo, = 0.5, = yagk JRHI[DMDO], (28)

Wpmpo = (ay +ag): k {RH][DMDO]. (29)

The [O,]/A[DMDO] ratio is equal to that of the rates
determined by Eqgs. (28) and (29):

. [O.’,) _ 7 Cp _ Y'k] -
> TADMDO} Gy +ag Kk 1O (30)

where ¢ is the probability of the reaction of DMDO with
a hydrocarbon through the radical mechanism.

According to Eq. (30), the & value is independent of
the concentrations of dioxirane and substrate under
oxidation: this is in agreement with the experimenial
data (see Table 2). The contribution of radical processes
1s likely determined by the nature of reactants and the
temperature. Eq. (30) can be recommended as a crite-
rion of the radical pathway in the reaction between
dioxirane and a compound studied. In fact, the rate of
hydroxylation of the substrate is equal to

dIROH}/dr = weoy = lay, +
+ (I = pagl- k [RHI[DMDO]. Gh

This equation can easily be presented as

waop = (1 = 7€)y + ag) - & [RHI[DMDO] =
= (I = ye)wpypo =
= (1 - {0,}/a[DMDO})[DMDO]. (32)

When Eq. (32) was derived, the formation of ROH in
the reactions of the radicals escaped into the solvent
bulk was ignored. The data of Table 2 give evidence that
the reaction of DMDO with aliphatic hydrocarbons
proceeds in fact through the radical pathway. We cannot
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rule out that the reaction is completely homolytic (¢ = 1)
and the initiation efficiency is lowered by intracell re-
combination (reaction {6)).

The kinetic analysis of the mechanism. Ar atmo-
sphere. The complete removal (by purging or chemical
bonding) of O, transforms the reaction into the regime
of 1a radical-chain decomposition. This process involves
the stages of initiation (1)—(9), propagation (10)—(16),
and chain termination (19)—(21), To simplify the ki-
netic analysis, we ignored the contribution of reactions
(12) and (15) on the basis of the following consider-
ations.

1. Acetol is virtually absent from the reaction prod-
ucts at 41 °C, and this fact indicates a negligible contri-
bution of reaction (12). Notably, the kinetics of 1a chain
decomposition was studied mainly at 50 °C.

2. The decomposition of a-alkoxyisopropyloxy! radi-
cal likely proceeds faster than the B-cleavage of terr-
butoxyl radical. A polar substituent destabilizes the radi-
cal and, oppositely, stabilizes the carbony! compound
that is the product of decomposition. The heat effect of
the reaction

(CHg),CO" —» CH,COCH, + "CH,

is +6 kcal mol~!  whereas the p-cleavage of
(RO)(CH;),CO" is characterized®® by AH? = —-59
(R = CH3) and —14.3 kcal mol™! (R = cumyl).

3. H atom abstraction from the primary C—H bond
in the acetone molecule is hampered because of the high
strength of the bond broken and the deactivating effect
of the carbonyl group. Similarly to the reactivity of
(CH;3);CO", one can assume that k;; and k|5 =
10* L mol~! s~ (Refs. 36, 37). If k;, and k4 = 106 571
(values close to the rate constant of the B-cleavage of the
cumyioxy! radical), then the conditions of wy{ >> wy;
and w4 >> wys are fulfilled and ignoring reactions (12)
and (15) is kinetically justified.

The rate of 1a consumption, wpympo- is determined
as follows:

Wompo = k1ol CH;COCH,|[DMDO] +
+ k,5ICH,][DMDO]. (33)

Under the quasi-steady-state approximation for the
concentrations of carbon-centered radicals., we obtain

d[CH,COCH,}/dr = w,_ — k,o[CH,COCH,][DMDO] +
+ k,[CH,]JICH,COCH,] — w,,, = 0, (34)

d[CH,1/di = wy, + k,)[CH,;COCH,][DMDO] —
~ kyICHJ[CH,;COCH,] = w5y, = 0. (35)

where w,. and wy, are determined by Eqs. (25) and
(26); w_ac and wy ae are the rates of the CH3;COCH,"
and °CHj radicals decay, respectively. The equation for
wpMmpo containing the rate constants of distinct stages
and concentrations of acetone and dioxirane is rather
awkward for practical use. Therefore, we shall consider
only qualitative correspondence of the reaction mecha-
nism to its formal-kinetic features for two limiting cases.

