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Abstract
The kinetics of the initiated oxidation of 1,4-dioxane in the presence of azepanobet-
ulin and methyl-3-(hydroxyimino)-lup-20(29)en-28-oate additives has been stud-
ied. It was found that the introduction of minor additives of these substances into 
1,4-dioxane oxidized in the initiated mode leads to the appearance of induction peri-
ods on the kinetic curves of oxygen absorption. It was found that the stoichiometric 
coefficient of inhibition f, the value of which is proportional to the number of per-
oxyl radicals that interact with one inhibitor molecule, resulting in a oxidation chain 
break, is >  > 2, which is explained by the reaction of regeneration of antioxidant 
molecules. The possibility of participation in this reaction of the 2-hydroxy-1,4-di-
oxane molecule, which is an intermediate product of 1,4-dioxane oxidation, is dis-
cussed. Oxidation of this product leads to the formation of hydroxyperoxyl radicals, 
which, according to a previously established mechanism, are capable of reducing the 
original antioxidant molecule from its radical in the act of chain termination. A reac-
tion mechanism is formulated that satisfactorily describes the experimental results. 
A mathematical model of the reaction was formulated, the study of which, with the 
help of the «ChimKinOptima» software complex, made it possible to satisfactorily 
describe the experimental kinetic curves as well as to obtain the kinetic curve of 
the accumulation of hydroperoxide, the primary product of 1,4-dioxane oxidation, 
which was not observed in the experiment, and to determine the reaction rate con-
stants included in the proposed mechanism.
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Introduction

Triterpenoids, in particular betulin and betulinic acid, have various types of bio-
logical activity, including anti-inflammatory and antimalarial effects in  vitro. 
Despite the fact that the biological activity of lupane triterpenoids has been 
known since the nineteenth century, the real explosion of interest in the phar-
macological properties of lupane derivatives occurred in the last decade after 
the discovery that this group of substances is very promising as antitumor and 
antiviral agents [1–4]. As a consequence, the development of even more power-
ful biologically active substances based on betulin and its acid is becoming an 
urgent task. It should be noted that the objects of chemical research are mainly 
triterpenoids with pronounced biological activity [5–9]. In [10], it was shown that 
replacement of the native carbocyclic cycle with theazepanic cycle in the triter-
penoid structure leads to the appearance of high antitumor, antituberculosis, and 
antidiabetic activity.Simultaneously with the manifestation of therapeutic activ-
ity, some representatives of this class of compounds exhibit antioxidant proper-
ties, i.e., they are able to reduce the rate of oxidative processes [11]. Note that 
over the past decade, the antioxidant properties of biologically active substances, 
including drugs, are considered to be one of the most important characteristics of 
therapeutic activity. A scientifically substantiated consideration of this property 
of potential drugs requires knowledge of the detailed mechanism of their action 
as antioxidants.In this regard, in this work, we investigated the kinetic patterns 
and mechanism of action as inhibitors of radical-chain oxidation of organic com-
pounds of two representatives of triterpenoids of the lupane series, which contain 
polyfunctional fragments.

Experimental

The antioxidant activity (AOA) of triterpenoids in the composition of 1,4-dioxane 
oxidized in the initiated mode was studied using a universal manometric setup [12] 
on the example of two compounds of the following formula:

Azepanobetulin, M = 441.74 g/mol (L1).

Methyl-3-(hydroxyimino)-lup-20(29)-ene-28-oate, M = 483.74 g/mol (L2).
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In the experiments, the substances were synthesized according to the procedure 
described in [13, 14] and were not subjected to additional purification.

In the course of this work, the analysis of the transformation products of the 
triterpenoids under study was not carried out due to the low initial concentration 
of inhibitors (10–6–10–5  mol/L) and the shallow depth of the reaction. For these 
reasons, it is impossible to reliably specify the nature of the active center that is 
involved in the chain-breaking stage. Since it is known from the literature that the 
reactivity of peroxyl radicals with respect to the inhibitors depends on the strength 
of the X–H bond (where X is O, N, S, or Se) in most cases [15, 16], when analyz-
ing the mechanism of antioxidant action, we assumed that the weak O–H or N–H 
bond of the antioxidant acts as the active center. When describing the analyzed reac-
tion mechanism, we used the symbol In-H as an antioxidant molecule, indicating 
some weak bonding in the structure of the antioxidant molecule, and in this case, the 
resulting In* must not propagate the oxidative chain.

