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A B S T R A C T

The thermodynamics of free radical scavenge of 1,3,4-oxadiazole derivatives towards oxygen-centred free radicals
were investigated by the density functional theory (DFT) method in the gas phase and aqueous solution. Three
mechanisms of free radical scavenge namely, hydrogen atom transfer (HAT), single electron transfer followed by
proton transfer (SET-PT) and sequential proton loss electron transfer (SPLET) were considered. The antioxidant
descriptors that characterize these mechanisms such as, bond dissociation enthalpy (BDE), adiabatic ionization
potential (AIP), proton dissociation enthalpy (PDE), proton affinity (PA) and electron transfer enthalpy (ETE)
were evaluated. The sequence of electron donation as predicted by the HOMO results were in good agreement
with the sequence of ETE for the considered molecules at their favoured sites of free radical scavenge. The re-
action Gibbs free energy for inactivation of the selected peroxyl radicals, show that 1,3,4-oxadiazole antioxidants
are more efficient radical scavengers by HAT and SPLET mechanisms than SET-PT mechanism in vacuum. In
aqueous solution, the SET-PT mechanism was observed to be the dominant reaction pathway.
1. Introduction

The oxadiazoles are heterocyclic compounds that contain one oxygen
and two nitrogen atoms in a five membered ring system. They exist in
different isomeric forms such as 1,2,4-, 1,2,5-, 1,2,3- and 1,3,4-oxadia-
zoles. From recent studies, 1,3,4-oxadiazoles are an important class of
heterocyclic compounds with a variety of biological activities such as
anticancer [1, 2, 3, 4]; antibacterial [5, 6, 7]; anti-inflammatory [8, 9];
antifungal [10, 11, 12, 13, 14] and antioxidant [15, 16, 17, 18, 19]
activities.

The technique of virtual screening is important as data bases to the
design of novel compounds based on their biological activities [20].
Ligand-based methods rely on the assessment of physicochemical and
structural similarities in a data set of molecules. The underlying principle
is the assumption that similar ligands exert similar biological activities.
These features could be obtained with the aid of quantitative structure
activity relationship (QSAR) models, which explain the observed bio-
activities in the considered compounds [21, 22].

Free radicals are generated in chemical systems when their atomic or
molecular orbitals contain unpaired electrons [23]. When free radicals
are generated in the body, they can be eradicated by an efficient
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antioxidant system. In recent time, there has been an increase in the
prevalence of degenerative diseases caused by abnormal increase in the
level of free radicals in the body [24]. This gives rise to oxidative stress
which is the major cause of various health disorders such as: Diabetes,
pulmonary failure, rheumatoid arthritis and renal failure [25]. Low levels
of antioxidants in the human system necessitates the introduction of
antioxidants from external sources into the body. This could be achieved
through the intake of dietary supplements with highly efficient free
radical scavenging potentials [26].

Three mechanisms are usually proposed to account for the free radical
scavenging mechanism by antioxidants [27]. The first is hydrogen atom
transfer (HAT). The second is single electron transfer followed by proton
transfer (SET-PT). While, the third is sequential proton loss electron
transfer (SPLET).

The aim of this work is to explore the free radical scavenging mech-
anisms of newly designed 1,3,4-oxadiazole derivatives by thermody-
namic studies in the gas phase and aqueous solution. A set of 1,3,4-
oxadiazole derivatives were designed by in silico virtual screening. This
was achieved by employing the recently developed quantitative structure
activity relationship, (QSAR) model for 1,3,4-oxadiazole antioxidants
24 March 2020
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Figure 1. Parent 1,3,4-oxadiazole molecule (M04).
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[28]. The HAT, SET-PT and SPLET mechanisms of free radical scavenge
were investigated by thermodynamic studies in this research.

2. Materials and methods

2.1. Ligand based virtual screening of 1,3,4-oxadiazole antioxidant
derivatives

In the design of new set of 1,3,4-oxadiazole antioxidant derivatives
bearing 2,3-dihydrobenzo [b] [1, 4]dioxine moiety, the method of ligand
based virtual screening was employed. This was accomplished with the
aid of the developed QSAR model for 1,3,4-oxadiazole antioxidants [29].
This model has an applicability domain leverage threshold h*, value of
0.525.

With the aid of the developed QSAR model for 1,3,4-oxadiazole an-
tioxidants, new set of 1,3,4-oxadiazole antioxidants were designed by
insertion, deletion and substitution of various substituents on the tem-
plate molecule [29, 30, 31, 32]. Subsequently, their antioxidant activities
were predicted using this QSAR model. In the present research, com-
pound M04 listed in Table 1 of Alisi et al. [28], whose structure is pre-
sented in Figure 1, was chosen as a template. The choice of this
compound was based on its impressive antioxidant activity (pIC50 ¼
5.021) among the considered 1,3,4-oxadiazole antioxidant series.

