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In this study, a series of imidazole derivatives was designed, synthesized, and evaluated for in vitro bi-
ological activity on the human breast cancer cell line MCF7 by MTT assay. To determine the selectivity
of the compounds, their cytotoxic effects on the 1929 (healthy mouse fibroblast) cell line were also in-
vestigated. Compounds 1a, 1b, and 1d were found to be more effective than the reference drug cisplatin
against the MCF7 cell line. It is seen that the cytotoxic effects of the compounds on the L929 cell line
are quite low, and the compounds are found to be highly selective. The inhibition potentials of the com-
pounds 1a, 1b, 1d, and 1k which were effective on the MCF7 cell line, and on the aromatase enzyme
were evaluated and it was found that the compounds had similar effects to the reference drug letro-
zole. Further, the interactions between the best active compounds and the human aromatase cytochrome
P450 (CYP) enzyme were analyzed through a molecular docking study. The findings suggest that these
compounds could be a promising candidate for the creation of a new family of non-steroidal aromatase
inhibitors. Finally, computational ADME-Tox studies of compounds 1a, 1b, 1d, and 1k were performed

and found to have the appropriate profile.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Breast cancer is the most common cancer among women, af-
fecting almost 2.1 million people each year and being the leading
cause of cancer-related deaths [1]. Breast cancer risk is higher in
postmenopausal women due to estrogen production in peripheral
tissues. Estrogen has an important function in encouraging neo-
plastic breast epithelial cell development in breast cancer patients
with positive estrogen receptors via signaling estrogen receptor-
mediated pathways. As a result, elevated estrogen levels have
been linked to an increased risk of recurrence and metastasis in
hormone-dependent breast cancer patients [2,3].

Estrogen production is carried out by the aromatase cytochrome
P450 (CYP) enzyme complex. The Cytochromes P450 (CYP450) en-
zymes are responsible for catalyzing the aromatization of these
compounds’ six-membered alicyclic moiety to generate estrogen
rings [2,4]. Through three hydroxylation reaction steps, CYP19
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transforms C19 androgens (androstenedione and testosterone) into
aromatic C18 estrogens (estradiol and estrone). High estrogen lev-
els have been linked to the development of hormone-dependent
breast cancer (HDBC) and metastases in both premenopausal and
postmenopausal women [5,6]. Aromatase inhibitors (Al) have the
potential to block or inactivate the aromatase enzyme, preventing
estrogen production and consequently cell proliferation [7-10].

Several aromatase inhibitors, categorized as steroidal and non-
steroidal (Fig. 1), working via a competitive or non-competitive
mechanism of action, have been identified as a result of decades
of research [11,12]. New non-steroidal aromatase inhibitors with
improved selectivity and potency, as well as fewer and milder ad-
verse effects, are being developed by researchers. Nonsteroidal aro-
matase inhibitors have two primary elements in their structure.
The azole part containing a nitrogen atom interacts with the heme-
iron atom of aromatase cytochrome P450, while the bulky aryl part
resembles the substrate’s steroid ring [13,14].

In this study, new imidazole derivative compounds similar in
structure to letrozole were designed. We planned to search for
more effective anti-aromatase molecular new entities and adopted
a scaffold hopping strategy. Scaffold-hopping has been a popular


https://doi.org/10.1016/j.molstruc.2023.134920
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2023.134920&domain=pdf
mailto:uacar@anadolu.edu.tr
https://doi.org/10.1016/j.molstruc.2023.134920

G. Cetiner, U. Acar Cevik, I. Celik et al.

approach to discovering structurally novel potent compounds with
improved properties [15,16]. The imidazole ring is used instead of
the triazole structure, and an extra heteroaromatic group is added
to the imidazole ring (Fig. 1). In addition, molecular docking stud-
ies are a method used in drug designs to predict how new com-
pounds interact or do not interact with macromolecules. The inter-
action of the designed compounds with CYP450 was examined by
molecular docking. Binding poses and docking interaction energies
suggested that there may be interaction with key amino acids at
the CYP450 active site like letrozole.

MTT assay was used to assess cell viability and cytotoxicity of
all final compounds on MCF7 breast cancer cells. In a fluorimetric
in vitro assay, the most active compounds were tested against aro-
matase and compared to letrozole. The most promising compounds
were further subjected to docking tests to determine their binding
mechanism in the human aromatase active site, and in silico ab-
sorption, distribution, metabolism, excretion (ADME), and toxicity
(ADME-Tox) profile studies were performed.

