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Abstract
The kinetics of the antioxidant action of a number of triterpenoids—derivatives of 
betulinic acid have been studied. The rate constants of the oxidation chain termina-
tion reaction were found within the framework of the model reaction of the initiated 
oxidation of ethylbenzene. It has been found that when a mixture of antioxidants 
comprising a triterpenoid molecule and a spatially hindered phenol is used, a syn-
ergistic effect is observed, which significantly increases the antioxidant efficiency 
of the mixture. Disclosed is a mechanism which enhances the inhibitory effect of a 
mixture of antioxidants. According to this mechanism, the reduction of the original 
structure of the terpenoid from its radical occurs due to the transfer of the hydrogen 
atom from the weak O–H phenol bond to the terpenoid radical. Thus, the synergistic 
effect reflects the effect of the antioxidant mixture on the rate of oxidation reaction. 
Based on the comparison of the results of this work with those obtained earlier, it 
was concluded that it is possible to regenerate the terpenoid molecule by two funda-
mentally different mechanisms: (1) by using a mixture of antioxidants with different 
bond strengths in active sites that determine the inhibition effect, which manifests 
itself in a significant decrease in the oxidation rate—a synergistic effect; (2) due 
to the reaction in solvents, the peroxyl radicals of which have dual reactivity: the 
property of an oxidizing agent in the reaction of chain continuation by reaction with 
a substrate molecule and a reducing agent in its reaction with a terpenoid radical. 
In this case, the inhibitor is reconstituted in the cleavage act, which results in an 
increase in the effective chain break rate constant by increasing the stoichiometric 
inhibition coefficient.
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Introduction

Over the past decade, specialists in the field of pharmacology and related majors 
have paid close attention to the special properties of biologically active sub-
stances—potential drugs. Hereby the ability of these substances to inhibit the 
oxidation of organic substances by oxygen is meant. This refers, in particular, to 
the well-known process of lipid peroxidation of cell membranes of living organ-
isms, which in the scientific literature is designated by the abbreviation LPO [1, 
2]. This reaction proceeds by the mechanism of radical chain oxidation and is 
accompanied by the formation of various forms of active oxygen—radicals and 
labile intermediates. This process accompanies the course of any pathology and 
leads to the destruction of the cell membrane and the cell death. In this regard, 
when searching for new biologically active substances, researchers seek to find 
those in which, among the target characteristics, there was also the ability of 
these substances to inhibit the LPO process, that is, to act as an antioxidant. Note 
that the combination of the target therapeutic effect of drugs with the property of 
an antioxidant has long been noted for many drugs [3–5].

In particular, triterpenoids of the lupane and ursane series have this property 
of multifunctionality. Previously [6], we studied the kinetics of the antioxidant 
action of new triterpenoids of the lupane series and identified their mechanism 
of action, including the reaction of regeneration of the original antioxidant. 
At the same time, it is known that triterpenoids and derivatives based on them 
exhibit antiviral and antitumor activity [7–10]. Among the native triterpenoids 
of the lupane series, betulinic acid has the highest activity [11], in connection 
with which, in this work, the antioxidant properties of betulinic acid derivatives 
AO1–AO4 have been studied (Fig. 1).

Fig. 1  Structural formulas of the studied compounds
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The description of the synthesis of these compounds and their identification are 
given in references [10, 12, 13].

Experimental

The study of the properties of AO1–AO4 compounds as antioxidants has been car-
ried out on the example of a model reaction of initiated oxidation of ethylbenzene. 
Note that the mechanism and quantitative characteristics of the oxidation substrate 
are well studied [14], which makes it possible to use these data in the analysis of 
a complex reaction in the presence of the studied triterpenoids. The reaction was 
carried out at 343  K in the initiated mode (the initiator was azodiisobutyronitrile 
AIBN), providing the initiation rate Vi = 3.8 ×   10−7 mol/l  s. The reaction mixture 
containing the required amount of the initiator and the test substances was placed in 
a thermostatically controlled reactor of a differential m universal manometric setup 
(UMS) with a high sensitivity pressure sensor.

Manometric method

The manometric method is based on the study of the mechanism and kinetics of 
the processes of liquid-phase oxidation of organic compounds and the principle of 
operation and the device of this installation are given in references [15, 16].

