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Synthesis, Absolute Configuration, Biological Profile and
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Abstract: Hydantoins, a class of five-membered heterocyclic compounds, exhibit diverse biological
activities. The aim of this study was to synthesize and characterize a series of novel 3,5-disubstituted
hydantoins and to investigate their antiproliferative activity against human cancer cell lines. The new
hydantoin derivatives 5a–i were prepared as racemic mixtures of syn- and anti-isomers via a base-
assisted intramolecular amidolysis of C-3 functionalized β-lactams. The enantiomers of syn-5a and
anti-hydantoins 5b were separated by preparative high-performance liquid chromatography (HPLC)
using n-hexane/2-propanol (90/10, v/v) as the mobile phase. The absolute configuration of the four
allyl hydantoin enantiomers 5a was assigned based on a comparison of the experimental electronic
circular dichroism (ECD) and vibrational circular dichroism (VCD) spectra with those calculated
using density functional theory (DFT). The antiproliferative activity evaluated in vitro against three
different human cancer cell lines: HepG2 (liver hepatocellular carcinoma), A2780 (ovarian carcinoma),
and MCF7 (breast adenocarcinoma), and on the non-tumor cell line HFF1 (normal human foreskin
fibroblasts) using the MTT cell proliferation assay. In silico drug-like properties and ADMET profiles
were estimated using the ADMET Predictor ver. 9.5 and the online server admetSAR. Eighteen new
3,5-disubstituted hydantoins were synthesized and characterized. The compound anti-5c showed
potent cytotoxic activity against the human tumor cell line MCF7 (IC50 = 4.5 µmol/L) and the non-
tumor cell line HFF1 (IC50 = 12.0 µmol/L). In silico analyzes revealed that the compounds exhibited
moderate water solubility and membrane permeability and are likely substrates for CYP3A4 and
P-glycoprotein and have a high probability of antiarthritic activity.

Keywords: 3,5-disubstituted hydantoins; preparative HPLC separation; NMR analysis; absolute
configuration; CD/VCD; antiproliferative activity; in silico biological profiling

1. Introduction
Imidazolidine-2,4-diones, commonly referred to as hydantoins, are five-membered 

heterocyclic compounds characterized by the presence of two nitrogen atoms at positions 
one and three, and two carbonyl functions at positions two and four within the hydantoin 
ring [1–4]. The hydantoin moiety is an important structural element found in various bioac-
tive medicinal compounds. The biological activity of these compounds depends on the na-
ture of the substituents at positions N-1, N-3, and C-5 of the hydantoin ring. The hydantoin

Pharmaceuticals 2024, 17, 1259. https://doi.org/10.3390/ph17101259 https://www.mdpi.com/journal/pharmaceuticals1
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core structure is found in marketed drugs for the treatment of epileptic seizures (pheny-
toin, ethotoine, and norantoine) [5,6], and metastatic prostate cancer (nilutamide) [7,8],
muscle relaxants drugs, and drugs for the prevention of malignant hyperthermia (dantro-
lene) [9] (Figure 1). BMS-587101 is a potent and orally active antagonist of leukocyte
function associated antigen-1 (LFA-1) [10], while BMS-564929 is a highly potent, orally
active, nonsteroidal tissue selective androgen receptor (AR) modulator [11]. In addition,
hydantoin derivatives exhibit diverse biological and pharmacological activities in medicine,
such as antimicrobial [12,13], antiviral [14–16], anticonvulsant [17–21], antitumor [7,22],
antiarrhythmic [23,24], antihypertensive [25], antithrombotic, anti-inflammatory [26], an-
tidiabetic [27,28], and agrochemical applications, such as herbicidal and fungicidal [29].
Hydantoins also have an inhibitory effect on some enzymes (human aldose reductase
and leucocyte elastase) [30,31]. Furthermore, the hydantoin moiety is frequently found
in natural products, predominantly isolated from a diverse range of marine organisms
and bacteria [32]. For example, hemimycallins A and B (Figure 1) were extracted from
the marine sponge Hemimycale arabica [31], mukanadine B (Figure 1) was extracted from
the marine sponge Agelas nakamurai [33], midpacamide (Figure 1) was extracted from the
Fijian sponge Agelas mauritiana [34], and parazoanthines A–J (Figure 1) were extracted
from the Mediterranean anemone Parazoanthus axinellae [35,36]. From the viewpoint of
organic synthesis, hydantoins have been widely used as precursors for the synthesis of
some optically pure natural and unnatural amino acids [37]. In addition, the optically
pure hydantoins have been widely used as chiral auxiliaries [38] and metal ligands in
asymmetric catalysis [39].
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Numerous methods for the synthesis of the hydantoin derivatives have been described
in the literature [10,40]. Hydantoins can be prepared either in solution by classical methods,
on the solid phase, under microwave irradiation, by mechanochemistry, or by the continu-
ous flow method [10,40–52]. Zhang et al. prepared enantiomerically pure hydantoins by
the cyclization of optically pure α-amino amides with triphosgene [41]. The same group
reported that the use of 1,1′-carbonyldiimidazole (CDI) led to a racemization of the stere-
ogenic center. They suggest that the imidazole carbamate intermediate is responsible for
the observed racemization with CDI in this type of reaction. Chen et al. recently prepared
a library of enantiomerically pure 3,5-disubstituted hydantoins by a direct cyclization of
the corresponding ureas with sodium hydride [42]. The obtained hydantoins were isolated
in good to high yields and with excellent enantioselectivities. Tanwar et al. obtained
3,5-disubstituted hydantoins, including the anticonvulsant ethotoin, in a one-pot synthesis
of α-amino methyl ester hydrochlorides with carbamates [43]. This reaction led to the
formation of the corresponding ureido derivatives, which subsequently cyclized under
basic conditions to give the corresponding hydantoins in good yields. Liu et al. used a
simple activation strategy mediated by trifluoromethanesulfonic anhydride to prepare
highly substituted chiral hydantoins from simple Boc-protected dipeptides in a single step
under mild conditions [44]. Mehra and Kumar performed a base-promoted intramolecu-
lar amidolysis of C-3 functionalized azetidin-2-ones, prepared from racemic cis-β-lactam
carbamates and amines, with sodium methoxide to afford the 3,5-disubstituted hydan-
toins [45]. The basic condition led not only to the formation of the desired hydantoins but
also to the formation of their dimers. Rajić et al. synthesized 3,5-disubstituted hydantoins
by a base-induced cyclization of the corresponding N-(1-benzotriazolecarbonyl)-L- and
D-amino acid amides and investigated their antiviral and antitumor activity [14]. Of all
of the hydantoins synthesized, cyclohexyl-5-phenyl hydantoin showed antitumor activity
against HeLa and MCF7 cell lines but also cytotoxic effects on human non-tumor fibroblasts
WI 38, whereas 3-benzhydryl-5-phenyl hydantoin showed moderate antitumor activity
against HeLa, MCF7, MiaPaCa-2, H 460, and SW 620 but no cytotoxic effects on normal
cells. In 2016, Konnert et al. reported the mechanochemical reaction of α-amino methyl
esters with CDI or with substituted alkyl isocyanates to give a series of 3,5 disubstituted
hydantoins, including ethotoin, with or without poly(ethylene glycol)s as grinding assist-
ing agents [46]. Konnert et al. also developed a mechanochemical solvent-free method to
prepare various 3,5-disubstituted hydantoin derivatives from amino esters or dipeptides
via a CDI-mediated one-pot/two-step cyclization reaction involving unsymmetrical urea or
carboxy-imidazolyl dipeptide ester intermediates [47]. Recently, Mascitti et al. optimized
the mechanochemical synthesis of highly functionalized 3,5-disubstituted hydantoins from
α-amino esters by liquid-assisted grinding (LAG) in the presence of various poly(ethylene)
glycols [48]. The first reported solid-phase synthesis of 3,5-disubstituted hydantoins was
described by De Witt and coworkers [49]. A series of polystyrene Wang resin, ester-linked
amino acids were exposed to isocyanates to give resin-linked α-ureido acids, which were
then treated with 6 M hydrochloric acid. The strongly acidic conditions promoted N-
cyclisation and the simultaneous cleavage of hydantoin from the resin. Colacino et al.
reported a microwave-assisted solid-phase synthesis of 3,5 hydantoin derivatives in which
resin-bound amino acids with a free N-terminal moiety reacted with phenyl isocyanate [37].
The ureido derivatives formed were then simultaneously cyclized and released from the
resin in the presence of triethylamine to afford the corresponding hydantoins. Colacino et al.
discussed [50] innovative mechanochemical methods for the synthesis of hydantoin-based
active pharmaceutical ingredients (APIs) and emphasized their environmentally friendly
nature and advantages over conventional synthetic approaches. The authors emphasize
the improved yields, the simplified reaction conditions and the lower environmental im-
pact and advocate mechanochemistry as a sustainable alternative in drug development.
Furthermore, the hydantoins can also be synthesized using flow chemistry techniques.
Monteiro et al. [51] presented a new continuous flow method for the synthesis of hydan-
toins using the Bucherer–Bergs reaction. The authors successfully optimized the reaction

3
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conditions and achieved high yields for a variety of substrates. They also investigated the
selective N(3)-monoalkylation of the hydantoins, which opens up possibilities for further
modifications and potentially new therapeutic applications. Vukelić et al. [52] synthesized
hydantoins from commercially available amines using a semi-continuous flow process
involving photooxidative cyanation followed by carbon dioxide introduction at elevated
temperatures. Using this method, various hydantoins were produced in good yields with-
out the need for extensive purification steps, demonstrating an efficient and sustainable
approach to hydantoin synthesis.

In the present work, a series of novel 3,5 disubstituted hydantoins 5a–i were prepared
as racemic mixtures of syn- and anti-isomers via a base-assisted intramolecular amidolysis
of C-3 functionalized β-lactams [45]. Each synthesized hydantoin 5a–i has two stereogenic
carbon centers, one at the C-5 position of the hydantoin ring and the other in the side chain.
The absolute configuration of the four isolated enantiomers of allyl hydantoin 5a was
determined by a comparison of experimental and DFT calculated ECD and VCD spectra.
All of the synthesized compounds 5a–i were evaluated in vitro for their antiproliferative
activity against liver hepatocellular carcinoma (HepG2), ovarian carcinoma (A2780), breast
adenocarcinoma (MCF7), and untransformed human fibroblasts (HFF-1). In silico drug-like
properties and ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity)
profiles of the synthesized hydantoin compounds 5a–i were estimated using the commercial
software ADMET Predictor ver. 9.5 [53] and the free online server admetSAR [54]. The
biological activities of each hydantoin 5a–i were predicted by the commercial software
PASS 2020 [55] and the open access web server SwissTargetPrediction [56].

2. Results and Discussion
2.1. Synthesis and Separation of Syn- and Anti-(±)-3,5-Disubstituted Hydantoins 5a–i

The synthesis of the new 3,5-disubstituted hydantoins 5a–i was carried out as shown
in Scheme 1. This study demonstrates the in situ cyclization of racemic trans-β-lactam ureas
4a–i under basic conditions by intramolecular amidolysis leading to the formation of a five-
membered hydantoin ring. In the first step, imine 1 was prepared by a condensation reaction
between 4-methoxybenzaldehyde and 4-fluoroaniline in an anhydrous dichloromethane
medium, using powdered molecular sieves 4 Å (Scheme 1) [57]. The isolated imine 1
was obtained in a yield of 73% after recrystallization from a mixture of ethyl acetate and
n-hexane.

Following the formation of imine 1, a reaction was carried out with N-phthalimidoglycine
in the presence of triethylamine and 2-chloro-1-methylpyridinium iodide, a reagent known
as Mukaiyama reagent. This step led to the preparation of a racemic mixture of cis- and trans-
3-phthalimido-β-lactam 2, as shown in Scheme 1 [58,59]. The choice of starting materials,
4-methoxybenzaldehyde and 4-fluoroaniline, lays in the already demonstrated bioactivity
of these pharmacophores [59]. The [2 + 2]-cycloaddition reaction of imine 1 with in situ-
generated ketene from acid and triethylamine, also known as the Staudinger reaction, is
characterized by the sequential formation of the covalent N1–C2 and C3–C4 bonds within
the β-lactam ring [60,61]. To gain a deeper insight into the nature of the reaction, the
crude reaction mixture was analyzed by 1H NMR spectroscopy. The analysis revealed the
presence of two isomeric β-lactams, with a remarkable cis/trans ratio of approximately 1:5.
This finding was subsequently validated by HPLC analysis, which provided a definitive
representation of the isomer distribution. In the 1H NMR spectra of the cis stereoisomer, the
two protons of the β-lactam ring, H-3 and H-4, were observed as two doublets at 5.42 ppm
and 5.65 ppm, respectively, with a coupling constant 3JH3,H4 of 5.5 Hz. In contrast, the
trans-isomer exhibited a coupling constant of J = 2.6 Hz, with the corresponding protons
appearing as doublets at 5.28 and 5.31 ppm. These spectral data enabled the accurate
determination of the structures of the expected diastereomeric β-lactams, namely (±)-cis-
2 and (±)-trans-2, as shown in Scheme 1. Flash column chromatography was used to
separate the cis- and trans-isomers, yielding pure trans-2 (75%) and pure cis-2 (11%). Given
that the ketene generated in situ from the reaction between N-phthalimidoglycine and
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triethylamine corresponds to a Sheehan ketene, it exhibits a preferential formation of the
trans-β-lactam [62].

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 5 of 32 
 

 

pure cis-2 (11%). Given that the ketene generated in situ from the reaction between N-

phthalimidoglycine and triethylamine corresponds to a Sheehan ketene, it exhibits a pref-

erential formation of the trans-β-lactam [62]. 

trans-2

N
O

N

O

F

O

O c

trans-3

N
O

H2N

O

F

d
N

O

H
N

O

F

NH

O

R

trans-4a-i

N

H
N

N
H

F

R

syn-5a-i

O

O

O
N

H
N

N
H

F

R

anti-5a-i

O

O

O

+
e

4a, 5a: CH2=CHCH2

4b, 5b: CH3(CH2)5

4c, 5c: C5H9

4d, 5d: furfuryl

4e, 5e: C6H5CH2

4f, 5f: 4-tBuC6H4

4g, 5g: 3-Cl-4-CH3C6H3

4h, 5h: 3,5-(CH3)2C6H3

4i, 5i: 2,6-(CH3)2C6H3

N

F

NH2

F

+

O

1

O

HO

a

N
O

N

O

F

O

O

cis-2 trans-2

N
O

N

O

F

O

O+
b
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Scheme 1. Reagents and conditions: (a) CH2Cl2, room temperature, 20 h; (b) phthalimidoacetic
acid, 2-chloro-1-methylpyridinium iodide, triethylamine, CH2Cl2, 0 ◦C, 2 h, room temperature, 20 h;
(c) ethylenediamine, EtOH, 65 ◦C, 1 h; (d) R-NCO, acetonitrile, 0 ◦C, 2 h, room temperature, 18 h; and
(e) 25% NaOMe in MeOH, MeOH, 65 ◦C, 1 h.

The protecting group, the phthalimide group, was removed with ethylenediamine in
anhydrous ethanol, yielding the (±)-3-amino-β-lactam 3 in a 67% yield (Scheme 1) [58].

In the next reaction step, compound 3 was reacted with various aliphatic and aromatic
isocyanates in dry acetonitrile at room temperature, resulting in the formation of (±)-trans-
β-lactam ureas 4a–i (Scheme 1) [63]. The resulting products 4a–i were obtained in yields
ranging from 75 to 98%. 1H and 13C NMR, HRMS, and FTIR were used to characterize
these compounds 4a–i. In 1H NMR, the appearance of proton signals at about δ = 4.40 ppm
and about 5.00 ppm, respectively, as doublets, correspond to the protons of the C-3 and C-4
of the β-lactam ring, respectively. The signal of the NH proton bound to the ring system
is observed as a doublet in the chemical shift range of 5.78 to 6.55 ppm. The signal of the
second NH proton is observed as a singlet, doublet, or triplet, depending on which alkyl
or aryl substituent is bound to this NH proton. The 13C NMR spectra also showed the
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peaks for the β-lactam and urea carbonyl carbons at about 166 and 156 ppm, respectively,
confirming the synthesis of the β-lactam ureas. The appearance of peaks at 3311–3396 cm−1

(N-H stretching), 1732–1756 cm−1 (C=O stretching), and 1426 cm−1 (C–N stretching), in the
FTIR spectra reconfirmed the β-lactam and urea moieties.

Subsequently, the treatment of trans-β-lactam urea 4a–i with sodium methoxide in
dry methanol at 65 ◦C for 1 h [45] resulted in the formation of hydantoins 5a–i in good to
excellent yields but with poor-to-modest diastereoselectivities (Scheme 1 and Table 1). The
diastereomeric ratio was determined by RP-HPLC analysis and 1H NMR spectroscopy of re-
action mixtures. For example, the diastereomeric ratio for the allyl derivative 5a (Entry 1) is
52.5:47.5, indicating a slight preference for the syn-isomer. However, the diastereomeric ra-
tio for the 2,6-dimethylphenyl derivative 5i (Entry 9) is 58.8:41.2, indicating a much stronger
preference for the syn-isomer. The diastereomeric ratio for 3-chloro-4-methylphenyl 5g
indicates a slight preference for the anti-isomer, but it is not a highly diastereoselective
reaction (48.3:51.7).

Table 1. Structures, yields, and diastereomeric ratio of 3,5-disubstituted hydantoins 5a–i.

Entry β-Lactam Urea Hydantoin R η (%) HPLC
Syn:Anti

1 4a 5a allyl 85.8 52.5:47.5
2 4b 5b hexyl 91.8 50.1:49.9
3 4c 5c cylopentyl 79.5 51.8:48.2
4 4d 5d furfuryl 81.5 57.1:42.9
5 4e 5e benzyl 86.4 52.2:47.8
6 4f 5f 4-tert-butylphenyl 88.8 66.0:34.0
7 4g 5g 3-chloro-4-methylphenyl 75.3 48.3:51.7
8 4h 5h 3,5-dimethylphenyl 58.8 64.3:35.7
9 4i 5i 2,6-dimethylphenyl 75.8 58.8:41.2

According to the reaction mechanism proposed by Mehra and Kumar (Scheme 2), the
formation of hydantoin 5 from β-lactam urea 4 can involve methoxide-assisted tandem
intermolecular amidolysis–intramolecular cyclization (pathway A, Scheme 2) or a base-
assisted formation of a ureido anion followed by intramolecular amidolysis (pathway
B, Scheme 2) [45,64]. If the reaction was carried out under mild reaction conditions,
the second reaction pathway is more likely. In the presence of a base, such as sodium
methoxide, optically active hydantoin tautomerizes easily, indicating the existence of an
enol tautomer 8 [65].

The racemic trans-β-lactam ureas 4a–i were used to prepare 3,5-disubstituted hydan-
toins, and as a result, a racemic mixture of syn- and anti-hydantoins 5a–i was obtained. The
diastereomerically pure hydantoins 5a–i were obtained using preparative HPLC with a
linear gradient of water (mobile phase A) and acetonitrile (mobile phase B).

The isolated syn- and anti-diastereomers 5a–i were characterized using various an-
alytical techniques, including melting point determination, thin-layer chromatography
(TLC), infrared (IR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, high-
performance liquid chromatography (HPLC), and high-resolution mass spectrometry
(HRMS), as detailed in the Materials and Methods section.

The IR spectroscopy study confirms the structure of the compounds mentioned above.
The IR spectra of the hydantoin derivatives 5a–i show absorption peaks in the range of
3200 to 3300 cm−1, corresponding to the N-H stretching vibrations of the imide and amide
functionalities. Absorption bands observed between 1770 and 1705 cm−1 indicate the
asymmetric and symmetric stretching of the carbonyl groups in the hydantoin ring. In
addition, the IR spectra of compounds 5a–i show absorption bands around 1610 cm−1

(amide I) and around 1510 cm−1 (amide II), which are characteristic of amide groups.
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Scheme 2. Plausible mechanism for the formation of hydantoin 5a–i from β-lactam urea 4a–i.

2.2. NMR Analysis of Syn- and Anti-5a

A comparison of chemical shifts, NOE interactions, and coupling constants was
performed to obtain more information about the conformation of the two diastereoisomers.
Structures, stereochemistry, and numbering for the first eluted (Peak 1) and the second
eluted (Peak 2) diastereomer are shown in Figure 2. A comparison of the chemical proton
shifts (Table S1) revealed the largest difference in the allylic protons CH2-7, H-8 and CH2-9,
which does not reflect differences in the stereochemistry of the two isomers, but is most
likely a consequence of the different positioning of the allylic moiety, possibly due to a
different conformation of the hydantoin ring in the two diastereoisomers. A comparison of
the carbon chemical shifts (Table S2) revealed the largest difference in the chemical shifts of
C-6 and C-17, which is a direct consequence of the different stereochemistry at position C-6.
A comparison of the NOE interactions (Table S3) revealed only one significant difference.
Two weak interactions exist in the first eluted diastereoisomer (Peak 1), H-5/H12,16 and H-
5/H18,22, indicating that in this molecule both aromatic rings are positioned equally close
to the hydantoin ring proton H-5. In the second eluted diastereoisomer (Peak 2), however,
there is only one medium interaction H-5/H18,22 which means that in this molecule the
conformation is different and the methoxybenzene is close to H-5, but the fluorobenzene
is not. A comparison of the coupling constants (Table S4) showed the largest difference
in 3JH-6,NH-10, which was 6.4 Hz for Peak 1 (anti-5a) and 10.6 Hz for Peak 2 (syn-5a). This
suggests that the angle between H-9 and NH-10 has changed with different stereochemistry.
Although it was not possible to unambiguously determine the stereochemistry of 5a using
NMR data alone, the combination with molecular modelling proved to be successful.
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2.3. ECD and VCD Analysis and Absolute Configuration Determination of Syn-5a and Anti-5a
Allyl Hydantoin

The racemic syn- and anti-allyl hydantoins, syn-5a and anti-5a, were selected for this
study and purified to enantiomeric purity (e.e. > 99%) by preparative HPLC on a chiral
semi-preparative CHIRAL ART Amylose-SA column using n-hexane/2-PrOH (90/10, v/v)
as the mobile phase. Electronic circular dichroism (ECD) and vibrational circular dichroism
(VCD) spectra of the enantiomers 5a-ent1, 5a-ent2 (anti-5a, Peak 1), 5a-ent3, and 5a-ent4
(syn-5a, Peak 2) were recorded in acetonitrile and calculated by density functional theory
(DFT). Figure 3 reports the UV and ECD spectra of the four isomers of 5a. As expected,
the UV spectra are all very similar, while the ECD spectra appear paired in mirror-image
couples for the two enantiomers of each diastereomer of 5a. It was anticipated that ECD
is dominated by the reciprocal arrangement between the two aromatic chromophores,
and therefore, could be especially sensitive to the configuration at C-6; however, major
differences also emerge between the diastereomeric pairs, related to the configuration
at C-5.
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Figure 3. Experimental UV and ECD spectra of hydantoins 5a-ent1 (black line), 5a-ent2 (red line),
5a-ent3 (blue line), and 5a-ent4 (green line) recorded in CH3CN.

The computational procedure employed for ECD calculations followed a well-established
workflow [66,67]. The input structures had (5R,6S) and (5S,6S) configurations for the syn-
and anti-isomers of 5a, respectively. The conformational space was sampled by means of
a systematic search with molecular mechanics force field (MMFF). All conformers thus
obtained were first optimized by DFT at B3LYP-D3/6-31G(d) level in vacuo, then re-
optimized at B3LYP-D3BJ/6-311+G(d,p) level in vacuo, and final energies were estimated
at the same level including the PCM solvent model for acetonitrile. In this way, five dif-
ferent conformers were obtained for (5R,6S)-5a and eight for (5S,6S)-5a with Boltzmann
populations > 3% at 300 K (see Supporting Information, Tables S5 and S6). Although com-
paring experimental NOE data with optimized geometries is not trivial for compounds
with multiple fast-exchanging conformers, we notice that the (5S,6S)-5a isomer yields low-
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energy structures with H-2 directed toward the fluorobenzene ring, while this is not true
for (5R,6S)-5a. According to NOE results (see above), this suggests an anti stereochemistry
for Peak 1 and syn stereochemistry for Peak 2, corresponding, respectively, to configura-
tion (5S*,6S*) and (5R*,6S*). ECD calculations were then run with time-dependent DFT
(TD-DFT) at CAM-B3LYP/def2-TZVP/PCM and B3LYP/def2-TZVP/PCM levels. Final
spectra were generated as Boltzmann averages at 300 K using internal energies and plotted
as a sum of Gaussians with best-fit bandwidth. The comparison between the calculated
and experimental ECD spectra (Figure 4) suggests that the isomer 5a-ent1 has a (5S,6S)
configuration and the isomer 5a-ent4 has a (5R,6S) configuration. The assignment was
substantiated by evaluating similarity factors between experimental and calculated spec-
tra (Supporting Information, Table S7) [68]. Furthermore, to confirm the assignment for
5a-ent1/5a-ent2, the uncertainty related to the conformational averaging was reduced by
considering a truncated model where the N-allyl group was replaced by N-methyl. This
truncation approach [69] led to the same assignment as above (Supporting Information,
Tables S8 and S9 and Figure S147).
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Figure 4. Comparison between experimental ECD spectra of hydantoins 5a-ent1/5a-ent2
(black/red lines) and 5a-ent3/5a-ent4 (blue/green lines) recorded in CH3CN with the spectra
calculated for (5S,6S)-5a (black dotted line) and (5R,6S)-5a (green dashed line) at TD B3LYP/def2-
TZVP/PCM//B3LYP-D3BJ/6-311+G(d,p) level as Boltzmann averages over eight and five conform-
ers, respectively. Plotting parameters for (5S,6S)-5a: UV shift +15 nm, σ = 0.24 eV. Plotting parameters
for (5R,6S)-5a: UV-shift +4 nm, σ = 0.38 eV.

Finally, following the advice to use multiple chiroptical techniques to avoid potentially
incorrect assignments [70,71], we extended our study to vibrational CD (VCD). The VCD
spectra measurements for 5a-ent3 and 5a-ent4 were especially good in terms of signal-
to-noise ratio thanks to the availability of a larger amount of enantiopure samples and
looked like mirror images throughout the fingerprint region (Figure 5). DFT calculations
run at B3LYP-D3BJ/6-311+G(d,p)/PCM level on (5R,6S)-5a reproduced satisfactorily the
experimental VCD spectrum for 5a-ent4, thus confirming the assignment obtained by ECD
(Figure 5; similarity factors are provided in the Supporting Information, Table S7). In
conclusion, the chiroptical analysis afforded the following assignments: (5S,6S)-5a-ent1,
(5R,6R)-5a-ent2, (5S,6R)-5a-ent3, and (5R,6S)-5a ent4.
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2.4. Antiproliferative Activity of Syn- and Anti-5a–i

In the present work, the eighteen synthesized hydantoin derivatives, syn-5a–i and anti-
5a–i, were evaluated in vitro for their antiproliferative activity by MTT assay. Three human
cancer cell lines, including liver hepatocellular carcinoma cells (HepG2), ovarian carcinoma
cells (A2780), and breast adenocarcinoma cells (MCF7), and a human non-tumor foreskin
fibroblasts cell line HFF-1, were selected to determine in vitro antiproliferative activity. The
results are summarized in Table 2. The following compounds, anti-5b, syn-5f, anti-5f, and
anti-5g, showed moderate activity against liver cancer cell lines HepG2 with IC50 values
in the range 15–35 µmol/L, while the other syn- and anti-hydantoin compounds showed
insignificant inhibitory potential on HepG2 cell lines. Most of the tested compounds
showed moderate antiproliferative activity, while the two hydantoins anti-5a and syn-5d
showed no cytotoxicity against A2780 cells. Of the eighteen tested hydantoins, eleven
exhibited moderate antiproliferative potential against MCF7 cells with IC50 values in the
range 20–55 µmol/L. Compounds syn-5a, anti-5a, syn-5d, anti-5d, and syn-5e showed no
cytotoxicity against MCF7 cells. Interestingly, the compound anti-5c with a cyclopentyl
group at the N-3 position of the hydantoin ring showed significant antiproliferative effects
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on human breast carcinoma cell line MCF7 with an IC50 value of 4.5 µmol/L. However, its
diastereomer syn-5c only showed moderate antiproliferative effect against the same cell
line (IC50 = 41 µmol/L). The hydantoin compounds anti-5b, anti-5c, syn-5f, syn-5g, anti-5g,
syn-5h, and anti-5h showed moderate cytotoxic effects, whereas the other hydantoins had
less or no toxic effect on the HFF-1 healthy cells.

Table 2. Antiproliferative activities of hydantoins syn-5a–i and anti-5a–i in vitro (IC50, µmol/L).

Compound HepG2 * A2780 * MCF7 * HFF-1 *

syn-5a >100 71 ± 34 >100 >100
anti-5a >100 >100 >100 >100
syn-5b >100 93 ± 123 55 ± 1.8 >100
anti-5b 35 ± 12 33 ± 12 34 ± 9 52 ± 15
syn-5c >100 35 ± 7.9 41 ± 5.4 >100
anti-5c >100 42 ± 57 4.5 ± 0.45 12 ± 13
syn-5d >100 >100 >100 >100
anti-5d >100 79 ± 5.4 >100 >100
syn-5e >100 59 ± 17 >100 >100
anti-5e >100 58 ± 7.7 55 ± 2.4 >100
syn-5f 15 ± 1.2 15 ± 1.7 20 ± 0.15 20 ± 0.48
anti-5f 33 ± 1.4 22 ± 5.9 39 ± 9.5 >100
syn-5g >100 28 ± 13 21 ± 0.35 33 ± 18
anti-5g 30 ± 3.0 43 ± 13 27 ± 1.4 35 ± 55
syn-5h >100 43 ± 4.0 27 ± 2.2 21 ± 49
anti-5h >100 59 ± 2.4 48 ± 14 18 ± 27
syn-5i >100 77 ± 3.0 87 ± 32 >100
anti-5i >100 48 ± 10 52 ± 21 94 ± 11

* The human cancer cell lines used in this study were HepG2 (derived from liver), A2780 (derived from ovarian
tissue), and MCF-7 (derived from breast tissue). The normal human cell line used was HFF1 (human fibroblasts).
Cell proliferation was assessed after 72 h using the MTT assay, as delineated in the Materials and Methods section.

2.5. In Silico Physicochemical and Biological Profiling of Syn/Anti-5a–i

The ADMET profile for the synthesized derivatives 5a–i was estimated using the
program ADMET Predictor [53] and the web server admetSAR [54]. All synthesized 3,5-
disubstituted hydantoins 5a–i, with the exception of 5f, are drug-like molecules compliant
with Lipinski’s and Veber’s rules (Table S12). Orally administered molecules are likely
to have logP ≤ 5, MW ≤ 500, HBD ≤ 5, and HBA ≤ 10 according to Lipinski’s rule of
five [72,73], and/or TPSA ≤ 140 Å2 (or 12 or fewer HBD and HBA), and a number of
rotatable bonds equal to or less than 10 according to Veber’s rule [74]. The derivative
5f with a 4-tert-butylphenyl substituent violates Lipinski’s rule in terms of lipophilicity
(logP = 5.01). While all 3,5-disubstituted hydantoins 5a–i are nonionizable compounds and
most of them have logP ≥ 3 (Table S10), they are predicted to be moderately water soluble
(Table S11). All molecules are also predicted to have moderate membrane permeability
according to the ADMET predictor’s Peff and MDCK values, which indicates their good
oral bioavailability. The membrane permeability of a compound may be reduced by its
interaction with efflux pumps such as P-glycoprotein (Pgp). The compounds 5b–i are esti-
mated to be Pgp substrates and many of them are not predicted to be Pgp inhibitors (Table
S11). Furthermore, hydantoins 5a–i are estimated to not penetrate the BBB (BBB_filter) and
have low retention in brain (logBB, Table S11), and hence it is very likely that they do not
enter the brain [75]. Regarding distribution in the body, they are predicted to be transported
by plasma proteins (Table S11, low hum_fup% values). Considering metabolism, the web
server admetSAR is commonly used to estimate the probability that the compounds are
substrates and inhibitors of cytochrome P450 (CYP450) oxidoreductases. According to
admetSAR, all hydantoins 5a–i should be substrates only for CYP3A4 and most of them
are also predicted to be CYP3A4 inhibitors (Table S11). In terms of toxicity, hydantoins 5f–i
are classified as cardiotoxic (hERG_Filter). All synthesized hydantoins 5a–i are predicted
to be non-mutagenic and non-carcinogenic to rats or mice (Table S11).
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The software PASS 2020 [55] and the online server SwissTargetPrediction [56] were
used to predict biological activities of the new 3,5-disubstituted hydantoins 5a–i. The PASS
2020 simultaneously predicts 1945 recommended biological activities, including pharma-
cological effects, mechanisms of action, interaction with drug-metabolizing enzymes and
transporters, toxic and adverse effects, influence on gene expression, etc., using built-in
machine-learning models. The results consist of Pa and Pi values, which are computed
probabilities that a compound is active and inactive, respectively, for each type of activity
from the biological activity spectrum. The Pa and Pi values range from 0.0 to 1.0. Consider-
ing only the activities predicted with Pa > Pi and Pa > 0.5, all synthesized hydantoins 5a–i
should have antiarthritic activity (Pa ≥ 0.727). In addition, only the compound syn/anti-
5d is predicted to inhibit thioredoxin glutathione reductase (Pa = 0.665), beta lactamase
(Pa = 0.554), DNA-directed DNA polymerase (Pa = 0.553), and DNA polymerase beta
(Pa = 0.542). In contrast to PASS, SwissTargetPrediction estimated protein targets based
on the structural similarity of hydantoins 5a–i with 327,719 already known actives on
2092 human proteins. No high-confidence predictions were found indicating substantial
novelty in the structures of the synthesized 3,5-disubstituted hydantoins.

3. Materials and Methods
3.1. Chemistry
3.1.1. General

All required chemicals were purchased from commercial suppliers, including Sigma-
Aldrich (Munich, Germany), Merck (Darmstadt, Germany), Fluka (Buchs, Switzerland),
and Kemika (Zagreb, Croatia). Prior to use, the solvents dichloromethane, ethanol, and
acetonitrile were subjected to the required drying procedures according to established
protocols. The HPLC-grade solvents, acetonitrile, 2-propanol, and n-hexane, were pur-
chased from Honeywell (Seelze, Germany). The reactions were monitored by thin-layer
chromatography (TLC), which was performed on 0.25 mm silica gel plates (50F-254, DC-
Alufolien-Kieselgel F254, Sigma Aldrich, Merck KGaA, Darmstadt, Germany). The TLC
plates were observed under ultraviolet light (254 nm) or stained with ninhydrin. Flash
column chromatography was performed with silica gel Si50 (particle size 0.04–0.053 mm,
230–400 mesh, Sigma Aldrich, Munich, Germany).

The determination of melting points was conducted using an Olympus BX51 polariz-
ing microscope (Olympus Corporation, Tokyo, Japan), which was equipped with a Linkam
TH500 hot stage and a PR500 temperature controller (Technical Manufacturing Corporation,
Peabody, Massachusetts, USA). Images were captured using the Olympus C5050 ZOOM
digital camera.

FTIR-ATR spectra were obtained using a PerkinElmer UATR Two spectrometer
(PerkinElmer Inc., Waltham, MA, USA), operating within a range of 450 cm−1 to 4000 cm−1.

All solvents used for NMR sample preparation were purchased from EurIsotop
(Saint-Aubin, France). 1H and 13C NMR spectra were recorded on a Brucker AV 300
or AV 500 (1H 300 or 500 MHz and 13C 75 or 151 MHz) spectrometers (Bruker Technologies,
Ettlingen and Leipzig, Germany) in chloroform (CDCl3) or acetonitrile (CD3CN) at ambient
temperature. All solvents utilized for the preparation of NMR samples were obtained
from EurIsotop (Saint-Aubin, France). The 1H and 13C NMR spectra were recorded on
Brucker AV 300 or AV 500 spectrometers (1H 300 or 500 MHz and 13C 75 or 151 MHz)
(Bruker Technologies, Ettlingen and Leipzig, Germany), utilizing chloroform (CDCl3) or
acetonitrile (CD3CN) at ambient temperature. The chemical shifts (δ) were expressed in
parts per milion (ppm) relative to tetramethylsilane (TMS), which was used as an internal
standard. All coupling constants (J) are given in hertz (Hz). The splitting patterns were
reported as follows: s for singlet; d for doublet; t for triplet; p for pentet; h for heptet; m
for multiplet; bs for broad singlet; dd for a doublet of doublets; and tdd for a triplet of a
doublet of doublets.

An Agilent 1290 Infinity II/5550 Q-TOF instrument (Agilent Technologies, Wald-
bronn, Germany) with electrospray ionization (ESI) quadrupole-time-of-flight (Q-TOF)
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mass spectrometry with high-resolution was used as the analytical technique to determine
the molecular weight of the synthesized compounds.

RP-HPLC studies were performed with the aim of determining the cis/trans ratio of
3-phthalimido-β-lactam 2 and determining the purity of compound 3-amino-β-lactam 3.
The Symmetry C18 column (150 × 4.6 mm, 5 µm, Waters, Milford, MA, USA) was used for
these analyses. The analyses were carried out on an Agilent 1200 Series System (Agilent
Technologies, Waldbronn, Germany), which was equipped with a vacuum degasser, a
quaternary pump, a thermostatically controlled column compartment, an autosampler,
and a variable wavelength detector. The methodology used was as follows: water served
as eluent A, while acetonitrile constituted eluent B. The gradient for the first 0–15 min
went from 30% to 70% eluent B. From 15–18 min, an isocratic phase with 70% eluent B was
applied. From 18.01 to 21 min, an additional isocratic phase with 30% B was introduced.
The flow rate was maintained at 1 mL/min, the detection wavelength was set to 254 nm,
the column temperature was set to 30 ◦C, and the injection volume was set to 20 µL.

Trans-(±)-β-lactam ureas 4a–i were analyzed by RP-HPLC using a Synergi Polar-RP
80A column (150 mm × 4.6 mm, 4 µm, Phenomenex, Torrance, CA, USA) with a gradient
elution setup consisting of (A) water + 0.1% trifluoroacetic acid and (B) acetonitrile. The
elution program was as follows: 0–10 min, 50–100% B; 10–13 min, 100% B; and 13.01–17 min,
50% B. The flow rate was maintained at 1.0 mL/min. The column temperature was
maintained at 30 ◦C, and the sample injection volume was 20 µL. UV detection was
performed at a wavelength of 254 nm.

The syn/anti ratio of hydantoins was determined by HPLC on an Agilent 1200 series
system using a Zorbax Extend-C18 column (250 × 4.6 mm, 5 µm, Agilent Technologies,
Milford, MA, USA). The flow rate was set to 0.8 mL/min, the column temperature was
maintained at 30 ◦C. A sample volume of 20µL was injected and UV detection was per-
formed at a wavelength of 254 nm. A gradient elution of two solvents was used—Solvent
A (water) and Solvent B (acetonitrile). The mobile phase gradient elutions used in the
three methods were as follows: For Method A (for 5a, 5d, 5e), the gradient program was
as follows: 0–60 min, 35–48% B; 60–63 min, 48% B; and 63.01–67 min, 35% B. For Method
B (for 5c, 5h, 5i), the gradient program was as follows: 0–60 min, 35–60% B; 60–63 min,
60% B; and 63.01–67 min, 35% B. For Method C (for 5b, 5f, 5g), the gradient program
was as follows: 0–60 min, 45 58% B; 60–63 min, 58% B; and 63.01–67 min, 45% B. The
preparative HPLC was carried out on an Agilent 1260 Infinity II HPLC system, which
was equipped with an Agilent MWD detector. A Zorbax Extend C-18 PrepHT preparative
column (250 mm × 21.2 mm i. d., 5-µm particle size) was used, and the gradient elution
program with water (phase A) and acetonitrile (phase B) was delivered at 17 mL/min.
The chromatograms were monitored at 254 nm. In addition, the injection volume was
500 µL. The mobile phase gradient elutions used in the three methods were as follows:
For Method D (for 5a, 5d, 5e), the gradient program was as follows: 0–35.98 min, 35–48%
B; 35.98–37.78 min, 48% B; and 37.79–40.18 min, 35% B. For Method E (for 5c, 5h, 5i), the
gradient program was as follows: 0–35.98 min, 35–60% B; 35.98–37.78 min, 60% B; and
37.78–40.18 min, 35% B. For Method F (for 5b, 5f, 5g), the gradient program was as follows:
0–35.98 min, 45–58% B; 35.98–37.78 min, 58% B; and 37.78–40.18, min 45% B.

The chiral separation of syn- and anti-allyl hydantoin enantiomers 5a was carried out
on the CHIRAL ART Amylose-SA semi-preparative column (250 mm × 8.0 mm i. d., 10-µm
particle size). An isocratic elution was performed with n-hexane/PrOH (90/10, v/v) at a
flow rate of 5 mL/min. The chromatograms were monitored at 254 nm and the injection
volume was 500 µL. The 10 µm bulk immobilized amylose-based chiral stationary phase
CHIRAL ART Amylose-SA S-10 µm used in the HPLC column was purchased from YMC
(Kyoto, Japan) and packed in house using empty stainless steel HPLC columns (dimensions:
250 mm × 4.6 mm i. d. and 250 mm × 8.0 mm i. d.) from Knauer GmbH (Berlin, Germany).

The enantioseparation of the hydantoins syn-5a–i and anti-5a–i was carried out on
an Agilent 1200 Series HPLC System (Agilent Technologies, Waldbronn, Germany). The
system included a vacuum degasser, a quaternary pump, a thermostatically controlled

14



Pharmaceuticals 2024, 17, 1259

column compartment, an autosampler, and a variable wavelength detector. The mobile
phase was a mixture of n-hexane and 2-PrOH (90/10, v/v). All analyses were performed
with a flow rate of 1.0 mL/min and at a column temperature of 30 ◦C. An injection volume
of 20 µL was employed.

ECD spectra were recorded using a J-815 spectrometer (Jasco, Tokyo, Japan) at room
temperature in spectroscopic grade acetonitrile. Solutions with concentrations in the range
of 0.25 to 0.27 mM were measured in quartz cells with a path length of 1 and 0.1 cm.
All spectra were carried out in the range from 380 to 180 nm using a scanning speed of
100 nm/min, a step size of 0.2 nm, a bandwidth of 1 nm, a response time of 0.5 s, and an
accumulation of 5 scans. The spectra were background-corrected using acetonitrile as the
solvent, and they were recorded under the same measurement conditions.

VCD spectra were obtained using an FVS-6000 VCD spectrometer (Jasco, Tokyo, Japan)
with a resolution of 4 cm−1 within the 2000–850 cm−1 range in spectroscopic grade CD3CN
for 2 h. Solutions with concentrations in the range of 0.2–0.15 M in a BaF2 cell with a
path length of 200 µm were placed on a rotating holder. Baseline correction was made by
subtracting the spectrum of CD3CN recorded under identical conditions.

3.1.2. Synthesis of (4-Fluorophenyl)[(4-methoxyphenyl)methylene]amine (1)

To a solution containing 4-methoxybenzaldehyde (6 mL, 49.313 mmol) in anhydrous
dichloromethane (30 mL) maintained at room temperature, 4-fluoroaniline (4.67 mL, 49.313
mmol) was then added. This was followed by the addition of activated 4 Å molecular sieve
powder (2 g). The resulting reaction mixture was stirred at room temperature for 20 h. The
mixture was then filtered through a short layer of Celite, which had previously been rinsed
with dichloromethane, to remove the molecular sieve powder. The filtrate was concentrated
under reduced pressure, yielding a crude imine in the form of an oil. After recrystallization
from a solvent mixture of ethyl acetate and n-hexane, pure imine 1 (8.1 g, 73%) was isolated
as white crystals. m.p. 68–70 ◦C. FTIR (ATR, cm−1): 2925, 2847, 1626, 1604, 1512, 1458, 1308,
1253, 1208, 1179, 1159, 1021, 841. 1H NMR (300 MHz, CDCl3), δ/ppm: 8.35 (s, 1H), 7.83 (d,
J = 8.7 Hz, 2H), 7.21−7.12 (m, 2H), 7.06 (t, J = 8.7 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 3.86 (s,
3H). 13C NMR (150 MHz, CDCl3), δ/ppm: 162.7, 161.0 (d, J = 244.1 Hz), 159.6, 148.5 (d,
J = 2.7 Hz), 130.6, 129.3, 122.3 (d, J = 8.1 Hz), 115.9 (d, J = 22.4 Hz), 114.3, 55.6. C14H12FNO
(229.25): calcd. C 73.35, H 5.28, N 6.11; found C 73.06, H 5.40, N 6.12.

3.1.3.
Cis/trans-(±)-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-oxoazetidin-3-yl-isoindoline-1,3
dione (2)

A suspension containing phthalimidoacetic acid (4.03 g, 19.529 mmol) in anhydrous
dichloromethane (150 mL) was cooled to 0 ◦C under an inert argon atmosphere. 2-Chloro-
1-methylpyridinium iodide (6.69 g, 39.258 mmol) and triethylamine (10.9 mL, 78.516 mmol)
were added to this solution. The resulting reaction mixture was stirred for 2 h to 0 ◦C. After
that, a solution of imine 1 (3.0 g, 13.086 mmol) in anhydrous dichloromethane (25 mL)
was added dropwise and stirring was then continued for a further 2 h, during which the
temperature rose from 0 ◦C to room temperature. The mixture was then refluxed for 20 h
and progress was monitored by TLC and HPLC. After the completion of the reaction, the
reaction mixture was washed with a solution of saturated sodium bicarbonate (150 mL), a
solution of saturated sodium chloride (150 mL), and deionized water (150 mL). The organic
layer was then dried over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure, yielding the crude product. The cis/trans ratio of the crude product was
determined to be 1:5. The crude product was purified by column chromatography over
silica gel in a chloroform/dichloromethane/ethyl acetate mixture (7/1/1, v/v/v). The
pure forms of the cis- and trans-3-phthalimido-β-lactams were obtained as a white solid.
Rf (cis-2) = 0.59, Rf (trans-2) = 0.71 (chloroform/dichloromethane/ethyl acetate = 7/1/1,
v/v/v).
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Cis-2

White solid (600 mg, 11%), m.p. 194.1−198.8 ◦C. FTIR (ATR, cm−1): 2895, 1781, 1756,
1721, 1611, 1510, 1467, 1442, 1385, 1254, 1175, 1115, 1053, 956, 832, 814, 750, 716. 1H NMR
(600 MHz, CDCl3), δ/ppm: 7.77−7.61 (m, 4H), 7.48−7.38 (m, 2H), 7.17 (d, J = 8.7 Hz, 2H),
7.02 (t, J = 8.7 Hz, 2H), 6.72 (d, J = 8.8 Hz, 2H), 5.65 (d, J = 5.5 Hz, 1H), 5.42 (d, J = 5.5 Hz, 1H),
3.66 (s, 3H). 13C NMR (151 MHz, CDCl3), δ/ppm: 166.9, 160.9, 159.8, 159.5 (d, J = 244.2 Hz),
134.4, 133.8 (d, J = 2.7 Hz), 131.3, 128.7, 123. 7, 119.0 (d, J = 7.9 Hz), 116.1 (d, J = 22.8 Hz),
114.2, 61.0, 59.3, 55.3. HR-MS (ESI-QTOF) m/z: calcd. for C24H17FN2O4, [M + H]+, 417.1251;
found 417.1255.

Trans-2

White solid (4.1 g, 75%), m.p. 197.3−198.8 ◦C. FTIR (ATR, cm−1): 3007, 2932, 2836,
1778, 1754, 1713, 1612, 1507, 1467, 1369, 1311, 1253, 1229, 1180, 1148, 1120, 1105, 1034, 970,
941, 833, 717, 530. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.91−7.84 (m, 2H), 7.80−7.73
(m, 2H), 7.36−7.27 (m, 4H), 7.01−6.88 (m, 4H), 5.31 (d, J = 2.6 Hz, 1H), 5.28 (d, J = 2.6
Hz, 1H), 3.81 (s, 3H). 13C NMR (151 MHz, CDCl3), δ/ppm: 166.9, 162.1, 160.5, 159.5 (d,
J = 244.1 Hz), 134.7, 133.6 (d, J = 2.8 Hz), 131.8, 127.7, 127.4, 124.0, 119.3 (d, J = 8.0 Hz), 116.1
(d, J = 22.8 Hz), 115.0, 63.1, 61.3, 55.5. HR-MS (ESI-QTOF) m/z: calcd. for C24H17FN2O4,
[M + H]+, 417.1251; found 417.1248.

3.1.4. Trans-3-amino-1-(4-fluorophenyl)-4-(4-methoxyphenyl)-2-azetidinone (3)

To a suspension of trans-3-phthalimido-β lactam 2b (3.78 g, 9.078 mmol) in dry ethanol
(100 mL) was added ethylenediamine (1.21 mL, 18.156 mmol), and the reaction mixture was
stirred at 65 ◦C under an argon atmosphere. The progress of the reaction was monitored by
TLC. After one hour, the ethanol was evaporated in vacuo and the resulting crude product
was dissolved in ethyl acetate (200 mL). The solution was then washed with a solution of
saturated sodium chloride (100 mL) and deionized water (100 mL). The organic layer was
dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure
to give the crude product which was then purified by SiO2 flash column chromatography
with ethyl acetate as an eluent to give compound 3 (1.73 g, 67%) as a white solid. Rf = 0.39
(ethyl acetate), m.p. 98.7−101.2 ◦C. FTIR (ATR, cm−1): 3384, 3341, 3177, 2933, 2840, 1732,
1611, 1510, 1483, 1380, 1246, 1229, 1154, 1115, 1029, 965, 832, 793, 717. 1H NMR (600 MHz,
CDCl3), δ/ppm: 7.30−7.20 (m, 4H), 6.98−6.84 (m, 4H), 4.60 (d, J = 2.2 Hz, 1H), 4.04 (d,
J = 2.2 Hz, 1H), 3.80 (s, 3H), 1.82 (bs, 2H). 13C NMR (151 MHz, CDCl3), δ/ppm: 168.0,
160.0, 159.2 (d, J = 243.6 Hz), 133.8 (d, J = 2.8 Hz), 128.6, 127.3, 119.0 (d, J = 7.9 Hz), 116.0
(d, J = 22.6 Hz), 114.7, 70.2, 66.6, 55.5. HR-MS (ESI-QTOF) m/z: calcd. for C16H15FN2O2,
[M + H]+, 287.1191; found 287.1183.

3.1.5. General Procedure for the Preparation of (±)-trans-β-lactam Ureas 4a–i

To a solution of trans-3-amino-β-lactam 3 (1.0 equiv.) in dry acetonitrile (5 mL) was
added the appropriate isocyanate (1.5 equiv.) and the resulting reaction mixture was stirred
for 20 h at room temperature. Acetonitrile was then concentrated under reduced pressure
and the obtained crude product was purified by SiO2 flash column chromatography with
n-hexane/ethyl acetate (4/1, v/v). The pure trans-β-lactam urea was finally obtained by
trituration with n-hexane.

Allyl-3-[(±)-trans-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-oxoazetidin-3-yl]urea (4a)

Compound 4a was prepared from 3 (50 mg, 0.175 mmol) and allyl isocyanate (23.2 µL,
0.263 mmol) according to the general synthetic procedure, producing a white solid (57.7 mg,
89%). Rf = 0.22 (chloroform/ethyl acetate = 4/1, v/v), m.p. 86.1−88.5 ◦C. FTIR (ATR,
cm−1): 3346, 2933, 2838, 1745, 1636, 1612, 1560, 1507, 1426, 1288, 1247, 1224, 1175, 1137,
1102, 923, 830. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.25−7.17 (m, 4H), 6.92−6.84 (m,
4H), 6.04 (d, J = 6.8 Hz, 1H), 5.84−5.74 (m, 1H), 5.37 (t, J = 5.8 Hz, 1H), 5.16 (dd, J = 17.2,
1.6 Hz, 1H), 5.07 (dd, J = 10.3, 1.5 Hz, 1H), 5.01 (d, J = 2.3 Hz, 1H), 4.42 (dd, J = 6.8, 2.3 Hz,
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1H), 3.79 (s, 3H), 3.78−3.67 (m, 2H). 13C NMR (151 MHz, CDCl3), δ/ppm: 166.3, 160.1,
159.4 (d, J = 244.5 Hz), 157.5, 135.1, 133.6 (d, J = 2.7 Hz), 128.2, 127.6, 119.3 (d, J = 7.9 Hz),
116.0 (d, J = 22.8 Hz), 115.9, 114.8, 67.2, 63.9, 55.5, 42.9. HR-MS (ESI-QTOF) m/z: calcd. for
C20H20FN3O3, [M + H]+, 370.1567; found 370.1579.

1-Hexyl-3-[(±)-trans-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-oxoazetidin-3-yl]urea (4b)

Compound 4b was prepared from 3 (50 mg, 0.175 mmol) and hexyl isocyanate (38.2 µL,
0.263 mmol) according to the general synthetic procedure, producing a white solid (64.3 mg,
89%). Rf = 0.32 (chloroform/ethyl acetate = 4/1, v/v), m.p. 58.3−62.4 ◦C. FTIR (ATR, cm−1):
3352, 2956, 2929, 2858, 1748, 1639, 1563, 1507, 1386, 1247, 1226, 1175, 1136, 1031, 830. 1H
NMR (600 MHz, CDCl3), δ/ppm: 7.25−7.18 (m, 4H), 6.91−6.85 (m, 4H), 5.95 (d, J = 6.7 Hz,
1H), 5.22 (t, J = 5.6 Hz, 1H), 5.01 (d, J = 2.2 Hz, 1H), 4.40 (dd, J = 6.7, 2.3 Hz, 1H), 3.79 (s, 3H),
3.16−3.00 (m, 2H), 1.43 (p, J = 7.2 Hz, 2H), 1.32−1.19 (m, 6H), 0.90−0.83 (m, 3H). 13C NMR
(151 MHz, CDCl3), δ/ppm: 166.5, 160.0, 159.4 (d, J = 244.0 Hz), 157.5, 133.6 (d, J = 2.7 Hz),
128.3, 127.6, 119.2 (d, J = 7.8 Hz), 116.0 (d, J = 22.7 Hz), 114.7, 67.3, 64.0, 55.4, 40.6, 31.7,
30.2, 26.7, 22.7, 14.2. HR-MS (ESI-QTOF) m/z: calcd. for C23H28FN3O3, [M + H]+, 414.2193;
found 414.2158.

1-Cyclopentyl-3-[(±)-trans-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-oxoazetidin
3-yl]urea (4c)

Compound 4c was prepared from 3 (50 mg, 0.175 mmol) and cyclopentyl isocyanate
(29.6 µL, 0.263 mmol) according to the general synthetic procedure, producing a white
solid (59.5 mg, 86%). Rf = 0.30 (chloroform/ethyl acetate = 4/1, v/v), m.p. 138.7−143.7 ◦C.
FTIR (ATR, cm−1): 3342, 2959, 1747, 1633, 1556, 1509, 1385, 1289, 1250, 1226, 1175, 1131,
1101, 1031, 830. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.28−7.19 (m, 4H), 6.93−6.85 (m,
4H), 5.74 (d, J = 6.5 Hz, 1H), 5.09 (d, J = 7.3 Hz, 1H), 4.99 (d, J = 2.2 Hz, 1H), 4.43 (dd,
J = 6.6, 2.2 Hz, 1H), 3.97 (h, J = 6.8 Hz, 1H), 3.79 (s, 3H), 1.90 (tdd, J = 13.2, 10.1, 6.2 Hz,
2H), 1.67−1.58 (m, 2H), 1.48−1.58 (m, 2H), 1.40−1.28 (m, 2H). 13C NMR (151 MHz, CDCl3),
δ/ppm: 166.2, 160.1, 159.4 (d, J = 244.0 Hz), 157.1, 133.7 (d, J = 2.4 Hz), 128.3, 127.6, 119.2,
116.0 (d, J = 22.6 Hz), 114.7, 67.3, 64.1, 55.5, 52.3, 33.6, 33.5, 23.7. HR MS (ESI-QTOF) m/z:
calcd. for C22H24FN3O3, [M + H]+, 398.1880; found 398.1871.

1-[(±)-Trans-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-oxoazetidin-3-yl)-3-(furan-2
ylmethyl]urea (4d)

Compound 4d was prepared from 3 (50 mg, 0.175 mmol) and furfuryl isocyanate
(28.2 µL, 0.263 mmol) according to the general synthetic procedure, producing a white solid
(64.4 mg, 90%). Rf = 0.22 (chloroform/ethyl acetate = 4/1, v/v), m.p. 188.8−189.9 ◦C. FTIR
(ATR, cm−1): 3333, 1732, 1650, 1611, 1556, 1508, 1427, 1388, 1426, 1247, 1218, 1176, 1146,
1104, 1076, 1028, 1010, 833, 743. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.28−7.27 (m, 1H),
7.23−7.17 (m, 4H), 6.91−6.84 (m, 4H), 6.26 (dd, J = 3.2, 1.8 Hz, 1H), 6.17 (d, J = 2.9 Hz, 1H),
5.99 (d, J = 6.7 Hz, 1H), 5.60 (t, J = 5.7 Hz, 1H), 5.00 (d, J = 2.2 Hz, 1H), 4.40 (dd, J = 6.7,
2.3 Hz, 1H), 4.32 (dd, J = 15.6, 5.8 Hz, 1H), 4.25 (dd, J = 15.6, 5.5 Hz, 1H), 3.79 (s, 3H). 13C
NMR (151 MHz, CDCl3), δ/ppm: 166.2, 160.1, 159.4 (d, J = 244.3 Hz), 157.2, 152.2, 142.2,
133.5 (d, J = 2.5 Hz), 128.1, 127.6, 119.3 (d, J = 7.9 Hz), 116.0 (d, J = 22.8 Hz), 114.8, 110.6,
107.2, 67.2, 63.9, 55.5, 37.4. HR-MS (ESI-QTOF) m/z: calcd. for C22H20FN3O4, [M + H]+,
410.1516; found 410.1509.

1-Benzyl-3-[(±)-trans-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-oxoazetidin-3-yl]urea (4e)

Compound 4e was prepared from 3 (50 mg, 0.175 mmol) and benzyl isocyanate
(32.5 µL, 0.263 mmol) according to the general synthetic procedure, producing a white
solid (65.9 mg, 90%). Rf = 0.28 (chloroform/ethyl acetate = 4/1, v/v), m.p. 164.1−167.3 ◦C.
FTIR (ATR, cm−1): 3358, 3264, 3035, 2965, 2929, 1735, 1646, 1555, 1506, 1425, 1384, 1243,
1176, 1155, 1105, 1022, 841, 748, 706. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.30−7.24 (m,
2H), 7.25−7.14 (m, 7H), 6.89−6.83 (m, 4H), 5.97 (d, J = 6.6 Hz, 1H), 5.57 (t, J = 5.8 Hz, 1H),
4.97 (d, J = 2.3 Hz, 1H), 4.38 (dd, J = 6.7, 2.3 Hz, 1H), 4.30 (dd, J = 14.7, 5.8 Hz, 1H), 4.23
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(dd, J = 14.9, 5.6 Hz, 1H), 3.78 (s, 3H). 13C NMR (151 MHz, CDCl3), δ/ppm: 166.2, 160.1,
159.4 (d, J = 244.0 Hz), 157.5, 139.0, 133.5 (d, J = 2.6 Hz), 128.7, 128.1, 127.6, 127.4, 119.2
(d, J = 7.9 Hz), 116.0 (d, J = 22.8 Hz), 114.7, 67.2, 63.9, 55.5, 44.4. HR-MS (ESI-QTOF) m/z:
calcd. for C24H22FN3O3, [M + H]+, 420.1723; found 420.1700.

1-(4-(Tert-Butyl)phenyl)-3-[(±)-trans-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-
oxoazetidin-3-yl]urea (4f)

Compound 4f was prepared from 3 (50 mg, 0.175 mmol) and 4-tert-butyl isocyanate
(46.7 µL, 0.263 mmol) according to the general synthetic procedure, producing a white
solid (73.7 mg, 91%). Rf = 0.47 (chloroform/ethyl acetate = 4:1, v/v), m.p. 195.4−196.0 ◦C.
FTIR (ATR, cm−1): 3332, 2961, 1748, 1657, 1603, 1542, 1507, 1387, 1292, 1249, 1228, 1176,
1138, 1102, 1032, 831. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.35 (s, 1H), 7.23−7.18 (m, 6H),
7.18−7.13 (m, 2H), 6.90−6.84 (m, 4H), 6.18 (d, J = 6.8 Hz, 1H), 5.06 (d, J = 2.3 Hz, 1H), 4.46
(dd, J = 6.8, 2.3 Hz, 1H), 3.78 (s, 3H), 1.25 (s, 9H). 13C NMR (151 MHz, CDCl3), δ/ppm:
166.2, 160.1, 159.5 (d, J = 244.5 Hz), 155.5, 147.1, 135.4, 133.5 (d, J = 2.6 Hz), 128.0, 127.7,
126.1, 121.0, 119.4 (d, J = 8.0 Hz), 116.0 (d, J = 22.8 Hz), 114.8, 67.1, 63.8, 55.5, 34.4, 31.5.
HR-MS (ESI-QTOF) m/z: calcd. for C27H28FN3O3, [M + H]+, 462.2193; found 462.2183.

1-(3-Chloro-4-methylphenyl)-3-[(±)-trans-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-
oxoazetidin-3-yl]urea (4g)

Compound 4g was prepared from 3 (50 mg, 0.175 mmol) and 3-chloro-4-methyl
isocyanate (36.0 µL, 0.263 mmol) according to the general synthetic procedure, produc-
ing a white solid (69.1 mg, 87%). Rf = 0.41 (chloroform/ethyl acetate = 4/1, v/v), m.p.
174.2−178.8 ◦C. FTIR (ATR, cm−1): 3327, 2931, 1741, 1658, 1588, 1542, 1508, 1384, 1290,
1225, 1175, 1136, 1102, 1030, 830. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.62 (s, 1H), 7.27
(d, J = 2.0 Hz, 1H), 7.23−7.15 (m, 4H), 6.85−6.82 (m, 6H), 6.48 (d, J = 6.9 Hz, 1H), 5.12 (d,
J = 2.3 Hz, 1H), 4.39 (dd, J = 6.9, 2.3 Hz, 1H), 3.79 (s, 3H), 2.20 (s, 3H). 13C NMR (151 MHz,
CDCl3), δ/ppm: 166.8, 160.4, 160.2, 159.6 (d, J = 244.7 Hz), 155.1, 137.2, 134.4, 133.3 (d,
J = 2.6 Hz), 130.9, 130.7, 127.7, 127.6, 120.2, 119.5 (d, J = 7.9 Hz), 118.2, 116.1 (d, J = 22.7 Hz),
114.8, 66.9, 63.7, 55.5, 19.4. HR-MS (ESI-QTOF) m/z: calcd. for C24H21ClFN3O3, [M + H]+,
454.1333; found 454.1257.

1-(3,5-Dimethylphenyl)-3-[(±)-trans-1-(4 fluorophenyl)-2-(4-methoxyphenyl)-4-oxoazetidin
3-yl]urea (4h)

Compound 4h was prepared from 3 (50 mg, 0.175 mmol) and 3,5-dimethylphenyl
isocyanate (37.0 µL, 0.263 mmol) according to the general synthetic procedure, produc-
ing a white solid (68.3 mg, 90%). Rf = 0.44 (chloroform/ethyl acetate = 4/1, v/v), m.p.
163.2−164.2 ◦C. FTIR (ATR, cm−1): 3320, 2918, 2851, 1753, 1645, 1612, 1566, 1508, 1387,
1279, 1247, 1224, 1175, 1153, 1102, 1031, 831. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.40 (s,
1H), 7.32−7.06 (m, 4H), 6.94−6.75 (m, 6H), 6.61 (s, 1H), 6.32 (d, J = 6.9 Hz, 1H), 5.08 (d,
J = 2.3 Hz, 1H), 4.40 (dd, J = 6.8, 2.3 Hz, 1H), 3.78 (s, 3H), 2.15 (s, 6H). 13C NMR (151 MHz,
CDCl3), δ/ppm: 166.6, 160.1, 159.5 (d, J = 244.2 Hz), 155.4, 138.8, 138.1, 133.4 (d, J = 2.7 Hz),
128.0, 127.6, 125.5, 119.4 (d, J = 8.0 Hz), 118.3, 116.0 (d, J = 22.8 Hz), 114.7, 67.0, 63.7, 55.4,
21.4. HR-MS (ESI-QTOF) m/z: calcd. for C25H24FN3O3, [M +H]+, 434.1880; found 434.1871.

1-(2,6-Dimethylphenyl)-3-[(±)-trans-1-(4-fluorophenyl)-2-(4-methoxyphenyl)-4-
oxoazetidin 3-yl]urea (4i)

Compound 4i was prepared from 3 (50 mg, 0.175 mmol) and 2,6-dimethylphenyl
isocyanate (36.6 µL, 0.263 mmol) according to the general synthetic procedure, produc-
ing a white solid (67.2 mg, 89%). Rf = 0.30 (chloroform/ethyl acetate = 4/1, v/v), m.p.
127.2−128.9 ◦C. FTIR (ATR, cm−1): 3311, 2961, 1753, 1638, 1612, 1548, 1508, 1384, 1248,
1226, 1175, 1134, 1101, 1030, 831. 1H NMR (600 MHz, CDCl3), δ/ppm: 7.25−7.17 (m, 4H),
7.16−7.03 (m, 3H), 6.92−6.82 (m, 3H), 6.39 (s, 1H), 4.96 (d, J = 2.3 Hz, 1H), 4.44 (dd, J = 6.8,
2.3 Hz, 1H), 3.77 (s, 3H), 2.29 (s, 6H). 13C NMR (151 MHz, CDCl3), δ/ppm: 166.0, 160.1,
159.3 (d, J = 243.7 Hz), 156.2, 133.7 (d, J = 2.6 Hz), 128.9, 128.2, 127.5, 119.1 (d, J = 7.8 Hz),
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115.9 (d, J = 22.8 Hz), 114.8, 67.2, 63.9, 55.5, 18.5. HR-MS (ESI-QTOF) m/z: calcd. for
C25H24FN3O3, [M + H]+, 434.1880; found 434.1859.

3.1.6. General Procedure for the Preparation of Syn/anti-(±)-3,5-disubstituted Hydantoins 5a–i

To a stirred solution of corresponding β-lactam urea 4a–i (1.0 mmol) in dry methanol
at 65 ◦C was added a solution of 25% sodium methoxide in methanol (1.1 mmol). The
reaction mixture was allowed to reflux for 1 h (the progress of the reaction was monitored
by TLC) and the resulting reaction mixture was then treated with brine and extracted
with chloroform (3 × 15 mL). The organic layer was dried over anhydrous sodium sulfate,
filtered and concentrated in vacuo to give a residue. The residue was then purified by
SiO2 flash column chromatography with chloroform/ethyl acetate (2:1 or 4:1) as the eluent
solvent. The syn/anti-ratio in the product was determined by RP-HPLC and 1H NMR spec-
troscopy. The mixture of diastereomeric hydantoins was then fractionated by preparative
RP-HPLC using a Zorbax Extend C18 PrepHT column (250 × 9.4 mm I.D., 5-µm particle
size, 300 Å pore size, Agilent Technologies). A linear gradient AB (method D–F) was used
at a flow rate of 17 mL/min, with mobile phase A consisting of water and mobile phase B
of acetonitrile. The chromatograms were monitored at 254 nm. Collected fractions of syn-
and anti-hydantoins were extracted with chloroform (3 × 20 mL). The purity of the syn-
and anti-isomers fraction was verified by analytical RP-HPLC as described in the Materials
and Methods section. The organic phase was dried over anhydrous sodium sulfate and
filtered, and the resulting filtrate was concentrated in vacuo to obtain the pure syn- and
anti-isomers.

Syn/anti-3-allyl-5-{[(4-fluorophenyl)amino](4-methoxyphenyl)methyl}-imidazolidine-2,4-
dione (5a)

Compound syn/anti-5a was prepared from trans-β-lactam urea 4a (40 mg, 0.108 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (24.8 µL, 0.119 mmol) accord-
ing to the general synthetic procedure, producing a white solid (34.3 mg, 85.8%). The
diastereomeric ratio of syn/anti-isomers (52.5:47.5) was determined by HPLC (retention
time: anti-isomer 29.5 min, syn-isomer 31.3 min, method A) of the crude reaction mixture.
The diastereomeric mixture of the syn/anti-isomer 5a was further separated by preparative
HPLC (retention time: anti-isomer 18.0 min, syn-isomer 19.6 min, method D) to obtain
isomers syn-5a (10 mg) and anti-5a (11 mg). Rf (syn/anti-5a) = 0.42 (chloroform/ethyl
acetate = 2/1, v/v).

Syn-5a: m.p. 168.4–170.7 ◦C. FTIR (ATR, cm−1): 3351, 2933, 2837, 1774, 1702, 1610, 1508,
1445, 1409, 1344, 1249, 1216, 1177, 1108, 989, 930, 823. 1H NMR (600 MHz, CD3CN), δ/ppm:
7.28 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.8 Hz, 2H), 6.81 (t, J = 8.8 Hz, 2H), 6.61 (dd, J = 8.8,
4.8 Hz, 2H), 6.22 (br s, 1H), 5.71 (ddt, J = 17.1, 10.4 Hz, 5.0 Hz, 1H), 5.26 (d, J = 10.6 Hz, 1H),
5.04 (dq, J = 10.5, 1.4 Hz, 1H), 5.02 (dq, J = 17.3, 1.6 Hz, 1H), 4.91 (dd, J = 10.6, 3.3 Hz, 1H),
4.38 (dd, J = 3.3, 2.2 Hz, 1H), 3.98 (ddt, J = 16.5, 4.8, 1.8 Hz, 1H), 3.93 (ddt, J = 16.5, 4.8 Hz,
1.8 Hz, 1H), 3.75 (s, 3H). 13C NMR (151 MHz, CD3CN), δ/ppm: 173.2, 160.3, 158.2, 156.7 (d,
J = 233,6 Hz), 144.4 (d, J = 1,7 Hz), 132.9, 131.5, 129.4, 116.6, 116.3 (d, J = 22.6 Hz), 116.0 (d,
J = 7.5 Hz), 115.0, 63.3, 57.4, 56.0, 41.0. HR-MS (ESI-QTOF) m/z: calcd. for C20H20FN3O3,
[M + H]+, 370.1567; found 370.1555.

Anti-5a: m.p. 155.0–156.9 ◦C. FTIR (ATR, cm−1): 3351, 2933, 2837, 1774, 1702, 1610,
1508, 1445, 1409, 1344, 1249, 1216, 1177, 1108, 989, 930, 823. 1H NMR (600 MHz, CD3CN),
δ/ppm: 7.26 (d, J = 8.8 Hz, 2H), 6.84 (t, J = 9.0 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 6.62 (dd,
J = 8.8, 4.4 Hz, 2H), 6.38 (s, 1H), 5.43 (ddt, J = 17.1, 10.5, 4.9 Hz, 1H), 5.00 (d, J = 7.3 Hz, 1H),
4.85 (dq, J = 10.3, 1.1 Hz, 1H), 4.80 (dd, J = 6.4, 3.9 Hz, 1H), 4.52 (dd, J = 3.7, 1.8 Hz, 1H),
4.52 (dq, J = 17.2, 1.5 Hz, 1H), 3.82 (ddt, J = 16.1, 5.1, 1.5 Hz, 1H), 3.74 (s, 3H), 3.73 (ddt,
J = 16.2, 5.1, 1.8 Hz, 1H). 13C NMR (151 MHz, CD3CN), δ/ppm: 172.5, 160.7, 157.6, 156.9 (d,
J = 233,6 Hz), 144.4 (d, J = 1,7 Hz), 132.6, 130.4, 129.6, 116.5, 116.4 (d, J = 22.6 Hz), 116.0 (d,
J = 7.5 Hz), 114.6, 62.1, 59.5, 56.0, 40.8. HR-MS (ESI QTOF) m/z: calcd. for C20H20FN3O3,
[M + H]+, 370.1567; found 370.1555.
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Syn/anti-{[(4-fluorophenyl)amino](4-methoxyphenyl)methyl}-3-hexylimidazolidine-2,4-
dione (5b)

Compound syn/anti-5b was prepared from trans-β-lactam urea 4b (40 mg, 0.097 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (24.5 µL, 0.107 mmol) accord-
ing to the general synthetic procedure, producing a white solid (36.7 mg, 91.8%). The
diastereomeric ratio of syn/anti isomers (50.1:49.9) was determined by HPLC (retention
time: anti-isomer 40.5 min, syn-isomer 41.9 min, method C) of the crude reaction mixture.
The diastereomeric mixture of the syn/anti-isomer 5b was further separated by preparative
HPLC (retention time: anti-isomer 29.8 min, syn-isomer 30.6 min, method F) to obtain
isomers syn-5b (15 mg) and anti-5b (13 mg). Rf (syn/anti-5b) = 0.39 (chloroform/ethyl
acetate = 4/1, v/v).

Syn-5b: m.p. 137.4–139.3 ◦C. FTIR (ATR, cm−1): 3387, 3359, 2950, 2929, 2856, 1762,
1709, 1612, 1581, 1506, 1455, 1422, 1359, 1256, 1178, 1113, 1030, 985, 820. 1H NMR (600 MHz,
CD3CN), δ/ppm: 7.25 (d, J = 8.7 Hz, 2H), 6.84–6.77 (m, 4H), 6.60–6.57 (m, 2H), 6.15 (s, 1H),
5.25 (d, J = 10.5 Hz, 1H), 4.88 (dd, J = 10.7, 3.2 Hz, 1H), 4.32 (dd, J = 3.2, 2.1 Hz, 1H), 3.74 (s,
3H), 3.40–3.33 (m, 1H), 3.33–3.27 (m, 1H), 1.45–1.37 (m, 2H), 1.25–1.02 (m, 6H), 0.86–0.83 (m,
3H). 13C NMR (151 MHz, CD3CN), δ/ppm: 172.5, 160.1, 158.4, 156.4 (d, J = 235.0 Hz), 142.7
(d, J = 2.1 Hz), 131.2, 129.2, 116.0 (d, J = 22.5 Hz), 115.7 (d, J = 7.4 Hz), 114.6, 62.7, 59.2, 55.7,
38.8, 32.0, 28.5, 26.8, 23.0, 14.1. HR-MS (ESI-QTOF) m/z: calcd. for C23H28FN3O3, [M + H]+,
414.2193; found 414.2184.

Anti-5b: m.p. 164.2–167.5 ◦C. FTIR (ATR, cm−1): 3387, 3359, 2950, 2929, 2856, 1762,
1709, 1612, 1581, 1506, 1455, 1422, 1359, 1256, 1178, 1113, 1030, 985, 820. 1H NMR (600 MHz,
CD3CN), δ/ppm: 7.27 (d, J = 8.7 Hz, 2H), 6.89–6.44 (m, 4H), 6.67–6.60 (m, 2H), 6.34 (s, 1H),
4.98 (d, J = 7.5 Hz, 1H), 4.79 (dd, J = 7.9, 3.6 Hz, 1H), 4.47 (dd, J = 3.6, 1.7 Hz, 1H), 3.72 (s,
3H), 3.23–3.16 (m, 1H), 3.14–3.07 (m, 1H), 1.25–1.02 (m, 6H), 0.95–0.86 (m, 2H), 0.86–0.83 (m,
3H). 13C NMR (151 MHz, CD3CN), δ/ppm: 173.3, 160.3, 157.9, 156.8 (d, J = 235.8 Hz), 142.1
(d, J = 2.1 Hz), 130.1, 129.3, 116.3 (d, J = 22.5 Hz), 115.9 (d, J = 7.4 Hz), 114.2, 61.6, 57.3, 55.6,
38.6, 31.9, 28.2, 26.7, 22.9, 14.1. HR-MS (ESI-QTOF) m/z: calcd. for C23H28FN3O3, [M + H]+,
414.2193; found 414.2184.

Syn/anti-3-cyclopentyl-5-[[(4-fluorophenyl)amino](4-methoxyphenyl)methyl}-
imidazolidine-2,4-dione (5c)

Compound syn/anti-5c was prepared from trans-β-lactam urea 4c (40 mg, 0.101 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (25.4 µL, 0.111 mmol) accord-
ing to the general synthetic procedure, producing a white solid (31.8 mg, 79.5%). The
diastereomeric ratio of syn/anti isomers (51.8:48.2) was determined by HPLC (retention
time: anti-isomer 41.2 min, syn-isomer 42.3 min, method B) of the crude reaction mixture.
The diastereomeric mixture of the syn/anti-isomer 5c was further separated by preparative
HPLC (retention time: anti-isomer 23.2 min, syn-isomer 24.1 min, method F) to obtain
isomers syn-5c (14 mg) and anti-5c (13 mg). Rf (syn/anti-5c) = 0.41 (chloroform/ethyl
acetate = 4/1, v/v).

Syn-5c: m.p. 211.0–211.8 ◦C. FTIR (ATR, cm−1): 3347, 3231, 2959, 1762, 1699, 1613, 1510,
1432, 1352, 1308, 1282, 1258, 1221, 1131, 1157, 1111, 965, 832. 1H NMR (600 MHz, CD3CN),
δ/ppm: 7.26 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 6.81 (t, J = 8.9 Hz, 2H), 6.61–6.57 (m,
2H), 6.15 (s, 1H), 5.26 (d, J = 10.5 Hz, 1H), 4.84 (dd, J = 10.5, 3.3 Hz, 1H), 4.26 (dd, J = 3.4,
2.2 Hz, 1H), 4.10 4.02 (m, 1H), 3.74 (s, 3H), 1.90–1.75 (m, 4H), 1.66–1.57 (m, 2H), 1.57–1.49
(m, 2H). 13C NMR (151 MHz, CD3CN), δ/ppm: 173.5, 160.3, 158.4, 156.6 (d, J = 233.2 Hz),
144.4 (d, J = 1.6 Hz), 131.3, 129.5, 116.2 (d, J = 22.5 Hz), 115.9 (d, J = 7.4 Hz), 114.8, 62.1,
59.7, 57.8, 52.2, 29.6, 29.5, 25.8. HR-MS (ESI-QTOF) m/z: calcd. for C22H24FN3O3, [M + H]+,
398.1880; found 398.1870.

Anti-5c: m.p. 141.1–142.5 ◦C. FTIR (ATR, cm−1): 3347, 3231, 2959, 1762, 1699, 1613,
1510, 1432, 1352, 1308, 1282, 1258, 1221, 1131, 1157, 1111, 965, 832. 1H NMR (600 MHz,
CD3CN), δ/ppm: 7.24 (d, J = 8.7 Hz, 2H), 6.86–6.81 (m, 4H), 6.64 6.60 (m, 2H), 6.32 (s, 1H),
4.99 (d, J = 7.0 Hz, 1H), 4.77 (dd, J = 7.3, 3.6 Hz, 1H), 4.39 (dd, J = 3.7, 1.6 Hz, 1H), 4.29–4.15
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(m, 1H), 3.73 (s, 3H), 1.75–1.66 (m, 4H), 1.57–1.42 (m, 2H), 1.50–1.42 (m, 2H). 13C NMR
(151 MHz, CD3CN), δ/ppm: 172.8, 160.6, 158.0, 156.9 (d, J = 233.6 Hz), 144.4 (d, J = 1.7 Hz),
130.3, 129.5, 116.3 (d, J = 22.5 Hz), 116.0 (d, J = 7.6 Hz), 114.5, 61.3, 57.8, 56.0, 52.0, 29.5,
29.3, 25.7. HR-MS (ESI-QTOF) m/z: calcd. for C22H24FN3O3, [M + H]+, 398.1880; found
398.1870.

Syn/anti-5-{[(4-fluorophenyl)amino](4-methoxyphenyl)methyl)-3-(furan-2
ylmethyl}imidazolidine-2,4-dione (5d)

Compound syn/anti-5d was prepared from trans-β-lactam urea 4d (40 mg, 0.098 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (24.7 µL, 0.108 mmol) accord-
ing to the general synthetic procedure, producing a white solid (32.6 mg, 81.5%). The
diastereomeric ratio of syn/anti-isomers (57.1:42.9) was determined by HPLC (retention
time: anti-isomer 37.7 min, syn-isomer 40.3 min, method A) of the crude reaction mixture.
The diastereomeric mixture of the syn/anti-isomer 5d was further separated by preparative
HPLC (retention time: anti-isomer 23.2 min, syn-isomer 25.2 min, method D) to obtain
isomers syn-5d (13 mg) and anti-5d (11 mg). Rf (syn/anti-5d) = 0.43 (chloroform/ethyl
acetate = 4/1, v/v).

Syn-5d: m.p. 161.0–163.9 ◦C. FTIR (ATR, cm−1): 3356, 1776, 1705, 1610, 1508, 1441,
1348, 1248, 1215, 1178, 1129, 1031, 1010, 937, 822. 1H NMR (600 MHz, CD3CN), δ/ppm:
7.37 (dd, J = 1.8 Hz, 0.9 Hz, 1H), 7.26 (d, J = 8.6 Hz, 2H), 6.87–6.75 (m, 6H), 6.31 (dd, J = 3.2,
1.9 Hz, 1H), 6.25 (s, 1H), 6.16 (dd, J = 3.2, 0.8 Hz, 1H), 5.21 (d, J = 10.6 Hz, 1H), 4.89 (dd,
J = 10.6, 3.2 Hz, 1H), 4.55 (d, J = 15.9 Hz, 1H), 4.49 (d, J = 15.5 Hz, 1H), 4.39 (dd, J = 3.3, 2.1
Hz, 1H), 3.74 (s, 3H). 13C NMR (151 MHz, CD3CN), δ/ppm: 172.8, 160.2, 157.7, 156.6 (d,
J = 233.5 Hz), 150.6, 144.3 (d, J = 1.4 Hz), 143.3, 131.3, 129.3, 116.2 (d, J = 22.4 Hz), 115.9
(d, J = 7.4 Hz), 114.9, 111.4, 108.8, 63.1, 57.4, 55.9, 35.7. HR-MS (ESI-QTOF) m/z: calcd. for
C22H20FN3O4, [M + H]+, 410.1516; found 410.1514.