2. Result and discussion
2.1. Chemistry

The multicomponent reactions (MCR) have favorable attributes,
especially atom economy, as well as efficient generation of chem-
ical diversity [17,18]. The target molecules were synthesized one
step as depicted in Scheme 1.

The Debus-Radziszewskire action allows the straight forward
synthesis of imidazoles from 1,2-diketones, aldehydes and a source
of ammonia such as ammonium acetate. Imidazole ring construc-
tion was accomplished with the one-pot synthesis, which allowed
time-saving. Benzyl derivative, aldehyde derivative, and ammo-
nium acetate in acetic acid were refluxed for 3 h while stirring
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Fig. 1. Chemical structures of third-generation aromatase inhibitors exemestane,
letrozole, anastrozole, and design strategy of compound 1a.

to obtain the final compounds [19,20]. The synthesis mechanism
of the compounds is given in Fig. 2. The reaction can be viewed as
occurring in two stages. In the first stage, the dicarbonyl and am-
monia condense to give a diimine. In the second step, this diimine
condenses with the aldehyde to give the imidazole ring.

The chemical structures of the compounds were elucidated
via TH NMR, 3C NMR and HRMS spectroscopic methods. Com-
pounds 1a, 1b, 1c, and 1d have the p-tolyl structure in com-
mon. The -CH3 protons in this structure were seen as singlet be-

Q CH;COONH, RN X— R
Y U =
o CH3COOH R
1a-l

Comp. X R Ri
1a -0 4-Methylphenyl -CHs
1b -0 4-Methylphenyl -NO:
1c -S 4-Methylphenyl -CHj3
1d -NCH3 4-Methylphenyl  -H
le -0 4-Fluorophenyl -CHjs
1f -0 4-Fluorophenyl -NO2
1g -S 4-Fluorophenyl -CHs
1h - NCH3 4-Fluorophenyl -H
1i -0 Furan-2-yl -CHs
1j -0 Furan-2-yl -NO:
1k -S Furan-2-yl -CHs
11 - NCHs Furan-2-yl -H

Scheme 1. Chemical structure and general procedure for the synthesis of the final compounds 1a-11
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Fig. 2. Synthesis mechanism of compound 1a.

tween 2.30-2.41 ppm. CH;3 protons in the 5th position of the fu- Table 1 .

ran ring in compounds 1a, 1e, and 1i were seen as singlet be- ICso values (M) of compounds 1a-11 and reference drug cis-
. .. . platin for MCF-7 and 1929 cell lines.

tween 2.34-2.38 ppm. CH3 protons in the 5th position of the thio-

phene ring in compounds 1c, 1 g, and 1k were seen as singlet be- Comp. MCF-7 L929
tween 2.34-2.50 ppm. CH3z protons in 1-methylpyrrole structure 1a 7.9 pM+£0.218 >100mM
in compounds 1d, 1 h, and 11 were recorded as singlet between 1b 8.2 pM+0.309 >100mM
3.37-3.88 ppm. The aromatic protons of the furan, thiophen and Ic >100mM >100mM
. . 1d 8.7 pM+0.318 >100mM
pyrrol rings were observed in the range of 6.23-8.25, 7.67-8.18 le = 100mM 100mM
and 6.22-6.99 ppm, respectively. The peaks of the protons on the 1f ~100mM ~100mM
1,4-disubstitutedphenyl ring were observed as two doublets in the 1¢g >100mM >100mM
range of 7.13-8.06 ppm. In the synthesized compounds, the com- 1h >100mM >100mM
mon structural particles gave peaks in the 13C NMR spectra as ex- li >100mM >100mM
d i . Methyl protons in the structures of the com- u >100mM 87.8 uM::3.780
pected In general. yl P 1k 10.09 pM=0.402 >100mM
pounds were observed in the range of 13.86-36.92 ppm. In the 1 ~100mM ~100mM
spectra of the synthesized compounds, the total carbon number Cisplatin 9.75 pM+0.374 >100mM
was determined by considering the identical carbon atoms accord- Letrozole 4.70+£0.204 >100mM

ing to their electronic environment, and the expected number of
peaks was observed. The HRMS analysis confirmed the mass with

the calculated values of the target compounds. inhibition plot of compounds 1a, 1b, 1d, 1k and cisplatin versus
administered drug concentrations is shown in Fig. 3. When the cy-
2.2. Cytotoxicity assay totoxic effects of the synthesized compounds on the MCF7 cell line

were evaluated, it was determined that the compounds 1a, 1b, 1d,
The anticancer activity results of compounds 1a-11 against and 1k had promising effects in the series. In particular, it was de-
MCF7 and 1929 are presented in Table 1. In addition, the% cell termined that the ICsy value (7.9 pM) of compound 1a was higher
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Fig. 3. % Cell inhibition graph of compounds 1a, 1b, 1d, 1k and cisplatin against administered drug concentrations.

