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, crystal structure, in vitro
cytotoxicity evaluation, density functional theory
calculations and docking studies of 2-(benzamido)
benzohydrazide derivatives as potent AChE and
BChE inhibitors†

Naghmana Kausar, *a Shahzad Murtaza,*a Muhammad Nadeem Arshad,bc

Rahman Shah Zaib Saleem, d Abdullah M. Asiri, bc Samia Kausar,ah

Ataf Ali Altaf, e Adina Tatheer,a Ashraf Y. Elnaggar f and Salah M. El-Bahyg

A series of hydrazone derivatives of 2-(benzamido) benzohydrazide was designed, synthesized, and

characterized utilizing FTIR, NMR and UV spectroscopic techniques along with mass spectrometry.

Compound 10 was also characterized through X-ray crystallography. These synthesized compounds

were assessed for their potential as anti-Alzheimer's agents by checking their AChE and BChE inhibition

properties by in vitro analysis. The synthesized derivatives were also evaluated for their antioxidant

potential along with cytotoxicity studies. The results clearly indicated that dual inhibition of both the

enzymes acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) was achieved by most of the

compounds (03–13), showing varying IC50values. Remarkably, compound 06 (IC50 ¼ 0.09 � 0.05 for

AChE and 0.14 � 0.05 for BChE) and compound 13 (IC50 ¼ 0.11 � 0.03 for AChE and 0.10 � 0.06 for

BChE) from the series showed IC50 values comparable to the standard donepezil (IC50 ¼ 0.10 � 0.02 for

AChE and 0.14 � 0.03 for BChE). Moreover, the derivative 11 also exhibited selective inhibition against

BChE with IC50 ¼ 0.12 � 0.09. Meanwhile, compounds 04 and 10 exhibited good anti-oxidant activities,

showing % scavenging of 95.06% and 82.55%, respectively. Cytotoxicity studies showed that the

synthesized compounds showed cell viability greater than 80%; thus, these compounds can be safely

used as drugs. DFT and molecular docking studies also supported the experimental findings.
1 Introduction

Among protracted neurological diseases, Alzheimer's disease
(AD) is the most important, which leads to neuropsychiatric
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symptoms, insufficient daily life activities and dementia.1

Almost 80% of dementia cases are due to AD and it is a major
cause of death worldwide.2–4 Elderly people over 65 years of age
are victims of this disease. The distribution of this disease is
heterogeneous across the globe, being less dominant in Sub-
Saharan African regions and more common in North America
and Western Europe.5 This neurodegenerative brain disorder
depends on many factors and the main cause of this disease is
the increased aggregation of b-amyloid peptides (Ab) outside
the neuron cells in the brain,6 which leads to dysfunction of the
cholinergic system,7,8 oxidative stress,9 inammation10 and loss
of cognitive function.11 The most appropriate target for AD drug
design is the cholinergic system12,13 due to its major contribu-
tion towards regulation and memory processes.14,15 Cognitive
function is lost in AD patients due to very low cholinergic
neurotransmission in various parts of the human brain, espe-
cially in the cortical region, due to disturbance in the levels of
acetylcholine (ACh) due to its hydrolysis by cholinesterases
(ChEs). Ach, being a neurotransmitter, has its role in the
inection of memory function, both under neurodegenerative
and normal conditions.16 Regulation of the levels of ACh
© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration and, in turn, cholinergic signaling is regulated by
hydrolytic enzymes, butyrylcholinesterase (BChE) and acetylcho-
linesterase (AChE). Both these enzymes belong to the ChE family
of enzymes and are extremely efficient in the hydrolysis of ACh.
They can hydrolyze about 10000 molecules of ACh per second.17

One of the suggested therapies for the treatment of AD patients is
by inhibiting the butyrylcholinesterase (BChE) and acetylcholin-
esterase (AChE) enzymes by developing inhibitors of these ChE
enzymes, improving the level of acetylcholine (ACh) in the bodies
of AD patients and leading to improved neurotransmitter
action.12 This therapy also results in the improvement of both
memory and mental symptoms. Many AD patients are treated by
improving the cholinergic neurotransmission level in the body
using AChE inhibitor drugs such as rivastigmine, galantamine
and donepezil. However, in addition to very expensive therapies
using these drugs, the reoccurrence of symptoms as well as very
serious side effects are observed using these drugs.

Under this situation, it is very crucial to continue working for
the development of highly efficient andmore potent inhibitors for
these cholinesterases (ChEs). Benzohydrazide derivatives are
found to possess broad biological andmedicinal importance, thus
providing a basic nucleus for the construction of inhibitors
against these hydrolyzing enzymes. The compounds bearing
benzohydrazide nucleus has been continuously explored for the
treatment of many diseases, including AD. They have been found
to act as analgesics,18 antimicrobial agents,19 and anticancerous
agents.20 In addition, the benzohydrazide derivatives also possess
good antiHIV21 and antitubercular22 activities along with signi-
cant AChE and BChE inhibition activities.23,24 Recent studies have
been carried out to synthesize benzohydrazide derivatives, pos-
sessing the ortho-substituted sulfonamide moiety, which dis-
played potential inhibitory prole against BChE and AChE
enzyme.25 In this context, we developed both amide- and
sulfonamide-derived benzohydrazide derivatives and found that
the amide derivatives possessed good inhibitory activity against
both AChE and BChE enzymes.26 Keeping in view the previous
efforts that were put to nd good inhibitors for AChE and BChE,
more benzohydrazide derivatives with thiophene-2-carboxamide
moiety attached at the ortho position were synthesized, which
showed comparatively good potency against both these enzymes.27

To further elucidate the importance of amide-derived ben-
zohydrazide derivatives, we synthesized a series of 2-(benza-
mido) benzohydrazide derivatives. The characterization of the
synthesized compounds was done utilizing UV, FTIR, and NMR
spectroscopic techniques along with mass spectrometry and X-
ray crystallographic analysis. The inhibitory activity of the
synthesized compounds was assessed against human AChE and
BChE. Furthermore, the experimental ndings were validated
by carrying out DFT analysis and molecular docking studies.

2 Materials and methods

Analytical grade benzoyl chloride, methyl anthranilate, hydra-
zine hydrate, and various aldehydes were acquired from Sigma
Aldrich (USA) and were utilized as delivered by the company.
The melting points of the compounds were taken using elec-
trothermal melting point apparatus. Bio-rad spectrophotometer
© 2022 The Author(s). Published by the Royal Society of Chemistry
was used to obtain the FTIR spectra. The NMR spectra were
recorded utilizing JEOL DELTA2_NMR Spectrometer using
DMSO-d6 as the solvent (1H, 300 MHz, 13C, 75 MHz). The
chemical shi values for NMR were described in ppm units
while the IR data was represented in n� units. Tandem Mass
Spectrometric analysis (LTQ XL Linear Ion Trap Mass Spectro-
photometer, Thermo Scientic, USA) was utilized to record the
mass spectra using electrospray (ESI) ionization probe.

2.1. Procedure for the synthesis of hydrazone derivatives of
N-(2-(hydrazinecarbonyl)phenyl)benzamide (05–13)

Methyl anthranilate (01) (1.29 mL, 10.0 mmol) was taken in
methanol (5.0 mL), and benzoyl chloride (02) (1.74 mL, 15.0
mmol) in methanol (5.0 mL) was added dropwise into the methyl
anthranilate solution. The reaction mixture was stirred for 2 h,
followed by neutralization with sodium bicarbonate. The
precipitates of methyl-2-benzamidobenzoate (03) were ltered
and washed with amixture of coldmethanol and water to acquire
the product as a pure white solid. A solution of methyl-2-
benzamidobenzoate (03) was reuxed with excess hydrazine
using ethanol as the solvent for two hours. Upon completion of
the reaction, extra solvents were removed from the reaction
mixture under vacuum, followed by performing ethyl acetate/
water extraction of the obtained mixture to remove extra hydra-
zine. MgSO4 was utilized for the drying of ethyl acetate layer,
followed by evaporation under reduced pressure to get the
hydrazide derivative of compound 03, N-(2-(hydrazinecarbonyl)
phenyl)benzamide (04). This compound 04 was further reuxed
with stoichiometric amounts of differently substituted benzal-
dehyde derivatives usingmethanol as the solvent for two hours to
obtain the hydrazone derivatives (05–13).26 Washing of the ob-
tained products was done using cold methanol to get clean
compounds in good yields (nearly 90%) (Scheme 1).

