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Abstract - Thermal decomposition reactions of substituted cyclic organic di- and
triperoxides have been carried out in toluene solution in order to investigate
substituent effects on homolytic scission of the O-O bond in those compounds. A
comparative analysis of the reactivities at 145 °C and the activation parameters for
unimolecular reactions of molecules of this type were interpreted in terms of
substituent effects and ring size. An isokinetic relationship was established to
validate the existence of a genuine substituent effect for the unimolecular
homolysis reaction of the substances considered. Cyclic organic peroxides of very
high reactivity and sterically hindered deviated from correlation’s. It appears to be
possible to determine whether a peroxy group is part of a six or nine membered

ring on the basis of the activation parameters values.

INTRODUCTION

Organic peroxides have reached a great importance through the years because of the unusual reactivity of
the O-O bond linkage whose decomposition in free radicals make them applicable in polymerization,
essential operation in the synthetic polymer fabrication. Actually, the effects of the nature of some cyclic
organic peroxides (COPs) are being evaluated® as initiators in polymerization of styrene because using

these compounds it is possible to produce polymers with high molecular weights and narrow
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polydispersities at high reaction rates. The COPs used as polyfunctional initiator can be added to the
reaction system in solid state (bulk polymerization) or in solution (styrene/organic solvent, 1:1, V/V),
being toluene, chlorobenzene™ or ethylbenzene the organic solvent commonly employed.

On the other hand, the importance of synthetic 1,2,4-trioxanes has grown considerably in recent years®>
and some of its derivatives achieved prominence as potent antimalarial agents. Thus, the 1,2,4-trioxane
heterocycle has been identified as the critical pharmacophore in antimalarial activity. Other authors,”
confirm in vitro activity against Plasmodium falciparum of dispiro-1,2,4,5-tetroxanes as a new class of

peroxide antimalarial drugs.
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In previous works kinetic data™ " and solvent effect analysis of the thermal decomposition reactions
of cyclic peroxides of the families of substituted 1,2,4,5-tetroxanes,”’ 1,2,4-trioxanes® and 1,2,4,5,7,8-
hexaoxacyclononanes®®*! have been evaluated. An evident substituent effect on the O-O homolytic
rupture on the thermolysis of 1,2,4,5-tetroxanes was found in benzene solution.” In this work, the effects
of substituents and of the ring size on the O-O bond homolysis of various cyclic organic peroxides have
been investigated. All available kinetic data of the thermal decomposition reaction of a series of

substituted COPs (scheme) in toluene solution were shown and correlated.
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RESULTS AND DISCUSSION

The thermal decomposition reaction of cyclic organic peroxides (2, 4, 5 and 10) was studied in toluene at
the temperature ranges indicated in Table 1 and initial concentrations ca. 2 x 10 M. It was demonstrated
that the kinetic behavior of the different systems is according to a first order kinetic law up to at least ca.
50 % of COPs conversions, although many runs show that type of behavior for more higher
decomposition of peroxides.

Table 1. Pseudo First-Order Rate Constant Values for the Thermal Decomposition Reaction of
Different Cyclic Organic Peroxides (COP) in toluene solution.

COP t (°C) Kexp X 10° (s™) P
oD 130.0 1.16
141.4 5.63
145.0 5.90 0.998
151.0 16.8
166.0 65.1
4P 120.0 4.36
130.0 12.2 0.994
140.0 29.6
150.0 115
155.0 0.433
5° 165.0 1.32 0.995
175.0 2.66
186.0 5.93
100.0 1.00
10¢ 110.0 3.17 0.998
122.0 9.50
130.0 26.8

% _ Correlation coefficient according to the Arrhenius equation, b Initial concentration (2x10° M), °.

Initial concentration (1x10% M), 9_nitial concentration (1.5x102 M).



