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ARTICLE INFO ABSTRACT

Keywords: In the present work, a series of compounds containing imidazole and hydrazone structural frameworks were
Imidazole synthesized and characterized using various spectral techniques, including 'H NMR, '3C NMR, FTIR, and HRMS.
Synthesis

Synthesized compounds were subjected to screening as antiproliferative agents as well as against two physio-
logically and pharmacologically relevant human carbonic anhydrase (hCA) isoforms: hCA I and hCA II. Among
them, some compounds exhibited remarkable antiproliferative activity with less cytotoxicity activity to healthy
cells and significant CA inhibitory activities in contrast to a standard inhibitor with Ki values in the range of 0.49
4+ 1.010-739.12 + 111.35 nM for hCA I (Ki value for standard inhibitor = 271.15 + 74.620 nM), 64.53 +
19.44-314.37 + 54.78 nM for hCA II (Ki value for standard inhibitor = 113.07 + 20.980 nM). In addition, DFT
calculations were performed to get insight into the distinctive reactive sites of all compounds, and subsequently,
the reactive centers of the compounds were determined. Moreover, molecular docking studies of the most potent
compounds were conducted, and results showed reasonable binding modes in the active sites of hCA I protein
(PDB ID: 2CAB), hCA II protein (PDB ID: 3DC3), as well as colon cancer protein (PDB ID: 4UYA and 3DTC).
Finally, in silico predictions of ADME and pharmacokinetic parameters indicated that these compounds should
have good oral bioavailability.

Enzyme inhibition
Cytotoxic activity
Molecular docking
ADME/T

1. Introduction drugs with minimal side effects and high efficacy [4].

The enzyme carbonic anhydrase (CA) is a zinc-containing enzyme

Cancer is the second-leading cause of mortality worldwide, after
cardiovascular diseases. According to the World Health Organization
(WHO), cancer is expected to kill 12 million people worldwide by 2030
[1]. Therefore, researchers and pharmaceutical companies have made
finding and developing new, effective cancer treatments a top priority.
Existing chemotherapeutic drugs can kill cancerous cells, but they are
not 100% successful. They are becoming less effective due to the
development of drug resistance by cancer cells. In addition, long-term
use of these previously reported chemotherapeutic drugs can cause
hepatotoxicity, myelotoxicity, neurotoxicity, urinary toxicity, and car-
diac toxicity [2,3]. As a result, several research organizations
throughout the world are attempting to produce effective anticancer

* Corresponding authors.

that is ubiquitous in nature. This enzyme catalyzes an important bio-
logical reaction: the reversible hydration of carbon dioxide (CO2) to a
bicarbonate ion (HCO3-) and a proton (H+) [5]. CA inhibitors,
including acetazolamide, brinzolamide, brimonidine, diclofenamide,
etc., suppress CA activity and can be used as pressure-lowering systemic
drugs in the treatment of several disorders, including glaucoma and
epilepsy [6,7]. However, these inhibitors are known to cause undesir-
able side effects such as fatigue, paresthesia, gastric and duodenal ul-
cers, neurological disorders, idiopathic intracranial hypertension, or
osteoporosis [8,9]. They inhibit CA isoforms found in many tissues and
organs outside the eye. Also, they are primarily used for the treatment of
glaucoma [10].
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Fig. 1. Commercial drugs and biologically active compounds imidazole moiety.
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Fig. 2. Hydrazone based hybrid compounds with anticancer activity.

Nitrogen-containing heterocycles, particularly imidazole, are one of
the important scaffolds exhibiting a wide range of pharmacological ac-
tivities, including anticancer [11,12], antiviral [13], antibacterial [14],
antitubercular [15], and antiepileptic [16]. This scaffold is found in a
copious number of marketed drugs as anticancer agents, such as nilo-
tinib, dacarbazine, ponatinib, and fludarabine phosphate see Fig. 1. In
addition, several imidazole-based compounds have revealed anticancer
activities through different mechanisms of action, including induction of
apoptosis, inhibition of angiogenesis, inhibition of tubulin polymeriza-
tion, and antiestrogenic activity. The noteworthy bioactivity of

compounds carrying an imidazole ring is postulated to be because of its
high polarity properties (experimental logP close to zero) [17], due to
the presence of two nitrogen atoms, and the capability of the imidazole
ring to be a hydrogen bond donor [18], allowing it to interact with
molecular targets such as receptors and enzymes [19]. Various imid-
azole derivatives have been synthesized by linking them to other moi-
eties. Interestingly, a lot of effective anticancer agents have been
developed as a result of combining the imidazole ring with other moi-
eties. For instance, in 2021, E.M.H. Ali et al. reported an imidazole-
based compound with sulfonamide functionality (1) in Fig. 1 with
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Scheme 1. Synthetic route of 5-imidazol-4-one derivatives (FRB 1-13). Conditions and reagents: Ethanol, potassium hydroxide, room temperature, 3 h. (b) isatin,

Ethanol, reflux 8 h.

potential anticancer activity and an exceptional value of half-maximal
inhibitory concentration (ICso) of 32 nm. These compounds were
investigated using melanoma human cancer cell lines via BRAFV600E
kinase inhibition [20]. Not long ago, Fan et al. reported imidazole de-
rivatives connected to a quinazoline group (2) in Fig. 1 with potential
anti-proliferative activity on a variety of cancerous cells, including the
prostate cancer cell line (PC3). These compounds had significant IC50
values between 0.38 and 0.77 uM [21]. Also, Li et al. synthesized 1-
substituted-2-aryl imidazoles (3), which displayed significant anti-
proliferative activities with ICso values in the range of 80-100 nM and
selectivity on health cell lines as good as clinically administered drugs
[22] (see Fig. 2).

On the other hand, the hydrazone moiety is one of the most exten-
sively used scaffolds in the design and discovery of new lead compounds,
particularly in the design of antiproliferative agents [23-25]. Many
hydrazone-containing compounds have been found to have potent
anticancer activity [14,26]. The anticancer activity of the hydrazone
moiety was hypothesized to be suspectable to establish and accommo-
date hydrogen bonds with molecular targets, and the N—C was also
feasible for the addition process of nucleophile groups such as amino
-NH; and thiol -SH in the target molecules, which will enhance its ac-
tivity [27,28]. For instance, hydrazone derivatives 4 and 5 in Fig. 2
exhibited a significant level of cytotoxicity and exceptional selectivity
against cancerous cells over non-cancerous cells [29]. In addition,
compound 6 (CPTH2) was discovered to be an apoptosis inducer with
dual inhibitory effects on GCN5 and PCAF [30]. Also, Compound 7, a
pyrimidine-hydrazone hybrid, exhibited remarkable antiproliferative
activity against different cell lines, such as A549, H460, and HT-29, by
targeting ALK and ROS1 [31].

Recent studies show that theoretical calculations become very
important in many stages, from synthesis and characterization to ac-
tivity comparison [32]. There are many programs to use for these stages.
The most well-known among these programs are Gaussian software [33]
and Maestro Schrodinger [34]. The chemical properties of the molecules
were examined with the Gaussian software program, which was used to
calculate the B3LYP, HF, and M06-2X [35,36]. levels with the 6-31++g
(d,p) basis sets. On the other hand, their activities were compared

against various proteins using the Maestro Schrodinger program. In
order to anticipate the action, response, and transport of synthesized
molecules in human metabolism, ADME/T calculations were conducted.

One of the principal strategies for drug discovery is to combine two
or more pharmacophoric moieties in a single molecule to obtain potent
bioactive molecules with a novel mechanism of action. Consequently,
the significant biological activity of compounds with an imidazole ring
incorporated into their structure and a hydrazone moiety has inclined us
to synthesize molecules that have both of these crucial scaffolds in one
molecule. These compounds were designed and synthesized as illus-
trated in Scheme 1.

2. Experiment
2.1. Chemistry

Unless otherwise noted, all materials were obtained from commer-
cial sources and used without purification. To determine reaction
duration and product purity, thin-layer chromatography (TLC) with
fluorescent indicators visible at 254 nm and 365 nm was used. Melting
points were obtained using open glass capillaries and were uncorrected.
Infrared (IR) spectra were determined via an ATR diamond in the range
4000-700 cm~'. H-NMR (400 MHz) spectra and C-NMR (100 MHz)
spectra were recorded on a Bruker AM 400 MHz NMR spectrometer with
CDCl3 or DMSO-dg as the solvent. Coupling constants, J, are reported in
hertz (Hz). MS spectra were obtained using an Agilent 1200/6530 LC/
MS High-Resolution Time of Flight (TOF) instrument.

General Procedure for the synthesis of aminoguanidine derivatives 2-
benzylidenehydrazinecarboximidamide derivatives (III).

These compounds were synthesized using the modified literature
technique [37]. Benzal aldehydes or ketones (I) (0.1 mmol) and ami-
noguanidine (II) (0.11 mmol) in 15 mL of water were stirred at room
temperature for 1 h. The outcome of this mixture formed a suspension,
which was then neutralized with excess 2 N NaOH. The precipitate
materials were filtered off, washed with water, and dried to afford
crystals.

General procedure for the synthesis of synthesis of target compounds
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Table 1
Structure and physical characteristics of synthesized compounds FRB(1-13).[45].
Compounds Structure Yield% M.p (°C) Molecular Weight
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Table 1 (continued)
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Compounds Structure Yield% M.p (°C) Molecular Weight
FRB-11 Cl 76 163-165 359
NH,
—N N—
=N
(0] N
H
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Scheme 2. The probable mechanism for the formation of target compounds FRB (1-13).
FRB (1-13). 1441.7, 1359.4, 1308.7, 1260.1, 1200.3. 'H NMR (400 MHz, DMSO) §

To a boiling solution of guanylhydrazone derivatives (III) (0.1 mmol)
in 10 mL EtOH was added Indole-2,3-dione (IV) (0.1 mmol) and the
mixture was refluxed until total consumption of starting materials
(monitored by thin layer chromatography) 8 h. After cooling, the pre-
cipitate formed was filtered and recrystallized using the appropriate
solvents.