The oxidation substrate, 1,4-dioxane, was purified according to the known 
method [17]. The criterion of substrate purity was its oxidizability parameter. The 
initiator, 2,2’-azo-bis-isobutyronitrile (AIBN), was purified by double recrystalliza-
tion from 96% ethyl alcohol.

Manometric method

Kinetic experiments were carried out using a universal manometric setup, which 
consists of two glass thermostatically controlled reactors of equal volume (27 cm3), 
one of which is working and the second is used for pressure equalization. The oxida-
tion substrate, a solution of AIBN in 1,4-dioxane, was loaded into the working solu-
tion, and the inhibitor dissolved in 1,4-dioxane was added in the desired concentra-
tions using a microsyringe. At the stage of design of the applied manometric setup, a 
calibration was carried out, according to which at a given volume of the reactor and 
4 ml of solution injected into the preheated reactor, an isothermal mode is achieved 
in 5 min. Information on the temperature control time of the reaction mixture under 
similar conditions is also given in [18]. Thus, all necessary measurements were 
started after reaching a constant temperature of the reaction mixture. The kinetic 
curves of oxygen absorption are recorded on the computer screen as a continuous 
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curve, and the points on the curve used in the simulation process are chosen arbitrar-
ily according to the scale of the time axis.

The inhibitory effect of triterpenoids was studied by the effect of their additives 
on the rate of oxygen uptake in 1,4-dioxane oxidizing in the initiated mode at the 
initiation rate Vi = 3.2 × 10–7 mol/L s and temperature T = 348 K. For the rate con-
stant of the decay reaction, we took the value lgkd = 15.8–E/2.303 × RT (E = 133 kJ/
mol) (s–1) [19].

Mathematical modelling

To solve the inverse problem of chemical kinetics, we used the index method of con-
ditional global optimization [20, 21] integrated into the software package «Chem-
KinOptima» [22, 23]. The concentration values of the observed substances were cal-
culated by solving the direct kinetic problem based on an isothermal nonstationary 
model without volume changes in a closed system on the basis of the law of acting 
masses.

To solve the direct problem in ChemKinOptima, we chose the Michelsen method 
with automatic selection of the integration step. During mathematical modeling, we 
set the concentration of the observed substances in mol/L and time in hours. Note 
that the developed complex was previously successfully used by us to develop the 
mechanism of antioxidant action of aromatic amines [23], a number of uracil deriva-
tives [24–26], fullerene C60 [27], and selenochromen [28].

Results and conclusions

Figs 1 and 2 show examples of typical kinetic curves of oxygen uptake in the reac-
tion of initiated oxidation of 1,4-dioxane in the presence of additives L1 and L2.

It turned out that the introduction of azepanobetulin and methyl-3-(hydroxyimino)
lup-20(29)-en-28-oat into oxidizing 1,4-dioxane leads to the appearance of induc-
tion periods on the kinetic curves of oxygen absorption, which indicates the antioxi-
dant effect of the studied compounds. The appearance of “hard” induction periods 
when oxygen uptake is not observed even at minor concentrations of added anti-
oxidants indicates that the oxidation chain break occurs predominantly on peroxyl 
radicals of the oxidation substrate. The obtained experimental results can serve as a 
basis for using the known scheme of radical chain oxidation of organic compounds 
in the presence of inhibitors in the analysis of the reaction mechanism (Scheme 1) 
[29–32]**:

Here I is the initiator, RH is 1,4-dioxane, R* and RO2
*are its alkyl and peroxyl 

radicals, respectively, and InH and In*are the studied antioxidant and its radical, 
respectively.

**—the numbering used in the literature for this type of reaction.
On the basis of Scheme 1, a mathematical modeling procedure was carried out; 

however, it was not possible to obtain a satisfactory agreement between the experi-
mental and theoretical kinetic curves of oxygen absorption.
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Fig. 1   Typical kinetic curves of oxygen uptake during oxidation of 1,4-dioxane in the presence of 
azepanobetulin inhibitor; Vi = 3.2 × 10–7 mol/L·s, 348 K. 1 - without additives, 2 - 1.5 × 10–6 mol/L, 3 - 
5.0 × 10–6 mol/L, 4 - 8.5 × 10–6 mol/L, 5 - 3.0 × 10–5 mol/L