2.2. Single crystal X-ray crystallography

The objective designed compound 10 was crystallized aer the
proposed synthetic steps. The plan was to realize the geometry
and interactions among the molecules in the unit cell. Thus, the
selected single crystal under microscope was mounted on an
Agilent SuperNova (dual source) Agilent Technologies Diffrac-
tometer, equipped with microfocus Cu/Mo Ka radiation for data
collection. The sample was jammed, using locally purchased
glue, over glass bers. This thin glass ber was immersed on
a copper rod, supported via a magnetic base. Data collection was
accomplished using CrysAlisPro soware28 at 296 K under Cu Ka
radiation. The structure solution was performed using the
SHELXS-97 method29 and rened by full-matrix least-squares
methods on F2 using the SHELXL-97 method,29 in-built with
WinGX.30 All non-hydrogen atoms were rened anisotropically by
full-matrix least squares methods.29 The gures were generated
through PLATON31 and ORTEP30 in built with WinGX.30

The X–H (X ¼ C, N, and O) hydrogen atoms for aromatic and
methyl hydrogen atoms were positioned geometrically and
treated as the riding atoms with C–H ¼ 0.93 Å and Uiso(H) ¼ 1.2
Ueq(C) for aromatic carbon atoms, C–H ¼ 0.96 Å and Uiso(H) ¼
1.2 Ueq(C) for methyl carbon atom. The N–H and O–H hydrogen
RSC Adv., 2022, 12, 154–167 | 155
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Scheme 1 Synthetic scheme of methyl-2-(benzamido) benzoate (03),
2-(benzamido) benzohydrazide (04) and Schiff base derivatives of 2-
(benzamido) benzohydrazide (05–13).
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for N1/N2/O4/O5 with N–H ¼ 0.86 Å, O–H ¼ 0.82 Å were posi-
tioned geometrically and treated as the riding atoms with Uiso(H)
¼ 1.2 Ueq(N) for nitrogen atoms, and Uiso(H) ¼ 1.5 Ueq(O) for
oxygen atom. The hydrogen atom for O3 was positioned using
Fourier map with O–H ¼ 1.00 Å and Uiso(H) ¼ 1.5 Ueq(O). The
crystal data were deposited at the Cambridge Crystallographic
Data Centre and the deposition number 2108057† was assigned,
which is known as the CCDC number for compound 10.
2.3. Characterization

The spectral data for all the synthesized compounds is repre-
sented here.
156 | RSC Adv., 2022, 12, 154–167
2.3.1 (E)-N-(2-(2-(4-Chlorobenzylidene)hydrazinecarbonyl)
phenyl) benzamide (05). Yield: 91%; M.F: C21H16ClN3O2; MP:
232–233 �C; FTIR (cm�1): 1601 (N]CH, stretch), 1651 (C]O,
stretch), 3057 (C–H, stretch), 3327 (NH, stretch). 1H NMR (300
MHz, DMSO-d6): d ¼ 7.29 (t, J ¼ 7.6 Hz, 1H, H-4), 7.54 (d, J ¼
8.4 Hz, 2H, H-18, H-20), 7.58–7.67 (m, 4H, H-5, H-10, H-11, H-
12), 7.79 (d, J ¼ 8.4 Hz, 2H, H-21, H-17), 7.91 (d, J ¼ 7.7 Hz,
1H, H-6), 7.97 (d, J¼ 6.6 Hz, 2H, H-9, H-13), 8.45 (1H, s, N]CH),
8.57 (d, J ¼ 8.3 Hz, 1H, H-3), 11.92 (1H, s, NH–CO), 12.21 (1H, s,
NH–N). 13C NMR (75 MHz, DMSO-d6): d ¼ 120.95 (C-6), 121.56
(C-2), 123.63(C-4), 127.52 (2C, C-9, C-13), 129.10 (C-3), 129.39
(4C, C-10, C-12, C-18, C-20), 129.46 (2C, C-17, C-21), 132.60 (C-
11), 133.15 (C-5), 133.44 (C-16), 134.83 (C-8), 135.29 (C-19),
139.77(C-1), 148.10 (C-15, CH]N), 165.00 (C-14), (]N–
NHCO), 165.49 (C-7, NHCO). MS (ESI), 70 eV: m/z (%), 376 (20,
[M]�), 239 (45), 221 (30), 153 (100), 125 (15).

2.3.2 (E)-N-(2-(2-(4-Bromobenzylidene)hydrazinecarbonyl)
phenyl)benzamide (06). Yield: 89%; M.F: C21H16BrN3O2; MP:
243–244 �C; FTIR (cm�1): 1603 (N]CH, stretch), 1650 (C]O,
stretch), 3055 (C–H, stretch), 3328 (NH, stretch). 1H NMR (300
MHz, DMSO-d6): d ¼ 7.3 (t, J ¼ 7.6 Hz, 1H, H-4), 7.61 (t, J ¼
7.4 Hz, 2H, H-10, H-12), 7.63–7.67 (m, 2H, H-5, H-11), 7.7 (dd, J
¼ 21.9 Hz, 8.5 Hz, 4H, H-17, H-18, H-20, H-21), 7.91 (d, J ¼
7.0 Hz, 1H, H-6), 7.97 (d, J ¼ 7.2 Hz, 2H, H-9, H-13), 8.44 (1H, s,
N]CH), 8.56 (d, J¼ 8.2 Hz, 1H, H-3), 11.90 (1H, s, NH–N), 12.20
(1H, s, NH–CO). 13C NMR (75 MHz, DMSO-d6): d ¼ 121.01 (C-6),
121.60 (C-2), 123.66 (C-4), 124.12 (C-19), 127.53 (2C, C-9, C-13),
129.11 (C-3), 129.42 (2C, C-10, C-12), 129.61 (2C, C-17, C-21),
132.39 (2C, C-18, C-20), C-132.61 (C-11), 133.16 (C-5), 133.80
(C-16), 134.86 (C-8), 139.77 (C-1), 148.23 (C-15, CH]N), 165.03
(C-14, ]N–NHCO), 165.50 (C-7, NHCO). MS (ESI), 70 eV: m/z
(%), 420 (30, [M]�), 239 (55), 221 (30), 197 (100), 169 (15).

2.3.3 (E)-N-(2-(2-(4-(Dimethylamino)benzylidene)hydrazi-
necarbonyl)phenyl)benzamide (07). Yield: 88%; M.F:
C23H22N4O2; MP: 220–221 �C; FTIR (cm�1): 1602 (N]CH,
stretch), 1648 (C]O, stretch), 3057 (C–H, stretch), 3317 (NH,
stretch). 1H NMR (300 MHz, DMSO-d6): d ¼ 3.00 (6H, s, 2CH3,
CH3–N), 6.78 (d, J ¼ 8.9 Hz, 2H, H-18, H-20), 7.24 (t, J ¼ 7.5 Hz,
1H, H-4), 7.48 (d, J ¼ 7.6 Hz, 1H, H-5), 7.52 (t, J ¼ 8.0 Hz, 1H, H-
11), 7.53–7.61 (m, 5H, H-3, H-10, H-12, H-17, H-21), 7.71 (d, J ¼
7.1 Hz, 1H, H-6), 7.75 (m, 2H, H-9, H-13), 8.21 (1H, s, N]CH),
10.94 (1H, s, NH–N), 11.60 (1H, s, NH–CO). 13C NMR (75 MHz,
DMSO-d6): d ¼ 40.0 (CH3N), 112.25 (2C, C-18, C-20), 121.57 (C-
6), 121.72 (C-2), 123.19 (C-4), 124.78 (C-16), 129.08 (C-3),
129.19 (2C, C-9, C-13), 129.28 (2C, C-10, C-12), 129.99 (2C, C-
17, C-21), 132.85 (C-11), 137.68 (C-5), 138.02 (C-8), 138.70 (C-
1), 150.53 (C-15, CH]N), 152.22 (C-19), 163.99 (2C, C-7, C-14,
NHCO, ]N–NHCO). MS (ESI), 70 eV: m/z (%), 385 (20, [M]�),
239 (35), 221 (20), 162 (100), 134 (05).