5-(2-Aminophenyl)-2-((thiophen-2-ylmethylene)hydrazono)-2,3-
dihydro-4H-imidazol-4-one (FRB-1) Burgundy solid, yield:77 %, TLC:Rf
= 0.31 (EA/CH = 4:6) [UV active], Mp 302-304 °C. IR (ATR) 3370.7,
3189.2, 1728.6, 1639.3, 1619.9, 1572.2, 1552.9, 1515.3, 1484.9,

12.16 (s, 1H, NH imidazole), 8.79 (s, 1H, CH), 8.69 (d, J = 8.4 Hz, 1H, Ar-
H), 7.93 (s, 2H, Ar-NH>), 7.85 (d, J = 4.9 Hz, 1H, Ar-H), 7.71 (s, 1H, Ar-
H), 7.38-7.27 (m, 1H, Ar-H), 7.26 — 7.17 (m, 1H, Ar-H), 6.88 (d, J = 8.6
Hgz, 1H, Ar-H), 6.62 (t, J = 7.5 Hz, 1H, Ar-H). 3¢ NMR (101 MHz, DMSO)
§166.67 (C=0), 163.82 (C2 imidazole), 162.00, 160.76, 154.49, 144.55,
136.29, 132.09, 131.13, 130.82, 129.51, 116.50, 115.30, 111.89. HRMS
(ED: [M + HJ", found 298.0754. C14H;1N50S requires 298.0756.
5-(2-aminophenyl)-2-((3,4-dimethoxybenzylidene)hydrazono)-2,3-

dihydro-4H-imidazol-4-one (FRB-2) Dark red, yield:89 %, TLC:Rf = 0.38
(EA/CH = 3:7) [UV active], Mp 276-278 °C. IR (ATR) 3375.0, 3187.6,
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Fig. 3. Cytotoxic activities of 5-imidazol-4-one derivatives FRB (1-13) on HT-

29 cell line. FRB-1, FRB-4 and FRB-8 showed the most cytotoxic activity on HT-
29 cell line.
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Fig. 4. Cytotoxic activities of 5-imidazol-4-one derivatives (FRB1-13) on
HacCaT cell line.

2831.9, 1720.3, 1620.5, 1596.8, 1572.2, 1511.9, 1479.0, 1437.1,
1337.7, 1313.4, 1254.4, 1169.6, 1128.4. H NMR (400 MHz, DMSO) &
12.29 (s, 1H, NH imidazole), 8.71 (d, J = 7.7 Hz, 1H, Ar-H), 8.54 (s, 1H,
CH), 7.94 (s, 1H, Ar-NH>), 7.83 (s, 1H, Ar-H), 7.43 (d, J = 7.1 Hz, 1H, Ar-
H), 7.32 (t,J=7.1 Hz, 1H, Ar-H), 7.06 (d, J = 8.3 Hz, 1H, Ar-H), 6.88 (d,
J=8.4Hz, 1H, Ar-H), 6.63 (t, J = 7.6 Hz, 1H, Ar-H), 3.87 (s, 3H, OCH3),
3.83 (s, 3H, OCH3). 3¢ NMR (101 MHz, DMSO) 5 166.72 (C=0), 163.64
(C2 imidazole), 161.04, 160.46, 153.28, 152.38, 149.53, 135.10, 131.11,
127.55, 125.43, 116.23, 116.45, 111.40, 110.51, 110.17, 56.12 (d, J =
5.9 Hz, OCH3). HRMS (ED: [M + H]", found 352.1404. C1gH;7N503 re-
quires 352.1410.
5-(2-Aminophenyl)-2-((4-chlorobenzylidene)hydrazono)-2,3-dihy-

dro-4H-imidazol-4-one (FRB-3) Maroon, yield: 79 %, TLC:Rf = 0.26 (EA/
CH = 3:7) [UV active], Mp 314-316 °C. IR (ATR) 3347.3, 3185.4, 1727.3,
1647.9, 1620.3, 1599.5, 1519.0, 1485.1, 1438.3, 1311.3, 1257.6,
1157.4, 1079.4, 954.5. H NMR (400 MHz, DMSO) 6 12.31 (s, 1H, NH
imidazole), 8.79 (d, J = 8.4 Hz, 1H, Ar-H), 8.63 (s, 1H, CH), 8.09 (d, J =
8.3 Hz, 2H, Ar-H), 7.98 (s, 2H, Ar-NH5), 7.58 (d, J = 8.1 Hz, 1H, Ar-H),

Journal of Molecular Liquids 391 (2023) 123242

100

HT-29

[}
o
1

Cell Viability (% of Control)
[=2]
o
|

N B
o o
1 1
)
) |

)
)
)
)

o
l

)

)

)

)

)

)

)

)

)

)

)

)

)

)

FRB-1 (5 pg/m
FRB-4 (5 ug/m
FRB-8 (5 pg/m
Imatinib (5 pg/m
FRB-1 (10 pg/m
FRB-4 (10 ug/m
FRB-8 (10 pg/m
Imatinib (10 pg/m
FRB-1 (20 pg/m
FRB-4 (20 pg/m
FRB-8 (20 ug/m
Imatinib (20 pg/m
FRB-1 (50 pg/m
FRB-4 (50 ug/m
FRB-8 (50 ug/m
Imatinib (50 pg/m
FRB-1 (100 pg/m
FRB-4 (100 pg/m
FRB-8 (100 ug/m

Samples

Fig. 5. Concentration dependent cell viability results of compounds (FRB-1,
FRB-4 and FRB-8) in HT-29 cell line.
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Fig. 6. Concentration dependent cell viability results of the synthesized com-
pounds on HaCaT cell line.

Table 2
ICsp values of FRB-1, FRB-4 and FRB-8 compounds on HT-29 and HaCaT cells
following incubation for 24 h.

HT-29 HaCaT

ICso (pg/mL + SEM)

24 h 24h
FRB-1 36.78 £ 0.17 >100
FRB-4 49.76 + 0.22 >100
FRB-8 30.84 +£ 0.19 >100
Imatinib 57.34 £ 0.25 >100
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Fig. 7. Morphological features of HT-29 and HaCaT cell lines after 24 h of incubation of derivatives FRB-1, FRB-4 and FRB-8. The morphological properties of the
three components that presented the highest antiproliferative effect against HT-29 cell line are presented in this figure.

7.42 (t, J=7.5 Hz, 1H, Ar-H), 6.88 (d, J = 8.5 Hz, 1H, Ar-H), 6.63 (t, J =
7.5 Hz, 1H, Ar-H). 3¢ NMR (101 MHz, DMSO) 6 165.66 (C—=0), 163.20
(C2 imidazole), 161.45, 158.74, 154.66, 135.48, 136.35, 133.67, 132.55,
132.07, 128.45 (s), 115.70, 115.95, 110.32. HRMS (ED): [M + H] ", found
326.0803. C16H12CIN50 requires 326.0803.
5-(2-Aminophenyl)-2-((4-bromobenzylidene)hydrazono)-2,3-dihy-
dro-4H-imidazol-4-one (FRB-4) Maroon, yield: 79 %, TLC:Rf = 0.41 (EA/
CH = 4:6) [UV active], Mp 314-316 °C. IR (ATR) 3347.3, 3185.4, 1727.3,
1647.9, 1620.3, 1599.5, 1519.0, 1485.1, 1438.3, 1311.3, 1257.6,
1157.4, 1079.4, 954.5. T NMR (400 MHz, DMSO) 6 12.30 (s, 1H, NH
imidazole), 8.68 (d, J = 8.6 Hz, 1H, Ar-H), 8.65 (s, 1H, CH), 8.09 (d, J =
8.4 Hz, 2H, Ar-H), 7.88 (s, 2H, Ar-NH>), 7.58 (d, J = 8.5 Hz, 1H, Ar-H),
7.44 (t, J = 7.4 Hz, 1H, Ar-H), 6.88 (d, J = 8.3 Hz, 1H, Ar-H), 6.63 (t, J =
7.5 Hz, 1H, Ar-H). 3¢ NMR (101 MHz, DMSO) 6 166.76 (C—=0), 164.00
(C2 imidazole), 161.39, 159.71, 153.65, 136.47, 135.25, 133.17, 132.85,
132.17,129.32 (s), 116.73, 115.84, 110.32. HRMS (ED): [M + H] ', found
326.0803. C16H12CIN50 requires 326.0803.
5-(2-Aminophenyl)-2-((2-chloro-6-fluorobenzylidene)hydrazono)-
2,3-dihydro-4H-imidazol-4-one (FRB-5) Burgundy solid, yield: 67 %,
TLC:Rf = 0.38 (EA/CH = 2:8) [UV active], Mp 303-305 °C. IR (ATR)
3370.7, 3245.7, 2918.1, 1739.9, 1643.1, 1623.8, 1524.9, 1462.6,
1438.9, 1312.1, 1262.6, 1159.4, 957.4. TH NMR (400 MHz, DMSO) 6
12.04 (s, 1H, NH imidazole), 8.74 (s, 1H, CH), 8.65 (t, J = 9.5 Hz, 1H, Ar-
H), 7.99 (s, 2H, Ar-NH3), 7.63 — 7.52 (m, 1H, Ar-H), 7.47 (d, J = 8.1 Hz,
1H, Ar-H), 7.39 (t, J = 9.2 Hz, 1H, Ar-H), 7.33 (d, J = 7.6 Hz, 1H, Ar-H),
6.88 (d, J = 8.4 Hz, 1H, Ar-H), 6.63 (t, J = 7.8 Hz, 1H, Ar-H). 13C NMR
(101 MHz, DMSO) 6§ 167.47 (C=0), 166.84 (C2 imidazole), 161.84,
156.45, 154.83, 135.62, 135.76, 134.51, 133.41, 134.12, 131.17,
130.67, 127.14, 116.83, 116.12, 110.26. HRMS (ED): [M + H]+, found
344.0708. C16H;1CIFN5O requires 344.0710.
5-(2-Aminophenyl)-2-((2-(trifluoromethyl)benzylidene)hydrazono)-
2,3-dihydro-4H-imidazol-4-one (FRB-6) Red solid, yield: 59 %, TLC:Rf =