Fig. 2   Typical kinetic curves of oxygen uptake during oxidation of 1,4-dioxane in the presence of the 
inhibitor methyl-3-(hydroxyimino)lup-20(29)-en-28-oat; Vi = 3.2 × 10–7  mol/L s, 348  K. 1 - with-
out additives, 2 - 5.0 × 10–6 mol/L, 3 - 6.5 × 10–6 mol/L, 4 - 9.6 × 10–6 mol/L, 5 - 2.0 × 10–5 mol/L, 6 - 
1.5 × 10–5 mol/L
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It is obvious that the given reaction mechanism in the form of Scheme 1 does not 
describe the experimental results. To obtain additional information on the mecha-
nism of the reaction under study, we used experimental results, according to which 
the induction period increases linearlywith an increase in the initial concentration of 
antioxidants introduced into the oxidizing substrate (Fig. 3), which makes it possible 

Fig. 3   Dependence of the induction period on the introduced initial concentrations L1 - ● and L2 - ∆; 
Vi = 3.2 × 10–7 mol/L s, 348 K
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to determine the stoichiometric coefficient of inhibition f (Eq. 1) [33] proportional to 
the number of peroxyl radicals that die on one inhibitor molecule.

 
Based on the processing of experimental results in the coordinates of Eq. 1, the 

values of the stoichiometric inhibition coefficient for azepanobetulin and methyl-
3-(hydroxyimino)lup-20(29)-en-28-oat were determined, which were equal to 
f = (9.5 ± 0.1) (R = 0.98) and f = (13.0 ± 0.1) (R = 0.98) for L1 and L2, respectively. 
Note that such a phenomenon is not characteristic of such classical antioxidants as 
phenols (weak O–H bond) and aromatic amines (weak N–H bond), for which in the 
reactions of inhibited oxidation of individual compounds, f = 2 [34]. This means that 
for classical antioxidants, two radicals participating in the chain continuation reac-
tion (reactions VII and VII′) die on one antioxidant molecule.

The fact that f > 2 was found in our experiments for the studied triterpenoids with 
similar active centers can be explained by the phenomenon of inhibitor regenera-
tion in the event of chain termination when the molecule of the initial inhibitor is 
reduced from its radical (reactions XI, XII).

Note that this is known for the oxidation reaction of secondary alcohols inhibited 
by the addition of aromatic amines [33, 35]. This reaction is possible due to the fact 
that in the oxidation of secondary alcohols, the chain continuation reaction is carried 
out by oxyperoxyl radicals, which have a dual role: they can exhibit the properties 
of an oxidizing agent and continue chains, andas a reducing agent, they can reduce 
an inhibitor from its radical in oxidation reactions of organic compounds in the pres-
ence of an inhibitor.

However, in the classical mechanism of 1,4-dioxane oxidation reactions, the chain 
continuation reaction is carried out by peroxyl radicals of the substrate, while no 
hydroxyperoxyl radicals were found during its oxidation. We assume, however, that 
they can be formed during the oxidation of 2-hydroxy-1,4-dioxane, which was found 
among the products of the 1,4-dioxane oxidation reactionaccording to [36]. The 
authors of [36] did not discuss the mechanism of its oxidation, but we assumed that 
the formation of a hydroxy-derivative of 1,4-dioxane is a consequence of the degen-
erate chain branching reaction characteristic of radical-chain oxidation reactions:

In order to explain the high values of the stoichiometric inhibition coefficient, 
the reaction mechanism presented in Scheme 1 is supplemented with the stages that 
provide regeneration of the inhibitor, and thus, the reaction mechanism is formed 
(Scheme 2) on the basis of which the kinetic model used for mathematical modeling 
is constructed.

(1)� = f × [InH]∕V
i
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The result of this procedure is shown in Fig.  4, from which it follows that 
the calculated kinetic curves of dissolved oxygen absorption during oxidation 
of 1,4-dioxane in the presence of compounds L1 and L2 satisfactorily coincide 
with the experimental data. As a result of solving the inverse problem of chemi-
cal kinetics, the values of the rate constants of the stages describing the reaction 
mechanism were obtained (Table 1).

An important requirement for the solution was the compliance with the litera-
ture data in the order of magnitude of a part of the found constants. It should be 
borne in mind that in different literary sources the values of the constants differ 
within an order of magnitude. This assumption was laid down in the form of a 
search area for kinetic constants when solving inverse kinetic problems. Table 1 
shows the rate constants of the stages found when solving the inverse problem of 
chemical kinetics, the value of which is consistent with the literature data [19, 
31]. The satisfactory coincidence of the rate constants obtained as a result of 
mathematical modeling with the literature data indicates the adequacy of the pro-
posed reaction mechanism to explain the observed experimental results. Thus, the 
error in the value of the fundamental chain continuation rate constant kII found on 
the basis of the calculation is within 15%. The value of the quadratic chain break-
ing rate constant kVI, the value of which lies within the range of values found by 
different authors, can also be considered satisfactory (Table 1). The rate constants 
kXI andkXII, which represent reactions between radicals, have values close to dif-
fusion, which is typical for this type of reaction.