Anti-5d: m.p. 165.8–168,9 ◦C. FTIR (ATR, cm−1): 3356, 1776, 1705, 1610, 1508, 1441,
1348, 1248, 1215, 1178, 1129, 1031, 1010, 937, 822. 1H NMR (600 MHz, CD3CN), δ/ppm:
7.28 (dd, J = 1.8, 0.9 Hz, 1H), 7.20 (d, J = 8.7 Hz, 2H), 6.61–6.55 (m, 6H), 6.40 (s, 1H), 6.23 (dd,
J = 3.3, 1.8 Hz, 1H), 5.80 (dd, J = 3.3, 0.9 Hz, 1H), 4.97 (d, J = 7.3 Hz, 1H), 4.80 (dd, J = 7.4, 3.7
Hz, 1H), 4.52 (dd, J = 3.8, 1.7 Hz, 1H), 4.38 (d, J = 15.0 Hz, 1H), 4.30 (d, J = 15.8 Hz, 1H), 3.73
(s, 3H). 13C NMR (151 MHz, CD3CN), δ/ppm: 172.2, 160.4, 157.2, 156.8 (d, J = 233.5 Hz),
150.3, 144.3 (d, J = 1.5 Hz), 143.2, 131.3, 130.1, 116.2 (d, J = 22.4 Hz), 115.9 (d, J = 7.4 Hz),
114.5, 111.2, 108.6, 62.0, 59.3, 55.8, 35.4. HR-MS (ESI-QTOF) m/z: calcd. for C22H20FN3O4,
[M + H]+, 410.1516; found 410.1514.

Syn/anti-3-benzyl-5-{[(4-fluorophenyl)amino](4-methoxyphenyl)methyl}imidazolidine-
2,4-dione (5e)

Compound syn/anti-5e was prepared from trans-β-lactam urea 4e (47 mg, 0.112 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (28.1 µL, 0.123 mmol) accord-
ing to the general synthetic procedure, producing a white solid (40.6 mg, 86.4%). The
diastereomeric ratio of syn/anti-isomers (52.2:47.8) was determined by HPLC (retention
time: anti-isomer 51.5 min, syn-isomer 54.4 min, method A) of the crude reaction mixture.
The diastereomeric mixture of the syn/anti-isomer 5e was further separated by preparative
HPLC (retention time: anti-isomer 32.3 min, syn-isomer 33.8 min, method E) to obtain
isomers syn-5e (16 mg) and anti-5e (14 mg). Rf (syn/anti-5e) = 0.46 (chloroform/ethyl
acetate = 2/1, v/v).

Syn-5e: m.p. 187.3–191.0 ◦C. FTIR (ATR, cm−1): 3359, 1771, 1706, 1611, 1509,1446, 1251,
1217, 1179, 10301, 822. 1H NMR (600 MHz, CD3CN), δ/ppm: 7.42–7.37 (m, 1H), 7.28 (d,
J = 8.7 Hz, 2H), 7.21–7.10 (m, 3H), 6.96–6.73 (m, 8H), 6.67–6.53 (m, 2H), 6.36–6.30 (m, 1H),
6.21–6,15 (m, 1H), 6.30 (s, 1H), 4.91 (d, J = 7.5 Hz, 1H), 4.84 (dd, J = 10.8, 3.2 Hz, 1H), 4.45
(dd, J = 3.2, 2.1 Hz, 1H), 4.63 (d, J = 15.5 Hz, 1H), 4.52 (d, J = 15.5 Hz, 1H), 3.77 (s, 3H).
13C NMR (151 MHz, CD3CN), δ/ppm: 174.0, 160.9, 158.9, 157.4 (d, J = 233.3 Hz), 144.9 (d,
J = 1.6 Hz), 138.2, 131.9, 130.1, 130.0, 128.8, 128.9, 116.9 (d, J = 22.7 Hz), 116.5 (d, J = 7.4 Hz),
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115.50, 63.9, 58.0, 56.5, 43.0. HR MS (ESI-QTOF) m/z: calcd. for C24H22FN3O3, [M + H]+,
420.1723; found 420.1715.

Anti-5e: m.p. 154.3–156.1 ◦C. FTIR (ATR, cm−1): 3359, 1771, 1706, 1611, 1509,1446,
1251, 1217, 1179, 10301, 822. 1H NMR (600 MHz, CD3CN), δ/ppm: 7.24 (d, J = 8.8 Hz,
2H), 7.21–7.10 (m, 3H), 6.90–6.74 (m, 4H), 6.74–6.67 (m, 2H), 6.66–6.58 (m, 2H), 6.54 (s, 1H),
5.21 (d, J = 7.5 Hz, 1H), 4.76 (dd, J = 7.5, 3.2 Hz, 1H), 4.60 (dd, J = 3.5, 1.8 Hz, 1H), 4.45
(d, J = 15.5 Hz, 1H), 4.29 (d, J = 14.8 Hz, 1H), 3.75 (s, 3H). 13C NMR (151 MHz, CD3CN),
δ/ppm: 173.2, 161.2, 158.1, 157.6 (d, J = 233.8 Hz), 144.9 (d, J = 1.6 Hz), 137.8, 131.9, 131.0,
129.9, 128.8, 128.4, 116.9 (d, J = 22.4 Hz), 116.6 (d, J = 7.5 Hz), 115.2, 62.8, 59.8, 56.4, 42.7.
HR-MS (ESI-QTOF) m/z: calcd. for C24H22FN3O3, [M + H]+, 420.1723; found 420.1715.

Syn/anti-3-[4-(tert-butyl)phenyl]-5-{[(4-fluorophenyl)amino](4-methoxyphenyl)methyl}
imidazoli-dine-2,4-dione (5f)

Compound syn/anti-5f was prepared from trans-β-lactam urea 4f (40 mg, 0.087 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (22.0 µL, 0.096 mmol) according
to the general synthetic procedure, producing a white solid (35.5 mg, 88.8%). The di-
astereomeric ratio of syn/anti-isomers (66.0:34.0) was determined by HPLC (retention time:
anti-isomer 50.6 min, syn-isomer 52.6 min, method C) of the crude reaction mixture. The di-
astereomeric mixture of the syn/anti-isomer 5f was further separated by preparative HPLC
(retention time: anti-isomer 31.9 min, syn-isomer 33.6 min, method F) to obtain isomers
syn-5f (13 mg) and anti-5f (8 mg). Rf (syn/anti-5f) = 0.61 (chloroform/ethyl acetate = 4/1,
v/v).

Syn-5f: m.p. 233.9–234.6 ◦C. FTIR (ATR, cm−1): 3356, 3237, 2963, 1770, 1716, 1610,
1509, 1462, 1364, 1253, 1223, 1178, 1109, 1031, 828. 1H NMR (600 MHz, CD3CN), δ/ppm:
7.49 (d, J = 8.6 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H), 7.11 (d, J = 8.6 Hz, 2H), 6.94–6.88 (m, 2H),
6.68–6.62 (m, 2H), 6.48 (s, 1H), 5.39 (d, J = 10.5 Hz, 1H), 4.98 (dd, J = 10.5, 3.1 Hz, 1H), 4.50
(dd, J = 3.4, 2.0 Hz, 1H), 3.76 (s, 3H), 1.32 (s, 9H). 13C NMR (151 MHz, CD3CN), δ/ppm:
172.7, 160.4, 157.5, 156.7 (d, J = 233.5 Hz), 152.5, 144.3 (d, J = 1.5 Hz), 131.2, 129.5, 129.4,
127.3, 126.9, 116.3 (d, J = 22.5 Hz), 116.0 (d, J = 7.4 Hz), 114.6, 61.9, 59.8, 56.0, 31.5. HR-MS
(ESI-QTOF) m/z: calcd. for C27H28FN3O3, [M + H]+, 462.2193; found 462.2187.

Anti-5f: m.p. 87.5–90.5 ◦C. FTIR (ATR, cm−1): 3356, 3237, 2963, 1770, 1716, 1610,
1509, 1462, 1364, 1253, 1223, 1178, 1109, 1031, 828. 1H NMR (600 MHz, CD3CN), δ/ppm:
7.36–7.29 (m, 4H), 6.92–6.88 (m, 4H), 6.84–6.76 (m, 4H), 6.69 (s, 1H), 5.08 (d, J = 7.0 Hz, 1H),
4.89 (dd, J = 7.1, 3.4 Hz, 1H), 4.64 (dd, J = 3.5, 1.4 Hz, 1H), 3.76 (s, 3H), 1.30 (s, 9H). 13C
NMR (151 MHz, CD3CN), δ/ppm: 172.1, 160.7, 157.1, 156.9 (d, J = 233.8 Hz), 152.52, 144.4
(d, J = 1.5 Hz), 130.5, 130.3, 130.2, 127.4, 126.9, 116.3 (d, J = 22.5 Hz), 116.0 (d, J = 7.4 Hz),
114.9, 63.0, 57.9, 55.9, 31.4. HR MS (ESI-QTOF) m/z: calcd. for C27H28FN3O3, [M + H]+,
462.2193; found 462.2187.

Syn/anti-3-(3-chloro-4-methylphenyl)-5{[(4-fluorophenyl)amino](4-methoxyphenyl)methyl}
imidazolidine-2,4-dione (5g)

Compound syn/anti-5g was prepared from trans-β-lactam urea 4g (42 mg, 0.093 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (23.3 µL, 0.102 mmol) accord-
ing to the general synthetic procedure, producing a white solid (30.1 mg, 75.3%). The
diastereomeric ratio of syn/anti-isomers (48.3:51.7) was determined by HPLC (retention
time: anti-isomer 36.8 min, syn-isomer 38.3 min, method C) of the crude reaction mixture.
The diastereomeric mixture of the syn/anti-isomer 5g was further separated by preparative
HPLC (retention time: anti-isomer 23.2 min, syn-isomer 24.4 min, method F) to obtain
isomers syn-5g (11 mg) and anti-5g (12 mg). Rf (syn/anti-5g) = 0.37 (chloroform/ethyl
acetate = 2/1, v/v).

Syn-5g: m.p. = 207.3–208.9 ◦C. FTIR (ATR, cm−1): 3370, 1761, 1708, 1610, 1509, 1419,
1252, 1252, 1223, 1177, 1108, 1029, 819. 1H NMR (600 MHz, CD3CN), δ/ppm: 7.31–7.26 (m,
3H), 7.19 (d, J = 2.0 Hz, 1H), 7.09 (dd, J = 8.1, 2.0 Hz, 1H), 6.84 6.76 (m, 4H), 6.68–6.63 (m,
2H), 6.50 (s, 1H), 5.34 (d, J = 10.7 Hz, 1H), 4.98 (dd, J = 10.6, 3.1 Hz, 1H), 4.51 (dd, J = 3.3,
2.1 Hz, 1H), 3.76 (s, 3H), 2.34 (s, 3H). 13C NMR (151 MHz, CD3CN), δ/ppm: 171.7, 160.8,
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157.0, 156.7 (d, J = 233.3 Hz), 144.2 (d, J = 1.8 Hz), 137.4, 134.6, 132.2, 131.5, 131.1, 130.3,
127.7, 126.0, 116.3 (d, J = 22.4 Hz), 116.1 (d, J = 7.6 Hz), 114.9, 63.0, 57.9, 55.9, 19.8. HR MS
(ESI-QTOF) m/z: calcd. for C24H21ClFN3O3, [M + H]+, 454.1333; found 454.1326.

Anti-5g: m.p. 128.1–131.6 ◦C. FTIR (ATR, cm−1): 3370, 1761, 1708, 1610, 1509, 1419,
1252, 1252, 1223, 1177, 1108, 1029, 819. 1H NMR (600 MHz, CD3CN), δ/ppm: 7.38–7.29 (m,
3H), 6.95–6.91 (m, 2H), 6.91–6.84 (m, 4H), 6.69 (s, 1H), 6.69–6.64 (m, 2H), 5.05 (d, J = 7.3 Hz,
1H), 4.88 (dd, J = 7.3, 3.6 Hz, 1H), 4.64 (dd, J = 3.6, 1.5 Hz, 1H), 3.76 (s, 3H), 2.37 (s, 3H).
13C NMR (151 MHz, CD3CN), δ/ppm: 172.3, 160.4, 156.5, 156. 9 (d, J = 233.8 Hz), 144.3
(d, J = 1.7 Hz), 137.3, 134.6, 132.24, 131.8, 129.4, 129.30, 127.7, 126.1, 116.3 (d, J = 22.3 Hz),
116.1 (d, J = 7.6 Hz), 114.6, 61.9, 59.8, 56.0, 19.9. HR-MS (ESI-QTOF) m/z: calcd. for
C24H21ClFN3O3, [M + H]+, 454.1333; found 454.1326.

Syn/anti-3-(3,5-dimethylphenyl)-5-{[(4-fluorophenyl)amino](4-methoxyphenyl)methyl}
imidazolidine-2,4-dione (5h)

Compound syn/anti-5h was prepared from trans-β-lactam urea 4h (40 mg, 0.092 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (23.1 µL, 0.101 mmol) according
to the general synthetic procedure, producing a white solid (23.5 mg, 58.8%). The di-
astereomeric ratio of syn/anti-isomers (64.3:35.7) was determined by HPLC (retention time:
anti-isomer 45.0 min, syn-isomer 46.5 min, method B) of the crude reaction mixture. The di-
astereomeric mixture of the syn/anti-isomer 5h was further separated by preparative HPLC
(retention time: anti-isomer 31.0 min, syn-isomer 32.3 min, method E) to obtain isomers
syn-5h (9 mg) and anti-5h (8 mg). Rf (syn/anti-5h) = 0.39 (chloroform/ethyl acetate = 2/1,
v/v).

Syn-5h: m.p. 202.3–206.4 ◦C. FTIR (ATR, cm−1): 3353, 3248, 1771, 1706, 1611, 1509,
1438, 1411, 1358, 1279, 1254, 1221, 1173, 1108, 1029, 824. 1H NMR (600 MHz, CD3CN),
δ/ppm: 7.33 (dd, J = 8.7, 5.4 Hz, 4H), 7.04 (s, 1H), 6.75 (s, 2H), 6.68 6.63 (m, 4H), 6.41
(s, 1H), 5.37 (d, J = 10.6 Hz, 1H), 4.97 (dd, J = 10.6, 3.2 Hz, 1H), 4.49 (dd, J = 3.2, 2.1 Hz,
1H), 3.77 (s, 3H), 2.30 (s, 6H). 13C NMR (151 MHz, CD3CN), δ/ppm: 172.7, 160.4, 157.5,
156.7 (d, J = 233.5 Hz), 144.4 (d, J = 1.7 Hz), 139.9, 133.0, 131.2, 130.8, 129.5, 125.5, 116.3 (d,
J = 22.3 Hz), 115.5 (d, J = 7.5 Hz), 114.9, 62.9, 57.9, 56.0, 21.2. HR-MS (ESI-QTOF) m/z: calcd.
for C25H24FN3O3, [M + H]+, 434.1880; found 434.1876.

Anti-5h: m.p. 101.4–104.0 ◦C. FTIR (ATR, cm−1): 3353, 3248, 1771, 1706, 1611, 1509,
1438, 1411, 1358, 1279, 1254, 1221, 1173, 1108, 1029, 824. 1H NMR (600 MHz, CD3CN),
δ/ppm: 6.92 (dd, J = 8.7, 5.2 Hz, 4H), 6.99 (s, 1H), 6.85 (dt, J = 19.8, 8.9 Hz, 4H), 6.61 (s, 1H),
6.40 (s, 2H), 5.05 (d, J = 7.3 Hz, 1H), 4.88 (dd, J = 7.4, 3.6 Hz, 1H), 4.63 (dd, J = 3.6, 1.5 Hz,
1H), 3.77 (s, 3H), 2.25 (s, 6H). 13C NMR (151 MHz, CD3CN), δ/ppm: 172.0, 160.8, 157.1,
156.9 (d, J = 233.6 Hz), 144.3 (d, J = 1.8 Hz), 139.8, 132.7, 130.8, 129.4, 130.4, 125.5, 116.3 (d,
J = 22.4 Hz), 115.0 (d, J = 7.5 Hz), 114.6, 61.9, 59.8, 55.9, 21.1. HR-MS (ESI-QTOF) m/z: calcd.
for C25H24FN3O3, [M + H]+, 434.1880; found 434.1876.

Syn/anti-3-(2,6-Dimethylphenyl)-5-{[(4-fluorophenyl)amino](4-methoxyphenyl)methyl}
imidazolidine-2,4-dione (5i)

Compound syn/anti-5i was prepared from trans-β-lactam urea 4i (45 mg, 0.104 mmol)
and a 25 wt.% solution of sodium methoxide in methanol (26.1 µL, 0.114 mmol) according
to the general synthetic procedures, producing a white solid (34.1 mg, 75.8%). The di-
astereomeric ratio of syn/anti-isomers (58.8:41.2) was determined by HPLC (retention time:
anti-isomer 41.7 min, syn-isomer 43.1 min, method B) of the crude reaction mixture. The di-
astereomeric mixture of the syn/anti-isomer 5i was further separated by preparative HPLC
(retention time: anti-isomer 28.8 min, syn-isomer 30.1 min, method F) to obtain isomers
syn-5i (14 mg) and anti-5i (14 mg). Rf (syn/anti-5i) = 0.56 (chloroform/ethyl acetate = 4/1,
v/v).

Syn-5i: m.p. 168.6–170.8 ◦C. FTIR (ATR, cm−1): 3346, 2929, 1781, 1712, 1611, 1508, 1479,
1442, 1404, 1250, 1177, 1216, 1109, 1031, 823. 1H NMR (600 MHz, CD3CN), δ/ppm: 7.37
(d, J = 7.4 Hz, 2H), 7.24 (t, J = 7.6 Hz, 1H), 7.12 (t, J = 7.5 Hz, 2H), 6.93 (d, J = 7.4 Hz, 2H),
6.88 (d, J = 8.5 Hz, 2H), 6.69–6.62 (m, 2H), 6.75 (s, 1H), 5.42 (d, J = 11.2 Hz, 1H), 5.04 (dd,
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J = 10.3 Hz, 2.9 Hz, 1H), 4.66 (dd, J = 2.9, 2.1 Hz, 1H), 3.77 (s, 3H), 2.13 (s, 3H), 1.98 (s, 3H).
13C NMR (151 MHz, CD3CN), δ/ppm: 171.5, 160.9, 156.9 (d, J = 233.9 Hz), 156.7, 144.2 (d,
J = 1.8 Hz), 138.0, 137.9, 131.5, 130.3, 129.5, 129.4, 129.2, 129.1, 116.3 (d, J = 22.5 Hz), 116.0 (d,
J = 7.5 Hz), 115.0, 64.1, 57.3, 55.9, 18.0. HR-MS (ESI-QTOF) m/z: calcd. for C25H24FN3O3,
[M + H]+, 434.1880; found 434.1872.

Anti-5i: m.p. 115.7–117.3 ◦C. FTIR (ATR, cm−1): 3346, 2929, 1781, 1712, 1611, 1508,
1479, 1442, 1404, 1250, 1177, 1216, 1109, 1031, 823. 1H NMR (600 MHz, CD3CN), δ/ppm:
7.35 (d, J = 8.8 Hz, 2H), 7.18 (dd, J = 7.6, 3.2 Hz, 2H), 7.00 (ddt, J = 7.6, 1.5, 0.7 Hz, 1H),
6.88–6.80 (m, 4H), 6.69–6.62 (m, 2H), 6.50 (s, 1H), 5.02 (d, J = 7.4 Hz, 1H), 4.95 (dd, J = 7.9,
3.5 Hz, 1H), 4.86 (dd, J = 3.5, 1.8 Hz, 1H), 3.75 (s, 3H), 2.17 (s, 3H), 2.08 (s, 3H). 13C NMR
(151 MHz, CD3CN), δ/ppm: 171.5, 160.9, 156.9 (d, J = 233.9 Hz), 156.7, 144.2 (d, J = 1.8
Hz), 138.0, 137.9, 131.2, 130.9, 130.8, 130.20, 129.1, 129.0, 116.3 (d, J = 22.5 Hz), 115.1 (d,
J = 7.6 Hz), 114.9, 62.3, 59.1, 55.9, 16.7. HR-MS (ESI QTOF) m/z: calcd. for C25H24FN3O3,
[M + H]+, 434.1872; found 434.1872.

3.1.7. Computational Section

Conformational searches and preliminary DFT calculations were run with Spartan’20
(Wavefunction, Irvine, CA, USA) with default parameters, default grids, and convergence
criteria. Geometry optimizations and frequency calculations, and TD-DFT calculations,
were run with Gaussian’16 (Revision C.01) [76] with default grids and convergence criteria.
The conformational search was run with the Monte Carlo algorithm implemented in
Spartan’20 using Merck molecular force field. All structures thus obtained were pre-
optimized with DFT at the B3LYP-D3/6-31G(d) level in vacuo. The structures were then
reoptimized at B3LYP-D3BJ/6-311+G(d,p) in vacuo, and final energies were estimated at
the same level including the PCM solvent model for acetonitrile. ECD calculations were
run with TD-DFT at the CAM-B3LYP/def2-TZVP/PCM and B3LYP/def2-TZVP/PCM
level, including the IEF-PCM solvent model for acetonitrile. The number of excited states
(roots) was 40 for both functionals. VCD (frequency) calculations were run with DFT
at the B3LYP-D3BJ/6-311+G(d,p)/PCM level, using geometries optimized at the same
level of theory. All structures had only real (positive) frequencies. UV/ECD and IR/VCD
spectra were plotted using the program SpecDis (version 1.71, Berlin, Germany, http:
//specdis-software.jimdo.com, accessed on 23 September 2024).

3.1.8. Antiproliferative Activity of Syn/anti-(±)-3,5 Disubstituted Hydantoins 5a–i

The antiproliferative activity of compounds 5a–i was evaluated across three distinct
human cell lines. The following cell lines were utilized in this study: HepG2 (liver hepato-
cellular carcinoma, HB 8055, from ATCC, Manassas, VA, USA), A2780 (ovarian carcinoma,
93112519, from ECACC, Porton Down, Wiltshire, UK), MCF7 (breast adenocarcinoma,
HTB-22, from ATCC, Manassas, VA, USA), and one human non-tumor cell line, HFF1
(untransformed human fibroblasts, SCRC-1041, from ATCC, Manassas, VA, USA), employ-
ing the MTT assay [77,78]. The above cells were cultured as monolayers and maintained
in various media, specifically Dulbecco’s modified Eagle’s medium (DMEM) or Roswell
Park Memorial Institute (RPMI-1549) medium, which were enriched with differing con-
centrations of fetal bovine serum (FBS). Specifically, the A2780 cancer cells were cultured
in RPMI-1540 medium (ATCC, Manassas, VA, USA) supplemented with 10% FBS. The
MCF7 carcinoma cells were cultured in DMEM supplemented with 10% FBS and insulin
(0.01 mg/mL). The HepG2 cells were cultured in DMEM supplemented with 10% FBS,
whereas the HFF1 cells were cultured in DMEM containing 15% FBS. All cell lines were
incubated in a humidified atmosphere with 5% CO2 at 37 ◦C. The growth inhibition ac-
tivity was assessed according to the slightly modified procedure of the National Cancer
Institute, Developmental Therapeutics Program [79]. On day 0, the cells were inoculated
onto standard 96-well microtiter plates. The cell concentrations were calibrated based on
the population doubling time (PDT). The cell concentrations were 9.6 × 103 per mL for
HepG2, 1.3 × 104 per mL for A2780, 1.6 × 103 per mL for MCF7, and 1.6 × 103 per mL for
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HFF1. All compounds were prepared as stock solutions in DMSO at a concentration of
0.04 mol/L. On the subsequent day, the cells were treated with a range of concentrations of
compounds 5a–i (from 10−8 to 10−4 mol/L in duplicate), and were then incubated for an
additional 72 h at 37 ◦C in a 5% CO2 environment. The working dilutions in DMSO were
freshly generated on the day of testing. Following a 72 h incubation period, the growth rate
of the cells was evaluated via the MTT assay, which quantifies dehydrogenase activity in
viable cells. The MTT cell proliferation assay is a colorimetric assay system that quantifies
the conversion of the tetrazolium compound (MTT) into an insoluble formazan product by
the mitochondria of viable cells. For this analysis, the medium containing the substance
was removed, and 40 µL of MTT reagent was added to each well at a concentration of
0.5 mg/mL. Subsequently, the precipitates were dissolved in 160 µL of DMSO following a
four-hour incubation period. The absorbance (A) was determined using a microplate reader
set at a wavelength of 595 nm (Hidex Chameleon V, Hidex, Turku, Finland). The percentage
of growth (PG) for the cell lines was calculated using one of two subsequent expressions:
Each experiment was conducted in quadruplicate across two independent trials.

If (mean Atest − mean Atzero) ≥ 0, then (1)

PG = 100 × (mean Atest − mean Atzero)/(mean Actrl − mean Atzero), (2)

and if (mean Atest − mean Atzero) < 0, then (3)

PG = 100 × (mean Atest − mean Atzero)/Atzero (4)

where the mean Atzero is the average of the optical density measurements before the ex-
posure of the cells to the test compound, the mean Atest is the average of the optical
density measurements after the desired period, and the mean Actrl is the average of the
optical density measurements after the desired period with no exposure of the cells to
the test compound. Each experimental trial was conducted in quadruplicate across two
separate experiments. The results are expressed as IC50, which indicates the concentra-
tion required for 50% inhibition. The IC50 values for each compound are calculated from
concentration–response curves using linear regression analysis by fitting the test concen-
trations that give PG values above and below the reference value (i.e., 50%). However, in
instances where all tested concentrations for a specific cell line yield PGs that exceed the
corresponding reference effect level (e.g., a PG value of 50), the highest tested concentration
is designated as the default value, prefixed by a “>“ symbol.

3.1.9. In Silico Drug-Likeness and Biological Profiling of 3,5-Disubstituted Hydantoins 5a–i

The commercial program ADMET Predictor ver. 9.5 (Simulation Plus Inc., Lancaster,
CA, USA) [53] was used to predict various simple structural features, physicochemical prop-
erties, and pharmacokinetic- and toxicity-related parameters of novel hydantoin derivatives.
These were the topological polar surface area (TPSA) and numbers of hydrogen bond donat-
ing (HBD) and accepting (HBA) atoms, water solubility (Sw), lipophilicity coefficient (logP),
human effective jejunal permeability (Peff), permeability to Madin-Darby canine kidney
cells (MDCK), percent unbound to human blood plasma proteins (hum_fup%), percent
unbound in human liver microsomes (fumic%), high/low classification of the probability
of passing through the blood–brain barrier (BBB), brain/blood partition coefficient (logBB),
likeness of P-glycoprotein efflux (Pgp sub) and inhibition (Pgp inh), rodent chronic toxicity
Rat_ and Mouse_TD50 values estimating the oral dose (in mg kg−1 per day) of a compound
required to induce a tumor in 50% of a rat/mouse population after exposure over a stan-
dard lifetime, yes/no likelihood of the hERG potassium channel inhibition (hERG_filter),
and potential toxicity liabilities summarizing all ADMET risk models (Tox_Code). The web
server admetSAR (https://lmmd.ecust.edu.cn/admetsar2/, accessed on 17 February 2020)
was used to predict whether a compound may be an inhibitor (CYPs 3A4, 2D6, 2C19, 2C9,
and 1A2) and a substrate (CYPs 3A4, 2D6, and 3A4) of the CYP enzymes [54].
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Potential biological activities were screened in silico by using the commercial software
PASS 2020 [55] and freely available web server SwissTargetPrediction [56].

4. Conclusions

In summary, a series of novel drug-like (±)-3,5-disubstituted hydantoins syn/anti-5a–i
were synthesized by a base-assisted intramolecular amidolysis of trans-β-lactams ureas,
with yields from good to excellent. The analysis of the NMR spectra revealed significant
differences in carbon chemical shifts of two diastereoisomers. In addition, the NOE in-
teractions, coupled with molecular modelling calculations, helped determine the relative
configuration of the two diastereoisomers. The absolute configuration of the four enan-
tiomers of allyl hydantoin syn/anti-5a was assigned using TD-DFT calculations of ECD and
VCD spectra. The biological potential of novel hydantoins was evaluated in vitro by testing
on antiproliferative activities and in silico using the commercial programs PASS and AD-
MET Predictor and the free online servers SwissTargetPrediction and admetSAR. Most of
the tested compounds 5a–i showed moderate antiproliferative activity on the tested tumor
cell lines A2780 and MCF7. Four hydantoins, anti-5b, syn-5f, anti-5f, and anti-5g, showed
moderate activity against the liver cancer cell line HepG2. The hydantoin compounds
anti-5b, anti-5c, syn-5f, syn-5g, anti-5g, syn-5h, and anti-5h showed a moderate cytotoxic
effect, while the other hydantoins had less or no toxic effect on the HFF-1 healthy cells.
Among the synthesized hydantoins, compound anti-5c, with a cyclopentyl group at the
N-3 position of the hydantoin ring, exhibited a strong cytotoxic effect against human tumor
cell line MCF7 (IC50 = 4.5 µmol/L) and non-tumor cell line HFF-1 (IC50 = 12.0 µmol/L).
In silico ADMET profiling describes hydantoins 5a–i as aqueous soluble and membrane
permeable molecules that tend to be metabolized by CYP3A4 and eliminated by the Pgp
pump. According to PASS, synthesized hydantoins 5a–i have a high probability of an-
tiarthritic activity (Pa ≥ 0.727). The hydantoin syn/anti-5d, with a furfuryl group at the N-3
position of the hydantoin ring, is also predicted to be an inhibitor of thioredoxin glutathione
reductase, beta lactamase, DNA-directed DNA polymerase, and DNA polymerase beta.
The SwissTargetPrediction tool did not predict significant biological targets for compounds
5a–i, consistent with the novelty of the structure of the synthesized compounds.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ph17101259/s1, Figure S1: 1H NMR (300 MHz; CDCl3)
spectra of compound 1; Figure S2: 13C NMR (75 MHz; CDCl3) spectra of compound 1; Figure S3: 1H
NMR (300 MHz, CDCl3) spectra of β-lactam protons H-3 and H-4 of the cis/trans-3-phthalimido-β-
lactam mixture 2a/2b; Figure S4: 1H NMR (600 MHz; CDCl3) spectra of compound 2a; Figure S5:
13C NMR (151 MHz; CDCl3) spectra of compound 2a; Figure S6: 1H NMR (600 MHz; CDCl3) spectra
of compound 2b; Figure S7: 13C NMR (151 MHz; CDCl3) spectra of compound 2b; Figure S8: 1H
NMR (600 MHz; CDCl3) spectra of compound 3; Figure S9: 13C NMR (151 MHz; CDCl3) spectra
of compound 3; Figure S10: 1H NMR (600 MHz; CDCl3) spectra of compound 4a; Figure S11: 13C
NMR (151 MHz; CDCl3) spectra of compound 4a; Figure S12: 1H NMR (600 MHz; CDCl3) spectra
of compound 4b; Figure S13: 13C NMR (151 MHz; CDCl3) spectra of compound 4b; Figure S14: 1H
NMR (600 MHz; CDCl3) spectra of compound 4c; Figure S15: 13C NMR (151 MHz; CDCl3) spectra
of compound 4c; Figure S16: 1H NMR (600 MHz; CDCl3) spectra of compound 4d; Figure S17: 13C
NMR (151 MHz; CDCl3) spectra of compound 4d; Figure S18: 1H NMR (600 MHz; CDCl3) spectra
of compound 4e; Figure S19: 13C NMR (151 MHz; CDCl3) spectra of compound 4e; Figure S20: 1H
NMR (600 MHz; CDCl3) spectra of compound 4f; Figure S21: 13C NMR (151 MHz; CDCl3) spectra
of compound 4f; Figure S22: 1H NMR (600 MHz; CDCl3) spectra of compound 4g; Figure S23: 13C
NMR (151 MHz; CDCl3) spectra of compound 4g; Figure S24: 1H NMR (600 MHz; CDCl3) spectra
of compound 4h; Figure S25: 13C NMR (151 MHz; CDCl3) spectra of compound 4h; Figure S26: 1H
NMR (600 MHz; CDCl3) spectra of compound 4i; Figure S27: 13C NMR (151 MHz; CDCl3) spectra
of compound 4i; Figure S28: 1H NMR (600 MHz; CD3CN) spectra of compound 5a; Figure S29:
13C NMR (151 MHz; CD3CN) spectra of compound 5a; Figure S30: 1H NMR (600 MHz; CD3CN)
spectra of compound 5b; Figure S31: 13C NMR (151 MHz; CD3CN) spectra of compound 5b; Fig-
ure S32: 1H NMR (600 MHz; CD3CN) spectra of compound 5c; Figure S33: 13C NMR (151 MHz;

26



Pharmaceuticals 2024, 17, 1259

CD3CN) spectra of compound 5c; Figure S34: 1H NMR (600 MHz; CD3CN) spectra of compound 5d;
Figure S35: 13C NMR (151 MHz; CD3CN) spectra of compound 5d; Figure S36: 1H NMR (600 MHz;
CD3CN) spectra of compound 5e; Figure S37: 13C NMR (151 MHz; CD3CN) spectra of compound
5e; Figure S38: 1H NMR (600 MHz; CD3CN) spectra of compound 5f; Figure S39: 13C NMR (151
MHz; CD3CN) spectra of compound 5f; Figure S40: 1H NMR (600 MHz; CD3CN) spectra of com-
pound 5g; Figure S41: 13C NMR (151 MHz; CD3CN) spectra of compound 5g; Figure S42: 1H NMR
(600 MHz; CD3CN) spectra of compound 5h; Figure S43: 13C NMR (151 MHz; CD3CN) spectra of
compound 5h; Figure S44: 1H NMR (600 MHz; CD3CN) spectra of compound 5i; Figure S45: 13C
NMR (151 MHz; CD3CN) spectra of compound 5i; Figure S46: 1H spectrum, structure, number-
ing, and full assignment of Peak 1 in acetonitrile-d3 at 25 ◦C; Figure S47: 13C spectrum, structure,
numbering, and full assignment of Peak 1 in acetonitrile-d3 at 25 ◦C; Figure S48: Fully assigned
1H-1H COSY spectra of Peak 1 in acetonitrile-d3 at 25 ◦C; Figure S49: Fully assigned 1H-13C HSQC
spectrum of Peak 1 in acetonitrile-d3 at 25 ◦C; Figure S50: Fully assigned 1H-13C HMBC spectrum of
Peak 1 in acetonitrile-d3 at 25 ◦C; Figure S51: Fully assigned 1H-1H NOESY spectrum of Peak 1 in
acetonitrile-d3 at 25 ◦C; Figure S52: 1H spectrum, structure, numbering, and full assignment of Peak
2 in acetonitrile-d3 at 25 ◦C; Figure S53: 13C spectrum, structure, numbering, and full assignment
of Peak 2 in acetonitrile-d3 at 25 ◦C; Figure S54: Fully assigned 1H-1H COSY spectrum of Peak 2 in
acetonitrile-d3 at 25 ◦C; Figure S55: Fully assigned 1H-13C HSQC spectrum of Peak 2 in acetonitrile-d3
at 25 ◦C; Figure S56: Fully assigned 1H-13C HMBC spectrum of Peak 2 in acetonitrile-d3 at 25 ◦C;
Figure S57: Fully assigned 1H-1H NOESY spectrum of Peak 2 in acetonitrile-d3 at 25 ◦C; Figure S58:
RP-HPLC chromatogram of compound 2a. Figure S59: RP-HPLC chromatogram of compound
2b; Figure S60: RP-HPLC chromatogram of compound 3; Figure S61: RP-HPLC chromatogram
of compound 4a; Figure S62: RP-HPLC chromatogram of compound 4b; Figure S63: RP-HPLC
chromatogram of compound 4c; Figure S64: RP-HPLC chromatogram of compound 4d; Figure S65:
RP-HPLC chromatogram of compound 4e; Figure S66: RP-HPLC chromatogram of compound 4f;
Figure S67: RP-HPLC chromatogram of compound 4g; Figure S68: RP-HPLC chromatogram of
compound 4h; Figure S69: RP-HPLC chromatogram of compound 4i; Figure S70: RP-HPLC chro-
matogram of compound syn/anti-5a; Figure S71: RP-HPLC chromatogram of compound anti-5a;
Figure S72: RP-HPLC chromatogram of compound syn-5a; Figure S73: RP-HPLC chromatogram
of compound syn/anti-5b; Figure S74: RP-HPLC chromatogram of compound anti-5b; Figure S75:
RP-HPLC chromatogram of compound syn-5b; Figure S76: RP-HPLC chromatogram of compound
syn/anti-5c, Figure S77: RP-HPLC chromatogram of compound anti-5c; Figure S78: RP-HPLC chro-
matogram of compound syn-5c; Figure S79: RP-HPLC chromatogram of compound syn/anti-5d;
Figure S80: RP-HPLC chromatogram of compound anti-5d; Figure S81: RP-HPLC chromatogram of
compound syn-5d; Figure S82: RP-HPLC chromatogram of compound syn/anti-5e; Figure S83: RP-
HPLC chromatogram of compound anti-5e; Figure S84: RP-HPLC chromatogram of compound syn-5e;
Figure S85: RP-HPLC chromatogram of compound syn/anti-5f; Figure S86: RP-HPLC chromatogram
of compound anti-5f; Figure S87: RP-HPLC chromatogram of compound syn-5f; Figure S88: RP-HPLC
chromatogram of compound syn/anti-5g; Figure S89: RP-HPLC chromatogram of compound anti-5g;
Figure S90: RP-HPLC chromatogram of compound syn-5g; Figure S91: RP-HPLC chromatogram
of compound syn/anti-5h; Figure S92: RP-HPLC chromatogram of compound anti-5h; Figure S93:
RP-HPLC chromatogram of compound syn-5h; Figure S94: RP-HPLC chromatogram of compound
syn/anti-5i; Figure S95: RP-HPLC chromatogram of compound anti-5i; Figure S96: RP-HPLC chro-
matogram of compound syn-5i; Figure S97: Chromatogram of syn/anti-5a on preparative Zorbax
Extend C-18 PrepHT preparative column; Figure S98: Chromatogram of anti-5a (Peak 1) on analytical
CHIRAL ART Amylose SA column; Figure S99: Chromatogram of syn-5a (Peak 2) on analytical
CHIRAL ART Amylose SA column; Figure S100: Chromatogram of enantiomer 5a-ent1 (anti-5a, Peak
1); Figure S101: Chromatogram of 5a-ent2 (anti-5a, Peak 1); Figure S102: Chromatogram of 5a-ent3
(syn-5a, Peak 2). Figure S103: Chromatogram of 5a-ent4 (syn-5a, Peak 2); Figure S104: Chromatogram
of anti-5a (Peak 1) on the semi-preparative CHIRAL ART Amylose SA column; Figure S105: Chro-
matogram of syn-5a (Peak 2) on the semi-preparative CHIRAL ART Amylose SA column; Figure S106:
HR-MS (ESI-QTOF) spectra of compound 2a; Figure S107: HR-MS (ESI-QTOF) spectra of compound
2b; Figure S108: HR-MS (ESI-QTOF) spectra of compound 4a; Figure S109: HR-MS (ESI-QTOF)
spectra of compound 4b; Figure S110: HR-MS (ESI-QTOF) spectra of compound 4c; Figure S111:
HR-MS (ESI-QTOF) spectra of compound 4d; Figure S112: HR-MS (ESI-QTOF) spectra of compound
4e; Figure S113: HR-MS (ESI-QTOF) spectra of compound 4f; Figure S114: HR-MS (ESI-QTOF)
spectra of compound 4g; Figure S115: HR-MS (ESI-QTOF) spectra of compound 4h; Figure S116:

27



Pharmaceuticals 2024, 17, 1259

HR-MS (ESI-QTOF) spectra of compound 4i; Figure S117: HR-MS (ESI-QTOF) spectra of compound
syn/anti-5a; Figure S118: HR-MS (ESI-QTOF) spectra of compound syn/anti-5b; Figure S119: HR-MS
(ESI-QTOF) spectra of compound syn/anti-5c; Figure S120: HR-MS (ESI-QTOF) spectra of compound
syn/anti-5d; Figure S121: HR-MS (ESI-QTOF) spectra of compound syn/anti-5e; Figure S122: HR-MS
(ESI-QTOF) spectra of compound syn/anti-5f; Figure S123: HR-MS (ESI-QTOF) spectra of compound
syn/anti-5g; Figure S124: HR-MS (ESI-QTOF) spectra of compound syn/anti-5h; Figure S125: HR-MS
(ESI-QTOF) spectra of compound syn/anti-5i; Figure S126: IR spectra of compound 2a; Figure S127:
IR spectra of compound 2b; Figure S128: IR spectra of compound 3; Figure S129: IR spectra of
compound 4a; Figure S130: IR spectra of compound 4b; Figure S131: IR spectra of compound 4c;
Figure S132: IR spectra of compound 4d; Figure S133: IR spectra of compound 4e; Figure S134: IR
spectra of compound 4f; Figure S135: IR spectra of compound 4g; Figure S136: IR spectra of com-
pound 4h; Figure S137: IR spectra of compound 4i; Figure S138: IR spectra of compound syn/anti-5a;
Figure S139: IR spectra of compound syn/anti-5b; Figure S140: IR spectra of compound syn/anti-5c;
Figure S141: IR spectra of compound syn/anti-5d; Figure S142: IR spectra of compound syn/anti-5e;
Figure S143: IR spectra of compound syn/anti-5f; Figure S144: IR spectra of compound syn/anti-5g;
Figure S145: IR spectra of compound syn/anti-5h; Figure S146: IR spectra of compound syn/anti-5i;
Figure S147: ECD spectra calculated for the truncated analogs of (5S,6S)-5a and (5R,6S)-5a (with the
allyl group replaced by a methyl) at the TD-B3LYP/def2-TZVP/PCM//B3LYP-D3BJ/6-311 + G(d,p)
level. Plotting parameters: UV shift + 15 nm, σ = 0.3 eV; Table S1: Proton chemical shifts comparison
for Peak 1 and Peak 2 in acetonitrile-d3 at 25 ◦C, with major differences marked in red; Table S2:
Carbon chemical shifts comparison for Peak 1 and Peak 2 in acetonitrile-d3 at 25 ◦C, with major
differences marked in red; Table S3: Comparison of NOE interactions for Peak 1 in acetonitrile-d3 at
25 ◦C, with major differences marked in red, where s = strong, m = medium, and w = weak; Table S4:
Comparison of coupling constants for Peak 1 and Peak 2 in acetonitrile-d3 at 25 ◦C, with major differ-
ences marked in red; Table S5: Structures, relative energy (kcal/mol), and Boltzmann populations
of low-energy minima calculated for (5S,6S)-5a at the B3LYP-D3BJ/6-311+G(d,p)/PCM level; Table
S6: Structures, relative energy (kcal/mol), and Boltzmann populations of low-energy minima calcu-
lated for (5R,6S)-5a at the B3LYP-D3BJ/6-311+G(d,p)/PCM level; Table S7: ECD similarity factors
calculated for the range 190–290 nm, and VCD similarity factors calculated for the range 1500–1200
cm−1; Table S8: Structures, relative energy (kcal/mol), and Boltzmann populations of low-energy
minima calculated for the truncated model of (5S,6S)-5a at the B3LYP-D3BJ/6-311+G(d,p)/PCM
level; Table S9: Structures, relative energy (kcal/mol), and Boltzmann populations of low-energy
minima calculated for the truncated model of (5R,6S)-5a at the B3LYP-D3BJ/6-311+G(d,p)/PCM
level; Table S10: Prediction of Lipinski’s rule of five properties for the hydantoins 5a–i; Table S11:
ADMET properties of the hydantoins 5a–i calculated by ADMET Predictor and admetSAR.
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Abstract: Targeting epidermal growth factor receptor (EGFR) mutants is a promising strategy for
treating non-small cell lung cancer (NSCLC). This study focused on the computational identification
and characterization of potential EGFR mutant-selective inhibitors using pharmacophore design
and validation by deep learning, virtual screening, ADMET (Absorption, distribution, metabolism,
excretion and toxicity), and molecular docking-dynamics simulations. A pharmacophore model
was generated using Pharmit based on the potent inhibitor JBJ-125, which targets the mutant EGFR
(PDB 5D41) and is used for the virtual screening of the Zinc database. In total, 16 hits were retrieved
from 13,127,550 molecules and 122,276,899 conformers. The pharmacophore model was validated
via DeepCoy, generating 100 inactive decoy structures for each active molecule and ADMET tests
were conducted using SWISS ADME and PROTOX 3.0. Filtered compounds underwent molecular
docking studies using Glide, revealing promising interactions with the EGFR allosteric site along with
better docking scores. Molecular dynamics (MD) simulations confirmed the stability of the docked
conformations. These results bring out five novel compounds that can be evaluated as single agents
or in combination with existing therapies, holding promise for treating the EGFR-mutant NSCLC.

Keywords: NSCLC; JBJ-125; deep learning; pharmacophore; virtual screening; molecular docking;
molecular dynamics; ADMET

1. Introduction

Lung cancer is a major global health concern owing to its high mortality rates. Non-
small cell lung cancer (NSCLC) is the most prevalent, accounting for over 80% of lung
cancer cases [1]. However, the effectiveness of early-stage treatment with chemotherapeutic
agents targeting wild-type epidermal growth factor receptor (EGFR) in NSCLC remains
uncertain, as previous research has suggested limited benefits for patient survival [2]. EGFR
is a transmembrane protein belonging to the ERBB (erythroblastic leukemia viral oncogene
homologue) family of receptor tyrosine kinases (RTKs) [3]. The EGFR family comprises
four members: ERBB1, ERBB2, ERBB3, and ERBB4 [4]. EGFR contains extracellular ligand-
attachment domains and is divided into four subdomains (I, II, III, and IV). Subdomains
I and III, also known as L1 and L2, are responsible for binding growth factors, whereas
subdomains II and IV, or CR1 and CR2, facilitate protein dimerization [5]. First- and
second-generation EGFR tyrosine kinase inhibitors (TKIs) were initially designed to target
the ATP binding site but faced challenges due to resistance [6]. Although third-generation
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TKIs have been developed to address this issue, they face challenges, such as C797S muta-
tion emergence [6]. Consequently, alternative and effective treatment strategies should be
urgently explored. Allosteric site targeting is a promising approach in this regard [7]. It
involves binding to regions other than the active site, thereby influencing protein confor-
mation and downstream signaling pathways [8]. By targeting allosteric sites, EGFR activity
and downstream signaling may be inhibited, thereby hindering cancer cell proliferation.
In addition, adverse effects associated with the existing treatments for NSCLC may be
overcome [9]. Previous studies have suggested that Leu747, Met766, Leu777, Leu788,
Ile789, Met790, Phe856, and Asp855 constitute an EGFR allosteric site [8]. Another study
by Singh et al. identified Lys745, Leu788, Thr854, Asp855, and Phe856 as the amino acids
that interact with potential allosteric inhibitors [10]. So, targeting these residues can be a
way to develop potential allosteric inhibitors. Recent studies have investigated compounds
such as JBJ-125 (Figure 1A) and JBJ-063 (Figure 1B), which show promise for overcoming
resistance mutations like L858R/T790M/C797S. Beyettet. al. reported the synergistic effect
of JBJ-125 and osimertinib against TKI resistance [11].
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Figure 1. (A) JBJ-125. (B) JBJ-063.

Now, to investigate potential new compounds, in silico techniques like molecular
docking are often applied, which helps in observing the interactions such as hydrogen
bonds, hydrophobic bonds, pi-pi stacking, etc. [12]. This study aimed to identify dis-
tinguished derivatives, referencing JBJ-125. By targeting the allosteric sites, we aimed to
contribute to the development of effective therapies for NSCLC, particularly for overcoming
drug resistance.

2. Result
2.1. Pharmacophore Model Generation

The pharmacophore model was constructed based on the structural features of the
reference ligand JBJ-125, a known potent EGFR mutant selective inhibitor (PDB 5D41),
using the Pharmit tool. Ten pharmacophoric features (Table 1), including three aromatic
rings, one hydrogen bond donor, three hydrogen bond acceptors, and three hydrophobic
rings (Figure 2) were identified. By employing the default parameters within the Pharmit
server, the Zinc database was screened using this pharmacophore model.

Table 1. Pharmacophore model features along with X, Y, Z coordination and radius.

Feature X Y Z Radious

Aromatic Ring 1 8.6 −0.7 −0.1 1
Aromatic Ring 2 15.4 −3.9 −0.2 1
Aromatic Ring 3 17.6 2.2 −0.1 1

Hydrogen Bond Donor 15.9 0.1 0.5 1
Hydrogen Bond Acceptor 1 11.8 1.3 0.2 1
Hydrogen Bond Acceptor 2 14.1 1 −0.6 1
Hydrogen Bond Acceptor 3 12.7 −4.3 0.2 1

Hydrophobic Bond 1 8.6 −0.7 −0.1 1
Hydrophobic Bond 2 15.4 −3.9 −0.2 1
Hydrophobic Bond 3 17.6 2.2 −0.1 1
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2.2. Virtual Screening

The Zinc database was virtually screened using the developed pharmacophore model
and the default protocol embedded within Pharmit. This screening process yielded a
collection of 16 hits that were retrieved from the database of 13,127,550 molecules and
122,276,899 conformers. In addition to these 16 hits identified as possible new compounds,
JBJ-125 was included as a reference compound for further analysis (Table 2). Subsequently,
all compounds were rigorously evaluated against Lipinski’s rule of five, ADMET analysis,
and other pertinent in silico investigations.

Table 2. List of pharmacophore-derived compounds and reference compound with code numbers.

Scheme Compound ID Code
Number SMILE

1 ZINC000012638703 BNS1 COc1cc(OC)cc(C(=O)Nc2ccccc2-c2nnn(CC(=O)N3CCCc4ccccc43)n2)c1

2 ZINC000016694801 BNS2 COc1ccccc1N(CC(=O)Nc1ccccc1Oc1ccccc1)S(=O)(=O)c1cccs1

3 ZINC000012777271 BNS3 COC(=O)c1occc1CSc1nc(NC(=O)c2ccccc2)c2c(C)c(C)oc2n1

4 ZINC000033067859 BNS4 COc1ccc(C(=O)Nc2ccccc2OCc2cc(=O)n3cccc(C)c3n2)cc1OC

5 ZINC000020617126 BNS5 COc1ccc(C)cc1NC(=O)c1cn(C)nc1C(=O)Nc1cc(C)ccc1OC

6 ZINC000020617150 BNS6 COc1ccccc1NC(=O)c1cn(C)nc1C(=O)Nc1ccccc1OC

7 ZINC000059488018 BNS7 Oc1ccc(Br)cc1/C=N/N=C1/c2ccccc2-c2nc3ccccc3nc21

8 ZINC000059488022 BNS8 O=[N+]([O-])c1ccc(O)c(/C=N/N=C2/c3ccccc3-c3nc4ccccc4nc32)c1

9 ZINC000059488016 BNS9 Oc1cc(Cl)ccc1/C=N/N=C1/c2ccccc2-c2nc3ccccc3nc21

10 ZINC000013577005 BNS10 COc1ccc(NC(=O)C[C@H]2C(=O)N(c3ccccc3)C(=S)N2CCc2ccccc2OC)cc1

11 ZINC000021535964 BNS11 Cc1cn2c(=O)cc(CSc3ccccc3NC(=O)COc3ccc(Cl)cc3)nc2s1

12 ZINC000059488021 BNS12 COc1ccc(O)c(/C=N/N=C2/c3ccccc3-c3nc4ccccc4nc32)c1

13 ZINC000229934991 BNS13 O=C(Nc1ccc(Cl)cc1)[C@@H]1[C@H](c2cccc([N+](=O)[O-])c2)C2(C(=O)
c3ccccc3C2=O)[C@H]2c3ccccc3C=NN12

14 ZINC000041077159 BNS14 COc1cccc(C(=O)Nc2ccccc2OCc2cc(=O)n3c(ncn3C(C)C)n2)c1

15 ZINC000000831474 BNS15 COc1ccccc1NC(=O)c1nc[nH]c1C(=O)Nc1ccccc1OC

16 ZINC000033067751 BNS16 COc1ccc(C(=O)Nc2ccccc2OCc2cc(=O)n3ccccc3n2)cc1OC

17 Pubchem CID 124173751 JBJ-125 C1CN(CCN1)C2=CC=C(C=C2)C3=CC4=C(CN(C4=O)C
(C5=C(C=CC(=C5)F)O)C(=O)NC6=NC=CS6)C=C3
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2.3. Pharmacophore Validation

Pharmacophore validation was performed by deep decoy. The overall process assesses
the hypothesis to discriminate among the active compounds and inactive decoys. The final
dataset was prepared with 16 known active molecules, screened from 13,127,550 molecules
and 122,276,899 conformers. From the assessment, we found an ROC (Receiver Operating
Characteristic) value of 0.778, indicating better model quality and effectiveness. An Area
Under the Receiver Operating Characteristic Curve (AUC-ROC) value of 0.5 suggests no
discriminative power (equivalent to random guessing), while 1.0 indicates perfect classifi-
cation [13]. Three types of metrics were used to evaluate the model. Performance metrics
-which evaluates the ability of machine learning models to correctly classify compounds as
actives or decoys. Higher values indicate better performance in distinguishing between
actives and decoys [14]. Property matching metrics- which evaluates how well the proper-
ties of decoys match those of the actives, to ensure that decoys are chosen based on similar
properties to actives. Thus, these metrics ensure that the decoys are appropriate controls by
having similar properties to the actives. This is important for the validity of the screening
process [15]. Finally, the structural similarity metrics, which evaluates the structural simi-
larity between actives and decoys. These metrics ensure that decoys structurally resemble
actives, which is important for the validity of structure-based screening methods [15].

2.4. ADMET Properties

To evaluate the ADMET properties, all pharmacophore-derived compounds were
assessed alongside the reference compound JBJ-125, which served as the standard. Various
parameters including bioavailability radar and fundamental physicochemical properties
such as molecular weight, lipophilicity, water solubility, metabolic characteristics, and drug
likeliness were examined. The consistent bioavailability pattern of the pharmacophore-
derived compounds BNS1–BNS6, BNS10–BNS11, and BNS14–BNS16 is comparable to that
of the reference compounds. Figure 3 illustrates the distribution of these compounds with
respect to their bioavailability.

Analysis of the basic physicochemical properties (Table S1) revealed that the molecular
weights of all the compounds except BNS13 were below 500 g/mol. As indicated by the
consensus Log P values (Table S2), the lipophilicity of the screened compounds was 2.22 to
4.32. In comparison, the Log P value of JBJ-125 was 3.42.

Assessment of water solubility patterns (Table S3) revealed that, based on the Log
S(ESOL) class categorization, all compounds were soluble, with most being moderately sol-
uble. However, according to the Ali solubility classification, most pharmacophore-derived
compounds exhibited poor water solubility, a trend consistent with the SILICOS-IT class
category, in which all compounds, including the reference, demonstrated poor water solu-
bility. All compounds, along with the reference compound except BNS2, BNS3, BNS11, and
BNS13 demonstrated high absorption in the gastrointestinal tract (GI, Table S4). Notably,
none of these compounds permeated across the blood–brain barrier (BBB). Most com-
pounds, including BNS1, BNS4, BNS6, BNS10, and BNS13–BNS16, along with the reference
compounds, are potential permeability glycoprotein (P-gp) substrates. BNS8 inhibited only
one and BNS14 inhibited two out of five cytochrome P450 (CYP) isoforms. Conversely, all
other compounds inhibited a minimum of three out of the five isoforms, whereas reference
compounds inhibited four isoforms. Moreover, all compounds, except for BNS13 and
reference compound JBJ-125, adhered to Lipinski’s rule of five (Table 3). Additionally, all
compounds exhibited a bioavailability score of 0.55. Among the compounds, BNS1-BNS6,
BNS11, and BNS14–BNS16 showed no PAIN and BRENK alerts, whereas others displayed
one or both alerts. The reference compound JBJ-125 presented one PAIN alert.

In the PROTOX study, hepatotoxicity, respiratory toxicity, carcinogenicity, immuno-
toxicity, mutagenicity, etc., were analyzed (Table 4). PROTOX works on the similarity
method, which is based on the fact that structurally similar molecules are likely to exhibit
similar toxic profiles [16]. In toxicity classification, most compounds (BNS1, BNS5 to BNS7,
BNS10, BNS11, and BNS13–BNS16) were categorized into level IV toxicity classes. As for
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BNS3, BNS8, BNS9, and BNS12, they were classified as level V toxicity classes, BNS4 as
level III, BNS2 as level VI, and JBJ-125 had toxicity level IV.
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Therefore, from the absorption, distribution, metabolism, and excretion (ADME) and
PAIN (Pan Assay Interference) and BRENK alert analysis, we filtered BNS1-BNS6, BNS11,
and BNS14–BNS16 as they were likely to possess a structurally promising moiety by not
eliciting false-positive responses (PAIN alert). Usually, PAIN alert holding molecules con-
tain substructures, which are likely to produce false positive biological results regardless of
the target protein [17], thereby, reducing the likelihood of putative toxicity or metabolic
instability (BRENK alert). The bioavailability ranges of these compounds were similar
compared to that of the reference compound. Upon comparing the 10 compounds obtained
after filtering through the PAIN and BRENK alert analysis with the 11 compounds iden-
tified from the bioavailability radar, we found overlapping compounds, except BNS10.
Further scrutiny revealed that BNS10 possessed a BRENK alert, leading to its exclusion.
Consequently, we selected 10 compounds that matched both the bioavailability radar
and drug likeliness criteria and from the Protox toxicity class classification, which were
in a considerable range; thus, they were considered for further evaluation, specifically
molecular docking.

2.5. Molecular Docking Validation

Molecular docking validation was conducted using Glide by docking the extracted
native ligand (57N) to the EGFR protein (PDB ID: 5D41) and superimposing the docked
ligand. Superimposition revealed that the docked ligand conformation was nearly identical
to that of the native co-crystallized ligand (Figure 4), with a 0.998 root mean square deviation
(RMSD) value.
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Figure 4. Superimposing of the Glide pose over the reference pose.

2.6. Molecular Docking

The molecular docking results of the 10 compounds identified from the ADMET tests
are presented in Table 5.

From the docking score, pharmacophore-derived compounds ranged from −9.692 to
−11.625 (Table 5) and for the reference compound JBJ-125 it was −11.119. So, compared to
the reference, BNS1 (−11.625) and BNS16 (−11.237) showed better docking scores. Also,
considering the total amino acid interactions, JBJ-125 had 26 interactions, whereas BNS1
and BNS2 both had a maximum of 29 amino acid interactions. Apart from this, BNS3,
BNS4, and BNS11 showed 27 amino acid interactions, which are more than reference
JBJ-125 (Table 5). So, based on the docking score and number of amino acid interactions,
BNS1–BNS4, BNS11, and BNS16 were selected for molecular dynamics simulation.
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Table 5. Molecular docking (Glide score, IFD score, and total amino acid interactions) result.

Compound Glide Score
(Kcal/mol) IFD Score Total Amino Acid

Interaction

BNS1 −11.625 −667.73 29
BNS2 −10.313 −663.75 29
BNS3 −9.874 −666.74 27
BNS4 −10.408 −671.39 27
BNS5 −10.217 −664.96 25
BNS6 −9.853 −664.44 23

BNS11 −10.193 −665.93 27
BNS14 −10.442 −671.61 25
BNS15 −9.692 −663.93 21
BNS16 −11.237 −673.11 24

57N −10.388 −662.43 20
JBJ-125 −11.119 −659.97 26

From the interaction category (Figure 5), it was observed that all compounds including
the reference have shown hydrophobic interaction with “LEU747, ILE759, MET766, LEU777,
LEU788, MET790, PHE856, and LEU858”. Regarding hydrogen bond interactions we found
that all pharmacophore-derived compounds (except BNS4) showed a hydrogen bond
interaction with LYS745. Polar interaction was observed with THR854 among all the
pharmacophore-derived and reference compounds. In negative charge interactions, JBJ-125
showed interaction with ASP800, ASP855 and GLU762 but all the other pharmacophore-
derived compounds formed interaction with ASP855, GLU762, and GLU866. Therefore,
from the molecular docking experiment, we found that our compounds interacting with
amino acids mostly matched with the earlier discussed amino acids from the previous
findings [8,10]. Additionally, it was observed that JBJ-125 formed a salt bridge interaction
with GLU762. Pi cation interactions were observed among BNS1 and BNS4 with LYS745
and pi-pi stacking was observed with PHE856 among BNS2, BNS3, and BNS16.
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Upon further analysis, it was observed that the pharmacophore-derived compounds
BNS1, BNS3, BNS4, and BNS16 had the presence of a benzamide group in common and
interesting interactions were formed with the benzamide group. For example, the benzene
ring of the benzamide group was found to form a pi-cation interaction with LYS745 in
BNS1 and BNS4 and pi-pi stacking interactions with BNS3 (Table S5). Considering the
carbonyl group present in benzamide, BNS3 and BNS16 had a hydrogen bond interaction
with LYS745 (Table S5). Again, from the amide group, hydrogen bond interactions were
observed with ASP855 in BNS1 and with GLU762 in BNS3. On the other hand, BNS2 and
BNS11 had an acetamide group in common. Here, with the acetamide group, LYS745 had a
hydrogen bond interaction with the carbonyl group of BNS2 and BNS11.

2.7. Induced Fit Docking

By using Induced Fit Docking (IFD), it is possible to create multiple poses for the
ligand–protein complex. Here, multiple conformational alterations matching the receptor
–ligand position are conducted, followed by ranking the poses based on the IFD score for
the identification of the ideal structure of the docked complex. In this study, using IFD,
we compared the IFD scores of pharmacophore-derived compounds with the reference
compound JBJ-125 to investigate the ideal ligand posture. All scores are listed in Table 5.
From Table 5, we can find that the IFD score of JBJ-125 was −659.97 whereas, from the com-
pounds obtained from pharmacophore, the IFD score range varied from−663.75 to−673.11,
indicating the better performance of IFD of the pharmacophore-derived compounds. The
highest IFD score was observed in BNS16 (−673.11) and the lowest in BNS2 (−663.75). With
induced-fit docking, it is possible to generate multiple ligand-receptor structures along
with certain conformational changes made by the receptor to receive a ligand. Therefore,
this comprehensive technique helps in identifying promising ligand-receptor combinations
for additional studies.

2.8. Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were performed for 100 nanoseconds (ns) to
evaluate the stability of ligand binding with proteins along with complex flexibility [18]. The
tested compounds’ binding stability and protein–ligand complex flexibility were observed
utilizing the root mean square deviation (RMSD) and root mean square fluctuation (RMSF),
respectively. In addition, the radius of gyration (rGyr) and molecular surface area (MolSA)
were also analyzed to observe the nature of ligand extendedness and molecular surface
calculation respectively.

From the molecular dynamics simulation, for JBJ-125, the average RMSD of the protein
backbone atom was 2.204 Å (Figure 6A), with a maximum of 2.92 Å at 75.40 ns. The
backbone RMSD was almost stable and slight fluctuation was observed within the 68 to
76 ns range. The average RMSD of ligand fit to protein was 2.421 Å with a maximum
value of 3.44 Å at 18.80; other than this, the RMSD was almost stable. Overall, the average
protein–ligand complex RMSD was below 3.00 Å, indicating a good stability pattern. The
protein RMSF value average was 1.032 Å, the average rGyr value was 6.063, and MolSA
was 480.72 Å2 (Figure 7).

For BNS1, the average RMSD of the protein backbone was 3.144 Å (Figure 6A) and the
average RMSD of ligand fit to protein was 2.97 Å. For the protein backbone, it took around
20 ns to reach a stable point and after that, it was almost stable through the 100 ns run;
an almost similar pattern was also observed in ligand RMSD. The overall ligand protein
RMSD was close to 3.00 Å. The protein RMSF value average was 1.210 Å (Figure 6B). The
rGyr value average was 5.27 Å, which was better than JBJ-125, and the average MolSA
value was 466.93 Å2 (Figure 7).

For BNS2, the protein backbone RMSD value average was 2.821 Å (Figure 6A). The
RMSD distribution pattern of the BNS2 protein backbone was almost similar to BNS1.
The ligand RMSD average was 2.10 Å with minor fluctuations. This indicates the overall
considerable RMSD of the protein–ligand complex. The average protein RMSF (Figure 6B)
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value was observed at 1.171 Å. The rGyr was observed at 4.688 Å, which was better than
the reference compound. The average MolSA value was 426.87 Å2 (Figure 7).
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In BNS3, the observed protein backbone RMSD average was 2.805 Å (Figure 6A), and
ligand RMSD had an average of 4.155 Å. For protein backbone RMSD, initial fluctuation
was seen within 20 ns; after that, similar distribution was observed. In ligand RMSD, after
40 ns, stable distribution was seen. Here, the ligand RMSD value observed was slightly
higher than the JBJ-125. The protein RMSF value average was 1.09 Å (Figure 6B). Also,
the average rGyr was 4.605 Å, which was better than JBJ-125, and the MolSA average was
394.94 Å2 (Figure 7).

In BNS4, the average protein backbone RMSD value was 4.014 Å (Figure 6A) and the
ligand RMSD was 4.713 Å. The average protein RMSF value was 1.309 Å (Figure 6B) but
the highest fluctuation crossed 5 Å. The rGyr value observed was 5.08 Å, whereas MolSA
was 419.194 Å2 (Figure 7)

In BNS11, the protein backbone RMSD average was observed at 2.95 Å (Figure 6A) but
in the protein backbone RMSD, among the overall distribution, fluctuation was frequently
raised above 3.0 Å. The ligand RMSD average was 4.706 Å but after 10 ns to the rest, the
overall distribution was above 4.0 Å, indicating less ligand protein binding compared to
JBJ-125. The average protein backbone RMSF was 1.68 Å (Figure 6B). The rGyr was 4.71 Å
and the, MolSA average was 399.08 Å2 (Figure 7).

For BNS16, the protein backbone RMSD average was 2.67 Å (Figure 6A); after 30 ns to
the rest, the average distribution was below 3.0 Å. The ligand RMSD average was 2.280 Å;
after initial fluctuation, the RMSD graph declined to 2.50 Å till the first 50 ns. During the
last 50 ns, distribution was observed below 2.5 Å. The protein RMSF average was 1.180 Å2

(Figure 6B). The average rGyr was 5.08 Å and the average MolSA was 406.49 Å2 (Figure 7).
For all the compounds obtained from the pharmacophore, the rGyr value score was

lower than the reference compound, indicating that the pharmacophore-derived com-
pounds will undergo less conformational change within the active site than the reference
one [19]. The MolSA value of the compounds indicates the polarity of the compounds,
which is competitive toward the reference [19]. The post-MD simulation interaction is
presented in the Supplementary Figure S1 and the data are presented in Tables S6–S10.

Compared to the reference compound, BNS2 and BNS16 had a similar protein–ligand
RMSD value average, within the range below 3.0 Å, indicating a stable complex [20]. For
BNS1, the ligand RMSD average was 2.97 Å and the protein RMSD value average was
3.144 Å, which is not significantly higher than the acceptable range. In BNS3 and BNS11,
the average ligand RMSD value was slightly higher than 3.0 Å (i.e., 4.155 Å and 4.706 Å)
but not significantly different; thus, BNS1, BNS3, and BNS11 can also be considered for
further evaluation. But, in BNS4, both the protein and ligand RMSD value average was over
4.00 Å; thus, excluding this, we have BNS2, BNS16, BNS1, BNS3, and BNS11 (Figure S2) as
potential candidates for further evaluation.

3. Discussion

After pharmacophore modeling and virtual screening, we validated the pharma-
cophore model using deep learning techniques and found considerable results. The physic-
ochemical attributes of pharmacophore-derived compounds were comprehensibly analyzed
utilizing SWISS ADME. Lipophilicity, a fundamental determinant of drug absorption, was
meticulously evaluated from the Log Po/w (ranging from 2.22–4.32 across the compound
set). These positive values signify favorable lipophilic characteristics, indicating potential
gastrointestinal absorption [21,22]. Furthermore, the assessment of solubility, a pivotal
parameter governing drug bioavailability, revealed a collective trend toward poor water
solubility among the pharmacophore-derived compounds and reference standards. Despite
this, the observed lipophilicity suggests the prospect of substantial oral absorption, facili-
tating systemic distribution and eventual therapeutic action [23,24]. This intricate interplay
between lipophilicity and solubility underscores the nuanced pharmacokinetic profile of
the identified compounds, warranting further exploration to elucidate their therapeutic
potential with precision and depth.
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The assessment of Absorption, Distribution, Metabolism, and Excretion (ADME) prop-
erties constitutes a pivotal aspect in delineating the pharmacological behavior of potential
drug candidates [25]. Particularly, for orally administered drugs, efficient absorption within
the gastrointestinal tract (GIT) is of paramount importance for optimizing pharmacokinetic
parameters. Conversely, the blood–brain barrier (BBB) serves as a pivotal physiological
barrier that selectively regulates the entry of substances into the central nervous system
(CNS) [26]. A comprehensive analysis of ADME properties revealed compelling insights
into the pharmacokinetic profile of the identified compounds. Notably, except for BNS2,
BNS3, BNS11, and BNS13, the evaluated compounds exhibited high gastrointestinal absorp-
tion rates, indicating favorable oral bioavailability. Furthermore, the absence of blood–brain
barrier permeation among the investigated compounds suggests a reduced likelihood of ad-
verse effects within the CNS, thus augmenting their safety profile for potential therapeutic
applications. These findings underscore the potential utility of the identified compounds
as orally administered agents with favorable pharmacokinetic attributes and minimal
CNS-related side effects.

P-glycoprotein (P-gp) serves as a pivotal efflux transporter, facilitating substrate
translocation from intracellular to extracellular compartments, thereby mitigating the
potential toxic effects of compounds [27,28]. In our in silico investigation, we tested the P-gp
substrate affinity of the identified compounds to elucidate their potential pharmacokinetic
interactions. Notably, JBJ-125 exhibited P-gp substrate positivity, indicating their propensity
to interact with this efflux transporter. Similarly, BNS1, BNS4, BNS6, BNS10, and BNS13-
BNS16 also demonstrated P-gp substrate positivity. These observations shed light on
the potential pharmacokinetic behavior of the identified compounds, particularly their
interaction with P-gp and subsequent implications for drug disposition and efficacy. These
insights will be instrumental in guiding further pharmacological evaluation and therapeutic
applications of the identified compounds.

Understanding the intricate interactions between compounds and the cytochrome
P450 (CYP) system is crucial to elucidating the pharmacokinetic profiles of potential drugs.
These interactions play a pivotal role in mediating the biotransformation and elimination
of drugs from the systemic circulation [17]. In this study, we examined the inhibitory
potential of the identified compounds against various CYP isoforms to elucidate their
pharmacokinetic implications. Our findings revealed that BNS8 and BNS14 inhibited
only one and two CYP isoforms, respectively. Interestingly, the remaining compounds
inhibited a minimum of three CYP isoforms. Comparative analysis of the reference com-
pound JBJ-125 demonstrated a striking similarity in the inhibitory patterns, underscoring
the consistency in pharmacokinetic behavior across the compounds. These observations
underscore the importance of assessing CYP-mediated drug interactions in predicting the
pharmacokinetic profile and potential drug–drug interactions of novel compounds. Such
insights are invaluable for guiding further pharmacological investigations and optimizing
therapeutic strategies.

The identification of structurally promising moieties and assessment of potential toxi-
city are critical steps in the preclinical evaluation of novel compounds. In the study, we
used PAIN and BRENK to identify the structural motifs associated with false-positive re-
sponses in silico and putative toxicity, chemical reactivity, and metabolic instability [29,30].
Our analysis revealed that BNS1- BNS6, BNS11, and BNS14–BNS16 exhibited no PAIN or
BRENK alerts. Conversely, JBJ-125 exhibited one PAIN alert. Furthermore, the PROTOX
study indicated that all other pharmacophore-derived compounds, except BNS4, demon-
strated toxicity levels below III, suggesting their potential safety for further evaluation [31].
Based on the bioavailability radar and drug-likeness properties, we selected 10 compounds
(BNS1-BNS6, BNS11, and BNS14–BNS16) for subsequent molecular docking studies.

From the docking studies, we found that compounds BNS1 to BNS4 and BNS11
showed more amino acid interactions and BNS1 and BNS16 had docking scores higher than
reference JBJ-125. From the induced fit docking; we found all the pharmacophore-derived
compounds had higher IFD scores. Compared with JBJ-125, we can observe that, like JBJ-
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125, BNS1, BN2, BNS3, BNS4, BNS11, and BNS16 had common positive charge interactions
with LYS745. Here, we do not see any additional interaction between JBJ-125 and LYS745
but in BNS1 there is one hydrogen bond interaction and one pi cation interaction with
LYS745, one hydrogen bond interaction with BNS2 and BNS3, two pi cation interactions
with BNS4, BNS11, and BNS16 present, which shows the stronger bond formation of these
compounds compared to JBJ-125. JBJ-125 had negative charge interactions with GLU762, so
was seen among the other compounds also. Notably, JBJ-125 had a salt bridge interaction
with GLU762. Additionally, BNS3 and BNS11 had formed one hydrogen bond interaction
with GLU762, indicating their competitiveness with JBJ-125. Also, in the introduction part,
THR854, Asp855, and Phe856 were discussed as key important amino acid residues for
the allosteric site [8,10]. Here, JBJ-125, THR854, Asp855, and Phe856 formed polar, charge-
negative, and hydrophobic interactions, respectively. A similar pattern was observed
among all the other compounds also as well. Additionally, we observed that in BNS1,
a hydrogen bond interaction was formed with ASP855 and a pi-pi stacking interaction
was formed with PHE856 in BNS2, BNS11, and BNS16, stating stronger interaction of
these compounds than JBJ-125. Previous studies have shown that afatinib and erlotinib
showed docking scores of−7.69 and−7.37, respectively, against EGFR [32,33], whereas, our
pharmacophore-derived compounds showed better docking scores than them indicating
their better binding affinity and selectivity.

Compound BNS1 bears a 1,2,3,4-tetrahydroquinoline scaffold. In previous studies,
quinazoline derivatives containing the 1,2,3,4-tetrahydroquinoline moiety demonstrated
significant inhibitory activity against EGFR kinase, comparable to the positive control,
afatinib [34]. This suggests that BNS1 could potentially exhibit strong EGFR inhibitory
effects, making it a promising candidate for further experiments.

Also, Compound BNS3 features a thiazolo[3,2-a]pyrimidine scaffold. Another study
reported that a novel series of naphtho[2′,3′:4,5]thiazolo[3,2-a]pyrimidine hybrids were
synthesized and evaluated for their topo IIα/EGFR inhibitory activities [35]. Compounds
6i, 6a, and 6c from this series showed superior cytotoxic activity compared to doxorubicin
and erlotinib against tested cancer cell lines. Molecular docking studies revealed that
compound 6a forms the same hydrogen bond interaction with LYS 745 as observed with
BNS3 in our study. This structural similarity and interaction suggest that BNS3 may also
exhibit potent EGFR inhibition and could offer enhanced efficacy in treating cancers with
EGFR involvement. Both BNS1 and BNS3 show potential for strong EGFR inhibitory
activity due to their structural resemblance to compounds that have demonstrated efficacy
in preclinical studies. This enhances their prospects as effective EGFR inhibitors.

Along with these tests, the considerable MD simulation pattern increases the accep-
tance of our compounds. Moreover, all these compounds showed interactions with the key
important amino acid residues regarded as potential allosteric sites as mentioned earlier.
Thus, our final compounds can be considered for further experiments as a better therapeutic
choice compared to JBJ-125.

4. Material and Methods

Virtual experimentation was started with pharmacophore design and virtual screen-
ing using Pharmit [36], followed by the ADMET test using SWISS ADME and PROTOX
3.0 [17,31]. For docking, the glide function was used to perform a systematic search for the
conformational, orientation, and positional space of the ligand in the binding pocket [37].
A molecular dynamics study was performed using Desmond in the Schrodinger molecular
modeling suite [18].

4.1. Pharmacophore Designing/Modeling

A pharmacophore is an exposure of the drug-likeness of a molecule to its steric and
electronic features, which are required to ensure optimal intermolecular interactions with a
specific biological target, that is, a protein or enzyme, and inhibit or block its activity [38].
The pharmacophore technique can be used to facilitate drug development while searching
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large libraries or databases. In this study, the structure-based pharmacophore for the
allosteric site of PDB ID:5D41 was generated using JBJ-125, the active inhibitor. The
pharmacophore was generated using the free online server Pharmit, an open tool available
at (http://pharmit.csb.pitt.edu, accessed on 13 June 2024). The value specification we
used here are aromatic ring 1 (X: 8.6, Y: −0.7, Z: −0.1), aromatic ring 2 (X: 15.4, Y: −3.9, Z:
−0.2), aromatic ring 3 (X: 17.6, Y: 2.2, Z: −0.1), hydrogen bond donor (X: 15.9, Y: 0.1, Z: 0.5),
hydrogen bond acceptor 1 (X: 11.8, Y: 1.3, Z: 0.2) hydrogen bond acceptor 2 (X: 14.1, Y: 1.0,
Z: −0.6), hydrogen bond acceptor 3 (X: 12.7, Y: −4.3, Z: 0.2), hydrophobic bond 1 (X: 8.6, Y:
−0.7, Z: −0.1), hydrophobic bond 2 (X: 15.4, Y: −3.9, Z: −0.2), and hydrophobic bond 3 (X:
17.6,Y: 2.2, Z: −0.1).

4.2. Pharmacophore-Based Virtual Screening

In computational drug development and discovery processes, pharmacophore-based
virtual screening is one of the most important steps for searching large libraries to identify
LEADS against specific targets. Several tools and servers are available for pharmacophore-
based virtual screening. Here, we used Pharmit, a free online server with an algorithm that
can screen compound libraries based on the pharmacophore model or molecular shape and
rank the results by energy minimization [36]. Using Pharmit, large databases of compounds
can be screened based on their pharmacophoric features or molecular shapes. In this study,
we screened the zinc database (https://zinc20.docking.org/, accessed on 13 June 2024) [39]
based on JBJ-125 using Pharmit, and the top hits generated from the model are given in
Table 6.

Table 6. Top hits generated from the Pharmit model.

Compound ID RMSD Mass RBnds

ZINC000012777271 0.617 437 8
ZINC000013577005 0.642 490 10
ZINC000229934991 0.687 577 5
ZINC000033067751 0.699 431 8
ZINC000012638703 0.701 499 9
ZINC000041077159 0.714 433 8
ZINC000020617150 0.750 380 8
ZINC000020617126 0.751 408 8
ZINC000033067859 0.754 445 8
ZINC000000831474 0.762 366 8
ZINC000059488016 0.797 385 2
ZINC000059488018 0.798 429 2
ZINC000059488021 0.798 380 3
ZINC000059488022 0.798 395 3
ZINC000016694801 0.807 495 10
ZINC000021535964 0.821 472 8

4.3. Pharmacophore Validation

To determine the model accuracy of our pharmacophore model in predicting active
chemicals, pharmacophore validation was performed. Here, we used the Deep decoy
dataset (https://github.com/oxpig/DeepCoy, accessed on 18 June 2024), which generates
property—matching decoy molecules, using a deep learning strategy called deep coy [15].
Here, we took the active molecules SMILE and generated 100 inactive decoy structures for
each active molecule.

4.4. ADME Profile

The absorption, distribution, metabolism, and excretion (ADME) profile of the selected
compounds was determined using SwissADME. The freely accessible SwissADME web tool
(http://www.swissadme.ch/, accessed on 19 June 2024) is the most relevant computational
method for providing a global appraisal of the pharmacokinetic profiles of small molecules.
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These methods were selected by web tool designers for robustness and ease of interpretation
to enable efficient translation into medicinal chemistry [17]. Additionally, hepatotoxicity,
neurotoxicity, carcinogenicity, immune-toxicity, mutagenicity, cytotoxicity, and toxicity
were predicted using PROTOX 3.0 (ProTox-3.0-Prediction of Toxicity of chemicals) available
in (https://tox.charite.de/protox3/, accessed on 19 June 2024) [31].

4.5. Ligand Preparation

For ligand preparation, we designed a structure-based pharmacophore, targeting the
allosteric site of PDB ID-5D41 focusing on JBJ-125, its active inhibitor. The pharmacophore
was generated using the free online server Pharmit. Using the pharmacophore, we screened
16 compounds having structural similarity with JBJ-125 from the zinc database. The selected
compounds were processed for energy minimization via the LigPrep module of Schrodinger
using the OPLS3e force field [40]. The ZINC and PubChem ID of the pharmacophore-
derived and reference compounds, respectively, are presented in Table 1.