0.23 (EA/CH = 1:9) [UV active], M.p 320-322 °C. IR (ATR) 3379.3,
3185.3, 1723.3, 1644.3, 1621.6, 1521.3, 1481.9, 1439.1, 1346.5,
1164.0, 1104.1, 1034.7, 953.0. 'H NMR (400 MHz, DMSO) & 12.45 (s,
1H, NH imidazole), 8.93 (s, 1H, Ar-H), 8.74 (s, 1H, =CH), 8.73 (d, J = 8.5
Hgz, 1H, Ar-H), 8.45 (d, J= 7.3 Hz, 1H, Ar-H), 8.32 (d, J = 8.5 Hgz, 1H, Ar-
H), 8.01 (s, 2H, Ar-NH3), 7.79 (t, J = 8.2 Hz, 1H, Ar-H), 7.13 (t, J = 7.3
Hgz, 1H, Ar-H), 6.89 (d, J = 8.7 Hz, 1H, Ar-H), 6.63 (t, J = 7.5 Hz, 1H, Ar-
H). 13C NMR (101 MHz, DMSO) 5 166.73 (C=0), 164.24 (C2 imidazole),
162.01, 160.47, 154.17, 152.16, 149.54, 137.33, 132.19, 127.67,
125.32, 116.55, 115.88, 111.66, 110.46, 110.15. HRMS (ED): [M + H]™,
found 360.1066. C;7H;2F3N50 requires 360.0994.
5-(2-Aminophenyl)-2-((4-(dimethylamino)benzylidene)hydrazono)-
2,3-dihydro-4H-imidazol-4-one (FRB-7) Black solid, yield: 77 %, TLC:Rf
= 0.42 (EA/CH = 4:6) [UV active], M.p 306-308 °C. IR (ATR) 3375.0,
1712.8, 1640.1, 1606.5, 1568.4, 1511.2, 1434.0, 1305.5, 1154.6,
1049.9, 943.8. THNMR (400 MHz, DMSO) 6 12.13 (s, 1H, NH), 8.71 (d, J
= 7.7 Hz, 1H, Ar-H), 8.46 (s, 1H, N = CH), 7.88 (s, 4H, Ar-NH,, Ar-H),
7.30 (s, 1H, Ar-H), 6.87 (d, J = 8.3 Hz, 1H, Ar-H), 6.77 (d, J = 7.6 Hz,
2H, Ar-H), 6.62 (s, 1H, Ar-H), 3.03 (s, 6H, CH3). 13C NMR (101 MHz,
DMSO0) 6 166.67 (C—=0), 164.39 (C2 imidazole), 161.82, 160.42, 154.73,
153.54, 136.23, 133.74, 134.33, 128.83, 123.79, 122.16, 116.36,
115.78, 112.33, 111.42, 56.30 (2CH3). HRMS (ED): [M + H]+, found
335.1614. C18H;18N6O requires 335.1542.
5-(2-Aminophenyl)-2-((2-methylbenzylidene)hydrazono)-2,3-dihy-
dro-4H-imidazol-4-one (FRB-8) Dark-red solid, yield: 89 %, TLC:Rf =
0.38 (EA/CH = 2:8) [UV active], Mp 302-304 °C. IR (ATR) 3362.1,
3187.0,1722.3,1644.3, 1619.9, 1551.5, 1519.2, 1480.1,1438.3, 1368.8,
1310.2, 1255.2, 1202.4, 1159.8. TH NMR (400 MHz, DMSO) § 12.22 (s,
1H, NH imidazole), 9.86 (s, 1H, CH), 8.70 (d, J = 8.5 Hz, 1H, Ar-H), 8.34
(d, J = 7.2 Hz, 1H, Ar-H), 7.95 (s, 2H, Ar-NH>), 7.39 (t, J = 7.5 Hz, 1H,
Ar-H), 7.31 (dd, J = 16.8, 7.6 Hz, 3H, Ar-H), 6.89 (d, J = 8.5 Hz, 1H, Ar-
H), 6.63 (t, J = 7.6 Hz, 1H, Ar-H), 2.50 (s, 3H, CHs3). '3C NMR (101 MHz,
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Table 3
Results of the enzyme inhibition of carbonic anhydrase I and II isoenzymes by
synthesized compounds FRB(1-13).

Compounds  ICso (nM) Ki (nM)
hCA I r? hCA T r? hCA I hCA I
FRB-1 0.7647  0.9427 0.1904  0.9975  739.12 146.56
+ +61.39

111.35
FRB-2 1.1917  0.9180 1.1605 0.9507 94.14+  314.36
9.99 + 54.07
FRB-3 1.8570  0.8688 1.4382 09518 221.85 179.57
+ +93.68

112.81
FRB-4 1.4928  0.9910 1.0574  0.9940  301.53 181.34
+ +39.36

190.95
FRB-5 1.0984  0.9950 1.2112  0.9893  284.37 202.27

+89.90 +

100.99
FRB-6 1.3543  0.9958 1.5508  0.9368  238.45 210.13
+ + 93.05

113.98
FRB-7 0.5940  0.9934 1.3588  0.9722  639.48 100.89
+ + 58.35

214.63
FRB-8 1.0612  0.9723 0.9025 0.9133  6.49 + 156.21
1.010 + 60.82
FRB-9 0.8467  0.9370 1.3509  0.9455  251.47 89.58 +
+ 21.24

176.64
FRB-10 0.7932  0.9851 0.7937  0.8334  182.66 64.53 +
+9228  19.44
FRB-11 0.9751  0.9723 0.6813  0.9953 65.16 +  185.89
14.65 + 64.99
FRB-12 1.8203  0.9639 1.8280 0.9984  108.87 146.56
+35.39  +61.39
FRB-13 0.6344  0.8081 0.6448  0.8183 79.05+  314.37
44.51 +54.78
AZA 12.62 0.9712  19.81 0.9706  271.15 113.07
+74.62  +20.98

*AZA (acetazolamide) was used as a positive control for human carbonic
anhydrase I and II isoforms (hCA I and II).

DMSO0) 6 166.66 (C—=0), 163.84 (C2 imidazole), 161.03, 160.65, 153.59,
142.15, 134.29, 132.09, 131.23, 127.32, 129.51, 117.36, 115.88 (s, J =
15.7 Hz), 110.39, 21.69. HRMS (ED: [M + HJ™, found 306.1349.
C17H15N;50 requires 306.1352.

5-(2-Aminophenyl)-2-((1-phenylethylidene)hydrazono)-2,3-dihy-
dro-4H-imidazol-4-one (FRB-9).

Black solid, yield: 88 %, TLC:Rf = 0.31 (EA/CH = 3:7) [UV active], Mp
284-286 °C. IR (ATR) 3409.5, 3375.0, 3168.1, 1724.5, 1615.2, 1548.8,
1514.5, 1484.2, 1439.9, 1364.7, 1309.3, 1253.5, 1198.1, 1152.1. g
NMR (400 MHz, DMSO) 6 12.14 (s, 1H, NH imidazole), 8.70 (d, J = 8.5
Hgz, 1H, Ar-H), 8.18 (d, J = 7.4 Hz, 2H), 7.94 (s, 2H, Ar-NH3), 7.47 (t, J =
6.5 Hz, 3H, Ar-H), 7.32 (d, J = 8.4 Hz, 1H, Ar-H), 6.88 (d, J = 8.2 Hz, 1H,
Ar-H), 6.64 (d, J = 7.9 Hz, 1H, Ar-H), 2.50 (s, 3H, CH3). 1>C NMR (101
MHz, DMSO) § 166.88 (C—0), 165.29 (C2 imidazole), 163.3, 158.7,
153.35, 137.8, 135.0, 131.13, 130.97, 128.69 (s), 128.03, 116.63,
115.87, 110.41, 14.89 (CH3). HRMS (ED): [M + H]™, found 306.1349.
C17H15N50 requires 306.1349.

