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Kinetics of radical decomposition of di(zert-butyl) trioxide
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The kinetics of radical decomposition of di(zert-butyl) trioxide was studied by spectro-
photometry frem the consumption of an acceptor of free radicals, 2,6-di(ferr-butyl)-4-
methylphenol, in CFCl; and CH,CL, (in the latter case, in the presence of 0.1 M By'OOH).
The activation parameters of the reaction (log(4/s™!) = 14.8+1.2 and 14.1£1.6, E =
21.611.4 and 20.1£1.9 kecal mol™! in CFCl, and CH,Cl,, respectively) and the probabitity of
radical escape to the bulk (e = 0.9+0.1) were determined. The known experimental and
calculated values of the O—OO bond strength in trioxides were analyzed.
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Dialkyl! trioxides (ROOOR) are intermediates of low-
temperature radical reactions involving oxygen and ozone.
It has been shown previously!—3 that the thermal de-
composition of ROOOR occurs homolytically with an
intermediate formation of free radicals. The overall ki-
netics of decomposition of dialkyl trioxides has been
studied by volumetry! and chemiluminescence.¢ An at-
tempt to study the kinetics of decomposition of dicumyl
trioxide by 'H NMR spectroscopy has been made.5 The
effect of a solvent nature on the rate of thermolysis of
ButOOOBuU! has been observed,® and its induced de-
composition has been studied.? Despite repeated proofs
of formation of free radicals during thermolysis of dialky!
trioxides were found, no direct experimental data on the
contribution of the radical route of ROOOR decomposi-
tion to the reaction mechanism are available. The acti-
vation parameters obtained previously characterize the
overall process only.

In this work, we studied the kinetics of radical
decomposition of ButOOOBuU! from the consumption of
an acceptor of free radicals, 2,6-di(tert-butyl)-4-
methylphenol (ionol, InH) and determined the contri-
bution of the radical channel to the overall process.

Experimental

Di(tert-butyt) trioxide was obtained according to the known
procedure®5 by ozonization of sodium salt of rerr-butyl
hydroperoxide in CFCI; at —60 °C. The concentration of
Bu'OOOBuU! was determined from the 'H NMR spectra on a
Bruker AM-300 high-resolution instrument. The kinetics of
radical decomposition of Bu'OOOBu' was studied by spectro-
photometry from the consumption of an acceptor of free radi-
cals (InH) in a thermostatted quartz cell (volume 2.5mL,
thickness [.0 c¢m, a vacuum jacket to prevent freezing of
moisture) placed in the cell chamber of an SF-26 one-beam

spectrophotometer. The temperature was determined by a ther-
mocouple mounted into the cell cap. CFCly or a 0.1 M solution
of Bu!OOH in CH,Cl, was used as the reference solution. The
following concentrations of ionol and di(ferr-butyl) trioxide
were used: {InH] = (1.1-3.4) - 107* mol L!, {Bu'OOOBu| =
331075 mol L1 A change in the concentration of ionol was
recorded in the region of its absorption maximum at 284 nm.
Extinction coefficients (A = 284 nm) £ = 3000£150 and 2300+
170 Lmol™tem™! in CFCly and CH,Cl,, respectively, were
determined from the linear dependence of the optical density of
a solution of InH on its concentration. It was established
prefiminarily that under conditions of kinetic experiments, the
optical absorption of products of decomposition of ButOOQBu!
and products of transformation of InH did not exceed 3% of the
absorption of ionol at the beginning of the experiment (Ap!nH).

Resuits and Discussion

[t has been shown previousty3 that 2,6-di(rert-butyl)-
4-tert-butylperoxy-4-methylcyclohexa-2,5-dienone
(Bu*OOIn) is the single product of transformation of
ionol added to di(ferr-butyl) trioxide decomposing in
reaction (1).

Buto0oBu K1, BuO® + BuOO" m
Bu'O" + InH %1, BuOH + In- Q@)
BUOO" + InH 1 BUOOH + in- 3
ButOO" + In* X ButoOImn (4)

According 10 the published data,? the rate constants
of hydrogen abstraction from ionol by alkoxyi (reaction
(2), k3) and peroxy! (reaction (3), k3) radicals are equal
to 108 (22 °C) and 10* L mol~t 571 (50 °C), respectively.
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Therefore, in an inert solvent, ionol is consumed in
reaction (2) only. The rate constants of recombination
of phenoxyl radicals with alkoxyl and peroxyl radicals
are virtually independent of the structure of the latter
and can be accepted® as 3- 108 L mol™! s™!. The steady-
state concentration of peroxyi radicals in the solution is
considerably higher than those of alkoxyl radicals. There-
fore, if the ionol concentration is sufficiently high to
prevent recombination of peroxyl radicals, the Kinetic
chains are terminated by reaction (4).

