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Abstract—Thermal decomposition of 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane was examined in methanol 
solution (1.69 × 10–2 M) containing cuprous ions (5.05 × 10–7 M) in the temperature range from 130 to 166°C 
using UV spectroscopy as analytical method. The ion-catalyzed reaction follows first-order kinetics with 
respect to the peroxide and added cuprous ions. The temperature effect on the rate of thermal decomposition of 
the title compound was described by the corresponding Arrhenius equations, and its stability in solution was 
estimated on a quantitative level. The activation parameters of the initial step of decomposition of 3,3,6,6-
tetramethyl-1,2,4,5-tetraoxane were determined (ΔH≠ = 14.7 ± 0.8 kcal mol–1; ΔS≠ = –38.9 ± 1.4 cal mol–1 K–1; 
ΔG≠ = 31.0 ± 0.8 kcal mol–1). Electron-transfer mechanism was proposed for the reaction under study.  

Scheme 1. 

1 The text was submitted by the authors in English. 

Some 1,2,4,5-tetraoxanes and 1,2,4-trioxanes attract 
great interest due to their potential as antimalarial 
agents [1, 2]. Such compounds are prone to undergo 
decomposition in the presence of catalytic amounts of 
transition metal ions through initial complex formation 
at the peroxide bond [3]. Previous studies have shown 
that the unusually high rate of decomposition of 
tetramethyl-1,2-dioxetane in methanol is due to 
catalysis by metallic impurities present in the solvent. 
[4]. The addition of cuprous chloride considerably 
accelerates decomposition of 3,3,6,6-tetramethyl-
1,2,4,5-tetraoxane (TMT) in propan-2-ol. It was found 
that cuprous salts hardly affect the thermal decom-
position in acetic acid solution, for cupric ions exert no 
catalytic effect on peroxide compounds [5]. We 
recently demonstrated that cupric ions have catalytic 
effect on peroxides [6]. Three mechanistic possibilities 
can be considered for the observed catalysis [2, 3] 
(Scheme 1): (1) coordination or Lewis acid, (2) inser-
tion, and (3) electron transfer.  

In this work we examined thermal decomposition 
of a cyclic peroxide, 3,3,6,6-tetramethyl-1,2,4,5-tetra-
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oxane, in methanol in the presence of copper(I) ions to 
estimate the catalytic effect of the latter in 
homogeneous medium. UV spectrophotometry was 
used as analytical method. 

The thermal decomposition of 3,3,6,6-tetramethyl-
1,2,4,5-tetraoxane was studied in methanol solution 
with an initial concentration of 1.69 × 10–2 M in the 
temperature range from 130 to 166ºC in the presence 
of copper(I) chloride (5.05 × 10–7 M); the reaction was 
found to follow first-order kinetic laws until ~60% 
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Fig 1. First-order kinetic plots for the thermal decom-
position of 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane in metha-
nol in the presence of CuCl at (1) 130, (2) 140, (3) 150, 
and (4) 166°C. 

conversion of the substrate (Fig. 1). The apparent rate 
constants (kexp) for the decomposition of 3,3,6,6-
tetramethyl-1,2,4,5-tetraoxane in methanol in the 
presence of CuCl were much greater than those 
obtained using commercial methanol as solvent [7] 
(Table 1). Thus the Cu(I)-catalyzed decomposition is 

much more effective than the decomposition catalyzed 
by copper(II) ions [6]. 

The catalytic effect was verified as a marked 
increase of kexp and low activation energy. Complexa-
tion of 3,3,6,6-tetramethyl-1,2,4,5-tetra-oxane by a 
metal ion should favor decomposition by removing 
orbital symmetry restrictions or by lending positive 
character to one or both peroxide oxygen atoms, thus 
destabilizing the peroxide bond and facilitating ring 
cleavage. Copper(I) chloride in methanol undergoes 
dissociation to give solvated ion Cu+(MeOH)x. Two 
necessary conditions for catalysis are dissociation of 
the metal salt and fast exchange of ligands around the 
metal ion.  

