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Abstract

Background: Antioxidants are very crucial in maintaining the normal function of body cells, as they scavenge
excess free radical in the body. A set of hydrazone antioxidants was designed by in silico screening. The
density functional theory (DFT) method was employed to explore the reaction energetics of their free radical-
scavenging mechanism. With the aid of the developed quantitative structure-activity relationship (QSAR)
model for hydrazone antioxidants, the structure and antioxidant activity of these compounds were predicted.
Three potential reaction mechanisms were investigated, namely, hydrogen atom transfer (HAT), single-electron

mechanisms were calculated in the gas phase.

the most favoured site for free radical scavenge.

transfer followed by proton transfer (SET-PT) and sequential proton loss electron transfer (SPLET). Bond
dissociation enthalpy (BDE), adiabatic ionization potential (AIP), proton dissociation enthalpy (PDE), proton
affinity (PA), electron transfer enthalpy (ETE) and Gibbs free energy that characterize the various steps in these

Results: A total of 25 hydrazone antioxidants were designed, in which the molecule MHD 017 gave the best
antioxidant activity. Among the tested molecules, MHD 017 at the 10-OH site gave the best results for the
various thermodynamic parameters calculated. The reaction Gibbs free energy results also indicate that this is

Conclusion: The obtained results show that HAT and SPLET mechanisms are the thermodynamically plausible
reaction pathways of free radical scavenge by hydrazone antioxidants. The reactivity of these compounds
towards the hydroperoxyl radical (HOO-) was greater than that towards the methyl peroxyl radical (CH;00:)
based on the exergonicity of the calculated reaction Gibbs free energy.

Keywords: Hydrazone, Free radical, Antioxidant, Scavenging mechanism, In silico design

1 Background

The hydrazones are a group of compounds that con-
tain the azomethine linkage. This linkage influences
the majority of their reactions and properties [13].
The derivatives of hydrazone have been demonstrated
to display diverse biological activities which include
a-glucosidase inhibition [33, 41], antibacterial and
anti-fungi [4, 14, 16, 32, 34], anticancer [18, 38], anti-
tumor [32], anticonvulsant [11], anticholinesterase
[20] and antioxidant [3, 7, 12, 15, 19, 23] activities.
Recently, hydrazone derivatives have been employed
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as corrosion inhibitors for mild steel and iron [10,
21]. They have also been shown to possess photopro-
tective capacities [7].

The various metabolic processes that take place in
the human system result in the production of free
radicals which includes reactive oxygen species (ROS).
Excessive and uncontrolled production of reactive
oxygen species in the human system is the major
cause of various disease conditions such as athero-
sclerosis, cancer, cardiovascular disorders and oxida-
tive damage to proteins and DNA [3, 19]. This
condition could be prevented by the application of
antioxidant therapeutic agents such as hydrazone de-
rivatives with potent antioxidant activities. Antioxi-
dants are able to interact with free radicals and
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terminate the chain reactions that cause their dam-
aging effects in the body.

Virtual screening employs computer-based methods
in the design and identification of new chemical en-
tities on the basis of their biological activities. Upon
the application of virtual screening, a large collection
of compounds can be analysed, and candidates with
the best potency subjected to synthesis. The key ad-
vantages associated with virtual screening are its abil-
ity to control cost, time and wastage encountered
when screening a large collection of compounds for a
particular biological activity. Two broad categories of
virtual screening have been distinguished, namely,
docking and ligand-based virtual screening [43].
Docking is a structure-based screening method, while
ligand-based virtual screening involves the use of
active compounds as templates. The particular chosen
screening method depends on the information available
for the system. Ligand-based approaches employ pharma-
cophore or quantitative structure-activity relationship
quantitative structure-activity relationship (QSAR) models
to screen a broad range of ligands [24, 35].