2.3.4 (E)-N-(2-(2-(4-Nitrobenzylidene)hydrazinecarbonyl)
phenyl)benzamide (08). Yield: 90%; M.F: C21H16N4O4; MP: 239–
240 �C; FTIR (cm�1): 1586 (N]CH, stretch), 1649 (C]O,
stretch), 3058 (C–H, stretch), 3256 (NH, stretch). 1H NMR (300
MHz, DMSO-d6): d ¼ 7.31 (t, J ¼ 7.4 Hz, 1H, H-4), 7.6 (t, J ¼
7.3 Hz, 2H, C-10, C-12), 7.62–7.70 (m, 2H, C-5, C-11), 7.92 (d, J ¼
7.7 Hz 1H, C-6), 7.97 (d, J ¼ 7.4 Hz, 2H, C-9, C-13), 8.02 (d, J ¼
© 2022 The Author(s). Published by the Royal Society of Chemistry
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8.5 Hz, 2H, C-17, C-21), 8.31 (d, J ¼ 8.5 Hz, 2H, C-18, C-20), 8.54
(d, J ¼ 8.4 Hz, 1H, H-3), 8.56 (1H, s, N]CH), 11.81 (1H, s, NH–

N), 12.40 (1H, s, NH–CO). 13C NMR (75 MHz, DMSO-d6): d ¼
121.10 (C-6), 121.78 (C-2), 123.71 (C-4), 124.55 (2C, C-18, C-20),
127.56 (2C, C-17, C-21), 128.67, (2C, C-9, C-13), 129.19 (C-3),
129.39 (2C, C-10, C-12), 132.60 (C-11), 133.30 (C-5), 134.84 (C-
8), 139.76 (C-1), 140.80 (C-16), 146.81 (C-15, CH]N), 148.48
(C-19),165.09 (C-14, ]N–NHCO), 165.71 (C-7, NHCO). MS (ESI),
70 eV: m/z (%), 387 (40, [M]�), 239 (65), 221 (20), 178 (20), 164
(100).

2.3.5 (E)-N-(2-(2-(4-Isopropylbenzylidene)hydrazine-
carbonyl)phenyl)benzamide (09). Yield: 92%; M.F: C24H23N3O2;
MP: 229–230 �C; FTIR (cm�1): 1602 (N]CH, stretch), 1657 (C]
O, stretch), 3030 (C–H, stretch), 3200 (NH, stretch). 1H NMR
(300 MHz, DMSO-d6): d ¼ 1.23 (6H, d, 2CH3–CH), 2.95 (1H, sep,
CH–CH3), 7.29 (dd, J ¼ 11.1 Hz, 4 Hz, 1H, H-4), 7.36 (d, J ¼
8.1 Hz, 2H, H-18, H-20), 7.62 (dd, J¼ 12.5 Hz, 4.8 Hz, 2H, H-5, H-
11), 7.63–7.66 (m, 2H, H-10, H-12), 7.68 (d, J ¼ 8.2 Hz, 2H, H-21,
H-17), 7.92 (dd, J ¼ 7.8 Hz, 1.1 Hz, 1H, H-9, H-13), 7.95–7.98 (m,
1H, H-6), 8.58 (d, J¼ 8.1 Hz, 1H, H-3), 8.44 (1H, s, N]CH), 11.96
(1H, s, NH–N), 12.07 (1H, s, NH–CO). 13C NMR (75 MHz, DMSO-
d6): d ¼ 24.12 (2C, 2CH3C), 33.87 (1C, CH–(CH3)2), 120.96 (C-6),
121.49 (C-2), 123.62 (C-4), 127.35 (2C, C-18, C-20), 127.52 (2C, C-
9, C-13), 127.88 (2C, C-17, C-21), 129.07 (C-3), 129.43 (2C, C-10,
C-12) 132.18 (C-11), 132.61 (C-16), 133.06 (C-5), 134.88 (C-8),
139.79 (C-1), 149.64 (C-15, CH]N), 151.53 (C-19), 165.00 (C-
14, ]N–NHCO), 165.36 (C-7, NHCO). MS (ESI), 70 eV: m/z (%),
384 (20, [M]�), 239 (45), 221 (30), 161 (100).

2.3.6 (E)-N-(2-(2-(2,4-Dihydroxybenzylidene)hydrazine-
carbonyl)phenyl)benzamide (10). Yield: 93%; M.F: C21H17N3O4;
MP: 260–261 �C; FTIR (cm�1): 1601 (N]CH, stretch), 1629 (C]
O, stretch), 3052 (C–H, stretch), 3200 (NH, stretch), 3526 (OH,
stretch). 1H NMR (300 MHz, DMSO-d6): d¼ 6.41–6.33 (m, 2H, H-
18, H-20), 7.28 (t, J¼ 7.4 Hz, 1H, H-4), 7.37 (d, J¼ 8.4 Hz, 1H, H-
17), 7.62 (m, 4H, H-5, H-10, H-11, H-12), 7.91 (d, J ¼ 7.1 Hz, 1H,
H-6), 7.93.7.98 (m, 2H, H-9, H-13), 8.55 (1H, s, N]CH), 8.57 (d, J
¼ 8.6 Hz, 1H, H-3), 10.02 (1H, p-OH), 11.30 (1H, o-OH), 11.98
(1H, s, NH–N), 12.16 (1H, s, NH–CO). 13C NMR (75 MHz, DMSO-
d6): d ¼ 103.08 (C-18), 108.32 (C-20), 110.97 (C-16), 120.61 (C-6),
121.50 (C-2), 123.61 (C-4), 127.50 (2C, C-9, C-13), 128.98 (C-3),
129.42 (2C, C-10, C-12), 131.56 (C-21), 132.60 (C-11), 133.07 (C-
5), 134.90 (C-8), 139.79 (C-1), 150.33 (C-15), 159.95 (C-19),
161.48 (C-17), 164.80 (C-14, ]N–NHCO), 166.03 (C-7, NHCO).
MS (ESI), 70 eV: m/z (%), 374 (30, [M]�), 356 (10), 239 (65), 221
(45), 151 (90), 123 (100).

2.3.7 (E)-N-(2-(2-(2-Hydroxybenzylidene)hydrazine-
carbonyl)phenyl)benzamide (11). Yield: 89%; M.F: C21H17N3O3;
MP: 236–237 �C; FTIR (cm�1): 1604 (N]CH, stretch), 1648 (C]
O, stretch), 3053 (C–H, stretch), 3195 (HN, stretch), 3286 (OH,
stretch). 1H NMR (300 MHz, DMSO-d6): d¼ 6.90–6.96 (m, 2H, H-
18, H-20), 7.27–7.34 (m, 2H, H-4, H-19), 7.57–7.67 (m, 5H, H-5,
H-10, H-11, H-12, H-21), 7.91–7.98 (m, 3H, H-6, H-9, H-13),
8.56 (d, J ¼ 8.4 Hz, 1H, H-3), 8.69 (1H, s, N]CH), 11.12
(1H, s, 1OH), 11.89 (1H, s, NH–N), 12.32 (1H, s, NH–CO). 13C
NMR (75 MHz, DMSO-d6): d ¼ 116.89 (C-18), 119.22 (C-20),
119.89 (C-16), 120.75 (C-6), 121.66 (C-2), 123.67 (C-4), 127.53
(2C, C-9, C-13), 129.10 (C-3), 129.41 (2C, C-10, C-12), 129.58 (C-
© 2022 The Author(s). Published by the Royal Society of Chemistry
21), 132.17 (C-19), 132.60 (C-11), 133.20 (C-5), 134.89 (C-8),
139.78 (C-1), 149.29 (C-15), 157.90 (C-17), 165.08 (C-14, ]N–
NHCO), 165.16 (C-7, NHCO). MS (ESI), 70 eV: m/z (%), 358 (20,
[M]�), 239 (25), 221 (20), 135 (100), 107 (10).