than cisplatin (9.75 uM). In addition, compounds 1b and 1d were
found to have higher efficacy than cisplatin, with ICsq values of
8.2 M and 8.7 pM, respectively. Three different diketone deriva-
tives, 4,4’-dimethylbenzyl, «-furyl and 4,4’-difluorobenzyl, were
used in the synthesis of the compounds. It was seen that espe-
cially 4,4’-dimethylbenzyl derivative compounds come to the fore-
front in terms of activity. In particular, compound 1a containing
the 5-methylfuran ring in the 2nd position of the imidazole ring
has the highest activity in the series. It is seen that the compound
1b carrying the 5-nitrofuran ring exhibits activity close to the com-
pound 1a. The presence of a methyl or nitro group in the 5th posi-
tion of the furan ring did not cause a significant change in activity.
Among the compounds with 1-methyl-1H-pyrrol structure (1d, 1 h
and 11), it is seen that compound 1d with 4-methylphenyl struc-
ture exhibits the highest activity. Among the compounds bearing
furan ring at the 4th and 5th positions of the imidazole ring (1i,
1j, 1k and 11), compound 1k with 5-methylthiophene structure
was found to have the highest activity. The L929 healthy mouse
fibroblast cell line was used to determine the selectivity of the
compounds. The cytotoxic effect of the synthesized compounds on
the healthy cell line was found similar to the reference drug cis-
platin and is promising. Compounds 1a, 1b, 1d, and 1k, which
were found to be effective on the MCF-7 cancer cell line, were se-
lected for in vitro aromatase activity.

2.3. Aromatase inhibition assay

The aromatase enzyme is a member of the cytochrome P450
enzyme that catalyzes the biosynthesis of androgen to estrogen.
Estrogen levels have been found to be high in breast cancers.
Therefore, the use of aromatase inhibitors in estrogen-dependent
breast cancers is one of the current therapeutic strategies [21].
Therefore, the aromatase inhibition potentials of derivatives (1a,
1b, 1d, and 1K) active against the MCF-7 cancer cell line were eval-
uated.

The in vitro anti-aromatase activity of the most active com-
pounds 1a, 1b, 1d, and 1k was evaluated using the commercial
fluorimetric assay kit (Aromatase-CYP19A Inhibitor Screening Kkit,
BioVIsion) with letrozole as the reference drug. The results are pre-
sented in Table 2. It was determined that the compounds have ICsq
value ranges of 5.418-8.786 M. These values indicated that the
compounds have a lower effect than letrozole. Among the com-

Table 2
ICso (1M) values of compounds.

Compounds  Aromatase Inhibition (ICsg)
1a 5.418+0.170
1b 8.786+0.195
1d 6.805+0.119
1k 6.138+0.210
Letrozole 0.114+0.003

pounds, compound 1a one was found to have the highest activity
with an ICsq value of 5.418+0.170 nM.

2.4. Molecular docking analysis

Molecular docking studies are used to predict protein-ligand in-
teractions at the atomic level [22-24]. Molecular docking analy-
ses are also used in structure-based drug designs to calculate the
interaction energies of small molecule compounds with macro-
molecules [25]. In this study, molecular docking studies of 2,4,5-
trisubstituted diazole derivatives designed as aromatase inhibitors
were performed. As in previous studies for the validation of the
molecular docking study with Glide SP, the cocrystal ligand ASD
self-docking process was performed in the PDB ID: 3EQM structure
selected for the aromatase enzyme [26]. The RMSD value of ASD
between the docking pose and the natural bonding pose was mea-
sured as 0.0741 A (Fig. 4A). A value of RMSD (Root Mean Square
Deviation) below 3 A may indicate that the accuracy of the docking
pose is acceptable [27,28]. After the docking study was validated,
Glide SP molecular docking was performed with active compounds
1a, 1b, 1d, 1k, and letrozole, which is used as the standard drug
in enzyme activity studies, with three-dimensional minimization
structures created by OPLS4 field forces. As it is understood from
molecular docking analysis, -7 stacking interactions with cofac-
tor HEM in the enzyme structure are important for a compound
to act as an aromatase inhibitor. In Fig. 4B, the binding pose and
protein-ligand interactions of letrozole, and in Fig. 5, the binding
poses of compounds 1a, 1b, 1d, and 1k at the aromatase active site
were given. In all 4 compounds, as in letrozole, it gives ;-7 stack-
ing interactions with HEM and Trp224. Details of protein-ligand
interaction patterns such as hydrogen bonding, positively charged,
negatively charged, polar, and m-cation are given in Table 3. The
compounds gave similar binding poses at the aromatase active site.
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Fig. 4. (A) The natural binding pose (green) of cocrystal ASD in the aromatase enzyme structure and the binding pose of cocrystal ligand ASD obtained from Glide SP docking
for the validation of molecular docking (orange) (RMSD: 0.0741 A) (B) Binding pose of letrozole, an aromatase inhibitor, at the aromatase active site.
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Fig. 5. Protein-ligand interactions derived from the Glide SP molecular docking study. The binding poses of (A) compound 1a, (B) compound 1b, (C) compound 1d, and (D)
compound 1Kk at the active site of the human aromatase enzyme (PDB ID: 3EQM).