UMS consists of two glass thermostatically controlled reactors of equal volume, 
one of which is working and the second is used for pressure equalization. Through 
capillary tubes, the reactors are connected to a differential pressure sensor, as well 
as to a system of gas valves designed to equalize the pressure between the reactors, 
as well as to fill the gas medium in the reactors. The sensor and valve system are 
integrated into the main unit of the installation. Reaction mixtures are loaded into 
the working reactor, which may differ from each other in concentrations, the pres-
ence of a catalyst or an inhibitor. Then the valves are closed, and the pressure in the 
working reactor begins to change in accordance with the volume of gas absorbed 
during the chemical reaction. The pressure difference is measured by a highly sensi-
tive differential pressure sensor based on a silicon membrane element and recorded 
in time dependence by a recording device. By differentiating the obtained graph, the 
rate of pressure change can be used to determine the rate of gas absorption, which 
corresponds to the rate of chemical reactions in reactors.

During the experiment, the oxidation substrate, a solution of AIBN in oxidation 
substrate, was loaded into the working solution, and the inhibitor dissolved in oxi-
dation substrate was added in the desired concentrations 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 [16]. Thus, all necessary measurements were started after reaching a 
constant temperature of the reaction mixture. The sensor response (in volts-V) is 
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converted to oxygen consumption (M) for further calculations using a conversion 
factor that is determined in separate calibration experiments.

Initial substances and their purification

The oxidation substrate was subjected to purification according to known methods 
[17].

Purification of ethylbenzene was started by addition of sulfuric acid under pro-
longed stirring (2–3 h) until a clear black precipitate was formed. Then the excess 
black layer was removed  (H2SO4) through the extractor, repeating this step several 
times until the black precipitate was no longer formed. This was followed again by 
re-stirring 3–4 times. The residual sulfuric acid was removed by washing with 0.1n 
sodium hydroxide (NaOH) solution. Residues of sodium hydroxide are removed by 
extraction and also by washing with distilled water. Then the solution is left for 24 h 
with a desiccant  (CaCl2,  MgSO4,  Na2SO4). The final stage of purification was a sim-
ple distillation with a chlorocalcium tube.

The initiator of oxidation was azobisisobutyronitrile (AIBN; pure grade), which 
was recrystallised using ethanol. The homolytic decomposition of AIBN proceeds at 
constant rate at a given temperature, thereby providing a constant rate of initiation 
[18]. The initiation rate was calculated by the equation: Ri = ki × [AIBN], where  ki is 
the initiator decay rate constant  (s−1), which is equal ki = 2ekp, where kp is the rate 
constant of AIBN decomposition in solvent and e is the probability of the radical 
appearance in the reaction volume. For the decomposition reaction rate constant (kd) 
of ethylbenzene, we took the value given for cyclohexanol in the literature [19], as 
lgkd = 17.7 − E/2.303 × RT (E = 146.3 kJ/mol)  (s−1), e = 0.5 [20].

Results and discussions

Additives of AO1–AO4 compounds lead to a decrease in the initial rate of oxygen 
uptake, which indicates the antioxidant effect of the studied triterpenoids. As an 
example, Fig. 2 shows the kinetic curves of oxygen uptake during the oxidation of 
ethylbenzene in the presence of different concentrations of the AO1 compound. The 
results on the effect of additives of AO2–AO4 compounds on the oxidation rate have 
a similar form. Typical kinetic curves of oxygen uptake in the presence of all the 
studied AO1–AO4 triterpenoids are shown in Fig. 3.

The results obtained provide a basis for assuming the mechanism of the reaction 
of radical chain oxidation of organic compounds in the presence of an inhibitor in 
accordance with the known literature data [15, 21, 22]:

Mechanism 1

(0)I → 2r∗

(I)r∗ + RH → rH + R∗
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Fig. 2  Kinetic curve of oxygen uptake by ethylbenzene in the absence of (1) and in the presence of 
[AO1] ×  105 mol/l, 2—1.25, 3—3.75, 4—6.25, 5—8.75, Vi = 3.8 ×  10−7 mol/l s, T = 343 K

Fig. 3  Typical kinetic curves of oxygen uptake by ethylbenzene in the presence of additives AO1–AO4; 
[AO] = 1.25 ×  105 mol/l, Vi = 3.8 ×  10−7 mol/l s, T = 343 K



44 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:39–51

1 3

Here I is an initiator, RH is a substrate, and InH is an inhibitor (antioxidant).
Note that the molecule of any antioxidant within the framework of the proposed 

mechanism has an active center that participates in the act of chain termination (V), 
which provides the effect of inhibition of the oxidative process. In this case, the per-
oxyl radical RO*2, active in the chain continuing reaction, is exchanged for the anti-
oxidant radical In*, which is incapable of continuing the substrate oxidation chain. 
Therefore, reaction (V) is one of the key reactions, the value of the rate constant of 
which quantitatively determines the efficiency of the inhibitory action of the anti-
oxidant. The most probable active center in the studied compounds is the N–H bond 
present in the structure of the studied triterpenoids AO1–AO4.

