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Communicated by Ramaswamy H. Sarma.

ABSTRACT
An imbalance between reactive oxygen species (ROS) and their elimination by antioxidants damages
the cell and infect whole organism. The biological defence system against oxidative stress injury is
Kelch-like ECH associated protein 1 (Keap1)-nuclear factor erythroid 2-related factor 2 (Nrf2)-antioxi-
dant response elements (ARE) pathways. Antioxidants activate the Nrf2-ARE-Keap1 pathway and sup-
press the oxidative stress. Flavonoids are well known medicinal compounds inheriting antioxidant
efficacy and wide spectrum of pharmacological activities. The study is aimed to synthesise, character-
ize and evaluate pharmacological activities of synthesized chloro-derivatives of flavonoids. Chloro-
derivatives of flavonoids were synthesized and characterized by IR, 1H NMR and 13C NMR. Antioxidant
potential of each synthesized compound was evaluated and then subjected to molecular docking with
Keap1 (PDB ID: 2FLU) for the activation of Nrf2 and computational studies were performed by using
DFT approach. Among the synthesized compounds compound 1a exhibited lower IC50 value. While
docking and computational studies infer that compound 3c is a good Nrf2 activator and radical scav-
enger with highest docking score and lower energy gaps and IP values compared to references.
Hence, it might be considered for further molecular studies for the treatment of inflammatory diseases
through Nrf2-ARE-Keap1 pathway.

HIGHLIGHTS

� Chloro-substituted hydroxychalcones, hydroxyflavanones and hydroxyflavindogenides were
synthesized.

� Antioxidant potential was accessed, compound 1a exhibited good antioxidant potential.
� In silico study was performed with Keap1, compound 3c have shown highest docking score
with Keap1.

� DFT approach was used to explore the structure activity relationship.

Abbreviations: ABTS: 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid); ACE: Atomic Contact
Energy; Ar: Aromatic; ARE: Antioxidant response elements; ATP: Adenosine diphosphate; d: Doublet; d:
Deutrated; dd: Doublet of doublet; DFT: Density Functional Theory; DMSO: Dimethylsulfoxide; DPPH:
2,2-diphenyl-1-picrylhydrazyl; DNA: Deoxyribonucleic acid; DS: Discovery Studio; Egap: Energy gaps; FLS:
Fibroblast-like synoviocytes; FMOs: Frontier molecular orbitals; FT-IR: Fourier-transform infrared spec-
troscopy; g: Gram; HO-1: Heme oxygenase-1; HOMOs: Highest occupied molecular orbitals; hv:
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SunlightHzHertz; IC50: Half maximal inhibitory concentration; ICT: Intra-molecular charge transfer; IP:
Ionization potentials; IR: Infrared; J: Coupling constant; Keap1: Kelch-like ECH associated protein 1;
LUMOs: Lowest unoccupied molecular orbitals; MEP: Molecular electrostatic potential; mL: Millilitre;
mM: Millimole; M: Mole; MS: Mass Spectroscopy; Nm: Nanometer; NMR: Nuclear Magnetic Resonance;
Nrf2: Nuclear factor erythroid 2-related factor 2; PDB: Protein Data Bank; QSAR: Quantitative structure-
activity relationship; RASFs: Synovial fibroblasts derived from RA patients; RCSB: Research Collaboratory
for Structural Bioinformatics; ROS: Reactive oxygen species; SAR: Structure-activity relationship; TLC:
Thin layer chromatography

Introduction

Flavonoids are one of the largest classes of polyphenolic
compounds widely distributed in plants, possessing extensive
antioxidant, medicinal and chelating properties (Heim et al.,
2002). Structurally flavonoids have a skeleton of 15-carbons,
consisting of two benzene rings (A and B rings) joined via a
3-carbon chain that forms a heterocyclic pyran ring (C)
(Figure 1) (Amic et al., 2007). They could be further classified
into major groups depending on their chemical structure,
degree of oxidation and linking chain un-saturation flavo-
noids i.e. flavonols, dihydroflavonols, chalcones, isoflavones,
dihydroisoflavones, bioflavonoids, orange ketones and antho-
cyanidins (Atwood & Buck, 2020). Flavonoids have been
reported beneficial for human health and exhibit a wide
range of pharmacological activities such as antioxidant, anti-
diabetic, anti-inflammatory, antibacterial, anticancer and anti-
viral activities, vasodilating actions and hepatoprotective
effect (Abotaleb et al., 2018; Ashraf et al., 2020; G�orniak et
al., 2019; Karak, 2019; Maleki et al., 2019; Pietta, 2000).
Though, antioxidant activities of flavonoids has gained
uppermost interest due to their ability to scavenge and
reduce free radical formation (Pietta, 2000).

Free radicals are reactive oxygen species (ROS) produced
continuously in all cells as part of normal cellular function
and various environmental factors (Young & Woodside,
2001). However, excessive production of ROS leads to oxida-
tive stress consequently miscellaneous damage to cells com-
prising upswing of cytosolic Ca2þ, decline of ATP level in
cells, DNA damage, and biological dysfunction in lipid
bilayer. These deleterious effects result in all kind of diseases
(Mao et al., 2017). Antioxidants are the substances which
reduce oxidative stress and modulate its consequences by
combating ROS (Halliwell et al., 1995).