In addition, the protein-ligand interaction energies obtained from —6.876 kcal/mol, and —6.054 kcal/mol, respectively. Other com-
Glide SP ligand docking are shown in Table 3. In both cytotoxicity pounds 1c (-7.565), 1d (-6.876), 1e (-7.466), 1f (-7.707), 1 g
and aromatase enzyme in vitro experiments, the most active com- (=7133), 1 h (-6.124), 1i (-5.967), 1j (—6.621), 1k (—6.054) and
pound, 1a, gave the highest interaction energy. Letrozole gener- 11 (—6.551) kcal/mol gave binding energy with the aromatase en-
ated —6.876 kcal/mol binding energy, while the other compounds zyme. Except for compounds 1a and 1b, there was no direct cor-
1b, 1d, and 1k created interaction energies of —8.059 kcal/mol,
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Table 3

Journal of Molecular Structure 1278 (2023) 134920

Protein-ligand interaction energies (kcal/mol) in the aromatase active region of compounds 1a, 1b, 1d, 1k, and letrozole and details of interaction types.

Protein-ligand interactions

Comp. Glide Gscore m-m stacking Other types of interactions
1a -8.224 Hem600 (5.30 A), Arg115 and Arg192 (Positively Charged), Thr310, Hie480 and Ser478
Trp224 (5.36 A) (Polar) Glu302 and Asp309 Arg192 (Negatively Charged), Phe221,
1le305, Ala306, Val313, Val369, Val370, Leu372, Val373, Met373 and
Leu477 (Hydrophobic)
1b —8.059 Hem600 (5.30 A), Arg192 (Salt Bridge, 4.44 A), Hie480 (rr-cation, 5.36 A) and Phe221
Trp224 (5.16 and (mr-cation, 3.94 A), Arg115 and Arg192 (Positively charged), Thr310,
5.38 A) Hie480 and Ser478 (Polar) Glu302 and Asp309 (Negatively Charged),
Ile133, Phe134, Phe221, Trp224, 1le305, Ala306, Val313, Val369,
Val370, Leu372, Val373, Met374 and Leu477 (Hydrophobic)
1d -6.876 Hem600 (5.38 A), Arg115 and Arg192 (Positively Charged), Thr310, Hie480 and Ser478
Phe221 (3.54 A), (Polar) Glu302 and Asp309 (Negatively Charged), [le133, Phe134,
Trp224 (5.17 A) Phe221, Ile305, Ala306, Val313, Val369, Val370, Leu372, Val373,
Met374, Leud477, Leud77, leu479 (Hydrophobic)
1k —6.054 Trp224 (5.37 A) Arg192 (Positively Charged), Thr310, Hie480 and Ser478 (Polar)
Glu302 and Asp309 (Negatively Charged), Ile133, Phe134, Phe221,
Trp224, 1le305, Ala306, Val313, Val369, Val370, Leu372, Val373,
Leu477, leud79, Pro481 (Hydrophobic)
Letrozol —6.876 Hem600 (4.09, Met374 (H bond, 1.81 A), Arg115 (Positively Charged), Thr310 and

5.15 and 5.10 A),
Trp224 (5.47 A)

Ser478 (Polar), Asp309 (Negatively Charged), Ile133, Phe134, Phe221,
Trp224, 1le305, Ala306, Val313, Val369, Val370, Val373, Met374,
Leud77 and Leud77 (Hydrophobic)

relation between Glide SP docking scores and aromatase enzyme
inhibition.