The use of mathematical models such as those gener-
ated from QSAR studies, for screening new chemical
compounds through the technique of ligand-based vir-
tual screening is gaining popularity in the development
of novel compounds with improved biological activities
[5, 6, 26]. This research entails a systematic investiga-
tion of the free radical-scavenging mechanisms of newly
designed hydrazone derivatives by thermodynamic
studies. The earlier developed QSAR model for hydra-
zones [1] was employed in the design of a new set of
hydrazone derivatives by ligand-based virtual screening.
The antioxidant activities and applicability domain of
these compounds were investigated with the aid of the
model. The three basic mechanisms of free radical scav-
enge, namely, hydrogen atom transfer (HAT), single-
electron transfer followed by proton transfer (SET-PT)
and sequential proton loss electron transfer (SPLET),
were investigated for the designed compounds with
best antioxidant potentials via thermodynamic studies.
This was accomplished by calculating the various anti-
oxidant parameters such as bond dissociation enthalpy
(BDE), adiabatic ionization potential (AIP), proton dis-
sociation enthalpy (PDE), proton affinity (PA) and elec-
tron transfer enthalpy (ETE). Subsequently, the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) distributions of
the compounds as well as their radical spin density
were evaluated. The DFT method has been found to
give an accurate evaluation of the above mentioned re-
action enthalpies that characterize the various reaction
mechanisms. Subsequently, geometry optimization of
all molecular structures was conducted in the gas phase
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at the density functional theory (DFT) level with B3LYP
functional and 6-311G* basis set. Also, the thermo-
dynamically preferred mechanism of the reactions be-
tween the considered antioxidants and the two
important peroxyl radicals (hydroperoxyl radical
(HOO-) and methyl peroxyl radical (CH300)) were
evaluated through the computation of their reaction
Gibbs free energy.

2 Methods

2.1 Ligand-based virtual screening of new compounds
The results of the developed QSAR model for hydra-
zone antioxidants [1] were employed in the design of
a new set of hydrazone compounds by ligand-based
virtual screening. The applicability domain for the de-
veloped model has a leverage threshold 4°, value of
0.375.

This was performed by insertion, deletion and sub-
stitution of different substitutes on the template mol-
ecule as dictated by the developed hydrazone
antioxidant model [6, 25, 28]. In the present research,
compound MO010 (Fig. 1) listed in Table 1 of [1], was
chosen as a template based on its good antioxidant
activity (pICso = 6.123). The chemical structures of
the compounds were drawn using the Chem Draw
Program [22]. With the aid of the Spartan 14 pro-
gram [39], the resulting structures were minimized
and further optimized at the density functional theory
(DFT) level using the Becke’s three-parameter Lee-
Yang-Parr hybrid functional (B3LYP) and 6-311G*
basis set without symmetry constraints. This resulted
in the generation of quantum chemical descriptors.
The optimized structures were converted to Sdf files
and submitted for the generation of molecular de-
scriptors using the PADEL program package version
2.20 [46]. The effects of the structural modifications
on the antioxidant activity of the resulting com-
pounds were investigated. Subsequently, the applic-
ability domain of the newly designed compounds was
assessed by the leverage approach.

Iz

OH

Fig. 1 The parent hydrazone molecule used as a template (M010)
.
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Table 1 Designed hydrazone antioxidants, their predicted antioxidant activities and leverage values

Comp no. Compound structure/name plCso  Leverage
MHD 01 (E)-N'-(3-ethoxy-2,4-dihydroxy-5-nitrobenzylidene)-2,5-dihydroxybenzohydrazide 6470 0.062
MHD 02 (E)-5-amino-N'-(2-amino-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 6.589 0.076
MHD 03 (E)-5-(dichloromethyl)-N'-(2-(dichloromethyl)-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 5979 0.19
MHD 04 (E)-5-(difluoromethyl)-N'-(2-(difluoromethyl)-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 5925 0.194
MHD 05 (E)-5-(2,2-dichloroethyl)-N'-(2-(2,2-dichloroethyl)-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 6424 0330
MHD 06 (E)-5-(2,2-difluoroethyl)-N'-(2-(2,2-difluoroethyl)-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 6432 0398
MHD 07 (E)-N'-(3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2,4,5-trihydroxybenzohydrazide 6478 0.062
MHD 08 (E)-4,5-diaminoN'-(3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 6.575 0.073
MHD 09 (E)-4,5-bis (dichloromethyl)-N'-(3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 5951 0.179
MHD 10 (E)-4,5-bis (difluoromethyl)-N'-(3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 5972 0157
MHD 11 (B)-4,5-bis(2,2-dichloroethyl)-N'-(3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2-hydroxybenzohydrazide 6405 0323
MHD 12 (B)-3-amino-5-(dichloromethyl)-4-(difluoromethyl)-N'-(3-ethoxy-2,4-dihydroxy-5-nitrobenzylidene)-2 6-dihydroxybenzohydrazide  6.543  0.098
MHD 13 (E)-N'-(3-ethoxy-2,4-dihydroxy-5-nitrobenzylidene)-2,3,4,5,6-pentahydroxybenzohydrazide 6.607 0253
MHD 14 (E)-2,3,4,5-tetraamino-N'-(2-amino-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-6-hydroxybenzohydrazide 6.573 0216
MHD 15 (B)-2,34,5-tetrakis (difluoromethyl)-N'-(2-(difluoromethyl)-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-6-hydroxybenzohydrazide  4.890 0.664
MHD 16 (E)-4-(2,2-dichloroethyl)-N'-(-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2,6-dihydroxybenzohydrazide 6.613 0.105
MHD 17 (E)-3,5-diamino-N'-(2-amino-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2,4,6-trihydroxybenzohydrazide 6.851 0.200
MHD 18 (B)-2-amino-N"-(2-amino-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-3-(dichloromethyl)-5-(difluoromethyl)-4,6-dihydroxybenzohydrazide  6.620 0.102
MHD 19 (E)-N'-(3-ethoxy-2,4-dihydroxy-5-nitrobenzylidene)-2,4,6-trihydroxybenzohydrazide 6.541 0.089
MHD 20 (E)-N'-(3-ethoxy-4-hydroxy-2-mercapto-5-nitrobenzylidene)-2-hydroxy-4,6-dimercaptobenzohydrazide 6.318 0.209
MHD 21 (E)-2/4-diamino-N'-(2-amino-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-6-hydroxybenzohydrazide 6610 0.076
MHD 22 (E)-N'-(2-amino-3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2,4-dihydroxy-6-mercaptobenzohydrazide 6.783 0.115
MHD 23 (E)-N'-(3-ethoxy-4-hydroxy-5-nitrobenzylidene)-3,4'-dihydroxy-[1,1'-biphenyl]-4-carbohydrazide 5439 0.069
MHD 24 (E)-N'-((6-ethoxy-4' 5-dihydroxy-4-nitro-[1,1-biphenyl]-2-yl)methylene)-3,4'-dihydroxy-[1,1"-biphenyl]-4-carbohydrazide 4896 0377
MHD 25 (E)-N'-(3-ethoxy-4-hydroxy-5-nitrobenzylidene)-4,4" 5'-trihydroxy-[1,1'3",1"-terphenyl]-4'-carbohydrazide 4904 0378