5-(2-Aminophenyl)-2-((1-(3,4-dimethoxyphenyl)ethylidene)hydra-
zono)-2,3-dihydro-4H-imidazol-4-one (FRB-10) Dark-brown, yield: 87
%, TLC:Rf = 0.28 (EA/CH = 2:8) [UV active], Mp 278-280 °C. IR (ATR)
3383.8, 3174.6, 1720.0, 1618.9, 1543.6, 1514.7, 1483.3, 1445.6,
1360.6, 1306.1, 1257.4, 1221.6, 1160.9, 1134.2, 1065.1. H NMR (400
MHz, DMSO) 6 12.16 (s, 1H, NH imidazole), 8.71 (d, J = 8.3 Hz, 1H, Ar-
H), 7.91 (s, 2H, Ar-NH5), 7.86 (d, J = 2.0 Hz, 1H, Ar-H), 7.59 (dd, J =
8.5, 2.0Hz, 1H, Ar-H), 7.31 (t, J = 7.7 Hz, 1H, Ar-H), 7.00 (d, J = 8.5 Hz,
1H, Ar-H), 6.88 (d, J = 8.4 Hz, 1H, Ar-H), 6.69 - 6.57 (m, 1H, Ar-H), 3.88
(s, 3H, OCH3), 3.82 (s, 3H, OCH3). 13C NMR (101 MHz, DMSO) 5 166.96
(C=0)), 165.41 (C2 imidazole), 163.15, 157.21, 152.71, 151.78,
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144.98, 132.93, 133.10, 130.51, 122.97, 116.19, 115.81, 112.25,
110.73, 110.50, 56.31 (OCHzs), 56.01 (OCH3), 14.78 (CHs3). HRMS (ED):
[M + HJ", found 366.1560. C19H19N503 requires 366.1562.
5-(2-Aminopheny])-2-((1-(4-chlorophenyl)ethylidene)hydrazono)-
2,3-dihydro-4H-imidazol-4-one (FRB-11) Black solid, yield: 82 %, TLC:
Rf=0.21 (EA/CH = 4:6) [UV active], Mp 272-274 °C. IR (ATR) 3392.2,
3175.3,1721.4, 1618.8 1547.3, 1518.9, 1481.5, 1398.1, 1357.2, 1311.4,
1255.3, 1200.3, 1161.9, 1088.7, 1008.9, 943.2. 'H NMR (400 MHz,
DMSO) 6 12.30 (s, 1H, NH imidazole), 8.40 (d, J = 8.8 Hz, 1H, CH), 8.22
(d, J = 8.6 Hz, 2H, Ar-H), 7.97 (s, 2H, Ar-NHy), 7.51 (d, J = 8.2 Hz, 2H,
Ar-H), 7.31 (t,J = 7.2 Hz, 1H, Ar-H), 6.89 (d, J = 8.4 Hz, 1H, Ar-H), 6.63
(t, J=7.5Hz, 1H, Ar-H), 2.50 (s, 3H, CH3). 3¢ NMR (101 MHz, DMSO) &
166.93 (C=0), 164.26 (C2 imidazole), 163.44, 159.13, 153.46, 136.73,
135.74, 135.14, 131.13, 129.84, 128.69, 116.66, 115.88, 110.37, 14.75
(CHs). HRMS (ED: [M + HJ™, found 340.0949. C;7H14CIN5O requires
340.0949.
5-(2-Aminophenyl)-2-((1-(p-tolyl)ethylidene)hydrazono)-2,3-dihy-
dro-4H-imidazol-4-one (FRB-12) Brown solid, yield: 91 %, TLC:Rf = 0.42
(EA/CH = 4:6) [UV active], Mp 305-307 °C. IR (ATR) 3385.2, 3173.0,
2918.1, 1719.6, 1638.9, 1614.9, 1547.2, 1479.0, 1436.4, 1355.9,
1311.6, 1202.4, 1161.8, 1019.7. TH NMR (400 MHz, DMSO) 6 12.14 (s,
1H, NH imidazole), 8.70 (d, J = 8.3 Hz, 1H, Ar-H), 8.08 (d, J = 8.2 Hgz,
2H, Ar-H), 7.92 (s, 2H, Ar-NH>), 7.35 — 7.28 (m, 2H, Ar-H), 7.26 (d, J =
8.0 Hz, 1H, Ar-H), 6.88 (d, J = 8.4 Hz, 1H, Ar-H), 6.63 (dd, J = 8.1, 7.0
Hz, 1H, Ar-H), 2.48 (s, 3H, CH3), 2.36 (s, 3H, CHs3). 13C NMR (101 MHz,
DMSO) & 166.85 (C=O0), 165.34, 163.27, 158.61, 153.28, 140.89,
135.19, 135.02, 131.11, 129.31, 128.05, 116.61, 115.85, 110.45, 21.47
(CH3), 14.77 (CH3). HRMS (ED): [M + H]", found 320.1505. C1gH17N50
requires 320.1505.
5-(2-aminophenyl)-2-((1-(4-ethoxyphenyl)ethylidene)hydrazono)-
2,3-dihydro-4H-imidazol-4-one (FRB-13) Burgundy solid, yield: 90 %,
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Table 4
The calculated quantum chemical parameters of molecules.
Enomo ELumo I A AE n n x Pi ® € dipol Energy

B3LYP/SDD LEVEL
FRB 1 —-5.7169 -3.1735 5.7169 3.1735 2.5434 1.2717 0.7864 4.4452 —4.4452 7.7691 0.1287 0.1566 —35024.7204
FRB 2 —5.7079 —3.1133 5.7079 3.1133 2.5946 1.2973 0.7708 4.4106 —4.4106 7.4975 0.1334 2.6923 —30389.4717
FRB 3 —5.8608 —3.2760 5.8608 3.2760 2.5848 1.2924 0.7737 4.5684 —4.5684 8.0742 0.1239 2.3748 —38802.1479
FRB 4 —5.8630 -3.2817 5.8630 3.2817 2.5813 1.2906 0.7748 4.5724 —4.5724 8.0992 0.1235 2.3574 —96260.3556
FRB 5 —5.8464 —3.1884 5.8464 3.1884 2.6580 1.3290 0.7524 4.5174 —4.5174 7.6774 0.1303 1.5154 —41502.6094
FRB 6 —5.9441 —3.3764 5.9441 3.3764 2.5677 1.2838 0.7789 4.6603 —4.6603 8.4582 0.1182 3.7817 —35467.2610
FRB 7 —5.3313 —2.8866 5.3313 2.8866 2.4447 1.2223 0.8181 4.1090 —4.1090 6.9062 0.1448 4.7403 —29939.5960
FRB 8 —5.7563 —3.1661 5.7563 3.1661 2.5903 1.2951 0.7721 4.4612 —4.4612 7.6835 0.1301 0.3798 —27364.7230
FRB 9 —5.7079 —3.0365 5.7079 3.0365 2.6714 1.3357 0.7487 4.3722 —4.3722 7.1560 0.1397 0.7461 —27364.8016
FRB 10 —5.6573 -3.0727 5.6573 3.0727 2.5846 1.2923 0.7738 4.3650 —4.3650 7.3720 0.1356 2.6187 —32526.8559
FRB 11 —5.8608 —3.2760 5.8608 3.2760 2.5848 1.2924 0.7737 4.5684 —4.5684 8.0742 0.1239 2.3747 —38802.1479
FRB 12 —5.7256 -3.1160 5.7256 3.1160 2.6096 1.3048 0.7664 4.4208 —4.4208 7.4891 0.1335 0.6631 —27364.8918
FRB 13 —5.6557 —3.0692 5.6557 3.0692 2.5865 1.2932 0.7733 4.3624 —4.3624 7.3578 0.1359 1.7874 —29411.3308
HF/6-31 g LEVEL
FRB 1 —8.1921 0.6286 8.1921 —0.6286 8.8206 4.4103 0.2267 3.7817 —3.7817 1.6214 0.6168 1.0082 —34857.5609
FRB 2 —8.1738 0.6656 8.1738 —0.6656 8.8394 4.4197 0.2263 3.7541 —3.7541 1.5944 0.6272 2.6838 —30207.0570
FRB 3 —8.3091 0.5083 8.3091 —0.5083 8.8174 4.4087 0.2268 3.9004 —3.9004 1.7253 0.5796 1.8253 —38620.6060
FRB 4 —8.3110 0.4912 8.3110 —0.4912 8.8021 4.4011 0.2272 3.9099 —3.9099 1.7368 0.5758 1.9135 —96048.8506
FRB 5 —8.2761 0.6705 8.2761 —0.6705 8.9466 4.4733 0.2235 3.8028 —3.8028 1.6164 0.6187 1.4154 —41310.5856
FRB 6 —8.3319 0.5608 8.3319 —0.5608 8.8928 4.4464 0.2249 3.8855 —3.8855 1.6977 0.5890 2.8019 —35265.7643
FRB 7 —7.5681 0.8455 7.5681 —0.8455 8.4136 4.2068 0.2377 3.3613 —3.3613 1.3429 0.7447 3.6274 —29752.5815
FRB 8 —8.2233 0.7067 8.2233 —0.7067 8.9300 4.4650 0.2240 3.7583 —3.7583 1.5817 0.6322 0.7872 —27194.4278
FRB 9 —8.1972 0.8534 8.1972 —0.8534 9.0506 4.5253 0.2210 3.6719 -3.6719 1.4897 0.6713 1.0070 —27194.5782
FRB 10 —8.1006 0.7064 8.1006 —0.7064 8.8070 4.4035 0.2271 3.6971 —3.6971 1.5520 0.6443 2.4208 —32329.1256
FRB 11 —8.3091 0.5083 8.3091 —0.5083 8.8174 4.4087 0.2268 3.9004 —3.9004 1.7253 0.5796 1.8249 —38620.6060
FRB 12 —8.1858 0.6914 8.1858 —0.6914 8.8772 4.4386 0.2253 3.7472 —3.7472 1.5817 0.6322 1.2473 —27194.6409
FRB 13 —8.1036 0.7192 8.1036 —0.7192 8.8228 4.4114 0.2267 3.6922 —3.6922 1.5451 0.6472 1.7644 —29231.1479
MO062X/6-31 g LEVEL
FRB 1 —7.0304 —2.3260 7.0304 2.3260 4.7043 2.3522 0.4251 4.6782 —4.6782 4.6522 0.2150 0.6801 —35013.5953
FRB 2 —7.0337 —2.2757 7.0337 2.2757 4.7579 2.3790 0.4203 4.6547 —4.6547 4.5537 0.2196 2.5290 —30376.9058
FRB 3 —7.1362 —2.4338 7.1362 2.4338 4.7024 2.3512 0.4253 4.7850 —4.7850 4.8691 0.2054 1.9154 —38790.2104
FRB 4 —7.1324 —2.4422 7.1324 2.4422 4.6902 2.3451 0.4264 4.7873 —4.7873 4.8865 0.2046 1.9716 —96251.2333
FRB 5 —7.1120 —2.3054 7.1120 2.3054 4.8067 2.4033 0.4161 4.7087 —4.7087 4.6127 0.2168 1.2779 —41489.9861
FRB 6 —7.1746 —2.4343 7.1746 2.4343 4.7403 2.3701 0.4219 4.8045 —4.8045 4.8696 0.2054 2.9085 —35453.2448
FRB 7 —6.5822 —2.0722 6.5822 2.0722 4.5101 2.2550 0.4435 4.3272 —4.3272 4.1517 0.2409 4.5686 —29926.6036
FRB 8 —7.0644 —2.2692 7.0644 2.2692 4.7952 2.3976 0.4171 4.6668 —4.6668 4.5418 0.2202 0.8289 —27352.8956
FRB 9 —7.0277 —2.1560 7.0277 2.1560 4.8717 2.4358 0.4105 4.5918 —4.5918 4.3280 0.2311 1.2275 —27353.0252
FRB 10 —7.0013 —2.2504 7.0013 2.2504 4.7509 2.3754 0.4210 4.6258 —4.6258 4.5041 0.2220 2.4347 —32513.0696
FRB 11 —7.1362 —2.4338 7.1362 2.4338 4.7024 2.3512 0.4253 4.7850 —4.7850 4.8691 0.2054 1.9154 —38790.2104
FRB 12 —7.0394 —2.2741 7.0394 2.2741 4.7653 2.3826 0.4197 4.6567 —4.6567 4.5506 0.2198 1.0469 —27353.0176
FRB 13 —6.9991 —2.2422 6.9991 2.2422 4.7569 2.3784 0.4204 4.6207 —4.6207 4.4884 0.2228 1.6225 —29398.7983

