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Abstract: Coumarin and coumarin derivatives are bioactive compounds that have an important role
in medicinal chemistry, for example in the development of anti-inflammatory, anticancer and
antiviral drugs. These compounds are also very powerful antioxidants that successfully scavenge
free radicals and prevent or alleviate oxidative stress. The antioxidant potential of selected
heterocyclic compounds containing coumarin core was investigated theoretically, the focus of this
study was on hydrogen atom transfer mechanism (HAT) and single electron transfer followed by
proton transfer mechanism (SET-PT). Using MOPAC2012 PM7, reaction enthalpies related to the
cleavage of O-H, N-H and C-H bonds via selected mechanisms of free radical scavenging were
studied and calculated. The effect of the position of the hydroxyl group, as well as other functional
groups, on the antioxidant activity was examined. Based on obtained results, Schiff bases,
thiosemicarbazides, oxadiazoles and 4-thiazolidinones containing one or more OH- groups exhibit
higher radical scavenging properties.
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1. Introduction

Coumarin and coumarin compounds are a group of phenolic compounds that was first isolated
from the beans of the Tonka plant, Dipteryx odorata (Aubl) Wild, in 1820. These heterocyclic
compounds containing oxygen are widely distributed in plant kingdom, where some are present in
free form while others are present in the form of glycosides, e.g. bound with carbohydrate (for
example glucose). These phytochemicals can be described as colorless crystalline compounds soluble
in organic solvents [1,2]. Hundreds have been isolated form plants, the most widespread being
umbelliferon, esculetin and scopoletin. Some plant species, such as dates, strawberries, apricots,
cherries and cinnamon contain a very high amount of these compounds [3-7].

Due to their relatively simple structure, coumarins and their derivatives have various uses, for
example in the perfume industry (due to the unique and intense scent similar to vanilla), as tobacco
aroma enhancers, in some alcoholic beverages [8], in insecticides, as additives in soaps and
toothpaste, as sweeteners, as additives to rubber and plastic materials, in aerosols, etc. [7,9].
Additionally, bioactivity of these compounds is especially diverse — coumarin and coumarin
derivatives have shown anticancer, antitumor, antibacterial, antifungal and anti-inflammatory
activity, some may inhibit activity of some enzymes and reduce concentration of triglycerides in
blood. Hydroxycoumarins are very powerful antioxidants and have the ability to eliminate excess
free radicals and reduce oxidative stress. Free radicals are constantly produced in our body for
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metabolic purposes, but we are exposed to various additional sources of free radicals as well (ionizing
radiation, UV light, pollution, etc.). Excess free radicals may attack biological macromolecules giving
rise to membrane and DNA damage, and protein modifications [10]. This type of oxidative damage
may be involved in pathogenesis of various chronic diseases, so to fight oxidative stress various
exogenous antioxidants may be of use. In this way, some coumarin derivatives may play an
important role in the prevention of chronic and age related diseases such as neurodegenerative and
cardiovascular diseases [4].

2. Methods

MOPAC2012™ is a semiempirical quantum-chemical program based on Dewar and Thiel
NDDO approximation. In this paper it was used to calculate reaction enthalpies of selected
compounds with coumarin core in gas phase in order to study the thermodynamics of O-H, N-H
and C-H bond cleavage necessary for antioxidant activity. Though application of other commercially
available computational programs (such as Gaussian) may result in more accurate calculations of
thermodynamic parameters, their disadvantage is their high price and long calculation time,
depending on the computer, complexity of the compound structure and computational details (level
of theory, basis set, functional, solvation model, etc.). Thermodynamic calculations run via PM7
method are less accurate, but are faster obtained and are similar to the results obtained via other
computational programs. Hence MOPAC was used in this preliminary study, primarily because of
very fast calculations and fast obtained results.

In this preliminary study, two mechanisms of antioxidant activity based on hydrogen atom
abstraction were studied. Those mechanisms were hydrogen atom abstraction (HAT mechanism) and
single electron transfer followed by proton transfer (SET-PT) mechanism. As can be seen on Figure
1, HAT mechanism is characterized by translocation of a hydrogen atom from the antioxidant

molecule (A-OH) to the free radical (RO"). This mechanism occurs in one step and is characterized

by thermodynamic parameter named bond dissociation enthalpy, or BDE [11].
A-OH + RO’ — A-O + ROH @)
Figure 1. HAT mechanism.