2.2 Calculation of antioxidant parameters

In order to evaluate the preferred mechanism of free
radical scavenge, various antioxidant descriptors were
calculated as presented below:

The homolytic bond dissociation enthalpy (BDE): This
is the standard enthalpy change at a given temperature
when a particular chemical bond is broken under stand-
ard conditions [37]. The stability of the corresponding
hydroxyl group is determined by the value of the BDE.
When the BDE value is low, the stability of the corre-
sponding O—-H bond is low and thus can easily be
broken (Fuyu and Ruifa 2013). This gives rise to high
antioxidant capacity for the considered compound. This
parameter was calculated under standard conditions of
1atm and 298.15K as presented in Eq. 1.

BDE = Hradical + HI—[ _Hneutral (1)
The adiabatic ionization potential (AIP): This potential

describes the process of electron donation by the anti-
oxidant. It represents the capacity of the antioxidant to

transfer electrons to the free radical. The lower the AIP
value for a given molecule, the easier is the capacity to
transfer electrons and the higher the susceptibility of
that molecule to undergo ionization. Molecules with
high to low AIP values have been observed to possess
very strong antioxidant properties.

This parameter was estimated according to Eq. 2;

AIP = H, cation radical T H electron -H neutral (2)

The proton dissociation enthalpy (PDE): This was also
calculated using Eq. 3. PDE is a useful physical param-
eter that describes the ability of the compounds to do-
nate a proton. Antioxidants with lower values of PDE
have been observed to be more susceptible to proton ab-
straction [27].

PDE = Hradical + 1—[]-[4r _Hcation radical (3)

The proton affinity (PA): This may be defined as the
negative of the molar enthalpy change at 298.15 K. The
lower the PA value, the higher the antioxidant activity.
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This parameter was computed using Eq. (4)
PA = Hanion + 1—[]-[4r _Hneutral (4‘)

The electron transfer enthalpy (ETE): Eq. 5 was
employed in the calculation of ETE. The lower the ETE
value, the more active is the resulting phenoxide anion
for a given molecule.

ETE = Hradical + Helectron _Hanion (5)

where

H,.qica= Total enthalpy of phenoxyl radical.

Hy= Total enthalpy of the hydrogen atom.

Heuirai= Total enthalpy of neutral compound.

Hy+ = Total enthalpy of the proton.

H_ation radicai= Total enthalpy of the cation radical.

Hejeetron= Total enthalpy of the electron.

Hnion= Total enthalpy of the anion.

In this research, the total enthalpies of the species were
calculated as the sum of total electronic energy, zero-point
energy and the translational, rotational and vibrational con-
tributions to the total enthalpy (Eq. 6). The RT (PV-work)
term was added to convert the energy to enthalpy [29].