4.6. Protein Preparation

We selected a mutant-selective EGFR protein structure targeting T790M and C797S
mutations (PDB ID-5D41). The PDB structure was downloaded from RCSB PDB [41].
After the protein structure was retired from RCSB PDB, it underwent protein preparation
processes available in Schrodinger [42]. During the protein preparation, water molecules
were removed, missing side chains were added using Prime, and all co-crystallized ligands
except 57N were deleted because they represent an allosteric inhibitor. 57N was used later
for generating the receptor grid. The protein energy minimization was performed using
the OPLS3e force field. The Van der Waals radius scaling factor was kept at 1.0 with a
partial cutoff value of 0.25. For receptor grid generation, the centroid of the workspace
ligand (57N) was selected and the grid box was generated accordingly (X: −23.71, Y: 31.37,
Z: 12.3).

4.7. Docking Simulation Validation

Docking simulation was validated by re-docking the native ligand to the receptor
binding site, to validate docking analysis, reproducibility, and reliability.

4.8. Molecular Docking

The GLIDE operational ligand docking tool in Maestro was used to generate molecular
docking [43]. In GLIDE, compounds having atom numbers more than 500 and rotatable
bonds more than 100 were set to reject [44]. As the number of designed analogs and
generated tautomer was less, they were screened using the standard precision (SP) method,
which uses descriptors and explicit water technology. The SP method eliminates false posi-
tives and employs a protocol with a refined growth strategy [37] and for ligand sampling,
the flexible option was chosen along with nitrogen inversion and ring conformation in
consideration. The application of sample bias was performed to all torsions presented
with attached functional groups. Also, the Epik tool was enabled to enhance the docking
score [45]. Minimization of post-docking was also performed, where the number of ten
poses per ligand was evaluated to report the most effective conformation.

4.9. Induced Fit Docking

For induced fit docking using Schrodinger, the induced fit docking module was
utilized [19,28]. Here, we used the previously used receptor grid box. For conformational
sampling, sample ring conformation was kept with an energy window of 2.5 kcal/mol;
additionally, receptor van der Waals scaling was kept at 0.50 along with ligand van der
Waals scaling at 0.50. Residue refinement was kept within 5.0 Å of the ligand poses. Glide
redocking of structures was kept within 30.0 kcal/mol of the best structure with standard
precision mode. Table 5 presents the outcome of the induced fit docking score.
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4.10. Molecular Dynamics

Target–ligand complex flexibility was studied via molecular dynamics (MD) to mimic
biological systems. MD simulations were performed using the Desmond tool of the
Schrödinger Drug Design Suite. Based on the docking score, the ligands were subjected
to MD simulations for 100 ns to study their stability. The three steps performed for the
MD simulation were building the system, minimization, and MD simulation. The docked
ligand–protein complex was selected and the system was modeled by a predefined solvent
system—TIP3P under orthorhombic boundary conditions. System neutralization was con-
ducted by adding counter ions and salt was added as a concentration of 0.15 M Na+ and
Cl− ions for reaching physiological circumstances and the system building was performed
using OPLS3e force field. In a 100 ns run of molecular dynamics, trajectory data were
taken every 50 picoseconds, energy data were captured at 1.2 picoseconds intervals, and
the approximate number of frames was 500. NPT ensemble class was selected and 300 K
temperature followed by 1.01325 pressures (bar) was carried out for MD simulation. Later,
utilization of the simulation interaction diagram function was used for generating figures
and plots to present the results. Any negative charges on the model were neutralized with
sodium ions and the model was subjected to energy minimization until 25 kcal/mol/Å
gradient thresholds were achieved at 300 K and 1 bar pressure via the NPT ensemble class.
When conducting the MD simulation, the trajectory was recorded at 50 ps with approx-
imately 500 frames. The complex stability was evaluated by protein and ligand RMSD
(Root-Mean-Square Deviation) fluctuations, protein–ligand interactions, and contacts with
various amino acids using the Simulation Event Analysis tool of Desmond [18].

5. Conclusions

In our study, the aim was to identify potential allosteric inhibitors to overcome the
mutations that happen in EGFR NSCLC. To do it, we considered compound JBJ−125 as a
reference and developed a pharmacophore-based on the features of JBJ-125 and performed
a deep learning-based method to validate the pharmacophore model, followed by virtual
screening. After that, we evaluated their toxicity via Swiss ADME and Protox. The
screened compounds from ADMET tests undergo molecular docking, induced fit docking,
and molecular dynamics studies. We found that BNS1, BNS2, BNS3, BNS11, and BNS16
have better interactions and docking scores than JBJ-125, and interactions with previously
reported amino acid residues as allosteric sites were also observed among them. Recent
studies indicate the capacity of JBJ-125 as a promising one to overcome resistance as a single
agent or in combination with Osimertinib; hence, we believe we have potential outcomes
and in vitro studies need to be performed to fully discover their therapeutic potential.
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Abstract: In an effort to develop improved and effective targeted tyrosine kinase inhibitors (TKIs),
a series of twelve novel compounds with the structural motif “(E)-4-(((1H-benzo[d]imidazol-2-
yl)methyl)amino)-N′-(halogenated)benzylidenebenzohydrazide” were successfully synthesized in
three steps, yielding high product yields (53–97%). Among this new class of compounds, 6c and
6h-j exhibited excellent cytotoxic effects against four different cancer cell lines, with half-maximal
inhibitory concentration (IC50) values ranging from 7.82 to 21.48 µM. Notably, compounds 6h and 6i
emerged as the most potent inhibitors, demonstrating significant activity against key kinases such as
EGFR, HER2, and CDK2. Furthermore, compound 6h displayed potent inhibitory activity against
AURKC, while 6i showed potent inhibitory effects against the mTOR enzyme, with excellent IC50

values comparable with well-established TKIs. The mechanistic study of lead compound 6i revealed
its ability to induce cell cycle arrest and apoptosis in HepG2 liver cancer cells. This was accompanied
by upregulation of pro-apoptotic caspase-3 and Bax and downregulation of anti-apoptotic Bcl-2.
Additionally, molecular docking studies indicated that the binding interactions of compounds 6h
and 6i with the target enzymes give multiple interactions. These results underscore the ability of
compound 6i as a compelling lead candidate warranting further optimization and development as a
potent multi-targeted kinase inhibitor, which could have significant implications for the treatment of
various cancers. The detailed structural optimization, mechanism of action, and in vivo evaluation of
this class of compounds warrant further investigation to assess their therapeutic potential.

Keywords: 1H-benzo[d]imidazole; tyrosine kinase inhibitor; multiple kinase inhibitor; cancer; apoptosis

1. Introduction

Cancer therapy continues to be a formidable task, demanding the discovery and
development of effective treatments. Among the emerging classes of anticancer agents,
halogenated TKIs have garnered significant attention owing to their unique chemical
structures and enhanced pharmacological properties. Incorporating halogen atoms, such
as fluorine, chlorine, bromine, or iodine, into the molecular backbone of TKIs offers a
promising avenue to improve their therapeutic efficacy, selectivity, and potency [1]. The
addition of halogen substituents in TKIs has been shown to exert a profound influence on
their binding affinity to target kinases. Through their strategic placement, halogen atoms
modulate the interactions between the TKIs and their kinase targets, potentially leading to
enhanced therapeutic effects. These modifications can optimize the TKIs’ ability to bind to
the kinase active site, resulting in increased potency and selectivity [1–3]. The halogenated
TKI gefitinib, developed to precisely target the epidermal growth factor receptor (EGFR),
has demonstrated its clinical utility in the care of non-small cell lung cancer (NSCLC) pa-
tients, leading to its adoption as a first-line standard of care therapy for advanced NSCLC
cases harboring activating EGFR mutations. Furthermore, gefitinib offers advantages such
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as oral bioavailability and a comparatively lower toxicity profile, in contrast to conven-
tional chemotherapy agents. Notably, it has shown promising outcomes in patients with
EGFR mutations, which are frequently observed in Asian populations and allied with
higher response rates to TKIs (Figure 1) [4–8]. Dasatinib, another halogenated TKI, exerts
its therapeutic effects by targeting multiple tyrosine kinases, including BCR-ABL, SRC
family kinases, and c-KIT. The incorporation of halogen substituents in dasatinib has been
demonstrated to enhance its potency and selectivity, rendering it a valuable therapeutic
option for various types of cancer. Notably, dasatinib has demonstrated efficacy in treating
chronic myeloid leukemia (CML) and acute lymphoblastic leukemia (ALL), warranting its
approval as a first-line or second-line therapy for these conditions. Additionally, dasatinib
has demonstrated the capacity to overcome resistance to other TKIs, such as imatinib,
which are commonly employed in the treatment of CML. However, it is crucial to rec-
ognize the potential adverse effects associated with dasatinib, which may include fluid
retention, bleeding, and pulmonary arterial hypertension (PAH). Furthermore, the higher
cost linked to the use of dasatinib is an important consideration [6]. Afatinib, a halogenated
TKI with targets including EGFR, HER2, and HER4, has emerged as an effective therapy
for NSCLC and head and neck cancer. Halogen substituents incorporated into afatinib
have demonstrated the potential to enhance its potency and selectivity, thus improving its
effectiveness in specific patient populations. Afatinib’s broad spectrum of activity against
multiple members of the HER family of receptor tyrosine kinases positions it as a valuable
treatment option for diverse cancer types. It has shown efficacy, particularly in patients
with EGFR mutations, leading to its approval as a first-line therapy in this population.
Additionally, afatinib has shown the capability of overwhelming resistance to other EGFR
TKIs, including gefitinib and erlotinib. However, it is essential to consider potential adverse
effects, such as diarrhea, rash, and mucositis, as well as the higher cost associated with
afatinib [7,8]. Several halogenated TKIs have shown promising results in clinical trials and
preclinical studies. Entrectinib, a halogenated TKI, has demonstrated efficacy in targeting
ROS1 and NTRK fusions in solid tumors, including lung cancer and neuroblastoma [9].
Avitinib, another halogenated TKI, has shown potential in inhibiting the EGFR T790M
mutation, which is allied with battling first-generation EGFR TKIs [10,11]. Saracatinib, a
halogenated Src/Abl kinase inhibitor, has exhibited promising activity in solid tumors,
particularly in pancreatic cancer [12,13]. Ponatinib, a halogenated TKI with potent activity
against BCR-ABL and other tyrosine kinases, has been effective in treating chronic myeloid
leukemia (CML) and Philadelphia chromosome-positive acute lymphoblastic leukemia
(Ph+ ALL) [6,14] Foretinib, a halogenated TKI targeting MET, VEGFR, and other kinases,
has shown efficacy in various solid tumors, including renal cell carcinoma and hepato-
cellular carcinoma [15]. Vandetanib, flumatinib, vemurafenib, sorafenib, cabozantinib,
nilotinib, lapatinib, and selumetinib, all halogenated TKIs, have demonstrated efficacy
in different cancer types by targeting specific kinases involved in tumor growth and pro-
gression [16–24]. These include VEGFR, BRAF, c-Met, RET, and HER2, among others.
However, it is important to consider the potential adverse effects associated with these
halogenated TKIs. These halogenated tyrosine kinase inhibitors may cause debilitating
fatigue, cognitive deficits, and even life-threatening lung disease. Patients may also experi-
ence gastrointestinal issues, blood cell depletion, heart rhythm abnormalities, high blood
pressure, painful skin, nail changes, and heightened photosensitivity. Vigilant monitor-
ing and active management of these diverse adverse effects are crucial when prescribing
these halogenated TKI therapies. Close monitoring and management of these side effects
are crucial for ensuring patient safety and treatment effectiveness. Moreover, it is worth
noting that some of these halogenated TKIs may have limitations, including high costs
and limited accessibility in certain healthcare systems. The affordability and availability
of these drugs are important factors to consider when evaluating their clinical utility and
impact on patient care. However, halogenated TKIs have emerged as a promising class of
anticancer agents, with multiple compounds demonstrating efficacy in various cancer types.
While these drugs offer significant therapeutic potential, it is essential to carefully assess
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their adverse effects and limitations to optimize their clinical utility and ensure equitable
access to effective treatments in cancer care. Further research and clinical investigations are
warranted to elucidate the full potential of halogenated TKIs and their role in improving
patient outcomes in oncology.

On the other hand, benzimidazole compounds have gained attention in drug develop-
ment owing to their versatility and diverse applications. They exhibit antibacterial prop-
erties [25], potential as anti-tubercular agents [26], antifungal activities [27], and antipro-
tozoal effects [28]. Benzimidazole derivatives also show promise as antiviral agents [29]
and as protein kinase inhibitors [30,31]. Studies have demonstrated the therapeutic action
of benzimidazole-based compounds, such as nazartinib, in inhibiting EGFR and HER2
proteins [32–35]. Our previous research focused on hydrazone derivatives, which ex-
hibited potent multi-kinase inhibition activity, including EGFR and HER2 [36–39]. To
further explore their potential, we designed benzimidazole and (halogenated)benzylidene-
benzohydrazide hybrids, namely, (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-
(halogenated)benzylidenebenzohydrazides, aiming for multi-kinase inhibitory activities.
The synthesized compounds (6a-l) were evaluated for their in-vitro cytotoxicity against
cancerous/normal cell lines, and their ability to inhibit multiple tyrosine kinases, inves-
tigated for their apoptosis-inducing ability, cell cycle-suppressing effects, drug-likeness
properties, and in silico molecular docking, shed light on their selective mechanism of
action and substantiated their potential as promising anticancer agents.
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2. Results and Discussion
2.1. Chemistry

The synthesis of (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(halogenated)
benzylidenebenzohydrazide derivatives (6a-l) was carried out using a straightforward
method, as described in Scheme 1, following the multi-step procedure adopted for our
previously reported method [39]. The use of a previously reported synthetic methodology,
along with the straightforward nature of the individual steps, allowed for the efficient
preparation of the desired series of halogenated benzylidenebenzohydrazide derivatives
(6a-l) bearing the benzo[d]imidazole moiety. The structural elucidation of the synthesized
compounds was carried out using a comprehensive analytical approach, employing a suite
of spectroscopic techniques. These included infrared (IR) spectroscopy, mass spectrometry
(MS), and proton and carbon nuclear magnetic resonance (1H-NMR and 13C-NMR) analy-
ses (please see the Supplementary Materials for the spectra). Additionally, we also reported
the physical properties of the compounds 6a-l, specifically their color and melting point
ranges. The 1H-NMR spectroscopic analysis of the synthesized compounds 6a-l revealed
characteristic signals for the secondary aromatic amine protons located at the 4-position
of the benzohydrazide moiety. These amine proton signals were observed in the 7.01 to
7.06 ppm region of the 1H-NMR spectra as triplets, with coupling constant values ranging
from 5.7 to 6.1 Hz. The observed chemical shift and coupling pattern of these amine proton
signals provided evidence that the aromatic amine functionality was directly bonded to an
aliphatic (CH2) carbon, specifically the methylene group derived from the condensation of
compounds 1 and 2 during the synthetic sequence. These 1H-NMR data thus confirmed the
successful formation of the desired compound 6a-l structures, with the secondary aromatic
amine protons serving as a characteristic spectroscopic signature for the benzohydrazide
moiety within the target molecules. The 1H-NMR spectra of the synthesized compounds
6a-l also exhibited characteristic signals for the benzylidene protons. These benzylidene
proton signals were observed in the 8.35 to 8.38 ppm region of the 1H-NMR spectra, except
for the compounds with substituents at the 2-position of the benzene ring. Specifically,
compound 6b, which contained a bromo substituent at the 2-position, displayed a down-
field shift of 0.38 ppm compared with the non-substituted compound 6a. Similarly, the
2-chloro substituted compound 6e exhibited a 0.43 ppm downfield shift, while the 2-fluoro
substituted compound 6h showed a 0.27 ppm downfield shift relative to 6a. Furthermore,
the compounds with 2,4-dihalogen substitution, 6k (2,4-dichloro) and 6l (2,5-difluoro), also
demonstrated downfield shifts of 0.38 ppm and 0.22 ppm, respectively, compared with
the unsubstituted analog 6a. These observed downfield shifts in the benzylidene proton
signals for the 2-substituted and 2,4-disubstituted compounds can be attributed to the
electronic effects of the halogen substituents, which influenced the chemical environment
and deshielding of the benzylidene protons.

The structures of the synthesized compounds 6a-l were further proved by the obser-
vation of distinctive IR spectral signatures, such as the sharp peaks observed in the range
of 1604–1613 cm−1, which were characteristic of the benzylidene hydrazone (-N=CH-)
functional group present in all the compounds. N-H stretching vibration bonds of amide
-NH (-CO-NH-) appeared between 3044 and 3464 cm−1 and around 1502–1568 cm−1. Car-
bonyl (C=O) vibrational bonds appeared at around 1642–1656 cm−1. Furthermore, each
compound displayed distinct IR spectral features. Notably, the bromo-substituted analogs
(6b-d) exhibited characteristic stretching bands in the range of 741–748 cm−1. In contrast,
the chloro- and fluoro-substituted compounds (6e-l) showed distinctive stretching bands be-
tween 504 and 758 cm−1. Finally, the structures of compounds 6e-l were further confirmed
through their mass spectral analysis data.
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Scheme 1. Synthesis of (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N’-(substituted)benzy-
lidenebenzohydrazide (6a-l).

2.2. Biological Evaluation
2.2.1. In Vitro Cytotoxicity

The cytotoxic activities of compounds 6a-l were assessed using a standard MTT
method, which was performed across three different cancer cell line models, namely hu-
man colon cancer (HCT-116), hepatocellular carcinoma (HepG2), mammary gland cancer
(MCF-7), and normal (WI-38) cell lines. The results presented in Table 1 show that the
cytotoxicity of the tested compounds was quantified by the concentration required to
induce 50% inhibition of cancer cell viability. The cytotoxicity results provide a compre-
hensive evaluation of the synthesized compounds 6a-6l in comparison with the standard
drugs sorafenib, doxorubicin, and sunitinib. Among the synthesized compounds, 6c (3-Br
substituted) and 6i (3-F substituted) exhibited the most potent cytotoxic activity, with IC50
values ranging from 7.82 to 10.21 µM across the tested cancer cell lines. These values are
comparable to the standard drugs, which have IC50 values between 4.17 and 24.06 µM.
Compounds 6h (2-F), 6j (4-F), and 6d (4-Br) also demonstrated relatively strong cytotoxicity,
with IC50 values generally below 30 µM in the cancer cell lines. The remaining compounds,
including 6a, 6b, 6e, 6f, 6g, 6k, and 6l, exhibited moderate to weaker cytotoxic activity, with
IC50 values mostly above 20 µM. When considering the selectivity toward cancer cells over
the normal WI-38 fibroblast cell line, compounds 6c, 6i, and 6j stood out, showing signifi-
cantly lower IC50 values in the cancer cell lines compared with the WI-38 cells, indicating a
higher degree of selectivity. Other compounds, such as 6h and 6d, also exhibited relatively
better selectivity toward the cancer cell lines. The structure–activity relationship analysis
suggested that the presence of bromo (Br) or fluoro (F) substituents at the 3-position of
the phenyl ring is favorable for potent and selective cytotoxic activity, as observed with
compounds 6c and 6i. Substitution at the 4-position, as in the case of compounds 6d,
6g, and 6j, also seems beneficial, with fluoro (6j) showing the best results. In contrast,
the disubstituted compounds 6k and 6l generally exhibited lower cytotoxic potency and
selectivity compared with their monosubstituted counterparts. Overall, the cytotoxicity
data provide valuable insights into the structure–activity relationships of the synthesized
compounds and can guide further optimization efforts to develop potential anticancer
agents with improved potency and selectivity.
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Table 1. In vitro cytotoxicity of compounds 6a-l against selected cancer cell lines.

Compound In Vitro Cytotoxicity IC50 (µM)

No. R HCT-116 SI HepG2 SI MCF-7 SI WI-38

6a H 24.62 ± 1.9 2.95 31.76 ± 2.2 2.29 26.31 ± 1.9 2.76 72.60 ± 4.0

6b 2-Br 42.90 ± 2.5 1.96 26.16 ± 1.9 3.22 31.82 ± 2.1 2.64 84.15 ± 4.3

6c 3-Br 10.21 ± 0.8 4.72 8.90 ± 0.6 5.41 7.82 ± 0.6 6.16 48.17 ± 2.7

6d 4-Br 30.26 ± 2.1 1.79 17.78 ± 1.3 3.05 25.18 ± 1.8 2.16 54.30 ± 3.1

6e 2-Cl 46.67 ± 2.7 1.33 28.80 ± 1.7 2.15 36.16 ± 2.3 1.71 61.86 ± 3.5

6f 3-Cl 63.72 ± 3.5 1.57 34.79 ± 2.1 2.87 45.61 ± 2.5 2.19 >100

6g 4-Cl 35.29 ± 2.3 2.02 24.90 ± 1.7 2.86 22.51 ± 1.6 3.16 71.19 ± 3.5

6h 2-F 21.48 ± 1.6 4.33 12.94 ± 1.0 7.19 16.31 ± 1.2 5.70 92.98 ± 4.6

6i 3-F 13.44 ± 1.2 4.20 9.39 ± 0.8 6.01 11.64 ± 0.9 4.85 56.46 ± 3.0

6j 4-F 18.72 ± 1.4 2.08 14.02 ± 1.2 2.78 8.31 ± 0.7 4.70 39.03 ± 2.3

6k 2,4-di-Cl 67.83 ± 3.8 1.47 44.78 ± 2.4 2.23 48.64 ± 2.7 2.06 >100

6l 2,5-di-F 39.84 ± 2.2 1.95 20.02 ± 1.5 3.88 29.81 ± 2.0 2.60 77.61 ± 4.1

Sorafenib 5.47 ± 0.3 1.95 9.18 ± 0.6 1.16 7.26 ± 0.3 1.47 10.65 ± 0.8

Doxorubicin 5.23 ± 0.3 1.28 4.50 ± 0.2 1.49 4.17 ± 0.2 1.61 6.72 ± 0.5

Sunitinib 17.91 ± 1.3 3.11 8.38 ± 0.5 6.64 24.06 ± 2.0 2.31 55.63 ± 3.3

IC50 values are the mean ± SD of triplicate measurements; SI = Selectivity Index = IC50 of normal cell line
(WI-38)/IC50 of cancer cell line [41].

The Selectivity Index (SI) values shown in Table 1 provide important information
about the selectivity of the synthesized compounds (6a-l) against the various cancer cell
lines tested. The SI values represent the ratio of the IC50 values for the normal WI-38 cell
line compared with the respective cancer cell lines, with higher SI values indicating greater
selectivity for the cancer cells over normal cells. Compounds 6c, 6h, and 6i exhibited the
highest SI values against the SI cancer cell line, with SI values of 4.20–4.72 (HCT-116),
5.41–7.19 (HepG2), and 4.85–6.16 (MCF-7), respectively. The SI values for the standard
drugs were 1.16–1.95 (sorafenib), 1.28–1.61 (doxorubicin), and 2.31–3.11 (sunitinib), except
6.64 against the HepG2 cell line for sunitinib 6.64, respectively. This suggests these com-
pounds (6c, 6h, 6i) demonstrated the greatest selectivity for the SI cancer cells compared
with the normal WI-38 cells.

2.2.2. In Vitro Protein Kinase Inhibition Assays

Based on the cytotoxicity analysis of the synthesized compounds (6a-l), four com-
pounds (6c, 6h-j) were chosen for further enzymatic activity assessment against a range of
kinase enzymes, including EGFR, Her2, VEGFR2, CDK2, AURKC, HDAC1, and mTOR
(Table 2). To benchmark the activity of these compounds, several well-known kinase
inhibitors were used as reference standards for the tested kinases, such as erlotinib for
EGFR, lapatinib for Her2, sorafenib for VEGFR2, roscovetine for CDK2, TSA for AURKC
and HDAC1, and rapamycin for mTOR. The synthesized compounds 6c and 6h-j demon-
strated varying degrees of potent inhibition across the different protein kinases tested.
For instance, compound 6h exhibited very high potency against EGFR (IC50 = 73.2 nM),
which is almost 1-fold higher than the standard erlotinib (IC50 = 61.1 nM), and against Her2
(IC50 = 23.2 nM), which is also almost 1-fold higher than lapatinib (IC50 = 17.4 nM). Addi-
tionally, 6h showed high potency against CDK2 (IC50 = 284 nM), which is 2.5-fold higher
than roscovetine (IC50 = 756 nM), and very high potency against AURKC (IC50 = 11 nM),
which is 3-fold higher than the standard TSA (IC50 = 30.4 nM). Compound 6i showed
excellent potency against EGFR (IC50 = 30.1 nM), which is almost 2-fold higher than the
standard erlotinib, and against Her2 (IC50 = 28.3 nM), which is almost 1-fold higher than
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lapatinib. Additionally, 6i exhibited high potency against CDK2 (IC50 = 364 nM), which is
2-fold higher than roscovetine, and against mTOR (IC50 = 152 nM), which is 1-fold higher
than the standard rapamycin (IC50 = 208 nM). In contrast, compound 6c gave disappointing
results compared with the expectations based on the cytotoxicity against various cancer
cell lines. Additionally, compound 6j showed very little inhibitory activity against the
tested kinases. Compared with the standard drugs, the synthesized compounds 6h and
6i exhibited superior potency across multiple kinase targets. The low IC50 values for the
synthesized compounds indicate their high binding affinity and inhibitory activity toward
these clinically relevant protein kinases, suggesting their potential to be developed as
potent and selective anticancer agents targeting multiple dysregulated signaling pathways
in cancer. These findings underscore the promising potential of compounds 6h and 6i as
candidates for further development as kinase inhibitors.

Table 2. In vitro protein kinase inhibition of compounds 6c and 6h-j against EGFR, Her2, VEGFR2,
CDK2, AURKC, HDAC1, and mTOR.

Compound
In Vitro Protein Kinase Inhibition IC50 (nM)

EGFR Her2 VEGFR2 CDK2 AURKC HDAC1 mTOR

6c 125.2 ± 0.041 55.6 ± 0.023 604.5 ± 0.022 938 ± 0.039 94.4 ± 0.036 2263 ± 0.077 1461 ± 0.05
6h 73.2 ± 0.004 23.2 ± 0.001 194.5 ± 0.007 284 ± 0.012 11 ± 0.004 151.1 ± 0.005 413 ± 0.014
6i 30.1 ± 0.03 28.3 ± 0.001 172.2 ± 0.006 364 ± 0.011 74.5 ± 0.003 96.6 ± 0.003 152 ± 0.005
6j 166.4 ± 0.008 204.7 ± 0.009 307.2 ± 0.011 1448 ± 0.062 589.4 ± 0.022 473.3 ± 0.016 1305 ± 0.044

Erlotinib 61.1 ± 0.002 - - - - - -
Lapatenib - 17.4 ± 0.001 - - - - -
Sorafenib - - 45.4 ± 0.002 - - - -

Roscovetine - - - 756 ± 0.032 - - -
TSA - - - - 30.4 ± 0.001 37.4 ± 0.001 -

Rapamycin - - - - - - 208 ± 0.007

IC50 values are the mean ± SD of triplicate measurements.

2.2.3. Cell Cycle Analysis

The cytotoxicity assay, selectivity index (SI) values, and enzyme inhibitory activities
of the synthesized compounds 6a-l were evaluated, and based on these results, compound
6i was selected for further investigation to assess its impact on cell cycle progression in
HepG2 cells. To examine the effect of compound 6i on the cell cycle, HepG2 cells were
treated with the compound at its IC50 concentration for 24 h. Following the treatment, the
cells were stained with propidium iodide and analyzed using flow cytometry to determine
the cell cycle phase distribution. The cell cycle analysis results, presented in Table 3 and
Figure 2, revealed that treatment with compound 6i elicited a distinct cell cycle arrest effect.
Specifically, the data showed that the DNA content of cells treated with 6i increased in
the G1 phase while decreasing in the S and G2/M phases. This indicates that compound
6i induced a significant cell cycle arrest at the G1 phase. The quantitative data further
substantiated this observation. The percentage of cells in the G0-G1 phase increased from
52.39% in the untreated control to 72.13% upon treatment with compound 6i. Conversely,
the proportion of cells in the S phase decreased from 34.77% to 25.19%, and the percentage
of cells in the G2/M phase declined from 12.84% to 2.68%. These findings suggest that
treatment with compound 6i substantially altered the cell cycle distribution of the HepG2
cancer cells. It led to a marked accumulation of cells in the G1 phase, accompanied by a
concomitant reduction in the proportion of cells in the S and G2/M phases. The cell cycle
arrest effect observed with compound 6i may be a key mechanistic aspect contributing to its
anticancer potential. The observed cell cycle arrest at the G1 phase is a common mechanism
of action for many anti-cancer agents, as it can prevent cell division and proliferation,
ultimately leading to cell cycle arrest and potentially inducing apoptosis or other forms
of cell death. These results, along with the previously reported cytotoxicity and kinase
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inhibitory activities of compound 6i, further highlight its potential as a promising anticancer
candidate that warrants further investigation and optimization for targeted cancer therapy.

Table 3. Results of cell cycle analysis of HepG2 cells treated with compound 6i.

Compound/Cell Line
DNA Content (%) Cell Cycle Distribution

Index (CDI)%G0-G1 %S %G2/M

Cont. HepG2 52.39 34.77 12.84 0.91

Compound 6i/HepG2 72.13 25.19 2.68 0.39
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cell lines; (B) HepG2 cells treated with compound 6i.

The cell cycle distribution index (CDI) is a metric that quantifies the rate of cell
proliferation, calculated as CDI = (G2/M + S)/(G0 − G1), where the values represent
the percentages of cells in each phase. In this study, the CDI values for the control and
compound 6i-treated HepG2 cells were 0.91 and 0.39, respectively. A decrease in CDI
indicates a reduced rate of cell proliferation, suggesting cell cycle arrest. Compound 6i was
further evaluated for apoptosis analysis in HepG2 cell lines.

2.2.4. Apoptosis Analysis
Annexin-V/Propidium Iodide (PI) Staining Assay

To investigate the mode of cell death induced by the synthesized compound 6i, flow
cytometry analysis was performed. HepG2 cancer cells were treated with compound 6i
at their respective IC50 concentrations and incubated for 24 h. Following the treatment,
the cells were double-stained with Annexin V and propidium iodide (PI) to assess the
levels of apoptosis and necrosis. The data presented in Table 4 reveal a significant decline
in the percentage of viable cells in the compound 6i-treated group (63.93%) compared
with the untreated control group (97.58%). In the early stages of the cell death process,
the percentage of cells undergoing apoptosis was 0.61% in the control group, whereas it
increased to 22.07% in the compound 6i-treated group. Additionally, in the late stages
of apoptosis, the percentage of apoptotic cells rose from 0.21% in the control group to
9.98% in the compound 6i-treated group. These findings suggest that the antiproliferative
effects of compound 6i against HepG2 cancer cells are at least partially mediated through
the induction of apoptosis, particularly during the early stages of the cell death process.
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The flow cytometry data indicate that treatment with compound 6i leads to a substantial
increase in the proportion of HepG2 cells undergoing both early and late stages of apoptosis.
The observed increase in both early and late apoptotic cell populations upon treatment with
compound 6i indicates that this compound may trigger the apoptotic signaling cascades,
leading to programmed cell death. Additionally, the data show a slight increase in the
percentage of necrotic cells from 1.6% in the control group to 4.02% in the compound
6i-treated group, suggesting that the compound may also induce some degree of necrosis
in HepG2 cells. Taken together, these results highlight the pro-apoptotic and potentially
cytotoxic effects of compound 6i on HepG2 cells, which could have important implications
for its further development as a potential anticancer agent. The apoptosis levels in the
control HepG2 cell lines and the cells treated with compound 6i are shown in the graphical
representation provided in Figure 3.

Table 4. Apoptotic cell distributions of HepG2 cells treated with compound 6i.

Sample
Apoptosis

Necrosis
Alive Cell (%) Early Late

Cont. HepG2 97.58 0.61 0.21 1.6
Compound
6i/HepG2 63.93 22.07 9.98 4.02
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Determination of Apoptotic Protein Levels

To further elucidate the mechanism by which compound 6i induces cell death, the
expression levels of key apoptotic proteins were assessed in the HepG2 cell line. As shown
in Table 5, treatment with compound 6i resulted in significant changes in the levels of critical
proteins involved in the apoptotic signaling cascade in HepG2 cells. Specifically, the levels
of the pro-apoptotic proteins caspase-3 and Bax were markedly higher in the compound
6i-treated group compared with the control. Caspase-3 levels were approximately 3.9-fold
higher, while Bax levels were 7.22-fold higher in the treated cells. In contrast, the level
of the anti-apoptotic protein Bcl-2 was 7.5-fold lower in the compound 6i-treated group
compared with the control. These findings strongly suggest that the induction of apoptosis
by compound 6i in HepG2 cells is mediated, at least in part, by the upregulation of the
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pro-apoptotic proteins caspase-3 and Bax, coupled with the downregulation of the anti-
apoptotic protein Bcl-2. The magnitude of the changes observed in the levels of these
key apoptotic regulators upon treatment with compound 6i was comparable to, or even
exceeded, the effects seen with the known apoptosis-inducing agent staurosporine. These
results further substantiate the pro-apoptotic mechanism of action of compound 6i and
highlight its potential as a promising candidate for the development of novel therapies
targeting diseases involving dysregulated cell death, such as cancer. Additional studies
are warranted to elucidate the detailed molecular mechanisms underlying the apoptosis-
inducing effects of compound 6i and to assess its therapeutic potential in relevant in vivo
models.

Table 5. Expression changes in apoptotic protein following treatment with compound 6i.

Kinase Protein
Protein Expression (Pg/mL) (Folds)

Caspase-3 Bax Bcl-2

Control HepG2 99.904 ± 3.88 (1) 71.075 ± 2.762 (1) 15.668 ± 0.53 (1)
6i/HepG2 388.497 ± 15.09 (3.9) 513.731 ± 19.96 (7.22) 2.073 ± 0.07 (0.132)

Saurosporine/HepG2 541.162 ± 21.02 (5.4) 386.743 ± 15.03 (5.44) 3.336 ± 0.11 (0.212)
Protein expression values are the mean ± SD of triplicate measurements.

2.3. In Silico Studies
Molecular Docking

In order to predict the potential binding interactions between compounds 6h and 6i
and the investigated protein kinase enzymes, compound 6h was docked into the active site
of Her2 (PDB: 7PCD) and AURKC (PDB: 6GR8), and 6i was docked into the active side of
EGFR (PDB: 4HJO) and Her2 (PDB: 7PCD), respectively.

Based on the docking data of compound 6h with the HER2 kinase enzyme (PDB:
7PCD), the hydrogen bond network with Lys753, Asp863, and Thr862 through water
molecules stabilized the compound inside the active site of the target enzyme (Figure 4A).
Additionally, binding interactions between the benzylidene benzene moiety of compound
6h and the amino acid residues Leu726 and Leu852 were observed, involving H-π bonds
(Figure 4A). However, when compound 6h was co-crystallized with the AURKC kinase
enzyme (PDB: 6GR8), three hydrogen bonds were formed between the key amino acid
residues and the hydrazide moiety, facilitating the fitting of the compound within the active
site (Figure 4B). Specifically, one hydrogen bond was between the side chain of Lys35 and
the carbonyl group, the second hydrogen bond was between Lys72 and a nitrogen atom,
and the third hydrogen bond was part of a network involving Glu91 and Ala183, mediated
by a water molecule (Figure 4B).

The docking study results of compound 6i with the EGFR (PDB: 4HJO) and the
active site of HER2 kinase enzyme (PDB: 7PCD) are depicted in Figure 5. For the EGFR
kinase enzyme, the benzimidazole moiety of compound 6i formed a hydrogen bonding
network, mediated by water molecules, with side chains of Thr766 and Thr830 (Figure 5A).
Additionally, the nitrogen atom of the imidazole ring participated in a hydrogen bond with
the key amino acid residue Asp831, while another important hydrogen bond was formed
between the backbone of Met769 and the carbonyl oxygen of the compound, facilitating
its fitting within the active site. Furthermore, the presence of a fluorine atom in the meta
position of the benzene ring enhanced its interaction with Lys704 through the formation
of a cation-π bond compared with other derivatives (Figure 5A). For the Her2 active site,
compound 6i made a hydrogen bond network with Lys753, Asp863, and Met501, stabilized
by water molecules inside the active site (Figure 5B). Additionally, binding interactions
between the benzylidene benzene moiety of compound 6i and the amino acid residues
Leu726 and Leu852 were also observed, similar to the interactions seen for compound 6h.
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3. Materials and Methods
3.1. General

All reagents and solvents used in the experiments were of commercial grade and
employed without further purification. Barnstead electrothermal digital melting point ap-
paratus (model IA9100, BIBBY scientific limited, Staffordshire, UK) was used to determine
the melting points. A Jasco FT/IR-6600 spectrometer (Tokyo, Japan) was used for recording
IR data. Bruker 700 MHz NMR spectrometry (Zurich, Switzerland) was used to obtain
the NMR data. Mass spectra were taken using an Agilent 6320 ion trap mass spectrometer
equipped with an ESI ion source (Agilent Technologies, Palo Alto, CA, USA).

3.2. Chemistry
3.2.1. Synthesis of Ethyl 4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)benzoate (3)

Ethyl 4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)benzoate (3) was prepared using a
previously reported method [39]. White powder (65%), mp. 255 ◦C (lit. [39] mp. = 255 ◦C).

3.2.2. Synthesis of 4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)benzohydrazide (4)

Additionally, 4-(((1H-Benzo[d]imidazol-2-yl)methyl)amino)benzohydrazide (4) was
prepared using our previously reported method [39]. White powder (80%), p. 240 ◦C
(lit. [39] mp. = 240 ◦C).
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3.3. General Procedure for the Preparation of (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-
(substitutedbenzylidene)benzohydrazide (6a-l)

An equimolar mixture of hydrazide 4 and halogen-substituted benzaldehyde (5) was
reacted to obtain the desired 1H-benzo[d]imidazole-(halogenated)benzylidenebenzohydrazide
(6a-l) following the reported procedure [39,40,42].

3.3.1. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-benzylidenebenzohydrazide (6a)

White solid (53.43%), mp. 278 ◦C (lit. [39] mp. = 278 ◦C; lit [43] mp. = 246 ◦C), CAS
registry number 76321-88-5.

3.3.2. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(2-bromobenzylidene)
benzohydrazide (6b)

White solid (105 mg, 0.234 mmol, 66%), mp. 284 ◦C. FT-IR (KBr): ν (cm−1) = 3437, 3174,
3135, 3044, 2976, 2829, 1926, 1893, 1649, 1604, 1558, 1522, 1431, 1350, 1294, 1268, 1187,1057,
1014, 832, 761, 739, 689, 647, and 608 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ 1H NMR
(700 MHz, DMSO), δ 12.35 (s, 1H), 11.76 (s, 1H), 8.75 (s, 1H), 7.99 (s, 1H), 7.75 (d, J = 8.3
Hz, 2H), 7.69 (d, J = 8.2 Hz, 1H), 7.58 (s, 1H), 7.46 (t, J = 7.7 Hz, 2H), 7.35 (t, J = 7.6 Hz, 1H),
7.15 (s, 2H), 7.04 (t, J = 6.1 Hz, 1H), 6.74 (d, J = 8.3 Hz, 2H), and 4.59 (d, J = 5.8 Hz, 2H)
ppm. 13C-NMR (176 MHz, DMSO-d6), δ 163.54, 153.45, 152.11, 144.83, 143.78, 134.90, 133.98,
133.68, 131.93, 129.87, 128.62, 127.67, 123.87, 122.38, 121.66, 120.71, 118.98, 111.98, 111.80,
and 41.85 ppm. Mass (ESI): m/z 448 [79(Br)M+H]+, 450 [81(Br)M+H]+.

3.3.3. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(3-bromobenzylidene)
benzohydrazide (6c)

White solid (97 mg, 0.216 mmol, 61%), mp. 278 ◦C. FT-IR (KBr): ν (cm−1) = 3388, 3096,
2963, 2907, 2845, 2790, 1963, 1656, 1606, 1522, 1438, 1255, 1073, 1021, 895, 822, 741,692, 640,
and 478 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ 1H NMR (700 MHz, DMSO), δ 12.35 (s,
1H), 11.62 (s, 1H), 8.35 (s, 1H), 7.89 (s, 1H), 7.73 (d, J = 8.3 Hz, 2H), 7.68 (d, J = 8.0 Hz, 1H),
7.60 (d, J = 8.2 Hz, 1H), 7.57 (s, 1H), 7.45 (s, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.15 (s, 2H), 7.04
(t, J = 6.1 Hz, 1H), 6.73 (d, J = 8.5 Hz, 2H), and 4.58 (d, J = 5.7 Hz, 2H) ppm. 13C-NMR
(176 MHz, DMSO-d6), δ 163.46, 153.35, 151.97, 144.67, 143.67, 137.64, 134.79, 132.65, 131.45,
129.73, 129.29, 126.49, 122.62, 122.27, 121.56, 120.68, 118.87, 111.87, 111.70, and 41.75 ppm.
Mass (ESI): m/z 448 [79(Br)M+H]+, 450 [81(Br)M+H]+.

3.3.4. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(4-bromobenzylidene)
benzohydrazide (6d)

White solid (124 mg, 0.276 mmol, 63%), mp. 287 ◦C (lit. [43] mp. = 230 ◦C), CAS
registry number 76321-87-4. FT-IR (KBr): ν (cm−1) =3389, 3060, 2957, 2906, 2796, 1655, 1610,
1568, 1526, 1487, 1455, 1438, 1357, 1335, 1296, 1276, 1260, 1212, 1190, 1150, 1132, 1068, 1026,
1009, 956, 934, 825, 748, 695, 638, 515, and 503 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ
12.35 (s, 1H), 11.56 (s, 1H), 8.36 (s, 1H), 7.72 (d, J = 8.6 Hz, 2H), 7.64 (s, 4H), 7.58 (s, 1H),
7.45 (s, 1H), 7.15 (s, 2H), 7.03 (s, 1H), 6.73 (d, J = 8.7 Hz, 2H), and 4.58 (d, J = 5.8 Hz, 2H)
ppm. 13C-NMR (176 MHz, DMSO-d6), δ 163.40, 153.37, 151.93, 145.29, 143.68, 134.80, 134.43,
132.27, 129.70, 129.17, 123.31, 122.29, 121.56, 120.79, 118.88, 111.88, 111.71, and 41.76 ppm.
Mass (ESI): m/z 448 [79(Br)M+H]+, 450 [81(Br)M+H]+.

3.3.5. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(2-chlorobenzylidene)
benzohydrazide (6e)

White solid (140 mg, 0.346 mmol, 97%), mp. 289 ◦C. FT-IR (KBr): ν (cm−1) = 1656,
1606, 1522, 1431, 1360, 1330, 1298, 1258, 1187, 1148, 1132, 1050, 1024, 936, 826, 744, 713, 692,
640, and 498 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ 1H NMR (700 MHz, DMSO), δ 12.35
(s, 1H), 11.73 (s, 1H), 8.80 (s, 1H), 8.00 (s, 1H), 7.74 (d, J = 8.8 Hz, 2H), 7.58 (d, J = 7.6 Hz,
1H), 7.52 (d, J = 4.4 Hz, 1H), 7.43 (t, J = 8.4 Hz, 3H), 7.15 (s, 2H), 7.04 (t, J = 6.1 Hz, 1H), 6.74
(d, J = 8.7 Hz, 2H), and 4.58 (d, J = 5.7 Hz, 2H) ppm. 13C-NMR (176 MHz, DMSO-d6), δ
163.39, 158.77, 153.34, 152.01, 143.68, 142.37, 134.79, 133.37, 132.38, 131.57, 130.35, 129.75,
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128.04, 127.18, 122.29, 121.55, 120.60, 118.87, 111.88, 111.70, and 41.74 ppm. Mass (ESI): m/z
404 [35(Cl)M+H]+, 406 [37(Cl)M+H]+.

3.3.6. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(3-chlorobenzylidene)
benzohydrazide (6f)

White solid (136 mg, 0.336 mmol, 94%), mp. 271 ◦C. FT-IR (KBr): ν (cm−1) = 3398,
3057, 3025, 2871, 2836, 1609, 1525, 1473, 1434, 1334, 1281, 1184, 1132, 1024, 920, 822, 739,
696, 621, and 556 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ 1H NMR (700 MHz, DMSO), δ
12.35 (s, 1H), 11.62 (s, 1H), 8.37 (s, 1H), 7.74 (s, 1H), 7.73 (d, J = 8.8 Hz, 2H), 7.65 (s, 1H),
7.58 (d, J = 7.6 Hz, 1H), 7.47 (d, J = 5.2 Hz, 2H), 7.44 (d, J = 7.5 Hz, 1H), 7.18–7.12 (m, 2H),
7.04 (t, J = 5.8 Hz, 1H), 6.74 (d, J = 8.8 Hz, 2H), and 4.58 (d, J = 5.8 Hz, 2H) ppm. 13C-NMR
(176 MHz, DMSO-d6), δ 163.49, 153.35, 151.97, 144.78, 137.41, 134.80, 134.09, 131.17, 129.77,
126.46, 126.06, 122.29, 121.55, 120.70, 118.87, 111.87, 111.70, and 41.76 ppm. Mass (ESI): m/z
404 [35(Cl)M+H]+, 406 [37(Cl)M+H]+.

3.3.7. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(4-chlorobenzylidene)
benzohydrazide (6g)

White solid (100 mg, 0.247 mmol, 69%), mp. 290 ◦C (lit. [43] mp. = 238 ◦C), CAS
registry number 76321-91-0. FT-IR (KBr): ν (cm−1) = 3385, 3057, 2952, 2911, 2787, 2514,
1656, 1606, 1522, 1434, 1334, 1294, 1255, 1210, 1184, 1086, 1026, 934, 822, 741, 637, 504, and
436 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ 12.35 (s, 1H), 11.55 (s, 1H), 8.38 (s, 1H), 7.72
(d, J = 8.5 Hz, 4H), 7.57 (s, 1H), 7.51 (d, J = 8.3 Hz, 2H), 7.44 (s, 1H), 7.14 (s, 2H), 7.02 (t,
J = 5.8 Hz, 1H), 6.73 (d, J = 8.6 Hz, 2H), and 4.58 (d, J = 5.8 Hz, 2H) ppm. 13C-NMR (176
MHz, DMSO-d6), δ 163.38, 153.37, 151.92, 145.20, 143.69, 134.80, 134.54, 134.09, 129.69,
129.36, 128.92, 122.28, 121.55, 120.79, 118.87, 111.87, 111.70, and 41.76 ppm. Mass (ESI): m/z
404 [35(Cl)M+H]+, 406 [37(Cl)M+H]+.

3.3.8. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(2-fluorobenzylidene)
benzohydrazide (6h)

White solid (100 mg, 0.258 mmol, 72%), mp. 289 ◦C. FT-IR (KBr): ν (cm−1) = 3388,
3096, 2963, 2907, 2845, 2790, 1963, 1655, 1606, 1521, 1437, 1255, 1073, 1021, 894, 822, 741, 692,
640, and 478 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ 12.35 (s, 1H), 11.62 (s, 1H), 8.64 (s,
1H), 7.92 (s, 1H), 7.73 (d, J = 8.7 Hz, 2H), 7.58 (d, J = 8.0 Hz, 1H), 7.47 (d, J = 6.1 Hz, 1H),
7.45 (d, J = 7.6 Hz, 1H), 7.29 (t, J = 8.5 Hz, 2H), 7.15 (s, 2H), 7.04 (s, 1H), 6.74 (d, J = 8.7 Hz,
2H), and 4.58 (d, J = 5.8 Hz, 2H) ppm. 13C-NMR (176 MHz, DMSO-d6), δ 163.37, 160.61
(1JC-F = 250 Hz), 153.36, 151.97, 143.67, 139.15, 134.79, 132.03 (3JC-F = 8.4 Hz), 129.71, 126.63
(4JC-F = 2.8 Hz), 125.37 (3JC-F = 3Hz), 122.66 (2JC-F = 9.8 Hz), 122.30, 121.56, 120.66, 118.88,
116.43 (2JC-F = 20.8 Hz), 111.90, 111.70, and 41.74 ppm. Mass (ESI): m/z 388 [(18F)M+H]+;
389 [(19F)M+H]+.

3.3.9. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(3-fluorobenzylidene)
benzohydrazide (6i)

Beige solid (151 mg, 0.309 mmol, 87%), mp. 278 ◦C. FT-IR (KBr): ν (cm−1) =3464, 3405,
3206, 3066, 2924, 2843, 1613, 1525, 1443, 1353, 1294, 1265, 1187, 1021, 936, 898, 872, 826,
758, 735, 683, and 521 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ 12.35 (s, 1H), 11.60 (s, 1H),
8.39 (s, 1H), 7.73 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 4.4 Hz, 1H), 7.52 (s, 1H), 7.49 (d, J = 7.6
Hz, 2H), 7.44 (d, J = 8.0 Hz, 1H), 7.25 (t, J = 8.6 Hz, 1H), 7.15 (s, 2H), 7.03 (s, 1H), 6.73 (d,
J = 8.3 Hz, 2H), and 4.58 (d, J = 5.6 Hz, 2H) ppm. 13C-NMR (176 MHz, DMSO-d6), δ 163.49,
162.69 (1JC-F = 245 Hz), 153.36, 151.95, 145.13, 143.67, 137.76 (3JC-F = 7.8Hz), 134.79, 131.34
(3JC-F = 8.5 Hz), 129.72, 123.67, 122.29, 121.55, 120.72, 118.87, 116.88 (2JC-F = 21 Hz), 113.20
(2JC-F = 22 Hz), 111.87, 111.70, and 41.75 ppm. Mass (ESI): m/z 388 [(18F)M+H]+; 389
[(19F)M+H]+.

64



Pharmaceuticals 2024, 17, 839

3.3.10. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(4-fluorobenzylidene)
benzohydrazide (6j)

White solid (70 mg, 0.180 mmol, 53%), mp. 291 ◦C. FT-IR (KBr): ν (cm−1) =3392,
2956, 2898, 2790, 2693, 1649,1604, 1502, 1438, 1298, 1187, 1145, 832, 751, 696, and 514 cm−1.
1H-NMR (700 MHz, DMSO-d6), δ 12.34 (s, 1H), 11.49 (s, 1H), 8.38 (s, 1H), 7.75 (s, 2H), 7.71
(d, J = 8.6 Hz, 2H), 7.55 (s, 1H), 7.46 (s, 1H), 7.28 (t, J = 8.7 Hz, 2H), 7.15 (s, 2H), 7.01 (t,
J = 6.0 Hz, 1H), 6.73 (d, J = 8.6 Hz, 2H), and 4.57 (d, J = 5.8 Hz, 2H) ppm. 13C-NMR (176
MHz, DMSO-d6), δ 13C NMR (176 MHz, DMSO), δ 163.37, 163.35 (1JC-F = 247 Hz), 153.38,
151.87, 145.44, 131.75, 129.62, 129.42 (1JC-F = 8.5 Hz), 122.24, 121.58, 120.89, 118.87, 116.31
(2JC-F = 22 Hz), 111.87, 111.68, and 41.76 ppm. Mass (ESI): m/z 388 [(18F)M+H]+; 389
[(19F)M+H]+.

3.3.11. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(2,4-dichlorobenzylidene)
benzohydrazide (6k)

White solid (134 mg, 0.305 mmol, 86%), mp. 294 ◦C. FT-IR (KBr): ν (cm−1) = 3385, 3096,
2956, 2790, 1656, 1604, 1522l, 1441, 1330, 1298, 1258, 1184, 1044, 970, 822, 739, 692, 637, and
514 cm−1. 1H-NMR (700 MHz, DMSO-d6), δ 1H NMR (700 MHz, DMSO), δ 12.35 (s, 1H),
11.78 (s, 1H), 8.75 (s, 1H), 7.99 (s, 1H), 7.74 (d, J = 8.7 Hz, 2H), 7.71 (s, 1H), 7.57 (s, 1H), 7.51 (d,
J = 8.8 Hz, 1H), 7.45 (s, 1H), 7.15 (s, 2H), 7.06 (t, J = 5.8 Hz, 1H), 6.74 (d, J = 8.7 Hz, 2H),
and 4.59 (d, J = 5.7 Hz, 2H) ppm. 13C-NMR (176 MHz, DMSO-d6), δ 163.47, 153.42, 152.17,
143.77, 141.38, 135.20, 134.88, 134.11, 131.62, 129.89, 128.55, 128.46, 122.36, 121.68, 120.58,
118.99, 111.99, 111.80, and 41.83 ppm. Mass (ESI): m/z 438 [35(Cl)M+H]+, 440 [37(Cl)M+H]+.

3.3.12. (E)-4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-(2,5-difluorobenzylidene)
benzohydrazide (6l)

Cream solid (110 mg, 0.271 mmol, 84%), mp. 160 ◦C. FT-IR (KBr): ν (cm−1) =3444,
3206, 3139, 2963, 2826, 1642, 1606, 1519, 1486, 1428, 1353, 1298, 1184, 1090, 1060, 1014, 940,
898, 836, 813, 739, and 481 cm−1. 1H-NMR (700 MHz, DMSO-d6) δ 1H NMR (700 MHz,
DMSO) δ 12.36 (s, 1H), 11.72 (s, 1H), 8.59 (s, 1H), 7.73 (d, J = 8.5 Hz, 2H), 7.63–7.59 (m,
1H), 7.51 (dt, J = 9.8, 4.8 Hz, 2H), 7.39–7.36 (m, 1H), 7.32 (dt, J = 8.8, 4.3 Hz, 1H), 7.15 (dt,
J = 7.5, 3.7 Hz, 2H), 7.06 (t, J = 5.7 Hz, 1H), 6.74 (d, J = 8.4 Hz, 2H), and 4.58 (d, J = 5.7 Hz, 2H)
ppm. 13C-NMR (176 MHz, DMSO-d6), δ 164.49, 158.00 (dd, 1JC-F = 277, 243 Hz), 157 (ddd,
1JC-F = 245, 50, 2.4Hz), 153.32, 152.07, 138.07, 129.77, 124.35 (dd, 1JC-F = 12.1, 7.8 Hz), 121.94,
121.75 (dd, 1JC-F = 24, 9 Hz), 120.45, 119.34 (dd, 1JC-F = 26, 8.4 Hz), 118.53 (dd, 1JC-F = 24.6,
9 Hz), 118.34 (dd, 1JC-F = 24, 8.4 Hz), 118.20, 118.05, 112.04, 112.03, 111.90, 111.88, and 41.72
ppm. Mass (ESI): m/z 406 [(18F)M+H]+; 407 [(19F)M+H]+.

3.4. Biological Evaluation
3.4.1. In Vitro Cytotoxicity Assay

The cytotoxic potential of compounds 6a-l was evaluated against a panel of cancer cell
lines, including HCT-116, HepG2, and MCF-7, as well as a normal cell line, WI-38, using
the reported methodology [44]. The cell lines utilized in this study were obtained from the
American Type Culture Collection (ATCC) through the Holding Company for Biological
Products and Vaccines (VACSERA) in Cairo, Egypt. These included: 1. A human colon
cancer cell line (HCT-116); 2. Hepatocellular carcinoma (HepG2)—a liver cancer cell line;
3. Mammary gland breast cancer (MCF-7); and 4. A human lung fibroblast (WI-38)—a
normal cell line.

3.4.2. In Vitro Enzyme Inhibitory Assays

The enzyme inhibitory activities of compounds 6c and 6h-j against EGFR, HER2,
VEGFR2, CDK2, AURKC, HDAC1, and mTOR enzymes were assessed using recently
reported methods [44].
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3.4.3. Cell Cycle Analysis

Cell cycle distribution was evaluated using ab139418 Propidium Iodide (PI) flow
cytometry kit/BD following a previously reported method [44,45] for the most potent
compound 6i.

3.4.4. Annexin-V/Propidium Iodide (PI) Double Staining Assay

The apoptosis effect of compound 6i was studied using a previously reported
method [44,45].

3.4.5. Determination of Apoptotic Protein Levels

Apoptotic protein levels for compound 6i were determined using an ELISA technique
for caspase-3, BAX, and Bcl-2, applying a previously reported method [44,46,47].

3.5. In Silico Molecular Docking Studies

Molecular docking analysis of compounds 6h and 6i were conducted using the active
sites of EGFR (PDB: 4HJO), Her2 (PDB: 7PCD), and AURKC (PDB: 6GR8) kinase enzymes.
For docking studies, MOE 2020 software programs were employed.

4. Conclusions

The findings of this study highlight the significant potential of the novel class of halo-
genated compounds with the structural motif “(E)-4-(((1H-Benzo[d]imidazol-2-yl)methyl)amino)-
N′-(halogenated)benzohydrazide (6a-l)” as promising candidates for the development of highly
potent and effective targeted kinase inhibitors (TKIs). The in vitro evaluation of this compound
series demonstrated excellent cytotoxic effects against a panel of diverse cancer cell lines, with
select analogs, such as 6c and 6h-j, exhibiting remarkably low IC50 values in the range of
7.82 to 21.48 µM. Of particular note, compounds 6h and 6i emerged as the most potent in-
hibitors, displaying significant inhibitory activity against critical oncogenic kinases, including
EGFR, HER2, CDK2, AURKC, and mTOR. The in-depth mechanistic investigation of lead
compound 6i uncovered its remarkable capability to induce cell cycle arrest and programmed
cell death (apoptosis) within HepG2 liver cancer cells. This was accompanied by a notable
upregulation of pro-apoptotic proteins caspase-3 and Bax, coupled with a downregulation
of the anti-apoptotic protein Bcl-2. Furthermore, computational molecular docking analyses
suggested favorable binding interactions between compounds 6h and 6i and the relevant
target enzymes. These findings collectively underscore the immense potential of this class
of halogenated-1H-benzo[d]imidazol-2-yl)methyl)amino)-N′-benzohydrazide compounds as
a promising avenue for the development of next-generation multi-targeted kinase inhibitors
with enhanced potency and therapeutic efficacy. The ability of these compounds to modulate
multiple oncogenic signaling pathways simultaneously presents a compelling opportunity to
address the inherent complexity and adaptability of cancer cells, potentially overcoming the
limitations associated with single-target kinase inhibitors. Moving forward, further optimization
of the lead compounds, including structural modifications, in-depth mechanistic studies, and
rigorous in vivo evaluations, will be crucial to fully elucidate the therapeutic potential of this
compound class. Successful translation of these findings into clinical settings could pave the
way for the development of innovative treatment strategies, ultimately benefiting patients with
a wide range of cancers and other diseases characterized by deregulated kinase signaling.
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Abstract: Lipophilicity is one of the principal parameters that describe the pharmacokinetic behavior
of a drug, including its absorption, distribution, metabolism, elimination, and toxicity. In this study,
the lipophilicity and other physicochemical, pharmacokinetic, and toxicity properties that affect
the bioavailability of newly synthesized dialkylaminoalkyldiquinothiazine hybrids as potential
drug candidates are presented. The lipophilicity, as RM0, was determined experimentally by the
RP-TLC method using RP18 plates and acetone–TRIS buffer (pH 7.4) as the mobile phase. The
chromatographic parameters of lipophilicity were compared to computationally calculated partition
coefficients obtained by various types of programs such as iLOGP, XLOGP3, WLOGP, MLOGP,
SILCOS-IT, LogP, logP, and milogP. In addition, the selected ADMET parameters were determined in
silico using the SwissADME and pkCSM platforms and correlated with the experimental lipophilicity
descriptors. The results of the lipophilicity study confirm that the applied algorithms can be useful
for the rapid prediction of logP values during the first stage of study of the examined drug candidates.
Of all the algorithms used, the biggest similarity to the chromatographic value (RM0) for certain
compounds was seen with iLogP. It was found that both the SwissADME and pkCSM web tools are
good sources of a wide range of ADMET parameters that describe the pharmacokinetic profiles of the
studied compounds and can be fast and low-cost tools in the evaluation of examined drug candidates
during the early stages of the development process.

Keywords: lipophilicity; diquinothiazines; ADME; chromatography; phenothiazines; anticancer agents

1. Introduction

Heterocyclic compounds are some of the best-known and most important structural
components of drugs. Of these, nitrogen-containing heterocycles are particularly important.
As the FDA (Food and Drug Administration) data show, 59% of all unique small-molecule
drugs contain a nitrogen atom, and it should also be noted that 4 of the 10 most commonly
used nitrogen heterocycles also contain a sulfur atom [1]. Phenothiazine is considered to
be the third most commonly used six-membered nonaromatic nitrogen heterocycle and
is present in 16 unique small-molecule drugs with various effects ranging from antihis-
taminic, sedative, and antipsychotic effects to anti-neurodegenerative (i.e., Parkinson’s and
Alzheimer’s diseases) effects [1,2].

Classical phenothiazines, mainly used as neuroleptics, are substituted at position 10
with dialkylaminoalkyl groups and additionally at position 2 with small groups. These
substances have significant neuroleptic, antiemetic, antihistaminic, antipruritic, analgesic,
and anthelmintic effects. Continuing research in new directions on the activity of neurolep-
tic phenothiazines and on the modification of their structures provides information on their
anticancer, antiviral (including anti-SARS-CoV-2), antibacterial, and anti-inflammatory
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activities, and the reversal of multidrug resistance. These substances have antioxidant and
antihyperlipidemic effects [3–10].

The lipophilicity of medicinal substances has a significant impact on their ADMET
parameters (absorption, distribution, metabolism, excretion, toxicity), which refer to ab-
sorption, distribution, metabolism, elimination, and toxicity.

The assessment and consideration of the lipophilicity of medicinal substances are
important during drug design, as it can have a significant impact on their pharmacokinetic
properties and toxicity [11]. Medicinal substances with moderate lipophilicity tend to be
better absorbed through cell membranes, which can affect their rate and absorption effi-
ciency from the gastrointestinal tract or through the skin. Lipophilic substances can more
easily penetrate cell membranes and migrate to lipid-rich tissues, which can affect their
distribution in the body. Substances with increased lipophilicity may be more susceptible to
metabolism in the liver through oxidation, reduction, and conjugation reactions. The impact
of lipophilicity on metabolism can have consequences for pharmacological activity and tox-
icity. The lipophilicity of drugs can influence their excretion, as substances with increased
lipophilicity can be stored in fatty tissues and exhibit a prolonged presence in the body. The
lipophilicity of drugs may be related to their toxicity, as this can affect their accumulation in
tissues and interactions with receptors and proteins in the body [12–17]. Therefore, to better
understand the behavior of biologically active compounds, including new drug candidates,
their lipophilic properties should be assessed. Theoretical and experimental methods are
commonly used to describe the lipophilicity of compounds. Calculation methods are used
to estimate the lipophilicity parameter quantified as P (partition coefficient) or its decimal
logarithm (logP). The extensive development of chemoinformatics has an influence on
the number of programs available for the online prediction (in silico) of this important
parameter and other ADMET properties, and such platforms include ADMETlab, pkCSM
platform, SwissADME, and MetaTox [18]. Calculation approaches are useful to rapidly
predict logP values, especially during the early stages of drug development; thus, next,
these values should be complemented with experimental data.

Among the experimental techniques, the classic shake-flask method and liquid chro-
matography play an important role in determining lipophilicity. The lipophilicity chro-
matographic parameters (RM0) that are obtained by RP-TLC (reversed-phase thin-layer
chromatography) and logk0 and assessed by reversed-phase high-performance liquid
chromatography (RP-HPLC) are commonly used to assess the lipophilic nature of com-
pounds [19]. The standard shake-flask procedure recommended by the Organization for
Economic Co-operation and Development involves the direct measurement of the partition
coefficient [20]. It allows for the accurate measurement of the logP values in the range of−2
to 4 but requires relatively large amounts of pure compounds compared to other methods.
The main disadvantage of this method is that it is time-consuming and requires the control
of many parameters affecting the equilibrium state of the tested system, usually lasting
from 1 h to 24 h [21]. Therefore, currently, most lipophilicity tests are conducted by means
of chromatographic techniques. Chromatographic approaches in reversed-phase systems
(RP-TLC and RP-HPLC) are the most widely used indirect methods to experimentally
determine lipophilicity. Both of these chromatographic methods need a smaller amount
of sample and a relatively shorter time for analysis compared to the classical shake-flask
method. The obtained results are repeatable, and the accuracy of the partition coefficient
values can be within ±1 unit in relation to the shake-flask value [22].

A comprehensive review of chromatographic procedures dedicated to the deter-
mination of the lipophilicity parameters of different drug substances as an essential
tool in medicinal chemistry was performed by Soares and co-workers [23]. Taking into
account the importance of lipophilicity parameters as key factors in drug chemistry,
namely in the design of new drugs, the aim of this study was to assess the lipophilicity
of a newly synthesized group of diquinothiazines by means of both the RP-TLC and
calculation methods.
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All diquinothiazines that were the subject of this study were tested early for their
antiproliferative activity using cultured glioblastoma SNB-19, colorectal carcinoma Caco-2,
breast cancer MDA-MB-231, and lung cancer A549 cell lines and NHDF normal fibrob-
lasts [24]. They can therefore be considered as bioactive compounds. Most of the com-
pounds were very active against at least one cancer cell line, with an IC50 value < 3 µM
being more active than cisplatin. The most tested diquinothiazines showed higher activity
against the A549 lung cancer cell line. Compounds 1–3, 5–8, and 11–14 were very active
against all cancer cells. As was stated, the most active were the dimethylaminopropy-
ldiquinothiazine 2 against the A549 cell line and the pyrrolidinylethyldiquinothiazine 8
against the SNB-19 cell line, with an IC50 value of 0.3 µM. The mechanism of the antiprolif-
erative effect was examined using the RT-QPCR method. It caused a significant reduction
in CDKN1A expression in the MDA-MB-231, A549, and SNB-19 tumor lines. Compound 8
markedly reduced the expression of BCL-2 in A549 and SNB-19 and the expression of BAX
in cancer cell lines [24].

In another study, the diquinothiazine 2 demonstrated significant in vitro anticancer
activity against the human lung carcinoma A549 and non-small lung carcinoma H1299 lines
and protective potential for the healthy cell lines BEAS-2B and NHDF. Using the 72 h MTT,
strong cytotoxic activity was observed in the viability test (Promega). The weak lethal effect
observed in NHDF or BEAS-2B cells at IC50 doses against A549 or H1299 cells confirms
promising cancer selectivity. The cell cycle revealed that substance 2 activated the necrosis
phase [25].

Continuing from our previous studies, the purpose of this work was to determine
the lipophilicity parameters of fifteen newly developed anticancer, angularly condensed
diquinothiazines, 1–15, with pharmacophore dialkylaminoalkyl substituents using com-
bined computational and chromatographic approaches as logPcalcd, RM0, and logPTLC
(Figure 1). The full spectral characteristics of these compounds and their synthesis have
been well described previously [24]. The current work aimed to discuss the influence of the
nature of the substituents and the method of condensation of rings in a five-ring molecule
system on the value of lipophilicity indices, determined by both calculation and RP-TLC
methods, as well as on other drug-likeness and ADME properties predicted by in silico
studies that are key for describing the pharmacokinetic behavior of these drugs.

The usefulness of the RP-TLC technique as well as logP predictions using different
computational software for the design of promising drug candidates belonging to the stud-
ied diquinothiazines with pharmacophore dialkylaminoalkyl substituents was evaluated.
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Figure 1. Structures of angularly condensed N-dialkyloaminoalkylodiquinothiazines 1–15.

2. Results
2.1. Lipophilicity Studies

Both the computational and chromatographic values of the lipophilicity parameters
logPcalcd, RM0, and logPTLC were determined for fifteen 7- and 14-substituted angularly
condensed diquinothiazines with pharmacophore dialkylaminoalkyl substituents on the
thiazine nitrogen atom. The tested diquinothiazines were divided into three groups,
differing in the way the quinoline rings are connected to the 1,4-thiazine ring: 7-substituted
diquino[3,2-b;3′,4′-e]thiazines, 1–5; 7-substituted diquino[3,2-b;6′,5′-e]thiazines, 6–10; and
14-substituted diquino[3,2-b;8′,7′-e]thiazines, 11–15 (Figure 1).

Firstly, the computational method was chosen to determine the lipophilicity parame-
ters of the studied compounds. For this purpose, popular computational programs were
used based on various mathematical algorithms available on the following platforms:
SwissADME [26], pkCSM [27], Molinspiration [28], and the ChemDraw Ultra program [29].

The calculated logP values (logPcalcd) for the angularly fused diquinothiazines 1–15
are shown in Table 1 and differed depending on the substituents on the thiazine nitrogen
atom, the shape of the five-ring diquinothiazine system, and on the calculation program.
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Table 1. The computed lipophilicity parameters (logPcalcd) for diquinothiazines 1–15 using the following
Internet databases: SwissADME [26], pkCSM a [27], Molinspiration b [28], and ChemDraw c [29].

No. of
Compound iLOGP XLOGP3 WLOGP MLOGP SILICOS-IT LogP a milogP b logP c logPaverage

1 4.21 5.39 5.35 4.24 4.66 5.73 5.61 5.17 5.05 (±0.60)
2 3.98 5.01 4.96 4.03 4.27 5.34 5.13 4.60 4.67 (±0.52)
3 4.09 5.14 4.72 4.24 4.51 5.48 5.26 4.81 4.91 (±0.61)
4 4.17 5.50 5.11 4.45 4.74 5.87 5.77 5.22 5.10 (±0.61)
5 4.28 5.93 5.50 4.65 4.84 6.26 6.03 5.31 5.35 (±0.71)
6 4.08 5.39 5.35 4.24 4.66 5.73 5.44 5.17 5.01 (±0.61)
7 3.83 5.01 4.96 4.03 4.27 5.34 4.96 4.60 4.63 (±0.53)
8 4.06 5.14 4.72 4.24 4.51 5.48 5.09 4.81 4.76 (±0.48)
9 4.01 5.50 5.11 4.45 4.74 5.87 5.60 5.22 5.06 (±0.63)

10 4.28 5.93 5.50 4.65 4.84 6.26 5.86 5.31 5.33 (±0.69)
11 3.99 5.39 5.35 4.24 4.66 5.73 5.14 5.17 4.96 (±0.60)
12 3.67 5.01 4.96 4.03 4.27 5.34 4.66 4.60 4.57 (±0.55)
13 4.12 5.14 4.72 4.24 4.51 5.48 4.79 4.81 4.73 (±0.45)
14 3.77 5.50 5.11 4.45 4.74 5.87 5.30 5.22 5.00 (±0.66)
15 3.97 5.93 5.50 4.65 4.84 6.26 5.55 5.31 5.25 (±0.74)

The next step of our study focused on determining the more reliable lipophilicity
parameters of the tested compounds. In order to obtain the relative lipophilicity, expressed
as RM0, the chromatographic behavior of the fifteen tested diquinothiazines, 1–15, was
investigated under proper RP-TLC conditions. RP-18 plates were used as the stationary
phase, while organic modifiers containing acetone were used as the mobile phase. The
linear relationship between RM0 and acetone concentration was determined on the basis of
Equation (2) (Table 2). In addition to this, thanks to the relationship observed between RM0
and the slope of these linear plots (b), the lipophilicity parameter C0 was also determined
(Table 2).

Table 2. Data for linear correlation (RM = RM0 + bC) for compounds 1–15.

No. of Compound RM0 b r C0

1 3.45 −4.77 0.9932 0.7233
2 3.01 −4.09 0.9961 0.7359
3 3.05 −4.23 0.9916 0.7210
4 3.48 −4.89 0.9953 0.7117
5 3.64 −5.14 0.9980 0.7082
6 3.68 −4.85 0.9951 0.7588
7 3.31 −4.34 0.9938 0.7627
8 3.48 −4.60 0.9941 0.7565
9 3.69 −4.88 0.9962 0.7562
10 3.83 −5.04 0.9962 0.7599
11 3.60 −4.75 0.9927 0.7579
12 3.17 −4.25 0.9935 0.7458
13 3.23 −4.21 0.9907 0.7672
14 3.61 −4.69 0.9952 0.7697
15 3.82 −5.01 0.9942 0.7625

Then, the relative lipophilicity parameter RM0 was converted to an absolute value
lipophilicity parameter, logPTLC, using a calibration curve determined under the same
measurement conditions for a set of standards, I–V, with the literature values of logPlit in
the range of 1.21–6.38 (Table 3). The obtained values of the RM0 coefficient of the tested
compounds were in the range of 3.01–3.83. The correlation between the logPlit values and
the experimental RM0 values for standards I–V gave the following calibration equation:

log PTLC = 1.2838 RM0 + 0.2138
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(r = 0.9967; s = 0.1920; F = 459.32; p < 0.001)

Table 3. The RM0 and logPlit values and b (slope) and r (correlation coefficient) values of the equation
RM = RM0+ bC for standards I–V.

Lipophilicity
Parameters

Standards

I II III IV V

logPlit 1.21 [30] 1.87 [31] 3.18 [31] 4.45 [31] 6.38 [32]
RM0 0.78 1.16 2.51 3.33 4.69
-b 0.0162 0.0247 0.0328 0.0412 0.0564
r 0.9923 0.9937 0.9971 0.9982 0.9977

logPTLC 1.21 1.70 3.43 4.49 6.24

The standard curve equation was used to obtain the logPTLC parameter for compounds
1–15, and the results are presented in Table 4.

Table 4. The experimental lipophilicity parameters (logPTLC values) for compounds 1–15.

No. of Compound logPTLC No. of Compound logPTLC No. of Compound logPTLC

1 4.64 6 4.94 11 4.84
2 4.08 7 4.46 12 4.28
3 4.13 8 4.68 13 4.36
4 4.68 9 4.95 14 4.85
5 4.89 10 5.13 15 5.12

2.2. Molecular Descriptors

For all tested compounds, 1–15, selected molecular descriptors such as molar mass (M),
molar volume (VM), molar refraction (RefM), and surface area were calculated to check how
they correlate with the experimentally determined lipophilicity parameter RM0 (Table 5).

Table 5. The molecular descriptors for compounds 1–15.

No. of
Compound

Molar Mass (M)
[g/mol]

Molar Volume (VM)
[cm3]

Molar Refractivity
(RefM) [cm3/mol] Surface Area [Å]

1 400.55 322.1 121.077 175.12
2 386.52 305.6 116.446 168.75
3 398.54 304.6 119.121 174.11
4 412.56 322.4 123.722 180.48
5 426.59 342.3 128.258 186.84
6 400.55 322.1 121.077 175.12
7 386.52 305.6 116.446 168.75
8 398.54 304.6 119.121 174.11
9 412.56 322.4 123.722 180.48
10 426.59 342.3 128.258 186.84
11 400.55 322.1 121.077 175.12
12 386.52 305.6 116.446 168.75
13 398.54 304.6 119.121 174.11
14 412.56 322.4 123.722 180.48
15 426.59 342.3 128.258 186.84
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2.3. In Silico ADME Prediction

Physicochemical parameters used to predict drug-like properties, i.e., Lipinski’s rule
of five and the Ghose, Veber, Egan, and Muegge rules, were also calculated (Table 6).

Table 6. The drug-likeness and ADME properties predicted by in silico studies using SwissADME.

Predicted Parameter
Compound No.

1, 6, 11 2, 7, 12 3, 8, 13 4, 9, 14 5, 10, 15

Physicochemical Properties

Num. heavy atoms 29 28 29 30 31
Num. arom. heavy atoms 20 20 20 20 20
Hydrogen bond acceptors 3 3 3 3 3

Hydrogen bond donors 0 0 0 0 0
Number of rotatable bonds 5 4 3 3 3
Topological polar surface

area [Å2] 57.56 57.56 57.56 57.56 57.56

Drug-Likeness Prediction

Rule of Lipinski + + + + +
Rule of Ghose + + + −(MR>130) −(MR>130)
Rule of Veber + + + + +
Rule of Egan + + + + +

Rule of Muegge −(XLOGP3>5) −(XLOGP3>5) −(XLOGP3>5) −(XLOGP3>5) −(XLOGP3>5)

Bioavailability

Bioactivity score 0.55 0.55 0.55 0.55 0.55

ADME parameters were obtained using the pkCSM and PreADMET servers (Tables 7–9).
As shown in Tables 7–9, the compounds studied showed significant differences in the
molecular descriptors as well as in their ADME parameters.

Table 7. The absorption descriptors for compounds 1–15.

No. of Compound Water Solubility
[log mol/L]

Caco-2 Permeability
[log Papp in 10−6

cm/s]

Intestinal Absorption
[% Absorbed]

Skin Permeability [log
Kp]

1 −5.871 1.003 92.241 −2.697
2 −5.783 1.028 92.931 −2.701
3 −4.551 1.145 92.725 −2.733
4 −4.660 1.143 92.337 −2.733
5 −5.820 1.021 92.309 −2.711
6 −5.793 1.032 95.220 −2.694
7 −5.737 1.057 96.401 −2.700
8 −4.517 1.226 94.349 −2.723
9 −4.652 1.224 93.960 −2.723
10 −5.829 1.049 95.779 −2.712
11 −5.373 1.043 95.329 −2.691
12 −5.263 1.068 96.510 −2.697
13 −3.965 1.211 93.469 −2.744
14 −4.061 1.209 93.080 −2.743
15 −5.329 1.060 95.888 −2.709
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Table 8. The distribution descriptors for compounds 1–15.

No. of
Compound

VDss
[log L/kg]

Unbound Fraction
[Fu]

BBB Permeability
[log BB]

CNS Permeability
[log PS]

1 0.986 0.259 0.478 −1.464
2 0.864 0.253 0.483 −1.402
3 0.868 0.193 0.424 −1.394
4 0.923 0.189 0.437 −1.381
5 1.041 0.255 0.535 −1.422
6 1.178 0.268 0.537 −1.493
7 1.062 0.262 0.484 −1.478
8 1.269 0.206 0.559 −1.318
9 1.328 0.200 0.572 −1.304
10 1.244 0.257 0.536 −1.498
11 1.332 0.267 0.387 −1.475
12 1.200 0.261 0.357 −1.483
13 1.170 0.200 0.425 −1.370
14 1.222 0.196 0.438 −1.356
15 1.368 0.262 0.410 −1.503

Table 9. The excretion and toxicity for compounds 1–15.

No. of
Compound

Total Clearance
[log ml/min/kg]

Max. Tolerated
Dose

[log mg/kg/day]

Oral Rat Acute
Toxicity
[mol/kg]

Oral Rat
Chronic
Toxicity

[log mg/kg
bw/day]

Tetrahymena pyri-
formis Toxicity

[log µg/L]

Minnow
Toxicity

[log mM]

1 0.672 0.672 2.277 0.449 0.299 1.983
2 0.526 0.647 2.272 0.490 0.300 1.944
3 0.824 0.537 2.734 0.827 0.291 −0.279
4 0.779 0.550 2.756 0.848 0.291 −0.396
5 0.599 0.568 2.363 0.542 0.291 1.736
6 0.714 0.293 2.361 0.773 0.327 0.423
7 0.584 0.258 2.312 0.807 0.331 0.597
8 0.832 0.211 3.157 1.074 0.300 −0.872
9 0.787 0.228 3.184 1.096 0.299 −0.989

10 0.657 0.188 2.413 0.606 0.304 0.389
11 0.707 0.594 2.513 0.590 0.299 0.542
12 0.562 0.557 2.485 0.610 0.300 0.460
13 0.826 0.543 2.949 1.020 0.292 −0.848
14 0.781 0.557 2.972 1.041 0.291 −0.965
15 0.634 0.483 2.588 0.663 0.291 0.252

2.3.1. Absorption

The potential absorption of 15 tested angularly condensed diquinothiazines, 1–15, was
evaluated using the parameters of water solubility, Caco-2 cell permeability (human colon
adenoma cells), absorption in the human intestine, and skin permeability, obtained using
the pkCSM platform. The obtained results are summarized in Table 7. Water solubility was
measured using the logS parameter (S—solubility, expressed in mol/L). When it comes
to the absorption of administered drugs, the most frequently used method to determine
this parameter is to test the permeability of potential drugs through a monolayer of Caco-2
cells. This is due to the similarity in structure and function of Caco-2 cells to the human
intestinal epithelium. Since the main site of absorption of an orally administered drug
is usually the intestine, it is important to determine the amount of the compound that is
absorbed here. This method predicts the percentage of the compound that was absorbed.
The skin permeability parameter is also significant for the effectiveness of some products.
This parameter is expressed as logKp, and a compound is considered to have relatively low
skin permeability if logKp > −2.5 [33,34].
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2.3.2. Distribution

The potential distribution of the tested diquinothiazines 1–15 was assessed using the
parameters of VDss, fraction unbound, BBB permeability, and CNS permeability, obtained
using the pkCSM platform. The results obtained are summarized in Table 8. The volume of
distribution (VDss) provides an indication of the distribution of the drug in the body and is
a pharmacokinetic parameter representing the volume into which the dose of drug would
have to be distributed to give rise to the same concentration observed in the blood plasma.
A low VDss indicates high water solubility or high plasma protein binding because more of
the drug remains in the plasma; a high VDss suggests significant concentration in tissues,
for example, due to tissue binding or high lipid solubility [35,36]. According to the model
used in the pkCMS software, VDss is considered low if log VDss < −0.15 and high if log
VDss > 0.45.

Fu (unbound fraction) is also an important pharmacokinetic parameter because it
affects various factors of drug effectiveness and side effects (including glomerular filtration
in the kidneys, total clearance, and hepatic metabolism). Therefore, it is important to
accurately predict Fu during drug development. Unbound drugs in plasma may exhibit
pharmacological activity by interacting with targets such as proteins, enzymes, receptors,
and channels; hence, the plasma unbound fraction (Fu) of a drug is an important factor in
determining drug efficacy [37].

When considering a substance as a drug candidate, it is also important to determine
the extent to which it will cross the blood–brain barrier. This parameter is measured in vivo
as logBB, the logarithmic ratio of brain to plasma drug concentrations. According to the
computational model used in pkCSM, if the value of the logBB parameter is greater than
0.3, the substance crosses the blood–brain barrier, while if logBB is lower than −1, the
substance is distributed to the brain to a small extent [38].

