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INTRODUCTION

The formation of free radicals is an unavoidable result of
adenosine triphosphate (ATP) synthesis in the mitochondria
of a cell. The free radicals generated include, reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [1]. These
free radicals if not scavenged by antioxidants will interact with
lipids, proteins and DNA to cause irreversible oxidative damage
to the cells [2]. An antioxidant is a molecule that scavenges
free radical and prevents oxidative damage of the tissues. In
order to keep the human body in good condition, it is essential
to strike a balance between the antioxidants and the free
radicals. This oxidative stress for a prolonged period may lead
to cancer, hypertension, diabetics, Parkinson’s and Alzheimer’s
diseases [3-5]. Antioxidants help slow down the progression
of Alzheimer's disease [6]. As aresult, it is standard procedure
in the pharmaceutical industry to generate therapeutic
candidates to combat diseases like Alzheimer’s and cancer.

Quinolines are the scaffolds that are immensely studied
for their varied biological activity such as antimalarial [7],
antitumour [8], antiviral [9], antifungal [10], antimicrobial [8],
anti-inflammatory [10] and anticancer agents [7]. Numerous
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studies have shown that quinolines, namely those with a 3,4-
double bond and 2-oxo functionality in their structure, possess
powerful radical scavenging characteristics [11-18].

Antioxidants may follow three fundamental mechanisms,
which are hydrogen atom transfer (HAT), single electron transfer-
proton transfer (SET-PT) and sequential proton loss electron
transfer (SPLET) or coupled electron transfer. DFT calculations
are most significant method for the analysis of mechanism of
antioxidant molecules and also to assess the antioxidant potential
of the molecules.

Given the relevance of the quinoline nucleus, the anti-
oxidant properties of quinoline acids [19,20] such as [2-(4-
methyl-2-oxo-1,2- dihydroquinolin-3-yl)acetic acid] (Q1), [2-(2-
0x0-4-phenyl-1,2-dihydroquinoline-3-yl) acetic acid] (Q2),
[3-(4-methyl-2-o0x0-1,2-dihydroquinolin-3-yl)propanoic acid]
(Q3) and [3-(2-0x0-4-phenyl-1,2-dihydroquinolin-3-yl)prop-
anoic acid] (Q4) (Fig. 1) were investigated by in vitro and comp-
utational methods. These acids have two hydrogen abstraction
sites, the N-H at 7" and O-H at 17" positions, respectively. Hence,
these structural moieties can effectively scavenge radicals and
thus can serve as a potent antioxidant agent.
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Fig. 1. Structure of quinoline acids (Q1-Q4)
EXPERIMENTAL calculated gas-phase enthalpy of proton H (H*) was 6.197 kJ

1,1-Diphenyl-2-picrylhydrazyl (DPPH), methanol, ethanol,
dimethyl sulphide, ethylenediaminetetraacetic acid (EDTA),
nitro blue tetrazolium (NBT), riboflavin, hydrogen peroxide,
ammonium persulphate, 2,2’-casino-bis-3-ethylbenzothiazoline-
6-sulphonic acid (ABTS), sodium phosphate dibasic hepta-
hydrate, sodium phosphate monobasic monohydrate, sodium
hydroxide, hydrochloric acid, ascorbic acid and butylated
hydroxy anisole were purchased from Sigma-Aldrich, USA.
The studied quinoline derivatives (Q1-Q4) to scavenge
the DPPH radical is determined by Hatano et al.’s method [21].
The capacity of compounds to scavenge hydrogen peroxide is
determined by Ruch et al’s method [22], while the scavenge
superoxide is determined by using Winterbourn et al.’s method
[23]. The ABTS " radical scavenging activity is done according
to the method as described by Shirwaikar et al. [24].
The DPPH, hydroxyl, ABTS and superoxide scavenging
activities were calculated using the following formulae (1-2):
: P Acomrol - Asam le
Scavenging activity (%) = ———x100
control
-A

After illumination Before illumination X 100

Superoxide scavenging (%) =
control

Computational studies: The computational analysis was

carried out using Gaussian software and the basis set used is

density functional theory, B3LYP/6-311G++(d,p) [25-27]. The

mol ™ and gas-phase enthalpy of electron H(e) = 3.145 kJ mol”
from the literature [28,29]. The following quantities bond
dissociation energy (BDE), ionization potential (IP) and proton
dissociation energy (PDE) can be derived from the calculated
total enthalpies at 298.15 K and gas phase.