H:EO+ZPE+Htrans+H1‘0t +Hvib+RT (6)

where, Hianss Hror and H,y, are the translational, rota-
tional, and vibrational contributions to the enthalpy, re-
spectively. E, is the total energy at 0 K, while ZPE is the
zero-point vibrational energy.

Also, for the calculation of the antioxidant parameters,
the following values were employed: H(H)vacuum=—
1312.479673 kJ/mol, H(H")vacuum=  6.1961805 kJ/mol,
and H(e )yacuum= 3.14534924. kJ/mol, [8, 9, 30, 36].

2.3 Investigation of the thermodynamically favoured
mechanism
The thermodynamically favoured mechanism is estimated
by the reaction Gibbs free energy (4,G) [2, 47]. In this
light, computation of the Gibbs free energy of the reac-
tants and products for the studied mechanisms of the re-
actions between the antioxidants and the two important
peroxyl radicals (HOO- and CH;3 — OO:) were performed.
The reaction between a free radical and an antioxidant
is said to be thermodynamically favourable if the reac-
tion Gibbs free energy is negative (Eq. 7).

A,G = [G(products)-G(reactants)] < 0 (7)
The reaction Gibbs free energy for the HAT mechan-

ism is given by A,Ggpg. This was calculated as presented
in Eq. 8.
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A,Gype = [G(H,_1Antiox’) + G(RH)]-[G(H,Antiox) + G(R")]
(8)

The reaction Gibbs free energy for the SET-PT mech-
anism is given by A4,Gap (Eq. 9) and A,Gppe (Eq. 10).

A,Gap = [G(H,-1Antiox™™) + G(R™)]-[G(H,Antiox) + G(R')]
)
A,Gppg = [G(H,-1Antiox") + G(RH)]-[G(H -1 Antiox" ") + G(R7)]
(10)

Also, the reaction Gibbs free energy for the SPLET
mechanism is given by A,Gpy (Eq. 11) and A,Ggre
(Eq. 12).

A,Gpa = [G(H ,-1Antiox™) + G(RH)]-[G(H ,Antiox) + G(R7)]
(11)

A,Gere = [G(Hy-1Antiox’) + G(R™)]-[G(H -1 Antiox™) + G(R")]

(12)
where
G(H,Antiox) = Gibbs free energy of neutral
antioxidant.

G(H,, _1Antiox’) = Gibbs free energy of phenoxyl
radical.

G(R’) = Gibbs free energy of free radical.

G(RH) = Gibbs free energy of product formed by
hydrogen abstraction to free radical.

G(H,,_ 1Antiox"") = Gibbs free energy of cation radical.

G(H") = Gibbs free energy of proton.

G(R") = Gibbs free energy of free radical anion.

G(H,, _1Antiox”) = Gibbs free energy of anion.

In the above calculations, the values of -3.72 kJ/mol
and -26.28 kJ/mol were employed as the Gibbs free en-
ergy of the electron (e”) and proton (H") respectively
[17, 42].

3 Results

4 Discussions

4.1 Virtual screening results

The predicted activities and leverage values of the de-
signed hydrazone antioxidants are presented in Table 1.
The applicability domain of the hydrazone model has a
leverage threshold, /" value of 0.375. All the developed
molecules were found within the applicability domain of
the model except MHD 06, MHD 15, MHD 24, and
MHD 25. Also, majority of the molecules have improved
antioxidant activities compared to MHD 10 with MHD
17, MHD 21 and MHD 22 having the best pICso values
of 6.851, 6.610 and 6.783, respectively. These molecules
were subsequently selected and subjected to quantum
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chemical calculations in order to investigate their pre-
ferred mechanism of free radical scavenge. The molecu-
lar structure and carbon atom numbering for these three
compounds are presented in Fig. 2.