TLC:Rf = 0.43 (EA/CH = 4:6) [UV active], Mp 285-287 °C. IR (ATR)
3387.9, 3175.8, 2982.8, 1717.1, 16017.8, 1564.4, 1521.0, 1443.8,
1391.6, 1311.7, 1253.3, 1206.7, 1161.7, 1118.7, 938.53. H NMR (400
MHz, DMSO) 6 12.13 (s, 1H, NH imidazole), 8.70 (d, J = 8.1 Hz, 1H, Ar-
H), 8.14 (d, J = 8.8 Hz, 2H, Ar-H), 7.90 (s, 2H, Ar-NH>), 7.30 (t, J = 7.7
Hz, 1H, Ar-H), 6.97 (d, J = 8.8 Hz, 2H, Ar-H), 6.87 (d, J = 8.3 Hz, 1H, Ar-
H), 6.62 (t, J = 7.7 Hz, 1H, Ar-H), 4.09 (dd, J = 13.9, 6.9 Hz, 2H, OCH.),
2.47 (s, 3H, CH3), 1.34 (t, J = 6.9 Hz, 3H, CHs. '3C NMR (101 MHz,
DMSO0) 6 166.78 (C=0), 165.16 (C2 imidazole), 163.12, 161.07, 158.41,
153.15, 134.99, 131.07, 129.86, 116.60, 115.90, 114.44, 110.48, 63.74
(OCHy), 15.00 (CH3), 14.61 (CHs). HRMS (ED): [M + H]", found
350.1611 C39H;19N50; requires 350.1611.

2.2. Cell culture

In the cell culture study, HT-29 and HaCaT were obtained from
ATCC. Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s me-
dium (DMEM) were procured from Merck Millipore. Phosphate buffered
saline (PBS) and penicillin-streptomycin-L-glutamine solution were
bought from Sigma-Aldrich. In cytotoxicity investigations, the Roche
Diagnostic XTT assay kit was used. HT-29 and HaCaT cell lines were
seeded in DMEM, including FBS (10 %), penicillin (100 IU/mL), L-
glutamine (1 %), and streptomycin (10 mg/mL). Then well plates with
cells were incubated in an incubator (5 % CO2 and 37 °C). The cytotoxic
activity assay was carried out when cells reached 80-90 % confluence.

2.3. Cytotoxicity assay

The XTT test was used to assess the cytotoxic effects of synthetic
substances on the HT-29 and HaCaT cell lines. Initially, cells were
seeded in 96-well plates, including 100 pL of DMEM (10 % FBS), and
incubated overnight. For the cytotoxicity experiment, substances were
dissolved in DMSO. The compounds were pipetted into DMEM to ho-
mogenize them before being administered to each well at a concentra-
tion of 20 g/ml. The control group also received the same quantity of
DMSO. The compounds were pipetted into DMEM to homogenize them
before being administered to each well at a concentration of 20 g/ml.
The control group also received the same quantity of DMSO. A micro-
plate ELISA reader was used to measure the absorbance of XTT-
formazan at 450 nm [38]. Compounds’ cell viability was calculated in
comparison to a control. The three substances with the highest anti-
proliferative activity against the HT-29 cell line without HaCaT were
identified based on the findings of the XTT investigation. XTT assays
were repeated to determine three compounds at concentrations of 5 ug/
ml, 10 pg/ml, 20 ug/ml, 50 pg/ml, and 100 ug/ml to calculate the ICsq
values. In addition, microscope images were taken to observe and
evaluate the changes in the morphological features of the cells to which
the three components with the highest cytotoxic activity on HT-29 cells
were applied.
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FRB-3 HOMO LUMO ESP
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FRB-5 HOMO LUMO ESP

Fig. 9. Representations of optimized structure, HOMO, LUMO, and ESP of molecules.

2.4. Engyme studies activity of CA. The method’s basic idea is that the carbonic anhydrase

enzyme’s p-nitrophenylasetate is employed as a substrate. It undergoes

The enzyme activity of carbonic anhydrase was measured using the hydrolysis to produce either p-nitrophenol or p-nitrophenol, which ab-
esterase activity technique. The technique is based on the esterase sorbs at 348 nm [39,40].

10
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FRB-7 HOMO LUMO ESP

FRB-8 HOMO LUMO ESP

LUMO

Fig. 9. (continued).

2.5. Theoretical methods programs, calculations were made in B3LYP, HF, and M06-2x methods

with the 6-31++g(d,p) basis set. As a result of these calculations, many

Theoretical calculations provide important information about the quantum chemical parameters have been found. Each parameter de-

chemical and biological properties of molecules. Many quantum chem- scribes a different chemical property of molecules; the calculated pa-
ical parameters are obtained from theoretical calculations. The calcu- rameters are calculated as follows:

lated parameters are used to explain the chemical activities of the B | 1
molecules. Many programs are used to calculate molecules. These pro- r= - (ﬁ) =3 (I+A) = — 3 (Enomo + Erumo)
grams are Gaussian09 RevD.01 and GaussView 6.0. By using these v(r)

11
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FRB-12 HOMO

FRB-13 HOMO

LUMO

ESP

Fig. 9. (continued).

B OE _1(1 4) = 1(E Evono)
’7 - aNZ U(r) - 2 - 2 HOMO LUMO

c=1/po=y/2ne=1/w

An important method used to determine the molecules with the highest
activity against biological materials is molecular docking. Molecular
docking calculations are made on Schrodinger’s Maestro Molecular
modeling platform (version 12.8). In the calculations made with this
method, it is possible to comment on the active sites of the molecules.
Calculations are made up of several steps. It first uses the protein
preparation module to prepare the protein, then the LigPrep module to
prepare the molecules. In order to interact with the prepared proteins
and molecules, they interact with each other with the Glide ligand
docking tool. Finally, the Qik-prop module of the Schrodinger software
was used while performing ADME/T analysis (absorption, distribution,
metabolism, excretion, and toxicity) in order to examine the effects of
the studied molecules on human metabolism.

The binding free energy of ligand-protein complexes was found
using the MM-GBSA method of the Prime module from Schrodinger.
Other parameters were set by default. During the calculation, the
OPLS3e force field, VSGB solvent model, and rotamer search algorithms
were applied to define the bonding free energy. Here, we performed the
binding free energy calculations of all complexes with the following
equation:

12

A(;bimi = Gmmplex - (Gprutein + Gligand)

where AGyy,g is the binding free energy, Geomplex ligand—protein
complexes are the free energy value, Gy is the target protein’s free
energy value, and Gignq is the free energy value of the ligand.

2.6. Statistical analysis

All experiments in this study were conducted three times, with the
data being presented as the mean SEM. The one-way ANOVA Newman
Tukey test was used to examine the acquired data, and differences were
determined to be significant (p 0.05).

3. Results and discussions
3.1. Synthesis

The synthesis of target compounds FRB (1-13) is shown in Scheme
1. First, benzal aldehydes, or ketones, and aminogunidine hydrogen
chloride were used to synthesize starting materials, 2-benzylidenehydra-
zinecarboximidamide derivatives, or guanylhydrzones (III). These
compounds were synthesized in the presence of an inorganic base, po-
tassium hydroxide, as described in the literature [41,42]. The target
compounds were synthesized as a result of a condensation reaction be-
tween 2-benzylidenehydrazinecarboximidamide derivatives, or gua-
nylhydrzones (III), and indole-2,3-dione in polar protic medium. In the
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Table 5
Numerical values of the docking parameters of molecule against enzymes.

2CAB Docking Score  Glide ligand efficiency = Glide hbond  Glide evdw  Glide ecoul  Glide emodel  Glide energy  Glide einternal  Glide posenum

FRB-1 —5.50 —0.26 —0.42 —36.00 —4.63 —52.80 —40.63 2.27 340

FRB-2 —5.18 —0.22 —0.42 —31.55 —11.85 —55.40 —43.40 8.33 368

FRB-3 —4.03 —0.18 —0.44 -32.36 —7.64 —52.80 —39.99 4.79 396

FRB-4 —5.19 —0.23 —0.42 -37.11 —6.22 —54.60 —43.33 5.05 26

FRB-5 —4.92 —0.20 —0.42 —36.97 —5.35 —55.51 —42.33 3.05 293

FRB-6 —4.00 —0.15 —0.32 -31.40 —2.53 —40.72 -33.93 3.12 334

FRB-7 -5.31 -0.21 —0.06 -32.10 -2.01 —44.55 -34.11 2.74 312

FRB-8 —5.95 -0.22 -0.39 —36.26 —4.81 —51.36 —41.07 4.66 179

FRB-9 —4.87 -0.21 —-0.16 -37.43 -3.23 —52.37 —40.65 1.64 390

FRB- —4.04 —0.16 0.00 —38.91 —4.59 -52.99 —43.50 3.59 346
10

FRB- —4.03 —0.18 —0.44 -32.40 —7.62 —52.82 —40.02 4.79 396
11

FRB- —5.09 —0.22 —0.42 —36.59 —4.87 —51.92 —41.45 5.07 272
12

FRB- —5.05 -0.21 —0.44 —35.56 -5.79 —52.81 —41.35 3.27 307
13

AZA —4.29 —0.12 0.00 —44.38 —4.97 —62.08 —49.35 3.70 352

3DC3 Docking Score  Glide ligand efficiency = Glide hbond  Glide evdw  Glide ecoul  Glide emodel  Glide energy  Glide einternal  Glide posenum