The Chem Draw Program [33], was employed in drawing the chem-
ical structures of the designed compounds. While, the minimization and
subsequent optimization of the molecular structures were accomplished
with the aid of Spartan 14 program [34], at the density functional theory
(DFT), level using the Becke's three-parameter Lee-Yang-Parr hybrid
Table 1. Designed 1,3,4-oxadiazole antioxidant derivatives, their predicted antioxida

Comp No Designed antioxidants

MOXM 01 3-(((3,5-difluoro-4-hydroxyphenyl)amino)methyl)-5-(5,8-dihydroxy-2,3-dihyd

MOXM 02 3-(((4-amino-3,5-difluorophenyl)amino)methyl)-5-(5,8-diamino-2,3-dihydrobe

MOXM 03 3-(((4-amino-3,5-difluorophenyl)amino)methyl)-5-(5,8-dihydroxy-2,3-dihydro

MOXM 04 5-(5,8-diamino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)- 3-(((3,5-difluoro-4-hyd

MOXM 05 3-(((3,5-difluoro-4-hydroxyphenyl)amino)methyl)-5-(7-hydroxy-2,3-dihydrobe

MOXM 06 3-(((2,6-difluoro-3,5-dihydroxy-4-methoxyphenyl)amino)methyl)-5-(2,3-dihyd

MOXM 07 5-(8-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4,6-trifluoro-3,5-dihy

MOXM 08 5-(8-hydroxy-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4,6-trifluoro-3,5-dih

MOXM 09 5-(7-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4,6-trifluoro-3,5-dihy

MOXM 10 5-(7-hydroxy-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4,6-trifluoro-3,5-dih

MOXM 11 5-(5-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4,6-trifluoro-3,5-dihy

MOXM 12 5-(5-hydroxy-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4,6-trifluoro-3,5-dih

MOXM 13 3-(((3,5-diamino-2,4,6-trifluorophenyl)amino)methyl)-5-(8-hydroxy-2,3-dihyd

MOXM 14 5-(8-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((3,5-diamino-2,4,6-triflu

MOXM 15 3-(((3,5-diamino-2,4,6-trifluorophenyl)amino)methyl)-5-(7-hydroxy-2,3-dihyd

MOXM 16 5-(7-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((3,5-diamino-2,4,6-triflu

MOXM 17 3-(((3,5-diamino-2,4,6-trifluorophenyl)amino)methyl)-5-(5-hydroxy-2,3-dihyd

MOXM 18 5-(5-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((3,5-diamino-2,4,6-triflu

MOXM 19 5-(8-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,3,5-trifluoro-4,6-dihy

MOXM 20 5-(8-hydroxy-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,3,5-trifluoro-4,6-dih

MOXM 21 5-(7-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,3,5-trifluoro-4,6-dihy

MOXM 22 5-(7-hydroxy-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,3,5-trifluoro-4,6-dih

MOXM 23 5-(5-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,3,5-trifluoro-4,6-dihy

MOXM 24 5-(5-hydroxy-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,3,5-trifluoro-4,6-dih

MOXM 25 5-(8-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4-diamino-3,5,6-triflu

MOXM 26 3-(((2,4-diamino-3,5,6-trifluorophenyl)amino)methyl)-5-(8-hydroxy-2,3-dihyd

MOXM 27 5-(7-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4-diamino-3,5,6-triflu

MOXM 28 3-(((2,4-diamino-3,5,6-trifluorophenyl)amino)methyl)-5-(7-hydroxy-2,3-dihyd

MOXM 29 5-(5-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((2,4-diamino-3,5,6-triflu

MOXM 30 3-(((2,4-diamino-3,5,6-trifluorophenyl)amino)methyl)-5-(5-hydroxy-2,3-dihyd

MOXM 31 5-(5-amino-2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(((3,5-difluoro-4-hydroxyp
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functional (B3LYP), and 6-311G* basis set without symmetry constraints.
Molecular descriptors for the optimized structures were obtained using
the PADEL program package version 2.20 [35]. Subsequently, the
leverage approach was employed in the assessment of the applicability
domain of the designed 1,3,4-oxadiazoles.
2.2. Computation of antioxidant descriptors

Evaluation of the preferred mechanism of free radical scavenge for
the considered 1,3,4-oxadiazoles was accomplished by the computation
of various antioxidant descriptors as presented below:

The homolytic bond dissociation enthalpy (BDE) was calculated
under standard conditions of 1 atm. and 298.15 K using Eq. (1). BDE
represents the standard reaction enthalpy change at a given temperature
when a particular chemical bond is broken under standard conditions
[32, 36]. Lower values of the BDE have been observed to favour lower
stability of the O–H bond [37].
nt activities and leverage values.