4.2 Analysis of the HAT mechanism

The computed BDE results for MHD 017, MHD 021
and MHD 022 are presented in Table 2. For MHD 017,
the 8-NH position has the highest BDE value of 379.156
kJ/mol. This is closely followed by the 14-OH position
with a value of 373.984kJ/mol. These high values of
BDE could be attributed to the tendency of the hydrogen
atoms at these positions to form intramolecular hydro-
gen bonds with the adjacent carbonyl group of the par-
ent molecule. For this reason, hydrogen atom
abstraction is more difficult at these positions in com-
parison to the other positions. Also, HAT occurs more
easily at the 10-OH position since it has the lowest BDE
value of 255.968 kJ/mol. A similar trend is observed for
MHD 021 where the 14-NH position has the highest
BDE value of 387.742 kJ/mol due to the possible forma-
tion of an intramolecular hydrogen bond with the adja-
cent ketone group of the parent molecule. While the 10-
OH position has the lowest BDE value of 296.506 k]/
mol. Therefore HAT occurs more readily at this pos-
ition. An examination of the BDE results of MHD 022
reveals that apart from the 10-OH and 14-SH positions
which have lower BDE values of 305.800kJ/mol and
307.060 kJ/mol, the 2-OH, 4-NH, 8-NH and 12-OH po-
sitions have very close and higher BDE results of
348.097 kJ/mol, 356.551kJ/mol, 365.609 kJ/mol and
341.244 kJ/mol, respectively. Based on this result, the
preferred site of free radical scavenge for MHD 022 is
the 10-OH and 14-SH positions. The lower BDE value
of MHD 022 14-SH against the higher values observed
for MHD 017 14-OH and MHD 021 14-NH could be at-
tributed to the less electronegative nature of sulphur in
comparison to oxygen or nitrogen which form stronger
intramolecular hydrogen bonds with the adjacent car-
bonyl group of the parent molecule. From the ongoing
discussions, we observe that for MHD 017, MHD 021
and MHD 022 the lowest values of BDE occurred at the
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10-OH positions on the A ring for each of the molecules
with values of 255.968 kJ/mol, 296.506 k]/mol and
305.800 kJ/mol. These results are by far lower than the
BDE of phenol (327.550 kJ/mol) at the same level of the-
ory, which is generally chosen as the reference com-
pound. This implies that the ~-OH group at this position
is the possible set of free radical scavenge and contrib-
utes mainly to the antioxidant activities of hydrazone de-
rivatives through the HAT mechanism. While the ~-OH
and -NH groups at other positions in these molecules
have relatively little influence on the HAT mechanism.

4.3 Analysis of the spin density distribution

Apart from the magnitude of the BDE, another import-
ant factor that influences the antioxidant activity of
phenolic antioxidants is the stability of the radical. The
radical spin density distribution is very useful in ration-
alizing the stability of a given radical species [44, 45, 47].
The spin density results on the radicals of MHD 017,
MHD 021 and MHD 022 are also presented in Table 2.
For a given radical, the lower the spin density, the higher
the delocalisation of the spin density in the radical, the
easier the radical is formed, the lower the BDE. For in-
stance, among the MHD 017, MHD 021 and MHD 022
molecule, the 10-OH radicals for each of the considered
compounds have the lowest spin density values of
0.000121, 0.000181 and 0.000219, respectively. These po-
sitions also possess the lowest BDE values (Table 2).
Based on these results, the radicals produced at the
10-OH position for each of these antioxidants are the
most stable. This position also represents the most
favoured site for free radical attack based on the
HAT mechanism.

4.4 Analysis of SET-PT mechanism

The adiabatic ionization potential (AIP) and proton dis-
sociation enthalpy (PDE) values for MHD 017, MHD
021 and MHD 022 molecules and their radicals were
calculated and presented in Table 2. The first step of
SET-PT mechanism is characterized by AIP. Apart from
MHD 022 12-OH with an AIP value of 595.379 kJ/mol,
the other scavenging sites of the considered molecules

13 8N
(2
H,N 1211 10°0OH

MHD 017

MHD 021
Fig. 2 Molecular structure and carbon atom numbering of MHD 017, MHD 021 and MHD 022

SH O
~
HO 12 10°OH

MHD 022
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Table 2 Antioxidant properties of designed hydrazone derivatives calculated at the B3LYP/6-311G* level in a vacuum
Comp no. HAT SET-PT SPLET Spin
BDE (KJ/mol) AIP (K)/mol) PDE (KJ/mol) PA (KJ/mol) ETE (KJ/mol) density
MHD 017 2-OH 347.755 432.835 1236.742 1388443 281133 0.000225
MHD 017 4-NH 357.260 438453 1240.628 1396.924 282.157 0.000573
MHD 017 8-NH 379.156 449,900 1251.077 1406.743 294.235 0.000255
MHD 017 10-OH 255.968 385.996 1191.793 1352553 225.236 0.000121
MHD 017 11-NH 318376 424.591 1215.607 1352.500 287.697 0.000583
MHD 017 12-OH 278.180 397.837 1202.164 1375683 224317 0.000123
MHD 017 13-NH 321422 397.863 124538 1535419 107.824 0.000604
MHD 017 14-OH 373.984 379.878 1315927 1398.026 297.779 0.000217
MHD 021 2-OH 343.686 417659 1247.848 1403.487 262.020 0.000217
MHD 021 4-NH 354.293 423278 1252.836 1410.734 265.380 0.000553
MHD 021 8-NH 368.576 378.356 1312.041 1413333 277.064 0.000396
MHD 021 10-OH 296.506 354464 1263.863 1347.354 270973 0.000181
MHD 021 12-NH 370.886 442418 1250.289 1464.583 228.124 0.000717
MHD 021 14-NH 387.742 342.517 1367.045 1519.167 190.396 0.000746
MHD 022 2-OH 348097 436.510 1233407 1383.323 286.594 0.000222
MHD 022 4-NH 356.551 443468 1234.904 1414436 263936 0.000571
MHD 022 8-NH 365.609 421571 1265.859 1368.043 319.387 0.000382
MHD 022 10-OH 305.800 386.022 1241.599 1305.635 321.986 0.000219
MHD 022 12-OH 341.244 595.379 1067.686 1355.966 307.100 0.000316
MHD 022 14-SH 307.060 384.184 1244.697 1276.256 352.626 0.001080
Phenol 327.550 572776 1076.594 1462.892 186.479