Temperature effect on the rate constant (kexp) for 
unimolecular reaction can be represented by the 
Arrhenius equation where the errors are standard 
deviations determined by the least-squares treatment of 
the kinetic data [8, 9]. 

ln k (s–1 ) = (11.22 ± 0.8) – (15 518.39 ± 1000)/T[CuCl]  

= 5.05 × 10–7 M. 

The corresponding plot is almost linear (r = 0.993) 
within a relatively large temperature range (ΔT ≈ 
36ºC). This suggests that the calculated activation 
parameters for the decomposition of 3,3,6,6-tetra-
methyl-1,2,4,5-tetraoxane in methanol solution belong 
to a single process. The low activation barrier, about 
15.5 kcal, confirms the catalytic effect.   

The second-order rate constants k2 for the catalytic 
decomposition were calculated by the following 
equation: 

Temperature, °C [TMT] × 102, M k0 × 105, s–1 kap × 105, s–1 

130 1.69 0.40 027.19 

140 1.69 1.00 049.44 

150 1.69 2.44 073.64 

166 1.69 6.59 136.61 

Table 1. First-order rate constants for the decomposition of 
3,3,6,6-tetramethyl-1,2,4,5-tetraoxane in methanol contain-
ing CuCla 

a k0 is the experimental rate constant for the decomposition of 
 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane in methanol at an initial 
 concentration of 1.69 × 10–2 M; kap is the apparent rate constant 
 for the decomposition of 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane in 
 methanol (cTMT = 2.34 × 10–2 M) in the presence of CuCl  (cCuCl = 
 5.05 × 10–7 M). 

k2 = ______________ =
kap − k0

[metal salt]
______________ ,

kcat

[metal salt]

where k0 is the rate constant for the uncatalyzed 
decomposition, and kap is the apparent rate constant for 
the catalyzed decomposition. The second-order rate 
constants k2 for the catalytic decomposition and 
experimental conditions are summarized in Table 2. 

No counterion effect [3] was observed in the 
reaction catalyzed by cuprous ions (Table 3). The data 
in Table 3 indicate that stronger complexation of the 
metal ion makes the catalysis less efficient and that the 
presence of uncomplexed metal ions is necessary to 
achieve strong catalytic effect. The latter increases in 
parallel with the concentration of cuprous ions. 
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Table 2. Second-order rate constant k2 for the catalyzed 
decomposition of 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane in 
methanol in the presence of metal salt at different 
temperatures 

Temperature, ºC [TMT] × 102, M k2, M
–1 s–1 

130 1.69 0530.5 

140 1.69 0959.2 

150 1.69 1409.9 

166 1.69 2574.6 

Table 3. Cuprous ion-catalyzed decomposition of 3,3,6,6-
tetramethyl-1,2,4,5-tetraoxane in treated methanol  

Anion or salt [Anion]/[Cu+] Kcat × 105, s–1 

None – 49.44 

Na2EDTA 1.2 49.74 

Table 4. Activation parameters for the thermal decom-
position of 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane in 
different solvents 

Solvent ΔH≠, kcal mol–1 ΔS≠, cal ×  
mol–1 K–1 

Reference 

Methanol 25.8 ± 0.3 –17.9 ± 0.60 [10] 

Methanol/Cu(I) 14.7 ± 0.8 –38.9 ± 1.40 This paper 

Propan-2-ol 19.4 ± 1.3 –31.4 ± 3.50 0[5] 

Acetic acid 13.3 ± 4.4 –43.7 ± 10.5 0[4] 

Insertion mechanism requires formal two-electron 
oxidation of the metal ion, while electron-transfer 
mechanism involves one-electron oxidation (transfer 
of an electron to the lowest antibonding orbital of the 
peroxide oxygen, followed by cleavage of the O–O 
bond). Coordination mechanism where the metal ion 
acts as a Lewis acid is completely consistent with the 
counterion effect and the linear free energy 
relationship. Complexation of 3,3,6,6-tetramethyl-
1,2,4,5-tetraoxane by a metal ion might facilitate 
decomposition by removing positive character to one 
or both oxygen atoms destabilizing the peroxy bond 
and allowing for more facile ring cleavage [3]. 