FRB-1 —4.70 —0.22 —0.32 -33.38 —5.92 —49.12 —39.30 2.65 141

FRB-2 —4.28 —0.18 0.00 -31.35 -12.60 —57.47 —43.95 4.22 326

FRB-3 —4.54 —0.20 —0.32 —34.26 —7.47 -51.73 —41.73 5.73 332

FRB-4 —4.24 —0.18 —0.32 -32.74 -9.23 —52.07 —41.97 2.66 307

FRB-5 —4.29 —0.18 -0.32 —31.98 —6.18 —47.75 —38.16 2.30 159

FRB-6 —4.02 —0.15 -0.32 -32.56 —7.24 —48.49 —39.79 3.02 368

FRB-7 —4.06 —0.16 —0.32 -33.24 —6.32 —47.87 —39.56 3.72 131

FRB-8 —4.31 —0.19 -0.32 —31.74 —8.03 —49.65 -39.77 2.65 216

FRB-9 —5.47 —0.24 -0.32 -33.42 -7.05 —53.05 —40.48 2.51 178

FRB- —5.43 -0.13 —0.15 -33.17 —4.28 —45.91 —37.45 2.80 185
10

FRB- —4.54 —0.20 -0.32 —34.22 —7.51 —51.74 —41.73 5.73 332
11

FRB- —4.33 -0.19 —0.32 -33.48 -7.09 —50.82 —40.57 2.55 217
12

FRB- —5.05 -0.21 —-0.50 —-35.61 —8.58 —55.88 —44.18 5.56 102
13

AZA —4.64 —0.13 —-0.47 —43.67 —9.56 —66.84 —53.23 10.27 110

4UYA Docking Score  Glide ligand efficiency = Glide hbond  Glide evdw  Glide ecoul  Glide emodel Glide energy  Glide einternal  Glide posenum

FRB-1 —5.32 —0.25 0.00 -33.11 —9.69 —57.76 —42.80 1.81 50
FRB-2 -7.17 —0.30 0.00 —29.80 —44.30 —109.16 -74.10 6.30 288
FRB-3 —6.52 —0.28 —0.12 -32.06 —40.46 —109.39 —72.52 3.05 120
FRB-4 —6.09 —0.26 —0.13 —30.14 —40.21 —103.89 —70.34 3.25 354
FRB-5 —6.03 —0.25 -0.13 —27.56 —39.83 —101.45 —67.40 0.84 253
FRB-6 -5.71 —0.22 —0.13 —28.86 —38.95 —95.11 —67.82 2.03 110
FRB-7 —6.57 —0.26 —0.12 —34.32 —41.15 —114.24 —75.48 1.93 363
FRB-8 -7.18 —0.27 -0.13 —29.65 —41.17 —107.26 —70.82 0.81 229
FRB-9 —6.66 —0.29 —0.13 -33.53 —42.91 —115.89 —76.44 2.07 293
FRB- —6.44 —0.25 —0.16 —37.74 —13.13 —72.02 —50.87 4.51 178
10
FRB- —6.52 —0.28 —0.12 -32.06 —40.46 —109.39 —72.52 3.05 120
11
FRB- —6.37 —0.28 —-0.10 —31.93 —38.42 —105.84 —70.35 4.35 173
12
FRB- —6.63 —0.28 —0.09 -33.82 —38.71 —108.71 —72.53 7.75 360
13

3DTC Docking Score  Glide ligand efficiency = Glide hbond  Glide evdw  Glide ecoul  Glide emodel Glide energy  Glide einternal  Glide posenum

FRB-1 —3.83 —0.18 -0.17 —29.95 -4.29 —39.54 —34.24 1.80 327
FRB-2 —3.63 —0.15 —0.34 —25.80 -7.29 —40.55 -33.09 2.64 398
FRB-3 —3.42 —0.15 —0.56 —21.12 —8.24 —35.78 —29.36 5.65 288
FRB-4 —3.22 -0.14 —0.32 —27.65 —4.02 -36.75 -31.67 3.75 148
FRB-5 -3.73 —0.16 0.00 -33.64 —4.09 —45.49 —37.73 2.03 286
FRB-6 -3.21 —0.12 —-0.31 —28.58 -2.11 —37.02 -30.70 0.51 286
FRB-7 —2.60 -0.10 0.00 —31.48 —0.05 —36.23 -31.52 1.79 357
FRB-8 —3.46 —0.15 —0.30 —27.84 —2.48 —37.04 —30.32 0.59 385
FRB-9 -3.10 —0.13 —0.32 —28.02 —2.24 —36.12 —30.26 0.46 11

FRB- -3.07 —0.12 —0.32 —27.07 -1.34 —34.16 —28.41 0.89 387

10

(continued on next page)

13



M. Tapera et al. Journal of Molecular Liquids 391 (2023) 123242

Table 5 (continued)

2CAB Docking Score  Glide ligand efficiency =~ Glide hbond  Glide evdw  Glide ecoul  Glide emodel Glide energy  Glide einternal  Glide posenum

FRB- —3.42 —0.15 —0.56 —21.12 —8.24 —35.78 —29.36 5.65 288
11

FRB- —2.99 —0.13 -0.32 -27.37 —1.47 —34.38 —28.84 0.28 244
12

FRB- -3.19 —0.13 —0.59 -22.39 —8.62 —36.67 —31.01 6.66 176
13
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Fig. 11. Docking interactions of FRB-10 with hCA II enzyme protein.
literature, the reaction of aminoguanidine hydrochloride and isatin was synthesized compounds was confirmed by using several spectral tech-
reported to furnish 2-(2-oxoindolin-3-ylidene)hydrazine-1-carbox- niques, including 'H NMR, 3¢ NMR, FTIR, and HRMS. The analytical
imidamide [58], but in this work, we report a guanylhydrazone (III) data for the synthesized compounds were presented in the experimental
reaction with isatin to give 5-imidazol-4-one derivatives, FRB (1-13). section.
The synthesized compounds were subjected to purification through The distinctive absorption bands were observed in the IR spectra at

recrystallization, utilizing ethyl acetate as the solvent. Table 1 depicts 3320-3240 cm ! corresponding to NH, 1850-1541 cm™! for the imine
the structural characteristics and physical properties of the synthesized stretching frequency, and 1670-1540 cm™! due to the frequency of
compounds FRB(1-13). The probable mechanism for the formation of carbonyl stretching. Target compounds’ proton NMR spectra display
target compounds is illustrated in Scheme 2. The structure of representative chemical shift values at 8.10-8.34 ppm, which

14
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Fig. 13. Docking interactions of FRB-8 with colon cancer protein (3DTC).
Table 6
MM-GBSA parameter of molecule (kcal/mol).
FRB 1 FRB 2 FRB 3 FRB 4 FRB 5 FRB 6 FRB 7 FRB 8 FRB 9 FRB 10 FRB 11 FRB 12 FRB 13
AGBinding energy —10.64 —9.37 —-9.72 —6.36 —6.74 —-6.73 8.13 -7.77 —2.53 —-10.74 —1.48 2.44 20.71
AGBinding Coulomb —30.06 —26.03 —21.61 —25.34 -23.11 -23.10 -23.42 —21.78 —19.94 -22.91 —14.92 —-18.91 —31.66
AGBinding Covalent 1.99 6.39 1.15 3.52 5.46 5.45 11.46 1.06 3.19 5.65 3.68 5.35 2.99
AGBinding Hbond —0.54 —0.58 —0.11 —-0.59 —-0.59 —-0.59 -0.87 —-0.12 —0.40 —-0.59 —0.40 —0.56 —-0.67
AGBinding Lipo —12.60 —14.46 —-17.36 —14.01 —13.59 —13.59 —20.02 —15.33 —-11.25 —12.68 -11.81 —10.25 —-14.76
AGBinding Packing -0.29 —0.08 -1.07 —0.20 —0.10 —0.10 -0.21 —0.85 —0.02 —0.09 —0.02 —0.06 —0.96
AGBinding Solv GB 66.54 66.25 66.40 69.77 63.55 63.56 82.91 64.92 58.66 64.05 56.90 64.41 103.09
AGBinding vaw —35.68 —40.85 -37.11 —39.51 —38.35 —38.35 —41.71 —35.67 -32.77 -39.17 —34.91 —37.53 —37.32

correspond to methylenimine proton [43], 12.90-12.20 ppm corre-
sponding to imidazole NH, and 7.79-7.89 ppm due to the amino phenyl
group (Ar-NHy) [44]. The carbon NMR showed representative peaks for
the carbonyl, carbon two of the imidazole, and imine at 164-168,
163-159, and 142-137 ppm, respectively. The molecular ion peak m/z
of all the synthesized compounds obtained from HRMS were observed to
be consistent with the calculated values. Furthermore, the compound
FRB-1 exhibited a highly fragmented ion in addition to the molecular ion
at 213.1453 amu, which was identified as C;oHgN50 ™.