BDE = H(QX°) + H(H°) — HQxH
where QX" = enthalpy of radical; H" = enthalpy of hydrogen
atom; QX-H = enthalpy of neutral molecule; and X = O & N.
IP=H (QXH*Y) _ H @D
PDE = H @ 4+ H®" _ g @#
where QXH™ = enthalpy of radical cation; H® = enthalpy of

hydrogen atom; QX-H = enthalpy of neutral molecule; and
X=0&N.

RESULTS AND DISCUSSION

In vitro antioxidant activity: To evaluate the free radical
scavenging activity of quinoline acids (Q1-Q4), in vitro DPPH,
ABTS, superoxide and hydroxyl scavenging methods were
performed. The DPPH and ABTS assays were frequently emp-
loyed method for evaluating the antioxidant activity [30]. The
DPPH assay was performed under 50% ethanol/water, while
the ABTS assay was carried out in aqueous conditions.

The methodology relies on the observation that a stable
free radical (X) can be removed from antioxidants by hydrogen
abstraction, and the reaction can be described as follows:
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X'+YH— XH+Y*

The rate of the reaction was measured in terms of decrease
in the X* concentration, which is related to the ability of trap-
ping of free radicals by the added compounds (YH). A decrease
in the intensity of the free radical’s solution due to scavenging
of free radical by antioxidant molecules was measured colouri-
metrically at a specific wavelength [31]. Free radical scaven-
ging is the recognized mechanism for antioxidants inhibiting
lipid oxidation [32]. For DPPH and ABTS methods, ascorbic
acid was used as standard and for hydroxy and superoxide radical
scavenging activity, butylated hydroxy anisole was used as
reference.

DPPH free radical scavenging assay: The DPPH radical
reduces hydrazine when strong hydrogen donors for anti-
oxidants are present, altering the reaction colour from violet
to yellow. This change takes place because DPPH radicals can
reduce the concentration of hydrazine [28]. All the compounds
exhibited a strong to good scavenging activity (Table-1).
Compound Q1 demonstrates a potent ability to inhibit DPPH,
as seen by the high percentage inhibition value (83%) and the
dosage of 58.01 pg/mL was necessary to achieve a 50% redu-
ction in DPPH. The standard ascorbic acid reduces DPPH at
ICso = 11.7 pg/mL. The radical scavenging activity of the
compounds Q1, Q2, Q3 and Q4 at different concentrations is
shown in Fig. 2.
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Fig. 2. DPPH radical scavenging ability of the compounds

ABTS cation radical scavenging activity: ABTS is
effective for measuring the antioxidant activity of samples in
different medium, since it is soluble in both aqueous and organic
solvents. It is employed in solutions that replicate an ionic serum
with a pH of 7.4 and are based on a phosphate buffer (PBS) that
contains 150 mM of NaCl [33]. Compounds Q1 and Q4 have
greater inhibitory percentage of (72%; ICso= 41 pug/mL and

71%; 1Cso=42.6 ng/mL), whereas ascorbic acid inhibits ABTS
as 92%; ICsp=12.3 pg/mL) ABTS** scavenging activity comp-
ared with compounds Q3 and Q2. The results concludes that
inhibitory power of ABTS cation in the order ascorbic acid >
Q4>QI1>Q3 > Q2 and itis illustrated in Fig. 3. The strong to
good results of the ABTS inhibition and DPPH radical scaven-
ging inhibition demonstrates the involvement of either OH or
NH or both hydrogen from the compounds [34,35].
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Fig. 3. ABTS inhibition activity of the compounds

Hydroxyl free radical scavenging activity: This assay
illustrates the ability of the compounds and standard BHA to
inhibit hydroxyl radical produced by Fe**-EDTA-ascorbate and
H,0,. Hydroxyl radicals generated by the Fenton’s reaction
attack deoxyribose and divide into fragments and reacts with
thiobarbituric acid (TBA). This on heating forms pink colour,
which is estimated colourimetrically. Ability of the compounds
to scavenge hydroxyl radical (OH") is directly related to its
antioxidant activity [36]. Hydroxyl radical scavenging effici-
ency of compounds Q1-Q4 is depicted in Fig. 4 and ranges
from 72% to 64%. The ICs values of compounds Q1-Q4 are
in the range of 40.6-57.3 pug/mL as indicated in Table-1.
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Fig. 4. Hydroxyl scavenging activity

