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In this study, a detailed DFT investigation was conducted to systematically analyze the scavenging activity of
six hydrazone compounds (1-6) against HOO® and CHzOO" radicals. Three mechanistic pathways were
explored: hydrogen atom transfer (HAT), single electron transfer followed by proton transfer (SETPT), and
sequential proton loss electron transfer (SPLET). These mechanisms were evaluated based on
thermodynamic parameters, including bond dissociation enthalpy (BDE), ionization potential (IP), proton
dissociation enthalpy (PDE), proton affinity (PA), and electron transfer enthalpy (ETE) in the gas phase,
water, and pentyl ethanoate. HAT was identified as the most favorable mechanism in the gas phase,
while SPLET was preferred in water. Among the studied compounds, compound 2 showed the highest
rate constants for HOO" scavenging following the HAT mechanism in the gas phase observed at the
02'-H bond with a kec value of 6.02 x 10* Mt s71. For CHs00O" scavenging, the same compound
exhibited the highest rate constants at the N8—H (9.03 x 10* M~ s7%) and O2'-H (7.22 x 10* Mt s7}
sites. The calculated overall rate constant values of compound 2 are Koyera (HOO') = 6.86 x 10* Mt st
and Koyerat (CH300") = 1.63 x 10° M71 571 These results suggest that compound 2 exhibits antioxidant
activities comparable to butylated hydroxyanisole (BHA), consistent with experimental findings, indicating
its potential as an effective scavenger of hydroperoxyl and methoxy peroxyl radicals. In aqueous solution,

the anionic form of compound 2 showed the greatest HOO® and CHzOO" radical scavenging activity
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Accepted 17th December 2024 among all of the studied compounds with rate constants of kapp = 1.8 x 107 M 57! and kapp = 3.3 x

108 Mt s7Y, respectively. Compared with some typical antioxidants such as rubiadin, natural fraxin, and
natural anthraquinones, compound 2 showed higher HOO" and CHzOO" radical scavenging activity in
water. Thus, compound 2 is a promising antioxidant in agueous physiological environments.
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Introduction

Oxidative stress, which results from an imbalance between the
production and consumption of reactive oxygen species (ROS)
in biological systems, has become a critical health concern."
Excessive ROS generation contributes significantly to the
development of chronic and degenerative diseases, including
cancer, heart failure, cardiovascular disorders, autoimmune
conditions, arthritis, and Alzheimer's disease.>* ROS, such as
hydroxyl radicals (HO®), peroxyl radicals (ROO"), superoxide
anions (0>'7), and non-free-radical species like singlet oxygen
(*0,), are continuously produced in the body through various
cellular metabolic processes, including NADPH oxidase reac-
tions, cellular respiration, and electron transfer via cytochrome
P450 systems, as well as from exposure to UV radiation.**
Among these, peroxyl radicals (ROO") are particularly toxic due
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to their selective attack on biological molecules like proteins,
DNA, and lipids.”® However, these harmful effects can be
mitigated by antioxidants, which neutralize free radicals by
converting them into stable products.® Antioxidants prevent the
initiation and propagation of radical reactions, ultimately
slowing the oxidation process.'” Numerous studies have
explored effective antioxidants and their mechanisms of
action.'™" Both synthetic and natural antioxidants demonstrate
the ability to prevent cellular damage by scavenging ROS.'*"*°
Hydrazones are an important class of organic compounds
that have garnered significant attention in medicinal chemistry
due to their wide range of pharmacological properties, which
can be harnessed to prevent and treat diseases associated with
oxidative stress.'® Hydrazones containing the azomethine group
(-NH-N=CH-) form a hydrazide-like moiety (-C(=0O)-NH-N=
CH-) when linked to a carbonyl group."” This structure exhibits
high reactivity due to the nucleophilic nature of the nitrogen
atoms and the combined electrophilic and nucleophilic char-
acter of the carbon atom.' These hydrazone derivatives have
demonstrated various biological activities, including anti-
cancer," antioxidant,’*>* antidepressant,” antitubercular,*
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Fig. 1 2D molecular structures of hydrazone compounds N'—(4-hydroxy-3-methoxybenzylidene)-3,5-dinitrobenzohydrazide (1), N'—(4-
(diethylamino)-2-hydroxy-benzylidene)-3,5-dinitrobenzohydrazide (2), N'-benzylidene-3,5-dinitrobenzohydrazide (3), N'-((2-hydroxynaph-
thalen-1-yl)methylene)-3,5-dinitrobenzohydrazide (4), N'—(4-hydroxybenzylidene)-3,5-dinitrobenzohydrazide (5), and N'—(4-(dimethylamino)

benzylidene)-3,5-dinitrobenzohydrazide (6).

anti-inflammatory,” and anti-Alzheimer's effects.”® Addition-
ally, they have also demonstrated potent antioxidant properties,
which are largely attributed to the presence of the crucial N-H
bond."”**

In this study, we have focused on the scavenging mechanism
and kinetics of six promising heterocyclic hydrazone deriva-
tives, which are presented in Fig. 1.