2.3.8 (E)-N-(2-(2-(4-Methoxybenzylidene)hydrazine-
carbonyl)phenyl)benzamide (12). Yield: 86%; M.F: C22H19N3O3;
MP: 215–216 �C; FTIR (cm�1): 1602 (N]CH, stretch), 1649 (C]
O, stretch), 3055 (C–H, stretch), 3309 (NH, stretch). 1H NMR
(300 MHz, DMSO-d6): d ¼ 3.78 (3H, s, OCH3), 7.08 (m, 2H, H-18,
H-20), 7.29 (t, J ¼ 7.6 Hz, 1H, H-4), 7.58–7.66 (m, 5H, H-5, H-10,
H-12, H-17, H-21), 7.79 (dd, J ¼ 7.7 Hz, 1H, H-11), 7.91–7.98 (m,
3H, H-6, H-9, H-13), 8.60 (d, J¼ 8.3 Hz, 1H, H-3), 8.73 (1H, s, N]
CH), 12.03 (1H, s, NH–N), 12.03 (1H, s, NH–CO). 13C NMR (75
MHz, DMSO-d6): d ¼ 57.4 (CH3O), 116.10 (2C, C-18, C-20),
120.80 (C-6), 121.42 (C-2), 123.56 (C-4), 127.50 (2C, C-9, C-13),
128.97 (C-3), 129.42 (4C, C-10, C-12), 129.73 (C-16), 131.95 (2C,
C-17, C-21), 132.61 (C-11), 133.08 (C-5), 134.86 (C-8), 140.34 (C-
1), 148.24 (C-15, CH]N), 164.97 (C-19), 165.22 (C-14, ]N–
NHCO), 165.22 (C-7, NHCO). MS (ESI), 70 eV: m/z (%), 372 (40,
[M]�), 239 (50), 221 (35), 149 (100), 121 (15).

2.3.9 (E)-N-(2-(2-Benzylidenehydrazinecarbonyl)phenyl)
benzamide (13). Yield: 90%; M.F: C21H17N3O2; MP: 204–205 �C;
FTIR (cm�1): 1601 (N]CH, stretch), 1643 (C]O, stretch), 3056
(C–H, stretch), 3212 (NH, stretch). 1H NMR (300 MHz, DMSO-
d6): d¼ 7.3 (t, J¼ 7.5 Hz, 1H, H-4), 7.46–7.52 (m, 3H, H-18, H-19,
H-20), 7.61 (t, J¼ 7.4 Hz, 2H, H-10, H-12), 7.63–7.68 (m, 2H, H-5,
H-11), 7.75–7.79 (m, 2H, H-21, H-17), 7.93 (d, J ¼ 7.3 Hz, 1H, H-
6), 7.97 (d, J ¼ 7.3 Hz, 2H, H-9, H-13), 8.58 (d, J ¼ 8.3 Hz, 1H, H-
3), 8.48 (1H, s, N]CH), 11.95 (1H, s, NH–N), 12.13 (1H, s, NH–

CO). 13C NMR (75 MHz, DMSO-d6): d ¼ 120.97 (C-6), 121.53 (C-
2), 123.63 (C-4), 127.53 (2C, C-18, C-20), 127.77 (2C, C-9, C-13),
129.09 (C-3), 129.37 (2C, C-17, C-21), 129.42 (2C, C-10, C-12)
130.87 (C-19), 132.60 (C-11), 133.11 (C-16), 134.50 (C-5), 134.87
(C-8), 139.80 (C-1), 149.56 (C-15, CH]N), 165.02 (C-14, (]N–
NHCO), 165.46 (C-7, NHCO). MS (ESI), 70 eV: m/z (%), 342 (30,
[M]�), 239 (35), 221 (20), 119 (100), 91 (10).
2.4. Biological activity

2.4.1. Enzyme inhibition essay. Ryan and Elman method32

with little variation was utilized to carry out enzyme inhibition
analysis. 50 mL of every inhibitor (50 mM) (03–13) wasmixed with
50 mL of enzyme (0.3 and 0.15 U mL�1 of AChE or BChE,
respectively). This mixture of every sample with the enzyme was
allowed to stand for 15 minutes. Then, 50 mL of the substrate,
i.e., butyrylthiocholine chloride (0.2 mM) for BChE and ace-
tylthiocholine iodide (0.71 mM) for AChE was added to the
mixture. 500 mL of phosphate buffer (pH 8) was added to
maintain the pH along with 50 mL of DTNB [5,50-dithio-bis(2-
nitrobenzoic acid)] (0.5 mM). The whole mixture was shaken
well to mix the contents and incubated at 37 �C for 30 minutes.
The hydrolysis of the substrate resulted in the production of
yellow coloration. The spectrophotometric method was utilized
to measure the absorbance at 412 nm for BChE and 400 nm for
AChE, thus measuring the intensity of yellow coloration. The
following formula was utilized to calculate the percentage
enzyme inhibition for all the inhibitors eqn (1).
RSC Adv., 2022, 12, 154–167 | 157
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% Age inhibition ¼
�
B� A

B

�
� 100 (1)

where A ¼ absorption of the sample containing the test
compounds, B ¼ absorption for the samples without the test
compounds.

Every experiment was conducted in triplicate with average values
used for calculations Donepezil was taken as the reference drug.
Inhibition was also assessed by computing the IC50 values, which
were calculated from the dose–effect curves by linear regression.

2.4.2. Antioxidant assay. To measure the free radical scav-
enging activity of antioxidants, the DPPH method is diversely
being used due to its efficacy, simplicity, quick procedure, and
above all, its relatively inexpensive nature. Antioxidants cause the
reduction of the methanolic DPPH solution by donating
hydrogen atoms or electrons to it. The antioxidant potential of
the corresponding compounds was measured spectrophotomet-
rically by measuring the decolorization of the purple color of 2,2-
diphenyl-1-picrylhydrazyl free radical (DPPH) by following the
Blois method.33 DPPH solution (0.004%) was prepared in meth-
anol. 100 mL of 50 mM solution of every test compound (03–13)
wasmixed with 1mL of DPPH solution. The reactionmixture was
mixed carefully and incubated in the dark at 37 �C for 20
minutes. The measurement of the absorbance of the mixture was
carried out spectrophotometrically at lmax ¼ 517 nm, followed by
comparison with the absorption of standard antioxidant ascorbic
acid (vitamin C). The DPPH radical scavenging activity (% RSA) of
the compounds was calculated according to eqn (2).

% RSA ¼
�
ABS�ATS

ABS

�
� 100 (2)

where ATS ¼ absorbance of test sample, ABS ¼ absorbance of
the blank sample.

2.4.3. Cytotoxicity studies (Resazurin assay). Resazurin
assay was utilized to carry out the cytotoxicity studies of the
synthesized compounds. Caco-2 cells were obtained from the
European Collection of Cell Cultures (ECACC, Health Protection
Agency, Porton Down, Salisbury, Wiltshire, United Kingdom).
Cells were seeded at a density of 2.5 � 104 cells per well in a 24-
well plate for 10 days in a nal volume of 500 mL of MEM with
Earle's balanced salts supplemented with 2.0 mM L-glutamine,
10% FBS, and 1% penicillin-streptomycin at 37 �C in 5% CO2

environment. The culturemedium was refreshed every other day.
Resazurin assay was performed as an oxidation-reduction

indicator to determine the in vitro cytotoxicity of the
compounds (05–08). When the cells were approximately 80%
conuent (80% of the surface of ask covered by the cell
monolayer aer 8–10 days), they were washed twice with PBS
pre-warmed at 37 �C. The test solutions including the sample
compounds (10 mM), positive control prepared in white MEM,
and negative control (0.5% v/v Triton X-100) were added in 500
mL volumes in triplicate to the cell culture. Then, the treated
cells were incubated at 37 �C in 5% CO2 environment for 3 and
24 h. Aerward, the test solutions were removed and the cells
were washed twice with prewarmed phosphate buffer saline
(PBS). A diluted resazurin solution (2.2 mM) in 500 mL volume
was added to each well and the cells were incubated for 3 h. The
158 | RSC Adv., 2022, 12, 154–167
supernatant (100 mL) was aerward transferred to a black 96-
well plate and the uorescence intensity was measured using
a microplate reader at a wavelength of 540 nm with background
subtraction at 590 nm.34 The percentage of the viable cells was
calculated using the following equation eqn (3).

Cell viability ð%Þ ¼ experimantal value� negative control

positive control� negative control

� 100

(3)

2.5. Molecular docking studies

To explore the binding interactions between the ligands and the
amino acid residues from the enzyme active sites, molecular
docking studies were performed. The crystal structures of both
AChE and BChE enzymes were obtained from Protein Data
Bank (RCSB). The molecular structures of the ligands were
sketched utilizing ACD ChemSketch and 3D optimization for
the sketched structures of ligands was done using 3D Pro 12.0
soware packages. SYBYL mol2 le formats were used to save
these 3D optimized structures. AutoDock soware was used to
perform the process of molecular docking. The adjustment of
100 different congurations was done and more effective and
the best conformations of the compounds under analysis were
visualized using Discovery Studio Visualizer v 4.0.35

2.6. Computational analysis (DFT)

Computational calculations were carried out using DFT-B3LYP/
321g in Gaussian-09. The ground state geometries of
compounds [04–13] were optimized using hybrid functional
B3LYP and basis set 321g.