TABLE-1
INHIBITORY CONCENTRATION (IC,)) OF QUINOLINE ANTIOXIDANTS IN in vitro ANALY SIS

Compounds DPPH scavenging activity ~ ABTS scavenging activity Hyc.irqul scavenging Sup@r(.)xide scavenging
IC,, (ug/mL) IC,, (ug/mL) activity IC,, (ug/mL) activity IC,; (ug/mL)
Q1 58.01 41 40.6 8.48
Q2 5.08 49.9 49.25 3.55
Q3 31.75 57.3 57.3 9.35
Q4 4341 47.6 47.64 7.45
Ascorbic acid 11.7 12.3 - -
Butylated hydroxy anisole — — 14.8 17.5
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Superoxide free radical scavenging activity: Superoxide
radical scavenging activity is based on the anion radical assoc-
iated with the PMS-NADH system. The measurement of super-
oxide scavenging activity is done by the method described by
Liu et al. [37]. In this method, blue formazan produced by the
reduction of yellow dye (NBT) by the superoxide anion is
measured spectrophotometrically at 560 nm. In present study,
compound Q2 exhibits greater superoxide scavenging activity
66% than others and BHA standard exhibit 88%. Compounds
Q1, Q3 and Q4 showed the moderate superoxide scavenging
activity (Fig. 5). Compounds Q1-Q4 inhibit 50% of superoxide
radical with lower concentration (ICso= 8.48, 3.55, 9.35 and
7.45 ng/mL) than standard BHA’s ICs, found to be 17.5 pg/mL.
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Computational analysis: To analyze and evaluate the
mechanism of antioxidant potential of the studied compounds
HOMO-LUMO, MEP, NPA, BDE, 1P, PDE NBO and spin
density distributions are computed by DFT method using
Gaussian software [38].

Frontier molecular orbital (HOMO-LUMO) analysis:
Compounds with lower HOMO energy are weak electron
donors and the compounds with higher HOMO energy are
good electron donor and thus will act as good antioxidant [39].
Fujishima et al. [40] reported that the molecules with large
GAP, will have high thermodynamic stability, whereas the mole-
cules with lesser GAP will have an electronic transition [40].
All the studied quinoline acids Q1, Q2, Q3 and Q4 possessed
higher HOMO energies and also had lowest gap specifying
their antioxidant potential (Fig. 6).

Molecular electrostatic potential map (MEP) and natural
population distribution analysis (NPA): Exploring the charge
density, MEP diagrams are essentially 3D images of the mole-
cules. In an MEP diagram, red represents electron-rich sites
(electrophilic assault) and blue represents electron-poor sites
(nucleophilic attack) [41,42]. Hence, more positive charge
density site in a molecule will be denoted by dark blue colour,
indicating the attack of negatively charged groups such as
oxygen free radicals [43]. Analysis of MEP diagram Fig. 7 of
compounds Q1, Q2, Q3 and Q4 showed dark blue colour at
N-H in B ring of all the studied quinolines. This reflects the
fact that N-H group act as electrophilic centre for the attack of
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®4&. LUMO
-2.29938
-4.48991 GAP
-4.44093 P
;B
mga.
-6.32942
HOMO
-6.74031
Q3 Q4

Fig. 6. HOMO-LUMO energies of quinoline acids
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Q1

Fig. 7. Molecular electrostatic potential map of quinoline acids

free radicals. Natural population distribution analysis (NPA)
depicts more negative charge on oxygen heteroatom (Table-2)
at C-14 than on nitrogen atom at C-8 position [44], which is
in accordance with MEP analysis. These results are preliminary
and further confirmation on the antioxidant potential and mech-
anism of the radical scavenging activity is done by spin distri-
bution, BDE, IP and PDE analysis.