Basaran et al. synthesized the aforementioned hydrazone
derivatives and assessed their antioxidant activity experimen-
tally.”® They demonstrated that these synthesized compounds
have promising properties as antioxidant agents. The authors
determined that compound 2 has better antioxidant activity
than BHA among the studied compounds, whereas compounds
1 and 4 exhibited antioxidant activity close to that of BHA.
Previous studies successfully used computational approaches to
explore structure-activity relationships and guide the develop-
ment of more potent antioxidants.'>®*' The experimental
findings showed promising activity, prompting a yet-to-be-
conducted theoretical investigation.

Herein, a systematic DFT study of the radical scavenging
mechanism of hydrazone compounds (1-6), focusing on

358 | RSC Adv, 2025, 15, 357-369

frontier molecular orbitals, molecular descriptors, and key
thermodynamic parameters, has been presented. Solvent effects
in polar (water) and nonpolar (pentyl ethanoate) media were
also considered. Thermodynamic and kinetic analyses of the
reactions with HOO" and CH3;00" radicals were investigated
using potential energy surfaces.

Computational details

All calculations were performed using the Gaussian 16 program
suite.?” Geometry optimizations were carried out with the DFT-
MO06-2X functional®® and 6-311+G(d,p) basis set, which is a reli-
able method for studying radical thermodynamics and
kinetics.**** Harmonic vibrational frequencies were calculated
to confirm minima and transition states, with local minima
showing all real frequencies and transition states having one
imaginary frequency. IRC calculations ensured correct connec-
tivity between reactants and products.*® The influence of
solvents (water and pentyl ethanoate) was computed with
Truhlar's Solvation Model Density (SMD)* using the Self-
consistent reaction field (SCRF) method. Water (¢ = 78.33)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and pentyl ethanoate (¢ = 4.73) were chosen as they are highly

recommended standard solvents in the literature to mimic the

polar and lipid environments in the human body.
Three potential mechanisms, namely, HAT, SETPT, and

SPLET (as discussed below) have been considered here to

explain the antioxidant activity of the hydrazone derivatives.*>**
(i) Hydrogen atom transfer (HAT)

41-43

A-H+R — A +RH (1)

(ii) Single electron transfer followed by proton transfer
(SETPT)

A—H+R — AH*"+R — A" +RH )
(iii) Sequential proton loss electron transfer (SPLET)
A-H+R > A +HA +R" > A"+RH (3)

These mechanisms were defined by intrinsic thermody-
namic descriptors, including bond dissociation enthalpy (BDE),
ionization energy (IE), proton dissociation enthalpy (PDE),
proton affinity (PA), and electron transfer enthalpy (ETE). These
values were computed in the gas phase, water, and pentyl
ethanoate at 298.15 K and 1 atm using the following
expressions:*

BDE = H(A") + H(H") — H(A-H) (4)
IE = H(AH') + H(e") — H(A-H) (5)
PDE = H(A") + HH") — HAH"™") (6)
PA = H(A™) + H(H") — H(A-H) (7)

ETE = H(A") + H(e") — H(A") (8)

where H(A-H), H(A"), H(A™), and H(AH'") are the enthalpies of
the parent compound, radical, anion, and cationic radical of the
parent compound, respectively. H(H"), H(e™), and H(H") repre-
sent the enthalpies of a hydrogen atom, electron, and proton,
respectively. The enthalpies of the proton and electron have
been collected from the literature,***® and are reported in Table
S1.7 The enthalpy of the H' atom was calculated in the gas
phase and solvents at the M06-2X/6-311+G(d,p) level of theory.

In this work, the kinetics calculations for the hydroperoxyl and
methylperoxyl radical scavenging of hydrazones in the gas phase
and water solvent were carried out using the quantum-mechanics-
based test for overall free radical scavenging activity (QM-ORSA)
protocol. In brief, this methodology separately quantifies the
scavenging mechanisms and antioxidant efficiency in both polar
(aqueous) and nonpolar (lipid) media, using overall rate coeffi-
cients.*** The rate constant (k) for the hydrogen atom transfer
reactions was computed in the gas phase using conventional
transition state theory (eqn (1))*** (at 298.15 K, 1 M standard
state) according to eqn (9) using the Eyringpy program.>"*

kyT "
k= UK—];l g (AGH/RT )

—
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where AG* refers to the Gibbs free energy of activation, kg and / are
the Boltzmann and Planck constants, respectively, ¢ is the reaction
symmetry number, and « is the tunneling correction, which was
calculated using the Eckart asymmetric tunneling method.>>**

The Marcus theory was used to estimate the energy barriers
of single electron transfer (SET) reactions.*** Eqn (10) and (11)
were employed to compute the activation barrier (AGigy) of SET,
which comprises the nuclear reorganization energy (1) and
Gibbs energy of reaction (AGgy,) parameter.