have AIP values well below that of phenol (572.776 k]/
mol at the same level of theory), which is chosen as our
reference molecule (Table 2). This is an indication that
the electron-donating ability of these molecules at the
various considered sites is stronger than that of phenol.
Also, the trend of the AIP results is significantly differ-
ent from those of BDE for the considered molecules.
This discrepancy could be attributed to the fact that
BDE is influenced by local phenomena resulting from
the various substituents in the molecule, whereas AIP
results are influenced by the structure of the entire mol-
ecule (extended delocalization and conjugation of the m-
electrons) [44, 45]. For MHD 017, MHD 021 and MHD
022 the lowest value of AIP is found for MHD 017 14-
OH (379.878 kJ/mol), MHD 021 14-NH (342.517 kJ/mol)
and MHD 022 14-SH (384.184 kJ/mol), respectively. For
each of these molecules, these sites possess stronger
electron-donating ability in comparison to the other
sites.

The PDE characterizes the second step of the SET-PT
mechanism. For each of the molecules MHD 017, MHD
021 and MHD 022, the highest values of PDE occurred
at the 8-NH, 14-NH and 8-NH positions, respectively.
This trend is analogous to those of BDE where these
sites also record the highest values. This could be

attributed to the fact that the second step of the SET-PT
mechanism results in the generation of free radicals as
in the HAT mechanism.

From the thermodynamic point, the first step is the
most important for reactions that involve multiple-step
mechanisms. Consequently, the results of AIP determine
the order and magnitude in which these molecules
undergo the SET-PT mechanism.

4.5 Analysis of SPLET mechanism

The proton affinity (PA) and electron transfer en-
thalpy (ETE) values for MHD 017, MHD 021 and
MHD 022 hydrazone antioxidant molecules are pre-
sented in Table 2. The PA value is the antioxidant
parameter that characterizes the first step of SPLET
mechanism. The second step is characterized by ETE.
For MHD 017, MHD 021 and MHD 022, the lowest
observed PA values are 1352.500 k]J/mol, 1347.354 kJ/
mol and 1276.256 kJ/mol which occur at the 11-NH,
10-OH and 14-SH positions, respectively. For each of
these molecules, these are the most favoured sites for
deprotonation to generate highly stabilized anions. PA
results at these sites are also more favourable when
compared with that of phenol which has a value of
1462.892 kJ/mol.
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The ETE results for MHD 017, MHD 021 and MHD
022 recorded lowest values at the 13-NH, 14-NH and
4NH respectively. These are the sites that are most
favoured to undergo electron transfer in the second step
of the SPLET mechanism in each of the considered mol-
ecules. When the ETE results are compared with those
of AIP, the ETE values are found to be lower. Accord-
ingly, the single-electron transfer from the neutral form
of the hydrazone antioxidant to the free radical is less
favourable to that from the anionic form.

4.6 Thermodynamically preferred mechanism

The results of the Gibbs free energy change of reactions
of inactivation of HOO- and CH3;0O. via HAT, SET-PT
and SPLET mechanisms by MHD 017, MHD 021 and
MHD 022 molecules are presented in Tables 3 and 4, re-
spectively. The values of the reaction Gibbs free energy
(A,G) are quite helpful in the assignment of the free
radical-scavenging potency of molecules, because more
negative values indicate the thermodynamically more
preferred reactions. The results presented in Table 3 re-
veal that MHD 017 (at the 10-OH, 11-NH and 12-OH),
MHD 021 (at the 10-OH) and MHD 022 (at the 10-OH
and 14-SH) sites could scavenge HOO- by HAT and

Table 3 The reaction Gibbs free energy (AG in kJ/mol) of
scavenging HOO: radical by hydrazone antioxidants at the
B3LYP/6-311G* level in a vacuum