3 Results and discussion
3.1. Chemistry

2-(Benzamido) benzohydrazide derivatives (05–13) were
synthesized using Scheme 1. The structures of synthetic 2-
(benzamido) benzohydrazide derivatives (05–13) were inter-
preted using different spectroscopic techniques such as UV-
Visible, NMR, and FTIR spectroscopic techniques. ESI (elec-
trospray ionization) technique was utilized to conrm the
molecular masses of the synthesized compounds.

3.1.1. UV-Visible studies. The UV-Vis absorption spectra of
hydrazone derivatives (05–13) of 2-(benzamido) benzohydrazide
(04) were recorded using solutions of these compounds in
methanol. These Schiff base derivatives showed peaks in the
range of 300–365 nm, which are associated with the p / p*

transitions involved due to the conjugation of the azomethine
(C]N) groups with the phenyl ring in these compounds (05–13).
The variation in the absorption maxima (lmax) of these
compounds (05–13) was associated with the attachment of
different substituents in the phenyl ring attached to the azome-
thine group. Unsubstituted benzylidene group showed lmax at
304 nm. EWGs such as p-chloro and p-bromo showed a slight
bathochromic shi (05 and 06) in comparison to EDGs such as p-
N(CH3)2, o-OH, p-OH, and p-OCH3 groups (08, 10, 11, and 12).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and structure refinement for compound 10

CCDC number 2108057
Empirical formula C22H21N3O5Ho
Formula weight 407.42
Temperature/K 296(2)
Crystal system Triclinic
Space group P�1
a/Å 8.6661(9)
b/Å 11.0426(8)
c/Å 12.2572(12)
a/� 108.672(7)
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Maximum red shi was attributed to the presence of the p-NO2

group in compound 07 (Fig. 1).
3.1.2. FTIR studies. Remarkable Fourier Transform

Infrared (FTIR) bands for the synthesized compounds are given
in the experimental section. The appearance of the signal in the
range of 1586–1604 cm�1 for the (HC]N) group and the
disappearance of the signal at 3316 cm�1 for the (–NH2) group
in the IR spectrum clearly conrms the conversion of 2-(ben-
zamido) benzohydrazide (04) to its Schiff bases (05–13). All
these derivatives have shown signicant peaks for C]O
stretching frequencies in the range of 1629–1657 cm�1.
Furthermore, the peaks for the N–H bond appeared in the range
of 3195–3328 cm�1. In addition, the peaks for the C–H stretch
attached to the aromatic system appeared at 3030–3057 cm�1.
The broader peaks for the –OH groups were observed for
compounds (10) and (11) in the range of 3286–3526 cm�1. All
the FTIR data approved the synthesis of the compounds (05–13).

3.1.3. NMR studies. Furthermore, the structures of the
synthesized compounds were conrmed by 1H NMR and 13C
NMR analysis. The signals detected in the range of 8.21–
8.73 ppm as a singlet in all the synthesized compounds (05–13)
for the (HC]N) protons conrmed the formation of the imine
linkage. Similarly, in the 13C spectra, the signals appearing in
the range of 146.8–150.5 ppm for the imine carbon atom (HC]
N) in all these compounds reinforced the results. While the
signals of the aromatic protons varied in the range between
6.34 ppm and 8.61 ppm in the 1H NMR spectrum, which is
related to the nature of the substituents present on the aromatic
ring in all the Schiff base derivatives (05–13). In compounds (07,
10, 11, and 12), the signals for aromatic protons were shied
upeld (6.34–7.08 ppm) due to the attachment of the electron
donating groups (EDG), i.e., dimethylamino, hydroxyl, and
methoxyl groups. These EDG groups caused a increase in the
electron density at the ortho and para positions of the benzene
ring in these compounds, thereby changing the position of the
peaks of the corresponding protons up eld in contrast to the
peak of proton (7.29 ppm) in compound 13, which has the non-
substituted benzylidene ring. In compound 12, the methoxyl
groups attached to the aromatic ring showed proton signals at
3.78 ppm. Likewise, the signals of aromatic carbons in the 13C
Fig. 1 Comparative absorption spectra of 2-(benzamido) benzohy-
drazide (04) and its derivatives (05–13).

© 2022 The Author(s). Published by the Royal Society of Chemistry
NMR spectra also varied in accordance with the substituents
attached to the benzylidene ring in compounds (05–13) in the
range of 103.0–161.4 ppm, thus approving the structures of the
synthesized hydrazone derivatives. All the spectral data for 1H
NMR and 13C NMR are in accordance with the structures of the
synthesized compounds.

3.1.4. Mass spectroscopic studies. Mass spectral analysis
was carried out utilizing the electron spray ionization (ESI)
technique for all the synthesized compounds. The molecular
masses of the compounds were established using mass spec-
troscopic analysis. The peaks related to the [M � H] ions were
found for all the derivatives in the negative mode of the mass
spectrum. Correspondingly, in the positive mode of mass
analysis, peaks were observed for [M + H] ions for all the
compounds. All the spectral data for MS (ESI) conrmed the
structures of the synthesized compounds.
3.2. Crystal structure description

Compound 10 was crystallized along with a methanol molecule
as the solvate in a triclinic crystal system (Table 1) with one
independent molecule in an asymmetric unit cell Fig. 2(a). The
selected bond lengths, bond angles, and torsion angles are
provided in Tables S1–S3,† respectively. We have already pub-
lished the crystal structure and applications of some related
hydrazide compounds.36a,b The imine (pC15]N3) function-
ality of N-[2-(2,4-dihydroxy-benzylidene-hydrazinocarbonyl)-
phenyl]benzamide adopted the most stable trans geometry.
b/� 102.099(8)
g/� 108.033(8)
Volume/Å3 992.66(17)
Z 2
rcalc/g cm�3 1.363
m/mm�1 0.098
F(000) 428.0
Crystal size/mm3 0.41 � 0.22 � 0.19
Radiation MoKa (l ¼ 0.7107)
2Q range for data collection/� 6.426 to 58.372
Index ranges �10 # h # 11, �14 # k # 14,

�16 # l # 16
Reections collected 7704
Independent reections 4628 [Rint ¼ 0.0252, Rsigma ¼ 0.0516]
Data/restraints/parameters 4628/0/286
Goodness-of-t on F2 1.036
Final R indexes [I $ 2s(I)] R1 ¼ 0.0560, wR2 ¼ 0.1203
Final R indexes [all data] R1 ¼ 0.1014, wR2 ¼ 0.1462
Largest diff. peak/hole/e Å�3 0.20/�0.20

RSC Adv., 2022, 12, 154–167 | 159
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Fig. 2 (a) ORTEP diagram of compound 10; thermal ellipsoids were
drawn at 50% probability level. (b) A view showing the formation of the
two-dimensional network along the ab-plane.

Table 3 Antioxidant potential of compounds 03–13 at 1 mg mL�1

concentration

Compound # Absorbance Scavenging (%)

3 1.570 37.17
4 0.123 95.07
5 1.615 35.37
6 2.102 15.88
7 1.400 43.97
8 1.994 20.20
9 1.656 33.73
10 0.436 82.55
11 2.003 67.54
12 1.747 30.09
13 1.744 30.21
+ve control (AA) 0.090 96.39
DPPH 2.499
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The central aromatic ring (C1–C6) is occupied by the benzamide
at position 1, while the C2 atom is bonded with 2,4-dihydroxy-
benzylidene-hydrazinocarbonyl. The three available aromatic
rings were twisted at different angles with each other, i.e., the
ring (C1–C6) was oriented by 54.05(8) and 31.83(11) with respect
to the (C8–C13) and (C16–C21). The dihedral angle between the
rings (C8–C13) and (C16–C21) is 75.20(8). The hydrazino-
carbonyl system is connected to 2,4-dihydroxyphenyl (C16–C21)
and an aromatic ring (C1–C6) at its each end. The plane of the
hydrazinocarbonyl system is almost planar (dihedral angle ¼
3.14(2)�) with 2,4-dihydroxyphenyl (C16–C21) and twisted by
32.58(9)� with respect to the aromatic ring (C1–C6). The pres-
ence of the methanol molecule as the solvent in the crystal
system supports the additional hydrogen bonding interactions.
Two different six-membered ring motifs were S(6) generated via
the intramolecular interactions of N1–H1n/O2 and O3–H1O/
N3. The N2–H2N of the hydrazine functionality is connected
with the O1 of other molecule to generate a sixteen-membered
ring motif R2

2(16),37 following the symmetry equation as 2 �
X, 2 � Y, 2 � Z.