The activation parameters for the unimolecular 
reaction under study (enthalpy variation ΔH≠ and 
activation entropy variation, ΔS≠) were determined 
using the Eyring equation (Table 4, Fig. 2). The error 
limits were calculated using an appropriate literature 
method [10]. 

Fig. 2. Eyring equation plot for the thermal decomposition of 
3,3,6,6-tetramethyl-1,2,4,5-tetraoxane in methanol contain-
ing CuCl (cCuCl = 5.05 × 10–7 M). 
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The negative value of entropy variation implicates 
diminution of the degree of freedom of the reactive 
molecules in passing to a rigid transition state, 
assuming that the thermolysis in methanol involves 
rupture of the peroxide bond in the 3,3,6,6-tetramethyl-
1,2,4,5-tetraoxane molecule, which is assisted by the 
solvent and metal ion forming a complex with the 
solvent and the diperoxide (Table 4). The kinetic 
parameters given in Table 4 show that the behavior in 
methanol in the presence of metal ions is similar to the 
behavior observed in acetic acid.  

The following conclusions can be drawn. The 
thermal decomposition of 3,3,6,6-tetramethyl-1,2,4,5-
tetraoxane in methanol in the presence of copper(I) 
ions follows first-order kinetics. Analysis of the 
products and activation parameters led us to postulate a 
thermolysis mechanism typical of tetraoxanes. The 
process begins with homolytic dissociation of the 
peroxide bond to give intermediate diradical and 
subsequent cleavage of the C–O bond to produce 
acetone and oxygen as final products.  

An increased catalytic effect was observed at a 
metal ion concentration that is only ten times larger 
than its concentration in commercial reagent. Thermal 
decomposition of 3,3,6,6-tetramethyl-1,2,4,5-tetra-
oxane is strongly accelerated by addition of traces of 
single-electron reducing agents such as copper(I) salts. 
The reaction involves electron transfer to the lowest 
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antibonding orbital of the peroxide oxygen, followed 
by cleavage to the O–O bond. 

At present, research is in progress to determine 
whether the complexation involves one or both oxygen 
atoms of 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane. Our 
further study will be aimed at analyzing the effect of 
larger concentrations of copper(I) salts on the 
decomposition of 3,3,6,6-tetramethyl-1,2,4,5-tetra-
oxane in methanol solution.  

EXPERIMENTAL 

3,3,6,6-Tetramethyl-1,2,4,5-tetraoxane was prepared 
according to the procedure described in [9], and its 
purity was checked by GLC. Methanol was 
commercial reagent (Merck) of analytical grade; it was 
purified by standard techniques [11].  

Pyrex glass tubes (70 mm × 4 mm o.d.) filled with 
2 ml of a solution of 3,3,6,6-tetramethyl-1,2,4,5-tetra-
oxane in methanol containing cuprous chloride were 
thoroughly degassed under vacuum line at –196°C and 
then sealed with a flame torch. The ampoules were 
immersed into a thermostated silicone oil bath (± 0.1°C) 
and withdrawn after definite time, the reaction being 
stopped by cooling to 0°C. The concentrations of 
unreacted 3,3,6,6-tetramethyl-1,2,4,5-tetraoxane and 
its decomposition products in the reaction mixture 
were determined by quantitative UV-visible analysis 
using a CampSpec M330 spectrophotometer. The 
absorbance was measured at λ 209 nm. 

The corresponding first-order rate constant values 
were calculated from the slope of the plot of ln A 
(where A is the absorbance, Fig. 1) versus reaction 
time. In all cases, the progress of the reaction was 
followed for at least one half-conversion period. The 
activation parameters were calculated using the Eyring 

equation, and the errors were determined by the least-
squares procedure [12, 13]. 
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