The rates of consumption of the inhibitor (w ) and
the rates of decompasition of the initiator (w) are
related by the following correlation:

Wian = (1/f) - ew;,

where fis the stoichiometric coefficient of inhibition (in
this case, f= 2), and e is the probability of radical escape
to the bulk. This equation for troxide can be rewritten
in the form

1 t
d[inH] _ 2e d{Bu'O0OBu'] _ _2e, 1p.1000Bu'}.
dt / dr f
Taking into account that [Bu'OOOBu'] =

[ButOOQOBu!] exp(—£k 1), we obtain the equation

d[InH} _
dt

- %k, [Bu'OOO0Bu! |yexp(~k t).

Integration of the latter gives
[InH] = [InH]g — .(Ze/j) - [Bu'OOOBu {1 — exp(—k,N}.
Taking into account that at 7 — <, [InH] — [InH]_ where
(InH], = [InH]y — (2e//) - [ButOOOBut],

we obtain equations for the radical escape to the bulk
and the rate constant of decomposition of trioxide (Egs.
(5) and (6), respectively).

=L ({inH], - (InH ()
¢ 2[Bu'OOOBu']([n lo - InHl.)
k¢t = o nHl - UnH], (6)

{InH} - {inH],

The rate constant of decomposition of trioxide £,
was cajculated by two methods. In the first case, it was
determined from the siope of the straight line in the
coordinates In{({InH], — [InH] )/([InH] — [InH] )}—1.
For this purpose, we should know the concentration of
ionol {InH]_ for complete decomposition of Bu'OOOBu';
hence, the experiments at low temperatures take a long
time. In the second case, the decomposition of trioxide
was carried out at a depth of 85—90%, and the {InH]_
and k, values were obtained by the nonlinear optimiza-
tion from Eq. (6).

The kinetic experiments were carried out at the ratio
of concentrations {InH},/[Bu'OOOBu'], > 2, where the
k, value is independent of [InH],, ie., all radicals
formed during the decomposition of di(ferr-butyl) triox-
ide are trapped.

Decomposition of di(ters-butyl) trioxide in CFCl,.
The consumption of ionol during decomposition of
Bu'OOOBu!' in CFCl, obeys the first-order kinetic law
(Fig. 1). Using the temperature dependence of the k,
constant (a relative error of determination of &, does not
exceed 10%):

t/°C -135 -75 —-15 35 70
k- 103571 05 09 28 56 94

we determined the activation parameters of the radical
decomposition of di(rert-butyl) trioxide in CFCI;;
log(A/s™!) = 14.8%1.2, E, = 21.6+1.4 kcal mol™".

In the temperature range studied, the e value calcu-
lated according to Eq. (5) remains almost unchanged
and amounts 0.90%0.05,

Decomposition of di(rert-butyl) trioxide in CH,Cl,.
During decomposition of di(tert-butyl) trioxide in the
presence of InH in CH,ClL, (A = 284 nm), the relative
change in the optical density of the solution (4, — 4,)/4,
does not exceed 3%. This indicates that no more than
10% radicals formed from trioxide were trapped by the
acceptor. The absorption spectrum of the solution ob-
tained by mixing of Bu'OOOBu' and InH in the 1.0:0.8
ratio and exposed at 0 °C for four half-decay periods of
trioxide does not differ from the spectrum of ionol in
CH,CI,. It can be assumed that the low degree of trans-
formation of InH is due to the competitive reaction of

tn ({InH]g —~ {InH],)