pIC50 Leverage

robenzo[b][1,4]dioxin-6-yl)-1,3,4-oxadiazole-2(3H)-thione 5.269 0.189

nzo[b][1,4]dioxin-6-yl)-1,3,4-oxadiazole-2(3H)-thione 5.418 0.245

benzo[b][1,4]dioxin-6-yl)-1,3,4-oxadiazole-2(3H)-thione 5.275 0.151

roxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.450 0.219

nzo[b][1,4]dioxin-6-yl)-1,3,4-oxadiazole-2(3H)-thione 5.265 0.518

robenzo[b][1,4]dioxin-6-yl)-1,3,4-oxadiazole-2(3H)-thione 4.884 0.234

droxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.101 0.115

ydroxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 4.948 0.376

droxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 4.848 0.179

ydroxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 4.797 0.224

droxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 4.931 0.103

ydroxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 4.929 0.150

robenzo[b][1,4]dioxin-6-yl)- 1,3,4-oxadiazole-2(3H)-thione 5.084 0.206

orophenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.220 0.316

robenzo[b][1,4]dioxin-6-yl)- 1,3,4-oxadiazole-2(3H)-thione 4.914 0.097

orophenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 4.938 0.154

robenzo[b][1,4]dioxin-6-yl)- 1,3,4-oxadiazole-2(3H)-thione 5.046 0.116

orophenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.018 0.093

droxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.373 0.175

ydroxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.335 0.182

droxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.111 0.139

ydroxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.175 0.262

droxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.151 0.187

ydroxyphenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.247 0.239

orophenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.310 0.146

robenzo[b][1,4]dioxin-6-yl)- 1,3,4-oxadiazole-2(3H)-thione 5.250 0.127

orophenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.021 0.433

robenzo[b][1,4]dioxin-6-yl)- 1,3,4-oxadiazole-2(3H)-thione 5.077 0.264

orophenyl)amino)methyl)-1,3,4-oxadiazole-2(3H)-thione 5.169 0.077

robenzo[b][1,4]dioxin-6-yl)- 1,3,4-oxadiazole-2(3H)-thione 5.157 0.083

henyl)amino)methyl)- 1,3,4-oxadiazole-2(3H)-thione 5.232 0.088
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BDE¼Hradical þ HH � Hneutral (1)
The adiabatic ionization potential (AIP) was estimated as presented in
Eq. (2). AIP describes the process of electron donation by the antioxidant,
and represents the ability of the antioxidant to transfer electrons to the
free radical. The lower the AIP value for a given molecule, the stronger
the antioxidant properties.

AIP¼Hcation radical þ Helectron � Hneutral (2)

The proton dissociation enthalpy (PDE) was also calculated using Eq.
(3). PDE describes the ability of the compounds to donate proton. Mol-
ecules with lower PDE values have been found to be more susceptible to
proton abstraction [38].

PDE¼Hradical þ HHþ � Hcation radical (3)

The proton affinity (PA) and electron transfer enthalpy (ETE) were
also estimated using Eqs. (4) and (5) respectively.

PA¼Hanion þ HHþ � Hneutral (4)

ETE¼Hradical þ Helectron � Hanion (5)

where.
Hradical ¼ Total enthalpy of phenoxyl radical.
HH ¼ Total enthalpy of the hydrogen atom.
Hneutral ¼ Total enthalpy of neutral compound.
HHþ ¼Total enthalpy of the proton.
Hcation radical ¼ Total enthalpy of the cation radical.
Helectron ¼ Total enthalpy of the electron.
Hanion ¼ Total enthalpy of the anion.
The total enthalpies of the species were calculated as the sum of total

electronic energy, zero-point energy and the translational, rotational and
vibrational contributions to the total enthalpy as presented in Eq. (6). In
order to convert the energy to enthalpy, the RT (PV-work) term was
added [39].

H¼E0 þ ZPE þ Htrans þ Hrot þ Hvib þ RT (6)

Where, Htrans; HrotandHvib are the translational, rotational, and vibra-
tional contributions to the enthalpy respectively. E0 is the total energy at
0 K while, ZPE is the zero-point vibrational energy.

Or the computation of the above antioxidant descriptors, the
following values were employed: HðH�Þvacuum ¼ -1312.479673 kJ/mol,
HðHþÞvacuum ¼ 6.1961805 kJ/mol, Hðe�Þvacuum ¼ 3.14534924 kJ/mol,
HðH�Þwater ¼ � 3.9907603 kJ/mol, HðHþÞwater ¼ � 1090.00266 kJ/
mol, Hðe�Þhydr ¼ � 105 kJ/mol [40, 41, 42, 43]. Geometry optimization
of all molecular structures in the gas phase was performed at the
DFT/B3LYP/6-311G* level of theory. Since water (ε ¼ 78.39) is the
physiological medium of human living cells, the solvation effect of water
on the antioxidant activity was computed by using the self-consistent
reaction field (SCRF) method with a polarized continuum model (PCM)
[44, 45] at the DFT/B3LYP/6-31G* level.

2.3. Evaluation of the thermodynamically favoured mechanism

The reaction Gibbs free energy (ΔrG), results were employed in the
evaluation of the thermodynamically favoured mechanism of free radical
scavenge [46, 47]. In this research, the reaction Gibbs free energy of the
reactants and products for the studied mechanisms of the reactions be-
tween the antioxidants and the two important peroxyl radicals; hydro-
peroxyl radical (HOO⋅) and methyl peroxyl radical (CH3OO⋅) were
investigated in the gas phase and aqueous solution.

The reaction between a free radical and an antioxidant is said to be
thermodynamically favourable if the reaction Gibbs free energy is
negative (Eq. (7)).
3

ΔrG¼ ½GðproductsÞ�GðreactantsÞ� < 0 (7)
The reaction Gibbs free energy for the HAT mechanism is given by
ΔrGBDE (Eq. (8)).