2.6. ADME-Tox

Estimation of the absorption, distribution, metabolism, and ex-
cretion - toxicity (ADME-Tox) properties of newly synthesized com-
pounds is useful to estimate some parameters computationally,
given that many drug molecule candidates fail to reach their drug
target due to poor ADME-Tox profile [29,30]. For this purpose,
ADME-Tox estimates of active compounds 1a, 1b, 1d, and 1k were
performed. The descriptor and druglikeness properties of the com-
pounds were calculated with the SwissADME server. All the com-
pounds shown in Table S1 do not deviate from Lipinski’s five rules
and Veber’s rules. Compound 1a shows one deviation from the
limiting rules of Ghose, Egan, and Muegge as its hydrophobic char-
acter is higher than other compounds. The molecular weights of
the compounds are below 500. Details of other descriptors LogP,
rotatable bonds, acceptors, donors, and surface area are given in
Table S1.

Computational ADME-Tox properties of compounds 1a, 1b, 1d,
and 1k were determined via the pkCSM server. For absorption,
the compounds showed low water solubility, Caco2 permeability
was above the limit of 0.90, and the log Kp value found to be
lower than —2.5, so it is skin permeable. Compounds other than
1k showed no inhibition of P-glycoprotein. Distribution parame-
ter, steady-state volume of distribution (VDss), log VDss ( —0.15
and log VDss ), since it was in the range of 0.45, thus, its low
height is appropriate. Unbound rate to plasma proteins was low,
except 1b has BBB permeability, and all but 1k have CNS perme-
ability. It has the potential to exert inhibitory effects on many of
the metabolic CYP enzymes. In excretion, the total clearance was
lower than 1b. Thus, It can be Organic Cation Transporter 2 (OCT2)
substrate and interact with OCT2 inhibitors. In toxicity, however,
compounds showed a positive AMES toxicity test, thus they may be
mutagenic. Since the maximum tolerated doses were below 0.477
log (mg/kg/day), their tolerance is low. It is positive for hERG I
and negative for hERG I, indicating the status of potassium channel
blockers. Except for 1k, the compounds showed no hepatotoxic-
ity. There were no Skin Sensitizations. Since the toxicity value of T.
Pyriformis protozoa bacteria was greater than —0.5 log ug/L, it has
the potential to be toxic. Since ICsq values are not below 0.5 mM,

Minnow fish did not show acute toxicity. More details of ADME-Tox
profiles are given in Table S2.

3. Conclusion

In this study, 12 new imidazole derivative compounds were
synthesized using the Debus-Radziszewski method. The structures
of the original synthesized compounds were elucidated by THNMR,
I3CNMR and Mass Spectroscopy method data.

When the cytotoxic effects of the synthesized compounds on
the MCF7 cell line were evaluated, it was determined that the
compounds 1a, 1b, 1d and 1k had promising effects in the series.
In particular, the ICsy value (7.9 uM) of the compound 1a was de-
termined to be higher than cisplatin (9.75 pM). The L929 healthy
mouse fibroblast cell line was used to determine the selectivities
of the compounds. To identify the possible modes of action, aro-
matase inhibition experiments were performed for the most active
compounds against the MCF-7 cell line. Further, the interactions
between the best active compounds and the human aromatase cy-
tochrome P450 (CYP) enzyme were analyzed through a molecular
docking study. Finally, computational ADME-Tox studies of com-
pounds 1a, 1b, 1d, and 1k were performed and found to have the
appropriate profile.

4. Experimental

All the chemicals employed in the synthetic procedure were
purchased from Sigma-Aldrich Chemicals (Sigma-Aldrich Corp., St.
Louis, MO, USA) or Merck Chemicals (Merck KGaA, Darmstadt, Ger-
many). Melting points of the obtained compounds were deter-
mined by MP90 digital melting point apparatus (Mettler Toledo,
OH, USA) and were uncorrected. 'H NMR, and 13C NMR spectra of
the synthesized compounds were registered by a Bruker 500 MHz
and 125 MHz digital FT-NMR spectrometer (Bruker Bioscience, Bil-
lerica, MA, USA) in DMSO-d6, respectively. Splitting patterns were
designated as follows: s: singlet; d: doublet; t: triplet; m: multiplet
in the NMR spectra. Coupling constants (J) were reported as Hertz.
M+1 peaks were determined by Shimadzu LC/MS ITTOF system
(Shimadzu, Tokyo, Japan). All reactions were monitored by thin-
layer chromatography (TLC) using Silica Gel 60 F254 TLC plates
(Merck KGaA, Darmstadt, Germany).
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4.1. Chemistry

4.1.1.
4,5-Disubstituted-2-(5-substitutedfuran/thiophen-2-yl)—1H-imidazole
(1a-11)

The mixture of benzyl derivative compound (0.02 mol), furan or
thiophene aldehyde derivative compound (0.02 mol), ammonium
acetate (0.12 mol) and 10 mL acetic acid was boiled under reflux
for 3 h with stirring. The product was precipitated by pouring the
mixture into ice water. The raw product was then washed with
plenty of water and dried. The product was crystallized from aque-
ous ethanol.