In HAT mechanism homolytic bond cleavage occurs, there is no charge separation, so it is
preferred in gas phase and non-polar medium. Equation (1) shows how BDE can be calculated:

BDE = H(A-O') + H(H') - H(A-OH) I

where H(A-O'), H(H') and H(A-OH) are enthalpies of formation of antioxidant radical, transferred

hydrogen atom, and antioxidant molecule. Lower Hesoe indicates a better ability of an antioxidant in
donating hydrogen atom to the free radical [11,12].
SET-PT mechanism occurs in two steps as shown in Figure 2. In the first step of this mechanism,

electron transfer takes place and neutral antioxidant molecule is modified into radical cation (AOH),
while in the second step radical cation loses a proton and antioxidant radical is formed (AO") [11].
A-OH — A-OH™" +e
A-OH™" - A-O"+H"
Figure 2. SET-PT mechanism.
In case of SET-PT, heterolytic bond cleavage occurs, there is charge separation and this

mechanism is preferred in polar medium. This mechanism is characterized with thermodynamic
parameters shown in Equations (2) and (3):
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IP = H(A-O™) + H(¢') - H(A-OH) 2)

PDE = H(A-O') + HH") - HA-O™) ©)

Ionization potential, IP, is the energy necessary to release an electron and this value characterizes
the first step of SET-PT mechanism. It can be calculated by subtracting the sum of the enthalpy of
formation of radical cation and enthalpy of formation of an electron from the enthalpy of formation
of the antioxidant molecule. The second step, in which antioxidant radical is formed, is characterized
by proton dissociation enthalpy, or PDE, and can be calculated by subtracting the enthalpy of
formation of radical cation form the sum of the enthalpy of formation of antioxidant radical and
proton [11,13,14].

All above mentioned mechanisms of antioxidant activity have the same products — neutralized
radical and a stable antioxidant radical. Accordingly, thermodynamic balance is presented with
Equation (4), in which can be seen that reaction enthalpy BDE matches the sum of reaction enthalpies
IP and PDE [11]:

ArHgpe = ArHir + ArHppe (4)

It is correct to say that there is a competitive relationship between these reactions and
mechanisms, and there is also the possibility for these mechanisms to occur parallel [11].

3. Results and Discussion

Coumarins may reduce production of free radicals in the organism and stimulate scavenging of
reactive oxygen species (ROS), meaning they may behave as antioxidants and act to diminish
biological damage caused by oxidative stress. In order to determine the ability of compounds, namely
phenolic antioxidants, to scavenge ROSs, O-H bond cleavage and potential to donate electron is
studied. This implies calculation of BDE and IP. Lower BDE and IP lead to better antioxidant activity.
For example, Mohajeri et al. (2009) found that BDE values in gas phase are in the range 69.9-104.0
kcal/mol for vitamins and 71.2-85.1 for phenolic acids. The authors also discovered that comparing
BDE of vitamin E and C, the reduction of heterocyclic ring enhances antioxidant activity. Determined
IP values for vitamins and phenolic acids were in the range 167.38-205.59 kcal/mol, leading to
conclusion that both BDE and IP values were lover for phenolic acids than for vitamins, indicating
phenolic acids as better antioxidants [15].

In this preliminary study, BDE and IP values for four groups of compounds with coumarin core
were studied. Structures of compounds (1-51) and results of thermodynamic calculations of studied
mechanisms of antioxidant activity are presented in Tables 1-3. Thermodynamic calculations refer to
gas phase.

Table 1. Structures of studied Schiff bases (compounds 1-26) and results of thermodynamic
calculations (kcal/mol).

No. STRUCTURE BDE IP

1 iy 341.6 772.2

Sy \”/\o 0 )
0
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Table 2. Structures of studied thiosemicarbazides and 4-thiazolidinones (compounds 27-36) and
results of thermodynamic calculations (kcal/mol).
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calculations (kcal/mol).

Table 3. Structures of studied oxadiazoles (compounds 37-51) and results of thermodynamic

No. STRUCTURE BDE IP
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Table 4 gives an overview of number of OH- and NH- groups and the number of vicinal OH-
groups in the structure of studied compounds.

Table 4. Summary of main studied structural characteristics of analyzed compounds.