A AGy
AGgET =12 (1 + —;ET)

A = AESET - AG;ET

(10)

(11)

where AEgpr is the nonadiabatic energy difference between
reactants and vertical products.®”

A correction was applied to rate constants that were close to
the diffusion limit in order to obtain realistic results. The
apparent rate constants (k,pp) were determined using the
Collins-Kimball theory®® in solvents at 298.15 K; the steady-state
Smoluchowski rate constant (kp) for an irreversible biomolec-
ular diffusion-controlled reaction was estimated using the
literature corresponding to eqn (12) and (13).*

kTSTkD
kapy = — 210D 12
app kTST+kD ( )
kD = 47'CRABDABNA (13)

where R,p denotes the reaction distance, N, is the Avogadro
number, and D,y is the mutual diffusion coefficient of reactants
A and B (Dap = Dy + Dg),*®*° where D, or Dy is determined using
the Stokes-Einstein formulation.®*

kgT

— 14
67t77aA or B ( )

Dpor =
7 is viscosity of the solvents (i.e., n (water) = 8.91 x 10~* Pas),
(pentyl ethanoate) = 8.62 x 10 * Pa s and a, o, 3 is the radius of
the corresponding solute A or B.**

The solvent cage effects were incorporated according to the
correction proposed by Okuno,*” taking into account the free
volume theory following the Benson correction, which was also
applied to reduce over-penalizing entropy losses in solution.*»**%

Molecular descriptors such as electronegativity (x), hardness
(m), softness (S), and the electrophilicity index (w) were calcu-
lated using eqn (15)-(18).%%°

Electronegativity (x) = —u = (IP + EA)/2 (15)
Hardness (n) = (IP — EA)/2 (16)
Softness (S) = 1/2n (17)
Electrophilicity index (w) = u*27 (18)

The molar fractions of neutral and ionic species for all
compounds was obtained by adapting the simple Henderson-
Hasselbalch equation into eqn (19) and (20) outlined below.”
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[H]
M;(neutral) = 1 107 (19)
- 10-PKa
Mf(anlonlc) = m (20)

The pK, value was calculated using eqn (21)-(23) with an H,O
value is 55.49.” The values of AGg, AGson (A7), and AG(HA)
were obtained by SMD MO06-2X/6-311+G(d,p) calculations in
water, and the solvation free energy of water (AGgq,(H,0) =
—6.32 kcal mol™') and hydronium (AGs(H;0Y) =
—110.3 keal mol ) have been taken from experimental values.”

HA + H,O — A~ + H;0" (21)
AGsol = AGg + AGsolv(Ai) + AGsolv(}I.’:O*—)
- AGsolv(HA) - AGSOIV(H2O) (22)

where AG, indicates the Gibbs free energy change associated
with the gas phase reaction and computed using the thermo-
dynamic cycle described in the literature.” AG, is expressed in
units of kcal mol ™.

AGso]
pK, = T36d log[H,0] (23)
was corrected in accordance with Pliego using eqn (24).7
pK, (corrected) = pK, (calculated) — 4.54 (24)

Results and discussion
Physicochemical descriptors analysis

Molecular descriptors such as electronegativity (x), hardness
(m), softness (S), and the electrophilicity index (w) can be

Table 1 Molecular descriptors (in eV) of the studied compounds 1-6 in

311+G(d,p) level of theory

View Article Online

Paper

employed to examine the electron-donating abilities of hydra-
zone compounds.®*”* The computed molecular descriptors have
been presented in Table 1.

As can be seen in Table 1, all the investigated hydrazones
have relatively comparable values of x, 7, S, and w in the range
of 4.15-5.20, 1.10-3.61, 0.14-0.45, and 3.20-8.37, respectively.
These results clearly indicate that in all the studied mediums,
hydrazone compounds (1-6) prefer to act as electron donors
rather than electron acceptors, which is an indication of their
radical scavenging activity.”*

Frontiers molecular orbital (FMO) analysis

The HOMO energy reflects a molecule's electron-donating
ability; while its distribution indicates potential sites for free
radical attack.’® The HOMO-LUMO energy gaps for compounds
2, 4, and 6 are presented in Fig. 2, while other compounds with
high energy gaps are shown in Fig. S2 in the ESL¥

As shown in Fig. 2, all the FMOs show the typical m-type
molecular orbital characteristics. The HOMO of all the hydra-
zone compounds is distributed mainly on the hydrazone moiety
and substituted benzene ring, and LUMO orbitals are primarily
distributed over the 3,5-dinitrobenzohydrazide ring. The
calculated HOMO-LUMO energy gaps follow the order of 6 (4.36
€V) <2 (4.42 eV) <4 (4.72 eV) <1 (5.12 eV) < 5 (5.15 eV) < 3 (5.54
eV). Compounds 6 and 2 exhibit the lowest energy gaps among
the compounds, and their values are nearly identical. Therefore,
we can conclude that they have comparable reactivity.