15

3.2. Cytotoxicity studies

The synthesized 5-imidazol-4-one derivatives were evaluated for
their in vitro anticancer activity towards both a normal (HaCaT cell line)
and cancer cell line, the Human Colorectal Adenocarcinoma Cell Line
(HT-29 cell line). These compounds exhibited interesting anticancer
activity on a cancerous cell line and less cytotoxic effects on a healthy
cell line, as shown in Fig. 3 by the XTT cytotoxicity studies. Compounds
were evaluated at a single concentration of 20 pg/ml. The cell viability
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Table 7
ADME properties of molecule.
FRB 1 FRB 2 FRB 3 FRB 4 FRB 5 FRB 6 FRB 7 Referance Range
mol MW 297 323 326 370 344 359 334 130-725
dipole (D) 3.3 5.1 2.9 2.7 3.2 2.3 3.8 1.0-12.5
SASA 574 621 620 625 618 619 665 300-1000
FOSA 24 28 28 28 25 20 169 0-750
FISA 180 283 180 180 173 171 190 7-330
PISA 336 311 341 340 325 338 306 0-450
WPSA 35 0 72 77 94 920 0 0-175
volume (A%) 958 1043 1041 1049 1044 1066 1135 500-2000
donorHB 2.5 4.5 2.5 2.5 2.5 2.5 2.5 0-6
accptHB 7.5 9 7.5 7.5 7.5 7.5 8.5 2.0-20.0
glob (Sphere = 1) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.75-0.95
QPpolrz (A% 32.8 34.7 36.2 36.5 36.2 37.2 39.0 13.0-70.0
QPlogPC16 11.4 13.0 12.6 12.7 121 11.7 12.8 4.0-18.0
QPlogPoct 19.0 23.8 20.3 20.4 20.4 20.7 21.4 8.0-35.0
QPlogPw 14.8 19.4 149 15.0 14.8 14.9 15.6 4.0-45.0
QPlogPo/w 1.3 0.1 1.9 2.0 21 2.2 1.7 —2.0-6.5
QPlogs -3.7 -3.6 —4.6 —-4.7 —4.7 —4.6 —4.6 —6.5-0.5
CIQPlogS -3.3 -3.3 -39 —-4.7 —4.2 —4.5 -3.7 —6.5-0.5
QPlogHERG —6.1 —6.2 —6.4 —6.4 —6.2 —6.1 —6.4 *
QPPCaco (nm/sec) 195 21 196 196 225 238 157 o
QPlogBB -1.4 —-2.7 -1.4 -1.4 -1.2 -1.2 -1.8 —-3.0-1.2
QPPMDCK (nm/sec) 131 7 212 226 324 326 67 i
QPlogKp -3.3 -5.1 -3.2 -3.2 -3.2 -3.1 -3.5 Kp in cm/hr
IP (ev) 8.3 8.4 8.4 8.5 8.4 8.5 8.3 7.9-10.5
EA (eV) 1.6 1.2 1.3 1.3 1.3 1.3 1.1 —-0.9-1.7
#metab 4 5 3 3 3 4 4 1-8
QPlogKhsa -0.3 -0.5 —0.2 —0.2 -0.2 -0.1 —0.2 -1.5-1.5
Human Oral Absorption 3 2 3 3 3 3 3 -
Percent Human Oral Absorption 76 51 79 80 81 83 76 kel
PSA 112 158 113 113 112 112 119 7-200
RuleOfFive 0 0 0 0 0 0 0 Maximum is 4
RuleOfThree 0 1 0 0 0 0 0 Maximum is 3
Jm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -
FRB 8 FRB 9 FRB 10 FRB 11 FRB 12 FRB 13 Referance Range

mol MW 305 305 351 326 305 321 130-725
dipole (D) 3.0 3.8 4.0 2.9 3.0 4.0 1.0-12.5
SASA 617 624 652 620 627 625 300-1000
FOSA 92 83 189 28 115 116 0-750
FISA 174 172 180 180 180 180 7-330
PISA 350 369 284 340 332 329 0-450
WPSA 0 0 0 72 0 0 0-175
volume (A3) 1042 1051 1128 1039 1053 1064 500-2000
donorHB 2.5 2.5 2.5 2.5 2.5 2.5 0-6
accptHB 7.5 7 9 7.5 7.5 8.25 2.0-20.0
glob (Sphere = 1) 0.8 0.8 0.8 0.8 0.8 0.8 0.75-0.95
QPpolrz (A3) 36.3 36.9 37.8 36.1 36.6 36.4 13.0-70.0
QPlogPC16 12.1 12.3 12.5 12.5 12.1 12.2 4.0-18.0
QPlogPoct 20.0 20.0 21.3 20.3 20.1 20.5 8.0-35.0
QPlogPw 149 14.6 15.6 14.9 14.9 15.4 4.0-45.0
QPlogPo/w 1.7 2.0 1.6 1.9 1.7 1.5 —2.0-6.5
QPlogs —4.2 —4.4 —4.1 —4.6 —4.3 -4.0 —6.5-0.5
CIQPlogS -3.5 -3.7 -3.9 -3.9 -3.5 -3.6 —6.5-0.5
QPlogHERG —6.3 —6.5 —-6.1 —6.4 —6.4 —6.2 *
QPPCaco (nm/sec) 223 232 196 196 196 196 wx
QPlogBB -1.5 -1.5 -1.7 -1.4 -1.6 -1.6 —3.0-1.2
QPPMDCK (nm/sec) 98 102 85 211 85 85 i
QPlogKp -3.1 -3.0 -3.3 -3.3 -3.3 -3.2 Kp in cm/hr
IP (ev) 8.3 8.2 8.4 8.4 8.3 8.4 7.9-10.5
EA (eV) 1.1 1.1 1.2 1.3 1.1 1.2 —0.9-1.7
#metab 4 4 5 3 4 4 1-8
QPlogKhsa —0.2 -0.1 -0.3 -0.2 -0.1 -0.3 —1.5-1.5
Human Oral Absorption 3 3 3 3 3 3 -
Percent Human Oral Absorption 79 81 77 79 78 77 ek
PSA 112 112 128 113 113 122 7-200
RuleOfFive 0 0 0 0 0 0 Maximum is 4
RuleOfThree 0 0 0 0 0 0 Maximum is 3
Jm 0.0 0.0 0.0 0.0 0.0 0.0 -

* corcern below —5, **<25 is poor and > 500 is great, *** <25 % is poor and > 80 % is high.

16



M. Tapera et al.

rates of these compounds on the HT-29 cell line ranged from 50.62 +
0.19 % to 83.47 + 0.34 %. Compounds FRB-1, FRB-4, and FRB-8
exhibited significant antiproliferative activity with cell viability rates of
50.620.19 %, 55.230.31 %, and 58.320.32 %, respectively. The syn-
thesized compound FRB 11 displayed the lowest cytotoxic activity, with
a cell viability rate of 83.47 + 0.34 %. On the application of imatinib to
HT-29 cells at the same concentration, cell viability was calculated as
62.98 + 0.32 %. According to the results of the study on the HT-29 cell
line, FRB-1, FRB-4, and FRB-8 compounds had more effective cytotoxic
activity than imatinib.

A XTT cell viability assay was also executed on the HaCaT cell line,
and it was noticed that the compounds treated at the same concentration
did not display a cytotoxic effect on the cells. Therefore, the cell viability
was above 70 %, which was important and critical. According to cell
viability study results, HaCaT cell viability rates were between 74.52 +
0.29 % FRB-10 and 90.39 + 0.38 % FRB-8. In light of the findings, it can
be concluded that these compounds had trivial toxic properties on the
HaCaT cell line, as depicted in Fig. 4. In addition, it was also deduced
that a well-known commercially available anticancer agent, “Imatinib,”
that was used as a reference compound in this assay had more toxic
effect properties on a healthy cell line as compared to the synthesized
compounds, proving the biocompatibility of synthesized compounds
with Imatinib. To calculate the ICsq values of the most active compounds
among the synthesized 5-imidazol-4-one derivatives, FRB-1, FRB-4, and
FRB-8 in the HT-29 cell line were treated to the cells at 5 different
concentrations, and the XTT assay was carried out to kill 50 % of the
cells (see Fig. 5).

When the XTT test was done on HT-29 cells, the rates of cell survival
were inversely related to the concentrations of the synthesized com-
pounds that were used. HT-29 cell viability rates were calculated as
FRB-1 (65.09 + 0.48 %), FRB-4 (71.15 + 0.35 %), FRB-8 (60.51 +
0.32 %), and imatinib (73.25 + 0.23 %) when the specified compounds
were administered at a concentration of 5 ug/ml. Thenceforth, at a
concentration of 100 pg/ml, the synthesized compounds were treated
with the HT-29 cells, and the cell viability was calculated as FRB-1
(36.32 + 0.49 %), FRB-4 (40.75 + 0.42 %), FRB-8 (34.09 + 0.26 %),
and imatinib (46.24 + 0.47 %). As shown in Fig. 6, the IC50 values for
imatinib, FRB-1, FRB-4, and FRB-8 compounds were determined to be
36.78 + 0.17 pg/ml, 49.76 + 0.22 pg/ml, 30.84 + 0.19 pg/ml, and
57.34 £ 0.25 pg/ml, respectively (Table 2). The ICsg values of the three
compounds, FRB-1, FRB-4, and FRB-8, were lower than those of ima-
tinib. Based on these findings, it can be stated that these synthesized
compounds have more antiproliferative activity against the HT-29 cell
line and are more effective candidates than imatinib, which was used as
a reference.

The HaCaT cell line was also subjected to imatinib and five distinct
concentrations of synthesized compounds, and the results were assessed.
According to the results in Fig. 6, it was observed that these compounds
and imatinib did not kill 50 % or more of the cells at the treated con-
centrations. In this case, the ICsg value could not be calculated. The
compounds were treated with the HaCaT cells at a concentration of 100
ug/ml, and the cell viability was calculated as FRB-1 (68.77 + 0.8 %),
FRB-4 (66.73 + 0.37 %), FRB-8 (62.66 + 0.51 %) and imatinib (55.24
=+ 0.31 %).

The morphological properties of the synthesized 5-imidazol-4-one
derivatives (FRB-1, FRB-4, and FRB-8) with the greatest cytotoxic ac-
tivities in the HT-29 colon cancer cell line were evaluated by taking
microscope images. Morphological features of cells were performed 24 h
after 20 ug/mL of compounds FRB-1, FRB-4, and FRB-8 were applied to
HT-29 and HaCaT cell lines in Fig. 6. Significant morphological changes
in the cells were observed between cells that were treated with the title
compounds (FRB-1, FRB-4, and FRB-8) and the HT-29 control group.
According to Fig. 7, which shows microscopic image results of HaCaT
cells treated with 5-imidazol-4-one derivatives (FRB-1, FRB-4, and FRB-
8) derivatives, it can be inferred that these compounds caused a lower
rate of morphological difference compared to HT-29 cells.
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3.3. Carbonic anhydrases inhibition activity

The inhibition potentials of the synthesized 5-imidazol-4-one de-
rivatives FRB (1-13) against two physiologically relevant CA isoforms,
which are the slower cytosolic isoform (hCA I) and the more rapid
cytosolic isoenzyme (hCA II), were investigated by using an esterase
assay method. The inhibition data of the title compounds FRB (1-13)
against CA I and CA II isoforms were summarized in Table 3 and Fig. 8
(ICsp and K;j values expressed as nanomolar (nM)).

The title compounds, FRB (1-13), significantly inhibited both the
cytosolic isoforms hCA I and hCA II, with ICs ranging between 0.5940
and 1.8570 nM for hCA I and ICs, ranging between 0.1904 and 1.8280
nM for hCA II. FRB-1 and FRB-7 were found to be excellent inhibitors
for these isoforms, hCA I and hCA II, with ICsy values of 0.1904 and
0.5940 nM, respectively. The Ki values were found to be in the range of
6.49 + 1.010-739.12 + 111.35 nM for hCA I (Ki value for standard
inhibitor = 271.15 + 74.620 nM) and 64.53 + 19.44-314.37 + 54.78
nM for hCA II (Ki value for standard inhibitor = 113.07 £ 20.980 nM).