ΔrGBDE ¼ ½GðHn�1Antiox�ÞþGðRHÞ� � ½GðHnAntioxÞþGðR�Þ� (8)

The reaction Gibbs free energy for the SET-PT mechanism is given by
ΔrGAIP (Eq. (9)) and ΔrGPDE (Eq. (10)).

ΔrGAIP ¼ ½GðHn�1Antiox�þÞþGðR�Þ� � ½GðHnAntioxÞþGðR�Þ� (9)

ΔrGPDE ¼ ½GðHn�1Antiox�ÞþGðRHÞ� � ½GðHn�1Antiox�þÞþGðR�Þ� (10)

Also, the reaction Gibbs free energy for the SPLETmechanism is given
by ΔrGPA (Eq. (11)) and ΔrGETE (Eq. (12)).

ΔrGPA ¼ ½GðHn�1Antiox�ÞþGðRHÞ� � ½GðHnAntioxÞþGðR�Þ� (11)

ΔrGETE ¼ ½GðHn�1Antiox�Þ þGðR�Þ� � ½GðHn�1Antiox�ÞþGðR�Þ� (12)

where.

GðHnAntioxÞ: Gibbs free energy of neutral antioxidant.
GðHn�1Antiox�Þ: Gibbs free energy of phenoxyl radical.
GðR�Þ: Gibbs free energy of free radical.
GðHRÞ: Gibbs free energy of product formed by hydrogen abstraction
to free radical.
GðHn�1Antiox�þÞ: Gibbs free energy of cation radical.
GðHþÞ: Gibbs free energy of proton.
GðR�Þ: Gibbs free energy of free radical anion.
GðHn�1Antiox�Þ: Gibbs free energy of anion.

The values of �3:72 kJ=mol and �26:28 kJ=mol were employed as
the Gibbs free energy of the electron (e�) and proton (Hþ) respectively in
the gas phase. In aqueous solution, Gibbs free energy values of �
156:8 kJ=mol and�1104:5 kJ=mol were used for the electron and proton
respectively [48, 49].

3. Results and discussions

3.1. Analysis of ligand based virtual screening for 1,3,4-oxadiazole
antioxidant derivatives

The pIC50 antioxidant activities and leverage values of the newly
designed 1,3,4-oxadiazole antioxidants are presented in Table 1. The
presented results show that majority of the designed compounds have
better antioxidant activities compared to M04 ðpIC50 ¼ 5:021Þwhich was
used as the template compound. Also, from the computed leverage re-
sults, all the designed compounds were found within the applicability
domain of the developed oxadiazole model which has a leverage
threshold h*, value of 0.525. This encouraging result indicates that no
structural outliers were identified among the newly designed oxadiazole
antioxidants. Subsequently, three of the designed compounds with best
antioxidant activities (MOXM 04, MOXM 19 and MOXM 31) were sub-
jected to thermodynamic studies. The structure and carbon atom
numbering of these compounds are presented in Figure (2).
3.2. Analysis of the HAT mechanism

This is a mechanism in which H atom directly transfers from the
antioxidant by homolytic O–H bond cleavage to the free radical to break
oxidative chain reaction. BDE is the numerical parameter related to HAT
mechanism and characterizes the stability of the corresponding hydroxyl
group. A lower BDE value indicates that the stability of the corresponding
O–H bond is lower and the corresponding O–H bond can be easily broken
[37, 50]. This gives rise to higher antioxidant activity of the compound.



Figure 2. Molecular structure and carbon atom numbering of MOXM 04, MOXM 19 and MOXM 31.
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Table 2 contains the results of BDE (KJ/mol) in the gas phase and
aqueous solution for the different positions which are susceptible to
hydrogen atom transfer for MOXM 04, MOXM 19 and MOXM 31. MOXM
04 and MOXM 19 molecules have four possible sites for hydrogen atom
abstraction while, MOXM 31 molecule has three. For MOXM 04, the
highest BDE was recorded at the 2-NH and 7-NH positions with values of
336.18 kJ/mol and 353.53 kJ/mol respectively in the gas phase. These
results could be attributed to the susceptibility of these positions to form
intramolecular hydrogen bonds with the adjacent alkoxy groups. MOXM
19 recorded the highest BDE at the 2NH position (361.41 kJ/mol). While
MOXM 31 has the highest BDE at the 7NH position (381.68 kJ/mol). The
high values of BDE recorded at these positions are also attributed to
possible formation of intramolecular hydrogen bonds with their respec-
tive adjacent alkoxy groups. An examination of the BDE results for the
three considered molecules MOXM 04, MOXM 19 and MOXM 31 in the
gas phase shows that the lowest values of BDE are recorded at the 15-OH
Position, except for MOXM 19 where a slightly lower value is recorded at
the 17-OH position The variation of BDE for these molecules in vacuum is
similar to that in aqueous solution. Although, the computed values in
aqueous solution are higher. Based on this result, the 15-OH and 17-OH
positions are the preferred sites of hydrogen atom transfer, for the
considered 1,3,4-oxadiazole antioxidants. The BDE values at the
preferred sites of HAT for MOXM 04 (294.72 kJ/mol and 1511.45 kJ/
mol), MOXM 19 (286.53 kJ/mol and 1444.76 kJ/mol) and MOXM 31
(296.22 kJ/mol and 1508.82 kJ/mol) in vacuum and aqueous solution
are lower than the BDE value of phenol (327.55 kJ/mol and 1632.72 kJ/
mol) computed at the same level of theory, which is usually chosen as a
reference compound. Consequently, these molecules are better free
radical scavengers than phenol by HAT.
3.3. Analysis of the spin density distribution