Mechanistic study

HAT mechanism. HAT is described by the BDE, which indi-
cates the tendency of H atoms to transfer from antioxidant
molecules to free radicals via homolytic bond cleavage. Initially,
BDE values were computed for all possible X-H (X = O, N, C)
bonds in the gas phase (see Table S2, ESIt). Subsequently, the

the gas phase, water, and pentyl ethanoate computed at M06-2X/6-

Medium Comp. Electronegativity (x) Hardness (n) Softness (S) Electrophilicity index ()
Gas phase 1 4.94 3.40 0.15 3.59
2 4.37 2.99 0.17 3.20
3 5.20 3.61 0.14 3.73
4 4.98 3.07 0.16 4.04
5 4.97 3.43 0.15 3.60
6 4.43 2.99 0.17 3.28
Water 1 4.74 1.54 0.32 7.31
2 4.30 1.10 0.45 8.37
3 4.93 1.73 0.29 7.04
4 4.64 1.43 0.35 7.54
5 4.73 1.53 0.33 7.32
6 4.34 1.14 0.44 8.25
Pentyl ethanoate 1 4.65 2.02 0.25 5.35
2 4.16 1.58 0.32 5.46
3 4.84 2.20 0.23 5.33
4 4.67 1.74 0.29 6.26
5 4.65 2.02 0.25 5.34
6 4.15 1.55 0.32 5.53
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Fig. 2 Frontier molecular orbital (FMO) plots of compound 2, 4, and 6 calculated in the gas phase.

lower BDEs of these bonds were calculated in water and pentyl
ethanoate solvents to account for solvent effects and presented
in Table 2.

Table 2 shows the BDEs of the molecules (1-6) in the range of
81.2-96.6 kcal mol ' in the gas phase and solvents. The lowest
BDE values were obtained at the O4’-H (Comp. 1), N§-H (Comp.
4, 2 and 6), and O2'-H (Comp. 2) positions with values ranging
from 81.2 to 91.9 kcal mol " in all phases. The O2'-H BDE of
compound 4 is significantly higher (96.6 kcal mol ") compared
to those of other O-H groups (Table S27), reducing its reactivity.
This result can be attributed to an intra-molecular hydrogen
bond with the imine nitrogen atom, which elevates the BDE
value and is consistent with previous studies." The C-H BDEs
are high, ranging from 90.0 to 134.8 kcal mol ™", except for that
of the C7-H bond of compound 2 (88.5 kcal mol™"). This
suggests they have a minimal impact on free radical scavenging
activity, so all except the C7'-H bond of compound 2 were
excluded from further calculations.

Compounds 1 and 2 possess electron-donating -OCH; and
N-(CH,CHj3), groups on the aromatic ring, which stabilizes the
phenoxide radical.’” Compound 4 has only a hydroxyl group on
the naphthalene ring, which may result in hydrogen bonding

Table 2 Lowest BDE values (in kcal mol™) of compounds (1-6)
calculated in the studied environments

BDE
Comp. Site Gas phase Water Pentyl ethanoate
1 N8-H 87.9 94.8 91.4
04'-H 81.2 86.5 82.0
2 N8-H 84.7 85.0 83.9
02'-H 84.8 86.0 84.6
C7'-H 88.5 90.4 88.9
3 N8-H 89.4 96.6 93.1
4 N8-H 83.3 91.9 87.4
5 N8-H 87.9 94.2 91.0
04'-H 87.1 88.4 86.3
6 N8-H 84.8 87.8 86.1

© 2025 The Author(s). Published by the Royal Society of Chemistry

with the hydrazone moiety. The lowest BDE values of O4'-H
(81.2 keal mol ™), 02/-H (84.8 kcal mol '), and N8-H (83.3, 84.7
and 84.8 kcal mol ') in the gas phase of compounds 1, 2, 4 and
6 were comparable with the BDE values of other well-known
antioxidants such as resveratrol (83.9 kecal mol™"),”® vanillic
acid (85.2 kcal mol™"),” puerarin (87.3 kcal mol™'),”” magnolol
(83.1 keal mol™*),”® BHA (81.2 kcal mol™*) and other antioxidant
polyphenols.™

The spin density distributions of the radical forms (Fig. 3)
were calculated in the gas phase to explain the BDE differences.
Greater spin delocalization corresponds to easier antioxidant
radical formation and lower BDEs. As shown in Fig. 3, the spin
density after H-abstraction from O-H bonds is lower than that
for N-H bonds, consistent with the BDE values. The most
localized radicals were formed after H-abstraction from the C7’-
H (Comp. 2) and N8-H (Comp. 3) bonds, aligning with the BDE
results.

SETPT mechanism. As presented in eqn (2), the SETPT
mechanism is governed by the ionization potential (IP) of the
antioxidant (AH) and the proton dissociation enthalpy (PDE) of
the radical cation (AH™"). Lower IP and PDE values correspond
to higher antioxidant activity through this pathway. The calcu-
lated IP and PDE values for compounds 1-6 in the gas phase,
water, and pentyl ethanoate are presented in Table 3.