4,5-Bis(4-methylphenyl)—2-(5-methylfuran-2-yl)—1H-imidazole
(1a); Yield: 77%. M.p. 276.6 °C. 'TH NMR (300 MHz, DMSO-

dg): &: 231 (6H, s, -CH3), 2.37 (3H, s, -CH3), 6.23-6.24
(1H, m, furan CH), 6.84-6.85 (1H, m, furan CH), 716
(4H, brs., 14-disubstitutedbenzene), 7.37-7.39 (4H, m, 14-

disubstitutedbenzene).!3C NMR (75 MHz, DMSO-dg): §: 13.86,
21.24, 21.50, 108.33, 108.66, 127.48, 127.87, 128.30, 129.40, 137.31,
138.99, 144.72, 152.28, 172.50. HRMS (m/z): [M+H]* calcd for
CyHyoN,0 329.1648; found:: 329.1638.
4,5-Bis(4-methylphenyl)—2-(5-nitrofuran-2-yl)—1H-imidazole
(1b); Yield: 75%. M.p. 181.4 °C. 'TH NMR (300 MHz, DMSO-dg):
8: 241 (6H, s, CH3), 712-7.15 (1H, m, furan CH), 7.27-7.28 (1H,
m, furan CH), 742 (4H, d, ] = 6.06 Hz, 1,4-disubstitutedbenzene),
7.78-7.80 (4H, d, | = 6.12 Hz, 14-disubstitutedbenzene).’3C NMR
(75 MHz, DMSO-dg): é: 21.50, 21.88, 110.66, 116.19, 127.60, 128.76,
129.37, 129.75, 130.08, 130.40, 130.50, 146.93, 172.48. HRMS (m/z):
[M+H]" caled for C51Hy7N303 360.1343; found:360.1339.
4,5-Bis(4-methylphenyl)—2-(5-methylthiophen-2-yl)—1H-
imidazole (1c); Yield: 77%. M.p. 107.5 °C. 'TH NMR (300 MHz,
DMSO-dg): §: 230 (6H, s, -CHs), 2.36 (3H, s, -CHs3), 7.13
(2H, d, J] = 5.76 Hz, 14-disubstitutedbenzene), 7.27 (2H, d,
J = 5.79 Hz, 14-disubstitutedbenzene), 7.38-7.45 (4H, m, 14-
disubstitutedbenzene), 7.67-7.68 (1H, m, thiophene CH), 8.17-8.18
(1H, m, thiophene CH).'3C NMR (75 MHz, DMSO-dg): §: 13.54,
21.34, 21.51, 123.49, 124.94, 127.57, 128.66, 129.39, 129.84, 130.09,
130.51, 131.93, 139.41, 142.11. HRMS (m/z): [M+H]|" calcd for
CyHyoN,S 345.1420; found: 345.1418.
4,5-Bis(4-methylphenyl)—2-(1-methyl-1H-pyrrol-2-yl)-1H-
imidazole (1d): Yield: 79%. M.p. 118.3 °C. '"H NMR (300 MHz,
DMSO-dg): 6: 2.37 (6H, s, CH3), 3.87 (3H, s, CH3), 6.22-6.23 (1H,
m, pyrroleCH), 6.80-6.81 (1H, m, pyrrole CH), 6.97-6.99 (1H, m,
pyrrole CH), 713 (2H, d, J = 6.63 Hz, 1,4-disubstitutedbenzene),
740-742 (4H, m, 14-disubstitutedbenzene), 7.86 (2H, d,
J = 6.63 Hz, 1,4-disubstitutedbenzene).’3C NMR (75 MHz, DMSO-
dg): 8: 20.57, 21.51, 36.92, 108.30, 114.06, 114.53, 115.31, 125.87,
128.66, 130.01, 132.50, 138.61, 144.80, 152.17. HRMS (m/z): [M+H]*
caled for CyyHy1N3 328.1808; found: 328.1801.
4,5-Bis(4-fluorophenyl)—2-(5-methylfuran-2-yl)—1H-imidazole
(1e): Yield: 75%. M.p. 255.3 °C. 'H NMR (300 MHz, DMSO-dg):
8: 2.38 (3H, s, CH3), 6.25-6.26 (1H, m, furan CH), 6.84-6.85
(1H, m, furan CH), 714 (2H, brs., 1,4-disubstitutedbenzene),
728 (2H, brs., 14-disubstitutedbenzene), 7.47-7.52 (4H, m,
1,4-disubstitutedbenzene). 13C NMR (75 MHz, DMSO-dg): §:
13.86, 108.40, 108.95, 116.26, 117.11, 129.44, 130.96, 133.43,
133.53, 139.26, 144.49, 152.50. HRMS (my/z): [M+H]* calcd for
CyoH 14N, OF,: 337.1147; found: 337.1138.
4,5-Bis(4-fluorophenyl)—2-(5-nitrofuran-2-yl)—1H-imidazole
(1f): Yield: 72%. M.p. 1479 °C. 'TH NMR (300 MHz, DMSO-
dg): 6: 728 (1H, m, furan CH), 745-749 (4H, m, 14-
disubstitutedbenzene), 7.52-7.56 (1H, m, furan CH), 8.02-8.06 (4H,
m, 1,4-disubstitutedbenzene). 3C NMR (75 MHz, DMSO-dg): §:
110.90, 116.10, 117.11, 117.34, 129.45, 129.47, 133.43, 133.53, 148.21,