Various researchers have explored the antioxidant activity
of flavonoids and numerous efforts have been made to
investigate the structure activity relationship (SAR). It has
been established that antioxidant activity of flavonoids is
dependent on structure (Sarian et al., 2017). Mughal et al.
synthesized derivatives of 3-benzyloxyflavone and deter-
mined their cholinesterase inhibitory potential including
acetylcholinesterase (0.05) and butyrylcholinesterase (0.09)
(Mughal et al., 2020). Ashraf et al. synthesized flavonols and
studied their dual inhibitory effect for A-amylase and A-glu-
cosidase along with SAR via in vitro and in silico studies
(Ashraf et al., 2020). Ashraf et al. also designed and synthe-
sized 2-phenylchromone derivatives as potent tyrosinase
inhibitors via in vitro and in silico studies (Ashraf et al., 2021).
Yang et al. reported 90.4% DPPH radical scavenging activity

of rutin at the concentration of 0.05mg/mL (Yang et al.,
2008). Singh et al. determined the antioxidant potential of
common flavonoids via DPPH, ABTS and deoxyribose protec-
tion assay. They reported catechin hydrate, the strongest
antioxidant compound (IC50; 8.34, 4.93 and 5.96mg/mL)
among 3-hydroxyflavone (IC50; 503.7, 20.83, 216.5 4), 7-
hydroxyflavone (IC50 ND, 19.35, 96.4), t-chalcone (IC50 ND
225.7, 542.8), hesperetin (IC50; 363.7, 8.37, 97.1), flavanone
(IC50; 2707.8, 525.8, 99.68), quercetin (IC50; 6.55, 13.78, 7.58),
rutin (IC50; 9.44, 14.6 3, 1.2 9.87), quercetin hydrate (IC50;
4.71, 10.6 3, 20.1) and kaempferol (IC50; 17.30, 8.54, 7.17)
(Singh et al., 2018) (Figure 2).

Nuclear factor erythroid 2-related factor 2 (Nrf2), a tran-
scriptional factor, is found to play a central role in moderat-
ing cellular protection against oxidative stress as well as
ameliorate the inflammatory response (Tran et al., 2018;
Zhang et al., 2019). Kelch-like ECH-associated protein 1
(Keap1) is an inhibitor of Nrf2. Under normal conditions,
Keap1 forms a complex with Nrf2 leading to its proteasomal
degradation and inactivation (Sun et al., 2017). Upon expos-
ure to oxidative stress, Nrf2 detaches from Keap1 and trans-
locates into the nucleus where it binds to antioxidant
response elements (ARE) and induces the expression of a
battery of endogenous antioxidant, cytoprotective enzymes
to provide cellular protection (Bresciani et al., 2017).
Targeting Nrf2 signalling has emerged as a core and effective
therapy to treat or lower the risk of diseases caused by oxi-
dative stress (Zhai et al., 2018).

Flavonoids are among the most noticeable phytochemi-
cals that suppress inflammation by triggering Nrf2 pathway
(Li et al., 2019). Many natural flavonoids has been pinpointed
as therapeutic agents for human diseases through Nrf2 acti-
vation, some commercially available flavonoids are taxifolin,
quercetin, procyanidins genistein and kaempferol (Li et al.,
2018). Calycosin suppresses the expression of pro-inflamma-
tory cytokines by inducing p62/Nrf2-linked HO-1 pathway in
synovial fibroblasts derived from RA patients (RASFs) (Su et
al., 2016). Wu et al. also reported that dihydromyricetin
inhibits the expressions of pro-inflammatory cytokines in RA
model via activating Nrf2 pathway (Wu et al., 2016).
Resveratrol attenuated RA through activation of Nrf2-ARE sig-
naling pathway via SIRT1/NF-jB/miR-29a-3p/Keap1 and
SIRT1/NF-jB/miR-23a-3p/cul3 signaling pathway in primary
rat fibroblast-like synoviocytes (FLS) (Wang et al., 2020).

Owing to the diverse biological activities of flavonoids,
new flavonoid derivatives were synthesized and character-
ized. Moreover, the synthesized compounds were explored
for their in vitro and in silico antioxidant activities. Molecular
docking of all synthesized compounds was performed to find
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their affinity for Keap1 and activation of Nrf2. DFT was used
to study the radical scavenging activity of the synthesized

compounds by hydrogen atom transfer and one electron
transfer mechanisms.

Figure 1. Structures of flavonoids. Hydroxychalcones (A), hydroxyflavanones (B) and hydroxyflavindogenides (C).

Figure 2. Structures of some potent flavonoids.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 3



Experimental

Materials and methods

Previously reported method was used to synthesize the 2,5-
dihydroxyacetophenone (Amin & Shah, 2003). Silica gel 60
F254 TLC plates were used to observe the reaction while FT-
IR, 1H NMR and 13C NMR spectra and EIMS data were
recorded on Agilent Technologies 41630, AVANCE AV-
400MHz and AVANCE AV-500MHz, Bruker 125MHz and JEOL
MS 600H-1respectively.

General method for the synthesis of flavonoids

First, 0.3mM 2,5-dihydroxyacetophenone (Sigma-Aldrich),
0.3mM chlorobenzaldehyde (Sigma-Aldrich) and 20mL ben-
zene (Sigma-Aldrich) were mixed. This resulting mixture was
added in 0.03mM p-toluene sulfonic acid (Parchem) and
refluxed it for 48 h. Thin layer chromatography (TLC) (Merck)
was used to observe the reaction status at different time.
After the completion of reaction, benzene was evaporated
completely under vacuum. Finally the residue was purified
by using ethyl acetate:hexanes (4:1) (Commercial) as eluent
in silica gel column to obtain compounds 1a, 2a, 3a, 3b
and 3c.