Compounds 2 and 6 exhibit better electron-donor abilities
than the others, as predicted by the FMO calculations. Table 3
shows that the IP values in solution are lower than those in the
gas phase, following the trend gas phase > pentyl ethanoate >
water, likely due to higher electron solvation enthalpies.” This
suggests that a polar medium enhances electron transfer,
promoting free radical scavenging, which is consistent with
previous studies.*®

The lowest PDE values were observed for O4-H of
compound 1 (2.4-211.0 kcal mol ') and N8-H of compound 3
(5.0-207.8 kecal mol™") across all media. Compared to those in
the gas phase, the PDE values in pentyl ethanoate and water
dropped significantly by an average of 207.8 and

RSC Adv, 2025, 15, 357-369 | 361
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Fig. 3 Spin density distributions of radical forms of the hydrazone compounds obtained after H-abstraction from the following compounds: (a)
N8-H and (b) O4’'-H of compound 1; (c) N8—H, (d) O4'-H, and (e) C7'-H of compound 2; (f) N8—H of compound 3; (g) N8—H of compound 4;
(h) N8—H and (i) O4’'—H of compound 5; (j) N8—H of compound 6 (arrows and numerical values indicate spin density at specific molecular sites).

Calculated at the M062X/6-311+G(d,p) level of theory in the gas phase.

Table 3 lonization potential (IP) and proton dissociation enthalpy (PDE) values (kcal mol™) of compounds 1-6 calculated in the studied

environments

1P PDE
Compound Gas phase Water Pentyl ethanoate Site Gas phase Water Pentyl ethanoate
1 183.5 113.2 131.6 N8-H 217.7 13.9 11.8
04'-H 211.0 5.6 2.4
2 161.9 94.0 111.7 N8-H 236.1 23.3 24.2
02'-H 236.2 24.3 24.9
3 195.0 121.6 140.1 N8-H 207.8 7.3 5.0
4 180.2 111.0 128.6 N8-H 216.5 13.1 10.7
02'-H 229.7 13.0 17.3
5 186.0 113.4 132.3 N8-H 215.2 13.1 10.7
04'-H 214.4 7.3 6.0
6 166.9 96.1 113.6 N8-H 231.3 24.1 24.5

207.1 kcal mol™", respectively, due to the high solvation
enthalpy of protons in solution, which is consistent with
previous studies.”

The performance of different mechanisms is generally gov-
erned by the enthalpy of the first step. Since the BDE is lower
than the IP values, this suggests that the HAT mechanism is
thermodynamically more favourable than the SETPT
mechanism.

SPLET mechanism. This mechanism is characterized by the
values of proton affinity (PA) and electron transfer enthalpy

362 | RSC Adv, 2025, 15, 357-369

(ETE). In this mechanism, the lower the PA and ETE values, the
higher the antioxidant activity. Here, we have calculated the PAs
and ETEs for X-H (X = N, O) bonds, and the results are shown in
Table 4.

Table 4 demonstrates that compound 4 has the lowest PA
value at the N8-H position, with PAs of 309.7 (gas phase), 29.1
(water), and 45.3 (pentyl ethanoate), showing that the proton at
this position may be readily deprotonated. In the solution
phase, all PA values are significantly lower than in the gas
phase, likely due to the large solvation enthalpy of protons. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Proton affinity (PA) and electron transfer enthalpy (ETE) values (kcal mol™) for all the compounds

PA ETE
Comp. Site Gas phase Water Pentyl ethanoate Gas phase Water Pentyl ethanoate
1 N8-H 318.4 32.8 51.8 82.9 94.3 91.5
04'-H 323.0 30.4 53.6 71.5 88.3 80.4
2 N8-H 323.8 32.8 54.5 74.3 83.7 81.4
02'-H 326.5 30.4 56.1 71.6 85.5 80.5
3 N8-H 317.4 32.2 50.8 85.4 96.7 94.4
4 N8-H 309.7 29.1 45.3 87.0 95.1 94.1
02'-H 335.4 36.0 63.1 74.5 88.0 82.8
5 N8-H 318.6 32.7 51.6 82.6 93.8 91.4
04'-H 325.9 32.2 55.0 74.5 88.5 83.2
6 N8-H 321.7 33.2 52.7 76.5 86.9 85.4

ETE values of the O4’-H (1) and O2’-H (2) bonds are smaller
than those of other bonds in the gas phase and lipid media. In
polar solvent, the N8-H and O2’-H bonds of compound 2 have
the smallest ETE values. This may be due to the easy movement
of electrons from the unstable ions resulting from these bonds.
It is also important to note that all of the ETE values are much
lower than the corresponding IP values in the examined
medium, implying that the anionic forms of hydrazone
compounds (1-6) have better electron-donating capacity than
the neutral forms. These findings are consistent with previous
studies.**”®

Upon comparing the values of PA, IP, and BDE in Tables 2-4,
it is evident that the PA values are lower in water solvent. Hence,
it can be concluded that the SPLET mechanism is the thermo-
dynamically dominant mechanism in water.