TABLE-2
NATURAL POPULATION ANALYSIS (NPA) OF OXYGEN
AND NITROGEN ATOMS IN QUINOLINE ACIDS

Compound NPA of oxygen NPA of nitrogen
Q1 -0.71992 e -0.58475 e
Q2 -0.71287 e -0.59704 ¢
Q3 -0.72187 e -0.58424 ¢
Q4 -0.59484 e -0.59839 e

Antioxidant mechanism

Hydrogen atom transfer (HAT) mechanism analysis:
To evaluate the antioxidant activity of the studied compounds
via hydrogen donating mechanism the N-H (ring) and O-H
(COOH) homolytic bond dissociation energies (BDE) were
computed and taken into account [45]. Since, BDE directly
relates to the hydrogen donating ability of the molecules and
serves as a significant descriptor for assessing the antioxidant

mechanism by HAT mechanism (Fig. 8). The lowest BDE value
of a compound defines the easier hydrogen abstraction ability
and thus enhanced radical scavenging ability of the compound
[46,47]. From Table-3, it is obvious that compound Q1 has
least BDE value 9.38 kJ/mol for the abstraction of hydrogen
at -OH site and next lower energy is for Q4 99.90 kJ/mol (N-H).
The order of radical scavenging activity is Q1 > Q2> Q3 > Q4,
which is in accordance with the observed experimental results.

TABLE-3
BOND DISSOCIATION ENERGY VALUES AT POSSIBLE SITES

Bond dissociation energy (kJ mol’l)

Compound OH NH
Q1 9.38 619.51
Q2 758.99 785.69
Q3 634.55 651.66
Q4 892.58 99.90

Sequential electron transfer-proton transfer (SET-PT)
mechanism: The second mechanism by which an antioxidant
act through is SET-PT route. In two-step mechanism involved
in this process, first step the compound becomes radical cation
by donating electron to the free radical, which depicted in
Fig. 9 [47,48]. This is characterized by ionization (IP) values,
which illustrates the electron transfer ability and serves as an
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Fig. 9. STEP 1 - Sequential electron transfer (SET)

important parameter for studying the antioxidant mechanism.
The higher the value of IP, the more difficult is to remove an
electron from the molecule.

The second step is the deprotonation step, which is demon-
strated by proton dissociation enthalpy (PDE) values (Fig. 10).
The IP and PDE values for the studied compounds are presented
in Table-4 and this indicates the lower IP and PDE values for
compound Q4 viz. 212.62 kJ mol™ and 321.89 kJ mol ™" (N-H),
respectively. The PDE value of compound Q4 is greater than
BDE value demonstrating the occurrence SET-PT mechanism.
Also, both PDE and BDE values for N-H is lesser than for O-H

TABLE-4
IONIZATION POTENTIAL AND PROTON DISSOCIATION
ENERGY VALUES OF POSSIBLE SITES

Ionization Proton dissociation energy
Compound potential (kJ mol™)

(kJ mol ) OH N-H
Q1 805.34 304.49 914.62
Q2 971.52 1054.10 1080.80
Q3 834.59 929.66 946.86
Q4 212.62 1187.88 321.89

T
+
O,N

NO,
Fig. 10. STEP 2 - Proton transfer (PT)

for compound Q4 signifying the contribution of N-H proton
for the radical scavenging activity and the O-H plays a less
significant role. For other compounds, the values are higher
hence SET-PT mechanism may not be feasible.

Spin density analysis: Stability of the free radical formed
is represented by spin density parameter. If spin density is
more delocalized in the radical, the radical will be easily formed
and its BDE will be lesser consequently greater antioxidant
activity [27,49]. Hence, the assessment of spin densities of
the radicals both for N* and O® formed for the studied comp-
ounds are carried out to rationalize the reactivity at N-H and
O-H site and are shown in Fig. 11. Analysis of the spin densities
of the compounds shows extended delocalization of the radical
species on all the aromatic rings for all studied compounds.
The spin densities of ‘O’ atoms of O-H radicals were 0.8180,
0.5728, 0.55202 and 0.2998, respectively for compounds Q1,
Q2, Q3 and Q4 (Table-5). Similarly, for ‘N’ atoms of the N-H
radicals were 0.7250, 0.707605, 0.6186 and 0.000523 respe-
ctively for compounds Q1, Q2, Q3 and Q4, which suggests
the stabilization of both the N- and O radicals in the order Q1
> Q2 > Q3 > Q4. The radical formed from compound Q1 is

NO,
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TABLE-5
SPIN DENSITY DISTRIBUTION OF QUINOLINE ACIDS
Compound N-H O-H
-0.023880 0.004109
CH;

al -0.007875 (LT 0.023682 ﬂo.ooms
0.003259 0002547 ¢
=D 0.063375
0.012608 >N
-0.004434 |0-009419 8101215
H
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Q2
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0
0.012316 ! 0_001711/
0.001751 -0.001912 o
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H
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0.006717 0.015678 0608630
0 0.001229
0.001255
Q4 I 0.038421 0.000578 0052846

0.010083
0.299841

-0.001669

more stabilized, which also has lower BDE values suggesting
the enhanced activity of compound Q1, which also correlates
with experimental results.