(E)-3-(2-Chlorophenyl)-1-(2,5-dihydroxyphenyl)prop-2-en-1-
one (1a)
Physical state: solid; appearance: orange powder; yield: 0.3 g
(18 %); melting point: 213 �C; Rf value: 0.6 (ethyl acetate:
hexanes 1:4); FT-IR: V (cm–1): 3358 (-OH), 3060 (Ar-H), 1686
(C¼O), 1577, 1507 (C¼C), 760 (C-Cl). 1H NMR: (500MHz/
DMSO-d6): d 11.46 (1H, s, 20-OH), 9.19 (1H, s, 50-OH), 8.17 (1H,
d, J¼ 7.3 Hz, 6-H), 8.07 (1H, d, J¼ 15.5 Hz, b-H), 7.96 (1H, d,
J¼ 15.5 Hz, a-H), 7.59 (1H, d, J¼ 7.6 Hz, 3-H), 7.52-7.45 (3H,
m,4- H, 5-H, 60-H), 7.06 (1H, dd, J¼ 8.8, 2.8 Hz, 40-H), 6.87 (1H,
d, J¼ 8.8 Hz, 30-H). 13 C NMR: d 193.13 (C¼O), 154.76 (20-C),
150.09 (50-C), 138.91 (b-C), 134.89 (1- C), 132.65 (2-C), 132.63
(3-C), 130.56 (4-C), 129.18 (6-C), 128.26 (5- C), 125.97 (10-C),
124.95 (a-C), 121.79 (40-C), 118.84 (30-C), 115.64 (60-C).

2-(3-Chlorophenyl)-6-hydroxychroman-4-one (2a)
Physical state: solid; appearance: light orange powder; yield:
0.2 g (12 %); melting point: 202 �C; Rf value: 0.8 (ethyl acet-
ate: hexanes 1:4); FT-IR: V (cm–1): 3351 (-OH), 3054 (Ar-H),
1654 (C¼O), 1578, 1521 (C¼C), 754 (C-Cl). 1H NMR:
(500MHz/DMSO-d6): d 9.48 (1H, s, 6-OH), 7.78 (1H, d,
J¼ 7.35Hz 30-H), 7.61-7.53 (1H, m, 40-H), 7.49-7.44 (2H, m, 50-
H, 60-H), 7.13 (1H, d, J¼ 1.8 Hz, 5-H), 7.06 (1H, dd, J¼ 8.8,
2.9 Hz, 7-H), 6.98 (1H, d, J¼ 8.8 Hz, 8-H), 5.79 (1H, dd,
J¼ 13.3, 1.65Hz, 2-H), 3.19 (1H, dd, J¼ 16.6, 13.8 Hz, Ha), 2.79
(1H, dd, J¼ 16.8, 2.3 Hz, Hb). 13 C NMR: d 191.71 (C¼O),
154.77 (8a-C), 152.33 (6-C), 152.28 (30-C), 137.51 (10- C),
131.94 (20-C), 130.69 (30-C), 128.61 (40-C), 128.18 (60-C), 125.09
(50-C), 121.26 (5-C), 120.65 (7-C), 119.43 (4a-C), 110.52 (8-C),
76.29 (2-C), 42.84 (3-C).

(E)-3-(2-Chlorobenzylidene)-2-(2-chlorophenyl)-6-hydroxy-
chroman-4-one (3a)
Physical state: solid; appearance: yellow needles; yield: 0.4 g
(17 %); melting point: 276 �C; Rf value: 0.72 (ethyl acetate:
hexanes 1:4); FT-IR: V (cm–1) 3358 (-OH), 3060 (Ar-H), 1654
(C¼O), 1575, 1456 (C¼C), 1214 (C-O), 764 (C-Cl). 1H NMR:
(500MHz/DMSO-d6): d 9.64 (1H, s, 6-OH), 8.01 (1H, s, C¼C-
H), 7.58 (1H, d, J¼ 8.0 Hz, 600-H), 7.55 (1H, d, J¼ 8.0 Hz, 30-H),
7.44 (1H, t, J¼ 8.0 Hz, 400-H), 7.38 (1H, dt, J¼ 8.0,1.4 Hz, 40-H),
7.31-7.25 (2H, m, 50- H, 500-H), 7.23 (1H, d, J¼ 3.0 Hz, 5-H),
7.13 (1H, d, J¼ 8.9 Hz, 300-H), 7.98 (1H, dd, J¼ 3.0, 8.3 Hz, 7-H),
6.78 (1H, d, J¼ 7.6 Hz, 8-H), 6.73 (1H, d, J¼ 8.8 Hz, 60-H), 6.55
(1H, s, 2-H). 13 C NMR: (125MHz/DMSO-d6): d181.45 (C¼O),
152.80 (8a-C), 151.64 (6-C),136.06 (10-C), 135.86 (¼CH), 134.27
(200-C), 133.99 (3-C), 133.92 (100-C), 132.15 (300-C), 132.02 (400-
C), 131.65 (30-C), 131.08 (40-C), 130.47 (50-C), 129.87 (60-C),
129.75 (600-C), 127.92 (500-C), 127.82 (20-C), 125.99 (7-C),
121.97 (4a-C), 120.13 (8-C), 111.07(5-C), 75.36 (2-C).MS (EIþ):
m/z 396 (Mþ, 1.4%), 361 (100), 326 (1.7), 297 (1.7), 278 (2.0),
251 (1.6), 225 (10), 189 (8.5), 163 (2.5), 136 (7.3).