Reactions of compounds 1-6 with the radical HOO". The
Gibbs free energies (AG°) of the reactions of HOO" with all
compounds were computed for the first step of each mechanism
in the gas phase, and the results are collected in Tables S2 and

A TS-5-04'

S3f in the ESL{ The data suggest that H-abstraction is favour-
able, particularly at the N8-H bonds of all compounds, the C7'-H
and 02'-H bond of 2, the O4'-H bond of 1, and the O4'-H bond
of 5, as the computed AG° values are negative (AG® < 0) or
minimal (AG® < 5 keal mol").** However, the reactions following
the single electron transfer (SET) and proton loss (PL) mecha-
nisms are not spontaneous (AGgg = 139.1 — 172.2 keal mol ™,
AGy, = 158.2 — 182.9 keal mol ™). Therefore, the HAT mecha-
nism is anticipated to be the primary radical trapping pathway of
hydrazone compounds in the gas phase, and thus, this mecha-
nism should be modeled for the kinetic study.

PES of the HAT mechanism for reactions with the radical
HOO'. The PES study focusing on the HAT mechanism is shown
in Fig. 4, and the corresponding optimized transition state
structures are shown in Fig. 5, S3 and S4 in the ESL{

The computed energy barriers of all the reactions were in the
range of 4.3 to 10.4 kcal mol~". The lowest energy barriers were
observed at TS-2-02' and TS-4-N8 at 4.3 and 4.9 kcal mol ™%,
respectively. This observation aligns with the lowest computed

Reaction Coordinate

Fig. 4 PES for the reactions of the hydrazone compounds with HOO" in the gas phase.
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Fig. 5 Optimized geometries of transition states of the HAT reactions between HOO" and (a) TS-2-02’, (b) TS-2-N8, (c) TS-4-N8, and (d) TS-6-
N8 and their corresponding SOMO distributions (bond angles in degrees, bond distances in A).

BDE values at 2-02-H (84.8 kcal mol ') and 4-N8-H
(83.3 keal mol ). This suggests that the H-abstractions of the
HOO' radical at 02’ of compound 2 and N8 of compound 4 play
a fundamental role in the hydroperoxyl radical scavenging
activity.

In addition, the SOMOs of the TSs were examined (Fig. 5 and
S37), in which the atomic orbital aligns with the direction of H-
atom transfer, and the electron density appears localized on the
donor and acceptor sites.

Reactions of compounds 1-6 with the radical CH;00°". To
identify thermodynamically spontaneous pathways, the AG°
values for the reaction of the hydrazone derivatives with
a CH;00" radical were calculated for the first step of three
typical mechanisms (HAT, SET-PT, and SPLET). The data
showed that only the HAT mechanism was spontaneous (Table
S27), specifically at the N8-H bonds of all compounds, the C7'-
H bond of 2, and various O-H bonds in compounds 1, 2, and 5
(AG® = —3.2 to 4.3 keal mol ™). In contrast, the SET and SPLET
mechanisms were not spontaneous due to high AG° values
(Table S37). Therefore, the HAT pathway is suggested to be the
primary mechanism for scavenging CH;00" in the gas phase,
warranting further kinetic study.

364 | RSC Adv, 2025, 15, 357-369

PES via HAT mechanism for reactions with the radical
CH;00'. The thermodynamic analysis revealed that the HAT
is the predominant pathway for the reactions of hydrazone
compounds (1-6) with CH;00" in the gas phase. Fig. 6
displays the corresponding PES, while the optimized TS
structures are shown in Fig. 7, S5 and S6 in the ESL.{ As seen
in the PES, the energy barriers of the TSs vary from 3.2 to
22.3 keal mol ™.

TS-2-N8 (3.2 keal mol 1), TS-2-02/, (3.6 keal mol ') and TS-4-
N84.2 (4.2 keal mol ™) possess very low barriers, as expected
based on the BDE results, which indicates that the compounds
2 and 4 have high CH;00" scavenging activity compared to the
others. The breaking bond distances at the TSs are around 1.16—
1.41 A, and the distances for forming bonds (H::-OOH) are
around 1.03-1.33 A. The C/N/O---H:--O bond angles vary in the
range of 154.5 to 170.4°, which indicates the linear arrange-
ments of the atoms around the transferred hydrogen atom. The
relative energies of the products were more negative than those
of the reactants by about —1.8 to —9.8 kcal mol .