Natural bond orbital (NBO) analysis: The natural bond
orbital (NBO) analysis for the studied compounds Q1, Q2,
Q3 and Q4 were carried out to investigate the hyper conjugative
interactions in the compounds and the obtained perturbation
energy (E?) values are given in Table-6. These hyperconjugative
interactions in terms of E?values are the measure of intramole-
cular delocalization [S0]. Strong interaction between the electron

donor and acceptors in the molecular system is represented
by the larger E* values, which consequently demonstrates the
effective conjugation in the molecule [51]. The NBO analysis
revealed the stronger delocalization through intramolecular
hyperconjugation in the compounds. For compounds Q1 and
Q3, the greater stabilization energies 294.34 and 289.08 kcal
mol' comes from the electron donating ability of ‘C’ lone pair
centre C4(LP1)-6"Cs-Nyand C4(LP1)-6"C5-N s, respectively.
For compounds Q2 and Q4 more stabilization arises from m*
C2-C3 to w* C4-C5 for both molecules with energies 296.46
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¥
0.0052
N-H: Q4
Fig. 11. Delocalization of spin density distribution

TABLE-6
NBO ANALYSIS (SECOND ORDER PERTURBATION THEORY (FOCK MATRIX) ANALYSIS)
Compound Donor Type ED of donor Acceptor Type ED of acceptor  E’ (kcal/mol)

Cl1-C2 b1 1.97741 C3-N19 ¥ 0.75874 35.12
C3-N19 T 1.98515 C13-020 Tk 0.42749 34.48
C5-C6 b1 1.97962 C4 LP 0.00544 43.27
C5-C6 T 1.97962 C1-C2 Tk 0.30714 21.08
Cl11-C12 b 1.97417 C4 LpP 0.00544 29.25
C11-C12 b1 1.99846 C13-020 ¥ 0.42749 27.20
C4 LP (1) 1.05232 C3-N19 o* 0.75874 294.34
C4 LP (1) 1.05232 C5-C6 o* 0.29142 60.98
Qi C4 LP (1) 1.05232 Cl11-C12 o* 0.19545 49.10
020 LP(2) 1.96436 C12-C13 o* 0.05747 13.23
020 LP(2) 1.96436 C13-N19 o* 0.06997 25.80
020 LP(2) 1.96436 026-H27 o* 0.05967 14.30
025 LP (2) 1.99960 Cl15 RY 0.01724 19.94
025 LP (2) 1.99960 C15-026 o* 0.09594 34.81
026 LP(2) 1.99963 C15-C25 o* 0.23496 56.08
C3-N19 * 1.98515 C1-C2 Tk 0.01451 69.65
C3-N19 ¥ 1.98515 C13-C20 ¥ 0.42749 75.16
C13-020 ¥ 1.99415 C11-C12 ¥ 0.19545 45.24
C1-Co T 1.97939 C4-C5 Tk 0.41694 23.78
C2-C3 T 1.97450 C1-Co Tk 0.37965 23.29
C4-C5 b1 1.97170 C2-C3 ¥ 0.37965 23.57
Cl11-C12 b 1.97077 C13-021 * 0.37107 23.22
C22-C24 b1 1.96971 C23-C25 ¥ 0.32743 20.49
C22-C24 b 1.96971 C27-C29 Tk 0.32700 19.81
C23-C25 b1 1.97832 C22-C24 ¥ 0.34905 20.24
C23-C25 T 1.97832 C27-C29 Tk 0.32700 20.01
C27-C29 b1 1.98016 C22-C24 ¥ 0.34905 20.64
Q2 C-27-C29 b1 1.98016 C23-C25 ¥ 0.32743 20.44
o16 LP(2) 1.8463 C14-C15 o* 0.07159 36.86
N20 LP (1) 1.99889 C15-C34 o* 0.10556 44.17
N20 LP (1) 1.99889 C2-C3 o* 0.41695 60.66
021 LP (1) 1.81452 C13-N20 o* 0.08058 28.32
034 LP(2) 1.81452 C15-016 o* 0.22161 50.01
C2-C3 ¥ 1.97450 C1-C6 ¥ 0.37965 280.40
C2-C3 * 1.97450 C4-C5 Tk 0.41694 296.46
C4-C5 ¥ 1.97170 Cl11-C12 ¥ 0.17595 100.37