(E)-3-(3-Chlorobenzylidene)-2-(3-chlorophenyl)-6-hydroxy-
chroman-4-one (3b)
Physical state: solid; appearance: yellow needles; yield: 0.8 g
(34 %); melting point: 289 �C; Rf value: 0.9 (ethyl acetate:
hexanes 1:4); FT-IR: V (cm–1): 3375 (-OH), 3078 (Ar-H), 1670
(C¼O), 1577, 1458 (C¼C), 681 (C-Cl). 1H NMR: (500MHz/
DMSO-d6): d 9.59 (1H, s, 6-OH), 7.99 (1H, s, C¼C-H), 7.53-
7.41 (6H, m, 20-H, 40-H, 200-H, 600-H, 400-H, 500-H), 7.30-7.25 (2H,
m, 50- H, 60-H), 7.11 (1H, d, J¼ 3.0 Hz, 5-H), 7.01 (1H, dd,
J¼ 3.0, 8.8 Hz, 7- H), 6.94 (1H, d, J¼ 8.8 Hz, 8-H), 6.63 (1H, s,
2-H). 13 C NMR: (125MHz/DMSO-d6): d 181.53 (C¼O), 152.73
(8a-C), 151.76 (6-C), 140.75 (10-C), 138.31 (¼CH), 135.82 (100-
C), 134.27 (30-C), 134.16 (300- C), 133.13 (3-C), 131.39 (50-C, 500-
C), 130.29 (200-C), 130.21 (400-C), 129.36 (40-C), 128.47 (600-C),
127.51 (20-C), 126.38 (60-C), 125.77 (7- C), 122.18 (4a-C),
120.43 (8-C), 111.00(5-C), 89.76 (2-C). MS (EIþ): m/z 396 (Mþ,
72%), 361 (13.2), 297 (1.7), 285 (19.2), 260 (16.6), 225 (28.3),
189 (23.7), 163 (1.9), 137 (100), 136 (85.5).

(E)-3-(4-Chlorobenzylidene)-2-(4-chlorophenyl)-6-hydroxy-
chroman-4-one (3c)
Physical state: solid; appearance: yellow needles; yield: 0.95 g
(38 %); melting point: 292 �C; Rf value: 0.8 (ethyl acetate:
hexanes 1:4); FT-IR: V (cm–1): 3388 (-OH), 3051 (¼C-H), 1665
(C¼O), 1598, 1492 (C¼C), 768 (C-Cl). 1H NMR: (500MHz/
DMSO-d6): d9.48 (1H, s, 6-OH), 7.99 (1H, s, C¼C-H), 7.53 (2H,
d, J¼ 8.3 Hz, 200-H, 600-H), 7.45 (2H, d, J¼ 8.4 Hz, 50-H, 60-H),
7.40–7.38 (4H, m,30-H, 50-H, 300-H, 500-H), 7.11 (1H, d,
J¼ 2.6 Hz, 5-H), 6.99 (1H, dd, J¼ 2.8, 8.8 Hz, 7-H), 6.91 (1H, d,
J¼ 8.8 Hz, 8-H), 6.62 (1H, s, 2-H). 13 C NMR: (125MHz/DMSO-
d6): d181.64 (C¼O), 152.71 (8a-C), 151.68 (6-C), 138.25
(¼CH), 137.26 (10-C), 135.36 (400-C), 133.96 (3-C), 132.74 (40-C),
132.66 (100-C), 132.22 (200-C, 600-C), 129.66 (30-C, 50-C), 129.61
(300- C, 500-C), 129.47 (20-C, 60-C), 125.52 (7-C), 122.30 (4a-C),
120.36 (8- C), 111.06 (5-C), 76.48 (2-C). MS (EIþ): m/z 396
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(Mþ, 78%), 361 (18), 297 (2), 285 (12), 260 (14), 225 (67), 189
(37), 163 (8), 137 (100), 136 (87).

In vitro antioxidant activities

DPPH free radical scavenging activity
Free radical scavenging activity of synthesized compounds
was evaluated by DPPH assay. 0.15mL of different concentra-
tions of test compounds was mixed with 2.85mL of ethanolic
DPPH (0.05mM) (Sigma-Aldrich) solution and incubated in
dark at 37 �C. The absorbance was recorded at 517 nm after
15, 30, 45, 60 and 120mins of incubation (Tajammal et al.,
2017). The percentage activity was calculated with following
equation:

%Scavengingactivity ¼ Ac � At=Acð Þ � 100

where, Ac ¼ absorbance of control and At ¼ absorbance of
test compound.

ABTS activity
2,20-Azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS)
regent (bio WORLD) was used to estimate ABTSþ scavenging
activity. Aqueous solution of ABTS (7mM) was mixed with
2.4mM aqueous potassium persulfate (Sigma-Aldrich) solu-
tion and left in dark for about 16 h at room temperature. For
antioxidant assay, the solution was diluted with ethanol
(Merk) to set absorbance to 0.7 ± 0.02 at 734 nm. Finally,
0.15mL of various concentrations of test compounds in etha-
nol was mixed with ABTS reagent. The absorbance was
recorded after 5, 15, 30, 45, 60 and 120mins of incubation at
734 nm. Following relation was used to calculate the % scav-
enging activity (Tajammal et al., 2017).

%scavengingactivity ¼ Ac � At=Acð Þ � 100

where, Ac ¼ absorbance of control and At ¼ absorbance of
test compound.