The hydroxyl group of methanol is taking part both as the
donor and the acceptor for hydrogen bonding interactions. On
the one hand, it is connected with the molecule via O5–H3O/
O3 and on the other hand, it binds with the interaction of O4–
H2O/O5, following the symmetry equations 1� X, 1 � Y, 1� Z
and 2 � X, 1 � Y, 1 � Z, respectively Table 2. All these interac-
tions connect the molecules and produce a two-dimensional
network along the ab-plane (Fig. 2(b)). Intramolecular and
Table 2 Hydrogen bonds for compound 10

D H A d(D–H)/Å d(H–A)/Å d(D–A)/Å D–H–A/�

C6 H6 O1 0.93 2.40 2.923(3) 115.7
N1 H1N O2 0.86 2.04 2.702(2) 133.6
N2 H2N O1a 0.86 2.10 2.882(2) 151.8
O4 H2O O5b 0.82 1.90 2.712(3) 173.8
O5 H3O O3c 0.82 2.04 2.852(3) 169.9

a 2 � X, 2 � Y, 2 � Z. b 2 � X, 1 � Y, 1 � Z. c 1 � X, 1 � Y, 1 � Z.

160 | RSC Adv., 2022, 12, 154–167
inter-molecular hydrogen bonding interactions in crystal
structure of compound 10 have been presented in (Fig. 3).
3.3. Antioxidant activity

The antioxidant potential of the synthesized derivatives was
determined by following a well-known and commonly used
DPPH assay. In recent times, the most employed form of the
method, which was developed by Brand-Williams et al.,38 is an
extension of the Blois33 method. The DPPH free radical shows
strong absorption at 517 nm due to the delocalization of its free
electron and possesses deep purple coloration. Antioxidants
reduce this free radical to the more stable molecule 1,1-
diphenyl-2-picrylhydrazine by donating an electron or
a hydrogen atom. The purple color of the DPPH radical is
altered to the pale yellow color of 1,1-diphenyl-2-picrylhydrazine
molecule. This alteration in the color causes a decrease in the
absorption at 517 nm, which is measured spectrophotometri-
cally to estimate the scavenging activity. The results of the
antioxidant activity of the 2-(benzamido) benzohydrazide
derivatives (03–13) at the same concentration (1 mg mL�1) are
described as the %scavenging of DPPH in Table 3. Ascorbic acid
(vitamin C) was chosen as the standard. It can be clearly infer-
red from the table that many of the compounds show moderate
Fig. 3 Two different views showing the intra- and inter-molecular
hydrogen bonding interactions in the crystal structure of compound
10.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structure–activity relationship for cholinesterase enzyme
activity of 2-(benzamido) benzohydrazide derivatives; downward red
arrows indicate a decrease in activity; upward green arrows indicate an
increase in activity.
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antioxidant activities. Compounds 04 and 10 exhibited very
good oxidation potentials due to free radical scavenging by
hydrogen atom donation, which are attached to the –OH and
–NH2 groups in their molecules.39

3.4. Enzyme inhibition studies

To examine the importance of the benzamido moiety intro-
duced ortho to the benzohydrazide derivatives (03–13), the
inhibitory effect of these compounds was evaluated against
human AChE and BChE by measuring their inhibitory potency
IC50, i.e., the concentration of the inhibitor required to decrease
the enzyme activity by half. The summary of the inhibition
results of the compounds (03–13) against the two enzymes
AChE and BChE are presented in Table 4, taking Donepezil as
the reference.

3.4.1. Structure activity relationship (SAR) studies. It is
clear from the results that all the synthesized compounds
showed activity against both the enzymes but they are more
active against the BChE enzyme as compared to the AChE
enzyme.

Noteworthily, the most potent compound 06 having bromo
substituent at the para position in the benzylidene ring showed
dual inhibitory potential against both AChE and BChE, showing
IC50 ¼ 0.09 mM against AChE and IC50 ¼ 0.14 mM against BChE.
This is due to the presence of many important interactions with
the bromo group inside the active pocket of both the enzymes,
which is attributed to the presence of lone pairs of electrons on
it.27 Furthermore, compound 13 showed good inhibition
against both the enzymes AChE and BChE with IC50 ¼ 0.11 mM
(AChE) and IC50 ¼ 0.10 mM (BChE). This is because of the ability
of this compound to form additional hydrophobic p–p stacked
interactions using its unimpeded pi-electron cloud in addition
to other type of associations inside the active pockets of both
the enzymes. In addition, compound 11 having hydroxyl group
substituted at the ortho and para positions have shown selective
inhibitory potential against BChE as compared to AChE with
IC50 ¼ 0.12 mM (BChE). We noted that all the compounds except
compounds 07, 09, and 12 showed more inhibitory activity
against BChE as compared to AChE.
Table 4 Inhibition of compounds 03–13 against AChE and BChE in term

Compounds AChE IC50 values �SEMa

3 0.25 � 0.06
4 27.65 � 0.14
5 1.03 � 0.12
6 0.09 � 0.05
7 25.20 � 0.21
8 14.8 � 0.29
9 23.12 � 0.25
10 18.5 � 0.19
11 01.14 � 0.35
12 20.43 � 0.23
13 0.11 � 0.03
Donepezil 0.10 � 0.02

a IC50 values (mean � standard error of mean). b NA: inactive.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Overall, it was found that the 2-benzamido derivatives of
benzohydrazide have shown inhibitory activity against both the
enzymes AChE and BChE, possessing more potency against
BChE as compared to AChE. However, the inhibitory activity is
mainly controlled by all the structural features present in
a compound. However, the variation of the substituents on the
key structural motif was actually accountable for the variation in
the inhibition potential. Since the common skeleton of 2-
(benzamido) benzohydrazide is present in the structures of all
the synthesized compounds; therefore, the activity is mainly
controlled by the type of the substituent attached to the ben-
zylidene ring. The abovementioned ndings suggest that these
multi-functional hydrazone derivatives of anthranilic acid (05–
13) can be used as the lead compounds for the further devel-
opment toward the design and synthesis of new inhibitors
against AChE and BChE enzymes. The outcome of the SAR
studies are precisely presented in Fig. 4.
3.5. Cytotoxicity

The cell viability of the synthesized compounds (05–08) on the
Caco-2 cells was assessed by the resazurin assay. The principle
of resazurin assay is that the viable cells reduce resazurin into
resorun. The color of the dye is converted from its blue (non-
s of IC50 values

(mM) BChE IC50 values �SEMa (mM)

0.21 � 0.06
0.17 � 0.12
1.24 � 0.12
0.14 � 0.05
NAb

0.19 � 0.12
NAb

2.15 � 0.26
0.12 � 0.09
18.34 � 0.14
0.10 � 0.06
0.14 � 0.03
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Fig. 5 Graphs showing %cell viability after 3 and 24 h for compounds
05–08 (10 mM).

Fig. 6 Putative binding approaches of compound 13 inside the AChE
enzyme.
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uorescent) color to the pink (high-uorescent) color. As
healthy cells reduce resazurin more effectively than the dead
cells, the water-soluble and nontoxic dye serves are the general
indicator for cellular metabolic activity.40 The cells were treated
with the test compounds at concentrations of 10 mM. The
results showed that compounds 05, 06, and 08 showed cell
viability of almost 90%, while compound 07 also depicted
greater than 80% cell viability for the concentration tested aer
3 and 24 h of incubation (Fig. 5). It is therefore concluded that
the tested compounds 05–08 did not show signicant toxicity (p
< 0.05). The newly synthesized compounds can be considered as
relatively safe for in vivo applications.
3.6. Molecular docking studies

Computational docking studies were carried out using Auto-
Dock to presume the most favorable binding interactions of the
compounds (05–13) inside the active pocket of AChE (PDB ID:
4BDT) and BChE (PDB ID: 4BDS). The minimum binding
energies of the compounds (05–13) obtained as a result of
docking analysis are presented in Table 5. All the compounds
exhibited binding energy values in a narrow range due to the
establishment of almost similar type of binding interactions
inside the active pocket of the enzymes AChE and BChE. To
determine the interactions of the inhibitor with the amino acids
of the active pocket of protein, the visualization of the selected
poses of the most active compounds 06 and 13 was carried out.