Finally, the SOMO density (presented in Fig. 7 and S4f)
distributed along the donor-H-acceptor transition vectors
confirm the occurrence of the HAT mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Kinetic study the studied compounds in the gas phase following the HAT
mechanism. The data presented in Table 5 indicate that the rate

This section employed the QM-ORSA protocol**** to analyse the ’ i ) .
constant values for reactions involving the HOO" radical fall

kinetics of hydroperoxyl and methylperoxyl radical scavenging of

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 357-369 | 365
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Table 5 Gibbs free energy of activation (AG* in kcal mol™), tunnelling corrections (k), and rate constant (kecy, Mt s7%) for the HOO® and CHz0O"

scavenging of hydrazone compounds 1-6 computed in the gas phase

HOO' CH;00°
Comp. Position AGH K kgex Koverall AGH K kgex Koverall
1 N8-H 20.9 1974.3 1.51 x 10? 4.85 x 10° 18.1 63.6 5.24 x 10> 5.24 x 10>
04'-H 17.4 178.8 4.70 x 10° 32.6 4.4 8.43 x 107
2 N8-H 16.6 43.3 4.70 x 10° 6.86 x 10* 14.2 14.5 9.03 x 10* 1.63 x 10°
02'-H 15.3 69.5 6.02 x 10* 14.7 29.3 7.22 x 10*
C7-H 15.7 3.9 3.67 x 10° 18.3 10.7 1.20 x 10>
3 N8-H 20.5 417.5 6.02 x 10" 6.02 x 10" 19.1 83.6 1.26 x 10> 1.26 x 10>
4 N8-H 16.8 101.8 7.83 x 10° 7.83 x 10° 15.9 29.0 1.08 x 10* 1.08 x 10*
5 N8-H 18.3 90.1 5.24 x 10> 1.49 x 10° 20.8 596.1 5.54 x 10" 1.02 x 10°
04'-H 20.1 3334.5 9.63 x 10> 18.3 158.9 9.63 x 10>
6 N8-H 16.3 38.0 6.02 x 10° 6.02 x 10° 16.4 34.7 5.24 x 10° 5.24 x 10°
BHA O-H 12.9 4.7 2.41 x 10° 2.41 x 10° 15.7 146.1 6.62 x 10* 6.62 x 10*

between 6.02 x 10' to 6.02 x 10* M~* s7!, whereas the AG*
values range from 15.3 to 20.9 kcal mol™". The tunnelling
corrections (k) vary from 3.9 to 3334.5, significantly impacting
the rate constant. The highest rate constant was observed for the
H-abstraction at 02'-H (2) with a kg value of 6.02 x 10* M *s™*
(AG* = 15.3 keal mol *). Nevertheless, the values for compounds
6 and 2 were 6.02 x 10° M~ ' s~ (N8-H, AG* = 16.3 kcal mol ' 6),
4.70 x 10° M s * (N8-H, AG* = 16.2 keal mol " 2), and 3.67 x
10* M~ 57! (C7'-H, AG* = 15.7 keal mol* 2), which are lower
than those for compound 4 (kg = 7.83 x 10> M™* s7%), even
though the reaction barrier for the 4-N8-H + HOO' reaction (AG*
= 16.8 kcal mol™ ") is higher than that of these reactions. This
apparent disparity can be elucidated by the tunneling correction
for the H-abstraction at the N8-H (4) bond (k = 101.8) in
comparison to those for the N8-H (6) (x = 38.0), N8-H (2) (x =
43.3), and C7'-H (2) bonds (x = 3.9).

Conversely, the H-abstractions involving the CH;00" radical
exhibited the highest rate constants on the N8-H (2, 4) and O2'-
H (2) bonds with kg values of 9.03 x 10* M~ s (AG* =
14.2 keal mol ™, 2), 1.08 x 10* M~ s ! (AG* = 15.9 kcal mol *,
2) and 7.22 x 10* M~ ' s7! (AG* = 14.7 kcal mol *, 4), respec-
tively. The overall rate constants for the reactions of compounds
2 and 4 with CH;00" are often higher than those with the HOO"
radical. This is owing to a smaller reaction energy barrier for
reactions via the CH;0O0'" radical than via HOO'. Based on the
computed data, compounds 2 and 4 have faster HOO" and
CH;00" radical scavenging activity in the gas phase than typical
antioxidants like umbelliferone (4.57 x 10" M~ s71)%" arte-
pillin C (3.49 x 10> M~ s7"),® 3-pyrroline-2-ones (5.48 x 10"
M " s ")%® and natural depsidones (1.37 M~ ' s~ ).

Furthermore, Basaran et al.®® performed experimental
investigations and discovered that compound 2 exhibited better
antioxidant activity compared to BHA, followed by that of
compound 4. As per the aforementioned discussion, our results
are in excellent agreement with these findings.

Radical scavenging activity of hydrazones in aqueous
solutions

Acid-base equilibria. Prior studies have suggested that
deprotonation can significantly influence the efficacy of

366 | RSC Adv, 2025, 15, 357-369

Table 6 Calculated pKj, values and molar fractions (My) of the neutral
(AH) and anionic (A7) species at pH = 7.4 in water solvent

Comp. Position pKa, M; (AH) M (A)
1 04'-H 5.64 0.017 0.983
2 02'-H 7.41 0.506 0.494
3 N8-H 6.95 0.262 0.738
4 N8-H 4.66 0.002 0.998
5 04'-H 6.96 0.266 0.734
6 N8-H 7.71 0.671 0.329

antioxidants in aqueous solutions.**>* The lowest PA values
were identified at the O-H bonds of compounds 1, 2, and 5 and
the N-H bonds of compounds 3, 4, and 6 in aqueous solution;
these bonds were subsequently utilized to calculate the pK,
values for the examined compounds. The calculated pK, values
(Table 6) range from 4.66-7.71. At pH = 7.4, the molar fraction
values of the neutral form M; (AH) range from 0.002-0.671, and
those of the anionic form M; (A™) range from 0.329-0.998.