3.4. Computational studies: DFT studies, molecular docking and ADME/T

3.4.1. DFT studies

With theoretical calculations, it is possible to have a lot of informa-
tion about the molecule. Among these theoretical calculations, one of
the most widely used is the Gaussian software program, which gives
important information about many chemical properties of molecules. To
compare the activities of molecules, the numerical values of two pa-
rameters of molecules are used, which are HOMO and LUMO. The
HOMO parameter of molecules shows the ability of molecules to donate
electrons, and it is known that the activity of the molecule with the most
positive numerical value of this parameter is the highest [46]. On the
other hand, the LUMO parameter of the molecules shows the electron-
accepting capacity of the molecule, which shows that the activity of
the molecule with the most negative numerical value of this parameter is
higher than that of other molecules [47]. The numerical value of these
two parameters allows for interpretation of the activity of molecules.
Apart from these two parameters, it is predicted that the activity of the
molecule with the smallest numerical value of the AE parameter is
higher than that of other molecules.

Another calculated parameter is electronegativity. The electronega-
tivity parameter shows the strength of the atoms in the molecule to
attract bond electrons. As the numerical value of this parameter in-
creases, its electronegative value will increase, which will decrease the
activity of the molecule. Many more parameters are calculated, and it
should be noted that each parameter gives information about the
different properties of the molecules, among which these four parame-
ters are more important than the others [48]. All parameters are given in
Table 4.

Although many parameters have been obtained as a result of the
calculations, very few are visualized. The visuals for these parameters
are given in Fig. 9. There are four different pictures in these images, the
first of which is the picture of the optimized structure of molecules. The
next two pictures show on which atoms the HOMO and LUMO orbitals of
the molecules are concentrated. In the last picture, the electrostatic
potential (ESP) of the molecules is given. In these pictures, there is a
color scale from blue to red, which shows the regions with the lowest
electron density. The red color indicates the regions with the highest
electron density [49].

3.4.2. Molecular docking

It is possible to make molecular docking calculations in order to
compare the activities of the studied molecules (5-imidazol-4-one de-
rivatives, FRB (1-13) against biological materials. With these calcula-
tions, it is possible to predict the active sites of molecules and examine
the interactions of molecules with proteins, which are biological mate-
rials. During molecular docking calculations, the most important factor
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determining the activities of molecules is the interactions between
molecules and proteins, and as a result of these interactions, molecules
try to inhibit proteins [50]. For this reason, the chemical interactions
between the molecule and the protein have gained great importance,
which are hydrogen bonds, polar and hydrophobic interactions, n-r, and
halogen [51]. In light of the above information, it is seen that as these
chemical interactions increase, the activities of the molecules increase.

As a result of the calculations, the activities of the molecules against
various proteins are compared. For this comparison, the docking score
parameter is made according to its numerical value, and the most
negative numerical value of this parameter has the highest activity.
Although many parameters except the docking score parameter are
calculated in the molecular docking calculations, the parameters that
have an effect on the activity are quite limited, and parameters such as
Glide ligand efficiency, Glide hbond, Glide evdw, and Glide ecoul give
numerical values obtained for the interaction between molecules and
proteins [52]. On the other hand, the four calculated parameters, Glide
emodel, Glide energy, Glide einternal, and Glide posenum, give the
numerical values obtained for the pose formed as a result of the inter-
action [53]. All parameters are given in Table 5.

As a result of the calculations, when the interaction of the molecule
FRB-8 with the hCA I protein was examined in detail, as shown in
Fig. 10, a hydrogen bond interaction occurred between the phenyl
amino group of the FRB-8 molecule and the ASP 8 protein. In addition, a
hydrogen bond interaction with the ASN-11 protein occurred with the
oxygen atom in the imidazole ring in the same molecule. In Fig. 11, it is
seen that the molecule FRB-10 generally produces hydrophilic in-
teractions, polar interactions, and unspecified residue interactions with
proteins found in the hCA II protein. On the other hand, in Fig. 12, when
the molecule FRB-8 interacts with the colon cancer (4UYA) protein, a
hydrogen bond interaction is created with the GLY 133 protein in the
amino phenyl group in the molecule. The nitrogen atom in the imidazole
ring in the same molecule creates a Pi-cation interaction with the TRP
296 protein. It is seen that the other nitrogen atoms in the same ring, Mg
1439 and Mg 1440, create a salt bridge interaction. Besides, it is seen
that metal coordination interaction occurs with the nitrogen atom Mg
1439 metal in the middle of the methylenehydrazine group. Finally, in
the interaction of the molecule FRB-8 with the colon cancer (3DTC)
protein in Fig. 13, the oxygen atom as part of the carbonyl adjacent to
the imidazole ring creates a hydrogen bond interaction with the ALA
223 protein, and the nitrogen atom in the imidazole group interacts with
the ALA 223 protein. However, the phenyl ring at the other end of the
molecule appears to interact with the ARG 230 protein.

As a result of the MM-GBSA calculations, the binding free energy
values of each molecule were found separately. As a result of the cal-
culations, the energy values of the molecule against colon cancer pro-
teins are given in Table 6. In these calculations, MM-GBSA values are
obtained from the interaction of the molecule with the 4UYA proteins.
The numerical value of the AGgidingenergy Parameter in the MM-GBSA
calculations of the molecules is —10.74 for the FRB-10 molecule,
while the most positive value is FRB-13 with 20.71. It has been
mentioned in molecular docking calculations that there are many in-
teractions between molecules and proteins. These interactions are
Coulomb, covalent, Hbond, lipophilic, packaging, SolvGB, and vdW
interactions [54]. Each interaction has been found to be of greater
importance for different molecules. For example, Lipo (lipophilic) and
vdw (van der Waals) interactions are more common in the molecule’s
interactions with proteins.

3.4.3. ADME/T analysis

After comparing the activities of FRB (1-13) molecules against
various proteins, it has been theoretically proven that these molecules
can be used as drugs for human metabolism, and ADME/T analysis was
performed to be able to do this test. With this analysis, the movements of
molecules in human metabolism are predicted. The entry of the mole-
cule into human metabolism includes many processes, including
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movements in metabolism and excretion from metabolism, which are
called ADME/T, known as Absorption, Distribution, Metabolism,
Excretion, and Toxicity, are given in Table 7 [55]. This analysis is
divided into two parts. First, the chemical properties of the molecules in
the first part and the biological properties of the molecules in the second
part are examined.

There are many parameters that examine the chemical properties of
molecules, such as mol MW (mole mass of molecules), dipole (dipole
moment), SASA (solvent accessible surface area), volume (molecule
volume), donorHB, and accptHB (number of hydrogen bonds that a
molecule receives and gives off). parameter is calculated [56]. On the
other hand, there are many parameters that examine the biological
properties of molecules, which are QPlogHERG (predicted ICs value for
blockage of HERG K + channels), QPPCaco and QPPMDCK (blood-brain
and blood-bowel barriers), QPlogKp (predicted skin permeability),
QPlogKhsa (prediction of binding to human serum albumin), and
Human Oral Absorption (predicted qualitative human oral absorption)
[57]. Apart from these, there are two parameters, such as Rule Of Five
[58] and Rule Of Three [59], that examine the drug feasibility of mol-
ecules and are known as Rule Of Five. The quantity of instances in which
Lipinski’s rule of five and Rule of Three are not adhered to is sometimes
referred to as the count of violations of Jorgensen’s Rule of Three. The
tabulated values in Table 7 demonstrate that the estimated properties of
these compounds indicate their potential suitability for human
metabolism.

As a result of the calculations, the ADME/T parameters of the mol-
ecules were calculated. As a result of these calculations, when the nu-
merical value of the chemical parameters in the ADME/T parameters of
the FRB-8 molecule, which is the molecule with the highest activity, is
examined, the molecular mass is in the range of 130-725 g/mol, the
dipole moment is in the range of 1.0-12.5 D, and the volume is in the
range of 500-2000 A3. Both donorHB and accptHB were found to be in
the desired range. In addition, when its biological parameters are
examined, it has been seen that the QPlogHERG value is desired to be
lower than —5 and that there are suitable molecules for blood-brain and
blood-intestinal barriers such as QPPCaco and QPPMDCK. At the end of
these, the numerical value of two important parameters, such as the rule
of five and the rule of three, of the molecules is expected to be zero in
order to be a good drug molecule. It is seen that this value is generally
zero for all molecules.

4. Conclusion

In conclusion, hybrid compounds containing two crucial pharma-
cophores (the imidazole ring and the hydrazone moiety) were synthe-
sized and biologically evaluated as agents that suppress proliferation
and carbonic anhydrase activity in human carbonic anhydrase I and II
enzymes. A good number of these compounds demonstrated significant
antiproliferative activity and exhibited inhibitory effects on carbonic
anhydrase. Particularly, FRB-1, FRB-4, and FRB-8 exhibited the most
pronounced cytotoxic effects, which were shown to be comparable to
those of a reference commercial drug, Imatinib. In addition, these
compounds exhibited noteworthy inhibitory effects when compared to
established inhibitors. This is supported by their Ki values, which ranged
from 6.49 + 1.010-739.12 + 111.35 nM for hCA I (with a Ki value of
271.15 + 74.620 nM for the standard inhibitor) and 64.53 +
19.44-314.37 + 54.78 nM for hCA II (with a Ki value of 113.07 +
20.980 nM for the standard inhibitor). Furthermore, the active sites of
molecules were determined by DFT analysis, and molecular docking
results showed that these compounds inhibited hCA I and hCA II en-
zymes through interactions including H-bonds, p-p stacking, and hy-
drophobic interactions. Finally, in silico ADME studies have
demonstrated that these compounds have a good pharmacokinetic
profile. Hence, the outcomes of our study hold potential significance in
the identification of forthcoming antiproliferative drugs and carbonic
anhydrase inhibitors that exhibit reduced toxicity.
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