2.3.3. Excretion and Toxicity

The potential excretion and toxicity of the tested diquinothiazines 1–15 were evaluated
using the parameters of total clearance, maximum tolerated dose, acute oral toxicity of
rats, Tetrahymena pyriformis toxicity, and minnow toxicity, obtained using the pkCSM
platform. The results obtained are summarized in Table 9. The expected total clearance,
expressed as log (ml/min/kg), is the volume of plasma completely cleared of the drug
per unit of time by the organ eliminating the drug from the body. Knowledge of this
parameter is necessary to determine the maintenance dose of the drug [39]. The maximum
recommended tolerated dose (MRTD) allows us to initially determine the toxic dose of
a chemical substance to humans. The model used in pkCSM was developed using 1222
experimental data points from human clinical trials. The obtained results of the MRTD
parameter values are given as log (mg/kg/day). Calculating this parameter is helpful in
determining the maximum recommended starting dose for drugs under investigation. If
the calculated value is less than or equal to 0.477 log (mg/kg/day), it is considered low, and
if it is higher, it is considered high. A model based on Tetrahymena pyriformis, a protozoal
bacterium whose toxicity is often considered a toxic endpoint, was used to determine in
silico toxicity in the pkCSM program. This method was built using the concentrations of
1571 compounds required to inhibit 50% of growth. This parameter is designated as plGC50
(negative logarithm of the concentration required to inhibit 50% growth in log µg/L), and a
compound can be assessed as toxic if the value of this parameter is calculated to be greater
than −0.5 log µg/L. The minnow toxicity parameter is based on measurements of the LC50
parameter, i.e., the concentration of the substance necessary to cause the death of 50% of
flathead minnows, which were used as an animal model in this study. The model was
based on tests of the LC50 parameter for over 550 substances. According to this model, an
LC50 value below 0.5 mM (logLC50 < −0.3) is considered to indicate high acute toxicity.
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3. Discussion

It is known that lipophilicity is one of the most frequently studied physicochemical
parameters of new substances that are drug candidates [19,40]. It is most often defined
to support quantitative structure–activity relationships (QSARs), including absorption,
distribution in tissues, and drug transport across the biological barrier [41–43]. This
parameter is characterized by the distribution of a dissolved substance in two-phase
liquid–liquid or solid–liquid systems. In silico methods have also been proposed to assess
lipophilicity. Several programs have been developed to calculate the value of the logP
parameter [26–29]. It is still important to use experimental methods because most programs
determining the logP parameter calculate lipophilicity using atomic methods that do not
take into account some structural parameters. There may be discrepancies between the
calculated data and those determined experimentally, which can be explained by the fact
that newly synthesized drug candidates may contain substructures or heterocycle systems
that are not covered in the software development training set [44,45].

The present research on lipophilicity began with in silico analyses using various
computer programs available on the SwissADME [26], pkCSM [27], and Molinspiration [28]
platforms and the ChemDraw program [29]. These platforms use various mathematical
modules described on the website of the above-mentioned servers. The obtained results of
the calculated lipophilicity are within a wide range of values. This is most likely due to
differences in the calculation models. The comparison of the chromatographic parameters
(logP) of the tested angularly condensed N-dialkylaminoalkyldiquinothiazines 1–15 is
shown in Figure 2. As observed (Table 1), the lowest value of the logPcalc parameter was
obtained for the 14-(3′-dimethylaminopropyl)diquino[3,2-b;8′,7′-e]thiazine 12 according to
calculations with the iLOGP program (SwissADME) and the highest one was obtained for
all three isomeric diquinothiazines 5, 10, and 15 with a piperidinylethyl substituent based
on calculations with the logP program (pkCSM). This program also calculated the same
values of the logP parameter for the remaining isomers (i.e., for diquinothiazines 1, 6, and
11, logP = 5.17; for 2, 7, and 12, logP = 4.60; for 3, 8, and 13, logP = 4.81; and for 4, 9, and 14,
logP = 5.22).
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Figure 2. Comparison of the theoretical lipophilicity parameters (the logP values) of the examined
angularly condensed N-dialkyloaminoalkyldiquinothiazines 1–15.

In order to compare all obtained theoretical values of the partition coefficient of
the examined drugs expressed in the form of logP, and to then estimate the lipophilic
character of the studied N-dialkyloaminoalkyldiquinothiazines, a chemometric approach,
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i.e., cluster analysis (CA) with Euclidean distance, was conducted. The results are presented
in Figures 3 and 4.
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Figure 3 shows the dendrogram of all the theoretical lipophilicity parameters of the
examined angularly condensed N-dialkyloaminoalkyldiquinothiazines 1–15. The first
cluster contains the partition coefficients LogPa, logPaverage, logPc, WLOGP, milogP, and
XLOGP3. In the second cluster, the rest of the computed partition coefficients are placed:
SILICOS-IT, MLOGP, and iLOGP. The reason for these differences is the prediction power
of each software. This grouping of partition coefficient values shows the biggest sim-
ilarity (the smallest distance on the dendrogram) of logPc with the logPaverage value
calculated on the basis of all theoretical logP values. Therefore, the parameter logPc,
may be a good alternative for estimation of the lipophilicity of the examined group of
N–dialkyloaminoalkyldiquinothiazines.

Figure 4 shows the similarity analysis of the examined compounds based on their
partition coefficients. According to the computed lipophilicity parameters (the logP values),
the studied compounds can be divided into two groups based on variation in their structural
particularities, i.e., depending on the kind of substituent that may influence the lipophilic
character of these compounds. The first group consists of the compounds C13, C8, and C3
in the first subgroup, with C12, C7, and C2 in the second subgroup. Similarly, the second
group is divided into two smaller visible subgroups, with C15, C10, and C5 in the first
subgroup and C14, C9, C4, C11, C6, and C1 in the second subgroup.

The cluster analysis shown in Figure 4 confirms the greatest similarity in lipophilic
character of derivatives C10 and C5.

In the next steps of this study, the calculated logP values using different computational
methods, summarized in Table 1, were correlated with the experimental lipophilicity
parameter RM0, presented in Table 2. The correlation coefficients and the equations obtained
for the correlation of the RM0 parameter with the logP values obtained by means of an
appropriate program are summarized in Table 10, which shows the strongest relationships
between logP and RM0.

In order to obtain the linear equations listed in Table 10, RP-TLC was chosen as
the method for experimental determination of the lipophilicity parameter of the tested
diquinothiazines 1–15. Using this technique, the relative lipophilicity parameter RM0
was obtained. It was then converted to the relative parameter logPTLC (as described in
Sections 2 and 4). For all investigated derivatives, in a wide range of organic modifier
concentrations in the mobile phase, high values of correlation coefficients (r = 0.99) made
it possible to determine the lipophilicity parameter RM0 by extrapolation (Table 2). The
analysis of the chromatographic parameter RM0 of the examined angularly condensed N-
dialkyloaminoalkyldiquinothiazines 1–15 presented in Table 2 shows that they are relatively
smaller compared to the theoretical logP values obtained by means of different computer
software and their mean value (logPaverage). Generally, a difference in the obtained RM0
within one unit to logP was noted in the case of all chromatographic descriptors. This
fact confirms that calculation approaches are useful only for the rapid prediction of logP
values during the first stage of study of new drug candidates, after which they should be
complemented with experimental data such as chromatographic descriptors. Of all the
algorithms, iLogP showed the biggest similarity to the chromatographic value, especially
for compounds 2, 7, 11, 12, 14, and 15. This shows the potential utility of iLogP for the
rapid estimation of the lipophilic character of these compounds.

In the next stage, satisfactory relationships between the RM0 values and b (slope)
values of the linear equations allowed the calculation of the next lipophilicity parameter,
namely C0. The results of these data confirm that all compounds studied belong to a
congeneric group. However, as shown in Figure 5, the dissimilarity of the C0 values with
the partition coefficients as well as the chromatographic parameter (RM0) indicates that
both parameters cannot be fully replaced by C0.
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Table 10. Linear correlations between the partition coefficients and the chromatographic parameters
of lipophilicity of the tested compounds 1–15 (p < 0.05).

Compounds Lipophilicity Parameter Equation r

1–5 iLOGP iLOGP = 0.3877 RM0 + 2.8566 0.9403
1–15 XLOGP3 XLOGP3 = 1.0578 RM0 + 1.7233 0.8426
1–5 XLOGP3 = 1.1972RM0 + 1.4122 0.9384

6–10 XLOGP3 = 1.6538 RM0 − 0.5565 0.9427
11–15 XLOGP3 = 1.2383 RM0 + 1.0773 0.9577
1–15 WLOGP WLOGP = 0.8350 RM0 + 2.2304 0.7683
1–5 WLOGP = 0.9794 RM0 + 1.8705 0.8868

11–15 WLOGP = 0.9985 RM0 + 1.6473 0.8919
1–15 MLOGP MLOGP = 0.6500 RM0 + 2.0664 0.7840
6–10 MLOGP = 1.0545 RM0 + 0.5279 0.9101
11–15 MLOGP = 0.7511 RM0 + 1.7035 0.8795
1–15 SILCOS-IT SILCOS-IT = 0.6630 RM0 + 2.3034 0.8486
1–5 SILCOS-IT = 0.7442 RM0 + 2.1287 0.9374

6–10 SILCOS-IT = 1.0799 RM0 + 0.7184 0.9892
11–15 SILCOS-IT = 0.7588 RM0 + 1.9588 0.9432
1–15 LogP LogP = 1.0697 RM0 + 2.0243 0.8484
1–5 LogP = 1.2120 RM0 + 1.7050 0.9460

6–10 LogP = 1.6739 RM0 − 0.2866 0.9500
11–15 LogP = 1.2499 RM0 + 1.3788 0.9624
6–10 logP = 1.4693 RM0 − 0.2644 0.9877
11–15 logP = 1.0652 RM0 + 1.3086 0.9714
1–15 milogP milogP = 0.9755 RM0 + 1.9610 0.6499
1–5 milogP = 1.2903 RM0 + 1.2684 0.9813

6–10 milogP = 1.7585 RM0 − 0.9371 0.9725
11–15 milogP = 1.3037 RM0 + 0.5431 0.9867
1–15 logPaverage logPaverage = 0.7369 RM0 + 2.4017 0.7854
1–5 logPaverage = 0.8307 RM0 + 2.2530 0.9292

6–10 logPaverage = 1.3129 RM0 + 0.2343 0.9791
11–15 logPaverage = 0.9300 RM0 + 1.6601 0.9819
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Figure 5. Dendrogram of theoretical (logPaverge) and chromatographic parameters (RM0, C0) of
examined angularly condensed N-dialkyloaminoalkyldiquinothiazines 1–15.
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The linear equations obtained between the theoretical partition coefficients and chro-
matographic parameters of lipophilicity of the tested compounds 1–15 (Table 10) confirmed
the usefulness of iLOGP, XLOGP3, WLOGP, MLOGP, LOGP, miLOGP, logPaverage, and
SILICOS-IT for predicting the experimental value of this parameter in the form of RM0.

Analyzing the experimentally obtained values of the logPTLC parameter, it can be
observed that in each of the three groups of isomeric angularly condensed diquinothiazines,
the lowest lipophilicity was found in derivatives with a dimethylaminopropyl substituent
(2, 7, and 12), while the highest was found in derivatives with an N-methylpiperidine
substituent (5, 10, and 15). Comparing the three tested groups of isomeric angularly
condensed diquinothiazines, it can be concluded that the compounds with the 7-substituted
diquino[3,2-b;3′,4′-e]thiazine structure, 1–5, are characterized by the lowest lipophilicity,
while those with the 7-substituted diquino[3,2-b;6′,5′-e]thiazine structure, 6–10, show the
highest values of the logPTLC parameter.

Selected molecular descriptors were also calculated for all tested diquinothiazines.
The values are presented in Table 5. As shown by the results in Table 5, the same values of
these parameters were obtained for isomeric angularly condensed diquinothiazines with
the same substituents. The results obtained correlated with the experimentally obtained
RM0 parameter (Table 11). Good correlations were obtained for all descriptors (r ≥ 0.8).
Correlations in subgroups of individual isomers resulted in improved correlations.

Table 11. Linear correlations between experimentally determined RM0 and the molecular descriptors’
values (p < 0.05).

Compounds Molecular Descriptor Equation r

1–15 Molar mass M = 42.779 RM0 + 256.508 0.8000
1–5 M = 47.859 RM0 + 245.773 0.8807

6–10 M = 68.869 RM0 + 157.161 0.9216
11–15 M = 49.570 RM0 + 232.152 0.8999
1–15 Molar volume VM = 45.782 RM0 + 160.711 0.8444
1–5 VM = 52.381 RM0 + 145.180 0.9518

6–10 VM = 69.514 RM0 + 69.288 0.9182
11–15 VM = 53.970 RM0 + 131.262 0.9674
1–15 Molar refractivity RefM = 13.202 RM0 + 75.913 0.8311
1–5 RefM = 14.871 RM0 + 72.263 0.9213

6–10 RefM = 20.942 RM0 + 46.375 0.9434
11–15 RefM = 15.363 RM0 + 68.170 0.9389
1–15 Surface area Surface area = 19.960 RM0 + 109.882 0.8017
1–5 Surface area = 21.667 RM0 + 105.000 0.8831

6–10 Surface area = 31.142 RM0 + 65.010 0.9229
11–15 Surface area = 22.437 RM0 + 98.843 0.9021

In Silico ADME Prediction

Potential drug candidates usually have similar physicochemical properties. Therefore,
based on analysis of the simple molecular properties of existing drugs and/or drug candi-
dates, simple filters defining acceptable limits for these properties are being developed. In
2007, Lipinski proposed the ‘Rule of Five’ [46], the most famous drug similarity filter which
defines four rules that determine whether a molecule is well absorbed or not after oral
administration. These parameters include molecular weight (MW ≤ 500), octanol/water
partition coefficient (ClogP≤ 5), number of hydrogen bond donors (HBD≤ 5), and number
of hydrogen bond acceptors (HBA ≤ 10). If the relationship violates two or more bases, it
may not be active when administered orally. Data in the literature indicate that 85.4% of
FDA-approved drugs meet the rule of five [47]. The results obtained on the SwissADME
platform show that all tested diquinothiazines meet Lipiński’s rule.

Since then, various principles have been developed similar to the Rule of Five. For
example, after parsing a file of 6304 molecules in a database, Ghose et al. found that over
80% of compounds from the Comprehensive Medicinal Chemistry (CMC) database meet
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the following qualification ranges: AlogP between −0.4 and 5.6, MW between 160 and 480,
molar refractive index from 40 to 130, and integer atoms from 20 to 70 [48]. From the current
group of 15 tested diquinothiazines, according to the SwissADME platform, derivatives
with piperidine (4, 9, and 14) and N-methylpiperidine (5, 10, and 15) substituents do not
meet this rule because their molar refractive index is greater than 130. However, the value
of this parameter obtained with the program Chem3D is less than 130 (Table 5).

All tested substances, 1–15, also meet Veber and Egan’s rules. According to Veber’s
rule, compounds that satisfy only the following two criteria will most likely have good
oral bioavailability in rats: have 10 or fewer rotatable bonds and a polar surface area equal
to or less than 140 Å2 (or 12 or fewer hydrogen bond donors and acceptors). This may
be because a reduced polar area correlates better with an increased permeation rate than
lipophilicity, and an increased number of rotatable bonds has a negative effect on the
permeation rate [49,50]. In turn, Egan’s rule is based on two descriptors: PSA and AlogP98.

It has been shown that molecular weight, although often used in passive absorption
models, is unnecessary because it is already a component of both PSA and AlogP98.
Following extensive model validation on hundreds of known orally administered drugs,
“drug-like” molecules that have been tested for Caco-2 cell permeability have shown a
good rate of successful predictions (74–92%) [51]. However, none of the tested substances
meet Muegge’s rule due to the calculated XLOGP value being greater than 5.

The bioavailability score calculated using the SwissADME platform for all tested
substances was 0.55. Substances with a bioavailability score ≥ 0.55 are considered very
well absorbed by the body. A bioavailability score of 0.55 and a TPSA score between 60 and
140 Å2 indicate optimal absorption [52].

When developing new drugs, it is also important to determine and evaluate ADME
properties (absorption, distribution, metabolism, and excretion). Poor ADME properties
are a significant cause of failure and increased drug design costs [53]. It was considered
acceptable to determine these parameters using in silico methods at the early stages of
substance evaluation for drug suitability. This allows, without incurring high research
costs, to eliminate compounds with undesirable ADME properties at an early stage of
research [54]. For the discussed substances, selected parameters responsible for absorption
(water solubility, Caco-2 permeability, intestinal absorption, and skin permeability), distri-
bution (VDss, unbound fraction, BBB permeability, and CNS permeability), and excretion
and toxicity (total clearance, max. tolerated dose, oral rat acute toxicity, oral rat chronic
toxicity, Tetrahymena pyriformis toxicity, and minnow toxicity) were also determined in silico.
The pkCSM platform was used to determine these parameters. All 15 tested compounds are
characterized by poor solubility in water due to their chemical structure (five six-membered
fused rings and no hydrophilic groups). The obtained parameter values range from −5.871
for diquinothiazine 1 to −3.965 for diquinothiazine 13. Caco-2 permeability obtained using
the pkCSM platform is given as the logarithm of the apparent permeability coefficient
(log Papp). Compounds with a predicted log Papp at 10−6 cm/s greater than 0.9 are
considered to have high Caco-2 permeability. According to the analysis results, all the
synthesized compounds show high Caco-2 cell permeability (1.003–1.226). The calculated
absorption values in the human intestine show that all compounds have a similar, very
high probability of intestinal absorption (92.24–96.51%). The lowest values were obtained
for derivatives with the 7-substituted diquino[3,2-b;3′,4′-e]thiazine structure, i.e., 1–5. For
the other two groups of isomers, the values were similar, which shows the influence of the
shape of the molecule on this parameter. The calculated skin permeability values are in
the range of −2.744 to −2.694 and indicate poor permeability (Table 7). Almost all tested
angularly condensed diquinothiazines can be substrates for P-glycoprotein (except for
substance 1), and all of them are predicted to inhibit P-glycoproteins I and II (Table S1).

VDss is a pharmacokinetic parameter that determines half-life and represents the
degree of drug distribution in tissues. The predicted log VDss values ranged from 0.86
to 1.37, which means that the compounds have a high constant distribution in plasma
and tissues. The unbound fraction in plasma (Fu) is also an important pharmacokinetic
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parameter which determines the amount of drug that is “free” in the plasma, and therefore
the fraction capable of diffusing from the plasma into tissues. From the results obtained for
the tested diquinothiazines 1–15, the unbound fraction had low values ranging from 0.189
to 0.268. The BBB permeability parameter was also determined using the pkCSM platform.
The blood–brain barrier controls the transfer of essential substances needed for a proper
functioning brain and participates in the removal of cellular metabolites and toxins. The
expected permeability through the blood–brain barrier for the tested substances ranged
from 0.357 to 0.572, which means that they will pass through the BBB barrier. All tested
diquinothiazines may also be able to penetrate the central nervous system because the logPS
parameter values obtained for them were in the range of −1.304 to −1.503, and substances
with logPS > −2 are considered to penetrate the CNS, while those with logPS < −3 do not
penetrate the CNS (Table 8).

The possible interaction of the tested diquinothiazines with cytochrome P450 was also
calculated. The obtained results show that all tested substances may be CYP1A2 inhibitors,
and almost all of them may be CYP2D6 (except substances 3 and 4) and CYP3A4 (except
substance 2) inhibitors; however, none of the tested compounds may be CYP2C9 inhibitors
(Table S1). Although the abundance of CYP3A4 is poor, it contributes to nearly 50% of
drug metabolism, so drug–drug interactions need to be considered in the subsequent
development of compounds.

The excretion and toxicity parameters determined in silico are presented in Table 9.
Total clearance of the tested diquinothiazines ranged from 0.526 to 0.832. Total clear-
ance measures the efficiency of drug elimination from the entire body and is useful in
determining the rate of drug dosing. The maximum tolerated dose value for the tested
diquinothiazines was calculated in the range from 0.188 to 0.672. A dose equal to or less
than 0.477 is considered low, and such values were obtained for diquinothiazines 6–10,
while dose values higher than 0.477, which are considered high, were obtained for the
remaining compounds tested. The values of the parameters of oral rat acute toxicity and
chronic toxicity were calculated in the range from 2.272 to 3.184 and from 0.449 to 1.096,
respectively. The determined values of the Tetrahymena pyriformis toxicity parameter were
above−0.5 (0.291–0.331), which means that the compounds may be toxic, while the minnow
toxicity parameter values ranged from−0.989 to 1.944. Values of this parameter of less than
−0.3 may indicate the toxicity of the substance and were calculated for diquinothiazines
4, 8, 9, 13, and 14. It was also checked whether the tested substances could be substrates
of Organic Cation Transporter 2 (Renal OCT2). Renal OCT2 is a renal uptake transporter
that plays an important role in renal clearance and the clearance of drugs and endogenous
compounds. Diquinothiazines 8 and 9 may have this effect (Table S2). However, none of
the substances discussed should show AMES toxicity or irritate the skin, but they may be
hepatotoxic. Calculations using the pkCSM program also showed that the tested substances
may be hERG II inhibitors but should not show any inhibition against hERG I (Table S1).

Absorption from the gastrointestinal tract and access to the brain are two pharmacoki-
netic parameters important to estimate at different stages of the drug discovery process.
For this purpose, an estimated method of penetration into the brain or intestines has been
developed—boiled egg [55]. It is an accurate predictive model that works by calculating the
lipophilicity and polarity of small molecules. At the same time, penetration into both the
brain and intestines is predicted based on the same two physicochemical descriptors. This
computational method was also used to analyze the tested diquinothiazines 1–15 (Figure 6).
Molecules located in the white region are expected to be passively absorbed in the gastroin-
testinal tract, while molecules in the “yolk” region are expected to passively cross the BBB.
It can be observed that none of the analyzed compounds can be passively absorbed in the
intestines, but all of them can pass through the BBB. This shows that the dosing compliance
may be poor due to the inability of all the compounds to be absorbed through the intestines.
Additionally, all tested compounds can become substrates for p-glycoprotein (blue points).
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4. Materials and Methods
4.1. Solvents and Reference Standards

The studied compounds, i.e., 7-substituted diquino[3,2-b;3′,4′-e]thiazines 1–5, 7-
substituted diquino[3,2-b;6′,5′-e]thiazines 6–10, and 14-substituted diquino[3,2-b;8′,7′-
e]thiazines 11–15, were previously designed and synthesized [24]. The chemical structures
of the examined compounds are shown in Figure 1. The summary formulas, molecular
weights, melting points, and physical appearances of the tested diquinothiazines 1–15 are
listed in Table S3.

Analytical grade acetone (POCh, Gliwice, Poland) and TRIS (tris(hydroxymethyl)
aminomethane, Fluka, Buchs, Switzerland) were used in RP-TLC studies as the mobile
phase components. To prepare the calibration curve, the reference standards of five chemical
compounds with the described lipophilicity parameter (logPlit) were used: acetanilide (I,
1.21 [30], POCh, Gliwice, Poland), benzoic acid (II, 1.87 [31], POCh, Gliwice, Poland),
benzophenone (III, 3.18 [31], Fluka, Buchs, Switzerland), anthracene (IV, 4.45 [31], POCh,
Gliwice, Poland), and p,p′-DDT (1,1,1-trichloro-2,2-bis(4-chlorophenyl, Merck, Darmstadt,
Germany), V, 6.38 [32]).

4.2. RP-TLC Analysis

All chromatographic experiments were performed on a silica gel 60 RP-18 F254S (10 cm
× 10 cm) RP-TLC plate (Merck, Darmstadt, Germany). The mobile phase was prepared by
mixing the respective amount of aqueous TRIS (tris(hydroxymethyl)aminomethane) buffer,
pH = 7.4 (ionic strength 0.2 M), to meet physiological conditions and acetone in a range
from 50 to 80% (v/v) in increments of 5%. Ethanol (96%) was used to prepare the solutions
of angularly condensed diquinothiazines 1–15 and the standards I–V at a concentration
of 2.0 mg/mL. Next, solutions (2 mL) of the analyzed compounds were applied to the
plates 5 mm apart and 10 mm from the lower edge and sides of the plates. Before plate
development, the chromatographic chambers were saturated with the mobile phase for
0.5 h. After the development of the plates and drying in a stream of air, the chromatograms
were observed in ultraviolet light at 254 nm. Each chromatographic experiment was run
in triplicate, and then mean values of the retardation factor, i.e., RF values, were used to
determine the RMW values of the compounds.
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The RM values calculated from the experimental RF values by using Equation (1) were
linearly dependent on the concentration of acetone:

RM = log
(

1
RF
− 1

)
(1)

The RM0 values were obtained by extrapolating to zero acetone concentration by using
Equation (2):

RM = RM0 + b ·C (2)

where C is the volume fraction of the organic modifier in the mobile phase and b is the
change in the RM value due to the 1% increase in the organic modifier in the mobile phase
(associated with the specific hydrophobic surface area) [56].

Next, the chromatographic data in the form of RM0 and coefficient b were used to
calculate the lipophilicity parameter C0 [56] from the following Equation (3):

C0 = −RM0

b
(3)

The C0 parameter is interpreted as the molecular hydrophobicity per unit of the
specific hydrophobic surface, i.e., corresponding to the specific hydrophobic surface area of
the substance in contact with the stationary phase.

4.3. In Silico Calculated Descriptors

Theoretical values of the partition coefficients (logP) for each compound were deter-
mined using various Internet servers such as SwissADME [26], pkCSM [27], Molinspira-
tion [28], and the ChemDraw program [29], including iLOGP, XLOGP3, WLOGP, MLOGP,
SILCOS-IT, LogP, logP, and milogP. The logPaverage is an arithmetic mean of the values
predicted by the algorithms. The software used are based on different methods of logP
calculation [52,57,58]. The following lipophilicity descriptors were obtained using the web
tool SwissADME: iLOGP, a physics-based method that relies on free energies of solvation
in n-octanol and water calculated by the generalized-born and solvent accessible surface
area (GB/SA) model developed by Daina and coworkers; WLOGP, an atomistic method sta-
tioned on fragments and topological descriptors; XLOGP3, an atomistic method including
corrective factors and a knowledge-based library; MLOGP, based on topological indices and
the linear relationship of structure–logP; and SILICOS-IT, a hybrid fragment/topological
approach based on 27 fragments and 7 topological descriptors [26,52,57,58]. The next
method used for the calculation of miLogP is a fragment-based approach developed by
Molinspiration, and it calculates log P from the sum of group or fragment contributions
and correction factors [28]. To compute all other descriptors, such as LogPa and logPc, the
pkCSM and ChemDraw programs were used, respectively [27,29].

The molecular descriptors and the ADME parameters were also obtained using the
SwissADME and pkCSM platform [26,27].

The cluster analysis procedure was conducted using Statistica software v. 13.3. Calcu-
lations were performed on Euclidean distances and a single linkage distance [59].

5. Conclusions

In the search for the most promising drug-like substances, the key parameter that
describes the pharmacokinetic behavior of a drug is lipophilicity. Therefore, in the present
work, fifteen newly synthesized anticancer, angularly condensed diquinothiazines with
pharmacophore dialkylaminoalkyl substituents were studied with the goal of predicting
selected pharmacokinetic parameters influencing their ADMET properties, including the
lipophilicity descriptors logP and RM0. Lipophilicity indices were determined experimen-
tally by the RP-TLC method, with RP18 as the stationary phase and an acetone–TRIS buffer
(pH 7.4) mixture as the mobile phase, as well as theoretically using computer approaches.
In addition to this, the selected ADMET parameters were determined in silico using the
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SwissADME and pkCSM platforms and then correlated with the experimental lipophilicity
parameters of the examined compounds. The results of the lipophilicity study confirm that
the applied software can be useful for the rapid prediction of logP values during the first
stage of study of the examined drug candidates, and next they should be complemented
with experimental data such as chromatographic descriptors. Of all the algorithms used,
iLogP showed the biggest similarity to the chromatographic value (RM0), especially for
compounds 2, 7, 12, 14, and 15. In addition to this, it was stated that both the SwissADME
and pkCSM web tools are good sources of a wide range of ADMET parameters that describe
the pharmacokinetic profiles of the studied compounds and can be fast and low-cost tools
in the evaluation of drug candidates during the early stages of the development process.

The satisfactory linear correlation equations of the chromatographic parameter of
lipophilicity (RM0) with the theoretical logP values and other physicochemical properties
of the tested compounds, such as the molar mass, molar volume, molar refractive index,
and surface area, and with the results of other pharmacokinetics parameters that are key in
the ADMET profile demonstrate the utility of the computational approaches in estimating
the physicochemical properties of new drug candidates in the development process.
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Abstract: Recently, there has been a surge towards searching for primitive treatment strategies to
discover novel therapeutic approaches against multi-drug-resistant pathogens. Endophytes are
considered unexplored yet perpetual sources of several secondary metabolites with therapeutic
significance. This study aims to isolate and identify the endophytic fungi from Annona squamosa L.
fruit peels using morphological, microscopical, and transcribed spacer (ITS-rDNA) sequence anal-
ysis; extract the fungus’s secondary metabolites by ethyl acetate; investigate the chemical profile
using UPLC/MS; and evaluate the potential antibacterial, antibiofilm, and antiviral activities. An
endophytic fungus was isolated and identified as Aspergillus flavus L. from the fruit peels. The
UPLC/MS revealed seven compounds with various chemical classes. The antimicrobial activity
of the fungal ethyl acetate extract (FEA) was investigated against different Gram-positive and
Gram-negative standard strains, in addition to resistant clinical isolates using the agar diffusion
method. The CPE-inhibition assay was used to identify the potential antiviral activity of the crude
fungal extract against low pathogenic human coronavirus (HCoV 229E). Selective Gram-positive
antibacterial and antibiofilm activities were evident, demonstrating pronounced efficacy against both
methicillin-resistant Staphylococcus aureus (MRSA) and methicillin-sensitive Staphylococcus aureus
(MSSA). However, the extract exhibited very weak activity against Gram-negative bacterial strains.
The ethyl acetate extract of Aspergillus flavus L exhibited an interesting antiviral activity with a half
maximal inhibitory concentration (IC50) value of 27.2 µg/mL against HCoV 229E. Furthermore, in
silico virtual molecular docking-coupled dynamics simulation highlighted the promising affinity of
the identified metabolite, orienting towards three MRSA biotargets and HCoV 229E main protease
as compared to reported reference inhibitors/substrates. Finally, ADME analysis was conducted to
evaluate the potential oral bioavailability of the identified metabolites.

Keywords: Annona squamosa L.; endophytic fungi; MRSA; antiviral; ADME prediction; public health;
drug discovery; molecular docking-coupled dynamics simulation
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1. Introduction

Drug-resistant bacteria and fungi are thought to pose a global health risk. Microorgan-
isms that produce biofilms present one of the challenges that scientists face today due to
their unique capacity to modify their immediate environs through intriguing phenotypic
plasticity that involves changes in their physiology and their resistance to antimicrobial
agents [1]. Since the late 1970s, (MRSA) infections have been linked to multiple hospital
outbreaks and are a major cause of morbidity and mortality among hospitalized patients
worldwide. In comparison to other African nations as well as countries in the southern
and eastern Mediterranean, Egypt had the highest MRSA rates among clinical isolates
of S. aureus [2]. Another major problem facing the healthcare system in Egypt is acute
respiratory infections (ARIs) which are a chief cause of morbidity and mortality among
children under five, which also causes absenteeism due to respiratory symptoms among
primary and preparatory school students. At the end of 2022, numerous governmental
surveillances detected a surge of respiratory viruses including coronavirus [3].

Coronavirus species are known to cause human infection, one of which, HCoV 229 E,
typically causes cold symptoms in immunocompetent individuals [4]; it causes mild to
severe enteric, respiratory, and systemic disease in animals, poultry, and rodents, and
causes common cold or pneumonia in humans. Thus, it was deemed necessary to search
for potential new and promising antimicrobial and antiviral non-conventional drugs. Since
the dawn of human civilization, plants have been a significant source of medicinal com-
pounds [5,6]. Current demand for new and potent medications and other plant-based items
is rising.

Drug-resistant bacteria are thought to pose a global health problem. Biofilm-forming
bacteria are among the issues facing scientists today, with their special ability to alter
their immediate environs by unusual phenotypical plasticity that encompasses changes
in their physiology and resistance to antimicrobial treatments; Singab et al. reported that
endophytes have been identified as a hidden treasure for secondary metabolites. According
to previously reported data, various compounds isolated from Aspergillus flavus showed
antimicrobial, anti-biofilm activity [7]. Khattak et al. reported that the Aspergillus flavus
isolated compound demonstrated significant antibacterial activity against S. aureus [8].

It has been established after more than a century of research that the majority of
plants in ecosystems —if not all of them—are symbiotic with fungal endophytes, including
grass, trees, algae, and herbaceous plants [9,10]. The expression of host plant diseases
can be significantly altered by non-pathogenic fungi found within plants, also known
as endophytes (“endo” = within, “phyte” = plant), according to recent studies [11,12].
These fungi are valuable sources of bioactive secondary metabolites that can produce
broad-spectrum antimicrobial substances [6,13].

Annona squamosa Linn tree, commonly known as the sugar apple, is endogenous to
Egypt [14]. It yields edible fruits and is used to make both industrial and therapeutic items.
A. squamosa Linn is currently employed as an anti-inflammatory [15], cytotoxic [16], antitu-
mor, hepatoprotective [17], antidiabetic [18], and anti-lice agent [19]. It is associated with
the presence of alkaloids, carbohydrates, tannins, fixed oils, and phenolics [20–22]. It was
previously evaluated for its antimicrobial activity [5,23,24] and was established as a plant
with a potential wide spectrum of antimicrobial activity. Due to the genetic transmission or
co-evolution between the endophyte and host, some of the fruits’ therapeutic benefits may
be attributed to the endophytes [9].

On one hand, the current study aimed to isolate the endophytic fungi associated with
A. squamosa fruits, and to identify the metabolites that may be useful by employing the
UPLC/MS analytical technique, which is a rapid and affordable method of identification.
On the other hand, in vitro experiments to evaluate the ethyl acetate’s antibacterial and
antiviral potentials followed by a rapid prediction using preliminary computational in
silico and ex silico studies are undertaken to assess the drug-like properties of those
lead compounds.
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2. Results and Discussion
2.1. Isolation and Identification of Endophytic Fungi

In the present study, the particular fungus under investigation was the only one
being successfully sub-cultured and purified through repeated culturing of the crushed
A. squamosa L. fruits. Notably, the mother culture revealed various endophytes, yet they
failed to grow upon sub-culturing. Using the morphological and microscopical features
listed in Table 1 and Figure 1, the isolated purified endophyte would belong to the As-
pergillus species. The identification was confirmed using amplification and sequencing of
the internal transcribed spacer ribosomal RNA (ITS rRNA) gene. Sequence analysis showed
a 99% identity with Aspergillus flavus (A. flavus) as seen in Figure 2. Upon submission, a
GenBank accession number OM095472 was assigned to the ITS rRNA gene sequence.

Table 1. Morphological and microscopical description of A. flavus.

Morphological Characters Microscopic Characters

Surface Yellowish-black Hyphae Thread-like septate branched
Margins Entire Conidia Olive green (4 to 7 µm), roughened

Reverse side Greenish-yellow Phialides uniseriate and biseriate phialides
Growth Moderate

Elevations Umbonate
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Figure 1. Photos of Aspergillus flavus fungus; (A,B) colony morphology on potato dextrose agar after
2 days of incubation; (A) front view, (B) back view. (C) Under microscope (1000×).

Patil et al., Liu et al., and Ola et al. [25–27] previously covered the significance of
the endophytic A. flavus isolated from several plant species. They demonstrated how it
might be valuable as an antibacterial and anticancer agent. This provided us with a clue
to design a study that would investigate the contribution of endophytic fungus to the
previously reported activity of A. squamosa, as well as identify the chemicals responsible
for antibacterial, antibiofilm, and antiviral activity.

Aflatoxins are common toxic active metabolites usually produced by A. flavus. They
are known to appear in the media as yellow pigments, which could be easily visualized
on the reverse side of a coconut-agar medium colony [28]; their products turn pink/plum
red when exposed to ammonia vapor and usually give blue fluorescence on CAM when
exposed to UV light (365 nm). Interestingly, our isolate did not produce any yellow
pigments, any pink color, or any blue fluorescence upon applying the three tests; thus, it
was concluded that it is a non-aflatoxigenic isolate [29].
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2.2. Metabolic Profiling of the Ethyl Acetate Extract

To investigate the active metabolites present in the identified fungus, metabolic pro-
filing using UPLC/MS was conducted. This approach was used as it is a sensitive and
accurate method of analysis, allows for separation in a shorter development and analysis
time than conventional LC/UV, and it provides a comprehensive profile of the compounds
present in the extract [30]. The chromatogram represented in Figure S1 revealed seven
compounds as illustrated in Table 2 and Figure 3. Most of the identified metabolites have
been previously reported from various endophyte species. It was noted that the extract re-
vealed several classes of active metabolites such as sesquiterpenoids, phenolics, fatty acids,
flavonoids, and pyrones. Heptelidic acid, ferulic acid, and oleic acid were the dominant
active metabolites identified with areas of 26.8%, 25.3%, and 23.2%, respectively.

On the one hand, heptelidic acid was the most dominant compound. This compound
was reported before by Tanaka et al., Itoh et al., and Kim et al. as an antimalarial, antibiotic,
and anticancer agent [31–33]. On the other hand, ferulic acid is known for its broad
antimicrobial activities [34,35]. Nevertheless, the rest of the identified compounds are
known for their remarkable array of biochemical and pharmacological actions [36,37],
suggesting that they may significantly affect the function of various mammalian cellular
systems. These results encouraged additional research on the FEA’s antiviral, antibiofilm,
and antimicrobial properties.
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Figure 3. Two-dimensional structures of the identified compounds by UPLC/MS analysis (Chem-
draw ultra-version 14).
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Table 2. Peak assignments of the ethyl acetate extract of A. flavus, L via UPLC-ESI-MS/MS in negative
ionization mode. (N.B. the compounds numbered according to their abundance.)

No. Compound Chemical Class Molecular
Formula [M-H]− Abundance M. Weight Ref.

1 Heptelidic acid Sesquiterpene C15H20O5 279 26.8% 280 [38,39]

2 Ferulic acid Phenolic C10H10O4 193 25.3% 194 [40,41]

3 Oleic acid Fatty acid C18H34O2 281 23.2% 282 [42]

4 Paxilline
Diterpene indole

polycyclic
alkaloid

C27H33NO4 432 8.3% 435 [43,44]

5 Indole Alkaloid C8H7N 116 7.4% 117 [45]

6 Orientin Flavonoid C21H20O11 446 6.4% 447 [46]

7 Kojic acid Pyrone C6H6O4 141 2% 142 [47,48]

2.3. Antimicrobial Potential

Endophytes’ interactions with the plants vary from antagonism to mutualism. Usu-
ally, the host plant provides the endophytes with food and protection while the latter
increases the host’s resistance to herbivores, infections, as well as different abiotic stres-
sors [49], thus it is now considered as a promising approach for discovering new potent
antimicrobial agents.

The antimicrobial activity of FEA (20% w/v) was evaluated using the disc diffusion
technique against a diverse panel of microbes. Notably, FEA demonstrated maximum
inhibition zones against Gram-positive bacteria, specifically S. aureus ATCC 25923 (which
is MSSA) and MRSA ATCC-700788. The inhibition zones were measured at (15 ± 0.4 mm)
and (11 ± 0.7 mm), respectively, approaching the efficacy of the standard drug van-
comycin, which displayed zones of inhibition at (18 ± 0.2 mm) and (13 ± 0.3 mm) against
the same strains (Table 3). Interestingly, no observable inhibition zones were detected
when testing FEA against Gram-negative isolates such as Escherichia coli ATCC 25922 and
Pseudomonas aeruginosa ATCC 9027, as well as the Candida albicans ATCC 10231 strains.
The results unveil a distinct selective antibacterial activity of FEA, particularly targeting
Gram-positive bacteria.

Table 3. Antimicrobial activity—Zones of inhibition for FEA of Aspergillus flavus against
tested isolates.

Inhibition Zone Diameter (mm)

Bacterial Strains
Negative Control Positive Control

FEA DMSO Vancomycin Gentamicin Nystatin

S. aureus ATCC 25923 (MSSA) 15 ± 0.4 0 18 ± 0.2 – –
MRSA ATCC-700788 11 ± 0.7 0 13 ± 0.3 – –
E. coli ATCC 25922 0 0 – 19 ± 0.7 –

P. aeruginosa ATCC9027 0 0 – 25 ± 1.1 –
C. albicans ATCC 10231 0 0 – – 15 ± 0.5

All measurements were conducted in triplicate, and the results are presented as means± standard deviation (SD).

2.4. Minimum Inhibitory Concentration

Figure 4 presents a summary of the Minimum Inhibitory Concentration (MIC) values
for FEA against sensitive Gram-positive strains, specifically S. aureus ATCC 25923 (MSSA)
and MRSA ATCC-700788. The results reveal that FEA exhibited potent antimicrobial
activity, with the lowest MIC recorded at 50 mg/mL for MRSA ATCC-700788. In contrast, a
higher MIC value of 100 mg/mL was observed for S. aureus ATCC 25923 (MSSA), indicating
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a higher susceptibility of MRSA to the extract. Despite the higher MIC for MSSA, FEA
remains effective against both S. aureus strains. These results highlight the potential of
FEA as a natural antimicrobial agent, particularly against problematic bacterial strains such
as MRSA. This could be a valuable approach to conquer S. aureus as this organism when
compared to other microorganisms can serve as an example of the adaptive evolution of
bacteria during the antibiotic era. That is because it has shown a remarkable capacity to
rapidly adapt to new antibiotics by developing resistance mechanisms. Not only does
the resistance mechanism involve the antibiotic’s enzymatic deactivation but also it forms
biofilm which is considered a major virulence factor [50,51].
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2.5. Antibiofilm Activity/Anti-Adhesion
2.5.1. Prevention of Cell Attachment

The effect of Sub-Minimum Inhibitory Concentration (Sub-MIC) of FEA on biofilm
formation by S. aureus ATCC 25923 (MSSA) and MRSA ATCC-700788 is illustrated in
Figure 5A. As per established criteria [52], percentage inhibition values ranging from 0 to
100% are indicative of biofilm inhibition, while values below 0% suggest the enhancement
of biofilm formation. Activities surpassing the 50% inhibition threshold are considered
good, while those falling between 0 and 49% are deemed poor [53]. The fungal extract
displayed notable activity in preventing biofilm attachment, and the observed effects were
found to be dosage-dependent. Notably, FEA exhibited effective prevention of biofilm
attachment for S. aureus ATCC 25923 (MSSA) at concentrations of 75 and 50 mg/mL (75
and 50% MIC), surpassing the significant 50% inhibition threshold. However, for MRSA
ATCC-700788, the observed suppression remained below the 50% inhibition threshold,
even at the highest tested concentration of 37.5 mg/mL (75% MIC).
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Figure 5. Antibiofilm activity of FEA at its sub-MIC concentrations (75, 50, and 25%) against both
MSSA and MRSA isolates. (A) Inhibition of biofilm formation and (B) biofilm mass destruction.
Values ranging from 0% to 50% indicate low activity, and values exceeding 50% indicate high activity.
All measurements were conducted in triplicate, and the results are presented as means ± standard
deviation (SD).

2.5.2. Evaluating Biofilm Mass Destruction

Figure 5B illustrates the effects of the fungal extracts on destroying or reducing further
development in 24 h preformed biofilms. Once again, a dose-dependent antibiofilm activity
was evident. However, it is noteworthy that the ability to destroy an already-formed biofilm
is not as powerful as the prevention of attachment. In this context, all observed activities
exhibited poor biofilm inhibition, falling below 50%. Across all concentrations of FEA, the
inhibitory effects were consistently more pronounced against S. aureus ATCC 25923 (MSSA)
compared to MRSA ATCC-700788.

These findings suggest that while the fungal extract may effectively prevent initial
biofilm attachment, particularly against MSSA, its ability to eradicate established biofilms
is less potent.

2.6. Antiviral Activity of Crude Extract

FEA demonstrated noteworthy antiviral activity, as evidenced by a CC50 value of
46.38 µg/mL, and (IC50) value of 27.2 µg/mL against low pathogenic coronavirus (HCoV
229E), indicating that the extract effectively inhibits viral replication at a relatively low
concentration. However, the calculated selectivity index (SI = CC50/IC50) of approximately
2 implies a narrow therapeutic window for the extract, raising concerns about its safety
profile [54]. It was reported by Hasöksüz et al. [4] that the virulence and pathophysiology
mechanisms of CoVs may be attributed to nonstructural proteins which block the host’s
innate immune response and structural proteins that play a crucial role in promoting viral
assembly and release. FEA established a distinct potency against the HCoV 229E virus
which may indicate that its compounds interfere with the function of the nonstructural
protein or affect the envelop formation by hindering the structural proteins. Overall, while
the antiviral potential of the FEA is promising, further studies are needed to optimize its
safety profile and evaluate its efficacy in vivo before considering it as a potential antiviral
agent for clinical use.

2.7. Online Software Swiss ADME Prediction (Boiled Egg Method and Lipinski’s Rule of Five)

As discussed by [55], it is commonly known that ADME data, whether computationally
predicted or empirically observed, provide important information about how a drug will
eventually be absorbed, distributed, metabolized, or excreted by the body. While there are
other ways to administer drugs, oral dosage is strongly recommended for patient comfort
and compliance. An important criterion for decision making at different stages of the
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discovery process is the early calculation of oral bioavailability, which is defined as the
fraction of the dose that enters the bloodstream following oral administration

Identified compounds’ physicochemical properties were assessed using Lipinski’s rule
of five and ADME, which aid in the approval process for prospective compounds for use in
biological systems [54,56]. As can be seen in Table 4, most of the compounds met Lipinski’s
requirements to become an oral medication. However, Orientin exhibited two violations in
the number of hydrogen bond donors (>5) and acceptors (>10). Nevertheless, as can be
seen in Figure 6, the radar plot bioavailability technique predicted that two compounds,
namely heptelidic acid and paxilline, can become completely orally bioavailable as all
their parameters were found in the pink bioavailable area. Yet five compounds exhibited
deviation in one parameter. Ferulic acid, indole, and kojic acid showed INSATU parameter
deviancy while oleic acid and orientin were offshoots of the vertex in flexibility and polarity
parameters, respectively. The EGG-BOILED model facilitates the intuitive assessment
of the white part of passive gastrointestinal absorption (HIA) and the yellow part of
brain penetration (BBB). The physicochemical zone containing chemicals expected to have
significant intestinal absorption is known as the “grey region”. Regarding the compounds,
as observed in Figure 7, two of them were found in the yolk area, namely ferulic acid and
indole, while four were in the white zone, namely kojic acid, paxilline, oleic acid, and
heptelidic acid. Orientin TPSA 201.28 Å2 was out of the threshold area [57]. Additionally,
most of the compounds were predicted by software as non-substrates (PGP−) of the
permeability glycoprotein (PGP) being shown in red circles. Contrarily, only paxilline was
shown as a blue circle corresponding to a substrate (PGP +) of glycoprotein permeability.
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Figure 6. Compounds’ polarity, lipophilicity, solubility, flexibility, and saturation are represented on
the radar map as POLAR, LIPO, INSOLU, and IN-SATU, respectively. The magenta area represents
the optimal range for each molecular property. Solubility: log S < 6; sizes: MW between 150 and
500 g/mol; saturation: fraction of carbons in the sp3 hybridization > 0.25; polarity: TPSA between 20
and 130 Å; flexibility: <9 rotatable bonds. Lipophilicity: XLOGP3 between −0.7 and +5.0.
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Table 4. Lipinski’s rule of five for ADME analysis of the identified compounds.

No. Compound M. wt. Lipophilicity
Log Po/w(MLOGP)

Hydrogen
Bond Donors

Hydrogen Bond
Acceptors

No. of Rule
Violations Drug Likeness

Less than
500 g/mol Less than 5 Less than 5 Less than 10 Less than 2

Violations
Lipinski’s

Rule Follows
Rule

1 Heptelidic acid 280 1.60 1 5 0 Yes
2 Ferulic acid 194 1.00 2 4 0 Yes
3 Oleic acid 282 4.57 1 2 0 Yes
4 Paxilline 435 2.58 3 4 0 Yes
5 Indole 117 1.57 1 0 0 Yes
6 Orientin 448 −2.51 8 11 2 No
7 Kojic acid 142 −1.69 2 4 0 Yes

2.8. In Silico Investigation: Molecular Docking Simulation

In silico studies are performed as they are considered an effective approach for deter-
mining drug protein-bound structures and binding affinities down to their molecular levels.
Driven by the obtained antibacterial and antiviral activities, we were interested in investi-
gating such activities down to the molecular levels. The identified phytochemicals were
evaluated for their binding affinities and interactions towards several potential biotargets
highlighting their antibacterial and antiviral activities. In terms of activity against S. aureus
and its methicillin-resistant strain (MRSA), the molecular aspects of the identified phyto-
chemicals’ binding affinity with several targets involved in peptidoglycan biosynthesis
were investigated. Most of the marketed drugs commonly applied for managing S. aureus
and MRSA are those designed for hampering its peptidoglycan biosynthesis, the crucial
component of the bacterial cell wall [58]. Typically, peptidoglycans confer the bacterial cell
wall’s flexibility and robustness and thus interfering with their biosynthesis would mediate
bactericidal actions [59]. The presented study explored the potential of identified phyto-
chemicals to block relevant steps across peptidoglycan biosynthesis. The bacterial MurE
ligase is typically involved within the cytosolic biosynthesis of peptidoglycan’s starting
units: UDP-N-acetylglucosamine for producing the UDP-N-acetylmuramyl-multi-peptide
product [60]. The final stage involved the formation of linear peptidoglycans via the DD-
transpeptidase catalytic activity of penicillin-binding proteins (e.g., PBP2a) following the
transfer of the disaccharide pentapeptides to the cell membrane’s outer surface [61]. The
development of multi-target drugs has been considered advantageous for circumventing
the most common antibiotic resistance mechanism which is the target mutations [62,63].

Out of an evolutionary concept, targeting multiple independent paths for inhibitions
is unlikely to allow bacteria to develop resistance over time that would circumvent the
pipeline of antimicrobial drug discovery [64]. In these terms, additional targeting of the
S. aureus teichoic acid-associated β-glycosyltransferase enzyme (TarS) has been consid-
ered beneficial to hamper methicillin resistance [65]. This transferase enzyme has been
reported to involve several mechanistic aspects enrolled with S. aureus’s ability to cope with
microenvironmental stresses, biofilm formation, evasion of immune responses, lysozyme
resistances, and triggering inflammatory responses [66–71]. The enzyme is chiefly respon-
sible for beta-acylation of bacterial cell wall teichoic acid via N-acetylglucosamine being
implicated within the IgG-mediated opsonophagocytosis and complement activations at
clinical-isolated S. aureus strains [72]. Furthermore, resensitization of MRSA strains towards
β-lactam antibiotics was reported to be achieved following TarS deletion [73].

For investigating the herein reported anti-human coronavirus 229E (HCoV-229E)
activity, targeting the virus main protease (Mpro) has been considered ideal for developing
broad-spectrum targeted therapeutics [74]. Owing to the high structural conservation in
general across different coronavirus lineages and their integral role within the virus life
cycle, these proteases represent promising targets for hampering the virus activities [75,76].
Three coronavirus lineages are identified and classified according to the degree of strain
pathogenicity towards humans (lower, HCoV-229E; moderate, HCoV-OC43; and higher,
SARS-CoV-2). Thus, targeting singular lineage’s Mpro would harbor the potentiality
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to target, at least to a great extent, the other coronavirus lineages [77–79]. Moreover,
these viral proteases lack homologous assemblies within the human biological systems,
which highlights the potential safety profile for Mpro inhibitors to any other coronavirus
biotargets [80].

Throughout our docking investigation and across the above four designated targets,
two identified phytochemicals were depicted with the highest promising affinities (Table 5).
Showing high negative docking binding energies (∆G), both orientin and heptelidic acid
were considered promising as multi-target drugs against relevant antibacterial and antiviral
target molecules. Docking energies for both phytochemical compounds were higher at
S. aureus targets MurE and HCoV-229E Mpro as compared to their respective ones towards
S. aureus PBP2a and TarS. On the contrary, both ferulic acid and kojic acid were modest
binding energies against all investigated targets conferring their lower relevant affinities for
these targets. To our delight, both top-docked phytochemicals depict higher docking scores
and predicted affinity towards TarS as compared to a reference target inhibitor. On the
other hand, both top-docked compounds had just lower binding energy than the reference
inhibitor at the other S. aureus targets, MurE and PBP2a, while being only ~0.25-fold lower
than the Mpro reference compound.

Table 5. CDOCKER interaction energies for the identified phytochemicals at the binding sites of both
bacterial and viral biotargets.

Compounds
Designated Targets

S. aureus MurE
(PDB; 4c12)

S. aureus
PBP2a

(PDB; 3zg0)

S. aureus TarS
(PDB; 5tzj)

HCoV-229E Mpro
(PDB; 7yrz)

Orientin −51.75 −49.69 −37.48 −50.15
Heptelidic acid −49.58 −42.93 −34.54 −39.71

Paxilline −43.45 −40.51 −31.21 −26.44
Ferulic acid −39.22 −38.56 −20.76 −25.21
Kojic acid −22.18 −14.11 −13.23 −19.49
Oleic acid −21.24 −36.54 −20.15 −21.23
Reference −54.87 −51.58 −33.67 −69.75

Reference compounds were adopted throughout the docking investigation to ensure
the clinical significance of the docking findings. Applying the same docking protocol and
algorithm for the reported target inhibitor and/or relevant co-crystalline ligand serves
as positive control references permitting comparative docking findings with reported
experimental data [81,82]. Herein, a thiazolidinylidene-based compound (T26) was adopted
as a positive control as a MurE inhibitor. The reference compound was reported with high
dual inhibition activities towards MurE and MurD from S. aureus (IC50 = 17.0 µM and
6.4 µM, respectively) [83]. Reported studies highlighted close similarity between the
MurE secondary structure originating from MRSA and E. Coli microorganisms (RMSD
1.48 Å along > 450 Cα-atoms and Z-score 21.2) [60,84]. Furthermore, T26 highlighted great
antibacterial activity against MRSA and its wildtype strain with a minimum inhibition
concentration of 9.0 µg/mL [83]. Concerning PBP2a, the co-crystallized cephalosporin
antibiotic, ceftaroline [85], was a relevant positive control. The novel 5th generation β-
lactam drug exhibits broad-spectrum activities, particularly towards the gram-negative
bacteria and highly resistant microorganisms, including MRSA, vancomycin-resistant,
-intermediate and heteroresistant vancomycin-intermediate S. aureus strains [86]. The co-
crystallized TarS substrate (UDP-GluNAc) was the suitable comparator, where the ability
of investigated phytochemicals to achieve higher docking energies would confer their
ability to competitively displace the substrate and hamper the enzyme machinery [65].
Finally, the co-crystallized HCoV-229E Mpro ligand, nirmatrelvir, was adopted as a relevant
reference compound where this peptide-like small molecule served as a potent inhibitor
of the SARS-CoV2 Mpro enzyme with IC50 = 0.79 nM and Ki = 3 nM [87]. The superior
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docking score of nirmatrelvir can be highly rationalized to its reported great inhibition
activity down to the low nanomolar concentrations.

To highlight the differential binding affinities for the top-docked phytochemicals, a
comprehensive evaluation of the ligand’s orientation/conformation and residue-wise inter-
actions were undertaken at each target. Interestingly, molecular docking of orientin and
heptelidic acid at S. aureus MurE revealed preferential anchoring of the hypertensive com-
pound at the binding domain of co-crystallized product UDP-N-acetylmuramyl-tripeptide
(UNAM-tripeptide). Typically, the product binds predominantly across the central do-
main of the ligase protein near the ATP-binding site (Figure 8A). Several MRSA MurE
key residues have been reported as important, including Asp406, Ser456, and Glu460,
for product/substrate binding and recognition [60], as well as an affinity for promising
inhibitors [88–91]. Both the negatively charged sidechains of Asp406 and Glu460 as well
as the polar mainchain of Ser456 served as the electrostatic trap mediating the stability of
UNAM-tripeptide at the binding site. Validation of the docking protocol was highlighted
through redocking the co-crystallized ligand under the same adopted parameter, high-
lighting great superimposed alignment for the co-crystallized and redocked conformation
(RMSD = 1.8 Å) (Figure 8A). Furnishing RMSD below 2.0 Å for the co-crystallized ligand to
its reference conformation/orientation signifies that both the adopted docking parameters
and algorithms were efficient for predicting relevant binding poses, highlighting respective
biological significance and, in turn, the docking energies [92].

Residue-wise interactions for orientin and heptelidic acid depicted a wide polar net-
work with surrounding residues. Orientin predicted polar interactions with magnesium
ions, besides hydrogen bonding at (hydrogen bond-Donor–Acceptor at angles/distances)
with Tyr462 sidechain –OH (2.8Å/135.2◦), Thr111 mainchain C=O (2.1Å/129.1◦), Lys114
sidechain –N+H3 (2.5Å/128.2◦ and 2.1Å/144.2◦), His205 sidechain NHτ (2.3Å/124.2◦),
Asn407 sidechain –NH2 (2.4Å/126.7◦ and 2.3Å/121.1◦), and Glu460 sidechain OH (2.4Å/128.0◦).
Furthermore, several hydrophobic contacts with surrounding non-polar residues are also
shown in Figure 8B. Hydrophobic π-mediated contacts with Tyr351 further stabilized ori-
entin at the catalytic site. Owing to its smaller size, heptelidic acid predicted a preferential
orientation towards domain II of the active site furnishing several polar contacts with
Mg2+, Lys114 sidechain –N+H3 (2.1Å/155.7◦ and 2.7Å/133.8◦), Thr152 (sidechain OH;
2.3Å/174.1◦ and mainchain –NH; 3.0Å/144.2◦), His205 sidechain NHτ (2.5Å/152.6◦), and
Arg383 sidechain–NHτ– (3.1Å/124.8◦). The latter could rationalize the inferior docking
score of heptelidic acid as compared to orientin. The sesquiterpene lactone phytochemical
predicted favored van der Waal contacts via its hydrophobic cage-like structure with the
surrounding pocket residues including Ala150, His181, His353, and Met379 (Figure 8C).
Finally, docking of the reference positive control, T26, at MurE highlighted dominant
electrostatic potentiality guiding its anchoring at the substrate site with extended orien-
tation/conformation across the domain I/II/III of the active site explaining its relatively
higher docking energy as compared to docked phytochemicals. Interactions with Mg2+,
Thr46 sidechain OH (2.6 Å/159.1◦), Asp406 sidechain C=O (2.6 Å/123.3◦), Asn407 sidechain
–NH2 (2.6 Å/118.4◦ and 2.8 Å/115.0◦), and Glu460 sidechain –OH (2.0 Å/140.5◦) residues
were highlighted (Figure 8D).

Exploring the final stage of peptidoglycan synthesis, targeting PBP2a has been consid-
ered beneficial for hampering MRSA survival. Generally, the catalytic active site of PBP2a
resides at the transpeptidase domain residing within an open groove on the protein surface
readily accessible to ligands (Figure 9A) [85]. Notably, three conserved motifs have been
reported to cluster around the active sites while harboring the catalytic serine and all the
residues required to activate the catalytic hydroxyl group for a nucleophilic attack. The first
motif comprises the S-X-X-K (Ser403-Thr404-Gln405-Lys406) tetrad where the catalytic ser-
ine resides and its sidekick, lysine amino acid, can exhibit their vital role for organizing the
nearby residues as well as minimizing the pKa of the catalytic serine-OH [93]. The second
and third conserved motifs are composed of the S-X-N (Ser462-Asp463-Asn464) and K-X-G
(Lys570-Ser571-Gly572) triads. The characteristic tetrad and triad motifs adopt strikingly
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similar conformations in a way that makes all active sites within the serine-based PBPs
appear just the same [94]. Interestingly, the β-lactam-inhibiting enzymes (β-lactamases),
which are responsible for bacteria resistance through β-lactam catalytic hydrolysis, exhibit
the same three conserved motifs making them evolutionary and mechanistically related
to all PBPs [94,95]. Such observations explained how penicillins, cephalosporins, and
carbapenems exhibit affinity for several PBPs and β-lactamases, where the latter can con-
fer bacterial resistance. Therefore, introducing non-β-lactam-based antimicrobial agents,
like propranolol, to circumvent the overgrowing resistance against β-lactam antibiotics is
considered highly rationalized [95].

Redocking the co-crystallized cephalosporin antibiotic, ceftaroline [85], provided a
validation tool for the adopted docking protocol and algorithm. At the depicted aligned
RMSD of 0.5 Å, the redocked ceftaroline managed to replicate its co-crystallized confor-
mation/orientation and residue-wise patterns (Figure 9A). Polar interaction with Ser462
sidechain –OH (2.2 Å/157.4◦), Thr600 mainchain C=O (2.1 Å/169.6◦), and Glu602 sidechain
–NH (1.8 Å/140.3◦) were conserved towards the ligand’s polar functionalities of the opened
β-lactam ring, amidic sidechain, and thiadiazole ring substitution (Figure 9B). Stacking
between the ligand’s thiazole ring and Tyr446 sidechain through close range π-π hydropho-
bic contact (4.1 Å) provides extra stability near the conserved S-X-N motif. Docking
orientin at PBP2a was dominant through polar interaction with the Tyr519 mainchain C=O
(2.1 Å/133.2◦), Gln521 sidechain C=O (2.9 Å/127.4◦), Ser462 sidechain –OH (2.4 Å/121.0◦),
and Asn464 sidechain (–NH2; 2.8 Å/162.4◦ and C=O; 2.6 Å/124.7◦). Orientin stability
was further mediated through non-polar contacts with surrounding residues (Ala601
and Met641) as well as hydrophobic π–π interaction between the compound’s resorcinol
ring and the Tyr446 sidechain (Figure 9C). For heptelidic acid, limited polar interactions
were depicted at the PBP2a binding site since few polar networks were seen with the
Lys406 sidechain –N+H3 (2.8 Å/162.4◦), Ser462 sidechain –OH (2.8 Å/162.4◦), and Asn464
sidechain –NH2 (2.8 Å/162.4◦) (Figure 9D). The latter docking observation could be related
to less inherited structural flexibility of heptelidic acid, the thing that limits its conforma-
tional maneuvers conferring a lower docking score to orientin. The lack of the compound’s
aromaticity could provide a reason for the fewer hydrophobic interactions depicted by
heptelidic acid towards the pocket lining residues.

Investigating the compounds’ residue-wise interactions at the TarS catalytic site would
provide valuable insights regarding the ability of top-docked phytochemicals to inter-
fere with bacterial virulence and biofilm production [66–71]. The enzyme catalytic site
is settled at the carboxy-terminal domain exhibiting the canonical GTA folding (double
α/β/α sandwiched Rossman motifs) (Figure 10A) [65]. The binding site is enclosed within
two key loops: (a) the catalytic site loop (CS-loop; Glu171–Asp178) encompassing the
putative base catalytic residue Asp178; (b) the substrate access loop (SA-loop; Lys205–
Tyr215). Several pocket residues including Tyr10, Arg75, Asp91, Glu177, Asp178, His210,
and Ser212 have been reported as important for recognizing and binding the enzyme’s
substrate (Uridine diphosphate N-acetylglucosamine; UDP-GluNAc) as well as small
molecule TarS inhibitors [65,96–98]. Preliminary redocking of the co-crystallized substrate
revealed the validity of the adopted docking protocol where UDP-GluNAc achieved low
RMSD (0.9 Å) to its co-crystalline orientation/conformation (Figure 10A). The redocked
substrate recaptured the co-crystallized residue-wise interaction patterns including salt
bridges with vicinal residues including Arg75 sidechain (sidechain =N+H2; 1.9 Å/150.1◦

and sidechain –N+H2; 2.3 Å/134.7◦), Glu177 sidechain (C=O; 1.8 Å/148.0◦ and –O−;
3.0 Å/128.8◦), Arg206 sidechain –N+H2 (2.2 Å/123.6◦ and 2.5 Å/124.7◦), and Ser212 (main-
chain –NH; 1.9 Å/164.0◦ and sidechain –OH; 2.7 Å/127.3◦). Hydrophobic contacts with
several prolines (Pro8, Pro71, Pro74, and Pro153) as well as π–π stacking for the pyrim-
idindione ring with Tyr10 were also relevant at close proximities (Figure 10B). Docking
interactions for the identified top-docked phytochemicals were mostly differentiated based
on polar contacts with surrounding residues. Owing to the higher number of hydrogen
bond donors and acceptors for orientin as compared to heptelidic acid, the earlier depicted
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a wider polar network towards pocket-lining residues. Hydrogen bonds with Arg126
sidechain =N+H2 (2.3 Å/129.4◦), His210 sidechain NHτ (2.9 Å/125.5◦), Ser213 mainchain
–NH (2.3 Å/142.9◦), and Ala214 mainchain –NH (2.6 Å/123.9◦) were predicted for orientin
at optimum angles and distances (Figure 10C). Displaced face-to-face π–π stacking was
depicted between orientin’s resorcinol ring and Tyr10 at a close distance. Fewer polar
contacts were depicted for heptelidic acid (Ser92 sidechain –OH; 2.0 Å/152.7◦ and Met211
mainchain –NH; 2.3 Å/124.7◦) with limited hydrophobic contacts (Figure 10D).

Moving towards the compound’s differential Mpro-related affinities, a comprehen-
sive examination of the ligand’s residue-wise interaction was conducted. Typically, the
target’s substrate pocket illustrated that the co-crystallized binary complex comprises
four sub-sites (S1

′-to-S4) for anchoring the four peptido-partitions (P1
′-to-P4) of its sub-

strate (Figure 11A) [74]. Within the current literature, several Mpro pocket amino acids
are identified as important for binding different ligands [77,80,99–101]. Binding to the
S1′ sub-site, especially towards the Mpro catalytic dyads His41 and Cys144, has been
identified as important for strong ligand–protein interactions and enzyme hydrolytic ac-
tivity blockage [102]. Significant non-polar contacts with the sidechains of either Glu165
or Asn189 at the S3 sub-site, as well as S2 sub-site residues (Ala49 and Leu190), can serve
as hydrophobic grips for anchoring different small molecules in the enzyme’s pocket [74].
Regarding polar binding interactions, both carbonyl and nitrogen of the Glu165 mainchain
were highlighted as crucial for providing relevant ligand–Mpro binding at the S1 sub-site.
Several other amino acids including Asn24, Thr25, Ser168, His171, Phe184, and Ala195 were
reported in literature as being relevant for preferential ligand binding [99–101]. Initially, the
furnished docking poses and energies were considered valid since preliminary redocking
of co-crystallized nirmatrelvir showed a root-mean-squared deviation: RMSD = 1.72 Å
(Figure 11A). Redocked nirmatrelvir was able to replicate the co-crystallized ligand–Mpro
binding interactions showing double polar hydrogen bonds with the S1 pocket Glu165
mainchain (–NH; 1.9 Å/171.8◦ and C=O; 2.0 Å/168.9◦) via the ligand’s amide moiety
(Figure 11B). The ligand’s pyrrolidinyl moiety mediated polar interaction with the Glu165
sidechain oxyanion (2.5 Å/128.2◦) and the Phe139 mainchain C=O (2.5 Å/141.6◦). The
ring further mediated the hydrogen bond with the S1 pocket His162 sidechain NHτ

(1.8 Å/168.4◦). Additional hydrogen bonds between the compound’s central amide linker
and the S2 pocket Gln163 mainchain C=O (2.2 Å/163.8◦) were also depicted. Close-range
hydrophobic interactions (π-CH) towards His41 and the ligand’s bicyclic ring (5.0 Å)
served to further the ligand’s stability at the S1′ sub-site. Further van der Waal contacts
with non-polar pocket lining residues Ile51, Ala143, Ile164, Leu166, and Pro188 were
observed. Altogether, these favored ligand–target interactions would be translated into
superior docking binding scores corresponding to the reported experimental in vitro Mpro
inhibition assay (IC50 at low-range nanomolar concentration). To our delight, the identified
phytochemicals revealed relevant ligand accommodation at the Mpro binding site. Orientin
depicted extended orientation across the four sub-sites, S1′–S3 (Figure 11C). Lodging at the
S1′ sub-site was solely relevant for the orientin as compared to the other identified phyto-
chemicals through polar interaction with Gly142 mainchain –NH (2.2 Å/163.8◦). Further
T-shaped π–π hydrophobic contact was shown between the compound’s resorcinol ring and
S1′s pocket His41 sidechain. Further polar interactions were predicted for orientin includ-
ing residues of pockets S1 Glu165 mainchain (–NH; 2.2 Å/163.8◦ and C=O; 2.1 Å/146.5◦),
His162 sidechain NHτ (2.2 Å/163.8◦), as well as vicinal residue Thr25 sidechain –OH
(2.2 Å/163.8◦). Non-polar van der Waal contacts with Ile51, Phe139, Ile140, Ala143, and
Pro188 were also depicted. Moving to heptelidic acid, a lower extent of polar interaction
was depicted. Interactions with Pocket S1 His162 sidechain NHτ (2.2 Å/156.4◦) and S1′

Cys144 sidechain –SH (2.9 Å/140.5◦) were only depicted for the sesquiterpene lactone
derivative (Figure 11D). Such differential ligand’s residue-wise interactions confer higher
docking energy for orientin regarding heptelidic acid. Despite limited polar interactions,
heptelidic acid is predicted to mediate several non-polar contacts with several residues
(His41, Ile164, Leu166, and Pro188) owing to its cage-like architecture and isopropyl arm
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chain. This could partially compensate for the limited electrostatic interactions predicted
by this smaller-sized phytochemical compound.
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Figure 8. The architecture of S. aureus MurE and depicted molecular docking poses. (A) Left panel: 
Cartoon 3D-representation of S. aureus MurE (PDB; 4c12) ligase showing structural domains; I, II, 
and III (cyan, red, and green, respectively) bound to two magnesium ions (yellow) and the co-
crystallized adenosine diphosphate (ADP) and product UDP-N-acetylmuramyl-tripeptide (UNAM-
tripeptide) as blue sticks. Bold C and N letters denote the carboxy and amino terminals. Right Panel: 
Aligned redocked MurE product (UNAM-tripeptide; yellow) over its co-crystalline state (blue). 
Predicted binding mode of (B) orientin, (C) heptelidic acid, and (D) antibacterial T26 as reference 
ligand. Only surrounding residues within 5 Å radius as lines are shown and polar interactions are 
illustrated as black dash lines. 

Residue-wise interactions for orientin and heptelidic acid depicted a wide polar 
network with surrounding residues. Orientin predicted polar interactions with 

Figure 8. The architecture of S. aureus MurE and depicted molecular docking poses. (A) Left panel:
Cartoon 3D-representation of S. aureus MurE (PDB; 4c12) ligase showing structural domains; I, II, and
III (cyan, red, and green, respectively) bound to two magnesium ions (yellow) and the co-crystallized
adenosine diphosphate (ADP) and product UDP-N-acetylmuramyl-tripeptide (UNAM-tripeptide)
as blue sticks. Bold C and N letters denote the carboxy and amino terminals. Right Panel: Aligned
redocked MurE product (UNAM-tripeptide; yellow) over its co-crystalline state (blue). Predicted
binding mode of (B) orientin, (C) heptelidic acid, and (D) antibacterial T26 as reference ligand. Only
surrounding residues within 5 Å radius as lines are shown and polar interactions are illustrated as
black dash lines.
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Figure 9. The architecture of S. aureus PBP2a and depicted molecular docking poses. (A) Left Panel: 
Cartoon 3D-representation of S. aureus PBP2a (PDB; 3zg0) transpeptidase enzyme in complex with 
ceftaroline co-crystalline ligand (blue sticks) and showing structural domains; transpeptidase 

Figure 9. The architecture of S. aureus PBP2a and depicted molecular docking poses. (A) Left Panel:
Cartoon 3D-representation of S. aureus PBP2a (PDB; 3zg0) transpeptidase enzyme in complex with
ceftaroline co-crystalline ligand (blue sticks) and showing structural domains; transpeptidase domain
(yellow) and allosteric domain (blue green). Bold letters C and N denote carboxy and amino terminals.
Right Panel: Aligned redocked ceftaroline (yellow) over its co-crystalline state (blue); predicted
binding mode of (B) ceftaroline as positive reference control, (C) orientin, and (D) heptelidic acid.
Only surrounding residues within a 5 Å radius as lines are shown and colored as per constituting
domains. Polar interactions are illustrated as black dash lines.
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Figure 10. The architecture of S. aureus TarS and depicted molecular docking poses. (A) Left Panel: 
Cartoon 3D-representation of S. aureus TarS (PDB; 5tzj) catalytic domain in complex with co-
crystalline substrate (UDP-GluNAc; blue sticks) with key structural loops; CS-loop (Glu171–Asp178; 
red) and SA-loop (Lys205–Tyr215; yellow). Bold letters C and N denote carboxy and amino terminals. 
Right Panel: Aligned redocked UDP-GluNAc (yellow) over its co-crystalline state (blue). Predicted 
binding mode of (B) UDP-GluNAc as a positive reference control, (C) orientin, and (D) heptelidic 
acid. Only surrounding residues within a 5 Å radius as lines are shown and colored as per 
constituting domains. Polar interactions are illustrated as black dash lines. 

Moving towards the compound’s differential Mpro-related affinities, a 
comprehensive examination of the ligand’s residue-wise interaction was conducted. 
Typically, the target’s substrate pocket illustrated that the co-crystallized binary complex 
comprises four sub-sites (S1’-to-S4) for anchoring the four peptido-partitions (P1’-to-P4) of 
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Figure 10. The architecture of S. aureus TarS and depicted molecular docking poses. (A) Left Panel:
Cartoon 3D-representation of S. aureus TarS (PDB; 5tzj) catalytic domain in complex with co-crystalline
substrate (UDP-GluNAc; blue sticks) with key structural loops; CS-loop (Glu171–Asp178; red) and
SA-loop (Lys205–Tyr215; yellow). Bold letters C and N denote carboxy and amino terminals. Right
Panel: Aligned redocked UDP-GluNAc (yellow) over its co-crystalline state (blue). Predicted binding
mode of (B) UDP-GluNAc as a positive reference control, (C) orientin, and (D) heptelidic acid. Only
surrounding residues within a 5 Å radius as lines are shown and colored as per constituting domains.
Polar interactions are illustrated as black dash lines.
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Figure 11. The architecture of HCoV-229E Mpro and depicted molecular docking poses. (A) Left 
Panel: Cartoon 3D-representation of HCoV-229E Mpro (PDB; 7yrz) in its dimeric state (dark/light 
grey surface colors for respective protomers A/B) with its canonical substrate binding site comprising 
important sub-sites (S1’ as red, S1 as magenta, S2 as green, and S3 as cyan). Right Panel: Aligned 
redocked nirmatrelvir (yellow) over its co-crystalline state (blue); predicted binding mode of (B) 
Nirmatrelvir as positive reference control, (C) orientin, and (D) heptelidic acid. Only surrounding 
residues within a 5 Å radius as lines are shown and colored as per constituting domains. Polar 
interactions are illustrated as black dash lines. 
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Thermodynamic behaviors of the identified compound–target proteins complexes 

were monitored to positive reference compounds (MurE: T26, PBP2a: Ceftaroline, TarS: 
UDP-GluNAc, and Mpro: Nirmatrelvir) as well as the Apo protein states through explicit 
molecular dynamics simulation. This approach has provided valuable molecular insights 

Figure 11. The architecture of HCoV-229E Mpro and depicted molecular docking poses. (A) Left
Panel: Cartoon 3D-representation of HCoV-229E Mpro (PDB; 7yrz) in its dimeric state (dark/light
grey surface colors for respective protomers A/B) with its canonical substrate binding site com-
prising important sub-sites (S1′ as red, S1 as magenta, S2 as green, and S3 as cyan). Right Panel:
Aligned redocked nirmatrelvir (yellow) over its co-crystalline state (blue); predicted binding mode of
(B) Nirmatrelvir as positive reference control, (C) orientin, and (D) heptelidic acid. Only surrounding
residues within a 5 Å radius as lines are shown and colored as per constituting domains. Polar
interactions are illustrated as black dash lines.
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2.9. Molecular Dynamics Studies

Thermodynamic behaviors of the identified compound–target proteins complexes
were monitored to positive reference compounds (MurE: T26, PBP2a: Ceftaroline, TarS:
UDP-GluNAc, and Mpro: Nirmatrelvir) as well as the Apo protein states through explicit
molecular dynamics simulation. This approach has provided valuable molecular insights
regarding compound–target relative stabilities, conformational changes, and favored in-
teractions under near-physiological conditions [103–105]. Regarding the initial structures,
the RMSD trajectories were tracked for the simulated bound proteins. Altered conforma-
tions and compromised stability are typically correlated with high target RMSDs [106],
whereas ligands with excellent pocket accommodation are related to steady and small-
value RMSDs [107]. Simulated proteins showed typical thermodynamic behaviors as
alpha-carbon RMSD trajectories showed low initial values that increased within the first
few steps and then more or less leveled off around respective averages for more than half
of the simulations (Figure 12A). Interestingly, monitored RMSDs for all compound-bound
(holo) proteins were at lower average values and less fluctuating tones (4.54 ± 0.61 Å
to 3.00 ± 0.49 Å for MurE, 3.40 ± 0.57 Å to 3.47 ± 0.63 Å for PBP2a, 2.30 ± 0.20 Å to
3.00 ± 0.41 Å for TarS, and 2.46 ± 0.33 Å to 2.58 ± 0.28 Å for Mpro) as compared to the apo
state (without bound compound/unliganded) (5.92 ± 1.22 Å for MurE, 6.77 ± 0.96 Å for
PBP2a, 3.92 ± 0.67 Å for TarS, and 3.46 ± 0.47 Å for Mpro). Higher fluctuation patterns
(in terms of magnitudes and/or frequencies) were assigned for proteins inbound with
heptelidic acid over those of orientin only at TarS, while being indistinguishable across the
PBP2a and Mpro simulations. In terms of MurE protein RMSDs, the heptelidic acid-bound
protein exhibited higher tones than that of orientin only across 30–70 ns, while kept at
lower values for most of the simulation run. Differential RMSDs for simulated proteins
showed higher fluctuations for MurE and PBP2a as compared to those of TarS and Mpro.
These depicted dynamic behaviors can be partially correlated to the differential secondary
structure and B-factor index of the bound proteins.

Concerning the sole simulated compound monitoring, the ligands’ RMSDs were mon-
itored through selecting the carbon-alpha center of their respective bound proteins for their
least-square fit analysis. The grouped ligands atoms (based on the GROMACS index.file)
were selected to perform the RMSD analysis. Applying such approaches have provided
a relevant description to understand whether a specific ligand was retained within its
binding pose, confined within the binding site, or not throughout the dynamics runs.
Notably, RMSDs of respective compounds highlighted differential stability across the simu-
lated times (Figure 12B). As a general observation, limited fluctuations with steady RMSD
tones were assigned for orientin across all bound protein systems (3.25 ± 0.50 Å for MurE,
3.01 ± 0.42 Å for PBP2a, 3.17 ± 0.68 Å for TarS, and 3.29 ± 0.56 Å for Mpro) as compared to
heptelidic acid (4.68 ± 1.78 Å for MurE, 64.43 ± 39.37 Å for PBP2a, 35.29 ± 11.97 Å for TarS,
and 9.67 ± 4.09 Å for Mpro). The orientin’s RMSD tones within the MurE complex were
observed statistically indistinguishable from its own ones at the other three complexes. On
the other hand, orientin’s RMSD trajectories were depicted comparable to those of the TarS
reference ligand (UDP-GluNAc; 2.48 ± 0.68 Å) and positive controls at the Mpro model
(Nirmatrelvir; 2.48± 0.36 Å), yet even lower than references at the MurE and PBP2a models
(T26; 9.17 ± 2.57 Å and Ceftaroline; 4.16 ± 1.74 Å, respectively). The latter thermodynamic
behaviors would confer preferential orientin’s dynamic stability and confinement within
the different target binding sites. Despite higher fluctuations for heptelidic acid, its RMSDs
leveled off around an average value starting from a 55-to-60 ns timeframe and till the end
of the simulation runs only at the MurE and Mpro systems. Notably, T26 at the MurE
complex across 30–70 ns showed high RMSDs before they descend and come to their initial
tones. In cases of PBP2a and TarS complexes, heptelidic acid RMSDs were far beyond range
(>16 Å) conferring significant drift at new protein sites much farther away from the initial
location at the proteins’ canonical binding site. Both large RMSDs for heptelidic acid in all
complexes and T26 in the MurE complex confer that the ligands moved from their original
binding sites to new ones but still remained in contact with the protein, rather than simply
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dissociating into the solvent. For T26 at MurE, the ligand’s drift was quite transit as it
managed to return back to the initial site for the last 30 ns of the simulation run. It is worth
noting that the depicted RMSDs for orientin and reference ligands never exceeded 2.5-fold
the RMSD values of their respective bound proteins, with an exception only for T26 at
MurE (~ 4.0-folds). This has been confirmed relevant in the literature for the compound’s
existence within the binding site as well as successful protein convergence at the end of the
simulation demanding no further time extensions [108,109]. Further compound-active site
stability was investigated through the time evolution of the ligand–protein complex confor-
mations and ligand orientation analysis. Overlaid timeframes at the beginning and end of
the simulation run confirm orientin and reference ligand as relevant accommodations of
the binding site (Figure 13).