Different substitutions attached to different inhibitors
caused a variation in the type of the interactions between the
ligand and the proteins. A very potent inhibitor (13) is stabilized
inside the active pocket of AChE by making signicant
Table 5 Binding energies of selected conformations against human
AChE and BChE

Compounds
h AChE lowest binding
energy DG in kJ mol�1

h BChE lowest binding
energy DG in kJ mol�1

05 �10.34 �9.80
06 �10.63 �9.89
07 �9.55 �9.34
08 �9.35 �9.05
09 �10.27 �10.06
10 �10.29 �8.93
11 �9.47 �9.29
12 �10.15 �9.37
13 �11.51 �10.51
14 �10 (HUW) �6.83 (THA)

162 | RSC Adv., 2022, 12, 154–167
associations with the amino acid residues, as depicted in Fig. 6.
All the three amino acid residues (TYR-337, TRP-86, and GLU-
202) of the choline binding site are involved for making
important interactions with the ligand. GLU-202 made electro-
static interaction with a distance of 4.5 Å with the –NH group
from the carbohydrazide part of the ligand, while the hydroxyl
group of TYR-337 developed two hydrogen bond interactions,
one with the amide oxygen atom (2.4 Å) and the second with the
pi electrons of the aromatic system (3.5 Å). In addition, TYR-337
makes two p–p stacked interactions and TRP-86 forms 4p–p
stacking with the pi electron cloud of the benzene rings, which
further contribute to the stabilization of the ligand. GLY-121
from the oxyanion hole also plays a part by hydrogen bonding
(3.3 Å) with the carbonyl oxygen of the carbohydrazide part of
the ligand.
Fig. 7 Interactions of compound 13 with BChE; interactions of the
compound displayed in the box are with specific amino acid residues
of the enzyme. Enzyme is exemplified by 3D ribbon; the stick model is
the lowest energy conformation of compound 13.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Putative binding approaches of compound 06 inside the AChE
enzyme.

Fig. 9 Interactions of compound 06 with BChE; interactions of the
compound displayed in the box are with specific amino acid residues
of the enzyme. Enzyme is exemplified by the 3D ribbon; the stick
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In addition, HIS-447 and SER-125 both cooperate toward
ligand stability inside AChE by forming hydrogen bonds with
distances of 2.96 Å and 3.7 Å.

Furthermore, this inhibitor (13) resides very well inside the
active pocket of BChE by establishing potent interactions with
the enzyme active site residues, as depicted in Fig. 7. Hydrogen
bond interactions of the ligand with the active pocket of the
enzyme play an important role in its stabilization inside the
active pocket such as the hydrogen atom from the NH–CO group
of the hydrazone linkage is involved in the formation of two very
strong H-bonds, one with oxygen atom of SER-198 from the
catalytic triad of BChE with a bond distance 2.45 Å and another
with the GLU-197 amino acid residue with a bond distance of
1.9 Å. In addition, SER-198 is establishes H-bond with the imine
nitrogen having a bond distance of 2.7 Å. In the same way, GLY-
116 and GLY-117 from the oxyanion hole of the enzyme form
amide p-stacked bonding with the aromatic ring of the ligand
with the bond distance of 4.3 Å. Two more hydrogen bond
associations were shown by the ligand with HIS-348 and GLY-
439 with bond lengths 3.4 Å and 3.3 Å, respectively. TRP-82
from the anionic site contributes to the stabilization of the
ligand inside the active pocket of the enzyme by establishing
two p–p stacked interactions with the p–electrons of the
aromatic portion of the inhibitor (4.2 Å and 5.4 Å). Similarly, p–
p T-shaped interactions were formed by PHE-329 from the
anionic site (5.3 Å). ALA-328 established pi–alkyl interactions
(4.2 Å) with the benzene rings of the compound 13, thus further
enhancing its stabilization inside the active site of the enzyme.

The most potent ligand (06) showed very good accommo-
dation inside the active pocket of AChE by forming many
important interactions, as shown in Fig. 8. Compound 06 shows
conserved interactions with the choline binding site of the
AChE enzyme, similar to that of compound 13, i.e., it makes H-
bond interactions (3.32 Å) with the hydroxyl group of TYR-337
utilizing its p-electron cloud from the aromatic system. Simi-
larly, TRP-86 also established H-bond (2.5 Å) with the hydrogen
atom of the –NH group from the hydrazone part of the mole-
cule. SER-125 also makes H-bond with the p-electrons of the
benzamide part of the ligand with the bond distance of 3.98 Å.
Likewise, TRP-86 contributes to the stabilization of the ligand
inside the active pocket of AChE by making electrostatic p-
© 2022 The Author(s). Published by the Royal Society of Chemistry
cation interaction (3.25 Å) with the nitrogen atom of the –NH
group from the hydrazone part along with one p-alkyl interac-
tion (4.87 Å) with the aromatic portion of the benzylidene ring.
Similarly, TYR-337 forms two p-alkyl interactions with bond
distances of 3.5 Å and 4.9 Å along with one p–p T-shaped
interaction (5.4 Å) with the p-electron cloud of the benzohy-
drazide ring. TRP-439 also plays its role in the stabilization of
ligand 06 inside the active pocket by forming four p-alkyl
interactions, two with the bromo substituent with distances of
3.5 Å and 4.1 Å, along with two p-alkyl interactions (4.6 Å and
4.8 Å) with the benzylidene ring of the ligand. The additional
contribution of the bromo substituent attached at the para
position of the benzylidene ring of ligand 06 is also signicant
because it makes two more hydrophobic alkyl interactions with
MET-443 (4.2 Å) and PRO-446 (3.7 Å) along with one hydro-
phobic p-alkyl interaction with TYR-449 (5.2 Å).

Likewise, ligand 06 nds its best accommodation inside the
active pocket of the BChE enzyme by making many important
binding associations with the amino acid residues of the
enzyme, as shown in Fig. 9. It forms conserved H-bond inter-
actions with SER-198 from the catalytic triad (2.6 Å) and GLU-
197 (2.1 Å) with the hydrogen atom from the NH–CO group of
the hydrazone linkage similar to inhibitor 13. Similarly, GLY-
439 established H-bond interaction with the oxygen atom of
the carbonyl group of the hydrazone linkage (3.6 Å). TRP-82
from the anionic site established p–p T-shaped interaction
(4.3 Å) with the phenyl ring of the benzamide part of the
inhibitor. The bromine substituent at the para position of the
benzylidene ring also contributes to the stabilization of the
ligand by forming p–alkyl interactions with LEU-286 (4.6 Å) and
VAL-288 (4.9 Å) from acyl pocket of BChE along with one more
p–alkyl bonding with TRP-231 (4.7 Å) amino acid residue. ALA-
328 is also making its contribution by establishing p–alkyl
interaction with aromatic portion of the compound 06 with
a bond distance of 4.2 Å.
model is the lowest energy conformation of the compound 06.
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Table 6 DFT-B3LYP/321g calculated values of the ELUMO, EHOMO and
EHOMO–ELUMO gap (DE) samples [C04–C13]

Compounds ELUMO (Hartree) EHOMO (Hartree)
ELUMO–EHOMO gap
DE (Hartree)

04 �0.1933 �0.3153 0.1220
05 �0.1931 �0.3039 0.1108
06 �0.1929 �0.2909 0.0980
07 �0.1926 �0.2871 0.0950
08 �0.2065 �0.3051 0.0986
09 �0.1985 �0.3101 0.1116
10 �0.1935 �0.3001 0.1066
11 �0.1934 �0.3033 0.1099
12 �0.1931 �0.3072 0.1141
13 �0.1993 �0.3106 0.1113
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The binding modes of the known selective inhibitor (AChE),
i.e., donepezil has been reported previously.41,42 The redocking
of the previously known inhibitor, i.e., donepezil, was per-
formed against the active pocket of AChE to validate the dock-
ing results and is presented in Fig. S1.† The most potent
inhibitors 13 and 06 have shown hydrophobic binding inter-
actions with TRP-86 and TYR-337 similar to the interactions
shown by donepezil. The additional conserved binding inter-
action of compound 06 inside the AChE active pocket was with
PHE-338. TYR-337 also establishes hydrogen bonding inside the
AChE active pocket for compound 13, thereby further
enhancing its stabilization inside AChE. Conclusively, molec-
ular docking results have very well supported the good inhibi-
tion activities of the compounds against AChE and BChE
enzymes in comparison to the standard taken, i.e., donepezil.
3.7. Density functional theory (DFT) analysis

3.7.1. TD-DFT analysis for absorption spectra. The UV-Vis
absorption spectra of all the derivatives (04–13) are explained
in the experimental characterization. However, the theoretical
spectra of the representative compounds 04 ((2-benzamido)
benzohydrazide) and 13 (Schiff base derivative of 04) were
calculated by the TD-DFT-B3LYP/321g method. The calculated
theoretical spectra of these compounds were compared with the
experimental spectra and represented in Fig. 9(a). Compound
04 has shown peaks below 300 nm, whereas 13 has shown
absorption peak in the range of 300–350 nm, which represents
the p / p* type transitions due to the conjugation of the
azomethine (C]N) groups with the phenyl ring. The red shi
observed for 13 was associated with the attachment of different
substituent to the azomethine group.