In order to rationalize the observed differences in the values of BDE
which resulted in differences in the reactivity of the various OH and NH2

sites, the spin density distribution on the radicals of MOXM 04, MOXM
Table 2. Antioxidant properties of designed 1,3,4-oxadiazole antioxidant derivatives

Comp No BDE (kJ/mol) AIP (kJ/mol) PDE (kJ/mol)

Gas Water Gas Water Gas

MOXM 04 2-NH 336.18 1686.83 368.83 -1001.87 1289.17

MOXM 04 7-NH 353.53 1730.94 369.06 -1024.19 1306.29

MOXM 04 11-NH 334.21 1690.51 388.25 -996.10 1267.78

MOXM 04 15-OH 294.72 1511.45 545.52 -951.46 1071.02

MOXM 19 2-NH 361.41 1703.37 432.55 -976.14 1250.68

MOXM 19 11-NH 335.99 1681.84 378.49 -1028.13 1279.33

MOXM 19 15-OH 288.76 1460.78 575.24 -946.74 1035.34

MOXM 19 17-OH 286.53 1444.76 392.93 -1050.97 1215.42

MOXM 31 7-NH 381.68 1731.20 401.85 -1002.40 1301.64

MOXM 31 11-NH 333.66 1673.44 393.95 -995.83 1261.53

MOXM 31 15-OH 296.22 1508.82 548.88 -951.72 1069.16

Phenol 327.55 1632.72 572.78 -1132.24 1076.59
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19 and MOXM 31 were calculated (Table 2). Lower radical spin density
value indicates greater delocalization of the spin density in the radical,
culminating in greater stability of the antioxidant radical, and subse-
quently, greater antioxidant activity of the compound [47, 51, 52]. Also,
recall that the more delocalized the spin density in the radical, the easier
the radical is formed, the lower the BDE. For MOXM 19, the order of
radical spin density delocalization is, MOXM 19 2-NH⋅ ˂ MOXM 19
11-NH⋅ ˂ MOXM 19 15-O⋅ ˂ MOXM 19 17-O⋅. This sequence is in agree-
ment with the decreasing order of the BDE at these sites. For instance,
MOXM 19 17-OH has the lowest spin density and BDE values of 2:34�
10�4 and 286.53 kJ/mol respectively while, MOXM 19 2-NH has the
highest spin density and BDE values of 6:96� 10�4 and 361.41 kJ/mol
respectively. Subsequently, based on the results of spin density distri-
bution as presented in Table 2, the most feasible site for the formation of
MOXM 19 radical is at the 17-OH site, while, the least is the 2-NH site.
Similarly, the preferred site of radical formation for MOXM 04 and
MOXM 31 molecules is the 15-OH site.
3.4. Analysis of the SET-PT mechanism

The adiabatic ionization potential (AIP) and the proton dissociation
enthalpy (PDE) parameters for the studied molecules in vacuum and
aqueous solution are presented in Table 2. The first step of the SET-PT
mechanism is characterized by the result of the AIP. For MOXM 04
molecule, the lowest values of AIP in vacuum were recorded at the 2-NH
and 7-NH sites with very close values of 368.83 kJ/mol and 369.06 kJ/
mol respectively. For the molecules of MOXM 19 andMOXM3, the lowest
AIP results were obtained at the11-NH site with values of 378.49 kJ/mol
and 393.95 kJ/mol respectively. These results imply that the electron
donating abilities of these molecules are more favoured at the above
stated sites. Recall that the lower the AIP value for a given molecule, the
higher the electron donating ability. Also the AIP values for the studied
molecules at all the possible sites are significantly lower than that of
phenol (572.78 kJ/mol) at the same level of theory except for MOXM 19
15-OH (575.24 kJ/mol). Thus the electron donating abilities of these
calculated at the B3LYP/6-311G* level in vacuum and in water.