Using sets of constants from Table  1, direct problems of chemical kinetics 
were solved for each inhibitor and kinetic curves were obtained for all participants 
in a complex multistep reaction. The calculated kinetic curve of hydroperoxide 

Fig. 4   Kinetic curves of oxygen uptake during oxidation of 1,4-dioxane in the presence of L1 and L2 
inhibitors; Vi = 3.2 × 10–7 mol/L s, 348 K. Lines – are obtained from the simulation, points – are  taken 
from the experimental kinetic curve, 1 = 5.0 × 10–6 mol/L, 2 = 6.5 × 10–6 mol/L



637

1 3

Reaction Kinetics, Mechanisms and Catalysis (2021) 134:629–640	

Ta
bl

e 
1  

V
al

ue
s o

f r
at

e 
co

ns
ta

nt
s o

f e
le

m
en

ta
ry

 st
ag

es
 o

f t
he

 o
xi

da
tio

n 
re

ac
tio

n 
of

 1
,4

-d
io

xa
ne

 in
 th

e 
pr

es
en

ce
 o

f i
nh

ib
ito

rs

Th
e 

so
ur

ce
 o

f i
nf

or
m

a-
tio

n
R

at
e 

co
ns

ta
nt

s

s−
1

L/
m

ol
 s

k i 
× 

10
5

k 0
 ×

 10
–8

k I
 ×

 10
–8

k I
I

k V
I ×

 10
–7

k V
II
 ×

 10
–5

k V
II

’ ×
 10

–6
k V

II
I ×

 10
6

k I
X

k X
k X

I ×
 10

–7
k X

II
 ×

10
–7

O
2 c

al
cu

la
tio

n
L1

1.
00

8.
75

4.
27

9.
09

2.
30

7.
96

4.
11

1.
00

10
0.

00
0.

40
2.

94
3.

02
L2

1.
00

8.
75

4.
27

9.
09

2.
30

10
.0

0
4.

00
3.

00
72

.3
5

0.
40

2.
94

3.
26

Pu
bl

is
he

d 
da

ta
7.

00
 [1

9]
7.

90
 [3

1]
3.

40
 [3

1]
2.

31



638	 Reaction Kinetics, Mechanisms and Catalysis (2021) 134:629–640

1 3

accumulation (Fig.  5) agrees with the experimental kinetic curves of oxygen 
absorption and the appearance of induction periods on the kinetic curve of accu-
mulation whose values are close to those found from the kinetic curves of oxygen 
absorption (Fig. 2).

Conclusions

In the present work, it has been experimentally established that the compounds 
under study have antioxidant properties and the observed stoichiometric inhibition 
coefficients for them are f >  > 2. A similar effect is known from early studies for 
oxidation reactions of secondary alcohols in the presence of additives of aromatic 
amines and is explained by the regeneration of antioxidants from their radicals 
during the chain termination. We used this mechanism for the substances we stud-
ied, assuming that 2-hydroxy-1,4-dioxane known from [35] can serve as a source 
of hydroxyperoxyl radicals, which provide the regeneration of the initial inhibi-
tor. The observed effect in this case is a high f value. On the basis of the proposed 
mechanism, a mathematical model was formed, which helped to solve the direct and 
inverse problems of chemical kinetics. As a result, the unobservable kinetic curve 
of the oxidizable substrate hydroperoxide as an intermediate product was restored, 
and the rate constants of the stages were found. It is noteworthy that the kinetic 
curve of hydroperoxide accumulation is in good agreement with the experimental 
oxygen absorption curve. These two curves are characterized by the presence of an 

Fig. 5   Calculated kinetic curves of accumulation of hydroperoxide oxidation product ROOH during oxi-
dation of 1,4-dioxane in the presence of L1 = 5.0 × 10–6 mol/L and L2 = 6.5 × 10–6 mol/L
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induction period, the numerical values of which are close. Together with a satisfac-
tory agreement between the experimental and calculated kinetic curves of oxygen 
absorption as well as the correspondence of the found rate constants to the literature 
data, this indicates the adequacy of the proposed mechanism to the observed results.
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