Experiments carried out with 2, 4, 5 and 10 showed that the reaction follows first-order kinetic laws up to
at least ca. three half lives of COP conversion. It seems that there are no contributions from second-
order processes inducing the decomposition at higher conversions. On the other hand, toluene is a well
known radical scavenger and its large excess should inhibit radical chains. At the experimental conditions
of this work it is possible to assume that induced decomposition pathways in the thermolysis were absent,
so the rate constant values (Table 1) could be associated with the cleavage of an O-O bond (the weakest
bond) leading to a biradical. Thus, the first step in the thermolysis mechanism of these COPs in solution
is initiated by a process of the type represented in equation 1 for a generic molecule of a substituted

tetraoxacyclohexane (eg. 1).
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The principal organic product derived from the thermal decomposition of the biradical is the starting
ketone (Table 2).

Table 2. Main Products of the Thermal Decomposition of COPs (2, 4 and 5) in Toluene Solution at
150 °C

COP Product Yield 2
2  4-heptanone 0.26
propane, bibenzyl b
4 3,3-dimethyl-2-butanone 0.28
methane, bibenzyl, 2-methylpropane b
5  acetophenone 12°¢
methane, benzene, bibenzyl, benzoic acid b

% _ Moles of product per mole of COP decomposed, b_ Qualitative determination,

¢. yield up to at least 85 % COP 5 conversion



Other products only qualitatively detected are those coming from the reaction between free radicals and
the solvent or by radical combination. For example, the presence of methane, propane, 2-metylpropane
and benzene can be explained by a hydrogen atom abstraction reaction (egs. 2-5) between free radicals
derived from C-C bond rupture of 2, 4 or 5.

CH3 + PhCHz — CHs + PhCHy 2)

CH3CH2CHp + PhCH3—-»  (CH3)CHz + PHCHy (3)

(CH3)3C + PhCH3 — (CH3)3CH + PhCH; 4)

Ph"+ PhCHs ——» PhH + PhCHy (5)

The formation of the other reaction products can be interpreted by coupling of benzyl radicals (eq. 6).

2 PhCH, —— PhCH,CH,Ph (6)

Probably molecular oxygen and CO, are produced in the reaction media caused by C-O and C-C ruptures
from the biradical generated in eg. 1, but there are no experimental evidence about their formation.

The effect of the temperature on the ke, values can be evaluated through the linearity of the Arrhenius
equations (Table 1) over a relatively large temperature ranges which suggest that the thermal
decomposition reaction of 2, 4, 5 and 10 belong to a single process, which could be its unimolecular
thermal cleavage of the O-O bond as the initial bond breaking step.

The activation enthalpy and entropy values according to Eyring equation and corresponding to the
unimolecular thermal decomposition reaction can be compared with already reported data for analogous
homolysis of others COPs in toluene (Table 3). It is recognized that rate constant should be determined
over a large temperature range for obtaining exact activation parameters (in this work At > 30 °C). The
ranges of AH" and AS” values (AAH"= 19.3 kcal mol™®and AAS*= 50.9 cal mol™*K™) corresponding to the
unimolecular thermal decomposition reaction are large compared to the probable errors of those

parameters.



The rate constant values at 145 °C (Table 3) showed that 1, 5, 6 and 9 are approximately 10-30 times less
reactive than 2, 3 and 7, where both substituents are alkyl or cycloalkyl groups but not a methyl group.
On the other hand, we found that the ke, values of 4 and 10, where steric hindrance is predominant,
actually correspond to the highest values. This is probably due to qualitatively different ground or
transition states for their unimolecular reactions. This fact is in line with conclusions of the solvent effect
study™® on the homolytic rupture of 4 where it was demonstrated that changes in the reaction solvent
practically do not affect the kinetic parameters obtained in solution.

The linear dependence between activation enthalpy and activation entropy'* in a series of related
reactions is called the “compensation effect”. The proportionality constant 3 represents a temperature

(isokinetic temperature) at which all reactions should proceed at the same rate.

AH* = AH® + B AS* (7

Figure 1 shows the relationship according to eq. 7, between the activation entalpies and entropies in the

decomposition of cyclic substituted peroxides in toluene.