165.45, 167.99. HRMS (m/z): [M+H]* calcd for CigHyiN3O3F;:
368.0841; found: 368.0835.
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4,5-Bis(4-fluorophenyl)—2-(5-methylthiophen-2-yl)—1H-
imidazole (1 g): Yield: 78%. M.p. 144.7 °C. 'TH NMR (300 MHz,
DMSO-dg): §: 2.50 (3H, s, CH3), 7.83-7.84 (1H, m, thiophene
CH), 7.15 (2H, br.s., 1,4-disubstitutedbenzene), 7.30 (2H, br.s., 1,4-
disubstitutedbenzene), 7.45-7.46 (1H, m, thiophene CH), 7.48-7.52
(4H, m, 1,4-disubstitutedbenzene). 3C NMR (75 MHz, DMSO-dg):
8: 21.50, 123.71, 124.75, 126.68, 127.80, 131.88, 133.79, 135.91,
138.31, 140.28, 142.17, 144.85. HRMS (m/z): [M+H]* calcd for
CooH14N,F,S: 353.0919; found: 353.0903.
4,5-Bis(4-fluorophenyl)—2-(1-methyl-1H-pyrrol-2-yl)—1H-
imidazole (1 h): Yield: 69%. M.p. 201.6 °C. 'TH NMR (300 MHz,
DMSO-dg): §: 3.88 (3H, s, CH3), 6.96-6.98 (1H, m, pyrrole CH),
713 (4H, d, ] = 6.60 Hz, 1,4-disubstitutedbenzene), 7.25-7.26 (1H,
m, pyrrole CH), 7.43-745 (1H, d, ] = 6.42 Hz, pyrrole CH), 7.86
(4H, d, ] = 6.57 Hz, 1,4-disubstitutedbenzene). 3C NMR (75 MHz,
DMSO-dg): §: 36.84, 114.34, 115.29, 124.29, 125.89, 126.58, 129.40,
132.31, 132.49, 139.81, 141.51, 158.80. HRMS (m/z): [M+H]* calcd
for CyoH15N3F,: 336.1307; found: 336.1300.
4,5-Di(furan-2-yl)—2-(5-methylfuran-2-yl)-1H-imidazole  (1i):
Yield: 78%. M.p. >350 °C. 'TH NMR (300 MHz, DMSO-dg): §:
2.34 (3H, s, CH3),6.85-6.86 (2H, m, furan CH), 7.67-7.68 (2H, m,
furan CH), 7.76-7.80 (1H, m, furan CH), 8.12-8.16 (1H, m, furan
CH), 8.25 (2H, s, furan CH). 13C NMR (75 MHz, DMSO-dg): &:
13.43, 107.60, 108.75, 114.05, 118.27, 120.04, 125.32, 126.71, 131.05,
131.55, 149.10, 151.39. HRMS (my/z): [M+H]* calcd for C;gH13N;03:
281.0921; found: 281.0910.
4,5-Di(furan-2-yl)—2-(5-nitrofuran-2-yl)—1H-imidazole (1j):
Yield: 71%. M.p. >350 °C. 'H NMR (300 MHz, DMSO-dg): §: 6.85-
6.86 (2H, m, Furan CH), 7.40-7.41 (1H, m, Furan CH), 7.66-7.67
(2H, m, Furan CH), 7.85-7.86 (1H, m, Furan CH), 8.24-8.25 (2H, m,
Furan CH). 13C NMR (75 MHz, DMSO-dg): §: 109.67, 112.21, 114.06,
116.12, 125.33, 127.94, 129.09, 136.92, 139.38, 149.10, 151.40. HRMS
(m/z): [M+H]* caled for C;sHgN305: 312.0615; found: 312.0610.
4,5-Di(furan-2-yl)—2-(5-methylthiophen-2-yl)—1H-imidazole
(1Kk): Yield: 76%. M.p. >350 °C. '"H NMR (300 MHz, DMSO-dg):
8: 2.34 (3H, s, CH3), 6.85-6.86 (2H, m, Furan CH), 7.67-7.68 (2H,
m, Furan CH), 7.76-7.81 (1H, m, Furan CH), 8.12-8.16 (1H, m,
Furan CH), 8.25 (2H, s, Furan CH). 3C NMR (75 MHz, DMSO-dg):
8: 21.57, 109.60, 112.13, 125.41, 125.69, 126.77, 128.23, 131.19,
139.15, 140.96, 142.44, 142.82. HRMS (m/z): [M+H]* calcd for
Ci16H12N,0,S: 297.0692; found: 297.0684.
4,5-Di(furan-2-yl)—2-(1-methyl-1H-pyrrol-2-yl)—1H-imidazole
(11): Yield: 66%. M.p. 221.8 °C. 'TH NMR (300 MHz, DMSO-dg):
8: 3.37 (3H, s, CH3), 716-7.20 (2H, m, Aromatic CH), 7.32-7.36
(2H, m, Aromatic CH), 7.66-7.67 (2H, m, Aromatic CH), 8.03-8.06
(1H, m, Aromatic CH), 8.17-8.18 (2H, m, Aromatic CH). 13C NMR
(75 MHz, DMSO-dg): §: 36.20, 114.26, 114.75, 115.30, 123.24,
128.83, 130.19, 131.89, 132.49, 139.06, 142.30, 149.12. HRMS (m/z):
[M+H]" calcd for C;gH13N30,: 280.1081; found: 280.1070.