{InH] - 105/mol L™ ({InH] = {InH],)
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Fig. 1. Kinetic curve of ionol consumption in radical decom-
position of Bu'OOOBu! (/) (change in the optical density of
ionot at A = 284 nm) and its semilogarithmic anamorphosis (2)
(~75 °C, {Bu'0O0OBu'], = 3.3+ 1075 mol L™, CFCl,).
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hydrogen abstraction by Bu'O’ radicals from the solvent
CH,Cl, (reaction (7), k). In fact, ki = 108 L mol™!s™! 3
ky = 10° Lmol™'s™ (22 °C),” [InH] = 1+ 107 mol L™,
and [CH,CL,} = 15.6 mol L!; then the ratio of the rates
w,/w, = 150. The "CHCI, radical formed reacts rapidly
(4.7 - 10° L mol™' s™!)® with dissolved oxygen to yield the
dichloromethyiperoxyl radical. The probability of the
reaction of *CHCI, with InH is very low, since, according
to the published data,® the value of the rate constant
of the reaction of alky! radicals with ionol ranges
within 35—4-10° Lmol™'s™ (50°C). The CI,CHOO"
radicals can abstract the hydrogen atom from ionol (reac-
tion (8), k; = 10*—105 L mol~' s7")® and recombine (reac-
tion (9), & = 10° L mol™' s7!)7 or cross-recombine with
tert-butylperoxyl (reaction (10), k,, ~ 108 Lmol™!s™!)?
and phenoxyl radicals (reaction (I1), k£, = 108 —
107 L mol™!s74).79

ButO" + CH,Cly + O, Hie suon + ClL,CHOO"  (7)

ClL,CHOO™ + InH _%__ CI,GHOOH + In- ®)

2 CLCHOO® —2e C1,CHOM + ClyC=0 + O, ®
k,
BU'0O" + Cl,CHOO" —%» BuylOH + C1,C=0 + 0, (10)

k
CI,CHOO" + In® —= CI,CHOOIn (1

For the model including Egs. (1)—{4) and (7)—(11),
using the rate constants and initial concentrations pre-
sented above, we obtained the numerical solution from
which follows that a considerable number of ButOO " and
CI,CHOO" radicals decay in reactions (3) and (190), and
the contribution of reactions (3) and (8) becomes notice-
able only when the depth of the process increases
(Fig. 2). The aforesaid is expenmentally confirmed by the
fact that when a solution of ionol (1073 mol L) is added
to decomposing di(fert-butyl) tdoxide (1073 mol L")
in CH,Cl,, the intensity of IR luminescence (CL) de-
creases insignificantly. Since emitters of CL are formed in
cross-recombination of peroxyl radicals from the solvent
and trioxide,? it can be concluded that the addition of
ionol virtually does not decrease the contribution of
reactions (9) and (10).

The kinetic experiment in the presence of additives
of rert-butyl hydroperoxide, which replaces fert-butoxyl
radicals by rert-butyl peroxyl radicals, prevents the par-
ticipation of the solvent in the reaction. The rate con-
stant of the reaction of Bu'O" with Bu'OOH (reac-
tion (12), k,,), according to the published data,"® is
2.5-10% L mol™' 5!, Thus, at {Bu'OOH] = 0.! mo! L™
almost all ButO" radicals are trapped by hydroperoxide
(w,/w, = 16), and ionol is consumed in reaction
(3) oniy.

BulQ" + Bu'QOH — BulOH + ButQO" (12)

L8} ;- 108/L mot™! s~

LS

A 3 ")
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Fig. 2. Time dependences of the reaction rates of peroxyl
radicals with ionol (/, wy + W) and rates of their cross- and

self-recombination (2, wy + w ).

The extinction coefficient of terr-buty! hydroperox-
ide at A = 284 nm is low (4.0 L mol™! cm™!); however,
the optical absorption of a 0.1 M solution of BwOOH is
sufficiently high (4 = 0.4). Therefore, 0.1 M Bu'OOH in
CH,CI, was used as the reference solution. A change in
the concentration of hydroperoxide during experiment
can be neglected, since [Bu'OOH], >» {ButOOOBuY,.

The spectrum of a solution of CH,Cl, containing
Bu'OOH (0.1 mol L") and Bu!OOOBu* and InH in
1.0 : 0.8 ratio (the solution was exposed at § °C for four
half-periods of trioxide decay) contains no absorption at
284 nm, which indicates compiete consumption of jonol.

The kinetics of consumption of ionol during decom-
position of di(ferr-butyl) trioxide in CH,Cl, with a
Bu'OOH additive is similar to that observed in CFCl,,
which confirms the above-mentioned assurmption about
the competing reactions of the Bu'O " radical with CH,Cl,
and InH. The activation parameters of radical decomposi-
tion of di(ferr-butyl) troxide in CH,Cl, were determined
as log(d/s™") = 14.1£1.6, E = 20.1%1.9 kcal mol™!
from the temperature dependence of the &, constant (the
telative error of determination of &, does not exceed
10%):

t/°C ~=21.0 -17.5 —10.5 0.0 0.0 5.5
k-10%/s70 03 L1 32 92 9.0 201
The probability of radical escape to the bulk (e) is
virtually temperature-independent and amounts

0.89+0.09.