Iron chelating activity
Iron chelation was determined by adding 0.05 % methanolic
o-phenanthroline (ACROS ORGANICS) and 200mM metha-
nolic ferric chloride (ICON CHEMICAL) solutions in different
concentrations of the test compounds. The mixture was incu-
bated at room temperature and absorbance was measured
after 10, 30, 45, 60 and 120mins at 512 nm. % activity was
determined by using the following formula (Tajammal et al.,
2017).

%reducingpower ¼ At=Ac � 1ð Þ � 100

where, Ac ¼absorbance of control and At ¼ absorbance of
test compound.

FeCl3 reducing power activity
FeCl3 reducing power was measured by adding 1 % potas-
sium ferricyanide (ACROS ORGANICS) to different dilutions of
tested compounds. The resulting mixture was incubated for
20mins at 50 �C and cooled to room temperature. Then 10
% trichloroacetic acid (AnalaR NORMAPUR) was added to the

resulting mixture and centrifuged for 10mins at 3000 rpm.
Supernatant was diluted with equal volume of distilled water
and mixed with 1mL of freshly prepared 0.1 % aqueous solu-
tion of ferric chloride. The reaction mixture was incubated at
room temperature and absorbance was recorded after 10,
30, 45, 60 and 120mins at 700 nm. % reducing power was
calculated by the following equation (Tajammal et al., 2017).

%reducingpower ¼ At=Ac � 1ð Þ � 100

where, Ac ¼ absorbance of control and At ¼ absorbance of
test compound.

Phosphomolybdenum activity
Phosphomolybdenum (PM) activity was measured by using
PM reagent (0.6M sulphuric acid þ 28mM sodium phos-
phate þ 4mM ammonium molybdate). Different concentra-
tions of tested compounds were prepared and PM reagent
was added to each concentration. The reaction mixture was
incubated for 1:30 h at 95 �C and absorbance was recorded
after 15, 30 and 45mins at 765 nm. % reducing power was
calculated by using the following equation (Tajammal et al.,
2017).

%reducingpower ¼ At=Ac � 1ð Þ � 100

where, Ac ¼ absorbance of control and At ¼ absorbance of
test compound.

In silico evaluations

Molecular docking of the synthesized flavonoids was carried
out against Keap1. Three-dimensional crystal structure of the
Keap1 protein was obtained from the Research Collaboratory
for Structural Bioinformatics (RCSB) Protein Data Bank (PDB
ID: 2FLU at 1.50 Å resolution) (Athar et al., 2016).

Preparation of target Keap 1 and compounds for docking
Discovery Studio (DS) 4.5 Visualizer was used to prepare
receptor protein for docking by removing water molecules
and adding hydrogen atoms. Three-dimensional structures of
the synthesized compounds were drawn and optimized by
using Avogadro software. All the files of receptor protein
and compounds were saved in PDB format (Athar et
al., 2016).

Binding pockets determination
Protein binding pocket was visualized by using Deepsite-
PlayMolecule and the amino acids surrounding the binding
pocket were noted (Jim�enez et al., 2017).

Receptor-ligand interaction
Docking of the synthesized compounds individually against
Keap1 was performed by using Patch Dock which works on
the shape complementarity principles (Schneidman-Duhovny
et al., 2005). The docking results were selected in view of the
amino acid residues in the binding pocket. The receptor-lig-
and interaction was evaluated on the basis of docking score
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and Atomic Contact Energy (ACE). Furthermore hydrogen
bonding and hydrophobic interactions were also recorded in
the vicinity of binding pocket using Discovery Studio
4.5 Visualizer.

Computational detail
To understand the radical scavenging procedure H-atom
transfer and one-electron transfer mechanisms are frequently
used (Belcastro et al., 2006; Wright et al., 2001). In the pre-
sent study, we have shed light on the one-electron transfer
mechanism. Recently, density functional theory (DFT) has
been proved proficient method that reproduces the experi-
mental data (Chaudhry et al., 2014a, 2014b; Irfan & Al-
Sehemi, 2014). The ground state geometries were optimized
by using B3LYP functional (Irfan et al., 2016, 2017) and 6-
31G�� basis set. Details about methodology can be found in
the reference. Ionization potentials (IP) have been calculated
as under (Al-Sehemi et al., 2016).

IP ¼ �EHOMO (1)

EA ¼ �ELUMO (2)

All calculations were performed by Spartan ‘14 v1.1.8’ at
B3LYP/6-31G�� level which has been proved an efficient and
reasonable approach to shed light on the structure-activity

relationship and other physiochemical properties (Al-Sehemi
et al., 2016, 2017).

Results and discussion

Flavonoid derivatives chalcone (1a), flavanone (2a) and fla-
vindogenides (3a-3c) were isolated from the reaction mixture
of 2,5-dihydroxyacetophenone and chlorobenzaldehydes.
Benzene was chosen as a best solvent among the various
endeavoured solvent systems like methanol, ethanol, 2-pro-
panol and toluene. 1H NMR, 13C NMR techniques were used
to characterize the synthesized compounds. Appearance of
two doublets with J¼ 15.6 corresponding a and b proton of
the ethene linkage was a prominent identification for the
synthesis of chalcones. Absence of these signals and appear-
ance of signals at d 5.75, 3.22, and 2.88 confirming the 2-H,
3Ha and 3Hb of the hetero ring signposted the formation of
flavanones. The synthetic scheme of flavanones, chalcones
and flavindogenides from 2,5-dihydroxyacetophenone and
benzaldehydes is given in scheme 1, whereas the physio-
chemical data of the synthesized compounds is summarized
in Table 1.

Scheme 1. Synthesis of chloro-substituted hydroxychalcones (2), hydroxyflavanones (3) and hydroxyflavindogenides (4).