According to the kinetic curves of oxygen uptake, the values of the initial rates of 
oxidation of the model substrate at various concentrations of the studied substances 
were determined, the values of which are given in Table 1. At the same time, the 
effect of the concentration of added substances on the length of the reaction chain 
ν = V/Vi was established.

Note that a decrease in the oxygen uptake rate in the studied AO1–AO4 concen-
tration range is accompanied by the preservation of the chain oxidation mode, for 
which Eq. 1 is valid:

Here F is the inhibition parameter; V0 and V are the rates of oxygen uptake in the 
absence and presence of an antioxidant, respectively; f is the stoichiometric coef-
ficient of inhibition; kInH is the effective inhibition rate constants of the oxidation 
chain termination on the inhibitor; [InH] is the inhibitor concentration; 2kr is the rate 
constant of the quadratic chain termination on hydroperoxide radicals; and Vi is the 
initiation rate and the value of 2kr for ethylbenzene is 1.9 ×  108 l/mol s [14].

Fig. 4 shows the dependence of the air oxygen uptake rate on the concentration of 
the studied substances.

These results are used to determine the value of the key rate constant  kInH. Fig. 5 
shows the straightening of these dependencies in the coordinates of Eq.  1, from 
which the values of the rate constant f·kInH are determined, the values of which are 
presented in Table 2.

(II)R∗ + O2 → RO∗

2

(III)RO∗

2
+ RH → ROOH + R∗

(IV)RO∗

2
+ RO∗

2
→ ROOR + O2

(V)RO∗

2
+ InH

kInH
⟶ROOH + In⋅

(VI)RO∗

2
+ In∗ → ROOIn

(1)F =
V0

V
−

V

V0

=
fkInH[InH]
√

2krVi
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Table 1  Initial rates of 
ethylbenzene oxidation in 
the presence of different 
concentrations of AO1–
AO4; Vi = 3.8 ×  10−7 mol/l s, 
T = 343 K

AO [AO] ×  104 (mol/l) V02 ×  106 
(mol/l s)

Chain length (v)

1 0 4.5 11.84
0.125 3.07 8.08
0.375 2.21 5.82
0.625 1.81 4.76
0.875 1.35 3.55

2 0.00 4.5 11.8
0.125 4.21 1.11
0.375 2.18 0.57
0.625 0.56 0.15
0.875 0.51 0.13

3 0.00 4.5 11.84
0.125 4.48 11.79
0.375 3.89 10.24
0.625 2.9 7.63
0.875 2.31 6.08

4 0.00 4.5 11.84
0.125 4.17 10.97
0.375 3.4 8.95
0.625 2.4 6.32
0.875 1.7 4.47

Fig. 4  Dependences of oxygen uptake rates on the concentration of AO1–AO4 inhibitors, 
Vi = 3.8 ×  10−7 mol/l s, T = 343 K (▼—AO1, ○—AO2, ▲—AO3, ●—AO4)
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The studied triterpanoids AO1–AO4 are biologically active substances, prom-
ising as biologically active compounds to food (BAC) and drugs [23, 24]. The 
effectiveness of these substances as antioxidants is determined by the ratio of the 
rate constants of the stages that make up the reaction mechanism, among which 
the reaction rate constant kInH plays the role. The value of this constant is deter-
mined by a number of reasons, the main of which is the strength of the bond in the 
active center of the molecule, which is responsible for the presence of the antioxi-
dant effect. For the most common inhibitors, such bonds are N–H or O–H—a bond 
in aromatic amines or phenols and compounds close to them in structure. In each 
particular case, the bond strength is a property inherent in a given molecule, and 
the reaction rate constant kInH is closely related to this value. Nevertheless, there 
are two ways to influence the effectiveness of the antioxidant action of a particular 
antioxidant:

Fig. 5  Dependence of the inhibitor efficiency parameter on the initial concentration of compounds AO1–
AO4, Vi = 3.8·10−7 mol/l s, T = 343 K

Table 2  Effective rate constants of fkInH inhibition for various triterpenoids

Antioxidant Oxidation substrate f·kinH ×  10−4 (l/mol s)

AO1 Ethylbenzene 2.65 ± 0.27
AO2 7.50 ± 0.75
AO3 1.10 ± 0.13
AO4 2.60 ± 0.26
Azepanobetulin 1,4-Dioxane 76 [6]
Methyl 3-(hydroxyimino)loop-20(29)-ene-28-oate 100 [6]
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1. Using the known effect of inhibitor regeneration from its radical, which leads to 
an increase in the inhibition efficiency factor f.