PA (kJ/mol) ETE (kJ/mol) Radical Spin Density

Water Gas Water Gas Water

1497.69 1513.60 509.71 144.40 -13.90 6:12� 10�4

1564.11 1484.22 497.11 191.13 42.82 5:23� 10�4

1495.59 1457.18 464.56 198.85 34.94 4:85� 10�4

1271.90 1423.36 239.81 193.18 80.62 2:95� 10�4

1488.50 1493.86 472.17 189.37 40.19 6:96� 10�4

1518.96 1406.61 400.49 251.20 90.34 5:04� 10�4

1216.50 1394.30 147.66 216.28 122.11 2:66� 10�4

1304.72 1388.84 138.47 219.51 115.28 2:34� 10�4

1542.59 1470.04 462.19 233.45 78.00 6:58� 10�4

1478.26 1455.42 444.08 200.06 38.35 4:87� 10�4

1269.53 1422.36 261.60 195.67 56.21 2:95� 10�4

1497.69 1462.89 141.47 186.48 300.24
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molecules are stronger than that of phenol. The AIP values in water are
lower than those in vacuum. In aqueous solution, the values of AIP unlike
BDE seem to be more influenced by the solvent polarity since the latter
may affect charge separation in a molecule. The higher ІР values in
vacuum in comparison to that in aqueous solution suggest that SET is not
favored in vacuum.

PDE characterize the second step of the SET-PT mechanism. The
lowest results of PDE obtained for MOXM 04 (1071.02 kJ/mol and
1271.90 kJ/mol) MOXM 19 (1035.34 kJ/mol and 1216.50 kJ/mol) and
MOXM 31 (1069.16 kJ/mol and 1269.53 kJ/mol) occurred at the 15-OH
position in vacuum and water respectively. These results are lower than
that of phenol in vacuum and water (1076.59 kJ/mol and 1497.69 kJ/
mol) which is usually chosen as a reference molecule. Therefore, the most
favoured site for proton dissociation for all the three molecules is the 15-
OH position. The observed trend of PDE is analogous to that of BDE for
the title molecules (Table 2). This could be attributed to the fact that
proton dissociation results in the formation of the antioxidant radical as
with bond dissociation. For reaction mechanisms that involve multiple
steps such as the SET-PT mechanism, the first step in this case AIP, is the
most important from thermodynamics view point. The above results
suggest that SET-PT mechanism is more favoured in aqueous solution
compared to the gas phase.
3.5. Analysis of the SPLET mechanism

The observed results of proton affinity (PA) and electron transfer
enthalpy (ETE) for MOXM 04, MOXM 19 and MOXM 31 1,3,4-oxadiazole
antioxidants molecules in vacuum and water are presented in Table 2.
The first step of SPLET mechanism is characterized by PA, while the
second step is characterized by ETE. A lower PA value favours the
deprotonation of the oxadiazole antioxidant to give the phenoxyl anion.
An examination of the PA results in the two media for the 1,3,4-oxadia-
zole molecules indicates that the preferred site for deprotonation is the
15-OH position with values of 1423.36 kJ/mol and 239.81 kJ/mol;
1394.30 kJ/mol and 147.66 kJ/mol; and 1422.37 kJ/mol and 261.60
kJ/mol for MOXM 04, MOXM 19 and MOXM 31 in vacuum and water
respectively. The only exception occurs at t 17OH position where a
slightly lower value is observed.

The lower the ETE value, the more active is the resulting phenoxide
anion for a given molecule [32]. The ETE results in vacuum as presented
in Table 2 reveal that the 15-OH position in ring A is the preferred site for
the second step of the SPLET mechanism for MOXM 31 1,3,4-oxadiazole
antioxidant as judged by the lowest ETE value of 195.67 kJ/mol obtained
at this position. For MOXM 04 and MOXM 19 molecules, the preferred
site is the 2-NH position with ETE values of 144.40 kJ/mol and 189.37
kJ/mol respectively. A similar trend is observed in aqueous solution. In
Table 3. Gibbs free energy changes (ΔrG in kJ/mol) of scavenging HOO⋅ radical by 1,3
in water.

Comp No HAT SET-PT

ΔrGBDE ΔrGAIP Δ

Gas Water Gas Water G

MOXM 04 2-NH 15.65 40.57 502.08 -74287.09 -4

MOXM 04 7-NH 32.88 55.79 499.35 -74270.02 -4

MOXM 04 11-NH 13.16 44.24 520.35 -74233.00 -5

MOXM 04 15-OH -26.28 -152.41 674.13 -74181.28 -7

MOXM 19 2-NH 40.78 72.34 562.99 -74281.58 -5

MOXM 19 11-NH 14.97 24.81 510.30 -74246.66 -4

MOXM 19 15-OH -31.19 -176.04 704.98 -74194.15 -7

MOXM 19 17-OH -33.71 -167.90 523.74 -74224.34 -5

MOXM 31 7-NH 61.99 82.05 534.08 -74268.98 -4

MOXM 31 11-NH 13.63 26.65 526.26 -74243.24 -5

MOXM 31 15-OH -23.94 -158.97 679.01 -74191.26 -7
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vacuum, the ETE value at eachmolecular site is observed to be lower than
that of AIP (Table 2). This shows that single electron transfer from the
anionic form is more favourable than that from the neutral form. This
result is in agreement with previous research [42, 51, 52].