Table 3. Activation Parameters for the Unimolecular Thermal Decomposition Reaction of COPs

and the Corresponding Rate Constant Values at 145 °C in Toluene Solution

COP At AH? 2 AS* 2 AG* 2 Kissec Ref
o 5 1
c kcalmol®  calmol'K?  kcalmolt X10°S
1 25.0 28.9+0.4 -13.7£1.0 34.6+0.4 0.28 5
2 36.0 39.8 £1.2 17.0+2.9 32.7+1.2 5.9 This work
3 16.0 40.0+0.3 16.9+0.8 32.9+0.3 5.5 6
4 30.0 34.6+£1.2 8.8+3.0 31.0£1.2 56 This work
5 35.0 32.6 £1.1 -7.6£2.4 33.0+1.1 0.22 This work
6 36.0 41.8+1.6 18.5+3.8 34.1+1.6 0.49 9
7 45.0 48.2+1.7 37.244.2 32.5£1.7 6.6 10
8 16.0 46.3+2.9 34.146.9 32.0+£2.9 14.3 6
9 362 34.9+1.0 1.1+1.0 34.4+1.0 040" 8
10 30.0 31.2+0.7 1.7£1.9 30.5+0.7 117 This work

% Errors calculated as in reference 12; 0. Kexp Value at 147 °C



Anomalous behavior of peroxides of very high reactivity may lead to error in slope and hence in
isokinetic temperature. The linearity of the free-energy relationship (Figure 1, correlation coefficient, r=
0.971; r=0.995, if the activation parameters of COP 4 and 10 are excluded) suggests that, both families of
peroxides of six or nine membered ring, decompose by a single interaction mechanism. The values of
AG” within the series are approximately constant in comparison with the variations of AH* (AAG" = 4.1,
or 2.8 kcal mol™ when COPs 4 and 10 are excluded). The “isokinetic temperature” value (p= 358 K,
85 °C) is near to the lowest experimental temperatures selected to run the kinetic experiments (100.0 °C).
With the limited data available here it appears as if each class of cyclic peroxides containing a six or nine
membered ring has a characteristic range of O-O activation parameters values. So, triperoxides (6-8)
(nine membered rings, also called hexaoxacyclononanes) show higher enthalpies and entropies of
activation values than those obtained in the thermolysis of diperoxides (1-5) and trioxane (10) where the
0-0 bond is part of a six membered ring. This ring size effect is specially marked with cyclic
triperoxides (7) and (8), where the substituents are CH3CH, - or -(CH,)s-.
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Figure 1: "lIsokinetic Relationship™ According to Leffler for the Thermal Decomposition Reaction of
COPs in Toluene.



The relationship showed in Figure 1 is to be viewed with scepticism as these parameters are mutually

15,16

interdependent. But existence of Exner— relationship (Figure 2), who proposed an appropriate statistical

technique for finding the isokinetic temperature, confirms the isokinetic relationship.

-10 A

-15

-20

IN Keyp

-25 -

-30

0,0015 0,002 0,0025 0,003 0,0035
T

Figure 2: Dependence of the Residual Sum of Squares S, on the Supposed Isokinetic Temperature 3 for

COPs Unimolecular Thermolysis in Toluene.

When the temperature dependence of the rate constants is represented in the coordinates x= T andy = In
Kexp, the plot for each reaction must be linear according to the Arrhenius equation. If eq. 7 is valid, all
lines intersect in one point, the abscissa of which gives the isokinetic temperature (Figure 2). Thus, to
estimate the B values, the residual sum of squares (S,) are given and f is then defined by the minimum of

the Sy, when varying the abscissa of the intersection point along the T axis.'” The corresponding



isokinetic temperature determined by this method is 338 K (65 °C) when COPs (4) and (10) are excluded.
This value is in reasonable agreement with the B value obtained according to eg. 7, taking in
consideration that both values are lower than the experimental temperatures. Both graphical treatment
support the postulation that some of the reactions considered in this work constitute a genuine isokinetic
relationship for the reaction which represent the unimolecular homolysis of COPs (1, 2, 3, 5, 6, 7, 8, and
9). Peroxides (4) and (10) can be considered to decompose by different interaction mechanism at higher
reaction rates. Both molecules experience important steric hindrance in comparison with those COPs
where the substituents of the ring are methyl, ethyl or another alkyl or cycloalkyl group.