3.7.2. Vibrational analysis. Theoretical vibrational calcula-
tions were performed through DFT-B3LYP/321g for the repre-
sentative compounds 04 ((2-benzamido) benzohydrazide) and
13 (Schiff base derivative of 04) and compared with the experi-
mental FTIR results (Fig. 10(a)). The appearance of the (HC]N)
signal at 1580–1610 cm�1 in the IR spectrum unambiguously
authenticates the formation of compounds, which agrees well
with the theoretical spectra as well. Compound 13 shows
a signicant peak for C]O stretching frequencies in the range
Fig. 10 (a) Experimental and TD-DFT-B3LYP/321g calculated
absorption spectra of representative 04 and 13 compounds. (b)
Experimental and DFT-B3LYP/321g-calculated IR spectra of the
representative 04 and 13 compounds.

164 | RSC Adv., 2022, 12, 154–167
of 1630–1660 cm�1. Furthermore, the peaks for the N–H bond
appeared in the range of 3200–3330 cm�1. In addition, the
peaks for C–H stretching attached with the aromatic system
appeared at 3030–3060 cm�1. The experimental FTIR spectra
agree well with the calculated theoretical spectra, as shown in
Fig. 10(b).

3.7.3. Frontier molecular orbitals (FMOs) analysis. The
HOMO and LUMO are the electron l donor and acceptor
orbitals, and the energy gap between these orbitals indicate the
stability and chemical reactivity characteristics of the
compounds.43 The HOMO describes the ability to donate an
electron and the LUMO indicates the capacity to accept the
electron. Different functional groups in the compounds have
the capability to change the positions and energy gap of
HOMO–LUMO, which noticeably affects the charge–transfer
transitions. This change in the energy band gap can be utilized
by tuning the chemical reactivity characteristics of the
compound. The B3LYP*-calculated values of the ELUMO, EHOMO,
and EHOMO–ELUMO gap (DE) of the samples [04–13] are given in
Table 6 and the participating frontier molecular orbitals are
given in Fig. 11.

3.7.4. Chemical reactivity parameters. The stability, elec-
trical properties, and reactivity of any compound can be
Fig. 11 DFT-B3LYP-321g-calculated frontier molecular orbitals
(FMOs) of compounds 04–13.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 7 The DFT-B3LYP*-calculated chemical reactivity parameters of the samples [04–13]

Samples
Electron affinity
(EA)

Ionization potential
(IP)

Electronegativity
(x)

Electrophilicity
(u)

Chemical potential
(m)

Global hardness
(h)

Global soness
(s)

04 0.1933 0.3153 0.2543 0.5301 �0.2543 0.0610 8.1967
05 0.1931 0.3039 0.2485 0.5573 �0.2485 0.0554 9.0253
06 0.1929 0.2909 0.2419 0.5971 �0.2419 0.0490 10.204
07 0.1926 0.2871 0.23985 0.6088 �0.2399 0.0473 10.582
08 0.2065 0.3051 0.2558 0.6636 �0.2558 0.0493 10.1412
09 0.1985 0.3101 0.2543 0.5795 �0.2543 0.0558 8.9606
10 0.1935 0.3001 0.2468 0.5714 �0.2468 0.0533 9.3809
11 0.1934 0.3033 0.24835 0.5612 �0.2484 0.0549 9.0992
12 0.1931 0.3072 0.25015 0.5484 �0.2502 0.0571 8.7642
13 0.1993 0.3106 0.25495 0.5840 �0.2549 0.0557 8.9847

Fig. 12 DFT-B3LYP/321g-calculated Mulliken's atomic charges of
compounds 04–13.
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determined by the energy difference of the frontier molecular
orbitals. The energies of HOMO and LUMO are used to gain
insights into the promising global reactivity descriptors and
are summarized in Table 7. Koopmans Theorem44 was used to
nd the electronegativity (x), chemical hardness (h), and
chemical potential (m), as given in eqn (4)–(6). IP (�EHOMO) is
the ionization potential and EA (�ELUMO) is the electron
affinity. The global soness (s) can be evaluated using eqn
(7).45 Parr et al.46 have given the electrophilicity index (u),
which is utilized to measure the electrophilic strength by eqn
(8).47

x ¼ ½IPþ EA�
2

¼ �½ELUMO þ EHOMO�
2

(4)

h ¼ ½IP� EA�
2

¼ �½ELUMO � EHOMO�
2

(5)

m ¼ ½ELUMO þ EHOMO�
2

(6)

s ¼ 1

2h
(7)

u ¼ m2

2h
(8)

The chemical reactivity of a compound species its capa-
bility to be stabilized by attracting the charge from the envi-
ronment.48 The chemical reactivity characteristics of the
compounds can be elucidated by the parameters, i.e., ionization
potential, electron affinity, electronegativity, electrophilicity,
chemical potential, global hardness, and global soness. These
parameters were calculated for all compounds (04–13) and are
reported in Table 7.

The small energy gap species the compound to be so
and reactive while the large energy gap indicates that the
molecule is hard and does not react easily.49 Compound 06
has shown greater soness characteristics (Table 7), making
it the most reactive, which can be attributed to the inclusion
of –Br, the functional group in its structure. The high value of
global hardness compared to the soness proposed the less
© 2022 The Author(s). Published by the Royal Society of Chemistry
reactivity and high stability of the compounds, as given in
Table 7. From the calculated values of chemical potential and
global hardness of the synthesized compounds, the most
thermally and kinetically stable compound was found to be
04. The calculated negative value of the chemical potential
showed that it is comparatively easy for the compounds to
gain electrons from the environment. However, the
compounds found to have greater charge transfer ability and
most of the compounds are more reactive. On the basis of the
chemical reactivity characteristics, these compounds can be
proved to be efficient antifungal and antibacterial
candidates.

3.7.5. Mulliken atomic charges analysis. Mulliken atomic
charges of compounds 04–13 were calculated using DFT/
B3LYP(3-21G). The histogram of Mulliken atomic charges is
represented in Fig. 12.

These charges have a very important role in quantum
chemical approach and also affect the polarizability, dipole
moment, and electronic structure of the molecule, and hence
the reactivity of the biological targets. The measured values
of the atomic charges showed the presence of highly elec-
tronegative atoms such as O, N, Cl, and Br. From this, it is
clear that the positive charge is distributed on the carbon
atoms, while all types of hydrogen atoms possess positive
charge.
RSC Adv., 2022, 12, 154–167 | 165

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07221h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
1:

09
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4 Conclusion

In this study, a series of 2-(benzamido) benzohydrazide deriv-
atives was designed, synthesized, characterized, and evaluated
for their inhibitory activity against the AChE and BChE
enzymes. By the combination of biochemical investigation and
computational analysis, we discovered two potent AChE and
BChE inhibitors as compound 06 (IC50 ¼ 0.09 mM for AChE and
0.14 mM for BChE) with the presence of the bromine substituent
at the para position in the benzylidene derivative and
compound 13 (IC50 ¼ 0.11 mM for AChE and 0.10 for BChE). The
BChE selective inhibition property was shown by compound 11
(IC50 ¼ 0.12 mM for BChE) with the hydroxyl group as the
substituent. It was found that 2-(benzamido) benzohydrazide
derivatives show more inhibition potential against BChE as
compared to AChE. The experimental results were conrmed by
molecular docking simulations, which showed a conserved
interaction pattern giving rise to similar interaction energy
values. The cytotoxicity studies proved the safe nature of the
synthesized compounds as anti-Alzheimer agents. In conclu-
sion, by compiling the information obtained during this study,
compounds 06 and 13 can be considered as effective candidates
toward the design and development of drugs against Alz-
heimer's disease.
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