2. Using the phenomenon of synergism in the reaction of inhibited oxidation, when 
two antioxidants of different nature are present in the reaction medium [25]. In 
the first case, the cause of the effect is the peculiarity of the structure of the oxi-
dation substrate radical, which has both the properties of an oxidizing agent and 
a reducing agent. This, for example, is characteristic of hydroxyperoxyl radicals 
or, as we have previously shown, the one of triterpenoids of the lupane series 
containing an O–H bond in their structure [6].

In the second case, this is due to the ratio of the bond strengths of the active 
centers of the molecules—the components of the mixture. In this work, we have 
investigated the possibility of increasing the efficiency of inhibition due to a syn-
ergistic effect. For this purpose, a mixture of triterpenoid AO1 with 2-methyl-4,6-
bis(octylsulfanylmethyl)phenol (AO5) was used as an antioxidant. This compound is 
well known as a polymer stabilizer under the commercial name Irganox 1520L [26]. 
Thus, there were two substances in the reaction medium—AO1, the active center of 
which is the N–H bond, and AO5, a representative of the class of sterically hindered 
phenols with an active center inhibiting the O–H bond.

Under the conditions of our experiments, AO5 demonstrated antioxidant proper-
ties, which is confirmed by the results presented in Supplementary information.

Fig. 6  Dependence of the initial rate of ethylbenzene oxidation in the inhibitory composition 
(AO1 + AO5), Vi = 3.8 ×  10−7 mol/l s, T = 343 K [AO1 + AO5] = 6.25 ×  10−5 mol/l
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Fig. 6 shows the results of studying the dependence of the rate of ethylbenzene oxi-
dation inhibited by the addition of a mixture of AO1 and AO5 compounds depending 
on the ratio of their concentrations in the mixture with the total amount of antioxidant.

The results obtained indicate the presence of a synergistic effect in the mixtures of 
two antioxidants AO1 + AO5, as a result of which, at a mole fraction of 50% AO1, it is 
14 times greater than the effect of the total effect of individual components.

To explain the nature of this phenomenon in a mixture of AO1 and AO5 com-
pounds, the reaction mechanism should be added with stages [25]:

Here  In1H is the irganox molecule,  In1O is its phenoxyl radical.
The proposed mechanism was analyzed by kinetic modeling with the help of a soft-

ware package, which we successfully tested earlier [6, 27, 28]. The results of kinetic 
modeling confirming the validity of the reaction mechanism are presented in Supple-
mentary information.

Thus, the presence of a mixture of the two antioxidants, among which AO5 acts as 
a more effective antioxidant (Supplementary information), leads not only to an addi-
tive increase in the efficiency of inhibition of the oxidative process, but also to a sharp 
increase in the inhibitory action as a result of a synergistic effect.

Previously, we studied triterpenoids that are similar in structure, but their antioxi-
dant activity was viewed upon using the model reaction of 1,4-dioxane oxidation as 
an example [6]. The fkInH values obtained in oxidizable 1,4-dioxane are significantly 
higher than those found in ethylbenzene (Table 2).

The reason for this difference probably lies in the difference in the nature of the 
oxidized substrate. The radical-chain oxidation of ethylbenzene includes a key step 
of chain continuing (III), which is realized by the arylperoxyl radical of the substrate. 
According to the classical mechanism1 the value of the inhibitor efficiency factor f, 
which is proportional to the number of radicals killed on one antioxidant molecule, is 
equal to two. As we found earlier, 1,4-dioxane as a substrate forms an intermediate 
product during oxidation, the product is a source of oxyperoxyl radicals and ensures 
the regeneration of the inhibitor from its radical [6], which leads to the fact that f ≫ 2. 
The above considerations clearly show the difference between the two mechanisms for 
increasing the effectiveness of an antioxidant: the mechanism of a synergistic effect and 
the mechanism of inhibitor regeneration.

(VII)RO∗

2
+ In1OH → ROOH + In1O

∗

(VIII)In1OH + In∗ → InH + In1O
∗

(IX)In1O
∗
+ RO∗

2
→ molecular product
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Conclusion

The effectiveness of a number of derivatives of betulinic acid as inhibitors of the 
reaction of radical-chain oxidation of ethylbenzene has been studied. The rate 
constants of the key chain termination reaction have been determined, which 
makes it possible to predict the ability to inhibit the rate of substrate oxidation 
depending on the nature of the antioxidant and its concentration in the solution. 
A synergistic effect has been found when using the mixture of [2, 3]b-Indolo-
loop-20(29)-en-28-N-methylpiperazine amide and sterically hindered phenol 
as an antioxidant, which makes it possible to more than ten times increase the 
inhibitory effect and at the same time allows you to vary the concentration of 
triterpenoid when using them as biologically active substances or drugs. At the 
same time, the effect of biologically active substances can be preserved with an 
increase in the antioxidant effect of the composition.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11144- 023- 02516-7.
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