Compound n-OH n-Vicinal OH n-NH

1 0 0 1
2 1 0 1
3 1 0 1
4 1 0 1
5 0 0 1
6 0 0 1
7 0 0 1
8 2 1 1
9 2 0 1
10 2 0 1
11 2 1 1
12 2 0 1
13 1 0 1
14 0 0 1
15 1 0 1
16 0 0 1
17 0 0 1
18 0 0 1
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Table 5 gives a comparison of thermodynamic parameters for compounds that have OH- and
NH- group (Schiff bases, compounds 2-4, 8-13, and 15).

Table 5. Comparison of BDE values for compounds containing OH- and NH- group.

COMPOUND N-H BDE O-H BDE

457.5 375.5
3 336.6 342.8
4 347.0 334.5
8 379.7 335.8
9 321.3 3194
10 3223 299.1
11 336.6 316.9
12 315.3 332.6
13 335.8 319.6
15 352.9 394.7

As can be seen in Table 4, some studied compounds have only one OH- group (2-14, 13, 15),
some have two (8-12), and some have vicinal OH- groups (8 and 11). All these compounds are Schiff
bases and all show better results of thermodynamic calculations. Some compounds contain one (1-
26, 32-36) or more (27-31) NH- groups, but calculated BDE and IP values for these compounds were
not better compared to the ones obtained for Schiff bases. Some compounds contain OH- and NH-
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group (Tables 4 and 7, compounds 2-4, 8-13, and 15). These compounds are Schiff bases, and as can
be seen from Table 7, the BDE of O-H bond is slightly more favorable compared to the BDE of N-H
bond cleavage. Compounds 37-51 (oxadiazoles) do not have OH- or NH- group, hence for these
compounds BDE and IP values for C-H bond was calculated. Obtained results do not show a better
antioxidant potential for oxadiazoles, but they are not “much worse” antioxidants than compounds
with OH- and NH- group.

BDE values for Schiff bases were determined to be in the range 285.5-373.5 kcal/mol, BDE values
for thiosemicarbazides and 4-thiazolidinones were in the range 275.5-358.9 kcal/mol, and for
oxadiazoles in the range 258.5-300.9 kcal/mol. All obtained results are almost twice higher than
results obtained by Mohhajeri et al. (2009). These results indicate studied compounds as weaker
antioxidants. Their inefficiency may be due to the fact that studied thiosemicarbazides, 4-
thiazolidinones and oxadiazoles do not possess OH- group, while five Schiff bases have OH- group,
five have two OH- groups, and only two have vicinal OH- groups.

Our study determined following IP values: 684.5-852.2 kcal/mol for Schiff bases, 668.0-804.3
kcal/mol for thiosemicarbazides and 4-thiazolidinones, and 782.1-807.7 kcal/mol for oxadiazoles.
These results are in some cases almost four times higher than results obtained by Mohajeri et al. (2009)
and clearly indicates lower antioxidant activity of studied compounds [15]. Overview of scientific
literature related to the experimental determination of antioxidant activity (DPPH essay) [16-21] also
indicates this group of compounds as not significant antioxidants and relates observed antioxidant
activity with the number of OH- groups.

4. Conclusions

Coumarins are heterocyclic compounds widely used in medicinal chemistry and drug
development, due to their anticancer, antibacterial and anti-inflammatory activity. Some of these
compounds have a very powerful antioxidant activity that makes them useful in removal of reactive
oxygen species and minimizing of oxidative damage of biological macromolecules. In this
preliminary study, MOPAC and PM7 were implemented in order to determine thermodynamic
parameters BDE and IP for heterocyclic compounds containing coumarin core (Schiff bases,
thiosemicarbazides, oxadiazoles and 4-thiazolidinones). Two mechanism of antioxidant activity were
studied, HAT and SET-PT. They are competitive mechanisms, with HAT being preferred in non-
polar medium and SET-PT in polar medium. Calculations were done in gas phase, for which
preferred mechanism is HAT. Thermodynamics of O-H, C-H and N-H bond cleavage was studied,
as well as the effect of number and position of OH- and other functional groups (if there are any) on
antioxidant activity. Obtained results indicate a very unfavorable BDE value and at least twice as big
IP value of studied compounds. Results thus indicate that these compounds do not exhibit a very
high antioxidant activity, what is probably due to the lack of structural motifs characteristic for
superior antioxidant activity, such as OH- groups. It could also be concluded that antioxidant activity
probably does not occur via studied mechanisms. Hence, in order to determine operative mechanism
of antioxidant activity of these compounds, additional research is necessary, which would focus on
other locations of antioxidant activity and other mechanisms by implementing other computational
program packages.
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