Comp no. HAT SET-PT SPLET
AGppe AGpp AGppe AGpa AGere

MHD 017 2-OH  24.580 562647 —538067 —248081 272661
MHD 017 4-NH 36.158 568870 —532.711 —238.130 274.289
MHD 017 8-NH 56.217 580.159 —523942 —227.655 283872
MHD 017 10-OH —66310 515782 —582.097 —283.683 217368
MHD 017 11-NH - 2.200 554351 —556.551 —283.735 281535
MHD 017 12-OH —43340 527702 —571.044 —260473 217.132
MHD 017 13-NH  1.4492 527754 —=526305 —101447 102896
MHD 017 14-OH  49.286 510584 —461.298 —237.894 287.180
MHD 021 2-OH  20.353 547104 —526.751 —232538 252.891
MHD 021 4-NH ~ 33.034 553484 —520450 —223506 256.540
MHD 021 8-NH 45636 509612 —463976 —219.699 265336
MHD 021 10-OH —24410 486298 —510.710 —285652 261.240
MHD 021 12-NH  51.255 573701 —=522446 —168686 219.941
MHD 021 14-NH  67.166 474378 —407213 —115204 182370
MHD 022 2-OH 25.105 566.586 —541481 —252.728 277.833
MHD 022 4-NH 36.027 574173 —=538146 —243591 279618
MHD 022 8-NH 42.696 552749 —510.053 —265436 308.131
MHD 022 10-OH —14650 516806 —531451 —327.765 313.120
MHD 022 12-OH  19.775 724352 —704577 —278458 298233
MHD 022 14-SH  —13910 515677 —529587 —356.068 342.158
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Table 4 The reaction Gibbs free energy (AG in kl/mol) of
scavenging CH300- radical by hydrazone antioxidants at the
B3LYP/6-311G* level in a vacuum

Comp No HAT SET-PT SPLET
AGppe AGup AGppe AGpy AGere

MHD 017 2-OH  27.817 524625 —496808 —206821 234638
MHD 017 4-NH 39396 530.847 —491452 —196.871 236.266
MHD 017 8-NH 59454 542137 —482682 —186.395 245.849
MHD 017 10-OH  —63.078 477760 —540837 —242423 179345
MHD 017 11-NH  1.0371 516328 —515291 —242475 243513
MHD 017 12-OH  —40.105 489679 —529.784 —219214 179.109
MHD 017 13-NH  4.6865 489.732 —485045 -60.187  64.8735
MHD 017 14-OH 52523 472561 —420038 —196.634 249.157
MHD 021 2-OH  23.590 509.082 —485492 —191.278 214.868
MHD 021 4-NH  36.271 515462 —479191 —182.246 218518
MHD 021 8-NH  48.874 471590 —422716 —178439 227313
MHD 021 10-OH  —21.175 448275 —469450 —244392 223217
MHD 021 12-NH 54492 535678 —481.186 —127426 181918
MHD 021 14-NH 70403 436356 —365953 —739446 144347
MHD 022 2-OH 28342 528563 —500.221 —211468 239811
MHD 022 4-NH  39.264 536.151 —496886 —202.332 24159
MHD 022 8-NH 45933 514727 —468793 —224176 270.109
MHD 022 10-OH —11408 478784 —490.191 —286.505 275.097
MHD 022 12-OH  23.012 686329 —663317 —237.198 260211
MHD 022 14-SH  —10673 477655 —488327 —314808 304.135

SPLET mechanisms because these processes are exer-
gonic. The results at the other positions are thermo-
dynamically unfavourable due to their endergonic
nature. In the SPLET pathway, we observe that the exer-
gonicity of A,Gpa results overwhelm the endergonicity
of the A,Ggrg results. Since a thermodynamically un-
favourable reaction could be driven by a thermodynam-
ically favourable reaction that is coupled to it, the entire
SPLET mechanism is exergonic. A similar result to the
HOO:. scavenge is observed for the CH30O. scavenge
except for the 11-NH position of MHD 017 molecule
where the reaction is endergonic (Table 4). On the basis
of the exergonicity of the calculated reaction Gibbs free
energy for each considered hydrazone antioxidant mol-
ecule, the 10-OH position appears to be the most effi-
cient site for the scavenge of HOO- and CH30O0-: in the
studied environment via HAT and SPLET mechanisms.
The Gibbs free energy of these reactions also indicates
that these molecules are more efficient in scavenging
HOO:-: than CH300.. On the basis of the calculated re-
action free energies, MHD 017 at the 10-OH site pos-
sessed the highest free radical-scavenging potency for
HOO: than CH300- via HAT and SPLET mechanisms.
Subsequently, the radical-scavenging mechanism of this
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molecule by HAT and SPLET mechanisms are presented
in Scheme 1(a) and (b) respectively.