Monitoring the RMS fluctuations for the holo/apo target proteins to their alpha-carbon
references provided further stability analysis. Protein stability and flexibility/immobility
profiles were dissected down to their constituent amino acids [110]. RMSFs allow the
researchers to comprehend the residue-wise dynamic behaviors at the protein’s binding
pocket/vicinal loops in addition to pinpointing the key amino acids being significant
for ligand binding [111,112]. Normalized RMSFs (∆RMSF = apoRMSF − holoRMSF)
were adopted as better representations of the protein’s local flexibility in relation to its
apo state. Adopting a ∆RMSF cut-off value of 0.30 Å has been reported as relevant for
estimating the significant alterations within the protein’s structural movements, meaning
that residues depicting ∆RMSF greater than 0.30 Å indicated reduced backbone mobility
upon binding [113]. In concordance with the RMSD findings, lower flexibility and mobility
tones across almost all protein regions were assigned for the holo proteins in relation
to their apo states where the earlier were shown with almost positive ∆RMSF values
(Figure 14). This confers the impact of ligand binding on the stabilizing of target proteins’
secondary structures. This further suggests that ligand binding would impact protein
stability in a manner much extended beyond the canonical binding site affecting even
the far protein regions. Additionally, typical protein dynamic behavior was illustrated
since higher flexibility profiles were seen for the terminal residues as compared to the core
regions, except for the carboxy terminals of S. aureus MurE proteins bound with orientin and
T26 where binding sites are at proximity distances to the protein’s C-terminus. Secondly,
the stability-driven impacts of orientin and reference compound binding on the four protein
targets were more profound than those of heptelidic acid where the latter was assigned
with lower ∆RMSF values. This would further highlight the lower stability profiles of
heptelidic acid–protein complexes in relation to orientin and reference compounds in good
agreement with ligand drift away from the initial binding site.

Free-binding energy calculations using the trajectory-oriented Molecular Mechanics-
Poisson Boltzmann Surface Area (MM-PBSA) approach were performed to understand
the nature of top-stable ligand–protein binding, estimating affinity magnitude, as well
as individual energy contribution of key binding residues [114]. MM-PBSA calculation
possesses the advantage of being comparably accurate to free-energy perturbations, yet
with lower computational expenditure [115]. Notably, the free binding energies of the
simulated orientin were quite second to the simulated reference compounds at the complex
targets: MurE (−66.00± 4.46 vs. −71.70± 13.08), PBP2a (−41.09± 6.87 vs. −51.66± 35.89),
and Mpro (−115.41 ± 14.87 vs. −176.27 ± 16.42), except for TarS where the identified
phytochemical was just superior (−43.76 ± 12.58 vs. −41.51 ± 46.35) (Figure 15). However,
the uncertainties on the free binding energies for the reference compounds are so large
that they encompass the orientin values. The latter would argue that orientin is second
to the reference compound only at the Mpro complex. On the other hand, the provided
total ∆G is a relevant translation for all previously presented data including the RMSD
and ∆RMSF fluctuations, as well as ligand–target conformational analysis. Just because
the Mpro–orientin complex was the one showing the largest difference in total energy
from its reference compound does not confer that other protein systems are of negligible
difference. In this regard, we would argue that the differential binding free energies for
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orientin and references incorporate contributions from RMSD and ∆RMSF so that these
are already accounted for, due to the fact that the orientin’s binding to a specific protein is
quite different as compared to that of the reference compounds. To further confirm such an
argument, the differential binding energy terms between orientin and reference compounds
were investigated within the forthcoming text.
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Figure 12. Thermodynamic stability analysis of the explicit molecular dynamics simulated com-
pounds inbound to S. aureus and HCoV-229E biotargets. (A) Alpha-carbon atom RMSDs for protein
(holo and apo states); (B) sole ligand RMSDs, in relation to simulation timeframes (ns).

112



Pharmaceuticals 2024, 17, 656

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 24 of 43 
 

 

Figure 12. Thermodynamic stability analysis of the explicit molecular dynamics simulated 
compounds inbound to S. aureus and HCoV-229E biotargets. (A) Alpha-carbon atom RMSDs for 
protein (holo and apo states); (B) sole ligand RMSDs, in relation to simulation timeframes (ns). 

 

 

  

 

 

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 25 of 43 
 

 

 
 

Figure 13. Conformational analysis for molecular dynamics simulated compounds inbound to S. 
aureus and HCoV-229E biotargets. Overlaid ligand–target snapshots at initial and final timeframes. 
Top-stable compounds (orientin and reference ligands—sticks) and bound proteins (cartoons) are 
colored green and red concerning 0 ns and 100 ns extracted frames. 

Monitoring the RMS fluctuations for the holo/apo target proteins to their alpha-
carbon references provided further stability analysis. Protein stability and 
flexibility/immobility profiles were dissected down to their constituent amino acids [110]. 
RMSFs allow the researchers to comprehend the residue-wise dynamic behaviors at the 
protein’s binding pocket/vicinal loops in addition to pinpointing the key amino acids 
being significant for ligand binding [111,112]. Normalized RMSFs (ΔRMSF= apoRMSF − 
holoRMSF) were adopted as better representations of the protein’s local flexibility in 
relation to its apo state. Adopting a ΔRMSF cut-off value of 0.30 Å has been reported as 
relevant for estimating the significant alterations within the protein’s structural 
movements, meaning that residues depicting ΔRMSF greater than 0.30 Å indicated 
reduced backbone mobility upon binding [113]. In concordance with the RMSD findings, 
lower flexibility and mobility tones across almost all protein regions were assigned for the 
holo proteins in relation to their apo states where the earlier were shown with almost 
positive ∆RMSF values (Figure 14). This confers the impact of ligand binding on the 
stabilizing of target proteins’ secondary structures. This further suggests that ligand 
binding would impact protein stability in a manner much extended beyond the canonical 
binding site affecting even the far protein regions. Additionally, typical protein dynamic 
behavior was illustrated since higher flexibility profiles were seen for the terminal 
residues as compared to the core regions, except for the carboxy terminals of S. aureus 
MurE proteins bound with orientin and T26 where binding sites are at proximity distances 
to the protein’s C-terminus. Secondly, the stability-driven impacts of orientin and 
reference compound binding on the four protein targets were more profound than those 
of heptelidic acid where the latter was assigned with lower ∆RMSF values. This would 
further highlight the lower stability profiles of heptelidic acid–protein complexes in 
relation to orientin and reference compounds in good agreement with ligand drift away 
from the initial binding site. 

  

Figure 13. Conformational analysis for molecular dynamics simulated compounds inbound to
S. aureus and HCoV-229E biotargets. Overlaid ligand–target snapshots at initial and final timeframes.
Top-stable compounds (orientin and reference ligands—sticks) and bound proteins (cartoons) are
colored green and red concerning 0 ns and 100 ns extracted frames.
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Figure 14. Global stability of simulated proteins down to their constituting residues. Difference
RMSF analysis of inbound S. aureus (A) MurE, (B) PBP2a, (C) TarS, and (D) HCoV-229E Mpro proteins
along the whole molecular dynamics runs highlighting the residue-wise flexible contributions of
holoprotein in relation to the apo/unliganded states.

Dissection of the free binding energies showed that the electrostatic potential ener-
gies (∆Gelectrostatic) were dominant over van der Waal hydrophobic energy contributions
(∆GvdW) driving both the orientin and T26 stabilities at the MurE and TarS complex systems.
On the other hand, ∆GvdW showed predominant free-binding energy contributions for
orientin’s affinity towards the PBP2a and Mpro models. Dominant ∆GvdW contribution
fashions were also depicted with reference ligands only at the PBP2a and Mpro systems,
while a profound ∆Gelectrostatic contribution was seen for UDP-GluNAc at TarS. Interest-
ingly, the high combined non-polar free binding interactions (sum of ∆GvdW and non-polar
solvation; ∆GSASA) for the simulated ligand–target complexes might be directly related to
the targets’ large pocket surface area.
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Figure 15. MM_PBSA free-binding energy calculations and constituting energy term contributions
for the ligand–protein target complexes.

Concerning the polar solvation energy contributions, orientin was assigned with
much lower polar solvation energies (∆Gpolar solvation) across all simulated systems when
being compared to reference ligands at corresponding target proteins. The latter was
suggested to be in favor of orientin–target affinity since binding has been considered
a solvent substitution process [116–120]. Harboring significant aromatic/heterocyclic
structural features could allow reasonable compensation of solvation entropy and final
relevant total free-binding energy profiles for orientin. On the other hand, higher solvation
penalties for reference compounds could be related to the presence of several ionizable
groups in contact with hydrophobic pocket sides that would compromise the totally free
binding process. Based on the presented structural postulations, prospective structural
optimization of orientin can be achieved through balanced hydrophobic/hydrophilic
characters. Introducing ionizable scaffolds furnishing increased polarity while possessing
relevant aromatic characteristics would be advantageous for minimizing the solvation
penalty and maximizing the target affinity. Suggested scaffolds include tetrazole rings and
other relevant cyclic carboxylate-related bioisosteres [121].

Finally, it is worth mentioning that significant differential patterns have been high-
lighted with distinctive energy term preferentiality between the reference compound and
orientin at every target system. Thus, from the obtained MM-PBSA calculations, orientin’s
binding to a specific protein is quite different as compared to that of the reference com-
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pounds, the thing that again successfully reflects the findings obtained at the previous MD
analysis parameters, including the RMSD and ∆RMSF analysis as well as the ligand–target
conformational investigation.

For gaining more insights concerning ligand–residues interactions, the binding-free
energy was dissected down to its residues’ contribution to identifying key residues [115].
Residues of the active binding site depicted favored contributions (large negative values)
within the ligand–protein binding energies of orientin and reference ligands (Figure 16).
Adopting ≤−5.00 kJ/mol cut-off for significant energy contributions [122], residues Lys62,
Lys114, His205, His353, Arg383, Asp406, and Glu460 were illustrated as most important
for compound binding at S. aureus MurE with the highest contributions being assigned
for Lys114, Asp406, Glu460 (−15.37 to −17.24 kJ/mol), and His205 being the most (up
to −28.35 kJ/mol). Concerning the PBP2a complex systems, top-favored contributing
residues included Tyr446, Ser462, Asp463, Asp573, and Glu602 with the highest contri-
butions for Asp463 (up to −12.03 kJ/mol) and Glu602 (up to −16.08 kJ/mol). Moving
to the TarS models, residues like Tyr10, Arg75, Asp91, Asp94, Asp95, Arg126, Glu171,
Glu172, Glu177, Asp178, Lys205, Arg206, Glu207, and Glu209 were significant for ori-
entin and UDP-GluNAc binding stability. The dominant polar nature of top-contributing
TarS residues further confirms the dominant impact of ∆Gelectrostatic potentials on ligand
binding. For the final target, HCoV-229E Mpro, several residues of the four sub-pocket
and vicinal regions were involved in high-negative energy contributions (≤−5.00 kJ/mol),
including Ala49, Phe139, Cys144, His162, Gln163, Glu165, His171, and Phe184 with a
dominant hydrophobic nature. It is worth mentioning that several other pocket residues
showed significant positive energy contributions inferring repulsion forces and unfavored
impact on the ligand’s stability. Thus, the addition of balanced hydrophobic/ionizable
scaffolds was further highlighted as significant for ligand anchoring. Finally, the above-
depicted energy residue-wise findings were consistent with the above-described docking
hydrophobic/polar contact preferentiality.
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3. Materials and Methods
3.1. Plant Material

In September 2021, fruits of Annona squamosa were acquired from a local Egyptian
market. The plant sample was verified by Mrs. Therez Labib, a consultant in plant
taxonomy for the Ministry of Agriculture and a former director of the El-Orman Botanical
Garden. The Department of Pharmacognosy and Medicinal Plants at Future University’s
Faculty of Pharmacy (FUE) received a voucher specimen of the plant material (AS 101).

3.2. Isolation of the Endophytic Fungi

Endophytic fungi were separated using the procedure that Fathallah et al. and Hazalin
et al. outlined [1,123]. In summary, A. squamosa fruits were sterilized for one minute
using 70% ethanol, then rinsed twice with sterile water. To prevent bacterial development,
the dried fruits (shade drying) were crushed and aseptically added to Potato Dextrose
Agar (PDA) (Oxoid, Hampshire, UK) plates supplemented with 250 mg/L of gentamicin
and streptomycin. In addition to non-inoculated PDA plates acting as a negative control,
non-crushed, surface-sterilized fruits were also grown to rule out the presence of epiphytic
fungus. The plates were incubated at 25 ◦C for seven to fourteen days. Different mycelia
that emerged from the segments were grown, and PDA slants were used to preserve the
isolated pure fungi.

3.3. Morphology of Fungi and Microscopic Analysis

As illustrated by [124], colony characteristics like texture, shape, and color as well as
the conventional taxonomic key of the isolated fungus was morphologically identified. A
prospective fungus was grown on PDA for seven days using the slide culture method [125].
After adding lactophenol cotton blue, the mycelia were found under a microscope. To
identify fungi, hyphae and conidia’s morphological characteristics were utilized.

3.4. Identification of Fungi Using a Molecular Approach

By Sigma Scientific Services Co., genomic DNA was extracted. To amplify the ribo-
somal ITS region, ITS 1 (5′-TCC GTA GGT GAA CCT GCG G-3′) and ITS 4 (5′-TCC TCC
GCT TAT TGA TAT GC-3′) were utilized as forward and reverse primers, respectively.
The following conditions applied to thermal cycling: ten minutes of initial denaturation at
95 ◦C, thirty seconds of denaturation at 95 ◦C, one minute of annealing at 57 ◦C, and one
minute of extension at 72 ◦C were all included. One cycle of post-cycling expansion was
performed for ten minutes at 72 ◦C. Following the manufacturer’s instructions, the PCR
yields were purified using the GeneJET PCR Purification Kit (Thermo K0701, Waltham,
MA, USA), and the refined DNA was then stored. The PCR yields were purified using
the GeneJET PCR Purification Kit (Thermo K0701, Waltham, MA, USA) under the manu-
facturer’s instructions, and the refined DNA was thereafter stored at −20 ◦C. Ultimately,
an ABI 3730xl DNA sequencer was used to sequence the improved PCR result. The final
gene product sequence of the fungal isolate was aligned using NCBI BLAST (Basic Local
Alignment Search Tool; http://blast.ncbi.nlm.nih.gov/; accessed on 14 November 2023)
against sequences that were already available in the GenBank database. Using the MEGA
5 program, the phylogenetic tree was constructed using the neighbor-joining strategy. The
isolate sequence that was found was entered into the GenBank database and given an entry
number [126].

3.5. Fermentation in Solid-State Media and Extraction of the Fungi Metabolites

In 1L Erlenmeyer flasks sealed with cotton and autoclaved at 121 ◦C for 20 min, 100 g
of rice combined with 120 mL of sterilized water was used to create a solid rice medium for
mass manufacturing. Fifteen solid rice flasks were inoculated with plugs from PDA fungal
cultures, and the cultures were left to develop for twenty-one days at room temperature.
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3.6. Preparation of Ethyl Acetate Fungal Extract

Ethyl acetate (EtOAc) (4 × 300 mL) was used to extract fungal metabolites to exhaus-
tion, as per the instructions [127]. Briefly, the fermentation process was terminated by the
addition of ethyl acetate, the process was repeated 4 times and the pooled ethyl acetate ex-
tracts of the fungal material were evaporated under a vacuum resulting in a brown residue
(FEA). In this investigation, the conventional procedure (solid-state fermentation) was
utilized for large-scale fermentation and isolation of significant amounts of the chemicals
of interest. VanderMolen et al. [128] suggested that solid media usually yield cultures that
are one to two times higher in mass than those cultivated on liquid media.

3.7. Liquid Chromatography-Mass Spectrometry Analysis (LC/MS)

Using methanol HPLC grade, the ethyl acetate extract was dissolved and filtered by a
membrane disc filter 0.2 µm, then into an RP C-18 column 5 µm, 125 mm × 4 mm, 10 µL of
the sample was injected. Gradient elution was employed, with a flow rate of 0.2 mL/min.
The total program time is 34 min. Mass spectra were detected in the ESI negative ion
mode: source temperature 150 ◦C, cone voltage 30 eV, capillary voltage 3 KV, desolvation
temperature 440 ◦C, cone gas flow 50 L/h, and desolvation gas flow 900 L/h.

3.8. Antimicrobial Screening

The screening of antibacterial and antifungal activities for FEA was conducted using
the disk diffusion method, following the standard CLSI procedure [129]. Test microbes
included two Gram-positive bacteria (S. aureus ATCC 25923; MSSA) and MRSA ATCC-
700788), two Gram-negative bacteria (E. coli ATCC 25922 and P. aeruginosa ATCC9027), and
one yeast strain (C. albicans ATCC 10231). FEA (20% w/v) was tested using bacterial and
yeast suspensions adjusted to a turbidity equivalent to 0.5 McFarland (1.5 × 108 CFU/mL)
in Trypticase Soy Broth (TSB). The prepared disks were placed on Muller–Hinton Agar,
with DMSO disks as negative controls and disks containing antibiotics Vancomycin 10 µg,
Gentamicin 10 µg, and Nystatin 10 µg were used as positive controls for Gram-positive,
Gram-negative bacteria and yeast, respectively. After incubation at 37 ◦C for 24 h, zones of
inhibition were determined according to [130,131].

3.9. Determination of Minimum Inhibitory Concentrations

FEA underwent further testing to determine its MIC against sensitive isolates em-
ploying the agar well diffusion method [131]. Various concentrations (10, 5, 2.5, 1.25, 0.6,
and 0.3%) of the extract were meticulously prepared using a two-fold serial dilution. For
each concentration, 1 mL of the prepared inoculum of sensitive isolates (log phase) was
pipetted into sterile Petri dishes, followed by the addition of Trypticase Soy agar and
thorough mixing. After solidification, wells were created using a sterile cork borer (6 mm
in diameter) on agar plates containing the inoculums. Subsequently, 100 µL of the extract
dilution was transferred to the respective wells, ensuring that each plate contained only
four wells. Following a 30 min refrigeration period, the plates were incubated at 37 ◦C for
18 h. MIC was defined as the lowest concentration inhibiting the growth of the respective
microorganisms. All assays were conducted in triplicate, and DMSO served as a control in
these experiments.

3.10. Antibiofilm Screening

To assess the impact of extracts on biofilm formation, sublethal concentrations (75%,
50%, and 25% of MIC) were employed against biofilm-forming sensitive isolates, namely
S. aureus ATCC 25923 (MSSA) and MRSA ATCC-700788 [132].

3.10.1. Inhibition of Biofilm Formation–Prevention of Initial Bacterial Cell Attachment

The potential of FEA to impede initial cell attachment was explored through the
biofilm inhibition assay [133]. In brief, 100 µL of a standardized concentration of cultures
with OD560 = 0.02 (1.0 × 106 CFU/mL) was added to individual flat-bottomed 96-well
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microtiter plates and incubated at 37 ◦C for 4 h without shaking. Subsequently, the plates
were removed from the incubator, and 100 µL aliquots of the extract were added in triplicate
to the wells, resulting in final sub-MIC concentrations (75%, 50%, and 25% of MIC). The
plates were then further incubated at 37 ◦C for 24 h without agitation. DMSO served
as the negative control. The biomass was quantified using the modified crystal violet
staining method.

3.10.2. Inhibition of Development of Pre-formed Biofilms–Assessment of Destruction of
Biofilm Mass

FEA was assessed for its ability to induce the destruction of pre-formed biofilms
according to the method performed by Famuyide et al. (2019) [52]. A 100 µL aliquot of
a standardized concentration of tested cultures with OD560 = 0.02 (1.0 × 106 CFU/mL)
was added to individual flat-bottomed 96-well microtiter plates and incubated at 37 ◦C for
24 h without shaking to allow for the development of a multilayer biofilm. Subsequently,
100 µL aliquots of the extract or its fractions were added to the wells of a 96-well microtiter
plate, achieving final sub-MIC concentrations (75%, 50%, and 25% of MIC), and the plates
were further incubated at 37 ◦C for 24 h. The incubation was conducted without agitation.
DMSO served as the negative control. The biomass was quantified using the modified
crystal violet staining method [133].

3.10.3. The Crystal Violet Staining Assay

The assay followed the method outlined by Famuyide et al. (2019) [52]. Briefly, 96-well
microtiter plates were washed five times with sterile distilled water, followed by air-drying
and oven-drying at 60 ◦C for 45 min. Subsequently, wells were stained with 100 µL of
1% crystal violet and incubated at room temperature for 15 min. After three washes with
sterile distilled water, a semi-quantitative assessment was conducted by destaining with
125 µL of 30% acetic acid solution for 10 min at room temperature. A 100 µL aliquot of the
destaining solution was transferred to a new sterile plate, and absorbance at 590 nm was
measured using a microplate reader (BioRad). The percentage inhibition of biofilm was
calculated based on the mean absorbance of the samples using the equation below [53].

Percentage Inhibition =
OD negative control−OD experiment

OD negativ econtrol
∗ 100

3.11. Antiviral Activity

In this study, Nawah-Scientific, Egypt, provided the Low Pathogenic Corona Virus
(229E) and Vero E6 cells. Vero E6 cells were cultured in DMEM medium supplemented with
10% fetal bovine serum and 0.1% antibiotic/antimycotic solution, with reagents sourced
from Gibco BRL. Antiviral and cytotoxicity assays were conducted using the crystal violet
method [134,135]. Briefly, Vero E6 cells were seeded one day before infection, and the
infectivity of the Low Pathogenic Corona Virus (229E) was determined by monitoring
cytopathic effects (CPE) and calculating cell viability percentages.

For the antiviral activity assessment, a 96-well culture plate was used, and 0.1 mL
of diluted virus suspension was added to cells along with various concentrations of test
compounds. The culture plates were then incubated, and the development of CPE was
monitored. After staining and quantification, the antiviral activity was calculated using
the Pauwels et al. (1988) equation [136], allowing for the determination of the 50% CPE
inhibitory dose (IC50).

To evaluate cytotoxicity, cells were seeded in a 96-well plate, treated with serially
diluted samples, and incubated. After the incubation period, cells were processed similarly
to the antiviral assay, and the 50% cytotoxic concentrations (CC50) were determined. CC50
and IC50 were calculated using GraphPad PRISM Version 5.01 software.
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3.12. Research on ADME (Absorption, Distribution, Metabolism, and Excretion) and
Pharmacokinetics

The Absorption, Distribution, Metabolism, and Excretion (ADME) and Pharmacoki-
netic Studies were carried out using SWISSadme [137] (Swiss Institute of Bioinformatics
online source), link: http://www.swissadme.ch accessed on 1 October 2023, to determine
whether the compounds had the potential to be a promising pharmaceutical drug. By
using the Swiss ADME (http://www.swissadme.ch/; accession date: 18 February 2024)
molecules’ bioavailability radar, the physicochemical properties of the identified com-
pounds for oral bioavailability were determined. The pink area represents the optimal
ranges for the represented compound’s oral bioavailability based on six physicochemical
characteristics: polarity, size, solubility, lipophilicity, flexibility, and saturation. To predict
the compound’s blood barrier and GIT absorption, the Boiled Egg approach was also used.

3.13. In Silico Studies (Molecular Docking-Coupled Dynamics Simulations)

The probable molecular binding mode between the identified compounds and dif-
ferent enzymes involved in the antimicrobial and antiviral activity was evaluated using
the CDOCKER algorithm in Discovery Studio 4.5. (Accelrys Software, Inc., San Diego,
CA, USA). The crystal structures of several different protein targets were obtained using
the Protein Data Bank (http://www.rcsb.org/pdb/; accession date: 19 February 2024).
The enzymes are S. aureus teichoic acid-associated β-glycosyltransferase enzyme (TarS;
PDB = 5tzj) evaluating the antibiofilm activity; MurE ligase (PDB = 4c12), penicillin-binding
proteins (PBP2a; PDB = 3zg0) for assessing the antibacterial activity; and finally HCoV-229E
main protease (PDB = 7yrz) which demonstrates the antiviral activity. The protein was
refined after the water molecules were eliminated. For each tested enzyme, the binding
of the co-crystallized inhibitor and the target enzyme served as the basis for identifying
the binding site. Rule-based docking was used to dock all identified compounds and the
specific ligand for each enzyme into the protein-binding site, after the co-crystallized ligand
was removed. The interaction energy was calculated to examine how the ligand molecules
and receptors interacted. The best ligand-binding poses were chosen by sorting the top
10 ligand-binding poses for each ligand according to their CDOCKER interaction energies
and looking at the predicted binding interactions.

Best docked complex model for each compound proceeded through molecular dy-
namics simulations using GROMACS-19 under CHARMM36m and CHARMM-General
forcefields following solvation within the TIP3P-water model under periodic boundary
conditions [138]. Models were ionized at physiological pH = 7.4 and neutralized using a
sufficient number of chloride and potassium ions. System minimization was performed by
steepest-descent algorithm-minimization steps (5 ps), then equilibrated at NVT followed
by NPT ensembles for 500 ps each [104,138]. Systems were produced for 100 ns molecular
dynamics simulations under the NPT ensemble and far-range electrostatic interactions
were computed using Particle-Mesh/Ewald algorithm [139]. Root-mean-square devia-
tions (RMSDs_Å) and RMS-fluctuations (RMSFs_Å) were monitored regarding the entire
trajectories, while free-binding energies of compound-NCAPG-kleisin complexes were esti-
mated via Molecular Mechanics/Poisson-Boltzmann (MM-PBSA_kJ/mol) single-trajectory
approach [115]. Visualizing the simulated complexes at specified timeframes as well as
conformational analysis were performed using PyMOL 2.0.6 software.

4. Conclusions

This study represents a sustainability approach for fruit peels, which are regarded as
industrial waste. Peels can be used as a valuable source of endophytic fungi to enhance
their economic value. The isolated A. flavus is an endophytic fungus that has significant
secondary metabolites and owns a selective antibacterial and antibiofilm potential against
Gram-positive microorganisms such as MSSA and MRSA; in addition, it exhibited a promis-
ing antiviral activity. The promising computational findings encourage deeper biological
in vivo experiments for the identified metabolites which can be used singly, in combination,
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or in addition to presently prescribed antibiotics to increase their effectiveness and lessen
the microbes’ resistance. Additional research is recommended to assess the potential of this
promising endeavor across diverse clinical bacterial strains, with a particular emphasis on
further exploration concerning coronaviruses, particularly the recently emerged SARS-CoV-
2. It is also advised that more research be conducted to identify the various endophytic
fungal species that are concealed within fruit peels, as well as their secondary metabolites,
modes of action, and biological activities.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph17050656/s1, Figure S1: Negative ionization mode chro-
matogram representing the major compounds identified from the fungal ethyl acetate extract num-
bered according to their relative abundance where (1) heptelidic acid, (2) ferulic acid, (3) oleic acid,
(4) paxilline, (5) indole, (6) orientin, and (7) kojic acid.
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Abstract: The epidermal growth factor receptor (EGFR), also known as ErbB1 and HER1, belongs
to the receptor tyrosine kinase family. EGFR serves as the primary driver in non-small-cell lung
cancer (NSCLC) and is a promising therapeutic target for NSCLC. In this study, we synthesized a
novel chemical library based on a benzofuran–indole hybrid scaffold and identified 8aa as a potent
and selective EGFR inhibitor. Interestingly, 8aa not only showed selective anticancer effects against
NSCLC cell lines, PC9, and A549, but it also showed significant inhibitory effects against the double
mutant L858R/T790M EGFR, which frequently occurs in NSCLC. In addition, in PC9 and A549 cells,
8aa potently blocked the EGFR signaling pathway, cell viability, and cell migration. These findings
suggest that 8aa, a benzofuran–indole hybrid derivative, is a novel EGFR inhibitor that may be a
potential candidate for the treatment of NSCLC patients with EGFR mutations.

Keywords: benzofuran; indole; hybrid structure; NSCLC; EGFR

1. Introduction

The identification of new chemical entities with pharmacologically modulating proper-
ties is important in the early stages of drug discovery processes. Accordingly, the generation
of new drug-like chemical scaffolds and their derivatives for biological screening is highly
desired. Against this backdrop, we were able to find several chemical motifs (I–VI) with
significant pharmacological functions through the synthesis and biological evaluation of
novel heterocycles (Figure 1) [1–3].

Lung cancer is the most the common cause of cancer-related death worldwide, with a
5-year patient survival rate of less than 15%. Non-small-cell lung cancer (NSCLC), which is
commonly found in lung cancer, accounts for 85% of lung cancer cases [4,5].

The epidermal growth factor receptor (EGFR) belongs to the receptor tyrosine kinase
family, which is highly expressed in NSCLC patients [6]. Given the pivotal role of the EGFR
signaling pathway in regulating tumorigenesis, cell growth, and proliferation in NSCLC, the
EGFR emerges as an attractive therapeutic target [7]. For example, EGFR overexpression
or mutation has been demonstrated in 43–89% of NSCLC patients [8]. In addition, it has
been observed that 25% of NSCLC patients exhibited mutations in the EGFR tyrosine kinase
domain, with 75% of these mutations being associated with overexpression of EGFR [9].
EGFR overexpression or abnormalities trigger sustained signal transduction, promoting cell
survival, proliferation, relapse, tumorigenesis, and metastasis in NSCLC through the MAPK,
PI3K/AKT, and signal transducer and activator of transcription (STAT) factors [10,11]. To
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date, clinically available EGFR inhibitors comprise EGFR tyrosine kinase inhibitors (TKIs)
like erlotinib, gefitinib, afatinib, and osimertinib, and monoclonal antibodies (mAbs) such
as panitumumab and cetuximab [12]. However, despite initial robust responses to first- and
second-generation EGFR-TKIs, a considerable number of NSCLC patients develop acquired
resistance during EGFR-TKI treatment within 9 to 14 months after starting treatment [13].
Therefore, there remains a necessity for the development of novel EGFR inhibitors to address
drug resistance in the treatment of NSCLC.
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Figure 1. Bioactive heterocycles developed in our laboratory.

Erlotinib and gefitinib are two representative EGFR-TKIs with a 4-anilinoquinazoline
skeleton (Figure 2). In 2008, Lüth and Löwe reported the synthesis of quinazoline–indole
hybrids (A) which were found to exhibit EGFR inhibitory activity [14]. In connection with
our continued interest in the design and synthesis of new anticancer agents [15,16], we
hoped to find a new heterocyclic skeleton to replace the quinazoline moiety while retaining
the indole group. Along this line, we wondered whether benzofuran could be used instead
of quinazoline.
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Benzofuran has been employed as a key pharmacophore of a number of small molecules
with biological activities, such as anti-inflammatory, antimicrobial, antifungal, antioxidant,
antiviral, and antitumor properties [17]. As an another important privileged structure,
indole constitutes a core skeleton in many bioactive natural products and pharmaceuti-
cals [18]. Although several benzofuran- or indole-based EGFR inhibitors (VII–XI) have
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been discussed in the literature (Figure 3) [19–23], no chemical scaffolds consisting of both
benzofuran and indole have been reported as EGFR inhibitors. Here, we wish to describe
the modular synthesis and biological evaluation of benzofuran–indole hybrids as a new
class of highly promising EGFR inhibitors.
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As part of our general plan to make poly-functionalized benzofurans, a domino
nucleophilic substitution–dehydrative cyclization procedure with 1 was deemed to give
2,3-disubstituted benzofuran 2 (Scheme 1a). To validate our hypothesis, the requisite
starting material 1 (when LG is OH) was envisioned to be easily prepared via a Friedel–
Crafts-type reaction between phenol and arylglyoxal [24]. Inspired by our recent success
in achieving the hexafluoroisopropanol (HFIP)-mediated hydroxyalkylation of indolizine
3 to arylglyoxal to afford 4 (Scheme 1b) [25], we expected that a HFIP-promoted Friedel–
Crafts-type reaction between phenol 5 and arylglyoxal would give rise to 7, which could be
converted to benzofuran 8, having an indole at the C3 position upon exposure to indole
and p-toluenesulfonic acid (PTSA) (Scheme 1c). The biological investigation of benzofuran–
indole hybrid 8 [26] revealed that this class of compounds exhibit anticancer activity against
PC9 and A549 lung cancer cells via the inhibition of phosphorylated EGFR. Here, we wish
to describe our findings along this line.
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2. Results and Discussion
2.1. Design and Synthesis of Benzofuran–Indole Hybrids

When we reacted 5a (2 equiv) with phenylglyoxal (1 equiv) in the presence of HFIP
(0.5 equiv) in toluene at 70 ◦C, the desired product 7a was isolated in 95% yield (Scheme 2).
The subsequent treatment of 7a with indole and PTSA (0.2 equiv) in CHCl3 at 60 ◦C
provided benzofuran possessing an indole at the C3 site in 97% yield.
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Scheme 2. Synthesis of 8a a,b. a A mixture of 5a (2 equiv), phenylglyoxal (0.33 mmol, 1 equiv), and HFIP
(0.5 equiv) in toluene (4 mL) was stirred at 70 ◦C for 36 h. A mixture of 7a (0.08 mmol, 1 equiv), indole
(1.5 equiv), and PTSA (0.2 equiv) in CHCl3 (2 mL) was stirred at 60 ◦C for 16 h. b Isolated yield (%).

Having found the optimal conditions for the synthesis of 7 and 8, we examined the
reaction scope with several phenols, (hetero)arylglyoxals, and indoles (Table 1). In general,
these two-step sequences allowed for a variety of 2-arylbenzofurans 8 bearing an indole at
the C3 site via intermediates of 7 in good to excellent yields. Various functional groups,
such as alkoxy, alkyl, and halogen, were well tolerated under these conditions.

Table 1. Synthesis of 8 a.
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Table 1. Cont.
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tion at rt. 
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70 ◦C for 36 h. A mixture of 7 (0.08 mmol, 1 equiv), indole (1.5 equiv), and PTSA (0.2 equiv) in CHCl3 (2 mL) was
stirred at 60 ◦C for 18 h. b Isolated yield (%). c Reaction at 60 ◦C. d Reaction at rt.

An immunoblot analysis of these compounds indicated that 8e significantly inhibited
the phosphorylation of the EGFR (Figure 4). In addition, 8g showed a weak ability to
reduce p-EGFR levels. The cytotoxicity of these benzofuran–indole hybrids 8 against lung
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cancer cell lines was evaluated in PC9 cells (Table 2). Consistent with the immunoblot
analysis results, both 8e and 8g showed potent cytotoxicity in PC9 cells.
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Figure 4. The inhibitory effects of 8a–y on the EGFR in PC9 cells. PC9 cells were pretreated with
10 µM of 8a–y for 6 h, and then the cells were treated with EGF (20 ng/mL) for 30 min. The expression
levels of p-EGFR were observed by immunoblot analysis.

Table 2. Inhibitory effects of 8a–y on cell viability of PC9 cells (mean, n = 4).

Compound IC50 (µM)

8a 7.53
8b 24.67
8c 6.3
8d 13.38
8e 0.56
8f 31.98
8g 0.85
8h 18.59
8i 11.33
8j 6.33
8k 6.76
8l 14.99

8m 10.61
8n 7.38
8o 2.44
8p 4.04
8q 2.24
8r 5.59
8s 4.46
8t 9.58
8u 2.32
8v 2.11
8w 1.58
8x 27.86
8y 1.58

As 8e showed promising anticancer activity, more close analogs (8z–ad) were synthe-
sized for secondary screening. Our immunoblot analysis showed that 8aa reduced p-EGFR
more than 8e, and 8aa inhibited EGFR kinase activity with IC50 values of 0.44 ± 0.02 µM
(Figure 5). The cytotoxic activities of these derivatives against the lung cancer cell lines
(PC9 and A549) indicated that 8aa exhibited the most remarkable cytotoxicity among the
derivatives, with IC50 values of 0.32 ± 0.05 µM and 0.89 ± 0.10 µM, respectively (Table 3).
To identify whether 8aa is a potent EGFR inhibitor, further studies were conducted.
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2.2. Inhibitory Effect of 8aa on EGFR Signaling Pathways in PC9 and A549 Cells

Previous studies have reported that the upregulation of the EGFR occurs frequently
in NSCLC, and the EGFR plays an important role in the development and progression
of NSCLC [27,28]. To investigate the effects of 8aa on multiple EGFR-mediated signaling
pathways, we performed an immunoblot analysis on the EGF-induced phosphorylation of
the EGFR, AKT, and ERK1/2 in NSCLC cell lines, namely PC9 and A549 cells. As shown
in Figure 6, EGF strongly increased the phosphorylation of EGFR, and 8aa significantly
reduced the EGF-induced phosphorylation of the EGFR in a dose-dependent manner.
In addition, 8aa also reduced the phosphorylation of AKT and ERK1/2, downstream
signaling pathways of the EGFR. These results indicated that 8aa can effectively block the
signal transduction pathway through EGFR phosphorylation.

Pharmaceuticals 2024, 17, x FOR PEER REVIEW 11 of 28 
 

 

8ac 

 

2.42 3.53 

8ad 

 

1.65 3.21 

2.2. Inhibitory Effect of 8aa on EGFR Signaling Pathways in PC9 and A549 Cells 

Previous studies have reported that the upregulation of the EGFR occurs frequently 

in NSCLC, and the EGFR plays an important role in the development and progression of 

NSCLC [27,28]. To investigate the effects of 8aa on multiple EGFR-mediated signaling 

pathways, we performed an immunoblot analysis on the EGF-induced phosphorylation 

of the EGFR, AKT, and ERK1/2 in NSCLC cell lines, namely PC9 and A549 cells. As 

shown in Figure 6, EGF strongly increased the phosphorylation of EGFR, and 8aa signif-

icantly reduced the EGF-induced phosphorylation of the EGFR in a dose-dependent 

manner. In addition, 8aa also reduced the phosphorylation of AKT and ERK1/2, down-

stream signaling pathways of the EGFR. These results indicated that 8aa can effectively 

block the signal transduction pathway through EGFR phosphorylation. 

 

Figure 6. The inhibitory effects of 8aa on the EGFR signaling pathways in PC9 and A549 cells. 

(A,C) PC9 and A549 cells were pretreated with 8aa at the indicated concentrations for 6 h, and 

then the cells were incubated with EGF (20 ng/mL) for 30 min. The expression levels of p-EGFR, t-

EGFR, p-AKT, t-AKT, p-ERK1/2, and t-ERK1/2 were measured by immunoblotting. (B,D) p-EGFR, 

p-AKT, and p-ERK1/2 protein intensities were normalized to t-EGFR, t-AKT, and t-ERK1/2, respec-

tively (mean ± S.E., n = 3). * p < 0.05; ** p < 0.01. 
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(A,C) PC9 and A549 cells were pretreated with 8aa at the indicated concentrations for 6 h, and then
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the cells were incubated with EGF (20 ng/mL) for 30 min. The expression levels of p-EGFR, t-EGFR,
p-AKT, t-AKT, p-ERK1/2, and t-ERK1/2 were measured by immunoblotting. (B,D) p-EGFR, p-AKT,
and p-ERK1/2 protein intensities were normalized to t-EGFR, t-AKT, and t-ERK1/2, respectively
(mean ± S.E., n = 3). * p < 0.05; ** p < 0.01.

2.3. Molecular Modeling of 8aa

To elucidate the underlying mechanism driving the preferential binding of 8aa to the
active conformation of EGFR-TKD, molecular docking studies were carried out using the
tyrosine kinase domain of the EGFR (PDB ID: 1M17), which provided the initial erlotinib
conformation [29]. The binding mode of 8aa to the EGFR is depicted in Figure 7, showing
its possible molecular interactions. The methoxy oxygens at the C5 and C6 positions of
8aa form hydrogen bond interactions with the kinase hinge that is an amide backbone
of Met793 (Figure 7). The benzofuran moiety within 8aa, situated at the core, maintains
hydrophobic interactions with Val726 and Leu844. In addition, the phenyl group at the
C1 site of benzofuran 8aa is shown to have a π-π interaction with Phe723. Based on these
results, compound 8aa induced the intended mechanism of action by conserving the overall
interaction with the tyrosine kinase domain of the EGFR.
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Figure 7. Binding mode of 8aa with the EGFR. (A) A structural simulation of the 8aa-EGFR
complex showed that some residues (yellow stick) were involved in binding with 8aa (cyan—carbon),
including non-bonded interactions (Phe723, Val726, Met677, and Leu844) and red dot hydrogen bonds
(Met793). (B) A super-imposed model of the co-crystal structure (1M17.pdb) of 8aa and erlotinib
(magenta—carbon).

2.4. Effect of 8aa on Cell Viability in PC9, A549, MCF7, HepG2, PC3, HT29, HaCaT, and
HEK293T Cells

To investigate whether 8aa shows selective cytotoxicity on lung cancer cells, we per-
formed cell proliferation assays on PC9 and A549 non-small-cell lung adenocarcinoma,
MCF7 breast adenocarcinoma, HepG2 hepatocellular carcinoma, PC3 prostate adenocarci-
noma, HT29 colorectal adenocarcinoma, HaCaT human skin keratinocyte, and HEK293T
human embryonic kidney cells. As expected, 8aa significantly inhibited cell viability in
both the PC9 and A549 cells with IC50 values of 0.32 ± 0.05 and 0.89 ± 0.10 µM, respec-
tively (Figure 8A,B). Interestingly, 8aa showed weak inhibitory effects on other cancer
cell lines, namely MCF7, HepG2, PC3, and HT29 (Figure 8C–F). In addition, 8aa weakly
reduced cell viability in the non-tumorigenic cell lines, including HaCaT and HEK293T
(Figure 8G,H). These findings indicate that 8aa has the potential to serve as a potent and
selective anticancer agent for NSCLC.
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2.5. 8aa Inhibits Cell Migration in PC9 and A549 Cells

To assess the potential effect of 8aa on NSCLC cell migration, an in vitro wound
healing assay was performed using PC9 and A549 cells. Interestingly, 8aa significantly
inhibited cell migration in both the PC9 and A549 cells in a dose-dependent manner. In the
PC9 cells, treatment with 0.1, 1, and 3 µM of 8aa reduced cell migration by 21.6%, 42.0%,
and 63.7%, respectively. Similarly, in the A549 cells, exposure to 0.1, 1, and 3 µM of 8aa
inhibited cell migration by 19.7%, 33.0%, and 59.6%, respectively (Figure 9).
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were treated with the indicated concentrations of 8aa, and time-lapse images were obtained every 2 h
after wound infliction. (C,D) Representative wound images were taken at 0 h and 30 h following the
administration of 8aa at the indicated concentrations. The scale bars represent 300 µm.

2.6. 8aa Significantly Induces Apoptosis in PC9 and A549 Cells

The pharmacological inhibition of the EGFR signaling pathway causes apoptosis in
various solid tumors [30,31]. To investigate the apoptotic potential of 8aa in PC9 and A549
cells, we evaluated its influence on caspase-3 activity and PARP cleavage, established markers
of apoptotic signaling. Interestingly, caspase-3 activity was significantly increased by 8aa in
the PC9 and A549 cells in a dose-dependent manner, and the increased caspase-3 activity
was completely inhibited by AC-DEVD-CHO, a potent caspase-3 inhibitor (Figure 10A–D).
In addition, the expression levels of cleaved PARP were significantly increased by 8aa in both
the PC9 and A549 cells in a dose-dependent manner (Figure 10E–H). These results reveal that
8aa exhibits potent anticancer effects by inducing apoptosis in NSCLC cells.
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Figure 10. Effects of 8aa on caspase-3 activity and PARP cleavage in PC9 and A549 cells. (A,B) PC9
and A549 cells were treated with 3 µM of 8aa for 24 h and then incubated with 1 µM of caspase-3
substrate (green) and 1 µM of Hoechst 33342 (blue) for 30 min before image acquisition. The scale bars
represent 200 µm. (C,D) The PC9 and A549 cells were treated with 8aa at the indicated concentrations
for 24 h, and then 1 µM of caspase-3 substrate was treated for 30 min. Caspase-3 activity was
inhibited by 20 µM of Ac-DEVD-CHO (mean ± S.D., n = 3). (E,F) The cells were treated with 8aa at
the indicated concentrations for 24 h, and the expression levels of PARP, cleaved-PARP, and β-actin
were measured by immunoblotting. (G,H) Cleaved-PARP protein intensities were normalized to
β-actin (mean ± S.E., n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001.

To further investigate the effect of 8aa on the cell cycles of PC9 and A549 cells, we
carried out cell cycle analysis using propidium (PI) staining. As shown in Figure 11, 8aa
significantly promoted the ratios in the Sub-G1 (apoptotic peak) phase compared to the
control group, but the G2/M phase was not affected by 8aa. In the case of the 8aa treatment
group, the G0/G1 phase reduced from 73.01% to 47.50% and from 81.64% to 64.24% in the
PC9 and A549 cells, respectively. Also, the Sub-G1 phase increased from 8.52% to 35.23%
and from 8.48% to 21.40% in the PC9 and A549 cells, respectively. These results suggest
that 8aa significantly induces apoptosis without exerting an effect on cell cycle arrest.
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Figure 11. Effect of 8aa on cell cycles of PC9 and A549 cells. (A,B) PC9 and A549 cells were treated
with 10 µM of 8aa for 24 h and then cell cycle phases were estimated by using propidium iodide (PI)
staining followed by cell cycle analysis.

2.7. 8aa Potently Inhibits EGFRL858R/T790M in H1975 Cells

Drug resistance in NSCLC patients is predominantly attributed to EGFR mutations,
with the L858R and T790M mutations being the most prevalent EGFR mutations in
NSCLC [32–34], and these mutations are associated with resistance to EGFR-TKIs in
NSCLC [35,36]. To investigate whether 8aa inhibits EGFRL858R/T790M, we performed im-
munoblot analysis on the EGF-induced phosphorylation of EGFRL858R/T790M in H1975 cells
expressing both EGFR mutations L858R and T790M. Notably, 8aa potently inhibited the
EGF-induced phosphorylation of EGFRL858R/T790M compared to erlotinib (Figure 12A,B).
In addition, a structural simulation of the 8aa and EGFRL858R/T790M complex revealed that
8aa can interact with Asp855 of EGFRL858R/T790M. The indole N-H bond seemed to form a
hydrogen bond with the carboxylic acid of Asp855, whereas the same type of hydrogen
bonding interaction was not observed in erlotinib (Figure 12C,D). These results suggest
that 8aa can potently inhibit EGFRL858R/T790M in NSCLC.
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Figure 12. Effect of erlotinib and 8aa on EGFRL858R/T790M. (A) H1975 cells were pretreated with
erlotinib and 8aa at the indicated concentrations for 6 h, and then EGF (20 ng/mL) was treated
for 30 min. (B) p-EGFR (L858R/T790M) band intensities were normalized to β-actin (mean ± S.E.,
n = 3). (C) A structural simulation of the 8aa complex showed that some residues (yellow stick)
were involved in binding with 8aa (purple—carbon) red dot hydrogen bonds (Met793 and Asp855).
(D) A docking model of erlotinib (orange—carbon) established by using the co-crystal structures of
EGFRL858R/T790M (4I22.pdb). * p < 0.05; ** p < 0.01; *** p < 0.001.

3. Experimental Section
3.1. General Methods

Unless specified, all reagents and starting materials were purchased from commercial
sources and used as received without purification. “Concentrated” refers to the removal of
volatile solvents via distillation using a rotary evaporator. “Dried” refers to pouring onto
or passing through anhydrous magnesium sulfate followed by filtration. Flash chromatog-
raphy was performed using silica gel (230–400 mesh) with hexanes, ethyl acetate, and
dichloromethane as the eluents. All reactions were monitored by thin-layer chromatogra-
phy on 0.25 mm silica plates (F-4) visualized with UV light. Melting points were measured
by using a capillary melting point apparatus. 1H and 13C NMR spectra were recorded on a
400 MHz NMR spectrometer and were described as chemical shifts, multiplicity (s, singlet;
d, doublet; t, triplet; q, quartet; m, multiplet), coupling constant in hertz (Hz), and number
of protons. High-Resolution Mass Spectra (HRMS) were measured with an electrospray
ionization (ESI) and Q-TOF mass analyzer.

3.1.1. General Procedure for the Synthesis of 7

A reaction mixture of glyoxal (0.33 mmol, 1 equiv), 5 (2.0 equiv), and HFIP (0.5 equiv)
in toluene (4.0 mL) was stirred at 70 ◦C for 36 h. The reaction mixture was concentrated in
vacuo to give the crude residue, which was purified by silica gel column chromatography
(hexane/ethyl acetate/dichloromethane = 8:1:2) to afford 7.
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2-Hydroxy-2-(2-hydroxy-4-methoxyphenyl)-1-phenylethan-1-one (7a). Ivory solid,
mp: 108.1–108.8 ◦C (81 mg, 95%); 1H NMR (400 MHz, (CD3)2CO) δ 8.04 (d, J = 8.0 Hz, 2H),
7.55 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 Hz, 2H), 7.05 (d, J = 8.4 Hz, 1H), 6.42 (d, J = 2.4 Hz,
1H), 6.37 (dd, J = 8.4, 2.4 Hz, 1H), 6.32 (s, 1H), 3.68 (s, 3H); 13C NMR (100 MHz, CDCl3)
δ 199.3, 161.0, 155.5, 133.9, 133.5, 129.6, 129.0, 128.6, 117.3, 106.9, 102.6, 71.7, 55.2; HRMS
(ESI-QTOF) m/z [M+H]+ calcd for C15H15O4 259.0965, found 259.0993.

2-Hydroxy-2-(2-hydroxy-4-methoxyphenyl)-1-(3-methoxyphenyl)ethan-1-one (7b). Ivory
solid, mp: 105.9–106.2 ◦C (91 mg, 96%); 1H NMR (400 MHz, (CD3)2CO) δ 7.70–7.55 (m, 2H), 7.34
(t, J = 8.0 Hz, 1H), 7.10 (d, J = 6.8 Hz, 1H), 7.05 (d, J = 8.0 Hz, 1H), 6.44 (s, 1H), 6.38 (d, J = 8.0 Hz,
1H), 6.31 (s, 1H), 3.80 (s, 3H), 3.68 (s, 3H); 13C NMR (100 MHz, (CD3)2CO) δ 199.0, 160.8,
159.7, 155.4, 152.5, 135.7, 129.5, 120.8, 119.4, 118.8, 113.1, 105.5, 101.5, 70.1, 54.8, 54.5; HRMS
(ESI-QTOF) m/z [M+Na]+ calcd for C16H16NaO5 311.0890, found 311.0908.

2-Hydroxy-2-(2-hydroxy-4-methoxyphenyl)-1-(naphthalen-2-yl)ethan-1-one (7c). Ivory solid,
mp: 107.2–107.9 ◦C (65 mg, 64%); 1H NMR (400 MHz, CDCl3) δ 8.53 (s, 1H), 8.00 (d, J = 8.4 Hz,
1H), 7.90 (d, J = 8.0 Hz, 1H), 7.86–7.82 (m, 2H), 7.59 (t, J = 6.8 Hz, 1H), 7.53 (t, J = 7.2 Hz, 1H),
7.02 (d, J = 8.8 Hz, 1H), 6.69 (s, 1H), 6.35 (s, 3H), 4.48 (s, 1H), 3.67 (s, 3H); 13C NMR (100 MHz,
CDCl3) δ 199.2, 161.1, 155.8, 135.9, 132.3, 131.2, 131.0, 129.9, 129.8, 129.0, 128.6, 127.8, 126.9, 124.1,
117.1, 106.9, 102.9, 72.7, 55.3; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for C19H16NaO4 331.0941,
found 331.0938.

1-(3-Chlorophenyl)-2-hydroxy-2-(2-hydroxy-4-methoxyphenyl)ethan-1-one (7d). Ivory
solid, mp: 107.4–107.9 ◦C (86 mg, 89%); 1H NMR (400 MHz, (CD3)2CO) δ 8.02 (s, 1H),
7.96 (d, J = 7.2 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.47 (t, J = 7.6 Hz, 1H), 7.09 (d, J = 8.4 Hz, 1H),
6.43 (s, 1H), 6.40 (d, J = 8.4 Hz, 1H), 6.28 (s, 1H), 3.69 (s, 3H); 13C NMR (100 MHz, CDCl3)
δ 198.1, 161.2, 155.3, 135.1, 135.0, 133.8, 130.0, 129.8, 128.9, 127.0, 116.6, 107.0, 102.8, 72.1, 55.3;
HRMS (ESI-QTOF) m/z [M+Na]+ calcd for C15H13ClNaO4 315.0395, found 315.0411.

1-(4-Bromophenyl)-2-hydroxy-2-(2-hydroxy-4-methoxyphenyl)ethan-1-one (7e). Ivory
solid, mp: 108.1–108.8 ◦C (72 mg, 65%); 1H NMR (400 MHz, (CD3)2CO) δ 7.95 (d, J = 7.6 Hz,
2H), 7.62 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.4 Hz, 1H), 6.43 (s, 1H), 6.39 (d, J = 7.2 Hz, 1H),
6.26 (s, 1H), 3.68 (s, 3H); 13C NMR (100 MHz, (CD3)2CO) δ 160.9, 155.6, 155.5, 133.8, 131.7,
130.3, 129.6, 127.5, 118.3, 105.6, 101.5, 70.5, 54.5; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for
C15H13BrNaO4 358.9889, found 358.9912.

1-(5-Bromothiophen-2-yl)-2-hydroxy-2-(2-hydroxy-4-methoxyphenyl)ethan-1-one (7f).
Yellow solid, mp: 125.3–125.9 ◦C (92 mg, 81%); 1H NMR (400 MHz, (CD3)2CO) δ 7.76
(d, J = 3.6 Hz, 1H), 7.26–7.17 (m, 2H), 6.47–6.42 (m, 2H), 6.05 (s, 1H), 3.71 (s, 3H); 13C NMR
(100 MHz, (CD3)2CO) δ 191.4, 161.0, 155.6, 142.6, 133.7, 131.8, 129.7, 121.8, 118.5, 105.6, 101.7,
71.3, 54.6; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C13H12BrO4S 342.9634, found 342.9626.

2-Hydroxy-2-(2-hydroxy-4,5-dimethoxyphenyl)-1-phenylethan-1-one (7g). Ivory
solid, mp: 145.9–146.3 ◦C (93 mg, 98%); 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 7.6 Hz,
2H), 7.51 (t, J = 7.2 Hz, 1H), 7.37 (t, J = 7.6 Hz, 2H), 6.51 (s, 1H), 6.33 (s, 1H), 6.24 (s, 1H), 3.67
(s, 3H), 3.66 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 199.3, 150.2, 148.4, 143.2, 134.0, 133.4,
128.9, 128.6, 115.5, 111.3, 101.8, 71.5, 56.4, 55.7; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for
C16H17O5 311.0890, found 311.0908.

2-Hydroxy-2-(2-hydroxy-4,5-dimethoxyphenyl)-1-(3-methoxyphenyl)ethan-1-one (7h). Ivory
solid, mp: 162.9–163.2 ◦C (85 mg, 81%); 1H NMR (400 MHz, (CD3)2CO) δ 7.66 (d, J = 6.8 Hz, 1H),
7.62 (s, 1H), 7.34 (t, J = 8.0 Hz, 1H), 7.10 (d, J = 6.4 Hz, 1H), 6.73 (s, 1H), 6.51 (s, 1H), 6.32 (s, 1H),
3.81 (s, 3H), 3.70 (s, 3H), 3.64 (s, 3H); 13C NMR (100 MHz, (CD3)2CO) δ 199.1, 159.7, 150.5, 148.6,
143.1, 135.8, 129.5, 120.8, 119.4, 116.8, 113.1, 112.8, 101.0, 70.2, 56.0, 55.0, 54.8; HRMS (ESI-QTOF)
m/z [M+Na]+ calcd for C17H18NaO6 341.0996, found 341.1006.

2-Hydroxy-2-(2-hydroxy-4,5-dimethoxyphenyl)-1-(4-methoxyphenyl)ethan-1-one (7i).
Ivory solid, mp: 109.7–110.0 ◦C (100 mg, 95%); 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 8.0 Hz,
2H), 6.86 (d, J = 8.0 Hz, 2H), 6.52 (s, 2H), 6.37 (s, 1H), 6.16 (s, 1H), 4.59 (s, 1H), 3.82 (s, 3H),
3.73 (s, 3H), 3.70 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 197.6, 164.2, 150.2, 148.4, 143.3, 131.4,
126.2, 116.0, 113.9, 111.3, 101.9, 71.2, 56.5, 55.7, 55.5; HRMS (ESI-QTOF) m/z [M+H]+ calcd for
C17H19O6 319.1176, found 319.1253.
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1-(3-Chlorophenyl)-2-hydroxy-2-(2-hydroxy-4,5-dimethoxyphenyl)ethan-1-one (7j).
Ivory solid, mp: 139.6–140.2 ◦C (100 mg, 94%); 1H NMR (400 MHz, (CD3)2CO) δ 8.05 (s, 1H),
7.98 (d, J = 7.6 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 6.76 (s, 1H), 6.49 (s, 1H),
6.29 (s, 1H), 3.68 (s, 3H), 3.64 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 199.3, 161.2, 157.6, 142.1,
141.6, 135.0, 130.5, 129.0, 127.8, 125.7, 109.9, 108.0, 100.6, 74.6, 56.3, 56.2; HRMS (ESI-QTOF)
m/z [M+Na]+ calcd for C16H15ClNaO5 345.0500, found 340.0502.

2-Hydroxy-2-(2-hydroxy-4,6-dimethoxyphenyl)-1-phenylethan-1-one (7k). Ivory
solid, mp: 145.9–146.3 ◦C (58 mg, 62%); 1H NMR (400 MHz, (CD3)2CO) δ 7.91 (d, J = 5.2 Hz,
2H), 7.50 (t, J = 6.8 Hz, 1H), 7.39 (t, J = 7.6 Hz, 2H), 6.25 (s, 1H), 6.04 (d, J = 8.0 Hz, 2H), 3.72
(s, 3H), 3.68 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 200.2, 161.6, 158.3, 156.9, 133.9, 133.5,
128.4, 128.3, 106.1, 94.6, 91.7, 68.7, 55.6, 55.2; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for
C16H16NaO5 311.0890, found 311.0917.

2-(5-(Benzyloxy)-2-hydroxy-4-methoxyphenyl)-2-hydroxy-1-phenylethan-1-one (7l).
Ivory solid, mp: 150.1–150.6 ◦C (72 mg, 60%); 1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 7.2 Hz,
2H), 7.52 (t, J = 7.2 Hz, 1H), 7.37 (d, J = 7.6 Hz, 2H), 7.34–7.27 (m, 6H), 6.59 (s, 1H), 6.39 (s, 1H),
6.06 (s, 1H), 4.95 (s, 2H), 3.76 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 199.3, 149.5, 148.4, 143.8,
136.5, 134.0, 133.5, 129.0, 128.7, 128.5, 127.9, 127.2, 116.0, 112.3, 103.9, 71.7, 70.7, 56.7; HRMS
(ESI-QTOF) m/z [M+Na]+ calcd for C22H20NaO5 387.1203, found 387.1227.

2-(5-(Benzyloxy)-2-hydroxy-4-methoxyphenyl)-2-hydroxy-1-(4-methoxyphenyl)ethan-
1-one (7m). Ivory solid, mp: 151.2–151.8 ◦C (54 mg, 42%); 1H NMR (400 MHz, CDCl3)
δ 7.97 (d, J = 8.4 Hz, 2H), 7.37–7.28 (m, 5H), 6.85 (d, J = 8.4 Hz, 2H), 6.55 (s, 1H), 6.50 (s, 1H),
6.38 (s, 1H), 6.14 (s, 1H), 4.96 (s, 2H), 4.58 (s, 1H), 3.81 (s, 3H), 3.68 (s, 3H); 13C NMR (100 MHz,
CDCl3) δ 197.6, 164.2, 149.4, 148.4, 143.8, 136.6, 131.5, 128.5, 127.9, 127.2, 126.2, 116.6, 113.9,
112.2, 103.9, 71.2, 70.7, 56.8, 55.5; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for C23H22NaO6
417.1309, found 417.1324.

2-Hydroxy-2-(6-hydroxybenzo[d][1,3]dioxol-5-yl)-1-phenylethan-1-one (7n). Ivory solid,
mp: 139.2–139.9 ◦C (72 mg, 80%); 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 7.2 Hz, 2H),
7.54 (d, J = 7.6 Hz, 1H), 7.41 (t, J = 7.6 Hz, 2H), 6.48 (s, 1H), 6.44 (s, 1H), 6.31 (s, 1H),
6.21 (d, J = 4.4 Hz, 1H), 5.82 (d, J = 4.0 Hz, 2H), 4.55 (d, J = 4.4 Hz, 1H); 13C NMR (100 MHz,
CDCl3) δ 199.0, 149.3, 148.6, 141.8, 134.1, 133.3, 129.0, 128.7, 116.7, 107.4, 101.3, 99.6, 71.7;
HRMS (ESI-QTOF) m/z [M+Na]+ calcd for C15H12NaO5 295.0577, found 295.0592.

1-(4-Bromophenyl)-2-hydroxy-2-(6-hydroxybenzo[d][1,3]dioxol-5-yl)ethan-1-one (7o).
Ivory solid, mp: 108.1–108.8 ◦C (81 mg, 70%); 1H NMR (400 MHz, (CD3)2SO) δ 9.62 (s, 1H),
7.87 (d, J = 6.8 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H), 6.62 (s, 1H), 6.40 (s, 1H), 6.12 (s, 1H), 5.88 (s, 1H),
5.84 (s, 1H), 5.68 (s, 1H); 13C NMR (100 MHz, (CD3)2SO) δ 198.6, 149.4, 147.7, 140.4, 134.4,
132.1, 130.6, 127.7, 118.0, 107.5, 101.3, 98.1, 69.7; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for
C15H11BrNaO5 372.9682, found 372.9685.

2-Hydroxy-2-(2-hydroxynaphthalen-1-yl)-1-phenylethan-1-one (7p). White solid,
mp: 114.8–115.5 ◦C (84 mg, 92%); 1H NMR (400 MHz, (CD3)2CO) δ 8.04 (d, J = 6.8 Hz,
1H), 7.90–7.75 (m, 4H), 7.47 (t, J = 6.8 Hz, 1H), 7.42–7.29 (m, 4H), 7.21 (d, J = 8.0 Hz, 1H),
6.25 (s, 1H); 13C NMR (100 MHz, (CD3)2CO) δ 155.3, 135.1, 132.5, 131.0, 129.4, 128.6, 128.5,
128.2, 127.6, 126.8, 126.1, 123.0, 122.8, 118.3, 117.7, 108.8; HRMS (ESI-QTOF) m/z [M+Na]+

calcd for C18H14NaO3 301.0835, found 301.0854.
2-Hydroxy-2-(1-hydroxynaphthalen-2-yl)-1-phenylethan-1-one (7q). Ivory solid, mp:

118.8–119.2 ◦C (73 mg, 80%); 1H NMR (400 MHz, (CD3)2CO) δ 8.23 (s, 1H), 8.06 (s, 2H),
7.76 (s, 1H), 7.56–7.51 (m, 1H), 7.49–7.41 (m, 4H), 7.36 (s, 2H), 6.54 (s, 1H); 13C NMR
(100 MHz, CDCl3) δ 198.9, 151.2, 134.4, 134.1, 133.6, 129.0, 128.7, 127.5, 126.9, 125.7, 125.6,
125.5, 121.9, 120.7, 117.0, 74.2; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for C18H14NaO3
301.0835, found 301.0855.

3.1.2. General Procedure for the Synthesis of 8

A reaction mixture of 7 (0.08 mmol, 1 equiv), indole (1.5 equiv), and PTSA (0.2 equiv)
in CHCl3 (2.0 mL) was stirred at 60 ◦C for 18 h. The reaction mixture was concentrated in
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vacuo to give the crude residue, which was purified by silica gel column chromatography
(hexane/ethyl acetate/dichloromethane = 30:1:2) to afford 8.

3-(6-Methoxy-2-phenylbenzofuran-3-yl)-1H-indole (8a). Ivory solid, mp: 69.5–70.1 ◦C (26 mg,
97%); 1H NMR (400 MHz, CDCl3) δ 8.36 (s, 1H), 7.72 (d, J = 7.2 Hz, 2H), 7.49 (d, J = 7.6 Hz,
1H), 7.37 (s, 1H), 7.32 (t, J = 8.8 Hz, 2H), 7.25–7.21 (m, 3H), 7.14 (s, 1H), 7.06 (t, J = 6.8 Hz, 1H),
6.86 (d, J = 8.8 Hz, 1H), 3.91 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.3, 155.0, 150.0, 136.4, 131.3,
128.3, 127.6, 126.6, 126.2, 124.7, 123.5, 122.5, 120.8, 120.7, 112.0, 111.6, 111.3, 110.2, 107.9, 95.7, 55.8;
HRMS (ESI-QTOF) m/z [M+H]+ calcd for C23H18NO2 340.1332, found 340.1316.

3-(6-Methoxy-2-phenylbenzofuran-3-yl)-4-methyl-1H-indole (8b). Brown solid, mp:
74.8–75.2 ◦C (27 mg, 97%); 1H NMR (400 MHz, CDCl3) δ 8.34 (s, 1H), 7.67 (d, J = 8.0 Hz, 2H),
7.35 (d, J = 8.0 Hz, 1H), 7.25–7.21 (m, 2H), 7.20–7.14 (m, 4H), 7.12 (s, 1H), 6.88–6.81 (m, 2H),
3.90 (s, 3H), 2.18 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.3, 154.4, 150.7, 136.6, 131.7,
131.3, 128.4, 127.4, 126.6, 126.3, 125.6, 123.6, 122.6, 121.3, 120.8, 112.0, 111.8, 109.1, 107.6, 95.5,
55.8, 18.8; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C24H20NO2 354.1489, found 354.1472.

5-Chloro-3-(6-methoxy-2-phenylbenzofuran-3-yl)-2-methyl-1H-indole (8c). Yellow solid,
mp: 94.2–94.8 ◦C (30 mg, 96%); 1H NMR (400 MHz, CDCl3) δ 8.13 (s, 1H), 7.64 (d, J = 7.6 Hz, 2H),
7.32–7.27 (m, 3H), 7.25–7.21 (m, 2H), 7.18–7.12 (m, 3H), 6.85 (d, J = 8.4 Hz, 1H), 3.91 (s, 3H), 2.17 (s,
3H); 13C NMR (100 MHz, CDCl3) δ 158.4, 155.0, 150.5, 134.6, 134.1, 131.4, 129.4, 128.4, 127.6, 125.6,
124.3, 121.8, 120.8, 118.9, 111.7, 111.4, 109.2, 107.5, 104.5, 95.8, 55.8, 12.6; HRMS (ESI-QTOF) m/z
[M+H]+ calcd for C24H19ClNO2 388.1099, found 388.1025.

6-Chloro-3-(6-methoxy-2-phenylbenzofuran-3-yl)-1H-indole (8d). Brown solid, mp:
128.5–128.9 ◦C (29 mg, 98%); 1H NMR (400 MHz, CDCl3) δ 8.35 (s, 1H), 7.66 (d, J = 6.8 Hz,
2H), 7.48 (s, 1H), 7.37 (s, 1H), 7.29 (d, J = 8.8 Hz, 2H), 7.25–7.22 (m, 2H), 7.20 (d, J = 8.4 Hz,
1H), 7.13 (s, 1H), 7.01 (d, J = 8.8 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 3.90 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 158.4, 155.0, 150.2, 136.7, 131.1, 128.4, 128.4, 127.7, 126.2, 125.1, 124.4,
124.1, 121.6, 120.8, 120.5, 111.8, 111.2, 109.5, 108.2, 95.8, 55.8; HRMS (ESI-QTOF) m/z
[M+H]+ calcd for C23H17ClNO2 374.0942, found 374.0922.

5-Bromo-3-(6-methoxy-2-phenylbenzofuran-3-yl)-1H-indole (8e). Brown solid, mp:
183.5–184.6 ◦C (31 mg, 92%); 1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 7.69–7.65 (m, 2H),
7.46 (s, 1H), 7.35 (s, 3H), 7.30–7.27 (m, 3H), 7.25–7.24 (m, 1H), 7.16–7.13 (m, 1H), 6.87 (d,
J = 8.4 Hz, 1H), 3.91 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.4, 155.0, 150.4, 135.0, 131.1,
128.5, 128.4, 127.8, 126.2, 125.5, 124.6, 124.4, 123.1, 120.5, 113.4, 112.7, 111.8, 109.3, 107.8, 95.8,
55.8; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C23H17BrNO2 418.0437, found 418.0437.

7-Bromo-3-(6-methoxy-2-phenylbenzofuran-3-yl)-1H-indole (8f). Brown solid, mp:
107.2–107.9 ◦C (23 mg, 69%); 1H NMR (400 MHz, CDCl3) δ 8.55 (s, 1H), 7.68 (d, J = 7.2 Hz,
2H), 7.43–7.39 (m, 2H), 7.32–7.27 (m, 2H), 7.25–7.22 (m, 3H), 7.14 (s, 1H), 6.93 (t, J = 8.0 Hz,
1H), 6.86 (d, J = 8.4 Hz, 1H), 3.90 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.4, 155.0, 150.2,
135.1, 131.1, 128.3, 127.7, 126.2, 125.9, 124.8, 124.4, 124.0, 121.2, 120.5, 120.0, 111.8, 109.6,
109.3, 104.8, 95.8, 55.8; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C23H17BrNO2 418.0437,
found 418.0415.

5-Iodo-3-(6-methoxy-2-phenylbenzofuran-3-yl)-1H-indole (8g). Brown solid, mp:
135.1–135.9 ◦C (35 mg, 94%); 1H NMR (400 MHz, CDCl3) δ 8.39 (s, 1H), 7.65 (s, 3H),
7.50 (d, J = 8.4 Hz, 1H), 7.32–7.27 (m, 4H), 7.25–7.23 (m, 2H), 7.13 (s, 1H), 6.87 (d, J = 7.6 Hz,
1H), 3.90 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.4, 155.0, 150.4, 135.4, 131.1, 130.9, 129.4,
129.2, 128.3, 127.8, 126.2, 124.4, 124.2, 120.5, 113.2, 111.8, 109.3, 107.4, 95.8, 83.5, 55.8; HRMS
(ESI-QTOF) m/z [M+H]+ calcd for C23H17INO2 466.0298, found 466.0244.

3-(6-Methoxy-2-phenylbenzofuran-3-yl)-1-methyl-1H-indole (8h). Ivory solid, mp:
148.9–149.5 ◦C (15 mg, 54%); 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 6.4 Hz, 2H),
7.42 (d, J = 7.6 Hz, 1H), 7.35–7.27 (m, 3H), 7.26–7.21 (m, 4H), 7.12 (s, 1H), 7.04 (t, J = 7.2 Hz,
1H), 6.85 (d, J = 8.4 Hz, 1H), 3.90–3.87 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 158.3, 155.0,
149.8, 137.2, 131.4, 128.2, 128.0, 127.5, 127.0, 126.2, 124.7, 121.9, 120.9, 120.8, 119.5, 111.6,
110.2, 109.4, 106.2, 95.7, 55.8, 33.0; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C24H20NO2
354.1489, found 354.1474.
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3-(6-Methoxy-2-(3-methoxyphenyl)benzofuran-3-yl)-1H-indole (8i). White solid, mp:
136.5–136.9 ◦C (19 mg, 65%); 1H NMR (400 MHz, CDCl3) δ 8.37 (s, 1H), 7.48 (d, J = 7.2 Hz,
1H), 7.40 (s, 1H), 7.32 (d, J = 8.4 Hz, 3H), 7.24 (s, 2H), 7.16 (d, J = 7.6 Hz, 1H), 7.13 (s, 1H),
7.06 (t, J = 7.6 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 6.76 (d, J = 7.6 Hz, 1H), 3.90 (s, 3H), 3.51 (s,
3H); 13C NMR (100 MHz, CDCl3) δ 159.3, 158.4, 154.9, 149.8, 136.3, 132.5, 129.3, 126.4, 124.6,
123.6, 122.5, 120.8, 120.7, 120.0, 118.6, 114.1, 111.7, 111.2, 110.7, 107.9, 106.4, 95.6, 55.8, 54.9;
HRMS (ESI-QTOF) m/z [M+H]+ calcd for C24H20NO3 370.1438, found 370.1427.

3-(6-Methoxy-2-(naphthalen-2-yl)benzofuran-3-yl)-1-methyl-1H-indole (8j). Ivory
solid, mp: 110.5–110.9 ◦C (21 mg, 65%); 1H NMR (400 MHz, CDCl3) δ 8.30 (s, 1H), 7.80–7.70
(m, 3H), 7.61 (d, J = 8.8 Hz, 1H), 7.47–7.42 (m, 3H), 7.36 (t, J = 8.4 Hz, 2H), 7.31–7.27 (m, 2H),
7.17 (s, 1H), 7.02 (t, J = 7.6 Hz, 1H), 6.87 (t, J = 8.4 Hz, 1H), 3.91 (s, 6H); 13C NMR (100 MHz,
CDCl3) δ 158.4, 155.1, 149.7, 137.2, 133.3, 132.6, 128.9, 128.3, 128.2, 127.6, 127.6, 127.1, 126.2,
126.0, 125.0, 124.7, 124.2, 122.0, 121.0, 120.9, 119.6, 111.6, 110.9, 109.4, 106.2, 95.6, 55.8, 33.1;
HRMS (ESI-QTOF) m/z [M+H]+ calcd for C28H22NO2 404.1645, found 404.1626.

3-(2-(3-Chlorophenyl)-6-methoxybenzofuran-3-yl)-1H-indole (8k). Ivory solid, mp:
140.3–140.8 ◦C (26 mg, 87%); 1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 7.78 (s, 1H),
7.49 (d, J = 8.0 Hz, 2H), 7.37 (s, 1H), 7.34–7.28 (m, 2H), 7.26–7.23 (m, 1H), 7.18–7.14 (m, 1H),
7.12–7.05 (m, 3H), 6.85 (d, J = 8.4 Hz, 1H), 3.89 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.7,
155.1, 148.3, 136.3, 134.3, 133.0, 129.5, 128.7, 127.4, 126.3, 125.8, 124.3, 124.1, 123.5, 122.6,
121.0, 120.6, 120.1, 111.9, 111.3, 107.5, 95.6, 55.8; HRMS (ESI-QTOF) m/z [M+H]+ calcd for
C23H17ClNO2 374.0942, found 374.0919.

4-Bromo-3-(2-(4-bromophenyl)-6-methoxybenzofuran-3-yl)-1H-indole (8l). Yellow
solid, mp: 207.5–207.9 ◦C (30 mg, 75%); 1H NMR (400 MHz, CDCl3) δ 8.47 (s, 1H), 7.47 (t,
J = 8.4 Hz, 3H), 7.34 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 7.6 Hz, 1H), 7.25–7.23 (m, 1H), 7.16–7.08
(m, 3H), 6.84 (d, J = 8.4 Hz, 1H), 3.89 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.4, 154.4,
150.4, 137.2, 131.5, 130.4, 127.2, 126.6, 125.9, 125.2, 124.7, 123.6, 121.4, 121.0, 114.5, 111.9,
110.9, 110.7, 108.0, 95.4, 55.8; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C23H16Br2NO2
495.9542, found 495.9517.

3-(2-(5-Bromothiophen-2-yl)-6-methoxybenzofuran-3-yl)-1H-indole (8m). Brown
solid, mp: 74.8–75.2 ◦C (18 mg, 54%); 1H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 7.50 (d,
J = 8.4 Hz, 1H), 7.45 (d, J = 2.0 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.30–7.27 (m, 2H),
7.17 (d, J = 4.4 Hz, 1H), 7.13–7.07 (m, 2H), 6.94 (t, J = 4.8 Hz, 1H), 6.84 (dd, J = 8.4, 1.6 Hz,
1H), 3.89 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.4, 154.8, 146.6, 136.3, 133.2, 127.2,
126.6, 125.0, 124.7, 124.4, 124.1, 122.5, 120.6, 120.6, 120.0, 111.7, 111.3, 109.4, 107.0, 95.7, 55.8;
HRMS (ESI-QTOF) m/z [M+H]+ calcd for C21H15BrNO2S 424.0001, found 424.0004.

3-(5,6-Dimethoxy-2-phenylbenzofuran-3-yl)-1H-indole (8n). Brown solid, mp: 183.7–184.2 ◦C
(24 mg, 80%); 1H NMR (400 MHz, CDCl3) δ 8.39 (s, 1H), 7.67 (d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz,
1H), 7.38–7.34 (m, 2H), 7.27–7.19 (m, 4H), 7.15 (s, 1H), 7.07 (t, J = 8.0 Hz, 1H), 6.85 (s, 1H), 3.98 (s,
3H), 3.80 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 150.2, 148.7, 148.3, 146.6, 136.4, 131.4, 128.2, 127.4,
126.6, 126.0, 123.4, 123.2, 122.5, 120.7, 120.0, 111.3, 110.4, 108.1, 101.7, 95.1, 56.4; HRMS (ESI-QTOF)
m/z [M+H]+ calcd for C24H20NO3 370.1438, found 370.1428.

3-(5,6-Dimethoxy-2-(3-methoxyphenyl)benzofuran-3-yl)-1H-indole (8o). Brown solid,
mp: 128.9–129.4 ◦C (28 mg, 89%); 1H NMR (400 MHz, CDCl3) δ 8.44 (s, 1H), 7.49 (d, J = 7.2 Hz,
1H), 7.42–7.34 (m, 2H), 7.32–7.27 (m, 1H), 7.22–7.12 (m, 4H), 7.08 (t, J = 7.2 Hz, 1H), 6.86 (s, 1H),
6.76 (d, J = 5.2 Hz, 1H), 3.99 (s, 3H), 3.81 (s, 3H), 3.51 (s, 3H); 13C NMR (100 MHz, CDCl3) δ
159.3, 150.0, 148.6, 148.4, 146.6, 136.3, 132.5, 129.3, 126.6, 123.5, 123.2, 122.5, 120.7, 120.1, 118.4,
113.9, 111.3, 110.7, 110.6, 108.0, 101.7, 95.1, 56.4, 54.9; HRMS (ESI-QTOF) m/z [M+H]+ calcd
for C25H22NO4 400.1543, found 400.1550.

6-Bromo-3-(5,6-dimethoxy-2-(4-methoxyphenyl)benzofuran-3-yl)-1H-indole (8p).
Brown solid, mp: 249.9–250.4 ◦C (31 mg, 81%); 1H NMR (400 MHz, CDCl3) δ 8.43 (s, 1H),
7.64 (s, 1H), 7.56 (d, J = 8.4 Hz, 2H), 7.34 (s, 1H), 7.21–7.13 (m, 3H), 6.79 (s, 2H), 6.77 (s, 1H),
3.97 (s, 3H), 3.81 (s, 3H), 3.78 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 159.1, 150.5, 148.4,
147.9, 146.5, 137.1, 127.4, 125.5, 124.0, 123.9, 123.4, 123.1, 121.9, 116.1, 114.2, 113.8, 108.5,
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108.0, 101.3, 95.1, 56.4, 55.2; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for C25H20BrNNaO4
500.0468, found 500.0473.

3-(2-(3-Chlorophenyl)-5,6-dimethoxybenzofuran-3-yl)-5-iodo-1H-indole (8q). Brown
solid, mp: 230.7–231.0 ◦C (42 mg, 99%); 1H NMR (400 MHz, CDCl3) δ 8.48 (s, 1H), 7.71
(s, 2H), 7.53 (d, J = 8.4 Hz, 1H), 7.45 (d, J = 7.6 Hz, 1H), 7.34–7.28 (m, 2H), 7.20–7.12 (m,
3H), 6.79 (s, 1H), 3.99 (s, 3H), 3.83 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 148.8, 148.7, 146.8,
135.4, 134.3, 132.8, 131.1, 129.6, 129.3, 129.0, 127.5, 125.7, 124.2, 123.9, 122.6, 113.4, 110.8,
107.0, 101.5, 95.1, 83.7, 56.4; HRMS (ESI-QTOF) m/z [M+Na]+ calcd for C24H17ClINNaO3
551.9834, found 551.9838.

3-(4,6-Dimethoxy-2-phenylbenzofuran-3-yl)-6-methyl-1H-indole (8r). Brown solid, mp:
154.9–155.5 ◦C (25 mg, 80%); 1H NMR (400 MHz, CDCl3) δ 8.10 (s, 1H), 7.58 (d, J = 8.0 Hz, 2H),
7.24–7.17 (m, 6H), 6.86 (d, J = 8.0 Hz, 1H), 6.76 (s, 1H), 6.30 (s, 1H), 3.89 (s, 3H), 3.58 (s, 3H),
2.47 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 159.0, 156.0, 155.0, 149.2, 136.4, 131.6, 131.4, 128.1,
127.2, 126.1, 125.3, 123.8, 121.4, 120.6, 114.0, 110.9, 109.5, 108.3, 94.5, 87.9, 55.8, 55.5, 21.8; HRMS
(ESI-QTOF) m/z [M+H]+ calcd for C25H22NO3 384.1594, found 384.1590.

3-(5-(Benzyloxy)-6-methoxy-2-phenylbenzofuran-3-yl)-1H-indole (8s). Brown solid,
mp: 162.7–163.2 ◦C (35 mg, 99%); 1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 7.68 (d, J = 6.8 Hz,
2H), 7.48 (d, J = 8.0 Hz, 1H), 7.43–7.39 (m, 2H), 7.37–7.22 (m, 9H), 7.18 (s, 1H), 7.05 (t, J = 7.2 Hz,
1H), 6.95 (s, 1H), 5.05 (s, 2H), 3.98 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 150.1, 149.2, 149.2,
145.6, 137.2, 136.3, 131.4, 128.4, 128.2, 127.8, 127.6, 127.4, 126.5, 126.1, 123.4, 123.2, 122.4, 120.7,
120.1, 111.2, 110.4, 108.0, 105.4, 95.6, 71.9, 56.5; HRMS (ESI-QTOF) m/z [M+H]+ calcd for
C30H24NO3 446.1751, found 446.1755.