4.2. Cytotoxicity assay

The anticancer activity of compounds 1a-11 was screened ac-
cording to the MTT assays. The MTT assays were performed as pre-
viously described [31]. Anticancer activity of final compounds was
assessed against MCF-7 (human breast adenocarcinoma cell line)
cell line as well as L929 (mouse fibroblast cell line). Cisplatin was
used as the reference drug in the MTT assays.

4.3. Aromatase inhibition assay
This method was carried out according to the kit procedure

(BioVision, Aromatase (CYP19A) Inhibitor Screening Kit (Fluoromet-
ric)).
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4.4. Molecular docking

All stages of the molecular docking work were carried out
with the Schrédinger Maestro version 2021.2. PDB ID:3EQM with
a resolution of 2.90 A was selected for the target cytochrome
P450 CYP19A1 aromatase enzyme (https://www.rcsb.org/structure/
3EQM) [32]. Protein preparation was done with the 'Protein Prepa-
ration Wizard’ module. Water and other heteroatoms in the protein
structure, except for the cofactor HEM (Iron-containing protopor-
phyrin IX), were removed and hydrogens were added. The assign-
ment of the hydrogen bonds was optimized at PROPKA:7.0 using
water molecule orientations. OPLS4 (Optimized Potential for Lig-
uid Simulations) force fields were minimized by the aromatase en-
zyme. The compounds were drawn with ChemDraw Professional
17.0 and minimized using OPLS4 force fields at pH:7.2 with the
’LigPrep’ module. Based on the cocrystal ligand ASD (4-androstene-
3-17-dione), the active site coordinates were determined, and the
grid file was created as 20x20x20 A3 with the 'Receptor Grid Gen-
eration’ module. Ligand docking studies were performed with Glide
Standard Precision (SP) [33]. Analysis and visualization of protein-
ligand interactions were carried out with Maestro 'Ligand Interac-
tion’ module and BIOVIA Discovery Studio Visualizer v21.

4.5. ADME-Tox predictions

Computational estimation studies of absorption, distribution,
metabolism, and excretion - toxicity (ADME-Tox) parameters of
active molecules 1a, 1b, 1d and 1k were calculated using Swis-
SADME (http://www.swissadme.ch/) and pkCSM server (http://
biosig.unimelb.edu.au/pkcsm/) [34,35].
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