The ground state steric interactions are not so important to talk about of a substituents effect within the
serie of COPs which obey eq. 7, but do become important to evaluate the behavior of COPs (4) and (10)
which can be discarded in both treatments represented in Figures 1 and 2, because these peroxides
showed very high reactivity and they are very sterically hindered peroxides.

CONCLUSIONS

- The analysis of the reaction products and the kinetics parameters of the thermolysis of some substituted
COPs in toluene solution support a general homolytic stepwise mechanism.

- An important substituent effect is operative on the thermal decomposition reaction of several COPs (1, 2,
3,5,6,7, 8and 9) studied in this work in contrast to the behaviour of sterically hindered COPs (4) and
(10).

- It appears to be possible to determine whether a peroxy group is part of a six or nine membered ring on
the basis of the activation parameters values.

EXPERIMENTAL

Materials: COPs (2)*%, (4)*° and (5)*° were prepared by methods described in the literature. COP (10) was
provided by Professor Charles W. Jefford (University of Geneva, Switzerland) and was synthesized
according to literature procedures.”® The toluene solvent for the kinetic experiments was purified by
standard methods® (bp.: 110.0-111.0 °C) and its purity shown to be suitable for this type of work by GC
analysis. Sublimated naphthalene (Mallinckrodt, A. R.) was employed as internal standard in quantitative
determinations of COP concentration.

Kinetic Methods: Pyrex glass tubes (4-6 mm id., 100 mm length) half filled with the appropriate COP
solution and spiked with the suitable internal standard were thoroughly degassed under vacuum at -
196.0 °C and then sealed with a flame torch. To perform the runs, the ampoules were immersed in a

thermostatic oil bath (+ 0.1 °C) and withdrawn after selected times, stopping the reaction by cooling at



0 °C. The corresponding concentrations of COPs (5) and (10) remaining in the solution was determined
by quantitative HPLC analysis in a Hewlett-Packard 1050 instrument with ODS Hypersil RP-C18 column
(4.6 um, 4 mm id. X 100 mm long), UV detection (A=254 nm) and gradient elution. The starting mobile
phase employed to analyse COP (5) was methanol/H,O 70:30 and the linear gradient is run over 7 min to
a final proportion of methanol/H,O/acetonitrile 40:40:20 with a 0.8 mL/min flow-rate and ca. 65 bar
pressure. Under this condition the retention time of 5 was ca. 11 min. The mobile phase employed to
analyse 10 was methanol/H,O/acetonitrile 45:30:25 with a 0.8-mL/min flow-rate and ca. 65 bar pressure.
Under this condition the retention time of 10 was ca. 14 min.

The corresponding concentrations of COPs (2) and (4) remaining in the solution was determined by
quantitative GC analysis using a methyl silicone gum rubber packed column installed in a Konik 2000C
instrument with nitrogen gas as the carrier gas, injector at 125 °C and FID detection (250 °C). The
temperature program used with 2 was the following: 60 °C for 3 min, followed by a temperature increase
of 3 °C/min up to 160 °C for 40 min. Under this condition retention time of 2 was ca. 44 min. With COP
4 the temperature program was: 50 °C for 12 min, followed by a temperature increase of 10°C/min up to
160°C for 30 minutes. Under this condition the retention time of 4 was ca. 30 min.

The activation parameters were calculated according to the Eyring equation, and the errors were worked

out by the Arrhenius equation methods using a least-means-square data treatment.*?
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