The SET mechanism in its neutral form is non-spontaneous,
showing a significantly positive reaction free energy (AG°)
(Table S4%). For the anionic forms, although AG° remains
slightly positive rather than negative, this could still contribute
to the radical scavenging activity, as suggested by previous
reports.*

Marcus' theory was used to evaluate the kinetic parameters
such as AGZyr (activation barrier), A (nuclear reorganization
energy) and rate constants (kapp, k) of the reaction between
anions of the studied compounds with the typical radicals HOO"
and CH;00" following the SET mechanism. As shown in Table 7,
the hydroperoxyl and methoxy peroxyl radical scavenging activity
is greatest for the anion of compound 2 with kap, =1.8 x 10' M
s (AGer = 7.6 keal mol™') and kapp = 3.3 x 10° M ' s
(AGggr = 8.6 keal mol ), respectively. Compounds 1, 4, 5, and 6
exhibited moderate radical scavenging behaviour following the
SET mechanism (kypp = 10°-10° M~' s~ ). Conversely, compound
3 shows very low antioxidant activity (kupp = 10' M~ s ). Based
on the calculated data, we can conclude that compound 2
showed better HOO" and CH;00" radical scavenging activity
compared to some typical antioxidants such as rubiadin [1.50

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Calculated AGéer (kcal mol™), A (kcal mol™), kapp (M1 s7Y),
M, and k¢ (M~ s7%) values of the studied compounds (1-6) with HOO"
and CH=OO" radicals in water solvent

Radical Comp. Position AGZr A Kapp M; ke

HOO' 1 04-H 8.2 15.2 6.3 x 10° 0.983 6.2 x 10°
2 02-H 7.6 21.2 1.8 x 10’ 0.494 8.9 x 10°
3 N8-H 15.1  20.4 5.0 x 10' 0.738 3.7 x 10"
4 N8-H 14.3  20.0 2.1 x 10*> 0.998 2.1 x 10>
5 O4-H 9.6 20.3 5.7 x 10° 0.734 4.2 x 10°
6 N8-H 8.8 21.5 2.3 x 10° 0.329 7.6 x 10°

CH;00" 1 O4-H 9.5 14.7 7.2 x 10° 0.983 7.1 x 10°
2 02-H 8.6 20.7 3.3 x 10° 0.494 1.6 x 10°
3 N8-H 16.7 19.9 3.7 x 10° 0.738 2.7 x 10°
4 N8-H 15.8  19.5 1.7 x 10* 0.998 1.7 x 10"
5 O4-H 10.8 19.9 7.9 x 10* 0.734 5.8 x 10*
6 N8-H 9.9 21.0 3.7 x 10° 0.329 1.2 x 10°

(HOO"), 4.5 x 10 > M "' s~' (CH;00°) ],* natural fraxin [(HOO")
6.7 x 10%, 4.2 x 10> M ' 57" (CH300")],*® and natural anthra-
quinones [2.10 x 10> M~ ' s '(CH;00")]*” in water at pH = 7.4.

Conclusion

In this work, a systematic DFT investigation of the HOO" and
CH;00" radical scavenging activity of six hydrazone compounds
has been reported. The mechanism has been studied based on
a thermodynamic perspective utilizing three distinct pathways:
HAT, SETPT, and SPLET, alongside their corresponding molec-
ular descriptors, including BDE, IP, PDE, PA, and ETE. The results
show that HAT is most favorable in the gas phase, while SPLET is
preferred in a polar medium. The O2’-H and N8-H bonds play
a decisive role in the radical scavenging of compound 2. Among
the studied compounds, compound 2 showed the highest rate
constants for HOO" scavenging via the HAT mechanism in the
gas phase at the O2'-H site (k= 6.02 x 10* M~ ' s ). For CH;00"
scavenging, it achieved peak rates at the N8-H (9.03 x 10* M !
s ") and O2'-H (7.22 x 10* M~" s7') sites. The calculated overall
rate constant values for the HOO" and CH;00" radical scavenging
of compound 2 are 6.86 x 10* M~ s™' and 1.63 x 10° M " s},
respectively. These findings, which are consistent with the
experimental data, suggest antioxidant activity comparable to
that of butylated hydroxyanisole (BHA). In aqueous solution, the
anionic form of compound 2 displayed the highest radical scav-
enging rates among the tested compounds, with k,p;, values of 1.8
x 10" M~' s~ for HOO" and 3.3 x 10° M~ s™' for CH;00",
outperforming antioxidants like rubiadin and natural anthra-
quinones. Thus, compound 2 shows promise as an effective
antioxidant in aqueous physiological environments.
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