C13-021 * 1.99439 C11-C12 * 0.17595 52.47




Vol. 35, No. 8 (2023)

Evaluation of Free Radical Quenching Ability of Quinoline Acids 1993

C1-C2 b1 1.97743 C3-N15 ¥ 0.75547 34.98
Cl11-C12 b 1.97432 C4 LpP 0.00547 29.80
C11-C12 b1 1.97432 C13-016 ¥ 0.42566 26.58

C4 LP (1) 1.99843 C3-N15 c* 0.75547 289.08

C4 LP (1) 1.99843 C5-C6 c* 0.29354 61.34

Q3 C4 LP (1) 1.99843 C11-C12 o* 0.18771 48.02
028 LP(2) 1.99960 C27-029 o* 0.09720 34.43

C3-N15 ¥ 1.98522 C1-C2 ¥ 0.30647 70.06

C3-N15 ¥ 1.98522 C13-016 * 0.42566 69.51

C13-016 ¥ 1.99409 C11-C12 ¥ 0.18771 47.45

C27-028 ¥ 1.99382 C27-029 * 0.09720 45.47

C1-Co6 b1 1.97937 C4-C5 ¥ 0.41731 23.56

C2-C3 b1 1.97447 C1-Co6 ¥ 0.38016 23.13

C4-C5 b1 1.97158 C2-C3 ¥ 0.41844 23.55

N15 LP (1) 1.60978 C2-C3 c* 0.41844 44.04
N15 LP (1) 1.60978 C13-016 o* 0.37409 60.82
Q4 016 LP (2) 1.86705 C13-N15 o* 0.08087 28.19
034 LP (1) 1.97462 C35-036 o* 0.22110 49.10
036 LP (2) 1.97432 034-C35 c* 0.02667 37.64

C2-C3 ¥ 1.97447 C1-Co6 ¥ 0.38016 278.09

C2-C3 ¥ 1.97447 C4-C5 ¥ 0.41731 289.21

C4-C5 ¥ 1.97158 Cl11-C12 ¥ 0.17340 98.66
C13-016 * 1.99437 C11-C12 * 0.17340 50.25

*E’ = Energy of hyper conjugation interaction (Stabilization energy), LP = lone pair electrons, ¢ and m-Bonding orbitals, 6* and *-Antibonding

orbitals. RY* = Rydberg, ED = Electron density.

and 289.21 kcal mol”, respectively. Hence, quinoline acids
(Q1-Q4) possess high stability and hence has more antioxidant
potential.

Conclusion

Four quinoline acid derivatives (Q1-Q4) were tested for
their ability to scavenge free radicals in vitro using the DPPH,
ABTS, H,0, and superoxide radical assays. Compound Q1
demonstrated the potent antioxidant in DPPH radical scaven-
ging activity. The obtained results revealed that compound Q4
exhibits effective scavenging activity in ABTS and hydrogen
peroxide. The superoxide radical scavenging results showed
that compound Q2 exhibit good radical quenching capacity.
Structure-based antioxidant property in gas phase was also
calculated using DFT/B3LYP/6-311++(d,p) level of theory in
this study. Quinoline acids (Q1-Q4) demonstrated high HOMO
energies and had low GAP, indicating a high antioxidant potential.
Based on electrostatic potential map (MEP), natural population
distribution analysis (NPA) and natural bond orbital analyses
(NBO), nitrogen appears to be the most powerful radical attac-
king site. According to the bond dissociation energies (BDE)
results, compound Q1 exhibits low bond dissociation energy
in the O-H radical, which suggests that it follows the HAT
mechanism. The N-H radical in Q4 molecule evidently follows
the SET-PT mechanism due to the lower value of PDE and BDE
than O-H radical. The analysis of the spin distributions of N*
and O° revealed a stabilization order of Q1 > Q2 > Q3 > Q4.
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