Table 1. Physicochemical characterization data of the synthesized compounds.

Compound -R Molecular formula Molecular weight Melting point (�C) Yield (%)

1a 2-Cl C15H11O3Cl 274.6 213 18
2a 2-Cl C15H11 O3Cl 274.6 202 12
3a 2-Cl C22H14 O3Cl2 396.2 276 17
3b 3-Cl C22H14 O3Cl2 396.1 289 34
3c 4-Cl C22H14 O3Cl2 396.1 292 38
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In vitro antioxidant activities

The radical scavenging activity of the tested compounds was
evaluated by their interaction with DPPH free radical. The
tested compounds except 1a were not good DPPH radical
scavengers and showed IC50 values more than 2000lM com-
pared to standard compounds. Compound 1a showed excel-
lent IC50 (91.7 ± 8.34, 117± 16.89, 173 ± 46.34, 134± 18.46, and
234± 9.57) at different time intervals compared with Trolox
and Ascorbic acid. Increasing order was observed in the IC50 of
tested compounds (Table 2).

All the compounds were tested for ABTS activity in time
dependent and concentration dependent manner. IC50 values
for all the compounds and standard compounds were
depicted in Table 3.

All the tested compounds showed impressive IC50. Especially,
compound 1a showed prominent ABTS compared with standard

compounds at 5, 15, 30, 45, 60 and 120mins of incubation. IC50 of
compound 3a was comparable to trolox and lower than ascorbic
acid up to 45mins of activity. Overall the order of activity of the
tested compounds was 1a> 3a> 2a> 3b> 3c.

The tested compounds were examined for their reducing
ability of ferric ions. The synthesized compounds reduced

Table 2. DPPH radical scavenging activity of tested compounds.

Compounds

IC50 (l M) values at different times (minutes)

15 30 45 60 120

Torolx 225.12 ± 15.12 216.25 ± 10.41 223.18 ± 15.01 214.83 ± 10.43 252.73 ± 17.22
Ascorbic acid 215.50 ± 10.43 221.36 ± 14.81 234.44 ± 15.71 244.46 ± 15.91 240.47 ± 15.81
1a 91.7 ± 8.34 117 ± 16.89 173 ± 46.34 134 ± 18.46 234 ± 9.57
2a >2000 >2000 >2000 >2000 >2000
3a >2000 >2000 >2000 >2000 >2000
3b >2000 >2000 >2000 >2000 >2000
3c >2000 >2000 >2000 >2000 >2000

Table 3. ABTS activity of tested compounds.

Compounds

IC50 (lM) at different times (minutes)

5 15 30 45 60 120

Torolx 32.31 ± 0.21 51.56 ± 0.32 50.38 ± 1.32 53.56 ± 1.78 31.97 ± 1.43 29.33 ± 1.27
Ascorbic acid 76.79 ± 0.89 109.46 ± 1.52 97.47 ± 4.36 64.19 ± 2.11 45.23 ± 1.92 37.91 ± 1.74
1a 15.32 ± 0.34 16.34 ± 0.45 18.30 ± 1.67 19.53 ± 2.98 18.71 ± 1.78 17.35 ± 1.67
2a 96.4 ± 12.76 83.21 ± 14.76 74.3 ± 12.89 68.2 ± 16.23 54.2 ± 10.98 43.1 ± 23.76
3a 30.42 ± 1.23 43.25 ± 2.16 48.56 ± 2.17 50.51 ± 1.32 52.60 ± 0.98 47.37 ± 1.65
3b 60.22 ± 0.76 63.50 ± 2.34 86.31 ± 3.56 102.54 ± 4.21 91.23 ± 1.45 90.78 ± 1.67
3c 82.58 ± 3.21 84.56 ± 4.51 94.51 ± 5.32 103.65 ± 3.22 120.45 ± 2.89 101.89 ± 2.99

Table 4. Iron chelating activity of tested compounds.

Compounds

IC50 (lM) at different times (minutes)

15 30 45 60 120

Torolx 0.46 ± 0.23 0.49 ± 0.25 0.53 ± 0.32 0.41 ± 0.24 0.28 ± 0.11
Ascorbic acid 3.33 ± 1.19 2.15 ± 1.13 0.33 ± 0.67 0.23 ± 0.52 0.24 ± 0.59
1a 5.05 ± 1.89 3.24 ± 2.45 3.56 ± 1.35 3.12 ± 0.76 2.78 ± 1.90
2a 6.327 ± 11.34 18.281 ± 9.45 33.36 ± 10.54 40.722 ± 12.89 39.176 ± 6.45
3a 96.807 ± 1.11 78.514 ± 1.09 368.31 ± 1.23 112.037 ± 2.45 109.43 ± 1.56
3b 223.91 ± 2.45 316.22 ± 2.76 474.41 ± 1.78 815.2 ± 1.98 856 ± 0.23
3c 615.34 ± 2.13 438.51 ± 1.34 420.23 ± 1.23 424.81 ± 0.98 501.23 ± 0.23

Table 5. FeCl3 reducing power activity of tested compounds.