As stated earlier, for multiple step mechanisms such as SPLET, the
first step in this case, the deprotonation of the 1,3,4-oxadiazole antioxi-
dant molecule is the most important. Observe that the preferred site for
HAT is the same as that of SPLET for each molecule.
3.6. Thermodynamically preferred mechanism

The reaction Gibbs free energy for scavenging HOO⋅ and CH3OO⋅ via
HAT, SET-PT and SPLET mechanisms by the selected 1,3,4-oxadiazole
antioxidants in vacuum and water are reported in Tables 3 and 4
respectively. As stated earlier, more negative reaction Gibbs free energy
(ΔrG) results represent the thermodynamically more favoured reactions.
Therefore, results from the computation of ΔrGcould be helpful in the
assignment of the free radical scavenging potency of molecules. For each
of the molecules, MOXM 04, MOXM 19 and MOXM 31 in vacuum, re-
action feasibility for the deactivation of HOO⋅ via HAT and SPLET
mechanisms were observed at the 15-OH position (Table 3). For MOXM
19, a more feasible site was predicted at the 17OH position (Table 3). The
feasibility of these positions is attributed to the exergonicity of their ΔrG
reactions. A similar trend is obsserved in aqueous solution.

From Table 3, the first step of the SPLET mechanism (ΔrGPA) at these
positions is exergonic, while the second step is endergonic. In this case,
since the exergonicity of ΔrGPA overwhelms the endergonicity of ΔrGETE

and PA is the first step of the SPLET mechanism, the resulting SPLET
mechanism is therefore exergonic at the 15-OH for each of MOXM 04,
MOXM 19 and MOXM 31 including the 17-OH position for MOXM 19. In
addition, a thermodynamically unfeasible reaction could be driven by a
thermodynamically feasible reaction. Similar results of the radical scav-
enge of HOO⋅ at the above mentioned positions for each molecule are
observed for the radical scavenge of CH3OO⋅ radical as presented in
Table 4. For the SET-PT reaction pathway, the first step (ΔrGAIP) is
endergonic while, the second step (ΔrGPDE) is exergonic in vacuum.
Consequently, this mechanism is thermodynamically unfeasible in this
phase.

With respect to the SET-PT mechanism, a different trend is observed
in aqueous solution where ΔrGAIP is exergonic, while ΔrGPDE is ender-
gonic in the presence of both HOO⋅ than CH3OO⋅ radicals at all positions
for the three molecules. Consequently, the SET-PT mechanism I ther-
modynamically feasible in aqueous solution. Among all the considered
molecules, MOXM 04 at the 2NH site recoded the highest negative
ΔrGAIP value for scavenging HOO⋅ radical. This mechanism is presented
in Scheme 1 (c).
,4-oxadiazole antioxidant derivatives at the B3LYP/6-311G* level in vacuum and

SPLET

rGPDE ΔrGPA ΔrGETE

as Water Gas Water Gas Water

86.42 74327.66 -121.19 86.12 136.84 -45.56

66.47 74325.81 -151.31 90.85 184.18 -35.06

07.19 74277.25 -179.48 45.95 192.64 -1.71

00.40 74028.87 -210.54 -242.07 184.26 89.66

22.21 74353.91 -141.46 56.98 182.24 15.35

95.32 74271.47 -228.36 11.04 243.33 13.78

36.16 74018.11 -240.52 -281.97 209.33 105.93

57.44 74056.44 -246.35 -268.06 212.64 100.16

72.09 74351.03 -164.35 61.71 226.35 20.34

12.63 74269.90 -179.69 27.58 193.32 -0.92

02.95 74032.29 -210.85 -195.86 186.91 36.88



Table 4. Gibbs free energy changes (ΔrG in kJ/mol) of scavenging CH3OO⋅ radical by 1,3,4-oxadiazole antioxidant derivatives at the B3LYP/6-311G* level in vacuum
and in water.