Termination via reaction (19). In this case, w 4. =
2k g[CH;COCH;|* and w,_y. = 0, and the quasi-steady-
state concentration of methyl radical is determined as
follows:

w

(CH. | ¥u_*% [CH,COCH, IDMDO)
e

k, [CH,COCH,] . (36

The concentration of acetonyl radicals can easily be
calculated from the condition w; = w,, then

[CH;COCH,] = [w,/(2k)1'/~. (37)

The rate w; is determined by Eq. (27). Substitution of
expressions (36) and (37) into Eq. (33) gives after simple
rearrangements the expression for the rate of 1a con-
sumption:

Wompo = KH9{DMDOJ/2 + kD{DMDOP +
+ k2 DMDOJ/2, (38)

in which the polynomial coefficients are combinations of
the kinetic constants and acetone concentration. If the
square-law termination vig reaction (19) were the main
pathway for radical decay, then the effective order with
respect to [DMDO] would be within 1.5—2.5. As shown
above, the consumption of dioxirane through the chain
pathway is characterized by an order with respect to
peroxide that is only somewhat higher than unity:
1 < n < 1.5. Similarly, it is easy to show that termination
via reaction (21) also does not correspond to the formal
kinetics of the process under study.

Cross-termination via reaction (20). An assumption
on the cross-decay of CH3;COCH,; " and "CHj seems to
be most logical. taking into account the close reactivity
of the carbon-centered radicals in the recombination/
disproportionation reaction. The radicals that cause 1a
chain decomposition should be present in comparable
quasi-steady-state concentrations. In the case of cross-
termination, Wiae = WiMe = k20[CH3][CH3COCH2]
The condition for the equality of the rates of initiation
and termination should be the following:

[CH,] = w./(kyyl CH;COCH,]). 39

Substitute expression (39) into Eq. (34) and take into
account that wa. = ka [DMDO], w; = k{DMDO], then

k, [DMDO] - ko[CH;COCH,][DMDO] +
+ [kk,(ICH,COCH,}/(ky[CH,COCH,)][DMDO] ~
~ k[DMDO] = 0. (40)

[t is easily seen that the concentration of dioxirane in
Eq. (40) cancels completely. Hence, the quasi-steady-
state concentration of acetonyl radical, which can be
calculated from this square equation, is independent of
{DMDO]. As can be seen in Eq. (39), [CH;] is propor-
tional to the concentration of dioxirane. Then Eq. (33)
is rearranged into

Wompo = KIDMDO] + KI{DMDOR, 41

where k' and &2 are the complex combinations of the
kinetic constants and {CH;COCH;}. The first term in
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Eqg. (41) characterizes the consumption of DMDO
due to the reaction with acetonyl radical, &) =
ko{CH;COCH;] . and the quadratic term describes
the contribution of reaction (13) to the overall
rate wpapMpo-

Equation (41) agrees with the kinetic features found
for the radical-chain decomposition of 1a when the first
member of the sum contributes the most to wpypo-
This condition is actually fulfilled, as the main product,
acetol acetate, forms in the reaction of CH;COCH,"
with 1a (see Table 1). The fact that the kinetics of the
reaction is satisfactorily described by a first-order equa-
tion and the initial rate of the chain reaction (wy) is
proportional to [DMDO], (see Table 3) reflects the
domination of the first member in Eq. (41). The depen-
dence of k., on the concentration of dioxirane and the
linear correlation between wy/[DM DO}, and {DMDO],
indicate the presence of the channel of 1a consumption,
which is described by an equation of higher order. The
change in the effective reaction order with respect to
dioxirane within the limits from | to 1.5 also agrees with
the above conclusions.

The differential equation (41) (wpmpo = d{DMDO}/dr)
is easily reduced to the integral expression2?:

«" + &' (DMDONIDMDO), L,

K A (42)
(k" + & {DMDO])IDMDO]

In

The constants &1 and &? calculated from this equa-
tion are listed in Tabie 3. Let us evaluate the rate constant
of the key reaction of the 1a radical-chain decomposition
under the assumption that the nature of the alkyl radical
slightly affects the rate of the induced homolysis of the
O—O0 bond, i.e., k)p = k3. It is obvious that

kDR = (ORIDCH,}{CH,COCH,]/[DMDO] =
= k2, w,/ (ks DMDOY). (43)

Since w, = w; = 2Ewpmpo = 28kl DMDO], Eq. (43)
is rearranged into the form

ki = [k‘”k‘z’km/(?ikm)]"'l- (44)

The recombination of alkyl radicals is determined by
the mutual diffusion of the reactants and is in fact
independent of the temperature; therefore, we can take
kag = 5°10% L mol™! s™1. Substituting the &, &2 ¢
values (see Table 2 and 3) and k.p = 3.8-1075 s7!
(calculated from the temperature dependence. see Fig. 2},
we obtain kyg = 1.6+ 105 L mol™! s} The kg value is in
good agreement with the rate constants of the reactions
of alkyl radicals with DMDQ.13:28:24 1t was suggested!?
that the rate constant k(R + DMDO) is close to the
diffusion limit. This does not represent explicitly the facts
because dioxirane, due to its reactivity (ko = k;7) and
the ratio between the concentrations [DMDO}y >> [O,],
would trap all alkyl radicals even in the presence of O,
resufting in the chain decomposition of 1a under any
experimental conditions. A strong inhibiting effect of

dioxygen indicates that w|; >> wq in the whole range of
concentrations until its complete (<1075 mol LI,
ie., 299%) disappearance.