Compounds

IC50 (lM) at different times (minutes)

15 30 45 60 120

Torolx 13.75 ± 2.45 12.04 ± 3.07 11.24 ± 2.74 11.43 ± 1.98 10.06 ± 2.24
Ascorbic acid 14.64 ± 3.34 14.74 ± 3.29 14.02 ± 3.12 13.16 ± 3.54 12.74 ± 2.87
1a 14.12 ± 6.73 16.34 ± 3.89 17.34 ± 7.32 15.23 ± 1.90 14.34 ± 1.92
2a 35.25 ± 17.35 32.19 ± 16.23 30.25 ± 23.41 27.16 ± 2.87 25.41 ± 1.76
3a 19.87 ± 4.56 21.47 ± 4.78 23.328 ± 8.23 23.019 ± 9.34 24.766 ± 1.34
3b 22.56 ± 5.34 24.23 ± 2.67 27.4 ± 1.89 29.56 ± 8.45 30.12 ± 3.67
3c 114.4 ± 5.27 78.2 ± 1.89 74.50 ± 5.78 75.50 ± 3.87 52.61 ± 5.23

Table 6. Phosphomolybdenum assay for all tested compounds.

IC50 (lM) at different times (minutes)

Compounds 15 30 45

Trolox 16.25 ± 2.35 15.89 ± 2.73 15.25 ± 3.43
Ascorbic acid 21.73 ± 1.23 17.37 ± 3.61 15.82 ± 1.58
1a 24.74 ± 0.67 26.34 ± 0.99 28.31 ± 1.23
2a 67.45 ± 1.34 57.82 ± 2.56 43.21 ± 2.89
3a 11.56 ± 6.54 13.71 ± 4.32 12.80 ± 7.23
3b 13.74 ± 5.32 18.45 ± 8.54 19.70 ± 8.32
3c 20.30 ± 9.12 22.78 ± 8.43 25.81 ± 10.11
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ferric ions to ferrous which forms complex with o-phenan-
throline. Compound 1a exhibited greater chelating power
and showed the lowest IC50 value among all the tested com-
pounds. The reducing power of the test compounds in terms
of their IC50 values was calculated and depicted in Table 4.
The increasing order of reducing power of tested com-
pounds was 1a > 2a > 3a> 3b> 3c.

The tested compounds reduced potassium ferricyanide
(Feþ3) to potassium ferrocyanide (Feþ2) which formed ferric
ferrous complex on reaction with ferric chloride. The IC50 val-
ues of all the tested compounds corresponding to their

reducing abilities were summarised in Table 5. All com-
pounds showed impressive and comparable IC50 values with

Figure 3. Three-dimensional structure and binding pocket of Keap1(PDB ID: 2FLU).

Figure 4. Three-dimensional and two-dimensional view of binding site interaction of most potent compound 3c.

Table 7. Molecular docking evaluation of tested compounds.

Compounds Docking score Area ACE

Trolox 3934 425.30 –238.17
Ascorbic acid 2984 301.90 –143.24
1a 4546 480.00 –288.15
2a 4416 458.70 –284.42
3a 4760 523.00 –386.89
3b 5270 557.80 –402.47
3c 5368 622.40 –438.96
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ascorbic acid and trolox. The reducing power of the tested
compounds in increasing order was 1a > 3a > 2a > 3b> 3c.

Furthermore, in PM activity, Moþ6 reduced to Moþ5 by
gaining electron. This reduction ability of all tested were calcu-
lated by phosphomolybdenum assay and depicted their IC50
values in Table 6. All compounds showed excellent reduction
ability in comparison with each other and reference com-
pounds. The order of strength of tested compounds to reduce
the molybdenum was 3a > 3b> 3c >1a > 2a.

Figure 5. The distribution pattern of the HOMOs and LUMOs of chloro-substituted hydroxychalcone (1a), hydroxyflavanone (2a), hydroxyflavindogenides (3a-3c),
aspirin and trolox at ground states.

Table 8. Different HOMO energies (EHOMO), LUMO energies (ELUMO), HOMO-
LUMO gaps (Egap), ionization potentials (IP) and electron affinities (EA) in eV
of studied compounds obtained at B3LYP/6-31G�� level of theory.

Compounds EHOMO ELUMO Egap IP EA

Trolox –5.42 0.12 5.54 5.42 –0.12
Aspirin –7.00 –1.46 5.54 7.00 1.46
1a –5.68 –2.05 3.63 5.68 2.05
2a –5.65 –1.98 3.67 5.65 1.98
3a –5.76 –1.55 4.21 5.76 1.55
3b –5.44 –1.72 3.72 5.44 1.72
3c –5.82 –2.23 3.59 5.82 2.23
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In silico studies

All the synthesized compounds were docked with the bind-
ing site of the Keap1, a potent inhibitor of Nrf2. Figures 3
and 4 and supporting material S2–S7 depicted the binding
pockets of Keap1 protein and their binding interaction with
tested compounds, while their docking scores, area and ACE
values were presented in Table 7. Overall all, synthesized
compounds exhibited better docking score, greater area and
lower ACE values compared to ascorbic acid and trolox.
Comparatively, flavindogenides showed high docking score
among the synthesized flavonoid derivatives particularly
compound 3c, substituted at position C-4 of the

flavindogenide exhibited the highest docking score 5368,
area 622 and lowest ACE –438.96 when compared with other
flavindogenides and reference compounds. High docking
score and lower ACE values supports the affinity of ligand
with receptor protein (Schneidman-Duhovny et al., 2005).
Protein-ligand interactions encountering van der Waal’s,
hydrogen bonds, carbon hydrogen bonds and unfavourable
bumps were visualized with DS. Amino acids of the Kelch
domain of Keap1 make interactions with the Nrf2 (Li et al.,
2004; Lo et al., 2006). C-4 substituted flavonoid derivative
(3c) seems to make interactions with the target protein in
the Kelch domain. It makes interactions with residues Ala366,

Figure 6. The molecular electrostatic potential surfaces of chloro-substituted hydroxychalcone (1a), hydroxyflavanone (2a), hydroxyflavindogenides (3a-3c), aspirin
and trolox.