Comp No HAT SET-PT SPLET

ΔrGBDE ΔrGAIP ΔrGPDE ΔrGPA ΔrGETE

Gas Water Gas Water Gas Water Gas Water Gas Water

MOXM 04 2-NH 18.89 43.19 464.06 -573668.47 -445.16 74328.83 -79.93 87.30 98.82 -44.10

MOXM 04 7-NH 36.11 58.42 461.32 -573651.40 -425.21 74326.99 -110.05 92.02 146.16 -33.60

MOXM 04 11-NH 16.40 46.87 482.33 -573614.38 -465.93 74278.42 -138.22 47.13 154.61 -0.26

MOXM 04 15-OH -23.04 -149.78 636.10 -573562.66 -659.14 74030.05 -169.28 -240.89 146.24 91.11

MOXM 19 2-NH 44.02 74.96 524.97 -573662.96 -480.95 74355.09 -100.20 58.16 144.22 16.81

MOXM 19 11-NH 18.21 27.44 472.27 -573628.04 -454.06 74272.64 -187.10 12.21 205.31 15.23

MOXM 19 15-OH -27.95 -173.41 666.95 -573575.53 -694.90 74019.28 -199.26 -280.80 171.31 107.39

MOXM 19 17-OH -30.47 -165.27 485.72 -573605.72 -516.18 74057.62 -205.09 -266.88 174.62 101.61

MOXM 31 7-NH 65.23 84.68 496.06 -573650.36 -430.83 74352.20 -123.09 62.88 188.32 21.80

MOXM 31 11-NH 16.87 29.28 488.24 -573624.62 -471.37 74271.07 -138.43 28.75 155.30 0.53

MOXM 31 15-OH -20.70 -156.34 640.99 -573572.64 -661.69 74033.46 -169.59 -194.68 148.89 38.34
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. A comparison of the results in Table 3 to those of Table 4 indicate
that the investigated 1,3,4-oxadiazole antioxidants have higher potential
to scavenge HOO⋅ than CH3OO⋅ via HAT and SPLET mechanisms in
vacuum and SET-PT mechanism in water. The results presented in Ta-
bles 3 and 4 indicate that MOXM 19 exhibited best results for ΔrG at the
15-OH site in comparison to MOXM 04 andMOXM 31. Consequently, the
HAT and SPLET mechanisms for scavenging HOO⋅ radical by MOXM 19
15-OH are presented in Scheme 1 (a) and (b) respectively.

3.7. Analysis of frontier molecular orbital distribution

The frontier orbital distribution and energy for MOXM 04, MOXM 19
and MOXM 31 were calculated at the B3LYP/6-311G* level in the gas
phase and presented in Figure 3. The distribution of LUMO in the three
molecules presents similar results. The LUMO is localized on ring C in
each molecule. Therefore, this is the region that is more susceptible to
electron gain. The HOMO distribution for the three molecules are
Scheme 1. (a) HAT mechanism of MOXM 19 in vacuum and water. (b) SPLET mech
in water.
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different. For MOXM 04, the HOMO is localized on ring C and the two
amino groups attached to this ring. For MOXM 19, it is distributed on
rings B and C. While that of MOXM 31 is on ring A. From the results
presented in Figure 3, MOXM 04, MOXM 19 and MOXM 31 have HOMO
values of -5.19 eV, -5.76 eV and -5.67 eV respectively. Based on this
result, MOXM 04 has the highest electron donating ability while, MOXM
19 has the weakest electron donating ability mong the three considered
molecules. This trend is in good agreement with the sequence of ETE of
these molecules at the 15-OH sites for each of the molecules MOXM 04,
MOXM 31 and MOXM 19. This corresponds to the favoured sites of free
radical scavenge as predicted by the Gibbs free energy results (Tables 3
and 4). Recall that the excitation of an electron from a molecule is fav-
oured by higher HOMO energy value [51, 52, 53].

The HOMO-LUMO energy gap (E Gap) results are presented in
Figure 3. MOXM 04 has the lowest E Gap value of 3.76 eV. Since reac-
tivity of a molecule is favoured by lower values of E Gap, MOXM 04 is
predicted to be the most reactive and subsequently, have the best
anism of MOXM 19 in vacuum and water. (c) SET-PT mechanism of MOXM 04



Figure 3. The orbital distribution and energy (in eV) of HOMO and LUMO for MOXM 04, MOXM 19 and MOXM 31computed at the B3LYP/6-311G* level in the
gas phase.
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antioxidant activity among the three molecules. These results are in good
agreement with the predicted antioxidant activity as presented in
Table 1.

4. Conclusion

This research entails the application of in silico virtual screening in the
design of new set of1,3,4-oxadiazole antioxidants. A total of 31 antioxi-
dants were designed and their free radical scavenging activities and
leverage values determined using the developed antioxidant model for
1,3,4-oxadiazoles. The free radical scavenging mechanisms of the three
molecules with best antioxidant activities were investigated by thermo-
dynamics studies.

The HAT, SET-PT and SPLET mechanisms of free radical scavenge
were investigated by computing their various reaction enthalpies such as
BDE, AIP, PDE, PA and ETE. Calculations in aqueous solution indicated
an increase in the BDE values for the considered molecules compared the
computed values in vacuum. In order to explain the observed differences
in the BDE values, the spin density distribution of the radicals were
calculated. Also, the frontier orbital energies of the three molecules were
computed. Among the three considered molecules, MOXM 19 at the 15-
OH and 17-OH sites, possessed the greatest ability to transfer hydrogen
atom to the free radical based on their lowest values for BDE (288.76 kJ/
mol and 286.53 kJ/mol respectively). Also, electron transfer from the
anionic form of the antioxidant is more favourable than that from the
neutral form based on the computed results of ETE and AIP.
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The reaction Gibbs free energy results computed for each of the
molecules MOXM 04, MOXM 19 and MOXM 31 facilitated the prediction
of their thermodynamically plausible mechanisms of free radical scav-
enge. It was observed the HAT and SPLET mechanisms were thermody-
namically feasible reaction pathways for MOXM 04, MOXM 19 and
MOXM 31 at their 15-OH sites in vacuum. For MOXM 19 an additional
position with thermodynamic feasibility was observed at 17-OH site. In
aqueous solution, the SET-PT mechanism was the dominant reaction
pathway. The exergonicity of the observed results for the three mecha-
nisms reveal that these oxadiazole compounds are more efficient in
scavenging HOO⋅ than CH3OO⋅ This research is a gateway towards an
efficient exploitation of antioxidant potentials of 1,3,4-oxadiazoles in the
fields of food chemistry and pharmacy.
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