2-(6-(Benzyloxy)-5-methoxy-2-(4-methoxyphenyl)benzofuran-3-yl)-3-methyl-1H-indole
(8t). Brown solid, mp: 194.8–195.2 ◦C (25 mg, 65%); 1H NMR (400 MHz, CDCl3) δ 7.98 (s, 1H),
7.67 (d, J = 7.6 Hz, 1H), 7.53 (d, J = 8.8 Hz, 2H), 7.49 (d, J = 7.6 Hz, 2H), 7.43–7.37 (m, 3H),
7.36–7.31 (m, 1H), 7.25–7.18 (m, 2H), 7.12 (s, 1H), 6.83 (d, J = 8.8 Hz, 2H), 6.80 (s, 1H), 5.24
(s, 2H), 3.85 (s, 3H), 3.79 (s, 3H), 2.20 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 159.5, 151.7,
148.1, 147.5, 147.0, 136.9, 136.3, 129.4, 128.6, 127.9, 127.3, 126.0, 123.3, 122.9, 122.1, 119.3, 118.9,
114.1, 110.9, 107.0, 101.7, 97.9, 71.5, 56.6, 55.2, 9.5; HRMS (ESI-QTOF) m/z [M+H]+ calcd for
C32H28NO4 490.2013, found 490.2007.

3-(6-Phenyl-[1,3]dioxolo[4,5-f ]benzofuran-7-yl)-1H-indole (8u). Brown solid, mp:
193.9–194.4 ◦C (19 mg, 68%); 1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 7.66 (d, J = 8.0 Hz,
2H), 7.47 (d, J = 8.0 Hz, 1H), 7.34–7.30 (m, 2H), 7.25–7.18 (m, 4H), 7.08–7.03 (m, 2H),
6.79 (s, 1H), 5.97 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 150.6, 149.2, 146.4, 144.5, 136.3,
131.3, 128.3, 127.5, 126.5, 126.0, 124.7, 123.4, 122.5, 120.6, 120.0, 111.3, 110.7, 107.9, 101.3, 99.1,
93.3; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C23H16NO3 354.1125, found 354.1118.

7-Methyl-3-(6-phenyl-[1,3]dioxolo[4,5-f ]benzofuran-7-yl)-1H-indole (8v). Brown
solid, mp: 185.8–186.4 ◦C (27 mg, 92%); 1H NMR (400 MHz, CDCl3) δ 8.27 (s, 1H),
7.69 (d, J = 7.6 Hz, 2H), 7.31 (s, 1H), 7.25–7.20 (m, 4H), 7.11–7.05 (m, 2H), 7.00 (t, J = 6.4 Hz,
1H), 6.82–6.80 (m, 1H), 5.99 (s, 2H), 2.58 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 150.5, 149.2,
146.3, 144.5, 136.0, 131.3, 128.3, 127.5, 126.1, 126.0, 124.7, 123.2, 123.0, 120.5, 120.2, 118.4,
110.9, 108.3, 101.3, 99.1, 93.3, 16.7; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C24H18NO3
368.1281, found 368.1259.

3-(6-(4-Bromophenyl)-[1,3]dioxolo[4,5-f ]benzofuran-7-yl)-5-methyl-1H-indole (8w).
Brown solid, mp: 205.4–206.0 ◦C (32 mg, 89%); 1H NMR (400 MHz, CDCl3) δ 8.28 (s, 1H),
7.53 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.8 Hz, 1H), 7.35 (d, J = 8.8 Hz, 2H), 7.13–7.09 (m, 2H),
7.06 (s, 1H), 6.78 (s, 1H), 5.99 (s, 2H), 2.36 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 149.5, 149.2,
146.6, 144.6, 134.6, 131.4, 130.2, 129.6, 127.3, 126.7, 124.7, 124.3, 123.5, 121.3, 119.9, 111.5,
111.0, 106.9, 101.3, 99.1, 93.3, 21.5; HRMS (ESI-QTOF) m/z [M+H]+ calcd for C24H16BrNO3
445.0314, found 445.0315.

3-(2-Phenylnaphtho[2,1-b]furan-1-yl)-1H-indole (8x). Brown solid, mp: 148.2–148.9 ◦C
(25 mg, 88%); 1H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.79 (s,
2H), 7.67–7.61 (m, 3H), 7.57 (d, J = 8.4 Hz, 1H), 7.43 (d, J = 7.6 Hz, 1H), 7.39–7.32 (m, 2H),
7.31–7.29 (m, 1H), 7.25–7.19 (m, 3H), 7.15 (t, J = 7.6 Hz, 1H), 7.09 (t, J = 7.2 Hz, 1H); 13C
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NMR (100 MHz, CDCl3) δ 151.69, 151.66, 136.5, 131.1, 130.8, 128.7, 128.6, 128.3, 127.8, 127.7,
126.1, 125.9, 125.7, 124.6, 124.2, 123.6, 123.2, 122.7, 120.5, 120.4, 112.3, 111.3, 111.2, 109.2;
HRMS (ESI-QTOF) m/z [M+H]+ calcd for C26H18NO 360.1383, found 360.1370.

2-Methyl-3-(2-phenylnaphtho[1,2-b]furan-3-yl)-1H-indole (8y). Brown solid, mp:
95.3–95.9 ◦C (19 mg, 62%); 1H NMR (400 MHz, CDCl3) δ 8.51 (d, J = 8.4 Hz, 1H), 8.13 (s, 1H),
7.96 (d, J = 8.0 Hz, 1H), 7.83 (d, J = 8.0 Hz, 2H), 7.69–7.61 (m, 2H), 7.53 (t, J = 7.6 Hz, 1H),
7.43 (d, J = 7.6 Hz, 2H), 7.37 (d, J = 8.0 Hz, 1H), 7.32 (t, J = 7.2 Hz, 2H), 7.28–7.27 (m, 1H),
7.25–7.21 (m, 1H), 7.09 (t, J = 8.0 Hz, 1H), 2.23 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 150.6,
149.5, 135.8, 133.1, 131.7, 131.6, 130.1, 129.2, 128.5, 128.3, 127.6, 126.7, 126.5, 126.3, 125.8,
125.1, 123.2, 121.6, 121.4, 120.2, 119.9, 119.7, 119.6, 110.4, 12.7; HRMS (ESI-QTOF) m/z
[M+H]+ calcd for C27H20NO 374.1539, found 374.1544.

5-Chloro-3-(6-methoxy-2-phenylbenzofuran-3-yl)-1H-indole (8z). Ivory solid, mp:
88.2–88.9 ◦C (28 mg, 92%); 1H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 7.67 (d, J = 8.0 Hz,
2H), 7.42–7.36 (m, 2H), 7.31–7.27 (m, 3H), 7.25–7.19 (m, 3H), 7.14 (s, 1H), 6.87 (d, J = 8.4 Hz,
1H), 3.91 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.4, 155.0, 150.3, 134.7, 131.1, 128.4, 127.8,
126.1, 125.8, 124.8, 124.4, 122.9, 120.5, 120.0, 112.3, 111.8, 109.4, 107.8, 95.7, 55.8; HRMS
(ESI-QTOF) m/z [M+H]+ calcd for C23H17ClNO2 374.0942, found 374.0951.

5-Bromo-3-(5,6-dimethoxy-2-phenylbenzofuran-3-yl)-1H-indole (8aa). White solid, mp:
100.2–100.5 ◦C (29 mg, 81%); 1H NMR (400 MHz, CDCl3) δ 8.46 (s, 1H), 7.63 (d, J = 7.6 Hz,
2H), 7.49 (s, 1H), 7.37–7.31 (m, 3H), 7.25–7.21 (m, 3H), 7.15 (s, 1H), 6.79 (s, 1H), 3.97 (s, 3H),
3.81 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 150.4, 148.6, 148.3, 146.6, 134.9, 131.1, 128.5, 128.3,
127.6, 125.9, 125.5, 124.6, 123.0, 122.9, 113.4, 112.8, 109.5, 107.8, 101.4, 95.1, 56.4, 56.3; HRMS
(ESI-QTOF) m/z [M+Na]+ calcd for C24H18BrNNaO3 470.0362, found 470.0356.

5-Bromo-3-(5,6-dimethoxy-2-(4-methoxyphenyl)benzofuran-3-yl)-1H-indole (8ab).
Ivory solid, mp: 92.2–92.9 ◦C (34 mg, 89%); 1H NMR (400 MHz, (CD3)2CO) δ 7.67 (s, 1H),
7.59–7.55 (m, 2H), 7.52 (d, J = 8.4 Hz, 1H), 7.30–7.28 (m, 1H), 7.26–7.24 (m, 1H), 6.88 (s, 1H),
6.84 (d, J = 8.8 Hz, 3H), 3.90 (s, 3H), 3.77 (s, 3H), 3.73 (s, 3H); 13C NMR (100 MHz, (CD3)2CO)
δ 159.4, 150.0, 148.8, 148.5, 147.2, 135.6, 128.3, 127.2, 126.2, 126.0, 124.4, 124.0, 122.9, 122.2,
113.8, 112.1, 108.5, 106.5, 102.0, 95.5, 55.68, 55.65, 54.7; HRMS (ESI-QTOF) m/z [M+Na]+

calcd for C25H20BrNNaO4 500.0468, found 500.0454.
5-Bromo-3-(6-phenyl-[1,3]dioxolo[4,5-f ]benzofuran-7-yl)-1H-indole (8ac). Ivory solid,

mp: 110.2–110.9 ◦C (33 mg, 96%); 1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 7.63–7.59 (m, 2H),
7.44 (s, 1H), 7.34 (s, 2H), 7.31–7.29 (m, 1H), 7.25–7.21 (m, 3H), 7.07 (s, 1H), 6.73 (s, 1H), 5.98 (s,
2H); 13C NMR (100 MHz, CDCl3) δ 150.9, 149.2, 146.5, 144.6, 134.9, 131.0, 128.4, 128.3, 127.7,
125.9, 125.5, 124.6, 124.5, 122.9, 113.4, 112.8, 109.9, 107.6, 101.3, 98.8, 93.4; HRMS (ESI-QTOF)
m/z [M+H]+ calcd for C23H15BrNO3 432.0230, found 423.0211.

5-Iodo-3-(6-phenyl-[1,3]dioxolo[4,5-f ]benzofuran-7-yl)-1H-indole (8ad). Ivory solid,
mp: 113.9–114.2 ◦C (36 mg, 94%); 1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 7.63 (s, 1H),
7.60 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.8 Hz, 1H), 7.28–7.21 (m, 5H), 7.07 (s, 1H), 6.72 (s, 1H),
5.98 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 151.0, 149.2, 146.5, 144.6, 135.4, 131.0, 130.9,
129.2, 129.1, 128.3, 127.7, 125.9, 124.5, 124.2, 113.3, 109.8, 107.3, 101.3, 98.7, 93.4, 83.6; HRMS
(ESI-QTOF) m/z [M+H]+ calcd for C23H15INO3 480.0091, found 480.0061.

3.2. Bioassay
3.2.1. Cell Culture

A549, HT29, MCF7, HepG2, PC3, and HEK293T cells were purchased from the Korean
Cell Line Bank (Seoul, Republic of Korea). HaCaT, H1975, and PC9 cells were obtained
from Prof. Sohee Kwon (Yonsei University, Incheon, Republic of Korea), Prof. Dosik Min,
and Daegu Gyeongbuk Medical Innovation Foundation, respectively. The hepatocellular
carcinoma cells (HepG2), breast adenocarcinoma cells (MCF-7), human keratinocyte cells
(HaCaT), and human embryonic kidney cells (HEK293T) were cultured in high-glucose
DMEM (Welgene Inc., Gyeongsan, Republic of Korea), and the non-small-cell lung car-
cinoma cells (PC9, A549, H1975), colorectal adenocarcinoma cells (HT29), and prostate
adenocarcinoma cells (PC3) were grown in RPMI 1640 medium (Welgene Inc., Gyeongsan,
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Republic of Korea). In addition, 10% fetal bovine serum (FBS), 100 µg/mL streptomycin,
and 100 Units/mL penicillin were supplemented in all media. All cells were grown at 5%
CO2, 37 ◦C, and 95% humidity.

3.2.2. Cell Proliferation Assay

Our cell proliferation assay was performed using the Cell Titer 96® AQueous One
Solution Cell proliferation Assay kit (Promega, Madison, WI, USA). All cells were grown
in 96-well microplates in RPMI1640 medium containing 10% fetal bovine serum (FBS)
for 24 h. After 24 h incubation, the cells were treated with DMSO and test compounds.
The medium and test compounds were changed every 24 h. To estimate cell viability, the
cells were incubated with MTS solution for 50 min. The absorbance was quantified by
using an Infinite M200 microplate reader (Tecan, Männedorf, Switzerland) at 490 nm.

3.2.3. In Vitro Wound Healing Assay

The inhibitory effect of 8aa on cell migration was measured through an in vitro wound
healing assay. PC9 and A549 cells were cultured to approximately 100% confluence in a
96-well microplate for 24 h to form a monolayer. After 24 h, wounds were formed through
96-well wound maker (Essen BioScience, Ann Arbor, MI, USA). Then, the growth medium
was washed out three times with phosphate-buffered saline (PBS) and replaced with 200 µL
of DMEM and RPMI 1640 medium containing 8aa or DMSO. Images of the wound area
were acquired by using IncuCyte ZOOM (Essen BioScience, Ann Arbor MI, USA), and
wound closure rate was measured using IncuCyte software (2018A).

3.2.4. Caspase-3 Activity Assay

PC9 and A549 cells were grown in 96-black well plates to approximately 50% conflu-
ence, and then the cells were incubated with 8aa for 24 h. To measure caspase-3 activity,
the growth medium was replaced with 100 µL of PBS containing 1 µM of caspase-3 sub-
strate and NucView 488 and incubated at room temperature for 30 min. Then, the cells
were stained with 1 µM of Hoechst 33342. Caspase-3 activity was completely inhibited
by Ac-DEVD-CHO, a potent caspase-3 inhibitor. The FLUOstar Omega microplate reader
(BMG Labtech, Ortenberg, Germany) was used to measure the fluorescence of Hoechst
33342 and NucView 488, and a Lionheart FX Automated Microscope (BioTek, Winooski,
VT, USA) was used to obtain the fluorescence microscopy images.

3.2.5. Immunoblot Analysis

The preparation of the protein sample was conducted as described previously [5].
The samples were centrifuged at 13,000 RPM for 20 min at 4 ◦C to eliminate cell debris,
and the samples were separated using 4–12% Tris Glycine Precast Gel (KOMA BIOTECH,
Seoul, Republic of Korea) for 60 min at 130 V. After 60 min, the samples were transferred
onto a polyvinylidene Fluoride membrane (PVDF) (Millipore, Billerica, MA, USA) for
90 min at 30 V. Membrane blocking was conducted using Tris-buffered saline with 0.1%
Tween 20 (TBST) containing 5% bovine serum albumin (BSA) at room temperature for
60 min. After membrane blocking, the membranes were incubated overnight at 4 ◦C
with the following primary antibodies: anticleaved PARP (BD Biosciences, Franklin Lakes,
NJ, USA), anti-β-actin (Santa Cruz Biotechnology, Dallas, TX, USA), anti-phospho-EGFR
(Tyr1068) (Cell Signaling, Danvers, MA, USA), anti-EGFR (Santa Cruz Biotechnology,
Dallas, TX, USA), anti-phospho-AKT (Santa Cruz Biotechnology, Dallas, TX, USA), anti-
AKT (Santa Cruz Biotechnology, Dallas, TX, USA), anti-phospho-p42/44 (Cell Signaling,
Danvers, MA, USA), and anti-p42/44 (Cell Signaling, Danvers, MA, USA). Then, the mem-
branes were washed out three times every five minutes with 0.1% TBST and incubated
with horseradish peroxidase (HRP) conjugated secondary IgG antibodies at room temper-
ature for 60 min. After washing three times, the membranes were visualized using the
EzWestLumi Plus (mid-femto-grade ECL) (ATTO, Amherst, NY, USA) immunoblot analysis
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detection system (GE Healthcare, Piscataway, NJ, USA). All experiments were repeated
three times independently.

3.2.6. Cell Cycle Analysis

PC9 and A549 cells were grown to ~60% confluence in a 6-well plate; then, the cells
were treated with 10 µM of 8aa for 24 h. After 24 h, the PC9 and A549 cells were washed
out twice with phosphate-buffered saline (PBS) and trypsinized using 0.5% trypsin-EDTA
before the cells were centrifuged at 1000 RPM for 2 min at room temperature. Finally, the
cells were stained with propidium iodide (PI) for 30 min, and then cell cycle phases were
measured by using FACS (Beckman Coulter, Fullerton, CA, USA).

3.3. Molecular Docking Analysis

Molecular docking was studied using Maestro (Schrödinger Release 2022-1). The X-ray
crystal structures of the EGFR (1M17.pdb) and EGFRL858R/T790M (4I22.pdb) were prepared
by removing all water and hydrogen assignments at pH 7.0 using the Protein Preparation
Wizard module. Compounds were minimized by using the conjugate gradient algorithm
and the OPLS2005 force field with Minimization module in Maestro. The Glide module
was used to generate the receptor grid and carry out ligand docking. The docking model
figures were generated using PyMOL version 1.8.6.1. The amino acid numbers of 1M17.pdb
were corrected based on other published X-ray cocrystal structures (7UKV, 7U99.pdb).

3.4. EGFR Kinase Activity Assay

The inhibitory effect of 8aa on EGFR kinase activity was evaluated using an EGFR
kinase assay kit (BPS Bioscience, San Diego, CA, USA) according to the manufacturer’s in-
structions. Briefly, a mixture of 5X kinase buffer 1, ATP (500 µM), PTK substrate (10 mg/mL),
and water was prepared. Subsequently, 8aa was treated at various concentrations, and the
reaction was initiated by adding the EGFR (1 ng/µL). After a 40-min incubation period at
30 ◦C, each well was treated with Kinase-Glo Max reagent (Promega, Madison, WI, USA)
and incubated for 15 min at room temperature. Luminescence was measured using an
Infinite M200 microplate reader (Tecan, Männedorf, Switzerland).

4. Conclusions

In summary, we established highly efficient modular access to a range of 2-arylbenzofurans
with an indole at the C3 position via the HFIP-catalyzed hydroxyalkylation of phenols with
(hetero) arylglyoxals, followed by PTSA-catalyzed substitution–cyclodehydration with indoles,
enabling the installation of two distinct substituents at the C2 and C3 sites of benzofuran with
the formation of two C-C bonds and one C-O bond. Biological evaluations and structure–
activity relationship (SAR) studies of these products against the EGFR in NSCLC cells led
us to identify 8aa as a novel EGFR inhibitor. Notably, 8aa potently inhibited the EGFR and
EGFR-mediated signaling pathways such as AKT and ERK1/2 in a dose-dependent manner,
and it also showed selective reductions in cell viability against human NSCLC cell lines PC9
and A549. 8aa exhibited limited impact on cell viability in other cancer cell lines, including
MCF7, HepG2, PC3, and HT29 cells, as well as non-tumorigenic cells such as HaCaT and
HEK293T cells. Moreover, 8aa significantly inhibited cell migration and induced apoptosis
via increasing caspase-3 activity and PARP cleavage in PC9 and A549 cells. Of interest, 8aa
exhibited significant efficacy in suppressing the EGFRL858R/T790M resistance mutation, which
frequently occurs in NSCLC. Molecular docking analysis suggests that this results from a
hydrogen bonding interaction between 8aa and Asp855 of EGFRL858R/T790M. Overall, 8aa has
the potential to be developed as a novel EGFR inhibitor to treat NSCLC patients in general, as
well as those with L858R and T790M mutations that are resistant to conventional EGFR-TKIs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph17020231/s1, Supplementary Materials: NMR spectra (1H and
13C NMR) and HRMS of synthesized compounds and HPLC chromatogram of 8aa.
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Abstract: Pyrimidines have become an increasingly important core structure in many drug molecules
over the past 60 years. This article surveys recent areas in which pyrimidines have had a major impact
in drug discovery therapeutics, including anti-infectives, anticancer, immunology, immuno-oncology,
neurological disorders, chronic pain, and diabetes mellitus. The article presents the synthesis of the
medicinal agents and highlights the role of the biological target with respect to the disease model.
Additionally, the biological potency, ADME properties and pharmacokinetics/pharmacodynamics
(if available) are discussed. This survey attempts to demonstrate the versatility of pyrimidine-based
drugs, not only for their potency and affinity but also for the improved medicinal chemistry properties
of pyrimidine as a bioisostere for phenyl and other aromatic π systems. It is hoped that this article
will provide insight to researchers considering the pyrimidine scaffold as a chemotype in future drug
candidates in order to counteract medical conditions previously deemed untreatable.
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1. Introduction

Pyrimidine is an important electron-rich aromatic heterocycle, and, as a building
block of DNA and RNA, is a critical endogenous component of the human body [1].
Due to its synthetic accessibility and structural diversity, the pyrimidine scaffold has
found widespread therapeutic applications, including antimicrobial, antimalarial, antiviral,
anticancer, antileishmanial, anti-inflammatory, analgesic, anticonvulsant, antihypertensive,
and antioxidant applications [2–9]. Furthermore, pyrimidines are also reported to possess
potential medicinal properties important to central nervous system (CNS)-active agents,
calcium channel blockers and antidepressants [10,11]. Due to its broad biological activity,
pyrimidines have piqued tremendous interest among organic and medicinal chemists.
In addition to its ready availability, the pyrimidine skeleton can be easily modified for
structural diversity at the 2, 4, 5 and 6 positions (Figure 1).
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Figure 1. Structure and numbering scheme for pyrimidine.

Some of the known commercial pyrimidine-based drugs 1–16 are shown in Figure 2.
Due to the pyrimidine ring’s ability to interact with various targets by effectively forming
hydrogen bonds and by acting as bioisosteres for phenyl and other aromatic π systems,
they often improve the pharmacokinetic/pharmacodynamic properties of the drug. The
pyrimidine ring has unique physiochemical attributes that have led to its widespread
incorporation into drug candidates with a broad spectrum of activities. The chemical space

Pharmaceuticals 2024, 17, 104. https://doi.org/10.3390/ph17010104 https://www.mdpi.com/journal/pharmaceuticals159
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portfolio of drugs relying on this privileged scaffold has increased at a rapid rate for a wide
variety of biological targets with different therapeutic requirements.
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Figure 2. Marketed drugs containing the pyrimidine scaffold.

This review article attempts to comprehensively outline the synthetic strategies em-
ployed to prepare pyrimidine derivatives as well as the biological and clinical significance
of these systems for various therapeutic needs. The review covers the literature of the past
two years and drug candidates are organized according to the specific medical conditions
they are designed to treat: bacterial, fungal and viral infections; cancer; immunological
and neurological disorders; inflammation; chronic pain; and diabetes mellitus. The sheer
volume of reports over this short period is a testament to the impact and potential of
pyrimidine-based compounds in drug research. Throughout the manuscript, the activities
of new drug prototypes are compared with numerous commercial and experimental drugs.
Many of these compounds do not incorporate pyrimidine and are not shown in the text of
this review. However, as readers may not be familiar with these drugs, structures for these
standards are pictured in the SI along with some of the commercial names.

2. Pyrimidine-Based Drugs for Treatment of Infections
2.1. Pyrimidines as Antibacterials

Luo et al. [12] have focused on developing a lead molecule against tuberculosis (TB), a
lethal infectious disease caused by Mycobacterium tuberculosis which is a prevalent problem
in Asia and Europe [13]. Though the current treatment protocol for this infection involves
a combination regimen which is very effective, resistance has started to emerge for this
treatment option. Thus, a promising antitubercular compound with a novel mechanism
of action must be developed against drug-resistant TB. In this work, the authors noted
that Certinib (see Supplementary Materials), an approved antitumor drug for anaplastic
lymphoma kinase, expressed antitubercular properties through a phenotypic screening
approach. The compound exhibited a modest minimum inhibitory concentration (MIC) of

160



Pharmaceuticals 2024, 17, 104

9.0 µM/mL against the H3Ra variant. The authors in this work were able to identify the
lead pharmacophore and quickly develop a structure activity relationship (SAR) for this
series of compounds.

The synthetic approach to model compounds for this study is depicted in Scheme 1.
Nucleophilic aromatic substitution (SNAr) reaction of 2,4,5-trichloropyrimidine (17) at C4
with commercial 2-isopropoxy-5-methyl-4-(piperdin-4-yl)aniline (18) in the presence of
N,N-diisopropylethylamine (DIPEA) in isopropanol at 80 ◦C provided 19. Compound
19 was further substituted by anilines at C2 under acidic conditions to generate com-
pound 20. Ammonolysis of 19 and subsequent removal of the tert-butoxycarbonyl (Boc)-
protecting group from nitrogen with trifluoroacetic acid (TFA) in dichloromethane (DCM)
afforded 21. Finally, Suzuki–Miyaura coupling of 19 with an arylboronic acid using [1,1′-
bis(diphenylphosphino)ferrocene]dichloropalladium(II) (Pd(dppf)Cl2) with cesium carbon-
ate (Cs2CO3) as the base in aqueous dioxane under reflux, followed by Boc deprotection,
afforded targets 22.
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Scheme 1. Preparation of pyrimidines 20–22 to treat tuberculosis.

A total of 58 compounds are described in this report and the publication highlights
the biological significance of these drug molecules. Compounds 23 and 24 both exhibited
weak activity on multidrug-resistant Staphylococcus aureus (MRSA), Mycobacterium abscessus
and Mycobacterium smegmatis with MIC values of 4–8 µg/mL. Drug candidate 24 displayed
potent activity against the H37Ra (ATCC 25177) and H37Rv (ATCC 27294) strains of
TB as well as clinical drug-resistant variants with MIC values of 0.5–1.0 µg/mL. This
compound also possessed acceptable toxicity in vivo, at a high oral dose of 800 mg/kg.
The pharmacokinetic (PK) properties were evaluated for 24 using Sprague–Dawley rats,
and the results are summarized in Table 1. Compound 24 exhibited moderate exposure
with a Cmax = 592 ± 62 mg/mL, slow elimination with a t1/2 = 26.2 ± 0.9 h, a low clearance
(CL) value of 1.5 ± 0.3 L/h/kg following intravenous (i.v.) administration, and promising
oral bioavailability (F) with a value of 40.7%.

Table 1. Pharmacokinetic properties of compound 24.

Cpd No. Administration Cmax (µg/mL) t 1
2 (h) CL (L/h/kg) AUC 0–t

(µL/L·h) F

24
i.v. (5 mg/kg) 592 ± 62 26.2 ± 0.9 1.5 ± 0.3 1694 ± 201 n.a.

p.o. (15 mg/kg) 108 ± 18 — — 2079 ± 274 40.7%
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The Mohamady group also explored the use of pyrimidines as anti-infectives against
M. tuberculosis [14]. TB is an airborne infectious disease which primarily targets the lungs
and other organs, such as spine, kidney and brain, by alternating between the active and
latent phases and challenges the immune system defense mechanism [15]. Multidrug-
resistant (MDR) variants of this pathogen are on the rise for Isoniazid and Rifampicin
(see Supplementary Materials) which are first line of defense drugs [16]. In this study,
these researchers tried to inhibit M. tuberculosis by targeting the fatty acid biosynthesis
pathway of the pathogen. They specifically targeted acyl carrier protein reductase which is
an essential component of the mycobacterial survival pathway. Upon disruption of this
pathway, the bacteria starve, resulting in cell death and eradication of TB. In this work, the
concept of molecular hybridization was used to design the desired library of compounds.

Several model compounds were synthesized according to the generalized route out-
lined in Scheme 2. The synthesis began with a one-pot multi-component reaction of
benzaldehydes 25, ethyl cyanoacetate, and thiourea with potassium bicarbonate (KHCO3)
in ethanol to give pyrimidine derivatives 26. Hydrazinolysis of thiol 26 with hydrazine hy-
drate in ethanol under reflux afforded the 2-hydrazinyl-6-oxo-4-aryl-1,6-dihydropyrimidine-
5-carbonitriles 27. These derivatives were subsequently condensed with isatin derivatives
28 in ethanol containing drops of acetic acid to produce the isatin–pyrimidine hybrids 29.
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The inhibitory activity of compound 29 was screened against three strains of TB, in-
cluding a sensitive strain (ATCC 25177 = H37Ra) as well as an isoniazid (see Supplementary
Materials)-resistant strain (ATCC 35822). Some of the promising derivatives showed an
MIC of <1 µg/mL on both strains, including the MDR and extremely drug-resistant (XDR)
strains. Of all of the derivatives, compound 30 exhibited the maximum inhibition of MDR
and XDR M. tuberculosis with MICs of 0.48 and 3.9 µg/mL, respectively. On the other hand,
the same compound also proved the most potent against inhibin subunit alpha (InhA) with
a half maximal inhibitory concentration (IC50) of 0.6 ± 0.94 µM. In this paper, the authors
were successfully able to co-crystallize compound 30 in the ligand-active site of InhA.

Recently, the Yang research group has worked to develop a broad-spectrum antibi-
otic by extending the scope of Linezolid (see Supplementary Materials) by appending a
pyrimidine ring to its framework [17]. Oxazolidinone ring cores are known for their potent
activity in the antibacterial space, especially toward Gram-positive pathogens [18]. Due
to prevalent resistance by the pathogens, however, there needs to be continuous improve-
ment over current medications to develop next-generation antibiotics. The authors sought
antibiotic candidates that would also possess antibiofilm activity, specifically targeting
urinary tract infections. The authors hypothesized that linking a pyrimidine moiety to the
Linezolid structure would improve the drug’s ability to form hydrogen bonds as well as
improve the permeability of the compound.
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The synthesis shown in Scheme 3 illustrates the preparation of a pyrimidine-linked proto-
type from piperazine–Linezolid precursor 31 which was synthesized by a known method [19].
Compound 31 underwent a regioselective reaction with various 2,4-dichloropyrimidine deriva-
tives 32 in the presence of triethylamine (TEA) in ethanol to afford intermediates 33. These
individual intermediates were further reacted with various amines under mild acidic con-
ditions in the presence of p-toluenesulfonic acid monohydrate (p-TsOH·H2O) in ethanol,
to eventuate C4 chloride displacement from the pyrimidine ring and afford the required
pyrimidine–Linezolid structures 34.
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Compounds 34 were evaluated for their antibacterial activity against seven different
strains of mostly Gram-positive bacteria including S. aureus, Streptococcus pneumoniae, Enterococ-
cus faecalis, Bacillus subtilis, Staphylococcus xylosus, and Listeria monocytogens. Several derivatives
exhibited very good activity against a subset of these organisms (MIC = 0.25–1 µg/mL) with
35 exhibiting an MIC of 0.25–1 µg/mL against all of these pathogens. Candidate 35 also
displayed an MIC of 1 µg/mL against the Methicillin (see Supplementary Materials)-resistant
S. aureus (MRSA) and Vancomycin-resistant Enterococcus (VRE) bacteria. Furthermore, 35
displayed a minimum biofilm inhibitory concentration (MBIC) ranging from 0.5–4 µg/mL
against a series of four bacterial strains including MRSA, VRE, Linezolid-resistant S. aureus
and Linezolid-resistant S. pneumoniae. These results have led the authors to conclude that
compound 35 has high potential for further development as an antibacterial drug.

Kumari et al. sought to develop an antibacterial agent incorporating pyrimidines by
targeting the enzyme DNA gyrase which is a bacterial topoisomerase II [20]. DNA gyrase
is responsible for DNA replication, transcription, repair and decatenation in the bacteria.
The gyrase is composed of two subunits, gyrase A and gyrase B, one of which controls
ATPase activity while the other works by breaking and reassembling bacterial DNA. The
role of DNA gyrase is to maintain the topology of the DNA present only in bacteria, which
makes it an ideal target for developing antibiotics [21,22].

In this work, the Kumari group devised a route to a family of chrysin-substituted
pyrimidine–piperazine hybrids and this is shown in Scheme 4. Initially, 4,6-dihydroxy-
2-methylpyrimidine (36) was assembled from acetamidine hydrochloride and diethyl
malonate in the presence of sodium acetate (NaOAc) in methanol. Conversion of the
hydroxyl groups in 36 to chlorides using phosphorus oxychloride (POCl3) gave dichloropy-
rimidine 37, which was substituted by chrysin (38) in a SNAr reaction promoted by a
potassium carbonate (K2CO3) base in N,N-dimethylformamide (DMF) to give 39. The final
nucleophilic substitution reaction of piperazinyl derivatives with 39 in the presence of
DIPEA in ethanol afforded targets 40.
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Scheme 4. Synthesis of chrysin-based pyrimidine–piperazine hybrid antibacterial 40.

The synthesized compounds were evaluated against twelve different strains of bacteria
and two fungi. The compounds generally exhibited modest antibacterial and antifungal
activity, except for 41, which achieved an MIC = 6.5 µg/mL against Escherichia coli and a
respectable antifungal MIC = 250 µg/mL against Candida albicans.

2.2. Pyrimidines as Antifungals

A patent by Li et al. strived to develop a new class of safe and non-toxic anti-infective
agents against a series of fungal infections, including Candida albicans, Saccharomyces cere-
visiae, and Candida parapsilosis [23]. The patent described the preparation and evaluation of
various pyrimidine derivatives from aryl sulfonamides 42 by reaction with ethyl chlorofor-
mate using K2CO3 in acetone to afford the arylsulfonylurethane 43 as shown in Scheme 5.
Further reaction of 43 with various substituted 2-aminopyrimidines then produced sul-
fonylureas 44.
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Scheme 5. Synthesis of pyrimidine antifungals 44.

Results in the patent indicate that some of the model compounds had antifungal activity
equivalent or up to 5-fold higher than the known drug Amphotericin B (see Supplementary
Materials), and that the MIC90 of some of these compounds, including compound 45, exhib-
ited 3- to 30-fold better activity than Fluconazole (see Supplementary Materials). The drug
prototypes exhibited very strong antifungal properties against many strains of C. albicans, S.
cerevisiae and C. parapsilosis. Compound 45 exhibited potent activity toward C. albicans in RPMI
1640, YNB, and YPD media and had the most promising MIC90 = 0.05–0.3 µg/mL. It also
showed encouraging activity with an MIC90 < 0.05–0.1 µg/mL against Fluconazole-resistant
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C. albicans, S. cerevisiae and C. parapsilosis strains. Most of the compounds tested in this series
had persistent antifungal activity which did not decrease even after 72 h.

2.3. Pyrimidines as Antivirals

Kang et al. advanced an interesting study on pyrimidines as drug scaffolds for
anti-infectives which effectively studied acquired immunodeficiency syndrome (AIDS)
caused by human immunodeficiency virus (HIV) [24]. With the advent of antiretroviral
therapy, the disease classification of HIV has changed from being a mortal disease to a
manageable chronic disorder. In this effort, the authors were focused on developing non-
nucleoside reverse transcriptase inhibitors (NNRTIs) which are common among antiviral
drugs. The prescribed first-generation and second-generation NNRTIs suffered from
serious drug resistance due to mutant strains that rendered these drugs ineffective. The
most common mutant strains, K103N and Y181C, arose against first-generation drugs
while E138K developed toward second-generation drugs [25,26]. Apart from this, newer
compounds had limited solubility profiles resulting in low bioavailability. Thus, it was
imperative to create new structures with better adsorption, distribution, metabolism, and
excretion (ADME) properties as leads for antiviral drugs.

In this work, the final target compounds were prepared in one step from previously
reported compounds 46a–c [27] as shown in Scheme 6. Suzuki–Miyaura coupling of
46a–c with arylboronic acids in the presence of tetrakis(triphenylphosphine)palladium(0)
(Pd(Ph3P)4) and K2CO3 in DMF at 100 ◦C gave candidates 47 for this study.
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The results were summarized for 39 compounds that were prepared and evaluated.
Screening showed that most of the compounds exhibited antiviral activity (half maxi-
mal effective concentration, EC50 < 10 nM) against the HIV-1-IIIB strain compared with
Etravirine (2, EC50 = 3.5 nM). Most compounds also exhibited activity on the double mutant
strain RES056 (K103N/Y181C) with an EC50 = 50 nM, and compound 48 displayed the
most potent EC50 values between 3.43–11.8 nM against a panel of wild type (WT) and
resistant mutants. Notably, 48 displayed the highest potency against K103N and Y188L
with EC50 values of 4.77 nM and 15.3 nM, respectively. From an ADME and toxicological
perspective, 48 demonstrated no cytochrome P450 (CYP450) inhibition (IC50 > 10 µM)
and had a favorable PK profile as shown in Table 2. The clearance of the compound was
82.7 ± 1.97 mL/h/kg (slightly high) after i.v. administration of 2 mg/kg with a sufficient
oral bioavailability (F) of 31.8% following oral administration (p.o.) of 10 mg/kg. Finally,
48 did not show any acute toxicity in Kunming mice up to the maximum concentration of
2000 mg/kg.
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Table 2. Pharmacokinetic properties of compound 48.

Cpd No. Administration Cmax (ng/mL) t 1
2 (h) CL (mL/h/kg) AUC 0–t

(nL/L·h) F

48
i.v. (2 mg/kg) 587 ± 63.1 1.33 ± 0.11 82.7 ± 1.97 400 ± 9.29 n.a.

p.o. (10 mg/kg) 252 ± 22.0 1.20 ± 0.12 — 654 ± 125 31.8%

Liu et al. also sought to develop a new drug against the HIV-1 reverse transcriptase
(RT) for the treatment of AIDS [28]. RT has an important biochemical function for viral
replication of DNA/RNA-dependent DNA polymerase and ribonuclease H [29]. Currently,
RT inhibitors are mainly divided into nucleoside RT inhibitors (NRTIs) and non-nucleoside
RT inhibitors (NNRTIs) [27]. NNRTIs have been key components in highly active antiretro-
viral therapies due to their promising anti-HIV-1 properties, high specificity, and relatively
low toxicity. In this work, the authors emphasize the need for novel NNRTIs with higher
anti-HIV-1 activities against resistant mutant strains and improved drug properties.

The synthesis of candidate compounds for this project is shown in Scheme 7. Initially,
nitroaryl halides 49a-c were reacted with Boc-piperazine in the presence of K2CO3 in DMF
at 120 ◦C to afford 50. These adducts were converted to the first precursor by reduction
to the aniline derivatives 51 with H2 and Pd/C in methanol. To prepare the second
precursors, 2,4-dichloropyrimidine (52) underwent reaction with cyanophenols 53 (a: 4-
hydroxy-3,5-dimethylbenzonitrile or b: (E)-3-(4-hydroxy-3,5-dimethylphenyl)acrylonitrile)
in the presence of K2CO3 in DMF to generate 54. Ether 54b was further subjected to
Buchwald–Hartwig coupling with 51 in the presence of palladium acetate (Pd(OAc)2),
3,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos), and Cs2CO3 in dioxane to
produce 55b. Boc deprotection of 55b using TFA in DCM to afford 56b which was acylated
or sulfonated at the piperazine nitrogen to deliver the final targets 57b.
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Interestingly, among the newly synthesized compounds, 58 demonstrated significantly
improved antiretroviral activity compared with the known NNRTI BH-11c (see Supplemen-
tary Materials) against all tested HIV-1 strains. Furthermore, 58 possessed subnanomolar
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potency (0.1–2.6 nM) against WT and five mutant HIV-1 strains, including L100I, K103N,
Y181C, E138K and F227L/V106A. Further molecular dynamics simulation studies were
conducted to explain the differences between the inhibitory activity of 58 and Etravirine (2)
against RT variants. Candidate 58 displayed improved water solubility (13.46 µg/mL at pH
7.0) compared with 2 (<1 µg/mL at pH 7.0), with an appropriate ligand efficiency (LE) value
of 0.32. Moreover, 58 expressed significantly lower inhibitory activity than 2 and Rilpivirine
(3) against CYP2C9, indicating that 58 was less likely to cause drug–drug interactions.

Compound 58 was evaluated for its PK profile in a Sprague–Dawley rat model as
shown in Table 3 and demonstrated an acceptable t1/2, moderate clearance and favorable
distribution volume after an i.v. dose of 2.0 mg/kg. When administered p.o. at a dose
of 10.0 mg/kg, 58 had a poor Cmax and concentration–time curve (AUC). Nevertheless,
the oral bioavailability (F) of 58 was determined to be 1.34%. Consequently, pending
further optimization, the authors tagged 58 as a promising lead compound worthy of
additional study.

Table 3. Pharmacokinetic properties of compound 58.

Cpd No. Administration Cmax (µg/mL) t 1
2 (h) CL (L/h/kg) AUC 0–t

(µL/L·h) F

58
i.v. (2 mg/kg) 1233.33 ± 96.09 2.42 ± 0.34 2.54 ± 0.25 785.06 ± 74 n.a.

p.o. (10 mg/kg) 16.05 ± 6.59 3.05 ± 1.44 — 45.1 ± 12.9 1.34%

Chen et al. have endeavored to optimize a pyrimidine-based drug scaffold to target the
influenza virus [30]. Influenza is an infectious disease of the respiratory tract and results in
>300,000 deaths/year worldwide, posing a huge social and economic burden to society [31].
One way to lessen this burden is to effectively use the influenza vaccine; however, due to
antigenic drift and mismatch between the vaccine and circulating strains, the vaccine is not
always effective. Although neuraminidase inhibitors (Oseltamivir, see Supplementary Ma-
terials) and RNA polymerase (RNAP) inhibitors (Baloxavir, see Supplementary Materials)
are used as first-line-of-defense drugs, resistant mutations have evolved, leading to efforts
to develop new direct-acting antivirals to combat drug-resistant mutations and to identify
new drugs with novel mechanisms of action [32]. These researchers reported a medicinal
chemistry strategy for anchoring aza-β3- or β2,3-amino acids on a 7-azaindole ring to the
RNAP subunit PB2 which has proven to be an ideal target for antiviral drug development.
Benefiting from facile structural elaboration, aza-β-amino acid motifs with diverse size,
shape, steric hindrance, and configuration were linked to a pyrimidine and evaluated for
their antiviral activities.

The preparation of experimental compounds is presented in Scheme 8 and started
with 2,4-dichloro-5-fluoropyridine (59). After substitution of 59 at C4 by ethyl N-amino-
N-(alkyl)glycinates 60 using DIPEA in THF, intermediates 61 were subjected to Suzuki–
Miyaura coupling with azaindoleboronic acids 62 using (Ph3P)4Pd and K2CO3 in aqueous
acetonitrile (ACN) to afford 63. This structure was hydrolyzed using lithium hydroxide
(LiOH) in aqueous THF to afford the desired acid targets 64.

Tests on these compounds revealed that 65 (HAA-09) targets the influenza PB2_cap
binding domain with potent anti-influenza virus efficacies using both in vitro and in vivo
models. This drug candidate possessed high inhibition against influenza A virus poly-
merase and was active in submicromolar concentrations, with an IC50 = 0.06 µM and
an EC50 = 0.03 µM. Compound 65 also exhibited superior antiviral activity against the
Oseltamivir-sensitive A/WSN/33 and Oseltamivir-resistant H275Y variants. It showed no
inhibition of the human ether-á-go-go related gene (hERG) channel, demonstrating a low
risk for hERG-related cardiac repolarization (manual patch, IC50 > 10 µM) and high plasma
stability (t1/2 > 12 h). Moreover, a subacute toxicity study was carried out in healthy mice
to assess the safety profiles in vivo. Lead compound 65 demonstrated a favorable safety
profile with oral administration in healthy mice at a high dose of 40 mg/kg once daily for
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three days. The PD read-out on oral administration for 65 indicated more than a 2-log viral
load reduction and survival benefit in a mouse lethal infection model. The rapid reduction
in the amount of influenza A virus in the lungs of infected mice confirmed that 65 had a
direct effect on viral replication. Based on these findings, structure 65 was considered a
potential PB2 inhibitor suitable for further anti-influenza drug development.
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3. Pyrimidine Based Drugs for the Treatment of Cancer

Pyrimidines have myriad biological activities, including as anticancer pharmacophores.
Zhang et al. have explored the role of pyrimidine rings as anticancer agents in breast cancer
cell lines [33]. Triple-negative breast cancer (TNBC) is a heterogenous aggressive breast
cancer which leads to high mortality rates due to distant metastasis and lack of efficient
targeted therapeutics [34].

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase which plays a signif-
icant role in integrin-activated signal transduction by initiating a cascade of biological
functions [35]. These FAK-mediated signaling pathways lead to tumor progression and
metastasis by regulating proliferation through invasion and cell survival strategies. Breast
cancer cells overexpress FAK kinases, which in turn activate FAK signaling pathways for
cell proliferation and metastasis. Thus, inhibition of the FAK kinase could potentially slow
the signaling that leads to the spread of TNBC.

The synthesis of potential FAK inhibitors is shown in Scheme 9. Initial SNAr reaction
of 2,4,5-trichloropyrimidine (17) with 2-amino-N-methylbenzamide (66) using sodium
bicarbonate (NaHCO3) in ethanol afforded the monosubstituted pyrimidine 67. A sec-
ond SNAr reaction on 67 by methyl 2-(4-aminophenyl)acetate (68) promoted by 12 N
hydrochloric acid (HCl) in isopropanol yielded the 2,4-diamino-5-chloropyrimidine 69.
This compound was then condensed with 1,2,5-oxadiazole-2-oxide derivatives 70 [36] in
the presence of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDAC)
and 4-(dimethylamino)pyridine (DMAP) to provide targets 71.

The biological results in the paper pinpointed compound 72, which exhibited FAK
inhibition (IC50 = 27.4 nM) and displayed a strong inhibitory effect on cell proliferation
with an IC50 = 0.126 µM. The compound further exhibited potent inhibitory effects on an
MDA-MB-231 TNBC cell line but displayed a 19-fold lesser effect on non-cancer MCF10A,
giving a nearly 20-fold window for cell differentiation. Importantly, treatment with 72
inhibited lung metastasis of TNBC more potently than known compound TAE226 (see
Supplementary Materials) in mice. The compound also exhibited some off-target activity
by showing significant inhibition activity against matrix metalloproteinase-2 (MMP-2) and
MMP-9. A pharmacodynamic effect was also observed in a BALB/c nude mouse model by
inoculation with MDA-MB-231 TNBC cells in the tail vein. Once the metastatic nodules
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were formed, the mice were randomly injected with 72 over a period of 30 days. It was
found that 72 at 15 mg/kg significantly reduced the lung tumor nodules relative to the
vehicle-treated control.
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Concurrent with the work of Zhang, the Badawi group was also intent on developing
a drug scaffold to challenge TNBC using N-pyrimidin-4-ylhydrazones [37]. Though the
authors mentioned breast cancer as their focus, they did not clearly define their goal in this
work. The report indicates they were leaning toward the epidermal growth factor receptor
(EGFR) or the estrogen receptor as possible targets for inhibition.

The preparation of prospective drug compounds for this study are shown in Scheme 10.
This involved reaction of cyano ester 73 and methyl carbamimidothioate (74) using NaOAc
in DMF to prepare dihydropyrimidinone 75 by a known method [38]. Compound 75 was
then treated with a series of cyclic aliphatic amines to provide 76. Exposure of 76 to POCl3
and N,N-dimethylaniline at 60 ◦C gave derivatives 77 which were reacted with hydrazine
to deliver hydrazinyl derivatives 78. The hydrazinyl function of these structures was
finally condensed with benzaldehyde (79) or acetophenones 81 to generate the requisite
pyrimidine–hydrazone conjugates 80 and 82, respectively.
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Scheme 10. Synthesis of hydrazonylpyrimidine EGFR inhibitors 80 and 82.

Preliminary screening for antiproliferative activity revealed that some screened candi-
dates exhibited nearly equal IC50 values of 0.87–12.91 µM in MCF-7 and 1.75–9.46 µM in
MDA-MB-231 cells, and better growth inhibition activities than those of the positive control
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5-Fluorouracil (5-FU, see Supplementary Materials)) which showed IC50 values of 17.02 µM
and 11.73 µM, respectively. Compound 83 offered the best selectivity index with respect
to both MCF-7 and MDA-MB-231 cancer cells in comparison with 5-FU and elicited the
highest increase in caspase 9 levels in MCF-7 treated samples, attaining 27.13± 0.54 ng/mL
compared with 19.011 ± 0.40 ng/mL observed from a Staurosporine (see Supplementary
Materials) standard.

Research by El Hamd et al. sought to develop imidazole–pyrimidine–sulfonamide hy-
brids as inhibitors for the EGFR in mutant cancer cells [39]. Currently, there are many research
groups across the world interested in developing inhibitors for EGFR, which plays a crucial
role in many human cancers. EGFR, a member of the ErbB subfamily of tyrosine kinases, is
overexpressed in many cancers, including those of the breast, colon, ovaries and prostrate [40].
Due to its impact on cancer progression, many therapies are currently approved for this target,
including notables such as Cetuxiab, Pantitumumab and Necitumumab in antibody treatment
(see Supplementary Materials) and Neratinib, Gefitinib, Lapatinib, Afatinib and Vandetinib in
small molecule treatment (see Supplementary Materials).

Pyrimidine pharmacophores are well established as anti-EGFR lung cancer agents,
and the authors in this work proposed to couple the pyrimidine ring with a sulfonamide
core to bring dual activity against EGFR/human epidermal growth factor receptor 2 (HER2)
breast cancer cell lines [41]. Additionally, the authors were also interested in developing
inhibitors against drug-resistant mutant EGFR-L858R/T790M/C797S cell lines.

Scheme 11 outlines a multi-component synthesis route to access N-(pyrimidin-2-
yl) 4-(2-aryl-4,5-diphenyl-1H-imizazol-1-yl)benzenesulfonamides 87. The reactions were
carried out using 4-amino-N-(pyrimidin-2-yl)benzenesulfonamide (84), aryl aldehydes
85, and benzil (86) with ammonium acetate (NH4OAc) and dimethylamine using diethyl
ammonium hydrogen sulfate (ionic liquid) under reflux to afford the final targets 87.
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The compounds synthesized were screened against a panel of 60 cancer cell lines at a
single dose of 10 µM at the National Cancer Institute. The results revealed 9 compounds that
showed excellent cytotoxicity against all tested cell lines with growth inhibitions up to 95%.
Two compounds, 88 and 89, demonstrated inhibition against HER2 (IC50 = 81± 40 ng/mL and
208 ± 110 ng/mL, respectively), against the EGFR-L858R mutant (IC50 = 59 ± 30 ng/mL and
112 ± 60 ng/mL, respectively), and against the EGFR-T790M mutant (IC50 = 49 ± 20 ng/mL
and 152 ± 70 ng/mL, respectively). Both compounds induced MCF-7 cell death with a
Bax/Bcl-2 expression ratio pointing to a mitochondrial apoptosis pathway. The authors
are currently optimizing the active candidates to identify the most promising inhibitors
for development.
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The work of Zhang et al. expanded the scope of EGFR inhibitors, especially for
targeting non-small cell lung cancer (NSCLC) cell lines [42]. As mutation or overexpression
of EGFR is the main cause of NSCLC, it is considered the main target for treating this
disease [43]. The authors focused on a fourth-generation reversible EGFR-tyrosine kinase
inhibitor (TKI) by targeting the cysteine in the active binding site and focusing on the
mutant EGFR cancer cell lines. Gefitinib and Erlotinib are first-generation EFGR-TKIs and
have been shown to be very effective in NSCLC patients [44,45]. The gatekeeper mutation
T790M in the ATP binding domain in EGFR is the primary mechanism of resistance which
first develops in patients after 6–12 months of treatment. Considering this new mutant,
second- and third-generation EGFR-TKIs were developed which display potent activity
against EGFR-T790M while sparing WT cells.

A generalized route to the required compounds for this study is outlined in Scheme 12.
SNAr reaction of 5-bromo-2,4-dichloropyrimidine (90) with various anilines in the presence
of DIPEA in isopropanol afforded intermediates 91. The pyrimidine ring of 91 was subjected
to a second nucleophilic substitution with various amines (mostly aniline derivatives) in the
presence of p-TsOH·H2O in butanol to afford bromopyrimidines 92. Finally, these bromides
were coupled under Suzuki–Miyaura conditions with various arylboronate esters 93 using
Pd(dppf)Cl2 and potassium acetate (KOAc) in dioxane to furnish drug candidates 94.

Pharmaceuticals 2024, 17, x FOR PEER REVIEW  14  of  52 
 

 

 

Scheme 12. Synthesis of 2-(phenylamino)pyrimidine EGFR inhibitors 95. 

The authors screened the newly designed and synthesized 2-(phenylamino)pyrimi-

dine derivatives from this sequence for activity against EGFR triple mutant cell lines. One 

compound, 95, showed a promising IC50 value of 0.2 ± 0.01 µM against proliferation of the 

EFGR-Dell9/T790M/C797S  and  EGFR-L858R/T790M/C797S  cell  lines.  The  same  com-

pound  exhibited  a  slightly  higher  antiproliferative  activity  than  the  commercial  drug 

Brigatinib (see Supplementary Materials). Most of the compounds exhibited weak activi-

ties on EGFR-WT, which  indicates  that  the compound was selective  for mutant EGFR. 

Compound 95 also significantly  inhibited EGFR phosphorylation,  induced apoptosis  in 

EGFR-Dell9/T790M/C797S, and arrested the cell cycle at the G2/M phase. The results in-

dicate that 95 was a potent fourth-generation reversible EGFR-TKI which warranted fur-

ther study. 

As with most medicinal agents, drug resistance has become an issue for Osimetinib, 

and this has been a driving force behind the development of EFGR inhibitors. This drug, 

which  is currently used  for NSCLC, showed drug  resistance after  the median survival 

time of 9.6 months [46]. Thus, Xu et al. determined to solve this problem by developing 

fourth-generation inhibitors with additional interactions between the compound and the 

protein to compensate for the loss of the conventional covalent cysteine interaction [47]. 

The 2,4-di(arylamino)pyrimidine core is a key ring scaffold for maintenance of activ-

ity in these known inhibitors of mutant EGFR kinases [48]. All compounds synthesized in 

this work were designed following a molecular modelling analysis of the crystal structure 

of EGFR-L858R/T790M/C797S (PDB code: 6LUD) using Autodock 4.2 software. The syn-

thesis of prototype molecules is shown in Scheme 13. SNAr reaction between 2,4,5-trichlo-

ropyrimidine (17) and phenylenediamine (96) in ACN at −10 °C provided the C4-substi-

tuted  pyrimidine  derivative  97.  This  compound  subsequently  underwent  amide  for-

mation with acryloyl chloride and DIPEA in dioxane to afford 98. Some of the pyrimidina-

mides were also prepared from acetic anhydride (Ac2O) in the presence of TEA in ethyl 

acetate. Pyrimidinamides 98 were subsequently coupled with various substituted anilines 

using Pd(OAc)2, xantphos, and Cs2CO3 in dioxane to furnish targets 99. 

 

N

N

Br

ClCl

R1NH2, i-PrOH

DIPEA

N

N

Br

N
H

Cl
R1

n-BuOH, reflux

N

N

Br

N
H

N
H

R1R2

B
O

O
Ar

Pd(dppf)Cl2, KOAc

N

N

Ar

N
H

N
H

R1R2

90 91 92 94

93

N

N

Br

N
H

N
H

95

N

N

N
S

dioxane, reflux

p-TsOHꞏH2O

R2NH2

O O

N

N ClCl

Cl N

N ClHN

Cl

H2N
NH2

NH2

ACN, –10 oC N

N ClHN

Cl

N
H

R

O

Ar-NH2

Pd(OAc)2, xantphos N

N
H
NHN

Cl

N
H

R

O

Ar
acryloyl chloride

DIPEA, dioxane
or

Ac2O, Et3N, EtOAc17

96

97 98 99

N

N NHHN

Cl

N
H

O

100

OCH3

N

O

Cs2CO3, dioxane

Scheme 12. Synthesis of 2-(phenylamino)pyrimidine EGFR inhibitors 95.

The authors screened the newly designed and synthesized 2-(phenylamino)pyrimidine
derivatives from this sequence for activity against EGFR triple mutant cell lines. One com-
pound, 95, showed a promising IC50 value of 0.2 ± 0.01 µM against proliferation of the
EFGR-Dell9/T790M/C797S and EGFR-L858R/T790M/C797S cell lines. The same com-
pound exhibited a slightly higher antiproliferative activity than the commercial drug
Brigatinib (see Supplementary Materials). Most of the compounds exhibited weak activ-
ities on EGFR-WT, which indicates that the compound was selective for mutant EGFR.
Compound 95 also significantly inhibited EGFR phosphorylation, induced apoptosis in
EGFR-Dell9/T790M/C797S, and arrested the cell cycle at the G2/M phase. The results
indicate that 95 was a potent fourth-generation reversible EGFR-TKI which warranted
further study.

As with most medicinal agents, drug resistance has become an issue for Osimetinib,
and this has been a driving force behind the development of EFGR inhibitors. This drug,
which is currently used for NSCLC, showed drug resistance after the median survival
time of 9.6 months [46]. Thus, Xu et al. determined to solve this problem by developing
fourth-generation inhibitors with additional interactions between the compound and the
protein to compensate for the loss of the conventional covalent cysteine interaction [47].

The 2,4-di(arylamino)pyrimidine core is a key ring scaffold for maintenance of activity
in these known inhibitors of mutant EGFR kinases [48]. All compounds synthesized in
this work were designed following a molecular modelling analysis of the crystal struc-
ture of EGFR-L858R/T790M/C797S (PDB code: 6LUD) using Autodock 4.2 software.
The synthesis of prototype molecules is shown in Scheme 13. SNAr reaction between
2,4,5-trichloropyrimidine (17) and phenylenediamine (96) in ACN at −10 ◦C provided
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the C4-substituted pyrimidine derivative 97. This compound subsequently underwent
amide formation with acryloyl chloride and DIPEA in dioxane to afford 98. Some of the
pyrimidinamides were also prepared from acetic anhydride (Ac2O) in the presence of TEA
in ethyl acetate. Pyrimidinamides 98 were subsequently coupled with various substituted
anilines using Pd(OAc)2, xantphos, and Cs2CO3 in dioxane to furnish targets 99.

Pharmaceuticals 2024, 17, x FOR PEER REVIEW  14  of  52 
 

 

 

Scheme 12. Synthesis of 2-(phenylamino)pyrimidine EGFR inhibitors 95. 

The authors screened the newly designed and synthesized 2-(phenylamino)pyrimi-

dine derivatives from this sequence for activity against EGFR triple mutant cell lines. One 

compound, 95, showed a promising IC50 value of 0.2 ± 0.01 µM against proliferation of the 

EFGR-Dell9/T790M/C797S  and  EGFR-L858R/T790M/C797S  cell  lines.  The  same  com-

pound  exhibited  a  slightly  higher  antiproliferative  activity  than  the  commercial  drug 

Brigatinib (see Supplementary Materials). Most of the compounds exhibited weak activi-

ties on EGFR-WT, which  indicates  that  the compound was selective  for mutant EGFR. 

Compound 95 also significantly  inhibited EGFR phosphorylation,  induced apoptosis  in 

EGFR-Dell9/T790M/C797S, and arrested the cell cycle at the G2/M phase. The results in-

dicate that 95 was a potent fourth-generation reversible EGFR-TKI which warranted fur-

ther study. 

As with most medicinal agents, drug resistance has become an issue for Osimetinib, 

and this has been a driving force behind the development of EFGR inhibitors. This drug, 

which  is currently used  for NSCLC, showed drug  resistance after  the median survival 

time of 9.6 months [46]. Thus, Xu et al. determined to solve this problem by developing 

fourth-generation inhibitors with additional interactions between the compound and the 

protein to compensate for the loss of the conventional covalent cysteine interaction [47]. 

The 2,4-di(arylamino)pyrimidine core is a key ring scaffold for maintenance of activ-

ity in these known inhibitors of mutant EGFR kinases [48]. All compounds synthesized in 

this work were designed following a molecular modelling analysis of the crystal structure 

of EGFR-L858R/T790M/C797S (PDB code: 6LUD) using Autodock 4.2 software. The syn-

thesis of prototype molecules is shown in Scheme 13. SNAr reaction between 2,4,5-trichlo-

ropyrimidine (17) and phenylenediamine (96) in ACN at −10 °C provided the C4-substi-

tuted  pyrimidine  derivative  97.  This  compound  subsequently  underwent  amide  for-

mation with acryloyl chloride and DIPEA in dioxane to afford 98. Some of the pyrimidina-

mides were also prepared from acetic anhydride (Ac2O) in the presence of TEA in ethyl 

acetate. Pyrimidinamides 98 were subsequently coupled with various substituted anilines 

using Pd(OAc)2, xantphos, and Cs2CO3 in dioxane to furnish targets 99. 

 

N

N

Br

ClCl

R1NH2, i-PrOH

DIPEA

N

N

Br

N
H

Cl
R1

n-BuOH, reflux

N

N

Br

N
H

N
H

R1R2

B
O

O
Ar

Pd(dppf)Cl2, KOAc

N

N

Ar

N
H

N
H

R1R2

90 91 92 94

93

N

N

Br

N
H

N
H

95

N

N

N
S

dioxane, reflux

p-TsOHꞏH2O

R2NH2

O O

N

N ClCl

Cl N

N ClHN

Cl

H2N
NH2

NH2

ACN, –10 oC N

N ClHN

Cl

N
H

R

O

Ar-NH2

Pd(OAc)2, xantphos N

N
H
NHN

Cl

N
H

R

O

Ar
acryloyl chloride

DIPEA, dioxane
or

Ac2O, Et3N, EtOAc17

96

97 98 99

N

N NHHN

Cl

N
H

O

100

OCH3

N

O

Cs2CO3, dioxane

Scheme 13. Synthesis of 2,4-di(arylamino)pyrimidine EGFR kinase inhibitors 99.

All derivatives were evaluated for their effect on the enzymatic activity of EGFR-
WT and mutant EGFR-L858R/T790M/C797S and EGFR-L858R/T790M kinases using
the ADP-Glo Kinase Kit. Osimertinib was employed as a positive control. One of the
inhibitors, 100, was identified as the most favorable compound and strongly inhibited
EGFR-L858R/T790M/C797S and EGFR-L858R/T790M activity with IC50 values of 5.51 nM
and 33.35 nM, respectively. In addition, 100 exhibited stronger antiproliferative activity
against NSCLC cells (H1975), expressing high levels of EGFR-L858R/T790M and Ba/F3-
EGFR-L858R/T790M/C797S cells with IC50 values of 0.442 µM and 0.433 µM, respectively.
Proliferation was inhibited by arresting the H1975 cells at the G2/M phase, promoting
apoptosis of the cells, and reducing phosphorylation of EGFR and extracellular signal-
related kinase 1/2 in a dose-dependent manner. The wound-healing assay data showed that
H1975 migration and invasion abilities were effectively inhibited by 100 in a concentration-
dependent manner. Compound 100 also expressed a 27-fold lower toxicity against normal
liver cells, indicating an improved dosage safety margin. The results further suggest
that this compound could be used as a competitive ATP inhibitor, as well as an allosteric
inhibitor of EGFR-L858R/T790M/C797S.

A patent developed by Lee et al. featured a lung cancer subtype which is an EGFR
mutation positive for NSCLC [49]. More than 50% of NSCLC patients have EGFR activat-
ing mutations. Currently, third-generation EGFR-TKIs are being explored to overcome
this resistance. Osimertinib is a powerful inhibitor that suppresses EGFR mutations and
T790M resistant mutations, but it causes ineffective binding and subsequent C797S resis-
tance in NSCLC patients. When Osimertinib was administered as a front-line therapy,
the most common resistance mechanisms proved to be the C797S mutation (7%) and
mesenchymal epithelial transition amplification (15%) [50]. The next-generation EGFR com-
pounds would need to inhibit Dell9/T790M/C797S, L858R/T790M/C797S, Dell9/C797S,
and L858R/C797S, and be highly selective versus EGFR-WT to avoid adverse effects.
The work in this patent focused on an unmet need, to develop a next-generation TKI
targeting both C797S triple and double mutants. It was imperative to create a selective,
next-generation inhibitor for NSCLC patients with advanced or metastatic diseases carrying
Dell9/T790M/C797S, L858R/T790M/C797S, Dell9/C797S, or L858R/C797S mutations
following second-line or upfront use of third-generation EGFR-TKIs.

The synthetic approach to these next-generation anticancer agents is depicted in
Scheme 14. Initially, amination of the commercial pyridine derivative 101 by SNAr dis-
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placement of the C4 chloride using DIPEA in DMF at 90 ◦C provided 102. Subsequent
exposure to Buchwald–Hartwig coupling conditions with pyrimidine derivative 103 using
tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3), xantphos, and Cs2CO3 in dioxane
provided products 104.
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The enzymatic biochemical assays for the EGFR kinases were reported in the patent.
The assays were conducted and reported for the EGFR-WT, double mutants Dell9/C797S
and L858R/C797S, and triple mutants Dell9/T790M/C797S and L858R/T790M/C797S.
There were many promising compounds that had IC50 values in the 0.1–100 nM range but
no further biological data were reported.

A patent by the Dai group disclosed the use of pyrimidines with deuterated sub-
stituents to target cyclin-dependent kinases (CDKs) [51]. CDKs are part of a subfamily
of serine/threonine protein kinases which play a significant role in regulating cell cycle
progression [52]. They are essential cell cycle drivers, especially CDK2, which helps cells to
transition from late G1 into S and G2 phases. CDK2 plays a prominent role in proliferative
pathways, which are not important for normal cell proliferation but are essential for cancer
cells [52]. Selective CDK2 inhibitors might target tumors which are highly cyclin E1 and E2
expressive. Cyclin E1 is always overexpressed in human cancer. Cyclin E1 amplified ovar-
ian cancer cell lines are sensitive to reagents that inhibit CDK2 activity or decrease cellular
CDK2 protein. Some of the pyrimidine-based drug candidates in this patent specifically
targeted CDK2 and offered selectivity over other kinases in treating patients with tumors.

A strategy by which to synthesize potential CDK2 inhibitors is shown in Scheme 15.
Compound 105 underwent a SNAr reaction with deuterated 4-aminobenzenesulfonamide
106 in the presence of zinc chloride and TEA in DCM–t-butanol to provide 107. Intermediate
107 was further reacted with lithium hexamethyldisilazide (LiHMDS)-derived alkoxide
from tetrahydro-2H-pyran-4-ol 108 in tetrahydrofuran (THF) to afford 109. Finally, removal
of the p-methoxybenzyl (PMB) protecting group was carried out in the presence of 2,3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ) in DCM and H2O to furnish derivatives 110.
Some derivatives without the deuterium are also reported in this patent using the same
sequence.
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The most promising compounds, 111–113, had IC50 = 1–10 nM for CDK2/cyclin E1
activity whereas for CDK1/cyclin B1 activity was nearly 10–20 times weaker offering
only 20-fold selectivity. With respect to other isoforms of cyclin—CDK4, CDK6, CDK7,
and CDK9—111–113 offered 100–1000-fold greater selectivity. The patent asserts that
these compounds were evaluated against breast, ovarian, bladder, uterine, prostate, lung
(including NSCLC, SCLC, squamous cell carcinoma or adenocarcinoma), esophageal, head
and neck, colorectal, kidney (including renal cell carcinoma), liver (including hepatocellular
carcinoma), pancreatic, stomach, and thyroid cancers. The patent further claims that these
derivatives were tested for estrogen receptor-positive/hormone receptor-positive, HER2-
negative, HER2-positive, triple negative, and inflammatory breast cancer, but few results
are reported from these experiments.

As in the previous entry, Zhou et al. were involved in developing a drug scaffold
targeting the CDKs [53]. CDKs are important in many crucial processes, such as cell cycle
and transcription, as well as communication, metabolism, and apoptosis. Deregulation of
any stage of the cell cycle or transcription leads to apoptosis but, if uncorrected, can result in
a series of diseases, such as cancer, neurodegenerative diseases (Alzheimer’s or Parkinson’s
diseases), and stroke [50]. CDK4/6 is considered a potential anticancer drug target. To
date, three CDK4/6 inhibitors have been approved; however, there is still a gap between
the clinical requirements and the approved drugs [54]. Thus, selective and oral CDK4/6
inhibitors are urgently needed, particularly for monotherapy. This study investigated the
interaction between Abemaciclib (see Supplementary Materials) and human CDK6 using
molecular dynamics simulations. Based on these modelling studies, a candidate compound
was designed that was predicted to show a significant inhibitory effect on a human breast
cancer cell line.

The strategy to prepare the designed model compound is outlined in Scheme 16.
Initially, Suzuki–Miyaura coupling of 2,4-dichloro-5-fluoropyridine (59) with pyrazolo-
pyridineboronate ester 114 in the presence of Pd(dppf)Cl2 and K2CO3 in aqueous dioxane
afforded intermediate 115. This was followed by Buchwald–Hartwig coupling with a
4-(4-isopropylpiperazin-1-yl)aniline (116) under standard conditions, to furnish 117.
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Scheme 16. Synthetic route to CDK inhibitor 117 (C2213-A).

The inhibitory activity of 117 (C2213-A) was validated against CDK6 using a kinase
profiling radiometric protein kinase assay. The IC50 value for 117 was 290 nM, comparable
to the estimate of 238 nM for Abemaciclib targeting human CDK6/cyclin D3. The antipro-
liferative activity of 117 was significantly higher than Abemaciclib (positive control) with
an IC50 = 2.95 ± 0.15 µM. The inhibitory activity of 117 was tested against MCF-7 cells
as well as other breast cancer cell lines such as T-47D, MDA-MB-452 and MDA-MB-468
and showed a better inhibitory effect than the control. The CDK4/6 inhibition by 117 and
the phosphorylation of retinoblastoma tumor suppressor were assessed by a Western blot
assay on MDA-MB-231 cells. Compound 117 was found to block the CDK4/6/Rb/E2F
signaling pathway in a dose-dependent manner after 24 h of incubation.

Zhang et al. have identified a new anticancer drug incorporating the pyrimidine
scaffold that targets microtubules [55]. Microtubules are essential structural components of
the cytoskeleton and are composed of α- and β-tubulin heterodimers [56]. Due to the poly-
merization dynamics of tubulin, microtubules are important targets for anticancer drugs
known as microtubule-targeting agents (MTAs). A total of 7 binding sites on tubulin have
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been found including Paclitaxel (see Supplementary Materials), Laulimalide, Colchicine
(see Supplementary Materials), Vinblastine, Maytansine, and Pironetin, as well as a 7th
binding site. To date, no tubulin inhibitors targeting the colchicine binding site (CBS) have
been specifically approved for clinical application. On the other hand, one CBS inhibitor,
namely ABI (118), has been reported to manifest nanomolar potency against multidrug
resistant strains with significant in vivo antitumor efficacy [57]. Despite the excellent bio-
logical activities, ABI analogs contain a ketone group between the imidazole and the C-ring
which is a metabolic soft spot susceptible to reduction by liver microsomes. Osimertinib (1),
on the other hand, is an approved pyrimidine-containing anticancer drug for NSCLC [58].
In this work, the authors designed the series of Osimertinib–ABI hybrids shown in Figure 3
for use as MTAs to treat cancer.
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Figure 3. Molecular hybridization of Osimertinib (1) and ABI (118).

The general synthetic approach to hybrids 119–122 is shown in Scheme 17. In Scheme 17-
I, construction of 119 involved Suzuki–Miyaura coupling between C4 of 2,4-dichloropyrimidine
(52) and a wide range of commercially available arylboronic acids to generate intermediates
123. SNAr reaction of 123 with 3,4,5-trimethoxyaniline (124) provided drug candidates 119.
In Scheme 17-II, independent Suzuki–Miyaura couplings were carried out between 3,4,5-
trimethoxyphenylboronic acid (125) and compounds 52 and 4,6-dichloropyrimidine (127) to
furnish intermediates 126 and 128. Each of these was further coupled with arylboronic acids
to give 4-(3,4,5-trimethoxyphenyl)-2-arylpyrimidines 120 and 4-(3,4,5-trimethoxyphenyl)-
6-arylpyrimidines 121, respectively. In Scheme 17-III, aldol condensation of 1-(3,4,5-
trimethoxyphenyl)ethan-1-one (129) and a series of benzaldehyde derivatives yielded
1,3-diaryl-2-propen-1-ones (chalcones) 130, which were reacted with guanidine hydrochlo-
ride under basic conditions to produce a library of 2-amino-3,5-diarylpyrimidine derivatives
122.

A total of 43 pyrimidine analogs were synthesized and evaluated for their antiprolif-
erative activity. Among these, prototype 131, bearing a fused 1,4-benzodioxane moi-
ety, exhibited the best potency, inhibiting four cancer cell lines including A549–lung
(IC50 = 0.80 ± 0.09 µM), HepG2–liver (IC50 = 0.11 ± 0.02 µM), U937–lymphoma
(IC50 = 0.07 ± 0.01 µM), and Y79–retinoblastoma (IC50 = 0.10 ± 0.02 µM). Furthermore, 131
suppressed tubulin polymerization and disrupted the microtubule network of HepG2 cells.
Molecular dynamics simulations suggested that 131 blocked the cell cycle at the G2/M
phase and eventually induced HepG2 cell apoptosis by regulation of G2/M related protein
expression of cyclin B1 and P21. Both scratch and transwell assays have indicated that this
derivative inhibited migration and invasion of HepG2 cells in a dose-dependent manner.
Overall, these results indicate that 131 has potential as a tubulin polymerization inhibitor
targeting the CBS and merited further investigation.
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Scheme 17. Synthesis of pyrimidine MTAs 119–122.

MTAs are an important chemotherapeutic class of drugs that interfere with tubulin
dynamics by disrupting the formation of the mitotic spindle, arresting cell cycles, and finally
promoting apoptosis of tumor cells. An investigation by Wang et al. [59] has demonstrated
that, while microtubule disruption can interfere with cancer development, it can also affect
normal cells, leading to two major toxicities: neutropenia and peripheral neuropathy in
postmitotic neurons [60]. Although achievements have been made in clinical treatment,
toxicities still limit the utility of MTAs [61]. The CBSs, located at the interface between
α- and β-tubulin heterodimers [62], effectively impact protein trafficking and could serve
as a key entry point for anticancer agents. Evidence suggests that CBS inhibitors can
overcome drug resistance mediated by P-glycoprotein (P-gp), multidrug resistance protein
1 (MRP1) and MRP2, and destroy the vascular networks that exist in tumor tissues serving
as vascular damaging agents (VDAs). For these reasons, the CBS is an attractive target
for the development of chemotherapeutic drugs, including those featured in their paper.
The authors have identified a novel MTA skeleton which inhibits tubulin polymerization
at 5 µM. The team further optimized this series of compounds by evaluating a structure–
activity relationship (SAR) derived from an X-ray co-crystal with the target.

A concise synthesis of the required pyrimidine analogs is presented in Scheme 18.
A series of aromatic amines was prepared and reacted with 4,6-dichloropyrimidine (127)
using DIPEA in ethanol to produce 132. This was followed by a second nucleophilic
substitution reaction with various alkyl and aromatic amines, which subsequently led to
products 133.

Pharmaceuticals 2024, 17, x FOR PEER REVIEW  19  of  52 
 

 

eventually induced HepG2 cell apoptosis by regulation of G2/M related protein expres-

sion of cyclin B1 and P21. Both scratch and transwell assays have indicated that this de-

rivative  inhibited migration and  invasion of HepG2 cells  in a dose-dependent manner. 

Overall, these results indicate that 131 has potential as a tubulin polymerization inhibitor 

targeting the CBS and merited further investigation. 

MTAs are an important chemotherapeutic class of drugs that interfere with tubulin 

dynamics by disrupting the formation of the mitotic spindle, arresting cell cycles, and fi-

nally promoting apoptosis of tumor cells. An investigation by Wang et al. [59] has demon-

strated that, while microtubule disruption can interfere with cancer development, it can 

also affect normal cells, leading to two major toxicities: neutropenia and peripheral neu-

ropathy in postmitotic neurons [60]. Although achievements have been made in clinical 

treatment, toxicities still limit the utility of MTAs [61]. The CBSs, located at the interface 

between  α- and  β-tubulin heterodimers  [62], effectively  impact protein  trafficking and 

could serve as a key entry point for anticancer agents. Evidence suggests that CBS inhibi-

tors  can  overcome  drug  resistance mediated  by  P-glycoprotein  (P-gp), multidrug  re-

sistance protein 1 (MRP1) and MRP2, and destroy the vascular networks that exist in tu-

mor tissues serving as vascular damaging agents (VDAs). For these reasons, the CBS is an 

attractive target for the development of chemotherapeutic drugs, including those featured 

in their paper. The authors have identified a novel MTA skeleton which inhibits tubulin 

polymerization at 5 µM. The team further optimized this series of compounds by evalu-

ating a structure–activity relationship  (SAR) derived  from an X-ray co-crystal with  the 

target. 

A concise synthesis of the required pyrimidine analogs is presented in Scheme 18. A 

series of aromatic amines was prepared and  reacted with 4,6-dichloropyrimidine  (127) 

using DIPEA in ethanol to produce 132. This was followed by a second nucleophilic sub-

stitution  reaction with various  alkyl  and  aromatic  amines, which  subsequently  led  to 

products 133. 

 

Scheme 18. Synthesis of diaminopyrimidine derivatives as MTAs 133. 

Following optimization,  lead molecule 134  expressed  the highest antiproliferative 

potency against six different cancer cell lines, including SKOV-3–ovarian (EC50 = 1.5 ± 0.2 

nM), HepG2–liver (EC50 = 1.8 ± 0.6 nM), MDA-MB-231–breast (EC50 = 4.4 ± 0.6 nM), HeLa–

cervical (EC50 = 3.6 ± 0.3 nM), B16-F10–melanoma (EC50 = 3.3 ± 0.1 nM), and A549–lung 

(EC50 = 1.1 ± 0.2 nM). This compound also exhibited more potent antiproliferative activities 

than Colchicine  and  Paclitaxel  against  the  paclitaxel-resistant  ovarian  cancer  cell  line 

A2780/T and its parental cell line A2780, indicating that 134 could overcome P-gp-medi-

ated paclitaxel resistance in vitro. The compound also showed equal activity against lung 

tumors A549-WT and low EGFR expression A549, proving that EGFR inhibition was not 

the major reason for the antitumor activity. The PK results show that 134 can be absorbed 

rapidly from the intestine with t1/2 = 0.22 ± 0.02 h (see Table 4). The lead had a slightly high, 

but acceptable, CL of 69.84 ± 4.97 mL/min/kg and an AUC of 239.43 ± 16.39 ng/mL·h. These 

results establish that 134 has acceptable pharmacokinetic properties, and therefore, is suit-

able for further development. 

   

N N

ClCl Ar1-NH2

DIPEA, EtOH, 70 oC N N

Cl
H
N

Ar1 Ar2-NH2

TFA, DMF, 60 oC N N

H
N

H
N

Ar1 Ar2

127 132 133

N N

H
N

H
N

134

OCH3

H
N

O

Scheme 18. Synthesis of diaminopyrimidine derivatives as MTAs 133.

Following optimization, lead molecule 134 expressed the highest antiproliferative po-
tency against six different cancer cell lines, including SKOV-3–ovarian (EC50 = 1.5 ± 0.2 nM),
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HepG2–liver (EC50 = 1.8 ± 0.6 nM), MDA-MB-231–breast (EC50 = 4.4 ± 0.6 nM), HeLa–
cervical (EC50 = 3.6 ± 0.3 nM), B16-F10–melanoma (EC50 = 3.3 ± 0.1 nM), and A549–lung
(EC50 = 1.1 ± 0.2 nM). This compound also exhibited more potent antiproliferative activi-
ties than Colchicine and Paclitaxel against the paclitaxel-resistant ovarian cancer cell line
A2780/T and its parental cell line A2780, indicating that 134 could overcome P-gp-mediated
paclitaxel resistance in vitro. The compound also showed equal activity against lung tu-
mors A549-WT and low EGFR expression A549, proving that EGFR inhibition was not
the major reason for the antitumor activity. The PK results show that 134 can be absorbed
rapidly from the intestine with t1/2 = 0.22± 0.02 h (see Table 4). The lead had a slightly high,
but acceptable, CL of 69.84 ± 4.97 mL/min/kg and an AUC of 239.43 ± 16.39 ng/mL·h.
These results establish that 134 has acceptable pharmacokinetic properties, and therefore,
is suitable for further development.

Table 4. Pharmacokinetic properties of compound 134.

Cpd No. Administration CL (mL/min/kg) Cmax (ng/mL) t 1
2 (h)

AUC 0–t
(ng/mL·h)

134 i.v. (1 mg/kg) 69.84 ± 4.97 87.86 ± 9.20 0.22 ± 0.02 239.23 ± 16.32

Abdel-Aal et al. have developed anticancer compounds specifically targeting the tubu-
lins [62]. Though anticancer drugs are already in place for this target, the authors sought to
address the poor oral bioavailability and the multidrug resistance of current tubulin drugs.
This work focused on the modification of the Combretastatin and Phenstatin drug scaffolds.
Chalcones can be simply viewed as keto stilbenes, mimicking both Combretastatin and
Phenstatin. Various modifications of the 1,3-diaryl scaffold were developed without affect-
ing their tubulin inhibitory activity, including phenoxy substitution and replacement with
heterocyclic rings [63]. The authors developed lipidated 4,6-diarylpyrimidines as tubulin
polymerization inhibitors (or antiproliferative agents) which improved the interaction in
the hydrophobic pocket and enhanced their physiochemical properties and cell penetration.
The pyrimidine moiety in this series of compounds offered extra hydrophilic interactions
and rigidity relative to the propanone scaffold, which may enhance tubulin binding.