Table 9. Different QSAR descriptors of studied compounds obtained at B3LYP/6-31G�� level of theory.

Compounds lD (Debye) Area (A2) Volume (A3) Log P HBD HBA Pol. PSA (A2) SE (kJ/mol)

1a 2.67 271.46 254.63 0.21 2 3 61.17 50.21 –50.16
2a 3.17 335.37 349.94 0.09 1 3 68.89 38.87 –46.47
3a 2.63 261.84 261.64 –0.52 1 3 60.55 41.15 –38.57
3b 2.77 403.52 395.08 –0.80 1 5 72.54 48.73 –49.20
3c 1.16 287.77 268.48 0.88 2 3 62.31 50.28 –53.54

lD¼ dipole moment; HBD¼ hydrogen bond donor; HBA¼ hydrogen bond acceptor; PSA¼ polar surface area; SE¼ solvation energy; Pol. ¼ Polarizability).
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Cys368, Val465, Ala466, Val512 of 2FLU (Figure 4). Disruption
of Nrf2-Keap1 interaction favours the activation of Nrf2 and
suppression of oxidative stress, inflammation and related dis-
eases (Li et al., 2008).

Electronic properties

The distribution pattern of the frontier molecular orbitals
(FMOs), e.g. highest occupied molecular orbitals (HOMOs)
and lowest unoccupied molecular orbitals (LUMOs) of all
compounds have been illustrated in Figure 5. In all the
studied compounds, the intra-molecular charge transfer (ICT)
has been observed from HOMO to LUMO. In Table 8, we
have tabulated the HOMO energies (EHOMO), LUMO energies
(ELUMO), HOMO to LUMO energy gaps (Egap), IP and EA at the
B3LYP/6-31G�� level of theory. The EHOMO levels of indigen-
ously synthesized and studied compounds are lower than
the trolox while higher than aspirin. The ELUMO levels of
studied compounds are lower than the trolox while higher
than aspirin. The Egap of all the compounds is smaller than
the trolox and aspirin. Additionally, with respect to charge
transfer ability of the compounds, it is expected that the
higher EA of all the compounds than the referenced com-
pounds (aspirin and trolox) showed that prior compounds
might lead to better electron transport ability. The scaveng-
ing of free radical can be evaluated by single electron dona-
tion. IP is an important descriptor by which the range of
electron transfer can be assessed. By removing electron from
HOMO, one-electron transfer radical cation can be gained. It
can be seen from Table 8 that the smaller IP values of
studied compounds as compared to the aspirin enlightening
that in aforementioned compounds electron transfer mech-
anism might be more promising for the scavenging of free
radicals than referenced compounds.

Molecular electrostatic potential

The three-dimensional surface maps of the molecular electro-
static potential (MEP) are best tool to know the molecular
interactions as well as the relative reactivity sites for the
nucleophilic and electrophilic attack. In Figure 6, we have
illustrated the MEP surface maps of all the studied com-
pounds along with reference compounds to understand the
positive and negative electrostatic potential (ESP) regions.
Furthermore, three different colours including red, blue and
green colours represent the negative, positive and zero
potential regions. It is anticipated that the electrophilic and
nucleophilic attack would be favourable on the negative and
positive ESP, respectively.

QSAR study

In Table 9, we have tabulated different QSAR descriptors e.g.
lD¼dipole moment, area, volume, partition coefficient
(LogP), hydrogen bond donor (HBD), hydrogen bond
acceptor (HBA), polar surface area (PSA), solvation energy
and polarizability of studied compounds. Previously, it has
been shown that PSA should not exceed 120A2 for the orally

active drug which are transported by transcellular route
(Kelder et al., 1999; van de Waterbeemd et al., 1998) and
<100A2 for brain penetration (van de Waterbeemd et al.,
1998) or <60–70A2 (Kelder et al., 1999). The PSA of all the
studied compounds is less than 60A2.

Moreover, the PSA of all the studied compounds is also
smaller than the referenced compound aspirin. On other, lip-
ophilicity of the most of the studied compounds is smaller
than the aspirin and trolox. From the previous studies, it is
widely accepted that the compounds having very high/low
logP values do not have good bio-availability as they cannot
cross hydrophilic and lipophilic barricades, respectively.
Compound having intermediate log P values have more
probability to attain at the receptor site.

A negative value for logP means the compound has a
higher affinity for the aqueous phase (it is more hydrophilic);
when logP¼ 0 the compound is equally partitioned between
the lipid and aqueous phases; a positive value for logP
denotes a higher concentration in the lipid phase (i.e. the
compound is more lipophilic). It is expected that 3a and 3b
have negative logP values revealing that these compounds
might be hydrophilic. While all other compounds have posi-
tive values illuminating that these compounds might be
more lipophilic.

Conclusion

Acid catalysed condensation reaction of various chloroben-
zaldehydes with 2,5-dihydroxyacetophenone gives chalcones,
flavanones and flavindogenides. All the synthesized com-
pounds exhibited good antioxidant potential. QASR studies
and molecular docking results revealed that aforesaid com-
pounds manifested comprehensive intra-molecular charge
transfer from the HOMOs to the LUMOs with smaller IP and
Egap values, and high docking score for Nrf2 activation com-
pared to referenced compounds. Based on these evidences,
tested compounds especially 3c might be used to suppress
the inflammation by changing the conformation of Keap1
and activating Nrf2-ARE-Keap1 pathway.
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