Comparison of the rate constants of decomposition
of di{ferr-butyl) trioxide in CFCl, and in CH,CI, at
close temperatures shows that they are systematically
higher in the latter solvent. This agrees well with the
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Table 1. Activation parameters obtained by different methods for decomposition of trioxides

Trioxide? log(A/s™h) E,/kcal mol™! Method (conditions)
Bu'OOO0Bu! 14.8+1.2 21.6+1.4 Method of free radical

acceptors (CFCl3)
Bu!OOOBu! 14.111.6 20.1x1.9 The same (CH,Cl,, BuY'OOH)
Bu'OOOBuU* 14.5+2.2 20.81+0.6 IR CL (CHZClz)‘
Bu'OQOBu! 14.5+£0.7 20.4+0.9 Visible CL (CHZClz)‘
Bu'OOOBu! ~17 ~23 Volumetry (CH,Cl,, Bu'OOH) !
CumOQOOCum 12.613.1 18.9£3.75 'H NMR spectroscopy (CFCl;) 3
CumO—Q0H 21.9¢ The same (CumH, acetone-dg, InH) 16
AdO—-OOH 129+1.4 19.6+1.9 Visible CL (acetone) 17
Me,C(OH)O—-00OH 20.2¢ Method of free radical

acceptors (Me,CHOH) 18
Me,C{(OH)O—~OOH 13.0 20.2¢ The same!® (gas phase)
ROOOR 16 23 Thermochemical estimation (gas phase)!?
RO—OOH 20.4%1.0 Quantum-chemical MNDO calcuiations!!
RO—OO0OH 20.8+1.0 The same, by the AM1 method!?
MeO—OO0H 296 Ab initio calculations??
MeQ—OOMe 28.0 The same!?
MecO--0O0H 30.1 » 14
EtO-—-OOH 30.2 » 14

2 Ad is adamantyl, Cum is cumyl.

4 Estimated from the kinetic data presented in this work.

< Taking into account the activation energy of viscous flow. !
4 Calculated for the gas phase (4 = 10'3) from the linear dependence of £, on logd.11

effect observed previously for the influence of the me-
dium on the rates of decomposition of trioxide.¢

* & X

The results obtained indicate that the decomposition
of dialkyl trioxides is aimost completely homolytic. The
values of activation energy of the radical decomposition
of di(fert-butyl) trioxide comespond to the E| values
obtained for this compound by other methods and for
other trioxides (Table 1). For example, the activation
parameters of thermal decomposition of di(terr-butyt)
trioxide determined by the method of free radical accep-
tors and chemiluminescence method agree well. The
fact that the dissociation energy of the RO—QO bond in
trioxides is independent of the R nature is also con-
firmed by the results of semiempirical quantum-chemi-
cal calculations.411.12

At the same time, the recent results of ab initio
calculations of the bond strength I(O—O) in the series of
trioxides (see Table 1) differ strongly from the main data.
It can be easily shown that the DXO-—O0O) values ob-
tained'3 ™ do not correspond to the experimental data.
In fact, when the activation energy of decomposition
of ROOOR is accepted to be equal to 30 kcal mol™!
and the pre-exponential factor is 10' 57!, the calculated
lifetime of trioxide is 3.3 years at 273 K. At the same
time, the lifetime of trioxides determined experimen-
tally at this temperature is several minutes. However,
the strengths of the O—0O bond calculated in the same
work!3 agree well with the experimental values. In our
opinion, this is explained by the following. The enthal-

pies of formation of polyoxides and bond strengths in
these compounds were calculated by the method of
isodesmic reactions with group balance.! This implies
that the type and number of groups in reagents and
products are retained in the isodesmic reactions used.
The term "group” implies the central polyvalent atom
surrounded by ligands according to Benson’s defini-
tion.'S However, the key reactions studied®® involving
HOOOH and MeOOOH trioxides are not strictly
isodesmic. The number and type of chemical bonds are
retained in them, but the environments differ. For
example, for the reaction

2 HOOH —= HOOOH + HOH

we obtain four O—(H)(O) groups for the reagents, but
two O--(H)O) groups and one O—(0), and one
O—(H), group for the products. The fact that the near-
est environment is not retained most likely results in an
error of ab initio calculations of the AH° values of
reactions involving trioxides due to incomplete account
of electron correlation. As applied to peroxides, the
approach of the authors of Ref. 13 is rigorous; therefore,
the results of the calculation agree well with the known
experimental data.