The kinetic analysis of the sequence of reactions
(1)—(21) showed its qualitative correspondence to the
products found and the kinetics of the radical-chain
process under the assumption of chain termination ac-
cording to reaction (20). Notably, the rate constant (!
increases by the factor of ~2 when the [DMDO] in-
creases fourfold (see Table 3), indicating the respective
dependence of the quasi-steady-state concentration of the
acetonyl radicals. The relation between [CH;COCH>) .,
and the dioxirane concentration points to the fact that a
complex termination via reactions (19) and (20} is most
probable. However, in this case, the expression for
wpmpo becomes too complicated for practical use.

The role of radical processes in the interaction be-
tween dioxirane and hydrocarbons. The experimental
results demonstrate clearly the importance of homolytic
processes in the system under study. A fraction of the
radical mechanism becomes prevailing in reactions with
aliphatic hydrocarbons. Note the conditions which can
change the ratio between the two reaction channels.

— An increase in the temperature favors an increase
in the contribution of the radical mechanism. According
to the data of Tabie 2, the & value for isooctane increases
from 57% (25 °C) 10 73% (41 °C).

— The nature of the substrate oxidized. The higher
the energy of homolytic dissociation of the C—H bond,
the less the contribution of the radical reaction channel.
The & value for teniary hydrocarbons at 25°C is 50—
60% (see Table 2). n-Octane and cyclohexane possess
stronger secondary C—H bonds; therefore, similar con-
tributions of homolytic processes are observed for these
compounds at a higher (41 °C) temperature.

The problem on the contribution of the molecular
and radical channels in the reaction with a substrate of
oxidation has repeatedly been discussed in the chemistry
of oxidants of a peroxide nature. It is well known that the
more pronounced the electrophilic properties of a perox-
ide (the affinity of an oxidant to an electron can likely be
a measure of its activity) and the electron-donor proper-
ties of the oxidized compound, the lower the tempera-
ture, and the higher the polarity of a solvent, the more
probable is the molecular process. A similar situation is
apparently observed in the chemistry of dioxiranes. From
a synthetic viewpoint, it is more advantageous to create
conditions favoring the non-radical mechanism of the
reaction; low temperatures, dioxirane with more pro-
nounced oxidation ability (1b), and an oxidized com-
pound with the activated C—H bonds capable of stabiliz-
ing effectively the positive charge on the C atom that
arises because of a partial transfer of the electron density
to oxirane. A conclusion on the molecular mechanism of
the reaction has been drawn from the study!? of the
processes under the above conditions. However, this
cannot rule out the possibility of hydroxylation of satu-
rated organic compounds vig the radical pathway.
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The problem of the mechanism of the reaction be-
tween dioxiranes and the C—H bond can be divided into
two parts.

1. Do the radical processes occur during the interac-
tion of dioxiranes with RH? By far, yes, and their
contributions are determined by the chemical nature of
the reactants, temperature, and solvent. A thesis on a
“start-up of radical processes"1416 (¢ the radical pro-
cesses are impossible without the necessary conditions:
illumination, trace admixtures, efc.) seems to be rather
incorrect. Sometimes, radical-chain processes determine
the reaction pathway, for example, the oxidation of
alicyclic hydrocarbons by dioxirane 1a at temperatures
higher than room temperature. Obviously, situations are
possible (see, for example, Ref. 17) in which the mo-
lecular channel prevails insomuch that even conditions
favorabie for the homolytic mechanism do not affect the
occurrence of the oxidation process.

2. Does the hydroxylation of the C—H bond occur
with the participation of free radicals? Qur experimental
data do not allow us to unambiguously answer this
question. Examination of the experimental data gives
evidence of the preference of the "oxenoid" mechanism
but the homolytic pathway (primarily, latent-radical)
cannot be ruled out.

One can assert with certainty that the interaction
between dioxiranes and saturated organic compounds is
a complicated process that involves the molecular and
radical mechanisms as the limiting cases. Therefore,
simplified concepts on the occurrence of only one of
them are incorrect.
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