The syntheses of molecules for this study are depicted in Scheme 19. The plan tar-
geted lipidated chalcones, which were prepared using known condensation chemistry [64].
The final lipidated 4,6-diarylpyrimidines were prepared by refluxing long-chain alkoxy-
substituted chalcones 135 with urea, thiourea, or guanidine carbonate in alkaline medium
to produce the required drug candidates 136–138.
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Eighteen chalcones and their lipidated pyrimidine derivatives were designed and
synthesized as tubulin polymerization inhibitors. In general, the synthetic pyrimidine
derivatives had improved antiproliferative activity over the corresponding chalcones
against the MCF-7 cancer cell line. The pyrimidin-2-amine 139 showed dual antiprolifera-
tive activity against MCF-7–breast (IC50 = 10.95 µM) and HepG2–liver (IC50 = 11.93 µM)
cell lines, induced apoptosis and cell cycle arrest, and displayed tubulin inhibitory activity
against MCF-7 at low micromolar concentration. The compound also induced S-phase
cell cycle arrest and apoptosis in MCF-7 cells with a tubulin IC50 = 9.7 µM. These findings
established 139 as an anticancer lead worthy of further optimization and development.

A patent by Boeckman et al. describes inhibitors of histone H3K27 demethylase JMJD3 [65].
The Jumonji C (JMJC) domain, containing proteins which include histone H3K27, plays
a significant role in tumorigenesis and has been identified as a key target for anti-cancer
agents [66]. The patent highlights the critical role of Jumonji kinases and inhibitors of H3K27
to target diffuse intrinsic pontine glioma (DIPG), which is the most frequent brain stem tumor
in pediatrics and has a survival rate of 9–12 months from diagnosis [67]. There are no surgical
options for this brain stem tumor and conventional chemotherapy is used solely to alleviate
pain. Due to this issue, an efficacious therapeutic agent is needed for these DIPG patients.
DIPG is uniquely dependent on the H3K27 mutation for cancer initiation/maintenance and
is detected in more than 80% of patients. However, more than 250 clinical trials have been
executed on this target without much success.

The synthesis of prospective targets, shown in Scheme 20, started with 2-cyanopyridine
(140), which was converted to picolinimidamide hydrochloride (141) with ammonium chlo-
ride (NH4Cl) in the presence of HCl in ethanol and DCM. Hydrochloride 141 was cyclized
with diethyl malonate using sodium ethoxide in ethanol to provide dihydroxypyrimidine
142, which was transformed to the corresponding dichloro derivative 143 using POCl3.
Subsequent SNAr reaction of 143 with amine 144, promoted by DIPEA at reflux, provided
145 [68]. Finally, 145 was reacted with various aliphatic amino alcohols to generate the
desired model compounds 146, which were evaluated for biological activity. Some of the
final alcohols employed prodrug approaches as part of this screening.
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Synthesized derivative 147 (UR-8) demonstrated selective cytotoxic activity against
human DIPG-K27M cells (IC50 = 4–6 µM) in vitro and was apparently transported to the
brain due to its in vivo stability. In a mouse study, prototype 147 showed a favorable
biodistribution in the brain stem compared with a competitor compound, GSK-J1. The
concentration of 147 was found to be around 4455 ± 1576 ng/mL in serum and around
409.5 ± 243.9 ng/mL in the brain stem. Extraction of brain stem tissue from mice treated
with 147 followed by HPLC assay revealed 8.77 ± 2.37% of 147 in this tissue. A similar
experiment using GSK-J1 (see Supplementary Materials) detected no significant amount of
the competitor compound in brain stem tissue. Further data indicate that 147 was likely
active in its original form and therefore this subclass of inhibitors offers high potential for
clinical application. The compound also inhibited tumor growth and prolonged survival
rates in mice with human DIPG xenografts. To determine the in vivo antitumor activity
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of this analog, the mice were implanted with DIPG-SF8628 cells in the brain stem and
treated with 100 mg/kg of 147 for 10 consecutive days. This experiment confirmed that 147
outperformed other current drugs for this tumor.

Ling et al. have developed an inhibitor for acute myeloid leukemia (AML), which is
a life-threatening malignancy with a 5-year survival rate. This cancer is characterized by
its disruption of hematopoietic progenitor cell differentiation and proliferation [68]. AML
treatment, which includes chemotherapy, does not exhibit long-term efficacy, and 70% of
people do not survive beyond 1 year [69]. Some of the known chemotherapeutic drugs,
such as Cytarabine (see Supplementary Materials) and Daunorubicin (see Supplementary
Materials), have already encountered drug resistance in patients. Bruton’s tyrosine kinase
(BTK), a member of the TEC kinase family, plays a critical role in multiple signaling
pathways and significantly impacts proliferation, survival, and differentiation of B-lineage
and myeloid cells [70]. BTK is highly expressed and activated in more than 90% of AML
patients, and, thus, could offer a potential strategy for treatment. These researchers also
specified interest in a second target, namely the FMS-like tyrosine kinase 3 (FLT3), which is
expressed in most AML cell lines. The authors resolved to seek a dual inhibitor for these
two kinase targets to address the issue of drug resistance.

The synthesis of possible BTK/FLT3 dual inhibitors is shown in Scheme 21. Two
sequential SNAr reactions of 2,4-dichloro-5-fluoropyrimidine (59), the first, at C4 by aniline
esters 148 using DIPEA in isopropanol at 80 ◦C, gave 149, while the second, at C2 by aniline
150 in the presence of TFA in butanol, produced 151. Subsequently, the ester group in
151 was converted to hydroxamic acid with hydroxylamine hydrochloride and KOH in
methanol to afford the final targets 152.
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Some of the compounds synthesized as BTK/FLT3 dual inhibitors exhibited IC50 val-
ues at low nanomolar levels. Among these dual inhibitors, 153 exhibited activity against
FLT3/D835Y mutant cells with single digit nanomolar potency (IC50 = 5.9± 0.1 nM). This in-
hibitor showed powerful antiproliferative activity against AML cells and inhibited the growth
of other leukemia cells: MV-4-11 (IC50 = 0.29 ± 0.02 nM) Molm13 (IC50 = 0.45 ± 0.03 nM),
K562 (IC50 = 73 ± 13 nM), Molt4 (IC50 = 1.4 ± 0.3 nM), and THP1 (IC50 = 37 ± 5 nM) which
are all BTK and FLT3 positive. Additionally, compound 153 effectively induced apoptosis
and upregulated proapoptotic protein levels in MV-4-11 cells in a dose-dependent manner.
Finally, 153 effectively suppressed the growth of MV-4-11 cells in the xenograft tumor model
with a 20 mg/kg intraperitoneal (i.p.) injection and showed an antitumor effect, like Sorafenib
(20 mg/kg, see Supplementary Materials)), with no significant toxicity.

Yang et al. undertook a study to develop a drug for prostate cancer (PCa), which is a
major threat to male health and results in a high mortality rate worldwide [71]. Hormonal
therapies for PCa play a major role by decreasing androgen levels. However, once resistance
develops in hormonal therapies, it renders this approach unusable, so there is an urgent
need to develop alternative drugs for PCa [72]. In this work, the Yang group focused
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on dual-specificity tyrosine phosphorylation-regulated kinases (DYRKs), which belong
to the CMGC kinase family, where DYRK2 plays an important role in cell proliferation,
apoptosis, and migration. By downregulating DYRK2, PCa is suppressed which makes this
a prominent target for inhibition [73].

The synthetic route to compounds needed for this program is shown in Scheme 22.
Bromobenzothiazole 154 was coupled with bis(pinacolato)diboron (155) in the presence
of Pd(dppf)Cl2 and KOAc to generate boronate ester 156, which was further coupled
with pyrimidine 59 using bis(triphenylphosphine)palladium(II) chloride ((PPh3)2PdCl2)
and K2CO3 in aqueous 1,2-dimethoxyethane (DME) to afford 157. Compound 157 under-
went Buchwald–Hartwig coupling at C4 with various protected amines 158 to provide
adducts that were deprotected with ethyl acetate-HCl in DCM to deliver targets 159 for
biological evaluation.

Pharmaceuticals 2024, 17, x FOR PEER REVIEW  23  of  52 
 

 

that were deprotected with ethyl acetate-HCl in DCM to deliver targets 159 for biological 

evaluation. 

 

Scheme 22. Synthesis of pyrimidines targeting prostate cancer 159. 

The authors used structure-based virtual screening to develop these DYRK2 inhibi-

tors of which the most potent was 160 with an IC50 = 0.6 nM. This compound also elicited 

good inhibitory activity against proliferation and migration and promoted apoptosis on 

PCa cells. The ADME properties of 160 were presented along with a thermodynamic sol-

ubility of 29.5 mg/mL, a parallel artificial membrane permeation assay (PAMPA) value of 

log Pe = −5.98, and liver microsomal stability of ca. 16 mL/min/kg with t1/2 = 78 min. There 

was no hERG inhibition with QPloghERG = −6.743 and the compound had an excellent 

LD50 > 10,000 mg/kg. At a high concentration of 200 mg/kg, the compound displayed tu-

mor growth  inhibition better  than Enzalutamide  (see Supplementary Materials), which 

was the positive control (100 mg/kg) in the PCa xenograft models. The mice in this study 

did not undergo any significant weight loss, suggesting that these compounds likely have 

a good safety profile. 

Xie et al. have developed adenosine A2A receptor (A2AR) antagonists as a novel strat-

egy for cancer immunotherapy [74]. Adenosine triphosphate (ATP) is an endogenous lig-

and that is widely distributed throughout the human body. ATP is involved in numerous 

functions, including cell growth, hearth rhythm, immune function, sleep regulation and 

angiogenesis. Though there are four subtypes of adenosine receptor, only A2AR has been 

sufficiently investigated to attract much attention as a potential drug target for cancer and 

various inflammatory and neurodegenerative diseases [75]. These researchers sought to 

use this A2AR strategy to develop a treatment for colon cancer. 

The  synthetic  route  to  pyrimidine  derivatives  for  this  investigation  is  shown  in 

Scheme  23. The  synthesis  leveraged  two  consecutive  Suzuki–Miyaura  couplings  to  2-

amino-4,6-dichloropyrimidines 161, the first with arylboronate esters 162 to afford inter-

mediate 163 and the second with various methyl protected pyridinones 164 to yield two 

sets of pyridine derivatives, 165 and 166. Demethylation of the pyridine moieties on these 

structures using HBr, and subsequent N-alkylation afforded drug candidates 167 and 168. 

Br

S

N

Pd(dppf)Cl2, KOAc, DMF

B

S

N

O

O

N

NCl Cl

F

(Ph3P)2PdCl2, K2CO3

N

NCl

F

S

N

Y
A

B

NH2

X
N

N
Boc

(2) EtOAc–HCl, DCM, rt

Y
A

B

N
H

X
N

HClꞏHN
N

N
F

S

N

154 156

59

157

158

159

N

N
H

N

HClꞏHN
N

N
F

S

N

160

O

 80 oC DME, H2O, 80 oC

(1)

O
B

O

2 155

Pd2(dba)3, BINAP, Cs2CO3,

dioxane, 100 oC

Scheme 22. Synthesis of pyrimidines targeting prostate cancer 159.

The authors used structure-based virtual screening to develop these DYRK2 inhibitors
of which the most potent was 160 with an IC50 = 0.6 nM. This compound also elicited
good inhibitory activity against proliferation and migration and promoted apoptosis on
PCa cells. The ADME properties of 160 were presented along with a thermodynamic
solubility of 29.5 mg/mL, a parallel artificial membrane permeation assay (PAMPA) value
of log Pe = −5.98, and liver microsomal stability of ca. 16 mL/min/kg with t1/2 = 78 min.
There was no hERG inhibition with QPloghERG = −6.743 and the compound had an excel-
lent LD50 > 10,000 mg/kg. At a high concentration of 200 mg/kg, the compound displayed
tumor growth inhibition better than Enzalutamide (see Supplementary Materials), which
was the positive control (100 mg/kg) in the PCa xenograft models. The mice in this study
did not undergo any significant weight loss, suggesting that these compounds likely have
a good safety profile.

Xie et al. have developed adenosine A2A receptor (A2AR) antagonists as a novel
strategy for cancer immunotherapy [74]. Adenosine triphosphate (ATP) is an endogenous
ligand that is widely distributed throughout the human body. ATP is involved in numerous
functions, including cell growth, hearth rhythm, immune function, sleep regulation and
angiogenesis. Though there are four subtypes of adenosine receptor, only A2AR has been
sufficiently investigated to attract much attention as a potential drug target for cancer and
various inflammatory and neurodegenerative diseases [75]. These researchers sought to
use this A2AR strategy to develop a treatment for colon cancer.

The synthetic route to pyrimidine derivatives for this investigation is shown in
Scheme 23. The synthesis leveraged two consecutive Suzuki–Miyaura couplings to 2-amino-
4,6-dichloropyrimidines 161, the first with arylboronate esters 162 to afford intermediate
163 and the second with various methyl protected pyridinones 164 to yield two sets of pyri-
dine derivatives, 165 and 166. Demethylation of the pyridine moieties on these structures
using HBr, and subsequent N-alkylation afforded drug candidates 167 and 168.
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Scheme 23. Synthesis of pyrimidine–pyridinone A2AR antagonists 167 and 168.

Evaluations based on SAR and ADME properties led to compound 169 with improved
potency (IC50 = 29 nM vs. A2AR) and better mouse liver microsomal metabolic stability
(t1/2 = 86 min). The compound expressed preferential activity against A2AR over A1R,
A2BR, and A3R (>100-fold selectivity, IC50 > 3 µM), and the compound demonstrated good
oral bioavailability in mice. Compound 169 showed excellent anticancer activity, with a
total growth inhibition of 56.0% and good safety characteristics in the mouse MC38 colon
cancer model at an oral dose of 100 mg/kg. The PK of this drug candidate was assessed in
mice following i.v. (2 mg/kg) and p.o. (10 mg/kg) administration to C57BL/6 mice (n = 3
peer groups), and the results are shown in Table 5. The oral bioavailability (F) of compound
169 in mice was excellent (86.1%), and the compound had a plasma protein binding ratio
of 98.6%. No significant body weight loss was observed in experimental mice, indicating
that compound 169 was well tolerated at the given dosage. With these encouraging results,
the anticancer agent 169 with an appended pyridinone moiety was deemed an excellent
prospect for further refinement as an immunotherapeutic.

Table 5. Pharmacokinetic properties of compound 169.

Cpd No. Administration Cmax (ng/mL) t 1
2 (h)

AUC 0–t
(ng/mL·h) F

169
i.v. (2 mg/kg) 2584 ± 201 0.93 ± 0.05 5577 ± 667 n.a.

p.o. (10 mg/kg) 8823 ± 1701 2.35 ± 0.20 24,008 ± 351 86.1%

Huang et al. actuated a study to develop a hematopoietic progenitor inhibitor (HPK1)
as a cancer immunotherapy [76]. HPK1 is a mitogen-activated kinase 1 (MAP4K1), a
cytosolic STE20 serine/threonine kinase from the germinal kinase family which is highly
expressed in immune populations, including T cells, B cells, and dendritic cells [77]. Recent
evidence in this field suggests that HPK1 activation can significantly limit the intensity and
duration of T-cell receptor signaling, resulting in cell dysfunction. Their results demonstrate
that loss of HPK1 kinase function can increase cytokine secretion and enhance T cell
signaling, virus clearance, and tumor inhibition. Thus, HPK1 has potential as a novel and
effective target for cancer immune response enhancement.

In this work, rational design, synthesis, and SAR exploration were carried out for
novel 2,4-disubstituted pyrimidine derivatives as potent HPK1 inhibitors by a scaffold
hopping (heterocycle replacement) approach. The design of this compound was based on a
reverse indazole derivative discovered by Merck, and which demonstrated highly potent
and selective inhibition of HPK1 [78]. The authors used this scaffold hopping strategy for
drug design and diversification of chemotypes to identify pyrimidines as alternatives for
indazole rings.
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Scheme 24-I summarizes the preparation of one subset of target molecules. Initially,
2-chloro-4-aminopyrimidine (170) was condensed with 5-fluoro-2-morpholinobenzoic acid
(171) in the presence of O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexaflu-
orophosphate (HATU) and DIPEA in THF to afford 172. Amide 172 underwent Suzuki–
Miyaura coupling with arylboronic acids/aryl(pinacolato)boronate esters in the presence
of Pd(dppf)Cl2 and K2CO3 in dioxane to provide 173. Access to the second subset of
compounds, outlined in Scheme 24-II, arose from Suzuki coupling of 2-chloropyrimidine-4-
carboxylic acid (174) with 2-fluoro-6-methoxyphenylboronic acid (175) in the presence of
Pd(dppf)Cl2 and K2CO3 in aqueous dioxane to give 176. Finally, linkage of various anilines
to 176 using HATU and DIPEA in THF furnished amides 177.
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Scheme 24. Synthesis of pyrimidine HPK1 inhibitors 173 and 177.

Upon screening, the synthetic 2,4-disubstituted pyrimidines proved to be powerful
and selective HPK1 inhibitors. The most promising compound, 178 (HMC-H8), potently
inhibited HPK1 with an IC50 = 1.11 nM. The selectivity profile demonstrated that 178 ex-
hibited good target differentiation and moderate preference against T-cell receptor-related
targets such as lymphocyte-specific protein tyrosine kinase, germinal center kinase and
protein kinase C-θ. In addition, the interleukin-2 (IL-2) and interferon-γ (IFN-γ) stimula-
tion assay indicated that 178 actuated cytokine reproduction in a dose dependent manner.
Notably, the reversal of immunosuppression evaluation revealed that 178 effectively re-
stored IL-2 production, with up to 2.5 times greater increase in the IL-2 level over dimethyl
sulfoxide (DMSO) treatment. The ADME properties for 178 demonstrated that the com-
pound does not have significant CYP450 inhibition in human liver microsomes at 10 µM.
The compound has low to moderate intrinsic clearance (CLint) = 24.37 L/min/mg in a
human liver microsomal stability assay. A single PK was conducted for compound 178 on
Sprague–Dawley rats (190–200 g, n = 3 peer groups) with an i.v. of 1 mg/kg and a p.o. of
10 mg/kg, and the results are summarized in Table 6. Based on the data from the table, the
compound appeared to have high clearance after both i.v. and p.o. administration. Finally,
the compound has a very good Cmax and AUC with a bioavailability (F) of 15.05%.

Table 6. Pharmacokinetic properties of compound 178.

Cpd No. Administration Cmax (ng/mL) Tmax (h) t 1
2 (h)

CL
(L/h/kg)

AUC 0–t
(ng/mL·h) F

178
i.v. (1 mg/kg) 634.68 ± 114.79 0.08 ± 0.01 0.52 ± 0.08 3922.19 ± 777.61 261.65 ± 51.94 n.a.

p.o. (10 mg/kg) 141.69 ± 72.41 2.67 ± 1.15 0.93 ± 0.17 27,688.35 ± 8935.88 388.48 ± 149.14 15.05%

A patent by Ding et al. synthesized a class of kinesin family member 18A (KIF18A)
inhibitors specifically to treat cancer [79]. Various kinases and kinesins are responsible
for division in normal cells and cancer cells. The KIF18A gene belongs to the kinesin-8
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subfamily and is a plus-end oriented motor. KIF18A is thought to affect the dynamics of
the plus ends of centromere microtubules to control correct chromosome positioning and
spindle tension. Depletion of human KIF18A in longer spindles increases chromosome
oscillations in the metaphase of HeLa cervical cancer cells and activation of the mitotic
spindle assembly checkpoint. KIF18A appears to be a viable target for cancer therapy.
KIF18A has been overexpressed in various cancers, including, but not limited to, colon,
breast, lung, pancreatic, prostate, bladder, head and neck, cervical, and ovarian cancers.
Furthermore, in cancer cells, gene deletion, knockout, or KIF18A inhibition affects the
mitotic spindle body device. Inhibition of KIF18A has been found to induce mitotic
cell arrest, a known weakness that can be facilitated by apoptosis, mitotic catastrophe,
or heterogeneously driven lethality following mitotic slippage in interphase mitotic cell
death [80].

The preparation of drug candidates for this investigation is shown in Scheme 25. Initial
SNAr of 2-chloro-4-methyl-6-aminopyrimidine (179) with 4,4-difluoropiperidine (180) in
the presence of DIPEA in 1-methyl-2-pyrrolidinone (NMP) at 140 ◦C produced adduct
181. Derivative 181 was condensed with three different synthesized acids to give the final
pyrimidinamide derivatives 182. There were only three compounds reported in this patent.
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Scheme 25. Preparation of pyrimidine KIF18A inhibitors 182.

The patent did not elaborate on the biological activity of the compounds but rather
reported the IC50 values for the pyrimidinamide derivatives. The IC50 values for the
enzymatic inhibition of KIF18A claimed for the three derivatives ranged from 27–120 nM.
However, no specific data were presented.

A patent filed by Hergenrother and Kelly focused on metastatic melanoma, a cancer
that readily spreads beyond its original location to other parts of the body [81]. This
cancer results from genetic mutation and environmental factors. v-Raf murine sarcoma
viral oncogene homolog B (BRAF) inhibitors are drugs that can shrink the growth of
metastatic melanoma in patients whose tumors have a BRAF mutation. BRAF mutations
are found in more than half of patients diagnosed with cutaneous melanoma. In BRAF-
mutated melanoma, the BRAF kinase becomes hyperactivated, resulting in elevated cell
proliferation and survival. The BRAF inhibitors Vemurafenib (183), Encorafenib (184) and
Dabrafenib (185) are used in patients with BRAF-mutated melanoma. These inhibitors
specifically target BRAF kinase and thus interfere with the mitogen-activated protein kinase
signaling pathway that regulates the proliferation and survival of melanoma cells [82]. In
this study, a new BRAF inhibitor, Everafenib-CO2H (187), was envisioned by combining the
structural features of 183–185 to reduce P-gp efflux propensity as well as to enhance brain
penetration and activity in challenging intracranial mouse model melanoma (Figure 4).

The synthesis of 187 is illustrated in Scheme 26. In the first step, 3-amino-5-chloro-2-
fluorobenzoic acid (188) was esterified to 189 using methanol and thionyl chloride. Ester
189 underwent reaction with propanesulfonyl chloride (190) using pyridine in DCM to
afford the sulfonamide derivative 191 which was subsequently treated with the LiHMDS-
derived anion of 2-chloro-4-methylpyrimidine (192) to provide 193. Benzylic bromination
of 193 and treatment with 2,2-dimethylpropanethioamide (194) resulted in cyclization to
provide thiazole 195. Compound 195 was then subjected to a SNAr reaction with methyl 5-
aminopentanoate hydrochloride (196) in the presence of DIPEA in N,N-dimethylacetamide

183
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(DMA) under microwave irradiation to generate 197. Finally, hydrolysis of 197 using LiOH
furnished acid 187.
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Scheme 26. Synthesis of BRAF inhibitor Everafenib–CO2H (187).

The biological properties of Everafenib–CO2H are summarized in Table 7. The com-
pound displayed a similar potency in A375–human melanoma cells when compared with
Dabrafenib. In cell permeability assays (Table 8), apparent permeability (Papp A-B) is like that
of Dabrafenib, but Papp B-A is lower, which leads to an improved efflux ratio of 1.17 ± 0.22.

Table 7. IC50 values of Everafenib (186) and Everafenib–CO2H (187) against BRAF-sensitive
melanoma cell lines.

Melanoma
Cell Line

Vemurafenib (183)
IC50 (nM)

Dabrafenib (185)
IC50 (nM)

Everafenib (186)
IC50 (nM)

Everafenib–CO2H (187)
IC50 (nM)

A375 331 ± 93 7.46 ± 1.10 2.80 ± 0.53 27.3 ± 3.01
HT29 240 ± 61.7 4.74 ± 0.84 1.67 ± 0.36 21.4 ± 4.21
AM-38 344 ± 59.3 6.84 ± 0.84 8.50 ± 1.2 93.2 ± 14.1
3K-MEL-28 47% (10 µM) 4.76 ± 0.42 2.35 ± 0.13 22.5 ± 1.20

184
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Table 8. Permeability and efflux ratios assessed in MDR1-MDCK transwell assay.

Dabrafenib (185) Everafenib (186) Everafenib-CO2H (187)

A375-melanoma cells IC50 (nM) = 7.46 ± 1.10 IC50 (nM) = 2.80 ± 0.53 IC50 (nM) = 27.3 ± 3.01
Papp A-B (nm/s) 12.6 ± 6. 72 49.2 ± 8.06 21.5 ± 0.70
Papp B-A (nm/s) 132 ± 16.3 64.2 ± 24.5 24.9 ± 4.35
ER 17.9 ± 6.97 1.40 ± 0.65 1.17 ± 0.22

Work by De Vivo et al. highlighted the targeted cell division cycle GTPases (CDC42,
RHOJ, and RHOQ), which are small guanosine triphosphate (GTP)-binding proteins that
are known to regulate tumor growth, angiogenesis, metastasis, and cell resistance to tar-
geted therapies [83]. CDC42 GTPases are essential molecular switches within the cell for
which their active/inactive state depends on whether they are bound to GTP or guanosine
diphosphate. When CDC42 GTPases are bound to GTP, the former change their structural
conformation, allowing protein surface interactions that are complementary to their down-
stream effectors [84]. These include, but are not limited to, p21-activated protein kinases
(PAKs). Notably, PAKs are known to be involved in invasion, migration, and oncogenic
transformation. Many groups have sought to design small molecules that inhibit PAK
kinases by targeting the large and flexible ATP binding pocket in the kinase domain or by
targeting a large auto-inhibitory region that is observed in group I PAKs (PAK1, 2, and 3).
However, the developed agents have failed to reach phase 2 due to their poor selectivity.
For example, existing PAK inhibitors act on multiple isoforms of PAKs, including PAK2,
which is thought to induce cardiotoxicity with a narrow therapeutic window. Potential
modifications to GTPase inhibitors considered by the De Vivo team are summarized on the
generalized structure in Figure 5.
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Figure 5. Possible structural modifications in the pyrimidine for GTP inhibition.

The synthetic plan for this work is delineated in Scheme 27. In Scheme 27-I, 2,4,6-
trichloropyrimidine (198) underwent a Suzuki–Miyaura coupling with phenylboronic acid
(199) under standard conditions to afford 200. Subsequent SNAr reaction with various sub-
stituted anilines 201 in the presence of LiHMDS in THF at −60 ◦C provided intermediates
202. Suzuki coupling of 202 with 203 gave cyclic alkene 204 which was hydrogenated in
the presence of ammonium formate and Pd(OH)2/C or triethylsilane with Pd/C to give
205. When X = N-Boc, the amine 205 was deprotected with 4 M HCl in dioxane to yield 206.
In Scheme 27-II, amine 207 was condensed with isobutyric acid in the presence of HATU
and DIPEA in DMF to afford amide 208. Alkylation of 207 with 1-bromo-2-methoxyethane
in the presence of DIPEA in ACN at 60 ◦C furnished ether 209.

Based on the recent discovery of lead compound 210, which showed anticancer ac-
tivity in vivo, the authors expanded this new chemical class of CDC42/RHOJ inhibitors.
Importantly, they identified and characterized two back-up compounds, namely, 211 and
212, derived from a SAR study with ~30 close analogs bearing different substituents on
the pyrimidine or triazine core. The most potent IC50 values were observed from 211
against five different melanoma cell lines, including SKM28 (IC50 = 6.1 µM), SKMeI3
(IC50 = 4.6 µM), WM3248 (IC50 = 9.3 µM), A375 (IC50 = 5.1 µM), and SW480 (IC50 = 5.9 µM).
Compound 211 also had good kinetic solubility (168 µM), a t1/2 > 120 min in plasma and
acceptable microsomal stability (t1/2 = 45 min). The PK profile for compound 211 is shown
in Table 9.
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Scheme 27. Syntheses of common intermediate 206 and pyrimidine CDC42 GTPase inhibitors 208
and 209.

Table 9. Pharmacokinetic properties of compound 211.

Cpd No. Administration Cmax
(ng/mL) t 1

2 (min) VD (L/kg) CL (L/h/kg) AUC 0–t
(ng/mL·h) F

211
i.v. (3 mg/kg) 1298 25 2.3 63 63 n.a.

p.o. (10 mg/kg) 216 108 41.2 265 265 18%

Back-up compounds 211 and 212 have also displayed stable binding in the target
pocket via molecular dynamics simulations and favorable PK profiles comparable to 210.
Notably, the authors also measured the in vivo efficacy of the two lead compounds 211
and 212, with analog 211 exhibiting a significant ability to inhibit tumor growth in patient-
derived xenografts in vivo, similar to lead compound 210.

Gray et al. have investigated inhibitors of the Hippo pathway, an important, evolu-
tionarily conserved signaling cascade pathway with >30 components and which play a
crucial role in organ size control, tissue homeostasis, stem cell renewal, cell proliferation,
angiogenesis, and tumorigenesis [85]. Dysregulation of the Hippo pathway through mer-
lin neurofibromin-2 loss, large tumor suppressor kinase 1 fusion, yes-associated protein
(YAP) and transcriptional co-activator with PDZ-binding (TAZ) fusions, and YAP/TAZ
amplification have been linked to the occurrence and progression of tumor malignancies
in mesothelioma, meningioma, lung cancer, liver cancer, and other solid tumors [86]. Al-
though the Hippo pathway has significant therapeutic potential, direct targeting of this
cascade has been difficult. Thus, instead of directly targeting Hippo, the authors employed
a reversible post-translational palmitoylation of the transcriptional enhanced associate
domain (TEAD). Hyperactivation of TEAD–YAP/TAZ leads to human cancers and is asso-
ciated with cancer cell proliferation, survival, and immune evasion. Therefore, targeting
the TEAD–YAP/TAZ complex has emerged as an attractive therapeutic approach.

The synthesis of potential inhibitors for this work is shown in Scheme 28-I. SNAr
reaction of amino ether 213 with 2-chloropyrimidine (214) in the presence of DIPEA in
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butanol at 70 ◦C produced amino ethers 215. These intermediates were subsequently Boc
deprotected and reacted with acryloyl chloride and TEA or condensed with acrylic acid to
give amides 216. In Scheme 28-II, a 7-membered ring diamine 217 was reacted with 214
using DIPEA in DMSO at 90 ◦C to provide 218. Intermediate 218 underwent the same
amide formation with acryloyl chloride to afford target 219.
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Scheme 28. Synthesis of pyrimidines 216 and 219 for inhibition of the Hippo pathway.

Time-resolved fluorescence energy transfer and TEAD reporter assays in this work
demonstrated that the overall Y-shaped scaffold improved the potency of the compounds
to an IC50 < 50 nM. The results suggest that selectivity could be achieved between TEAD
isoforms due to modifications in different parts of the ring. Optimization of the chemistry
on this series of compounds resulted in the development of a potent pan-TEAD inhibitor
220 (MYF-03-176). This structure exhibited potent inhibition of TEAD transcription with an
IC50 = 17 ± 5 nM and significantly inhibited TEAD-regulated gene expression and prolifer-
ation of the cell lines with TEAD dependence, including those derived from mesothelioma
and liposarcoma. Compound 220 also expressed the best antiproliferation activity on
both the 94T778–liposarcoma (IC50 = 40 nM) and NCI-H226–squamous cell carcinoma
(IC50 = 24 nM) cell lines.

A patent invention by Yu et al. sought to use small molecule pyrimidine derivatives
to mitigate proliferative disorders caused by the expression of various kinases [87]. The
required compounds would need to inhibit the growth of wild tumor beads with high
kinase expression and tumor cell lines with corresponding kinase mutations. These prolif-
erative disorders include rearranged transfection (RET), glial-derived neurotrophic factor
(GDNF), platelet-derived growth factor receptor (PDGFR), and vascular endothelial growth
factor receptor (VEGFR). Kinase-derived RET is a neuronal growth factor receptor tyrosine
kinase and a transmembrane glycoprotein. The proto-oncogene, located on chromosome
10, is expressed during the embryonic stage, plays an important role in the development of
the kidney and enteric nervous system, and is also critical in the homeostasis of neurons,
neuroendocrine cells, hematopoietic tissue, and male germ cells [88]. These RET kinase
inhibitors may find use in the treatment of cancer and gastrointestinal disorders. The
growth of solid tumors is highly dependent on vascular proliferation, especially PDGFR
and VEGFR. These are the main mediators of angiogenesis and act as two indicators of the
angiogenic potential of human gliomas. Neurturin and persephin are ligands belonging to
the GNDF family (GFLs). GFLs usually bind to the GDNF family receptor α (GFRa), and
the formed GFL–GFRa complexes mediate the self-dimerization of RET proteins, causing
trans-autophosphorylation of tyrosine in the intracellular domain. This complex also re-
cruits related adapter proteins and activates the cascade reaction of signal transduction
such as cell proliferation and related signaling pathways that include mitogen-activated
protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), Janus kinase signal transducer
and activator of transcription (JAK-STAT), protein kinase A (PKA), and protein kinase C
(PKC). Thus, the patent sought a small molecule inhibitor to block these kinases in order to
restrict the proliferation of cancer cells.
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A route to small molecule kinase inhibitors for this project is outlined in Scheme 29.
Sandmeyer reaction of 2-amino-4-chloropyrimidine derivatives 221 using tert-butylnitrite
and diiodomethane in ACN solvent afforded iodopyrimidines 222. Intermediates 222
underwent a SNAr reaction with various amines and DIPEA to form 223. Anilinic amines
223 were Boc-protected to give 224 and subjected to Heck coupling with methyl acrylate
using Pd(OAc)2 and TEA in ACN to give 225. Acrylic esters 225 were hydrolyzed to acid
226 using LiOH and condensed with another set of amines using standard conditions to
give amides 227. Final Boc deprotection of 227 with TFA in DCM delivered the required
drug candidates 228.
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Scheme 29. Synthesis of pyrimidines 228 for proliferative disorders.

Compounds 228 were evaluated as inhibitors of WT and mutant RET kinases, namely
RET-V804M and RET-V804L. Several compounds recorded potencies ranging from 1 nM–
1 µM in these assays. Compound 229 exhibited the best activity on two cell lines, TT–human
thyroid and KM12–human colon adenocarcinoma, with IC50 values of 22 nM and 1.16 nM,
respectively. Prototype 229 also showed inhibitory activity toward KIF5B-RET fusion
(IC50 = 22 nM) and CCDC6-RET fusion cell lines (no IC50 given) which were developed to
establish the antitumor activity. Most compounds tested on these cell lines showed IC50
values between 20 nM and 1 µM. The antitumor activity was determined by a pharmaco-
dynamic model of human cancer in BALB/c nude mice with a xenograft tumor derived
from the TT cell line. Compound 229 gave tumor shrinkage of close to 80% at a dose
of 40 mg/kg thereby exhibiting a robust anti-tumor effect. Finally, the mice showed no
significant change in body weight which signified a good tolerance for the compound.

Chen et al. reported the synthesis of inhibitors toward salt-inducible kinases (SIKs),
intracellular serine/threonine kinases which belong to the adenosine monophosphate
activated (AMPK) superfamily [89]. The important role of SIKs is to act as molecular
switches to regulate the transformation of macrophages (M1/M2) by phosphorylating
CREB regulated transcription co-activator 3 (CRTC3) and to control its localization by
activating the CRTC3 gene [90]. Some of the SIKs are involved in tumor cell resistance to
cell-mediated immune responses and in resistance to tumor necrosis factor. In this work,
the authors were focused on improving the ADME and pharmacokinetic properties of a
known SIK inhibitor, HG-9-91-01 (see Supplementary Materials), which suffered from poor
drug properties, including rapid clearance, low in vivo exposure, and high plasma protein
binding [91]. To overcome these deficiencies, the authors sought to hybridize Dasatinib
(see Supplementary Materials) and HG-9-91-01 to optimize the drug properties.

The syntheses of prospective drug molecules for this study are shown in Scheme 30.
The starting 2,4-dichloropyrimidine ester 230 underwent C4 substitution with various alkyl
amines in the presence of TEA in ACN to afford 231 which was subsequently hydrolyzed
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with LiOH in aqueous THF to form 232. Acids 232 were further transformed to their acid
chlorides which reacted with substituted benzylamines and 2,6-dimethylaniline to provide
amides 233 and 235, respectively. Finally, these compounds underwent C2 SNAr reaction
with a series of anilines in AcOH to furnish the desired derivatives 234 and 236.
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Scheme 30. Synthesis of pyrimidine SIK inhibitors 234 and 236.

Once these compounds were available, the pharmacokinetic profiles were evaluated.
Each compound showed a modest improvement with a longer half-life, lower clearance
and enhanced metabolic stability to human liver microsomes (t1/2 = 120 min). The plasma
protein binding for the most promising structure, 237, was ca. 79.4%, compared with >99%
for HG-9-91-01. In addition to demonstrating good SIK inhibitory activity, 237 had medium
selectivity among the subtypes of SIKs and exhibited excellent anti-inflammatory properties
in a dextran sulfate sodium-induced colitis model. The in vitro anti-inflammation activity
evaluation by cell-based phenotypes for 237 showed SIK inhibition via up-regulated IL-10
and reduced IL-12 at both the gene and protein level. The macrophage markers were also
observed in LIGHT, SPHK1 and Arginase 1 proteins for the best compound synthesized.
The PK profile of 237 is condensed in Table 10.

Table 10. Pharmacokinetic properties of compound 237.

Cpd No. Administration Cmax (ng/mL) t 1
2 (h) CL (L/h/kg) AUC 0–t

(ng/mL·h) F

237
i.v. (5 mg/kg) 11,959.8± 2015.9 0.1 0.2 ± 0.1 20,338.2± 8284.9 n.a.

p.o. (10 mg/kg) 571.9 ± 101.1 8.0 ± 2.0 0.7 ± 0.3 9341.6 ± 1963.8 22.97%

A patent disclosure from Marseglia et al. also imagined inhibitors targeting SIK3 [92].
SIK3 is involved in tumor cell resistance to cell-mediated immune responses, specifically,
tumor cell resistance to tumor necrosis factor. Recent reports have demonstrated that SIK3
expression regulates transforming growth factor-β mediated transcriptional activity and
apoptosis [93].

The synthesis of a drug candidate for this study is shown in Scheme 31. SNAr reaction
of 4,6-dichloro-2-methylpyrimidine (17) by ethyl 2-aminothiazole-5-carboxylate (238) in
the presence Cs2CO3 in DMF furnished aminothiazole-pyrimidine 239. A second SNAr
reaction of 239 with 4-methylpiperazine using DIPEA in butanol produced 240, which was
saponified to acid 241. Amidification of 241 with 3-aminothiophene in the presence of
chloro-N,N,N′,N′-tetramethylformamidinium hexafluorophosphate (TCFH) and DIPEA in
ACN generated amide 243.
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Scheme 31. Synthesis of pyrimidine inhibitor 243 targeting SIK3 and NF-κB.

Model compound 243 inhibited both SIK2 and SIK3 with IC50 values of ca. 10 and
20 nM, respectively. The compound also exhibited significant inhibition of (1) nuclear
factor kappa-light chain enhancer of activated B cells (NF-κB) in MC38–colon and EMT6–
epithelial carcinoma cells and (2) histone deacetylase 4 phosphorylation. Agent 243 had
a reasonable ADME profile, with a human liver microsomal stability of 131 µL/min/mg
and a human hepatocyte stability of 58 µL/min/mg. Compound 243 also demonstrated
good plasma exposure with 1% unbound and a recovery of 92% after 4 h. Moreover, 243
showed good permeability with Madin Darby canine kidney MDR1 cells with a Papp A>B of
ca. 5 × 10−6 cm/s. However, the efflux ratio was nearly 26, suggesting that the compound
was an efflux substrate. Compound 243 presented a good PK profile, exhibiting low
clearance with a good AUC following p.o. administration of 30 mg/kg (Table 11).

Table 11. Pharmacokinetic properties of compound 243.

Cpd No.
Administration Plasma Conc. Cmax (ng/mL) Tmax (h) t 1

2 (h) CL (L/h/kg) AUC 0–t
(ng/mL·h)

243
p.o. (30 mg/kg)

total 2688.72 0.25 2.76 0.2 ± 0.1 9584.81
free 66.92 0.25 2.76 0.7 ± 0.3 238.75

Finally, treatment of established tumors (MC38–colon, EMT6–epithelial) in different
syngeneic tumor mouse models with 243 resulted in significant tumor growth inhibition in a
monotherapy protocol. Compound 243 showed tumor shrinkage of 74% with a 25 mg/kg
twice daily dosing and a body weight increase of 16.8%, which was comparable or even
superior to anti-programmed cell death-1 treatment alone. Furthermore, immune cell profiling
of treated mice showed a significant infiltration of activated T cells, along with excellent
reduction in immunosuppressive regulatory T cells and M2 tumor-associated microphages.

4. Pyrimidine-Based Drugs for Immunological Treatments

A patent by the Zhaoxing team investigated Janus kinase 2 (JAK2), which is an im-
portant pathogenic factor for various diseases [94]. Upon activation of the JAK kinases by
receptor activators, these enzymes phosphorylate cytokine receptors and activate the signal
transducers and activators of transcription (STAT) family [95]. In recent years, the thera-
peutic potential of JAK inhibitors has focused on diseases affecting various pathological
conditions of the immune system, including atopy, cell-mediated hypersensitivity (allergic
contact dermatitis, hypersensitivity pneumonitis), systemic lupus erythematosus, rheuma-
toid arthritis, psoriasis, transplantation (graft rejection, graft-versus-host disease), etc. [96].
Recently, erythropoietin-JAK2 signaling pathways have been implicated in myeloid pro-
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liferative disorders and proliferative diabetes mellitus, which are important in omental
disease. Fedratinib (see Supplementary Materials), a JAK2 inhibitor, has been approved
by the U.S. and is currently on the market. There are multiple deficiencies in this inhibitor,
including its degree of selectivity for JAK2. The low selectivity, low bioavailability, and
high toxicity limits its safe drug use in clinical practice. Therefore, it is necessary to develop
a new more selective inhibitor of JAK2 that can overcome these shortcomings.

The synthesis of a prospective JAK2 inhibitor is shown in Scheme 32. Treatment of
2,4-dichloro-5-trifluoromethylpyrimidine (105) with aqueous ammonia in THF afforded
the corresponding aminopyrimidine 244. Intermediate 244 underwent Buchwald–Hartwig
coupling with 4-bromobenzenesulfonamide 245 using Pd2(dba)3, xantphos, and Cs2CO3 in
dioxane to afford the corresponding sulfonamide-pyrimidine derivative 246. Derivative
246 was further subjected to a SNAr amination reaction with the 4-substituted aniline 247
to generate drug candidate 248. Following conversion to various salts, this compound was
evaluated for its biological significance against the JAK2 kinase.
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Scheme 32. Synthesis of pyrimidines as JAK2 inhibitor 248.

Compound 248 or its salts had a 96-fold preference for JAK2 over JAK1, whereas
the Fedratinib competitor showed only a 3-fold preference. Prototype 248 was also very
selective for JAK2 kinase with an IC50 = 5.86 nM and was much less active toward JAK3
(IC50 = 538.5 nM) and tyrosine kinase 2 (TYK2, IC50 = 700.4 nM).

A PK study was conducted for several of the compounds prepared, and the results for
the most potent, 249 (the fumarate salt of 248), when administered p.o. (10 mg/kg), are
shown in Table 12. The compound showed a very low clearance, and the oral bioavailability
(F) of the salt was 13.4%, whereas the Fedratinib competitor was 7.24%. In a guinea pig
allergic conjunctivitis model, however, it was found that 249, even at a 10-fold lower dose,
elicited a better therapeutic effect than Fedratinib.

Table 12. Pharmacokinetic properties of compound 249.

Cpd No.
Administration Cmax (ng/mL) Tmax (h) t 1

2 (h) CL (L/h/kg) AUC 0–t
(ng/mL·h) F

249
p.o. (10 mg/kg) 66 1.00 3.08 1.3 513 13.4%
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An investigation by Ellis and co-workers focused on developing a drug scaffold aimed
at dry eye disease (DED) which affects more than 39 million adults in the US [97]. To date,
only four therapies for this affliction have been approved by the FDA. Though the target
and mechanism are not well defined, it is understood that there are underlying cytokine
and receptor-mediated pathogenic inflammatory states conspiring to break T cell and B
cell tolerance against self-antigens, resulting in an undesirable autoimmune response that
leads to ocular surface inflammation and loss of tear film homeostasis [98]. The work in
this article focused on the Janus family of intracellular tyrosine kinases. Since many of
the cytokines signaling through the JAKs (IL-2 (JAK1/JAK3), IL-6 (JAK1/JAK2/TYK2),
IL-12 (JAK2/TYK2), IL-23 (JAK2/TYK2), and IFN-γ (JAK1/JAK2)) are implicated in the im-
munoinflammatory pathogenesis and pathophysiology of DED [99], a new small molecule
JAK inhibitor, which is potent and water-soluble, could represent an ideal drug for phar-
macological intervention against this condition.

The synthesis of several potential anti-inflammatory agents is summarized in Scheme 33.
In Scheme 33-I, 2,4-dichloro-5-methylpyrimidine (250) underwent a regioselective Suzuki−
Miyaura cross-coupling with (R)-3-cyclopentyl-3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-1H-pyrazol-1-yl)propanenitrile (251) to provide 252 using (Ph3P)4Pd and Na2CO3 in
aqueous dioxane at 100 ◦C. Subsequent linking of 252 with 1-methyl-1H-pyrazol-4-amine
(253) under Buchwald–Hartwig conditions using (Ph3P)4Pd, 2,2′-bis(diphenylphosphino)-
1,1′-binaphthalene (BINAP) and K2CO3 in dioxane–t-butanol at 100 ◦C completed the
synthesis of target 254. In Scheme 33-II, a similar Suzuki–Miyaura coupling was carried
out between 255 and 256 to afford 257, which underwent m-chloroperoxybenzoic acid
(m-CPBA) oxidation with sulfur to give sulfone 258. Independent SNAr displacement
of the sulfone in 258 with two amines yielded products 259a and 259b. In Scheme 33-
III, SNAr displacement of the C4 chloride of 2,4-dichloro-5-methylpyrimidine (250) with
tert-butyl 3,9-diazabicyclo[3.3.1]nonane-9-carboxylate (260) using DIPEA in DMF gave
261. Intermediate 261 was then coupled with amine 253 under Buchwald–Hartwig condi-
tions and Boc deprotected with ethanolic HCl to generate 262. Final N-alkylation of 262
with either bromoacetonitrile or acrylonitrile in the presence of DIPEA delivered target
263. In Scheme 33-IV, regioselective SNAr displacement of the C4 chloride from 250 with
2-(azetidine-3-yl)acetonitrile hydrochloride (264) using DIPEA in DMF afforded 265. Subse-
quent conjugate addition of 1-methylpiperazine to this intermediate in the presence of DBU
yielded 266. Finally, Buchwald–Hartwig amination of 266 with 2-methylisothiazol-3-amine
(267) completed the synthesis of prototype 268.

A pharmacophore-based SAR helped to identify a lead JAK inhibitor as an im-
munomodulating anti-inflammatory agent for topical ocular disposition. Compound 268,
which had a unique 3-aminoazetidine bridging scaffold, offered good JAK-STAT potency
and excellent aqueous solubility. Overall, 268 displayed suitable, low single-digit nanomo-
lar potency toward JAK2 (IC50 = 3.9 nM) and good on-target cellular potency (STAT3
(IL-6), IC50 = 162 nM), excellent aqueous solubility (24,904 µM), minimal off-target kinase
activity (S(35) = 0.055), and no observable genotoxicity in the micronucleus (a biomarker
for genotoxicity) assay at the highest concentration tested (3 × micronucleus concentration,
≥50 µM). The pharmacodynamics of 268 were evaluated on a murine model of allergic eye
disease in vivo against inflammation-driven Meibomian gland dysfunction. A three-day
study using 0.1% and 0.3% of 268 demonstrated marked improvement in clinical scores
relative to the vehicle control. Notably, no statistical differences were observed at any
timepoint between 0.3% 268 and 0.1% Dexamethasone (positive control, see Supplementary
Materials)). This striking result strongly indicates the potential of 268 to affect a rapid,
sustained, and robust anti-inflammatory response by inhibition of the JAK-STAT pathway.
Thus, compound 268 was deemed a safe, fast-acting and well-tolerated noncorticosteroid
eye drop to treat DED as well as other inflammatory ocular surface diseases.
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Scheme 33. Synthesis of agents 254, 259, 263 and 268 to inhibit JAKs.

A patent by Zhang et al. pursued the development of 2,4-diarylaminopyrimidine
derivatives for treatment of inflammation [100]. The authors did not specify the mode of
action or the target, though the work emphasized the use of lipopolysaccharides (LPS) to
stimulate the inhibitory activity of human airway epithelial cells to release inflammatory
cytokines. The LPS-induced human airway epithelial cell inflammation model was used to
evaluate the anti-inflammatory activity of the synthesized derivatives [101].

The synthesis of potential anti-inflammatory candidates is summarized in Scheme 34.
In this work, various aliphatic and aryl amines participated in a SNAr reaction to displace
the C4 chloride in 2,4-dichloropyrimidine (52) in the presence of TEA in ethanol or DIPEA
in t-butanol to provide 269. Subsequent reaction of derivatives 269 with various nitroaryl
amines 270, promoted by p-TsOH·H2O in dioxane, gave nitroaryl pyrimidine-diamines 271,
which upon reduction, gave aminoaryl pyrimidinediamines 272.
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All of the prepared derivatives expressed good inhibitory effects on inflammatory
cytokines IL-6 and IL-8. The effective compounds also had inhibitory effects on the release
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of IL-6 and IL-8 stimulated by LPS. The authors have asserted that all of the compounds in
this series demonstrated excellent inflammatory response and showed high bioavailability.
Among the series evaluated, the patent claimed that compound 273 exhibited the best
anti-inflammatory activity at 5 µM concentration with inhibition of IL-6 and IL-8 reaching
66% and 71%, respectively. Several of the candidate compounds were endorsed as having
high potential as future drugs.

5. Pyrimidine-Based Drugs for the Treatment of Neurological Disorders

A patent by the Defossa team focused on inflammatory responses to harmful stimuli,
such as the invasion of pathogens and tissue damage [102]. Chronic inflammation is an
important underlying factor in many human diseases, such as neurodegeneration, rheuma-
toid arthritis, autoimmune and inflammatory diseases, and cancer. Receptor-interacting
protein kinase 1 (RIPK1, UniProtKB Q13546) is a key regulator of inflammation, apoptosis,
and necroptosis. Receptor-interacting protein kinase 1 has an important role in modulating
inflammatory responses mediated by NF-κB [103]. Dysregulation of RIPK1 signaling can
lead to excessive inflammation or cell death, and, conversely, inhibition of RIPK1 can be an
effective therapy for chronic neurodegenerative diseases involving inflammation or cell
death. RIPK1 inhibition has been identified as a promising target for different diseases,
like rheumatoid arthritis, psoriasis, multiple sclerosis, and Alzheimer’s disease, and of
inflammatory bowel diseases, such as Crohn’s disease or ulcerative colitis [104]. Dihy-
dropyrazoles and isoxazolidines as RIPK1 inhibitors are well known in phase II clinical
trials for ulcerative colitis [105].

The syntheses of prospective agents to treat these conditions are shown in Scheme 35.
Reaction of 4,6-dichloropyrimidine (127) with the 4-piperidinecarboxylic ester hydrochlo-
ride 274 in the presence of DIPEA in butanol afforded C4-aminated intermediate 275. SNAr
reaction of 275 at C6 with imidazoles 276 and triazoles 278 using K2CO3 and Cs2CO3 in
various solvents afforded 277 and 279. Compounds 279 were further transformed by saponi-
fication of the 4-piperidinyl ester to give 280 and condensation with the 3-arylisoxazoline
derivative 281 to give 282. Incorporation of a pyrazole on the pyrimidine ring of 275
was achieved by Suzuki–Miyaura coupling with 283 to generate 284. On the other hand,
a methyltriazole was added by reaction of 275 with hydrazine hydrate in isopropanol,
followed by condensation with N-(E)-[(dimethylamino)methylidene]acetamide (285) using
catalytic p-TsOH·H2O in ethanol to afford 286.
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Scheme 35. Synthesis of pyrimidine inhibitors 277, 282, 284, and 286 for neurological disorders.
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The compounds were evaluated in the receptor-interacting protein kinase 1 (RIPK1)
inhibition assay. The catalytic activity of RIPK1 was measured using an ADP-Glo Kinase
Kit and the cellular assay was measured in U937–lymphoma cells for RIPK1 inhibition
activity causing cell death. The patent spotlighted 20 compounds in both assays and the
potency for most compounds ranged from 4–200 nM. Overall, compound 287 performed
the best, having an IC50 = 9 nM in the RIPK1 kinase inhibition assay and an IC50 = 4 nM in
the U937 cellular assay.

Hartz et al. sought to develop a drug for Alzheimer’s disease, which is a neurode-
generative disorder characterized by memory loss and cognitive impairment [106]. As the
disease progresses, it also causes deterioration in behavioral functions leading to communi-
cation problems, spatial disorientation, and changes in personality. More than 5.8 million
Americans over the age of 65 currently live with Alzheimer’s disease [107]. In this work,
the authors targeted glucogen synthase kinase-3 (GSK-3) which is a proline-directed ser-
ine/threonine kinase that is widely distributed in the human body. GSK-3β is an important
isoform of GSK-3 found in most areas of the brain. The most recent studies suggest that
this kinase offers a therapeutic window wherein the GSK-3β inhibition that modulates key
neuronal molecular targets can be achieved while avoiding mechanism-based β-catenin-
driven effects [108]. As a result of its multifaceted role, GSK-3 has been linked to numerous
conditions, including Alzheimer’s disease, mood disorders and type 2 diabetes as well as
cancer and myocardial disease.

The syntheses of candidate structures for this research are shown in Scheme 36. In
Scheme 36-I, 2-aminopyrimidine-4-carboxylic acid (288) was reacted with a set of 3- aminopy-
ridines 289 in the presence of HATU with DIPEA in DCM or DMF to afford amides 290. One
of the compounds prepared, 291, was further subjected to a Buchwald–Hartwig coupling with
bromobenzene (292) in the presence of Pd2(dba)3, xantphos, and Cs2CO3 in dioxane to provide
targets 293. Scheme 36-II employed the same reaction conditions as above, starting with 2-
chloropyrimidine-4-carboxylic acid (294) along with a different subset of 3-aminopyridines 295,
to provide amides 296. Compounds 296 underwent amination either by a Buchwald–Hartwig
coupling or by SNAr reaction in nMP at 150 ◦C to furnish prototypes 297.
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In this investigation, two highly potent pyrimidine-based GSK-3 inhibitors were
discovered. Amides 298 and 299 displayed potent IC50 values of 0.35 nM and 0.56 nM
on GSK-3β and inhibition of p-tau with IC50 values of 10 nM and 34 nM, respectively.
However, both compounds also exhibited respective IC50 values of 0.25 nM and 0.45 nM
on GSK-3α, as this isoform has a 90% similarity to GSK-3β. Some of the ADME properties
of 298 and 299 are summarized in Table 13. PAMPA and Caco-2 assay results show that
these compounds are highly permeable to membranes. Kinase selectivity assessment in the
Ambit panel of 412 kinases indicated that analogs with an aromatic group at the 4-position
of the pyridine exhibited excellent kinase discrimination. Both 298 and 299 showed high
selectivity against CDK2 and CDK5 in a standard panel of kinases.

Table 13. ADME properties of compound 298 and 299.

Cpd No.
PAMPA

Pc pH 5.5/7.4
(10−6 cm/s)

Caco-2
Pc A-B/B-A
(10−6 cm/s)

PPB
(% Unbound,

H/R/M)

Brain Tissue
(% Unbound,

M)
cLogP tPSA CNS MPO

Score

298 121/84 24.4/9.8 1.1/1.9/3.0 1.2 3.4 104 3.5
299 62.0/59.0 11.8/4.4 0.2/0.7/0.8 0.3 4.0 80 3.7

The PK properties of 298 and 299 are summarized in Table 14. Both compounds had
excellent oral bioavailability in a triple-transgenic mouse Alzheimer’s disease model with
a good volume of distribution. The compound had low clearance and an average t1/2.
In vivo studies have demonstrated that these compounds were brain-penetrant GSK-3
inhibitors that significantly lowered tau phosphorylation. The results described herein may
encourage further investigation of this class of GSK-3 inhibitors as a potential treatment for
Alzheimer’s disease.

Table 14. Pharmacokinetic properties of compound 298 and 299.

Cpd No. Administration Cmax
(µg/mL) Vss (L/kg) t1/2 (h) CL

(mL/h/kg)
AUC 0–t
(µM·h) F

298
i.v. (2 mg/kg) — 5.4 2.5 23.3 — n.a.

p.o. (10 mg/kg) 3.5 — — — 24.3 100%

299
i.v. (2 mg/kg) — 3.6 2.8 18.9 — n.a.

p.o. (10 mg/kg) 1.5 — — — 11.7 23%

A recent patent disclosure by Kumaravel et al. describes the utilization of pyrimidine-
based compounds to treat a wide variety of neurological disorders attributable to trans-
active response DNA binding protein-43 (TDP-43), such as immunoreactive pathology,
chronic traumatic encephalopathy, amyotrophic lateral sclerosis (ALS), Parkinson’s disease,
Alzheimer’s disease, myofibrillar myopathy, sporadic inclusion body myositis, dementia
pugilistica, chronic traumatic encephalopathy, Alexander disease, progressive supranuclear
palsy, corticobasal degeneration, and frontotemporal lobar degeneration [109]. TDP-43 is
an important nuclear DNA/RNA binding protein involved in RNA splicing. With patho-
logical stress, TDP-43 translocates to the cytoplasm and aggregates into stress granules and
related protein inclusions [110]. These phenotypes are known to degrade motor neurons
and are found in 97% of all ALS cases. These TDP-43 mutations promote aggregation and
are linked to a higher risk of developing ALS, suggesting that protein misfolding and aggre-
gation act as drivers of toxicity [111]. In this invention, inhibitors of a Fyve-type zinc finger
containing phosphoinositide kinase (PIKfyve) were prepared and studied in order to treat
or prevent neurological disorders, such as the conditions enumerated above. The disclosure
was based, in part, on the discovery that PIKfyve inhibition modulates TDP-43 aggregation
in cells. Suppressing this aggregation exerts beneficial effects in patients suffering from
neurological decline.
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The synthetic work from this patent is outlined in Scheme 37 and involves the con-
struction of the pyrimidine core appended with a morpholine. Reaction of morpholine-4-
carboximidamide hydrochloride (300) with 2-methoxymalonate ester 301 in the presence
of methanolic NaOMe provided 302. Dihydroxypyrimidine 302 was reacted with POCl3
to give the dichloride 303 which served as the starting material for a variety of analogs.
Initially, 303 was subjected to Suzuki coupling with boronate ester 304 with Pd(dppf)Cl2
and Cs2CO3 to generate 305. Subsequently, 305 underwent methoxycarbonylation with CO
and methanol in the presence of Pd(OAc)2, Pd(dppf)Cl2, and TEA to give ester 306. This
ester was converted to an acid which was condensed with amines using HATU to yield 307.
Chloropyrimidine 305 was also subjected to Buchwald–Hartwig coupling with a series of
amines to afford targets 308. A similar approach, in which intermediate 303 was reacted
with various alkyl alcohols in the presence of NaH gave 309. Final SNAr reaction with a
series of amines resulted in 310.
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Scheme 37. Synthesis of pyrimidines 307, 308 and 310 targeting TDP-43 binding protein.

Some of the analogs synthesized in this patent were evaluated in a biochemical in-
hibition assay for PIKfyve, and the results reveal more than 10 compounds exhibiting
single-digit nM potency. The compounds were further evaluated in a PIKfyve early endo-
some antigen 1 assay in which the best compounds demonstrated activity in the 10–100 nM
range. The compounds were further evaluated with ferrous amyloid buthionine 1 (FAB1)
mouse and PIKfyve TDP-43 yeast models. Compounds that demonstrated low nanomolar
potency in the biochemical assay were also active in the PIKfyve TDP-43 yeast model while
structures that showed weak activity in the biochemical assay proved ineffective in the
PIKfyve TDP-43 models.

An invention publication by Lei et al. explored two small molecule inhibitors of Parkin-
son’s disease [112]. Previous research by others [113] has revealed that leucine-rich repeat
kinase 2 (LRRK2) might prove to be a key link to understanding the etiology of Parkinson’s
disease. The LRRK2 mechanism functions by blocking the molecular chaperone mediation
which induces autophagy and leads to the degradation of α-synuclei that results in tox-
icity. This chemical mechanism also induces mitochondrial damage and endolysosomal
dysfunction, which paves the way for disease progression. LRRK2 kinase inhibitors can
reduce damage in a Parkinson’s disease model and can improve motor function in patients.
Nitrogen-containing heterocycles, especially the pyrimidine core skeleton, are known to
play an important role as LRRK2 inhibitors. This invention aimed to create a drug that
could effectively inhibit LRRK2 as a potential treatment for neurodegenerative diseases.
The patent identifies several drug scaffolds that are brain penetrating and incorporates
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these in effective inhibitors of LRRK2 as well as mutant LRRK2 that could be used as a
treatment option for chronic neurodegenerative diseases.

In this patent, the requisite pyrimidine derivatives were assembled in two steps shown
in Scheme 38. Reaction of 2,4-dichloro-5-(trifluoromethyl)pyrimidine (105) with methylamine
hydrochloride in methanol afforded 311. Intermediate 311 was then independently subjected
to SNAr reaction with aminopyrazole-piperidine derivatives 312 and 314 in the presence of
0.5 N HCl in t-butanol at 80 ◦C to produce candidate LRRK2 inhibitors 313 and 315.
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Scheme 38. Synthesis of compounds 313 and 315 as LRRK2 inhibitors.

While little about the biological properties of these compounds is revealed in this
patent, the compounds synthesized are claimed to have IC50 values of ca. 13.0 nM compared
with a known LRRK2 inhibitor which had an IC50 = 90 nM. Though the patent reports that
311 and 313 have better pharmacological profiles than those of known LRRK2 inhibitors,
no data are included to support this claim.

A paper by Gelin et al. aimed to develop a potent brain penetrant and a selective
glutamate receptor N2B (GluN2B) inhibitor [114]. Glutamate receptors serve an important
function in neuronal activity, by regulating the brain’s predominant excitatory neurotrans-
mitter. Dysfunction of the glutamate receptor N-methyl-D-aspartate (NMDA) leads to
many neurological and psychiatric disorders, including Alzheimer’s disease, Parkinson’s
disease, neuropathic pain, stroke, brain trauma, schizophrenia, and depression [115]. It has
been shown that modulation of nMDA with a ketamine antagonist results in very robust
antidepressant activity.

The preparations of several pyrimidine–triazoles for this investigation are shown in
Scheme 39. A flow chemistry method was used to convert various aniline derivatives to
aryl azides that were cyclized with propargyl alcohol to produce 1,2,3-triazole alcohols
316. Deprotonation of these alcohols with NaH in DMF and SNAr etherification of 2-
chloropyrimidine 317 delivered the target derivatives 318.

The pyrimidine–triazole ethers were evaluated and shown to exhibit very favorable
profiles, especially with respect to cardiovascular safety issues. Optimization of both the
potency and metabolic characteristics of these model compounds was achieved by the
introduction of a metabolic soft spot (a C4-methoxymethyl on the pyrimidine) to trigger
metabolic switching. This design feature in the most active compound 319 precluded the
formation of metabolites M1 and M2, a result of the loss of the pyrimidine moiety’s ability
to afford the triazole alcohol and acid, which in turn manifested in a saturable, nonlinear
PK. Some of the PK parameters are condensed for 319 in Table 15.
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Table 15. Pharmacokinetic profile for compound 319.

Cpd No. Administration Cmax
(µg/mL) Vss (L/kg) CL

(mL/h/kg) F

319
i.v. (1 mg/kg) — 0.4 ± 0.1 23 ± 3 n.a.
p.o. (5 mg/kg) 1630 ± 1060 — — 42 ± 43%

Diether 319 also showed very high aqueous solubility, and the compound was highly
selective for GluN2B negative allosteric modulator (hGluN2A/C/D, IC50 > 10 µM) over
other isoforms. Compound 319 did not have any hERG drawbacks or drug–drug inter-
actions (over 10 µM) and the compound was not found to be a P-glycoprotein (P-gp)
substrate. Candidate 319 also achieved 77% GluN2B receptor occupancy 0.5 h after a
p.o. dose of 10 mg/kg, with excellent brain permeation (unbound partitioning coefficient,
Kp,uu = 0.65). Finally, the compound also had an efficacious plasma EC50 = 541 ng/mL and
brain EC50 = 121 ng/mL.

A patent invention by Wagner, et al. sought to develop novel small molecule splicing
modulators (SMSMs) for use in treating a variety of diseases, including neurodegenerative
and repeat expansion diseases [116]. The disclosure primarily focused on the neurodegen-
erative disorder known as Huntington’s disease by targeting the spliceosome. Currently,
there is no cure for Huntington’s disease or any way to mitigate its progression. Splicing is
carried out by spliceosomes and is an essential process for generating distinct transcripts
in different cells and tissue types during the developmental process [117]. Most cases of
the disease are caused by mutation in the spliceosome, while others arise from mutations
at the splicing sites, branchpoints, or by various splicing enhancers and silencers. Small
molecules, such as RNA splicing modulators, are a recent area of exploration for identifying
small molecule modulators with limited chemical series. Thus, there is a great need in
this area for the discovery of SMSMs, due to the ability of small molecules to be effective
delivery options with good bioavailability.

Access to potential SMSMs for this research is outlined in Scheme 40. Starting with
thioether-substituted 4-chloropyrimidine ester 320, etherification by SNAr displacement of
the C4 chloride afforded 321. Compounds 321 were converted to 322 by oxidation of the
thioethers to the sulfones with m-CPBA. The sulfone groups were displaced by various
amines in the presence of K2CO3 in ACN to provide the 2-aminopyrimidine esters 323.
Hydrolysis of the ester function in 321 with LiOH gave acids 324 which were converted to
amide products 325.

The patent did not divulge any ADME or PK properties of the drug candidates
synthesized but only claimed IC50 values < 500 nM for some of the promising compounds
on the minigene reporter assay PMS1.

Another patent disclosure by Burli and Doyle promoted the invention of N-(4-
aminocyclohexyl)pyrimidine-4-carboxamides as brain permeable cluster of differentiation
38 (CD38) inhibitors for treating disorders associated with CD38 activity [118]. Nicoti-
namide adenine dinucleotide (NAD+) is an essential cellular component in most living
organisms and is responsible for redox functions. Though this is the primary role of NAD+
in most organisms, there are other functions for which NAD+ is important. An example of
this is the necessity for NAD+ to be maintained to ensure long-term tissue homeostasis.
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Due to aging, there is a decrease in NAD+ levels, which lowers metabolic function [119]
and leads to debilitating conditions, such as Alzheimer’s and Parkinson’s disease. One
way to stop the consumption of NAD+ is by inhibiting CD38, which has emerged as a
valuable therapeutic approach for age-related disorders. CD38 is a multifunctional protein
involved in (1) cellular NAD+ homeostasis via its hydrolase function and (2) the generation
of second messengers such as adenosine diphosphate ribose (ADPR) and cyclic-ADPR.
Several experiments using CD38 knockout mice have demonstrated the positive effects of
CD38 deletion in models of neurodegeneration.
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Scheme 40. Synthesis of pyrimidine-based SMSMs 325 to target Huntington’s disease.

The synthesis of several potential pyrimidine CD38 inhibitors was accomplished in
concise fashion as depicted in Scheme 41. Compound assembly was initiated by reacting
2-chloropyrimidine ester 326 with various five-membered nitrogen heterocycles 327 in
the presence of DIPEA or Cs2CO3 in DMF at 100 ◦C to afford 328. Hydrolysis of these
heterocyclic pyrimidine esters 328 with LiOH in THF afforded acids 329, which were
reacted with various amines in the presence of TEA and propylphosphoric anhydride (T3P)
to deliver the required amides 330.
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The analogs synthesized were evaluated for their CD38 hydrolase activity. Many of
the compounds showed strong CD38 inhibition at ca. 40 nM or lower, including candidate
331. In terms of pharmacokinetics, the tissue binding assay revealed a wide percentage
range of unbound compound in mouse brain. Several compounds showed between 63–68%
of unbound compound in mouse brain, with 12–22% of unbound compound in mouse
plasma. A single PK study using 10 mg/kg p.o. was carried out to access the PK in brain
permeability and revealed that 331 was the most promising derivative (see Table 16). The
results demonstrate a robust 5512 nM concentration of 331 in the brain with a free brain
concentration around 3801 nM and an unbound partitioning coefficient (Kp,uu) of around
1.33. The N-(4-aminocyclohexyl)pyrimidine-4-carboxamides displayed excellent brain
permeability, whereas the corresponding cyclohexyl ethers or alcohols showed very low
brain concentrations and lower Kp,uu values.
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Table 16. Brain PK study for compound 331.

Example Total Plasma
Conc. (nM)

Free Plasma
Conc. (nM)

Total Brain
Conc. (nM)

Free Brain
Conc. (nM) Kp,uu

331 21,941 2852 5512 3801 1.33

6. Pyrimidine-Based Drugs for the Treatment of Chronic Pain

A patent from Eli-Lilly focused on developing a potentiator for the human mas-
related G-protein coupled receptor member X1 (hMRGXI) to address the issue of chronic
pain [120]. This condition is often associated with older adults due to restricted mobility
in daily activities. The major problem when treating chronic pain is due to dose-limiting
adverse reactions, such as addiction, which is a problem for many analgesics currently
available on the market. In this patent, several 2-aryloxy- and 2-arylthio-substituted
pyrimidines that act as antagonists against the corticotropin releasing factor receptor were
advanced to treat conditions such as depression, anxiety, drug addiction, and inflammatory
disorders [121]. In this disclosure, certain (trifluoromethyl)pyrimidine-2-amines were
identified as potentiators of hMRGXI that might prove to be a viable means to solve the
issue of chronic pain.

The synthetic work from this patent is summarized in Scheme 42. Ethyl 4,4,4-trifluoro-
3-oxobutanoate (332) reacted with sodium hydride and iodomethane-d3 in methyl tert-butyl
ether (MTBE) under reflux to afford 333. Derivative 333 further underwent cyclization with
guanidine hydrochloride and sodium methoxide in methanol to provide pyrimidinol 334.
Treatment of 335 with POCl3 produced chloride 335 which reacted with phenol derivatives
336a-b using potassium phosphate (K3PO4) in DMA to deliver the desired ethers 337a-b.
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Some of the biological results for the most potent compounds are included in the
patent [120]. Though the most potent compound was not disclosed, several derivatives
showed an EC50 between 20–30 nM against hMRGX1 inositol monophosphate. The most
promising compound, 337b, had a very low CLint of ca. <1.80 and 6.47 µg/mL/min in
mouse and human, respectively. Compound 337b exhibited a low clearance through IV in
a mouse PK of around 7.1 ± 1.3 mL/min/kg with a volume distribution of 9.5 ± 3.1 L/kg
and oral bioavailability (F) of 60± 2.6%. The low intrinsic clearance with high oral exposure
of 337b would allow for lower dose quantity/frequency while achieving therapeutic levels
of target engagement. Compound 337b also exhibited a very high total brain concentration
of Ctotal brain = 64,100 ± 22,700 nM with the Kp,uu around 0.568 ± 0.165 for a 100 mg/kg
single oral dose. The Kp,uu was indicative of good penetration into the CNS, suggesting
that an active transport mechanism was not operative in mouse brain tissue.
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7. Pyrimidine-Based Drugs for the Treatment of Diabetes Mellitus

A publication by Alam et al. evaluated pyrimidine as a core ring for agents to treat
diabetes mellitus [122]. Diabetes mellitus is a metabolic disorder which is caused by
hyperglycemia due to insufficient secretion of insulin, or resistance to insulin, or both.
The number of people affected by diabetes will reach around 643 million by 2030 and
783 million by 2045, an increase of over 8% per year [123]. In this work, researchers tried
to couple thiazolidinedione rings with a pyrimidine derivative for insulin resistance in
peroxisome proliferator-activated receptor-γ (PPAR-γ) peripheral tissues. PPAR-γ tissue
enhances insulin formation and displays prominent antihyperglycemic activity without
causing hypoglycemia [124]. The team resorted to an in-silico modelling method for
docking the core, and then designed, synthesized, and evaluated the biological activity of
each compound.

Assembly of the pyrimidines of interest is outlined in Scheme 43. The first step in-
volved a one-pot Biginelli reaction using a series of p-substituted aryl aldehydes 338, ethyl
cyanoacetate and thiourea in the presence of K2CO3 in ethanol to form 1,6-dihydro-2-mercapto-
6-oxopyrimidine-5-carbonitriles 339. Intermediates 339 underwent S-alkylation with isopropyl
bromide and NaOH in methanol to provide 340. Chlorination of 340 with POCl3 produced
chloropyrimidine 341 which underwent SNAr etherification with phenol-substituted thiazo-
lidinone derivatives 342 in the presence Cs2CO3 to form drug candidates 343.
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Scheme 43. Preparation pyrimidines 343 to treat diabetes mellitus.

The synthesis yielded 13 derivatives using different benzaldehydes and all were
evaluated for biological activity. Screening procedures identified two compounds, 344
and 345, which demonstrated very good oral glucose tolerance test results in vivo using
streptozotocin-induced diabetic rats for 28 days, and they both reduced blood glucose
levels significantly. The compounds caused a significant (p < 0.0001) decrease in blood
glucose levels compared with the standard drug Pioglitazone (see Supplementary Mate-
rials). Compounds 344 and 345 decreased the blood glucose levels to 145.2 ± 1.35 and
146.6 ± 0.81, respectively, compared with Pioglitazone (150.2 ± 1.06). The compounds also
showed a significant (p < 0.0001) decrease in triglycerides, total cholesterol and low-density
lipoprotein cholesterol and an increase of high-density lipoprotein cholesterol. The bio-
chemical estimations of hepatoxicity using alanine transaminase, aspartate transaminase,
and alkaline phosphatase, along with urea, creatinine, blood urea nitrogen, total protein,
and lactate dehydrogenase, indicated that the levels were restored to normal by 344 and
345 in treatment groups compared with a diabetic control group. Histopathological investi-
gations revealed a normal architecture of the pancreas, liver, heart, and kidneys following
administration of 344. Finally, compounds 344 and 345 did not show any toxicity to mice
or cause an increase in body mass.

8. Addendum

While this manuscript was being written, several reviews appeared with content
overlapping the material in this paper. The first, by the Farghaly team [125], presented an
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excellent survey of the patent literature from 1980–2021 as it pertains to pyrimidines as
antiviral compounds. A second review, by the Roh group [126] outlined recent pyrimidine
derivatives developed as antitubercular agents. Finally, Saleem et al. [127], provided a
summary on pyrimidine-based drugs as antibacterials. These contributions are more
detailed and comprehensive treatments of three of the topics covered in the current review
which is limited to compounds studied during the past 2–3 years of developmental work.

9. Conclusions

Molecular dynamics modelling and a growing body of knowledge have revealed
numerous new structures that can interact with key enzymes important to the etiology of
many debilitating conditions. With the plethora of precursors available, pyrimidine drugs
predicted to bind with these enzymes should be readily accessible for screening. Many of
the pyrimidines cited have shown IC50 values in the nM range, exhibited favorable ADME
properties, and demonstrated compelling pharmacokinetic/pharmacodynamic readouts
to become successful new drug candidates for various health conditions. The greater
potency of these agents should translate to lower doses, causing fewer side effects relative
to current pharmaceuticals. In addition to their high potency, pyrimidine-based drugs often
avoid off-target toxicity, including hERG, ion-channels, CYP450 inhibition and induction,
and cytotoxicity toward normal cell lines, thus establishing a safety window for their
use. Indeed, many of the most potent prototype compounds showed low toxicity in test
animals and this would hopefully extend to humans. Additionally, several of the candidate
molecules discussed in this article presented evidence that pyrimidines hybridized with
other ring systems were often competent at overcoming the increasing problems associated
with drug resistance. Though pyrimidines were used as anti-infective and anticancer agents
in the past, the recent discoveries with this ring have broken boundaries and extended
its functional role against conditions which are difficult to treat, including neurological
disorders such as Alzheimer’s disease, Parkinson’s disease and chronic pain.

The research summarized in this review should convince the reader of the high poten-
tial of targets built around the pyrimidine core ring structure. Overall, pyrimidine-based
drugs and hybrid structures appear to be some of the most promising drug candidates
among new medicinal agents on the horizon. While pyrimidines are already an important
substructure within many current therapeutic agents, it is likely they will only gain increas-
ing importance as new medications become necessary to maintain a healthy global society.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph17010104/s1, Comparison drug structures mentioned in the
text are pictured in the Supplementary Materials. Many of these compounds are not pyrimidines.
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Abstract: According to data provided by the World Health Organization (WHO), a total of 2.3 million
women across the globe received a diagnosis of breast cancer in the year 2020, and among these
cases, 685,000 resulted in fatalities. As the incidence of breast cancer statistics continues to rise, it is
imperative to explore new avenues in the ongoing battle against this disease. Therefore, a number of
new indolyl-hydrazones were synthesized by reacting the ethyl 3-formyl-1H-indole-2-carboxylate 1
with thiosemicarbazide, semicarbazide.HCl, 4-nitrophenyl hydrazine, 2,4-dinitrophenyl hydrazine,
and 4-amino-5-(1H-indol-2-yl)-1,2,4-triazole-3-thione to afford the new hit compounds, which were
assigned chemical structures as thiosemicarbazone 3, bis(hydrazine derivative) 5, semicarbzone 6,
Schiff base 8, and the corresponding hydrazones 10 and 12 by NMR, elemental analysis, and X-ray
single-crystal analysis. The MTT assay was employed to investigate the compounds’ cytotoxicity
against breast cancer cells (MCF-7). Cytotoxicity results disclosed potent IC50 values against MCF-7,
especially compounds 5, 8, and 12, with IC50 values of 2.73 ± 0.14, 4.38 ± 0.23, and 7.03 ± 0.37 µM,
respectively, compared to staurosproine (IC50 = 8.32 ± 0.43 µM). Consequently, the activities of
compounds 5, 8, and 12 in relation to cell migration were investigated using the wound-healing test.
The findings revealed notable wound-healing efficacy, with respective percentages of wound closure
measured at 48.8%, 60.7%, and 51.8%. The impact of the hit compounds on cell proliferation was
assessed by examining their apoptosis-inducing properties. Intriguingly, compound 5 exhibited a
significant enhancement in cell death within MCF-7 cells, registering a notable increase of 39.26% in
comparison to the untreated control group, which demonstrated only 1.27% cell death. Furthermore,
the mechanism of action of compound 5 was scrutinized through testing against kinase receptors.
The results revealed significant kinase inhibition, particularly against PI3K-α, PI3K-β, PI3K-δ, CDK2,
AKT-1, and EGFR, showcasing promising activity, compared to standard drugs targeting these
receptors. In the conclusive phase, through in vivo assay, compound 5 demonstrated a substantial
reduction in tumor volume, decreasing from 106 mm3 in the untreated control to 56.4 mm3. Moreover,
it significantly attenuated tumor proliferation by 46.9%. In view of these findings, the identified leads
exhibit promises for potential development into future medications for the treatment of breast cancer,
as they effectively hinder both cell migration and proliferation.

Keywords: indole; hydrazone; MCF7; anticancer; apoptosis; kinase inhibition
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1. Introduction

Globally, cancer stands as the foremost contributor to mortality, with breast cancer
ranking among the leading causes of death in women. The complexity of this ailment poses
a significant challenge to medical therapy. Despite their capacity to eliminate cancer cells,
conventional anticancer treatments often induce a multitude of adverse effects, proving
detrimental to healthy tissues. Traditional antineoplastic drugs, aimed at inhibiting specific
molecules fostering tumor growth, commonly result in side effects. In response, scientists
are actively exploring novel anticancer drugs, engaging in the design and discovery of new
compounds tailored for treating various cancer types. This pursuit aims to identify targeted
therapies that can potentially offer more effective and less harmful treatment options [1,2].
Kinases, constituting the sixth largest class of proteins in the human body [3–5], play a
crucial role in cellular function. Inhibitors of kinases are indispensable for maintaining
proper cellular activities, as they modulate kinase dysregulation associated with various
diseases and disorders, including cancer, inflammatory conditions, and responses to exter-
nal stimuli. Through the regulation of protein kinases, these inhibitors effectively impede
the growth of their substrates, thereby exerting control over the viability and proliferation
of cells [6–9].

Various therapeutic targets for kinase inhibitors exist, encompassing EGFR, CDK,
AKT, PI3K, and other specific targets [10–12]. Indole-containing compounds have garnered
prolonged attention from researchers and evolved into a dynamic field of study. The indole
moiety demonstrates a high affinity for binding to several receptors, paving the way for
the development of new bioactive medications. Its widespread utilization in target-based
discovery and the design of anticancer drugs is well-documented [13–18].