Thus, according to the structure and reactivity,
ROOOR dialkyl trioxides can be considered as analogs
of ROOR dialky! peroxides. Hornolysis at the O—O
bond is the most characteristic reaction of dialkyl triox-
ides. This reaction is monomolecular and usually the
limiting stage of decomposition. The main distinction
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between ROOOR and ROOR is the low temperature
limit of stability of ROOOR, which is due to the lower
strength of the O—OO bond as compared to that of
O—0. Therefore, dialkyl tnioxides are unique radical
initiators, which are efficient at temperatures from —30
to +10°C. Ounly photochemical and radiation initiation
as well as reactions of hydroperoxides with salts of
variable valence metals can compete with reactions of
dialky! trioxides in this temperature range. However,
these methods are less convenient, because they require
complex equipment or contaminate the reaction system.

The authors thank A. B. Ryzhkov for development of
the computer program for the solution of the direct
kinetic problem.

This work was financially supported in the frame-
work of the Federal Target Program "State Support of
Integration of Higher School with Fundamental Science
for 1997—2000.”

References

1. P. D. Bartlett and P. Gunther, J. Am. Chem. Soc., 1966,
88, 3288.

2. N. A. Milas and B. Plesnicar, J. Am. Chem. Soc., 1968,
90, 4450.

3.S. L. Khursan, V. V. Shereshovets, N, M. Shishiov, A. F.
Khalizov, and V. D. Komissarov, React. Kinet. Catal. Lett.,
1994, 52, 249.

4.S. L. Khursan, V. V. Shereshovets, A. F. Khalizov, A. L.
Voloshin, V. D. Komissarov, and V. P. Kazakov, [zv. Aked.
Nauk, Ser. Khim., 1993, 2056 {Russ. Chem. Bull., 1993, 42,
1968 (Engl. Transl.)j.

5.
6.

P. D. Bartlett and M. Lahav, Isr. J. Chem., 1972, 10, 101.
A. F. Khalizov, S. L. Khursan, and V. V. Shereshovets, {zv.
Akad. Nauk, Ser. Khim., 1995, 1167 [Russ. Chem. Bull,
1995, 44, 1127 (Engl. Transl.)].

.S. L. Khursan, A. F. Khalizov, and V. V. Shereshovets, izv.

Akad. Nauk, Ser. Khim., 1997, 924 {Russ. Chem. Bull.,
1997, 46, 884 (Engl. Transi.)].

. V. A. Roginskii, Fenolnye antioksidanty {Phenol Anfioxi-

dants}, Nauka, Moscow, 1988 (in Russian).

. P. Neta, R. E. Huie, and A. R. Ross, J. Phys. Chem. Ref.

Data, 1990, 19, 413.

. H. Paul, R. D. Small, Jr., and J.C. Scaiano, J. Am. Chem.

Sec., 1978, 100, 4520,

.S. L. Khursan and V. V. Shereshovets, Izv. Akad. Nauk,

Ser. Khim., 1996, 1129 [Russ. Chem. Bull., 1996, 45, 1068
(Engl. Transl.)].

.S. L. Khursan and V. V. Shereshovets, /zv. Akad. Nauk,

Ser. Khim., 1996, 2190 {Russ. Chem. Bull., 1996, 45, 2074
{Engl. Transl.)}.

.T. H. Lay and J. W. Bozzelli, J. Phys. Chem. A, 1997, 101,

9505.

.T. P. W. Jungkamp and J. H. Scinfeld, Chem. Phys. Lent.,

1996, 257, 15.

.S. W. Benson, Thermochemical Kinetics, 2nd ed., Wiley-

Interscience, New York, 1976.

.W. A. Pryor, N. Ohto, and D. F. Church, J. Am. Chem.

Soc., 1982, 104, 5813.

. E. V. Avzyanova, Q. K. Timerghazin, A. F. Khalizov, S. L.

Khursan, L. V. Spirikhin, and V. V. Shereshovets, Mendeleev
Commun., 1997, 227.

. V. V. Shereshovets, F. A. Galieva, R. A. Sadykov, V. D.

Komissarov, and G. A. Tolstikov, Izv. Akad. Nauk SSSR,
Ser. Khim., 1989, 2208 {Bull. Acad. Sci. USSR, Div. Chem.
Seci., 1989, 38, 2025 (Engl. Transl.)].

.P. S. Nangia and S. W. Benson, Int. J. Chem. Kinet., 1980,

12, 29.

Received April 29, 1998