4.7 Analysis of frontier molecular orbitals

The results of frontier orbital distribution and energy
for MHDM 017, MHDM 021 and MHDM 022 calcu-
lated at the B3LYP/6-311G* level in the gas phase are
presented in Fig. 3. From Fig. 3, we observe that the
LUMO is localized on ring B and its associated oxy-
gen and nitrogen atoms in its functional groups for
the three molecules. While the HOMO is delocalised
almost over the entire molecules, they are observed
to be highly concentrated on the nitrogen atoms of
the hydrazine group. For MHDM 022, this includes
the sulphur atom to which the hydrogen atom is at-
tached. For MHDM 021, this includes the conjugated
carbon atoms of ring A, and the nitrogen atom of the
amino group. In all the molecules, they are equally
distributed on the oxygen atoms of the hydroxyl
groups. These sites with a high concentration of the
HOMO possess higher tendency to lose electrons [31,
40, 44, 45]. These are the sites for free radical scav-
enge for the associated molecules.

MHDM 021 has the highest HOMO value of - 5.50
eV, followed by MHDM 017 with a value of —5.94
eV. This is closely followed by MHDM 022 with a
value of -6.00eV. Based on this result, MHD 021
has the greatest capacity to lose electrons, because
the higher the HOMO energy, the easier the electron
is excited. While MHDM 022 has the weakest
electron-donating ability among the considered mole-
cules, the sequence of predicted electron-donating
ability of these molecules as predicted by the HOMO
energies is in very good agreement with that of the
predicted AIP results (Table 2).
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5 Conclusion

In this research, virtual screening by the method of quanti-
tative structure-activity relationship was employed in the
design of new hydrazone antioxidants with the earlier pro-
posed antioxidant model for hydrazones. The structure and
antioxidant activity of these compounds were successfully
predicted in this work with (E)-3,5-diamino-N'-(2-amino-
3-ethoxy-4-hydroxy-5-nitrobenzylidene)-2,4,6-trihydroxy-
benzohydrazone (MHD 017) having the best antioxidant
activity (pICsg = 6.851). This demonstrates the ability of the
developed hydrazone antioxidant model to reduce the time
and cost of synthesizing new hydrazone antioxidants in
addition to the investigation of their antioxidant activities.

The thermodynamics of three of the best antioxidants
(MHD 017, MHD 021 and MHD 022) were investigated
by the DFT method in the gas phase. In order to evalu-
ate the possible mechanism of free radical scavenge by
these molecules, thermodynamic parameters such as
BDE, PDE, AIP, PA and ETE were calculated. The rad-
ical spin density was also calculated in order to rational-
ize the observed differences in the BDE results. The
sequence of hydrogen donation by these molecules is
MHD 017 > MHD 022 > MHD 021 and is in line with
their predicted antioxidant activities. The trend of the
BDE results is significantly different from those of the
AIP, but analogous to those of PDE. Also, from the gen-
erated results for AIP and ETE, the single-electron
transfer from the neutral form of the hydrazone antioxi-
dant to the free radical is less favourable to that from
the anionic form.

The thermodynamically preferred mechanism of reaction
was investigated by calculating the reaction Gibbs free en-
ergy for inactivating HOO- and CH300- at the various re-
action sites in each molecule. The observed results indicate
that HAT and SPLET mechanisms are thermodynamically

e
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MHD 017
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OH O
HoN
HoN H’Nw _ H+ 2
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Scheme 1 a HAT mechanism of MHD 017 in vacuum. b SPLET mechanism of MHD 017 in vacuum
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level in the gas phase
A

-2.29

C
-6.00 MHD 022 -2.47
HOMO LUMO

Fig. 3 The orbital distribution and energy (in eV) of HOMO and LUMO for MHD 017, MHD 021 and MHD 022 computed at the B3LYP/6-311G*

feasible at various sites in each molecule with best re-
sults observed at the 10-OH site based on the nega-
tive values of their reaction Gibbs free energy. On the
other hand, the SET-PT mechanism was thermo-
dynamically unfeasible for all the molecules as their
reaction processes were endergonic. Among the tested
molecules, MHD 017 which was earlier proposed to
have the best antioxidant activity exhibited the high-
est free radical-scavenging potential against HOO-
than CH3OO- at the 10-OH site upon thermodynamic
studies. The present research not only did succeed in
the elucidation of the free radical-scavenging mechan-
ism of the considered hydrazone derivatives, but also
will stimulate subsequent exploitation of these com-
pounds in the field of food chemistry and pharmacy.
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