N’-Methylene-5-((4-(pyridin-3-yl)pyrimidin-2-yl)amino)1H-indole-2-carbohydrazide
moiety showed CDK9 inhibitory activity for cancer therapy treatment, according to Hu
et al. [19]. Some representative examples discussed, such as compound I, were assessed,
and it was revealed that they showed potential against CDK9 inhibition. Al-warhi et al.
reported that oxindole II displayed anti-tumor activity targeting the CDK4 inhibitor [20].
N-substituted iso-indigo compounds were designed, synthesized, and biologically eval-
uated by Zhao et al. as inhibitors of cyclin-dependent kinase 2 (CDK2). Iso-indigo com-
pound III was found to stop the S-phase of the cell cycle [21] (Figure 1).

Sunitinib is used for the treatment of gastrointestinal stromal tumors (GIST) and
advanced renal cell carcinoma (RCC) [22–25]. Semaxanib is a tyrosine kinase inhibitor
drug that is used in cancer therapeutics [26]. Indole-triazole alkylated system (Figure 1)
displayed significant anti-cancer activity. For example: 3-benzylsulfanyl-5-(1H-indol-2-
yl)-2H-1,2,4-triazole IV showed promising antiproliferative activity against HEPG-2 and
MCF-7 cancer cell lines [27]; 3-(allylsulfanyl)-4-phenyl-5-(1H-indol-2-yl)-1,2,4-triazole V
and its analogues showed interesting anti-proliferative potential against breast cancer [28];
substituted 3-(triazolo-thiadiazin-3-yl)-indolin-2-one derivatives VI displayed dual in-
hibition activity for c-Met (a receptor tyrosine kinase) and VEGFR2 enzymes, with an
effective anti-proliferative potency against different subpanels of the most NCI 58 tumor
cell lines [29]; and indole-triazole hybrid VII and its analogues revealed a potent inhibition
against vascular endothelial growth factor receptor-2 (VEGFR-2), with potential anti-renal
cancer activity [30]. Alkylated indolyl-triazole Schiff bases VIII targeted breast cancer via
VEGFR2 tyrosine kinase inhibition [31].

Building upon the findings from the aforementioned studies, the conceptualization of
synthesizing novel compounds that incorporate ester and azomethine groups, along with
an indole scaffold in a single compound, is expected to yield potent anticancer medicines.
This anticipation stems from the potential of these compounds to function as both hydrogen
bond donors and/or acceptors upon interaction with receptors.
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2. Results and Discussion
2.1. Synthesis

Condensation of thiosemicarbazide 2 with ethyl 3-formyl-1H-indole-2-carboxylate
1 by fusion for 5 min led to the formation of the thiosemicarbazone derivative 3. Under
the same fusion condition, the condensation of 1 with semicarbazide.HCl 4 interestingly
afforded bis-ester derivative 5. Through the reaction of 1 with semicarbazide.HCl 4 under
reflux in AcOH/MeOH, semicarbazone derivative 6 was obtained (Scheme 1).

211



Pharmaceuticals 2023, 16, 1724

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 4 of 17 
 

 

2. Results and Discussion 
2.1. Synthesis 

Condensation of thiosemicarbazide 2 with ethyl 3-formyl-1H-indole-2-carboxylate 1 
by fusion for 5 min led to the formation of the thiosemicarbazone derivative 3. Under the 
same fusion condition, the condensation of 1 with semicarbazide.HCl 4 interestingly af-
forded bis-ester derivative 5. Through the reaction of 1 with semicarbazide.HCl 4 under 
reflux in AcOH/MeOH, semicarbazone derivative 6 was obtained (Scheme 1).  

 
Scheme 1. Reaction of thiosemicarbazide 2 and semicarbazide.HCl 4 with ethyl 3-formyl-1H-indole-
2-carboxylate 1. 

Under fusion conditions, the reaction between ethyl 3-formyl-1H-indole-2-carbox-
ylate 1 with amine functionality derivatives, such as 4-amino-5-(1H-indol-2-yl)-1,2,4-tria-
zole-3-thione 7, 4-nitrophenyl hydrazine 9, and 2,4-dinitrophenyl hydrazine 11, resulted 
in the formation of condensed hydrazones 8, 10, and 12, respectively (Scheme 2). The 
structural assignment for the newly synthesized hits was established through a compre-
hensive set of spectroscopic tools (see Section 3), which included nuclear magnetic reso-
nance (NMR), mass spectrometry (MS), CHN analysis, and single-crystal X-ray diffraction 
analysis. 

Scheme 1. Reaction of thiosemicarbazide 2 and semicarbazide.HCl 4 with ethyl 3-formyl-1H-indole-
2-carboxylate 1.

Under fusion conditions, the reaction between ethyl 3-formyl-1H-indole-2-carboxylate
1 with amine functionality derivatives, such as 4-amino-5-(1H-indol-2-yl)-1,2,4-triazole-3-
thione 7, 4-nitrophenyl hydrazine 9, and 2,4-dinitrophenyl hydrazine 11, resulted in the
formation of condensed hydrazones 8, 10, and 12, respectively (Scheme 2). The structural
assignment for the newly synthesized hits was established through a comprehensive set
of spectroscopic tools (see Section 3), which included nuclear magnetic resonance (NMR),
mass spectrometry (MS), CHN analysis, and single-crystal X-ray diffraction analysis.
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2.2. X-ray Single-Crystal Analysis for Compounds 3 and 5

Using single-crystal X-ray analysis, structures of compounds 3 and 5 were conclusively
confirmed. The unit cell parameters of compound 3 (a = 9.23490(10) Å, b = 19.4168(2) Å, c
= 7.89280(10) Å, and V = 1374.36(3) Å3) that crystallized in monoclinic space group P21/c
and compound 5 (a = 5.4774(3) Å, b = 9.2031(5) Å, c = 10.6234(8) (10) Å, and V = 531.26(6)
show the Å3 that crystallized in the triclinic space group P 1 (Table 1). The crystal structure
(Figure 2) revealed that compound 3 was a thiosemicarbazone structure, while compound
5 was a bis-hydrazino derivative.

Table 1. Crystals data of compounds 3 and 5.

3 5

CCDC 2293777 2293778
empirical formula C13H14N4O2S C24H22N4O4

fw 290.34 430.45
temp (K) 120(2) 120(2)

Λ (Å) 1.54184 0.71073
cryst syst Monoclinic Triclinic

space group P21/c P 1
a (Å) 9.23490(10) 5.4774(3)
b (Å) 19.4168(2) 9.2031(5)
c (Å) 7.89280(10) 10.6234(8)

A (deg) 90 93.995(5)
β (deg) 103.8110(10) 94.008(6)
γ (deg) 90 94.201(5)
V (Å3) 1374.36(3) 531.26(6)

Z 4 1
ρcalc (Mg/m3) 1.403 1.345

µ(Mo Kα) (mm−1) 2.168 0.094
No. reflns. 16497 8485

Unique reflns. 2884 2637
Completeness to θ = 67.684◦ 99.8%
Completeness to θ = 25.242◦ 99.9%

GOOF (F2) 1.058 1.046
Rint 0.0187 0.0300

R1
a (I ≥ 2σ) 0.0279 0.0469

wR2
b (I ≥ 2σ) 0.0780 0.1123

a R1 = Σ||Fo| − |Fc||/Σ|Fo|. b wR2 = {Σ[w (Fo
2 − Fc

2)2]/Σ[w (Fo
2)2]}1/2.
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2.3. Biology
2.3.1. MTT Assay for the Synthesized Compounds

The produced compounds were examined for their cytotoxicity against MCF-7 breast
cancer cells using the MTT assay. As summarized in Table 2, they demonstrated po-
tent IC50 values against MCF-7, especially compounds 5, 8, and 12, with IC50 values of
2.73 ± 0.14, 4.38 ± 0.23, and 7.03 ± 0.37 µM, compared to staurosproine, with an IC50 value
of 8.32 ± 0.43 µM, while compounds 1, 3, and 6 exhibited promising cytotoxicity, with
IC50 values of 19.7 ± 2.31, 10.2 ± 0.53, and 9.42 ± 0.57 µM, respectively. Compound 10
exhibited moderate cytotoxicity, with a high concentration of IC50 (25.4 ± 1.54 µM).

Table 2. Cytotoxicities of the investigated compounds against MCF-7 cells using the MTT assay.

Compounds IC50 ± SD [µM]

1 19.7 ± 2.31
3 10.2 ± 0.53
5 2.73 ± 0.14
6 9.42 ± 0.57
8 4.38 ± 0.23

10 25.4 ± 1.54
12 7.03 ± 0.37

Staurosporine 8.32 ± 0.43
IC50 values were calculated using “Mean ± SD” of three independent values.

2.3.2. Wound-Healing Activity

As shown in Table 3 and Figure 3, the wounded area between cell layers following a
scratch was partially filled by migrating MCF-7 control cells (94.07% wound closure), while
treatments of compounds 5, 8, and 12 significantly inhibited wound-healing activity, with
percentages of wound closure of 48.88, 60.74, and 51.85%, respectively, compared to control.

Table 3. The percentage of wound healing (% closure) for untreated and 5-treated MCF-7 cells.

Compound %Closure *, MCF-7

5 48.88 # ± 2.7
8 60.74 # ± 3.43
12 51.85 # ± 2.92

Untreated control 94.07 ± 5.5
* Values are expressed as “Mean ± SD”. # Significance level (p < 0.05) indicates a significant difference (unpaired
Student’s t-test) from the untreated control group. Data for length of migration (mm) and area are supported in
the Supplementary Materials.
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Figure 3. Migration of MCF-7 cells treated with compound 5 for 72 h observed under a light
microscope as detected by the wound-healing assay.
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2.3.3. Apoptotic Induction Activity

To investigate the apoptotic activity of compounds 5, 8, and 12, flow cytometric
evaluation of Annexin V/PI staining was utilized to examine apoptotic cell death in
untreated and treated MCF-7 cells. Table 4 shows that compound 5 dramatically increased
cell death in MCF-7 cells by 39.26% (29.35% for apoptosis and 9.91% for necrosis), compared
to the untreated control group, which increased it by 1.27% (0.4% for apoptosis and 0.87%
for necrosis). Additionally, compounds 8 and 12 caused total cell death by 24.4% and 37%,
with apoptosis ratios of 15.72% and 21.0%, respectively.

Table 4. Flow cytometry results of the three promising cytotoxic agents using Annexin V/PI and
DNA-aided flow cytometry.

Compound
Annexin V/PI Staining DNA Content

Total Early Late Necrosis %G0-G1 %S %G2/M %Pre-G1

Cont.MCF7 1.27 0.29 0.11 0.87 52.91 41.33 5.76 1.27

5 39.26 7.11 22.24 9.91 39.07 56.19 4.74 39.26

8 24.38 2.27 13.45 8.66 47.10 46.31 6.57 24.38

12 37.05 4.59 17.44 15.02 59.33 38.10 2.55 37.05

After being treated with a cytotoxic chemical, the cell population in each cell phase
was then ascertained by DNA flow cytometry. Compound 5 increased the S-phase cell
population by 56.2%, compared to control, which increased it by 41.33%, as Figure 4
illustrates, whereas cells in other phases decreased negligibly. Consequently, compound 5
stopped MCF-7 cells from proliferating at the S-phase by inducing apoptosis.
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demonstrated lower reactivity towards AKT-1, compared to the standard drug A-674563 
(IC50 of 0.26 ± 0.01 µM). Finally, compound 5 (IC50 = 0.058 ± 0.029 µM) demonstrated lower 
reactivity against EGFR, compared to the standard drug erlotinib (IC50 of 0.038 ± 0.019 
µM). Compound 5 was found to possess the potential for inhibiting multiple kinases.  

Table 5. IC50 values of kinase activities of the tested compounds. 

Compound 
IC50 [μM] ± SD * 

PI3K-α PI3K-β PI3K-δ CDK2 AKT-1 EGFR 
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Figure 4. Analysis using flow cytometry. Upper panel (A): Annexin V/PI staining for evaluating
necrosis and apoptosis, Q1;eEarly apoptosis is Q4, and late apoptosis is Q2. The DNA content
histograms of untreated and 5-treated MCF-7 cells at each phase, “Pre-G, G1, G2/M, S” phases, with
an IC50 value of 2.73 µM, 48 h, are displayed in the lower panel (B).
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2.3.4. Kinase-Inhibition Activity

To highlight their effective molecular target, the most cytotoxic and apoptotic com-
pound 5 was screened for its activity towards a panel of kinase activities, including
PI3K-α, PI3K-β, PI3K-δ, CDK2, AKT-1, and EGFR, compared to their standard drugs.
It caused promising kinase inhibitory activities, as summarized in Table 5. Interestingly,
compound 5 exhibited significant inhibitory potential against PI3K-α and showed selec-
tivity, with a 4.92-fold higher potency than LY294002. However, in the cases of PI3K-β
and PI3K-δ, compound 5 demonstrated lower activity compared to LY294002. More-
over, compound 5 (IC50 = 0.156 ± 0.01 µM) showed a reactivity profile against CDK2
closer to the standard drug erlotinib (IC50 of 0.173 ± 0.01 µM). On the other hand, com-
pound 5 (IC50 = 0.602 ± 0.03 µM) demonstrated lower reactivity towards AKT-1, com-
pared to the standard drug A-674563 (IC50 of 0.26 ± 0.01 µM). Finally, compound 5
(IC50 = 0.058 ± 0.029 µM) demonstrated lower reactivity against EGFR, compared to
the standard drug erlotinib (IC50 of 0.038 ± 0.019 µM). Compound 5 was found to possess
the potential for inhibiting multiple kinases.

Table 5. IC50 values of kinase activities of the tested compounds.

Compound
IC50 [µM] ± SD *

PI3K-α PI3K-β PI3K-δ CDK2 AKT-1 EGFR

5 1.73 ± 0.1 2.27 ± 0.11 2.68 ± 0.15 0.156 ± 0.01 0.602 ± 0.03 0.058 ± 0.029

LY294002 8.52 ± 0.48 0.44 ± 0.02 0.85 ± 0.05 NT NT NT

erlotinib NT NT NT 0.173 ± 0.01 NT 0.038 ± 0.019

A-674563 NT NT NT NT 0.26 ± 0.01 NT

* “Values are expressed as an average of three independent replicates”. “IC50 values were calculated using a
sigmoidal non-linear regression curve fit of percentage inhibition against five concentrations of each compound”.
NT = Not tested.

2.3.5. In Vivo (SEC-Bearing Mice)

A solid Ehrlich carcinoma cell was implanted, and 5 was injected intraperitoneally
(IP) throughout the experiment to confirm its anticancer efficacy, as shown in Figure 5,
which summarizes the main findings of the antitumor activity experiments. As a result,
tumor proliferation revealed an increase in solid tumor mass of approximately 398.1 mg,
which is related to tumor proliferation. Following treatment with 5, the solid tumor mass
decreased to 126.5 mg, compared to 110 mg in the 5-FU treatment. As a result, treatments
with 5 considerably reduced tumor volume from 106 mm3 in the untreated control to
56.4 mm3 and significantly decreased tumor proliferation by 46.9%, while 5-FU reduced
tumor volume to 43.7 mm3 and inhibited tumor development by 58.8%.

2.3.6. Molecular Docking

To illustrate the virtual mechanism of binding towards the EGFR, PI3K, and CDK2
binding sites, molecular docking research was carried out. As seen in Figure 6, compound
5 was properly docked inside the protein active sites of EGFR (A), PI3K (B), and CDK2 (C),
with binding energies of −23.15, −21.32, and −23.44 Kcal/mol, and it formed good binding
interactions with their active sites. Compound 5 exhibited strong binding interactions with
the amino acids Lys721, Cys773, and Leu694 inside EGFR. It formed two H-bond interac-
tions with Val882 inside the PI3K active site, and it formed two arene–cation interactions
with Lys89 inside the CDK2 active site like the co-crystallized ligands. These outcomes
corroborated the kinase inhibition experiment findings. Previous literature reported the
downstream inhibition pathway of EGFR/PI3K/AKT, which is linked to CDK2 inhibition,
as a promising target for inducing apoptosis in cancer cells [32].
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As summarized in Figure 7, compound 5, as an indolyl-hydrazone derivative, in-
duced potent cytotoxicity against MCF-7 as an apoptosis inducer through the down-
streaming pathway of EGFR/PI3K/AKT and CDK2 inhibition. The effective pathway in-
duced cell cycle arrest at the S-phase, and it led to apoptosis in the MCF-7 cells. EGFR, 
and its downstreaming pathway is considered one of the promising effective pathways 

Figure 6. The binding disposition of docked compound 5 with ligand–receptor interactions inside
the EGFR receptor (A), phosphoinositide 3-kinase (B), and cyclin-dependent kinase (C). Visualization
was carried out using Chimara-UCSF.
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As summarized in Figure 7, compound 5, as an indolyl-hydrazone derivative, induced
potent cytotoxicity against MCF-7 as an apoptosis inducer through the downstreaming
pathway of EGFR/PI3K/AKT and CDK2 inhibition. The effective pathway induced cell
cycle arrest at the S-phase, and it led to apoptosis in the MCF-7 cells. EGFR, and its
downstreaming pathway is considered one of the promising effective pathways for cancer
treatment, and our results agreed with previous reported studies for the same compounds’
scaffold affecting cytotoxic activities through apoptosis [33–35].
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Figure 7. Schematic diagram for the mechanistic pathway for EGFR/PI3K/CDK2 inhibition as
apoptosis inducers.

2.3.7. SAR

The structure–reactivity relationship of the synthesized compounds is summarized
as follows in Figure 8: The hydrazone derivative 10, featuring a p-nitro group-substituted
benzene ring, exhibited the lowest reactivity, with an IC50 value of 25.4 ± 1.54 µM. In
contrast, the aldehyde-based indole derivative 1, the starting material, demonstrated better
reactivity, with an IC50 value of 19.7 ± 2.31 µM. The thiosemicarbazide 3 and its isosteric
semicarbazide 6 enhanced reactivity, with IC50 values of 9.42 ± 0.57 and 10.2 ± 0.53 µM,
respectively. The presence of two nitro groups on the substituted benzene ring of hydrazone
12 significantly improved reactivity, with an IC50 value of 7.03 ± 0.37 µM, due to the high
electron-withdrawing group effect. The introduction of the thio-triazole indole-based Schiff
base 8 significantly increased activity (IC50 = 4.38 ± 0.23 µM) up to 1.9-fold higher than
the reference drug, while the symmetrical bis-esters azine 5 emerged as the most potent
compound in inhibiting breast cancer cells, with an IC50 of 2.73 ± 0.14 µM, 3-fold more
potent than the standard drug staurosporine (IC50 = 8.32 ± 0.43 µM).
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3. Materials and Methods
3.1. Chemistry
3.1.1. General

The values for the melting points were uncorrected and were determined in open
capillaries using a Temp-melt II melting point equipment. On silica gel 60 (230–400 mesh
ASTM), flash chromatography was carried out. On silica gel 60 F254 aluminum plates
(E. Merck, layer thickness 0.2 mm), thin-layer chromatography (TLC) was performed. The
spots were found using a UV lamp. Using DMSO-d6 and CDCl3 as solvents, the 1H and
13C-NMR spectra were captured on Bruker instruments at 400 MHz for 1H NMR and
101 MHz for 13C NMR, respectively. Using KBr and a PerkinElmer 1430 ratio-recording
infrared spectrophotometer, Bruker’s Fourier-transform infrared (FT-IR) spectrophotometry
was used to record the IR spectra.

3.1.2. Synthesis

A mixture of 1 (1.0 mmol, 0.22 g), thiosemicarbazide, and semicarbazide.HCl (1.1
mmol, 0.1 g, and 0.12 g respectively) was grinded and fused on a hotplate for 5 min until
all reactants turned to products. The products were purified by recrystallization from
DMF/EtOH to 3 and 5, respectively.

Ethyl (E)-3-((2-carbamothioylhydrazineylidene)methyl)-1H-indole-2-carboxylate 3.
There was 81% yield, 0.23 g, and m.p. 229–230 ◦C. 1H NMR (400 MHz, DMSO-d6):

δ 1.41 (t, 3 H, J = 6.8 Hz, CH3), 4.42 (q, 2 H, J = 6.8 Hz, OCH2), 7.21 (dd, 1H, J = 7.2,
7.6 Hz), 7.35 (dd, 1 H, J = 7.2, 7.6 Hz), 7.51 (d, 1 H, J = 8.0 Hz), 8.17 (brs, 2 H), 8.40 (d, 1 H,
J = 8.4 Hz), 9.01 (s, 1H, CH=N-), 11.58 (s, 1H, NH), and 12.15 (s, 1 H, NH indole); 13C NMR
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(100 MHz, DMSO-d6): δ 14.69 (CH3), 61.60 (OCH2), 113.06, 115.69, 122.32, 124.57, 124.69,
126.12, 127.90, 137.04, 141.10 (9 C), 161.41 (C=O), and 177.97 (C=S); and elemental analysis
calculated for [C13H14N4O2S]: C, 53.78; H, 4.86; N, 19.30; S, 11.04; found C, 53.89; H, 4.93;
N, 19.23; and S, 11.09

Diethyl 3,3’-((1E,1’E)-hydrazine-1,2-diylidenebis(methaneylylidene))bis(1H-indole-2-
carboxylate) 5.

There was 78% yield, 0.34 g, and m.p. 302–303 ◦C. 1H NMR (400 MHz, DMSO-d6): δ
1.45 (t, 3 H, J = 6.4 Hz, CH3), 4.48 (q, 2H, J = 6.4 Hz, OCH2), 7.29 (dd, 1 H, J = 6.8, 7.2 Hz),
7.41 (dd, 1 H, J = 7.2, 6.8 Hz), 7.58 (d, 1 H, J = 7.6 Hz), 8.57 (d, 1 H, J = 8.0 Hz), 9.59 (s, 1 H,
CH=N), and 12.37 (s, 1 H, NH indole); 13C NMR (100 MHz, DMSO-d6): δ 14.67 (CH3), 61.70
(OCH2), 113.39, 116.09, 122.52, 124.53, 125.34, 126.25, 128.92, 137.07 (8 C), 157.27 (C=O), and
161.24 (C=O); elemental analysis computed for [C24H22N4O4]: C, 66.97; H, 5.15; N, 13.02;
found C, 66.99; H, 5.21; and N, 13.13.

Ethyl (E)-3-((2-carbamoylhydrazineylidene)methyl)-1H-indole-2-carboxylate 6.
A mixture of 1 (1.0 mmol) and semicarbazide.HCl (1.1 mmol) was refluxed in equal

volumes of MeOH/AcOH 10 mL for 8 h until all reactants formed products. A precipitate
was formed upon cooling, which was filtered, dried, and recrystallized from MeOH to
obtain 6.

There was 88% yield, 0.25 g, and m.p. 285–286 ◦C. 1H NMR (400 MHz, DMSO-d6): δ
1.36 (t, J 7.1 Hz, 3 H), 4.37 (q, J = 7.1 Hz, 2 H), 6.46 (s, 2 H), 7.19 (t, J = 7.5 Hz, 1 H), 7.47–7.32
(m, 2H), 7.55 (d, J = 8.3 Hz, 1 H), 7.66 (s, 1 H), 8.67 (s, 1 H), and 12.31 (s, 1 H, NH indole );
13C NMR (101 MHz, DMSO-d6): δ 14.63, 61.45, 112.10, 113.63, 121.50, 121.95, 124.78, 125.65,
126.23, 134.06, 136.85, 156.88, and 161.24; elemental analysis calculated for [C13H14N4O3]:
C, 56.93; H, 5.15; N, 20.43; found C, 57.01; H, 5.13; and N, 20.52.

Ethyl (E)-3-(((3-(1H-indol-2-yl)-5-thioxo-1,5-dihydro-4H-1,2,4-triazol-4-yl)imino)methyl)-
1H-indole-2-carboxylate 8.

There was 81% yield, 0.36 g, and m.p. 248–249 ◦C. 1H NMR (400 MHz, DMSO-d6): δ
1.41 (t, 3 H, J = 6.8 Hz,CH3), 4.46 (q, 2 H, J = 6.8 Hz,OCH2), 7.02 (dd, 1H, J = 7.2, 7.6 Hz),
7.20–7.23 (m, 2H), 7.31 (dd, 1H, and J = 7.6 Hz), 7.44–7.52 (m, 3 H), 7.65 (d, 1 H, J = 8 Hz),
8.48 (d, 1 H, J = 8 Hz), 10.41 (s, 1 H), 11.88 (s, 1 H), 12.79 (s, 1 H, NH indole), and 14.20 (brs, 1
H, NHtrz); 13C NMR(100 MHz, DMSO-d6): δ 14.60 (CH3), 62.17 (CH2), 105.59, 112.41, 113.11,
113.86, 120.45, 121.55, 123.10, 123.53, 123.86, 124.19, 125.09, 126.61, 127.73, 131.19, 137.12,
137.41, 144.01, 160.84, 162.73, and 163.31. Calculated elemental analysis for [C22H18N6O2S]:
found C, 61.44; H, 4.37; N, 19.43; S, 7.39; C, 61.38; H, 4.21; N, 19.52; O, 7.43; and S, 7.45

Ethyl (E)-3-((2-(4-nitrophenyl)hydrazineylidene)methyl)-1H-indole-2-carboxylate 10.
There was 89% yield, 0.32 g, and m.p. 270–271 ◦C. 1H NMR (400 MHz, DMSO-d6): δ

1.43 (t, J = 7.0 Hz, 3 H), 4.44 (q, J = 6.9 Hz, 2 H), 7.28–7.11 (m, 2 H), 7.30 (d, J = 7.4 Hz, 1 H),
7.40 (t, J = 7.6 Hz, 1 H), 7.54 (d, J = 8.2 Hz, 1 H), 8.18 (d, J = 8.6 Hz, 2 H), 8.45 (d, J = 8.1
Hz, 1 H), 8.99 (s, 1 H), 11.39 (s, 1 H), and 12.13 (s, 1 H, NH indole); 13C NMR (101 MHz,
DMSO-d6): δ 14.76, 61.44, 111.43, 113.29, 117.04, 122.20, 124.15, 124.56, 126.23, 126.81, 137.10,
138.40, 139.67, 151.01, and 161.46; elemental analysis calculated for [C18H16N4O4]: C, 61.36;
H, 4.58; N, 15.90; found C, 61.47; H, 4.43; and N, 15.82.

Ethyl (E)-3-((2-(2,4-dinitrophenyl)hydrazineylidene)methyl)-1H-indole-2-carboxylate 12.
There was 89% yield, 0.36 g, and m.p. 292–293 ◦C. 1H NMR (400 MHz, DMSO-d6): δ

1.44 (t, 3 H, CH3), 4.46 (q, 2 H, OCH2), 7.30–7.54 (m, 3 H), 8.00 (brs, 1 H), 8.38 (brs, 2 H), 8.83
(brs, 1 H), 9.36 (s, 1 H, CH=N), 11.73 (s, 1 H, NH), and 12.33 (s, 1 H, NH indole); 13C NMR
(100 MHz, DMSO-d6): δ 14.72 (CH3), 61.67 (OCH2), 113.49, 115.73, 122.76, 123.89, 126.33,
130.43, 137.08, 146.62, and 161.20; elemental analysis calculated for [C18H15N5O6]: C, 54.41;
H, 3.81; N, 17.63; found C, 54.53; H, 3.88; and N, 17.49.

3.1.3. X-ray Structure Determination

The general protocol for the collection of crystalline compounds 3 and 5 is provided in
the supporting materials [36–38].
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4. Cytotoxicity

The National Research Institute in Egypt donated the breast cancer (MCF-7) cells,
which were collected and cultured in RPMI-1640 medium L-glutamine (Lonza Verviers
SPRL, Verviers, Belgium, cat#12-604F). The 10% fetal bovine serum (FBS; Sigma-Aldrich,
St. Louis, MO, USA) and 1% penicillin-streptomycin (Lonza, Belgium) were given to each
of the two cell lines.

All cells were cultured, following routine tissue culture work, in 5% CO2 humidified
at 37 ◦C. Cells were exposed to compounds at concentrations of 0.01, 0.1, 1, 10, and 100 µM
on the second day of culturing. After 48 h, cell viability was evaluated using the MTT
solution (Promega, Madison, WI, USA) [38]. MTT dye (20 µL) was placed into each well,
and the plate was then incubated for three hours. Absorbance was subsequently measured
at 570 nm using the ELISA microplate reader (BIO-RAD, model iMark, Tokyo, Japan), and
the percentage of cell viability was calculated, compared to control, as (mean absorbance of
tested compound)/(mean absorbance in control) × 100. Finally, IC50 values were found
using the nonlinear dose–response sigmoidal curve in GraphPad Prism 7 [39].

4.1. Investigation of Apoptosis

Annexin V/PI staining and cell cycle analysis 3–105 MCF-7 cells were added to 6-
well culture plates, which were then placed in the incubator for the night. Following
that, cells were treated for 48 h to compound 5 at its IC50 levels. Following that, PBS
was rinsed with ice-cold water before cells and media supernatants were gathered. The
cells were then treated with “Annexin V-FITC solution (1:100) and propidium iodide (PI)”
at a concentration of 10 g/mL for 30 min in the dark after being suspended in 100 L of
annexin-binding buffer solution, which was composed of 25 mM CaCl2, 1.4 M NaCl, and
0.1 M Hepes/NaOH, pH 7.4. Then, labeled cells were collected using the Cytoflex FACS
system. The data were assessed using the cytExpert program [39].

4.2. Wound-Healing Assay (Scratch Assay)

The wound-healing test was mentioned in previous research [40,41]. Six-well plates
containing starvation media were filled with four 105 MCF-7 cells per well, and the plates
were subsequently incubated at 37 ◦C for the whole night. A sterile 1 mL pipette tip was
used to generate a scratch of the cell monolayer once it was established the following day
that the cells had adhered to the well and that cell confluence had reached 90%. Starvation
media was used to clean the cells before they were removed from the plates. For 48 h,
the cells were cultivated in a CO2 incubator with the IC50 of compounds 5, 8, and 12 in
the full medium. After 48 h, the medium was immediately changed to PBS, the wound
gap was examined, and cells—both control and treated—were captured on camera with a
digital camera attached to an Olympus microscope. The region where the wound closes
was measured [42,43].

4.3. Kinase Inhibitory Assays

EGFR (catalog #40321), CDK2 (catalog #79599), AKT (catalog #78038), PI3K-α (catalog
#40639), β (catalog #79802), and δ (catalog #40628) kinase inhibitions were conducted using
an ELISA kit in accordance with the manufacturer instructions from Bioscience, USA. To
assess the inhibitory potency of compound 5 against the kinase activity, kinase inhibitory
tests were carried out. The following calculation was used to compute the proportion that
chemicals inhibited autophosphorylation: 100 − [(A Control)/(A Treated) − A Control]. Using
the GraphPad prism7 program, the IC50 was calculated using the curves of percentage
inhibition of five concentrations of each chemical [44].

4.4. In Vivo (SEC-Bearing Model)

The Suez Canal University Research Ethics Committee gave the experimental procedure
their seal of approval (approval number REC219/2023, Faculty of Science, Suez Canal Univer-
sity) [45,46]. The full, detailed methodology is supported in the Supplementary Materials.
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4.5. Molecular Docking

Maestro was used to construct, optimize, and energetically favor ligand structures.
The X-ray crystallographic structures of EGFR kinase (PDB ID: 1M17), PI3K (PDB = 1E7V),
and CDK2 (PDB = 2A4L) [47,48] were subjected to a molecular docking investigation using
the AutoDock Vina 1.2.0 software following routine work, which was followed by the
Chimera-UCSF 1.17.3 software.

5. Conclusions

Ethyl 3-formyl-1H-indole-2-carboxylate 1 serves as a precursor in a series of condensa-
tion reactions under fusion conditions, aiming to discover novel bioactive lead compounds.
Structure assignments were accomplished through NMR and X-ray single-crystal analy-
sis. The majority of the synthesized compounds exhibited noteworthy anti-breast cancer
activity. Compounds 5, 8, and 12 exhibited superior activity, compared to the standard
drug. Compound 5 demonstrated potent cytotoxicity, with IC50 values of 2.73 ± 0.14 µM,
surpassing staurosporine (IC50 = 8.32 ± 0.43 µM) by three-fold. Additionally, it exhibited
significant wound-healing activity, with a wound-closure percentage of 48.8%. Notably, in
terms of apoptosis induction, compound 5 markedly increased cell death through apop-
tosis by inhibiting PI3K-α, PI3K-β, PI3K-δ, CDK2, AKT-1, and EGFR kinases, compared
to their respective standard drugs. Consequently, the newly identified lead compound is
recommended for further development as a kinase-targeted anti-breast cancer agent.

Supplementary Materials: The following documents are available for download at https://www.
mdpi.com/article/10.3390/ph16121724/s1, where you can find the titles of Figures S1–S12: NMR
spectrum of the synthesized compounds, Figure S13: Wound-healing assay for the most active
compounds. In vivo assay protocol. References [49–52] are cited in the supplementary materials.
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Abstract: The presence of ammonium ions in urine, along with basic pH in the presence of urease-
producing bacteria, promotes the production of struvite stones. This causes renal malfunction, which
is manifested by symptoms such as fever, nausea, vomiting, and blood in the urine. The involvement
of urease in stone formation makes it a good target for finding urease enzyme inhibitors, which have
the potential to be developed as lead drugs against kidney stones in the future. The documented
ethnopharmacology of coumarin 2-one against bacterial, fungal and viral strains encouraged us to
synthesize new derivatives of coumarins by reacting aromatic aldehydes with 4-aminocoumarin.
The synthesized compounds (2a to 11a) were evaluated for their antimicrobial, in vitro, and in silico
properties against the urease enzyme. The study also covers in vivo determination of the synthesized
compounds with respect to different types of induced ulcers. The molecular docking study along
with extended MD simulations (100 ns each) and MMPBSA study confirmed the potential inhibitory
candidates as evident from computed ∆Gbind (3a = −11.62 and 5a = −12.08 Kcal/mol) against the
urease enzyme. The in silico analyses were augmented by an enzymatic assay, which revealed that
compounds 3a and 5a had strong inhibitory action, with IC50 of 0.412 µM (64.0% inhibition) and
0.322 µM (77.7% inhibition), respectively, compared to standard (Thiourea) with 82% inhibition at
0.14 µM. Moreover, the most active compound, 5a, was further tested in vivo for antiulcer activity
by different types of induced ulcers, including pyloric ligation-, ethanol-, aspirin-, and histamine-
induced ulcers. Compound 5a effectively reduced gastric acidity, lipid peroxidation, and ulceration
in a rat model while also inhibiting gastric ATPase activity, which makes it a promising candidate
for ulcer treatment. As a result of the current research, 3a and 5a may be used as new molecules for
developing potent urease inhibitors. Additionally, the compound 3a showed antibacterial activity
against Staphylococcus aureus and Salmonella typhimurium, with zones of inhibition of 41 ± 0.9 mm and
35 ± 0.9 mm, respectively. Compound 7a showed antibacterial activity against Staphylococcus aureus
and Salmonella typhimurium, with zones of inhibition of 30 ± 0.8 mm and 42 ± 0.8 mm, respectively.
These results prove that the synthesized compounds also possess good antibacterial potential against
Gram-positive and Gram-negative bacterial strains.

Keywords: 4-aminocoumarin; Schiff bases; urease inhibition; molecular docking; antibacterial
activity; MD simulation
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1. Introduction

The development of kidney stones is one of the major health hazards faced by several
human beings. The elements for this clinical condition are basic urinary pH with the
existence of ammonium ions in the urinary tract and urease-producing bacteria present
in the vicinity. Urine formation is known to involve bacterial strains (Gram-positive and
Gram-negative), as well as yeast and mycoplasma. Urease present in certain bacterial
strains may act as a virulence factor in this scenario. Hence, the combination of phosphate
with urine containing magnesium, carbonate apatite, and ammonium leads to the formation
of kidney stones. Certain heterocyclic compounds are well known for their antibacterial,
antifungal, and antiviral potential. Therefore, the synthesis of new derivatives of such
heterocyclic compounds may lead medicinal chemistry towards the discovery of good
and cost-effective antimicrobial agents against the drawbacks caused by excessive urease
enzyme production [1].

One of the classes of such heterocyclic compounds is coumarin, which belongs to
benzopyrans, the leading members of heterocyclic organic compounds. Currently, there
is a great emphasis on the synthesis of coumarin-based compounds due to their phar-
macological and biological activities. Derivatives of coumarin can be synthesized by
using different methods, including Knoevenagel, Kostanecki–Robinson, Perkin, Wittig,
Reformatsky, solid-state synthesis of coumarin, and Pechmann reactions [2–4].

The 4-hydroxycoumarin anticoagulant is one of the most important derivatives of
coumarin. It belongs to the class of anticoagulant (vitamin K antagonist) drug molecules.
Said molecule is considerably important, as it can inhibit vitamin K epoxide reductase. It
is also of notable interest as being an important reagent for heterocyclization, which will
become one of the primary approaches in the forthcoming synthesis of heterocyclic deriva-
tives in the area of combinatorial chemistry [5]. The 4-hydroxycoumarin and its deriva-
tives namely coumatetralyl, acenocoumarol, warfarin, phenprocoumon, and coumachlor
show a large biological potential which includes analgesic, anticoagulant, cytotoxic, anti-
proliferative, hypnotic and sedative, anti-tumor, anti-inflammatory, antibacterial, antifun-
gal, anticancer, antioxidant and anti-HIV [6,7].

Anti-inflammatory and antioxidant properties of coumarins are known for minimizing
the risk of diabetes, cancer, and cardiovascular diseases [8–11]. Furthermore, the derivatives
of coumarin are used for the treatment of renal stones and burns. The inhibition of 5α-
reductase as well as platelet accumulation inhibition has also been reported.

The Schiff base synthesis of coumarins further enhances their biological activities.
Schiff bases are obtained by the reaction of amines with a stoichiometric quantity of aldehy-
des. Schiff bases that contain the azomethine group play an integral role in the field of drug
discovery and development and present a large number of pharmacological applications, in-
cluding anticoagulant, anticonvulsant, antibacterial, antifungal, anti-inflammatory [12–15],
sedative, and antioxidant.

The presence of ammonium ions in urine, along with a basic pH in the presence
of urease-producing bacteria, promotes the production of struvite stones. This causes
renal malfunction, which is manifested by symptoms such as fever, nausea, vomiting,
and blood in the urine. The involvement of urease in stone formation makes it a good
target for finding urease enzyme inhibitors, which have the potential to be developed as
lead drugs against kidney stones in the future. The documented ethnopharmacology of
coumarin 2-one against bacterial, fungal, and viral strains encouraged us to synthesize new
derivatives of coumarins by reacting aromatic aldehydes with 4-aminocoumarin. Along
with the antibacterial and anti-urease potential of these compounds experimentally, urease
inhibition has also been evaluated by an in silico approach followed by the determination
of antiulcer properties of the synthesized compounds in different ulcer-induced models
in rats.
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2. Results and Discussion

The synthesis of coumarin derivatives was initially optimized using a range of different
conditions, as indicated in Table 1. Following the successful optimization of the initial
reaction, we proceeded to synthesize various coumarin derivatives. Additionally, we
carried out further optimization for the second step of this process, as outlined in Table 2.

Table 1. Optimization conditions for the first step of the reaction.

1st Reactant
(Equiv.)

2nd Reactant
(Equiv.) Solvents Temp. (◦C) Time

(h) Results

1 1 Ethoxyethanol 170 48 Too many side products are present
1 2 Glacial acetic acid 180 72 Too many side products are present
1 2 Solvent-free 130 05 No reaction
1 5 Solvent-free 170 14–15 70% yield

Table 2. Optimization conditions for the second step of reaction.

1st
Reactant
(Equiv.)

2nd
Reactant
(Equiv.)

Solvents Temp.
(◦C)

Time
(h) Results

1 1 Ethanol 170 48 10% yield
1 1.5 Ethanol + glacial acetic acid (3–4 drops) 170 72 10% yield
1 1.5 Methanol + glacial acetic acid (3–4 drops) 170 72 15% yield
1 1 Analytical grade methanol 170 36–82 Continuous reflux 65–75% yield

4-aminocoumarin

Light yellowish powder; % age yield: 59%; melting point range = 226–227 ◦C; Rf = 0.51
(CH3COOC2H5:CH3OH:: 1.5:1); UV-vis (THF) λmax (nm) = 305; FT-IR: ν (cm−1) = 3370 (N-H
stretching), 1596 (C=O vibration), 3196 (=C-H stretching vibration), 1455 (C=C vibration), 1321
(C-N stretching vibration); 1HNMR: (400 MHz, DMSO-d6); δ: 2.51 (s, 2H, H-11), 5.22 (s, 1H,
H-9), 7.98 (d, J = 8 Hz, 1H, H-6), 7.59 (m, 1H, H-1), 7.31 (t, J = 8 Hz, 2H, H-2, 3). 13C NMR
δ:159.58, 153.47, 152.63, 132.53, 125.74, 122.64, 114.66, 114.45, 86.62.

Schiff bases (2a–11a)

The structures (Figure 1) and spectral data of synthesized derivatives of 4-aminocoumarin
are given below.

(E)-4-(5-fluoro-2-hydroxybenzylideneamino)-2H-chromen-2-one (2a):

White solid; yield = 69%; Rf = 0.5 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 295–298 ◦C; UV-vis (THF) λmax (nm) = 307; FT-IR: ν (cm−1) = 1568 (C=N vibra-
tions), 1701 (C=O stretch), 3048 (=C-H stretching), 1383 (C-F vibration), 3248 (OH vibration);
1H-NMR: (400 MHz, CDCl3); δ: 10.43 (s, 1H, H-13), 5.37 (s, 1H, H-9), 8.16 (d, J = 8 Hz, 1H,
H-6), 7.53 (m, 1H, H-1), 7.67 (m, 1H, H-2), 8.06 (d, J = 8 Hz, 1H, H-3), 7.49 (s, 1H, H-15), 7.03
(m, 1H, H-17), 6.87 (dd, J = 8 Hz and 4 Hz, 1H, H-18), 3.51 (s, 1H, H-20). 13C NMR δ: 164.44,
164.41, 163.28, 156.23, 156.16, 156.14, 154.45, 154.22, 151.59, 133.22, 128.76, 123.92, 121.28, 121.21,
119.59, 119.43, 118.50, 118.25, 118.18, 117.69, 116.66, 116.50, 102.80

(E)-4-(3-nitrobenzylideneamino)-2H-chromen-2-one (3a):

White powder; yield = 64%; Rf = 0.6 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 200–202 ◦C; UV-vis (THF) λmax (nm) = 304; FT-IR: ν (cm−1) = 1560 (C=N stretching),
1650 (C=O stretching vibration), 3047 (=C-H vibrations), 1524 and 1341 (NO2 stretching),
1443 (C=C, Ar stretching vibrations); 1H-NMR: (400 MHz, CDCl3); δ: 8.10 (s, 1H, H-13),
6.15 (s, 1H, H-9), 7.58 (d, J = 8 Hz, 1H, H-6), 7.47 (m, 2H, H-1, 3), 7.54 (t, J = 8 Hz, 1H, H-2),
8.02 (d, J = 8 Hz, 1H, H-15), 8.12 (d, J = 8 Hz, 1H, H-16), 8.17 (d, J = 8 Hz, 1H, H-17), 7.69 (s,
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1H, H-19). 13C NMR δ: 163.28, 163.22, 154.56, 151.39, 146.84, 136.79, 133.55, 130.37, 129.03,
128.60, 123.69, 122.65, 122.13, 118.52, 117.61, 103.03.
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(E)-4-(2-hydroxy-4-methoxybenzylideneamino)-2H-chromen-2-one (4a):

Pale-yellow solid; yield = 57%; Rf = 0.6 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 185–188 ◦C; UV-vis (THF) λmax (nm) = 368; FT-IR: ν (cm−1) = 1543 (C=N stretching),
1596 (C=O vibration), 3061 (=C-H stretching vibration), 3218 (OH stretch), 1453 (C=C
vibrations); 1H-NMR: (400 MHz, DMSO-d6); δ: 7.33 (s, 1H, H-13), 5.22 (s, 1H, H-9), 7.99 (d,
J = 8 Hz, 2H, H-6, 15), 7.59 (m, 2H, H-1, 2), 7.30 (d, J = 8 Hz, 2H, H-2, 16), 7.38 (s, 1H, H-18),
5.76 (s, 1H, H-20), 3.34 (s, 3H, H-21).

(E)-4-(4-nitrobenzylideneamino)-2H-chromen-2-one (5a):

Off-white solid; yield = 63%; Rf = 0.6 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 255–257 ◦C; UV-vis (THF) λmax (nm) = 374; FT-IR: ν (cm−1) = 1577 (C=N stretching
vibration), 1670 (C=O stretch), 3050 (=C-H vibrations), 1509 and 1340 (NO2 stretching
vibrations), 1436 (C=C vibrations); 1H-NMR: (400 MHz, CDCl3); δ: 12.54 (s, 1H, H-13), 6.12
(s, 1H, H-9), 8.03 (d, J = 8 Hz, 1H, H-6), 7.64 (m, 1H, H-1), 7.69 (t, J = 8 Hz, 1H, H-2), 7.73 (d,
J = 8 Hz, 1H, H-3), 8.17 (d, J = 8 Hz, 2H, H-15, 19), 8.19 (d, J = 8 Hz, 2H, H-16, 18). 13C NMR
δ: 164.73, 163.76, 163.28, 158.34, 154.56, 151.48, 133.55, 130.31, 128.60, 123.67, 118.50, 117.55,
114.58, 107.24, 102.80, 101.85, 55.57.

(E)-4-(4-hydroxybenzylideneamino)-2H-chromen-2-one (6a):

White solid; yield = 61%; Rf = 0.7 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 280–282 ◦C; UV-vis (THF) λmax (nm) = 305; FT-IR: ν (cm−1)= 1582 (C=N stretching
vibrations), 1517 (C=O stretching), 3191 (=C-H vibration), 3337 (OH stretching), 1436 (C=C,
Ar stretch); 1H-NMR: (400 MHz, DMSO-d6); δ: 9.28 (s, 1H, H-13), 4.98 (s, 1H, H-9), 8.51 (d,
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J = 8 Hz, 1H, H-6), 7.46 (t, J = 8 Hz, 1H, H-1), 7.68 (t, J = 8 Hz, 1H, H-2), 7.41 (d, J = 8 Hz,
1H, H-3), 7.11 (d, J = 0 Hz, 2H, H-15, 19), 6.64 (d, J = 8 Hz, 2H, H-16, 18), 9.71 (br.s, 1H, H-20,
-OH). 13C NMR δ: 164.05, 163.28, 154.56, 151.58, 148.24, 139.10, 133.55, 128.60, 128.41, 124.30,
123.69, 118.52, 117.61, 103.03.

(E)-4-(2-hydroxy-5-methylbenzylideneamino)-2H-chromen-2-one (7a):

Yellow solid; yield = 79%; Rf = 0.6 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 253–255 ◦C; UV-vis (THF) λmax (nm) = 368; FT-IR: ν (cm−1) = 1545 (C=N stretch),
1608 (C=O stretching vibration), 3150 (=C-H stretching), 3374 (OH stretching vibrations),
2959 (C-H vibration), 1454 (C=C, Ar stretching vibration); 1H-NMR: (400 MHz, DMSO-d6);
δ: 10.22 (s, 1H, H-13), 5.22 (s, 1H, H-9), 7.99 (d, J = 8 Hz, 1H, H-6), 7.33 (m, 1H, H-1), 7.59 (t,
J = 8 Hz, 1H, H-2), 6.90 (d, J = 8 Hz, 1H, H-3), 7.31 (s, 1H, H-15), 7.45 (d, J = 8 Hz, 1H, H-17),
7.35 (d, J = 8 Hz, 1H, H-18), 7.38 (br.s, 1H, H-20, -OH), 2.24 (s, 3H, H-21, -CH3). 13C NMR δ:
164.31, 163.28, 157.14, 154.45, 151.59, 133.27, 132.49, 131.98, 129.44, 128.76, 123.92, 120.58,
118.50, 117.69, 116.51, 102.80, 20.61.

(E)-4-(2-nitrobenzylideneamino)-2H-chromen-2-one (8a):

White solid; yield = 60%; Rf = 0.6 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 265–268 ◦C; UV-vis (THF) λmax (nm) = 304; FT-IR: ν (cm−1) = 1571 (C=N stretching
vibrations), 1667 (C=O vibration), 3249 (=C-H stretching), 1517 and 1348 (NO2 stretching
vibrations), 1439 (C=C, Ar stretching), 1H-NMR: (400 MHz, DMSO-d6); δ: 8.88 (s, 1H, H-13),
6.49 (s, 1H, H-9), 7.75 (d, J = 8 Hz, 1H, H-6), 7.40–7.46 (m, 2H, H-1,3), 7.50 (t, J = 8 Hz, 1H,
H-2), 7.92 (d, J = 8 Hz, 1H, H-15), 7.66 (t, J = 8 Hz, 1H, H-16), 7.62 (m, 1H, H-17), 8.12 (d,
J = 8 Hz, 1H, H-18). 13C NMR δ: 163.28, 159.16, 154.56, 151.06, 147.42, 133.55, 131.35, 130.56,
130.00, 128.60, 128.03, 125.27, 123.69, 118.53, 117.61, 102.80.

(E)-4-(4-chlorobenzylideneamino)-2H-chromen-2-one (9a):

Yellowish powder; yield = 57%; Rf = 0.6 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 255–257 ◦C; UV-vis (THF) λmax (nm) = 301; FT-IR: ν (cm−1) = 1524 (C=N stretch),
1669 (C=O vibrations), 3047 (=C-H stretching vibration), 1437 (C=C vibrations); 1H-NMR:
(400 MHz, CDCl3); δ: 11.34 (s, 1H, H-13), 6.07 (s, 1H, H-9), 8.08 (m, 1H, H-6), 7.44 (d,
J = 8 Hz, 2H, H-1, 3), 7.66 (t, J = 8 Hz, 1H, H-2), 7.32 (d, J = 8 Hz, 2H, H-15, 19), 7.18 (d,
J = 8 Hz, 2H, H-16, 18). 13C NMR δ: 164.10, 163.28, 154.30, 151.72, 135.21, 133.39, 133.26,
129.32, 128.92, 128.76, 123.92, 118.56, 117.69, 103.16.

(E)-4-(5-bromo-2-hydroxybenzylideneamino)-2H-chromen-2-one (10a):

White solid; yield = 75%; Rf = 0.6 (CH3COOC2H5:C6H14:: 1.5:1); melting point
range = 276–278 ◦C; UV-vis (THF) λmax (nm) = 321; FT-IR: ν (cm−1) = 1524 (C=N stretching
vibration), 3342 (O-H stretching vibration), 1670 (C=O stretching vibration), 3208 (=C-H
stretching vibration), 1509 (C=C, Ar stretching vibration); 1H-NMR: (400 MHz, DMSO-d6);
δ: 8.18 (s, 1H, H-13), 5.54 (s, 1H, H-9), 8.08 (d, J = 8 Hz, 1H, H-6), 7.56 (t, J = 8 Hz, 1H, H-1),
7.69 (t, J = 8 Hz, 1H, H-2), 7.36 (t, J = 8 Hz, 1H, H-3), 7.43 (s, 1H, H-15), 7.31 (d, J = 8 Hz, 1H,
H-17), 7.22 (d, J = 8 Hz, 1H, H-18), 7.85 (br.s, 1H, H-20, -OH). 13C NMR δ: 164.29, 163.28,
157.95, 154.56, 151.59, 136.03, 133.25, 133.20, 128.61, 123.83, 120.65, 118.50, 117.93, 117.80,
112.47, 102.94.

(E)-4-(4-ethoxybenzylideneamino)-2H-chromen-2-one (11a):

White powder; yield = 69%; Rf = 0.6 (ethyl acetate:n-hexane:: 1.5:1); m.p. = 264–266 ◦C;
UV-vis (DCM) λmax (nm) = 305 nm; FT-IR:ν = 1509 cm−1 (C=N stretching vibration),
1650 cm−1 (C=O stretching vibration), 3125 cm−1 (=C-H stretching vibration), 1443 cm−1

(C=C, Ar stretching vibration), 1099 cm−1 (C-O stretching vibration); 1H-NMR: (400 MHz,
DMSO-d6); δ: 9.7 (s, 1H, H-13), 5.04 (s, 1H, H-9), 8.54 (d, J = 8 Hz, 1H, H-6), 7.50 (t, J = 8 Hz,
1H, H-1), 7.67 (t, J = 8 Hz, 1H, H-2), 7.45 (d, J = 8 Hz, 1H, H-3), 7.21 (d, J = 8 Hz, 2H, H-15,
19), 6.79 (d, J = 8 Hz, 2H, H-16, 18), 3.92 (q, J = 8 Hz, 2H, H-20), 1.26 (t, J = 8 Hz, 3H, H-21).
13C NMR δ: 164.14, 163.28, 160.88, 154.56, 151.58, 133.55, 130.24, 129.16, 128.60, 123.69,
118.52, 117.61, 114.73, 103.03, 63.56, 14.67.
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2.1. UV-Vis Analysis

Absorbance spectra of all the newly synthesized Schiff bases under investigation were
recorded from 200 nm to 800 nm using a quartz cuvette (10 mm), and THF was used as
solvent. All the newly synthesized compounds possess a coumarin ring in their chemical
structure. The maximum absorbance of compound 2a was recorded at 305 nm, whereas
spectra for compounds 3a–11a showed maximum absorbance at 307, 304, 368, 305, 374,
368, 304, 310, 301, 321, and 305 nm, respectively. The compounds 4a, 7a, and 8a showed
a blue shift (hypsochromic), whereas the compounds 3a, 5a, 6a, 9a, 10a, and 11a showed
a red shift (bathochromic) compared to the starting material (compound 2). The shift in
maximum absorbance can be attributed to extended conjugation and provides evidence in
favor of the successful synthesis of the anticipated products.

2.2. FT-IR Analysis

The FT-IR spectrum of newly synthesized compound 2a shows a characteristic ab-
sorption peak at 3370 cm−1 with a shoulder band at 3484 cm−1, which corresponds to the
primary amine group (N-H). These characteristic bands disappear in the FT-IR spectra of
synthesized Schiff bases. Also, a characteristic absorption peak at around 1517–1575 cm−1

appears in each FT-IR spectrum of Schiff bases, which corresponds to strong C=N vi-
brations [16]. This analysis further confirms that the amino group of compound 2a has
successfully been converted to an imine group in each succeeding Schiff base compound.
Furthermore, the FT-IR spectra of newly synthesized compounds exhibit a strong absorp-
tion peak at 3047–3214 cm−1, which can be attributed to the presence of a methylene group
(=C-H) [17]. The appearance of this particular signal indicates that this moiety did not get
involved in the reaction with substituted aromatic aldehydes (Figure S1).

2.3. NMR Spectral Analysis

The NMR spectra of newly synthesized compounds were obtained using a Bruker
AM-400 MHz NMR spectrometer. All of the compounds were either soluble in DMSO-d6
or CDCl3. The 1H-NMR data of all the newly synthesized compounds confirmed their
proposed structures.

In the case of compound 2a, a singlet appearing at δ 2.51 ppm accounted for the two
protons of the amino group (NH2). The active methylene proton in compound 2a at position
9 has no neighboring proton; therefore, it showed a singlet at δ 5.22 ppm. The proton at
position 6 shows strong coupling with its ortho proton, does not show long-range coupling,
and gives a doublet signal at δ 7.98 ppm. The proton at position 1 shows a multiplet signal
at δ 7.59 ppm, which is due to a long-range coupling. Protons at positions 2 and 3 are
neighboring protons and show a triplet signal at δ 7.31 ppm. All of these signals confirm
the successful synthesis of compound 2a (4-aminocoumarin).

The singlet peak appearing at δ 2.51 ppm due to two protons of the amino group (NH2)
in 4-aminocoumarin disappears in the 1H-NMR spectrum of Schiff bases (2a–11a); instead,
a singlet due to azomethine proton (N=CH) appears at 7.43–12.5 ppm. The shielding and
deshielding of the imine proton are due to the mesomeric effect of pi-electrons of aromatic
and aldehydic moiety. The appearance of a characteristic singlet peak due to methylene
proton at δ 4.98–6.49 ppm in the 1H-NMR spectra is strong evidence for the formation of
Schiff bases (Figure S1).

2.4. Antibacterial Activity

All the newly synthesized Schiff bases of 4-aminocoumarin (2a–11a) were tested against
two bacterial strains: Salmonella typhimurium (Gram-negative) and Staphylococcus aureus (Gram-
positive). Zones of inhibition (mm) of all the synthesized compounds against these two strains
are shown in Figure 2.
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The zones of inhibition were measured in millimeters. The 50 µg/mL concentration
of ciprofloxacin (reference drug) showed 62.9 ± 0.94 and 54.4 ± 0.50 mm zones of inhibi-
tion against Staphylococcus aureus and Salmonella typhimurium, respectively. The negative
control (DMSO) did not show any activity against these two strains. The synthesized com-
pounds were also tested against the two bacterial strains (concentration: 200 µg/mL). The
compounds 3a and 7a showed higher zones of inhibition against these two bacterial strains
compared to other synthesized derivatives. Compound 3a showed antimicrobial activity
against Staphylococcus aureus with a zone of inhibition of 41.5± 0.96 mm and against Salmonella
typhimurium with a zone of inhibition 35 ± 0.90. Also, compound 7a showed antibacterial
activity against Staphylococcus aureus with a zone of inhibition of 40.6 ± 0.76 mm and against
Salmonella typhimurium with a zone of inhibition of 42.6 ± 0.76 mm. Hence, it can be deduced
that compound 3a is highly active against Staphylococcus aureus compared to compound 7a,
whereas compound 7a is comparatively more effective against Salmonella typhimurium com-
pared to compound 3a. The antibacterial bioassay proves that compound 3a can be used as a
lead for the development of antibacterial drugs against Staphylococcus aureus and compound 7a
can be taken as an antibiotic against the Gram-negative bacterial strain Salmonella typhimurium.

2.5. In Vitro Urease Inhibition

In continuation of the in silico studies, compounds 3a and 5a were subjected to in vitro
urease inhibition assay. The results of this assay further confirm the findings obtained as a
result of in silico studies. The inhibition potential of compounds 3a and 5a is comparable
to that of the standard used (thiourea). Further optimization of 3a and 5a may lead to the
development of new standards for future use in urease inhibition assays (Table 3).

Table 3. Inhibition of synthesized compounds and their IC50 value along with standard devia-
tion/error of the mean.

Compound No. % Inhibition ± STD IC50 ± SEM (µM)

3a 64.0 ± 0.42 0.412 ± 0.10
5a 77.7 ± 0.64 0.322 ± 0.13
7a 60.2 ± 0.32 0.112 ± 0.26

Thiourea 82.0 ± 0.15 0.140 ± 0.22

2.6. In Silico Studies

Urease has the tendency to catalyze the hydrolysis of urea into ammonia and carbon
dioxide. It is a key virulence factor for a wide range of human infections: 10 of the 12 antibiotic-
resistant priority pathogens designated by the World Health Organization (WHO) in 2017 are
ureolytic bacteria that colonize and thrive in the host organism using urease activity [1,18].
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All of the synthesized compounds were screened against a minimized crystal structure
and the active site was identified by using the site finder tool embedded in MOE; the rest
of the parameters were kept as default, with each molecule sampled in 10 conformations.
All of the compounds docked into the urease’s active pocket showed a strong binding
affinity with the active site residues which is evident from ∆Gbind score (Table 4). All of
the compounds have molecular weights within 300–350 and calculated logP values of
0.3–3.2, which places them within the lead-like range. Although all reported compounds
are topologically similar to one another, binding affinity and docked poses suggest that
compounds 3a (−8.67 Kcal/mol), 5a (−7.44 Kcal/mol) and 9a (−6.96 Kcal/mol) fall into
the best candidates for activity against the urease enzyme. In the docked poses, all the
compounds showed van der Waal interaction as well as H–arene interaction through an
unprecedented coumarin functional group.

Table 4. Binding energies and metal-oxygen binding of the compounds in the active site of urease enzyme.

Compounds ID Binding Kcal/mol Ni Binding

2a −3.547 Absent
3a −8.677 Present (Ni-O 2.3 Å)
4a −5.180 Present (Ni-O 2.5 Å)
5a −7.443 Present (Ni-O 2.4 Å)
6a −5.892 Present (Ni-O 2.7 Å)
7a −6.834 Present (Ni-O 2.3 Å)
8a −4.131 Absent
9a −6.967 Present (Ni-O 2.6 Å)

The lead compounds identified as a result of the molecular docking study were
subjected to MD simulations in order to understand the structural dynamics, which is
essential for identifying potential inhibitors associated with protein inhibition mechanisms.
For all trajectories, RMSD calculations were performed to investigate the time-evolved
behavior of the protein. Amplitude perturbations of about >2Å were detected in free
protein, thereby illustrating the complicated structural changes involved with protein
expansion over time. The bound protein has reduced dynamics relative to the free protein,
as evidenced by the RMSD result. The average RMSD for all 3a and 5a complexed proteins
revealed dynamics ranging from 1.2 to 1.4 Å. The attachment of 3a and 5a in the active
site shifts the protein to a more rigid texture, whereas the free protein is more flexible in
its motions. The RMSF is used to analyze the flexibility of individual residues in bound
and free proteins. The orientation of the helix-turn-helix motif has a significant impact on
urease enzyme binding to compounds (Figure 3A).
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MMPBSA approach. (E) Major residues contributing toward protein—ligand interactions. (All 
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Figure 3. (A,B) RMSD (all-atom) and RMSF (per residue) plot of urease enzyme in free and bound
form with respect to initial minimized structure. Protein—ligand complexes are color—coded as
3a (blue), 5a (red), and free protein (violet). (C) 2D interaction plots of 3a and 5a with urease
protein using LigX tools of MOE software (https://www.chemcomp.com/Products.htm). The three-
letter amino acid code is assigned to each residue. (D) Free energy of binding ∆Gbind for 3a and
5a compounds using molecular docking as well as an MMPBSA approach. (E) Major residues
contributing toward protein—ligand interactions. (All values are given in Kcal/mol).

The RMSFs of ligand-bound urease are lower than those of free protein, and they are
more prominent in the active site. An MMPBSA study was carried out to determine the
thermodynamic parameters of the protein–ligand complexes, such as binding free energy
and van der Waals, electrostatic, and polar solvation energies for the last 50 ns of the MD
simulation trajectories. The binding energy of 3a and 5a bound urease complexes remained
stable during the explored time scale, as evidenced by ∆Gbind.

The MMPBSA data analysis aids in calculating the contribution of individual amino
acid residues to the total binding energy. The binding of both compounds is adjacent to
the nickel ion, in a similar fashion to that of either urea or thiourea fragment which were
being complexed by nickel (II) ion. The determination of trajectories that were gained also
exposes that binding of 3a and 5a to the target protein occurs. It also shows effectively that
the compounds under consideration efficiently take up the active sites of the target protein.
It has also been observed that tight attachment of the helix-turn-helix motif occurs as a
cover on the active site space. This results in obstruction of the flap closure of the urease
active site and consequently leads towards inhibition of the urease enzyme. The studies of
interaction showed that binding of the sample compounds within the active pocket leads
towards the generation of Ni-O electrostatic bonds, whereby nickel-bound oxygen of the
compounds 3a and 5a forms H-bonds with His492. Apart from this—the key residues
(Arg609, Asp494, Arg439, Met697) facilitating the binding of the compounds 3a and 5a to
the active site residues—a group of histidines (His593, His594, His492) encapsulated the
active site, forming a highly charged atmosphere. Ni atom facilitates the binding of the
substrate (urea) to the active site; however, the compounds 3a and 5a block the entry of the
substrate via strongly coordinating with metal at one end and histidine at the other end.
The formation of H-bonds between compounds 3a and 5a to that of active-site charged
residues act as an additional force confirming the strong binding of compounds inside the
active pocket.
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2.7. In Vivo Pharmacology
2.7.1. Pylorus Ligation Activity

The pyloric ligation ulcer was induced in the rat’s stomach, and the stomach was
ligated for approximately 6 h. The insertion of compound 5a resulted in a reduction in
the ulcer index (14.30 ± 0.34 vs. 6.80 ± 0.24, Group I vs. Group V; see Figure 4). In terms
of pH, fewer changes were observed (Figure 5), while the gastric content volume after
the administration of 5a was 2.75 ± 0.10 vs. 1.40 ± 0.14 (Group I vs. Group V; Figure 4).
The total acidity was 43.10 ± 0.52 meq/L/100 g vs. 25.10 ± 0.16 meq per liter per 100 g
(Group I vs. Group V; Figure 6), while the free acidity was 23.34 ± 0.42 meq per liter per
100 g vs. 9.50 ± 0.46 meq per liter per 100 g (Group I vs. Group V; Figure 6), and
both were reduced upon the insertion of compound 5a. Similarly, lipid peroxidation
(0.70 ± 0.02; Group I) was reduced (0.42 ± 0.046; Group V, *** p < 0.001; Figure 7) upon the
administration of compound 5a.
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Figure 4. Effect of 5a on pH of gastric contents in rats. Data are shown as mean ± SEM (n = 6). Group
II was compared with groups III–V; * p < 0.05, ** p < 0.01; *** p < 0.001.
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Figure 5. Effect of 5a on rat’s ulcer index. Data are shown as mean ± SEM (n = 6). Group II was
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2.7.2. Ethanol-Induced Ulcer

To investigate ethanol-induced ulcers in the rat model, we administered compound 5a,
which exhibited promising results by significantly decreasing the ulcer index (*** p < 0.001;
14.50 ± 0.32 vs. 7.20 ± 0.36, Group I vs. Group V; see Figure 5). Gastric content pH is
shown in Figure 4. Similarly, the gastric content volume (** p < 0.01) decreased after the
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insertion of the potent compound 5a (2.70 ± 0.10 vs. 1.32 ± 0.14, Group I vs. Group V;
Figure 6). The pH of the gastric contents (** p < 0.01, Group V) also increased (1.94 ± 0.26
in Group I, 3.60 ± 0.52 in Group V). The total acidity, initially at 45.10 ± 0.52 meq per
liter per 100 g (Group I), was reduced to 27.10 ± 0.28 meq per liter per 100 g (Group V,
*** p < 0.001; Figure 7), while the free acidity levels (19.45 ± 0.43 meq per liter per 100 g;
Group I; Figure 8) decreased to 10.01 ± 0.16 meq per liter per 100 g (Group V, ** p < 0.01).
Similarly, the rate of malondialdehyde formation (0.65 ± 0.040; Group I) was reduced to
0.38 ± 0.048 (Group V, *** p < 0.001; Figure 7).
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Conclusively, the administration of compound 5a demonstrated promising results
in reducing ethanol-induced ulcers in a rat model, as indicated by a significant decrease
in the ulcer index and alterations in gastric pH, content volume, total acidity, free acidity,
and malondialdehyde formation. These findings suggest the potential therapeutic value of
compound 5a for ulcer treatment.

2.7.3. Aspirin-Induced Ulcer

In the dose range of 20 and 40 mg/kg, compound 5a demonstrated a significant
reduction in the ulcer index (*** p < 0.001; 9.60 ± 0.26 vs. 14.40 ± 0.28, Group IV vs. Group
I; 6.60 ± 0.34 vs. 14.40 ± 0.28, Group V vs. Group I; see Figure 5) in rats treated with
aspirin, along with pH alterations (Figure 4). Similarly, compound 5a elevated gastric pH
from 2.22 ± 0.34 (Group I) to 2.94 ± 0.42 (Group IV, ** p < 0.01) and 3.58 ± 0.22 (Group V,
*** p < 0.001). A significant decrease in gastric content volume was observed with the
treatment of compound 5a (** p < 0.01; Group IV and Group V; Figure 6). Total acidity,
initially at 44.23 ± 0.17 meq per liter per 100 g (Group I), decreased to 26.34 ± 0.34 meq per
liter per 100 g (Group V, *** p < 0.001; Figure 7), while free acidity values decreased from
24.23 ± 0.53 meq per liter per 100 g (Group I) to 8.10 ± 1.16 meq per liter per 100 g (Group
V, ** p < 0.01; Figure 6). Correspondingly, the rate of malondialdehyde formation decreased
from 0.63 ± 0.022 (Group I) to 0.44 ± 0.042 (Group V, *** p < 0.001; Figure 8).

2.7.4. Histamine-Induced Ulcer

Administration of histamine was shown to be ulcerogenic in the rats. The ulcer index
in the group I animals was (14.78 ± 0.44; Figure 5). Compound 5a was administered, and
displayed a decline in ulcer severity and ulcer index (9.44 ± 0.42 in Group IV, ** p < 0.01;
6.52 ± 0.42 in Group V, *** p < 0.001; Figure 3). The pH of the gastric content (2.24 ± 0.42 in
Group I; Figure 4) was elevated (2.62 ± 0.42 in Group III, ** p < 0.01; 2.98 ± 0.22 in Group

237



Pharmaceuticals 2023, 16, 1552

IV, ** p < 0.01; 3.42 ± 0.12 in Group V, *** p < 0.001; Figure 4). A noteworthy decline in
the gastric contents volume was observed (2.73 ± 0.11 versus 1.41 ± 0.14., Group I versus
Group V; *** p < 0.001 in Group V; Figure 6). The total acidity was 41.24 ± 0.66 meq per
liter per 100 g (Group I) and reduced to 22.46 ± 0.42 meq per liter per 100 g (Group V,
*** p < 0.001; Figure 5), while the free acidity was 22.78± 0.78 meq per liter per 100 g (Group
I; Figure 7) decreased to 7.60 ± 0.44 meq per liter per 100 g (Group V, ** p < 0.01). Likewise,
the rate of the formation of the malondialdehyde (0.67 ± 0.010; Group I) was reduced
(0.46 ± 0.022; Group V, *** p < 0.001; Figure 7).

2.7.5. H+–K+ ATPase Assay

Compound 5a was also demonstrated to significantly (* p < 0.05) affect gastric mucosal
homogenate in rats. Its inhibitory potential was concentration-dependent, and the tested
drug showed a comparable effect to omeprazole. Specifically, compound 5a significantly
reduced the hydrolysis of ATP (see Figure 9) through gastric ATPase, with an IC50 of
30 µg/mL, which was very similar to the IC50 of omeprazole, used as a positive control
(IC50 of 22 µg/mL).
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Figure 9. Effect of in vitro enzymatic studies of omeprazole and 5a.

In the rat model with pyloric ligation-induced ulcers, the animal stomachs were ligated for
approximately 6 h. This resulted in a notable increase in total acidity (43.10± 0.52 meq/L/100 g
vs. 25.10± 0.16 meq per liter per 100 g) and free acidity (23.34± 0.42 meq per liter per 100 g vs.
9.50± 0.46 meq per liter per 100 g) in Group I compared to Group V (as shown in Figure 7b).
However, upon the introduction of compound 5a, these acidity levels were significantly reduced.

Likewise, lipid peroxidation, which was at 0.70± 0.02 in Group I, showed a significant
reduction (0.42 ± 0.046) in Group V upon the administration of compound 5a. This
suggests the potential effectiveness of compound 5a in reducing ulceration induced by
ethanol in the rat model. Furthermore, the gastric content pH, as depicted in Figure 4,
was notably affected. The insertion of compound 5a resulted in a significant increase in
gastric pH from 2.22 ± 0.34 (Group I) to 2.94 ± 0.42 (Group IV, ** p < 0.01) and 3.58 ± 0.22
(Group V, *** p < 0.001). Additionally, the volume of gastric content decreased significantly
with the treatment of compound 5a. Moreover, compound 5a demonstrated a significant
reduction in the hydrolysis of ATP, as shown in Figure 9, with an IC50 of 30 µg/mL, which
is comparable to the positive control omeprazole (IC50 of 22 µg/mL). This suggests the
potential of compound 5a as a gastric ATPase inhibitor.

Purity of the synthesized compounds

The purity of two best-acting derivatives was confirmed using HPLC (Figure S1,
Compound 3a and 5a).
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3. Materials and Methods
3.1. Chemicals and Reagents

The ammonium acetate, 4-hydroxycoumarin, substituted aldehydes, methanol, and
ethanol were acquired from Sigma Aldrich/Fluka. All of the purchased chemicals were
used as acquired, as they were of analytical grade; no purifying methods were applied to the
purchased chemicals. TLC plates (silica gel 60 F254) used in this study were manufactured
by MERCK®. Melting point determination of synthesized compounds was carried out by
using the Stuart digital melting point apparatus SMP10. The UV-vis analysis was performed
on a PG Instruments T80 + UV-vis spectrometer (solvent: THF) using a 10 mm quartz
cuvette. Fourier-transform infrared spectral analysis was carried out on a PerkinElmer
spectrum 100 FT-IR spectrometer. The proton nuclear magnetic resonance spectroscopic
analysis δ (ppm) was conducted in chloroform–DMSO-d6 on a Bruker AM-400 MHz NMR
spectrometer. The antimicrobial potential of synthesized derivatives was evaluated by
means of the agar well diffusion method. The urease inhibition potential of these newly
synthesized compounds was also evaluated on SpectraMax M2 by the indophenol method.

3.2. Experimental Synthesis of 4-Aminocoumarin and Its Schiff Base Derivatives

The analogue synthesis of 4-hydroxycoumarin was performed by following a two-step
mechanism. In the 1st step, the synthesis of 4-aminocoumarin was carried out under solvent-
free conditions as per reported literature [19]. With this method, 4-hydroxycoumarin (1.07 g;
6.6 mmol) and ammonium acetate (7.87 g; 0.1 mol) were melted at 170 ◦C for 12 h, followed
by stirring at constant speed for 3 h at ambient temperature [20]. The mixture was left
to cool down at room temperature. The reaction completion was checked on thin-layer
chromatography (n-hexane: ethyl acetate: 1:1.5). Water was added to the reaction mixture
on reaction completion, followed by filtration.

In the next step, Schiff bases of 4-aminocoumarin were synthesized by condensing a
stoichiometric amount of 4-aminocoumarin (1.0 mmol) with substituted aromatic aldehydes
(1.0 mmol) in the presence of dry distilled methanol. Refluxing of the mixture was carried
out for 48–72 h depending upon the aldehyde used. The reaction completion was checked
on thin-layer chromatography (n-hexane: ethyl acetate: 1:1.5). Acetic acid was added
as a catalyst in small quantities. After the reaction, the product was precipitated and
subsequently filtered, followed by its washing using chilled methanol to obtain pure
product with moderate-to-good yield. The reactions take a long time to complete, though.
The first step takes 14 to 15 h to complete, whereas, depending upon the aldehyde chosen,
the second step may complete from 48 to 82 h, thereby giving 65% to 75% yields of resultant
products (Scheme 1).

3.3. Antibacterial Activity

Antibacterial activity of the synthesized compounds was assessed using the agar
well diffusion method. Two bacterial strains selected for this experiment were Salmonella
typhimurium and Staphylococcus aureus. The former is a round-shaped bacterial strain that is
Gram-positive and has the tendency to cause food poisoning, skin infections and respiratory
tract infections. The latter is a rod-shaped Gram-negative bacterial strain capable of causing
typhoid fever, weakness, stomach pain, headache and loss of appetite. Some compounds
show best inhibition potential, as their zone of inhibition (mm) is less than the standard
drug used.
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Step (1) requires 170 ◦C and is a solvent-free synthetic step. Step (2) is the addition of selected
aldehyde under reflux conditions using methanol as solvent. This step requires a temperature
ranging from 48 to 82 ◦C, depending upon the aldehyde used.

3.4. Urease Inhibition Assay

The presence of H. pylori in the stomach has been associated with a range of gastric
disorders, including peptic ulcers, gastritis, and an increased risk of gastric cancer. The bac-
terium’s ability to manipulate the gastric environment through urease activity underscores
its role in the development and progression of these conditions. Different studies have tar-
geted H. pylori and its urease activity as potential avenues for therapeutic intervention and
disease management. The evaluation of urease inhibition potential of the compounds under
discussion was carried out by the indophenol method. In this method, the production of
NH3 occurs in situ and is measured as a factor of urease inhibition/activation potential of
the samples. In this bioassay, 25 µL of jack bean urease solution was mixed with phosphate
buffer (pH 6.8), the volume of which was 55 µL. Addition of urea (100 mM) followed by
incubation at 30 ◦C with 5 µL of test samples (0.5 mM each) was carried out. This final
incubation was done for 15 min in 96-well plates. Next, the addition of phenol reagent
(0.005% w/v sodium nitroprusside and 1% w/v phenol) was carried out. The volume of
phenol reagent taken was 45 µL. In the next step, 70 µL of alkali reagent (0.1% NaOCl
and 0.5% w/v NaOH) was added to each well. After 50 min, the absorbance was noted
at 630 nm. Analysis in triplicate for each test sample was carried out in a final volume of
200 µL. The standard inhibitor (positive control) for this urease activity was thiourea [21].

3.5. In Silico Studies
Selection and Refinement of Protein Structure

The amino acid sequence of the target protein urease was obtained from UniProt
(www.uniprot.org/uniprot/Q2G2K5 on 7 March 2022), the tertiary structure was designed
and the ultimate model was prepared with Modeller 9. This obtained model was further
utilized to produce the final full atomic model, and this final model was optimized by MD
simulation using AMBER18 (Figure 10).
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3.6. Validation of Model, Active Site Determination, and Molecular Docking Studies

The model was authorized by examining the phi/psi distributions in the Ramachan-
dran plot attained by the PROCHECK server (https://www.ebi.ac.uk/thornton-srv/
software/PROCHECK/ on 7 March 2022). Further, structural quality was examined
using ProSA web servers (https://prosa.services.came.sbg.ac.at/prosa.php on 7 March
2022). The prediction of the active site(s) was carried out by means of a site finder tool
embedded in MOE-2016. The cavity prediction in a certain protein occurs by means
of an active site prediction server that has the residues of the binding site surrounding
the cavity at a distance of ∼10 Å. Compounds were drawn using ChemDraw software
(https://revvitysignals.com/products/research/chemdraw) and were optimized using
Gaussian 09 software at 6–31 G basis set employing B3LYP functional prior to docking.
Molecular docking was performed using MOE [22]. Site finder tools from MOE were em-
ployed to analyze potential protein binding residues and to create electrostatic surface maps
around these residues in order to define docking regions. The MOE tools were utilized
to dock synthesized compounds within the target proteins’ specified docking sites. We
utilized a triangle algorithm to determine the best-docked molecule poses that were later
minimized using the force field refinement technique, and binding energies were taken
into consideration while maintaining receptor residues rigid using GB solvation models.
The receptor molecule preparation requires the addition of polar hydrogens as well as the
merger of nonpolar hydrogens, in accordance with the standard procedure. The top ten lig-
ands were chosen based on their binding energy, together with root-mean-square deviation
(RMSD). Finally, all compounds were docked with protein. Drug-like characteristics of the
compounds in question were retrieved by the Lipinski filter server.

3.7. MD Simulation Studies of Protein–Ligand Complexes as Well as Rescoring of Binding Energies

MD simulation analysis was carried out for the top two (3a and 5a) receptor–ligand
complexes. These complexes were selected on the basis of molecular docking studies
for confirmation of not only the mode of binding but also the dynamic system stability.
Molecular dynamic (MD) simulations were conducted using PMEMD.CUDA from the
AMBER 18 suite of programs. To expedite simulation times, an NVIDIA Geforce GTX-1070
Ti graphics card was utilized. The General AMBER Force Field (GAFF) parameters were
employed to generate the atomic parameters for each ligand, and Gasteiger charges were
assigned to all ligands in the MD simulations.

For each complex structure, periodic boundary conditions were applied, and the
system was solvated in a cubic box with TIP3P water molecules extending 12 Å in each
direction from the complex model. Additionally, neutralizing Na+ ions were introduced.
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The cutoff distance for computing unbonded interactions was set to 12 Å. All experimental
simulations were conducted under periodic boundary conditions. The AMBER ff14SB
force field parameters were employed to characterize the complex. Long-range electrostatic
interactions were handled using the particle mesh Ewald (PME) method. To constrain
bonds involving hydrogen atoms and maintain temperature control, the SHAKE algorithm
and Langevin dynamics were applied. A time step of 2 fs was utilized, and trajectory
data were recorded every 0.2 ps. The system’s temperature was gradually raised from
0 to 310.15 K over 100 ps of NVT dynamics, followed by 10 ns of NPT equilibration at
310.15 K and 1 atm pressure. Finally, a total of 100 ns of production phase MD simulations
were performed to collect properties [23]. Trajectory analyses, including root-mean-square
deviation and fluctuation, were conducted using the CPPTRAJ module within the Amber
18 program. To calculate the binding free energy for each simulation complex, the Amber
molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) method was employed.
A total of 300 structural frames were selected from the 80 ns trajectory data. Subsequently,
1000 snapshots were extracted from the trajectory data for binding free energy calculations
using the MM-PBSA method. The grid size utilized in the Poisson–Boltzmann calculations
within MM-PBSA was set to 0.5 Å [24].

3.8. In Vivo Pharmacology
Experimental Animals

The rats used in this study were Swiss albino mice (male and female; weight range: 30–35 g)
The animals were acquired from the National Institute of Health, Islamabad, Pakistan. Written
approval was obtained from the departmental ethics committee (DREC/20). Also, the approved
animal house was used to preserve the animals [25]. All of the standard ethical guidelines were
followed during the course of this study [26].

Pylorus ligation activity [27], ethanol-induced ulcer [28], aspirin-induced ulcer [29],
histamine-induced ulcer [30] and H+–K+ ATPase assay [31] studies were conducted as per
standard operating procedures with respective standards.

4. Conclusions

A total of 1 reported and 10 new derivatives of chromene were synthesized with
enhanced/modified biological activity. The antibacterial activity hints at the antibacterial
potential of synthesized 4-aminocoumarin derivatives. The present work also presents the
in silico inhibitory potential of synthesized compounds against urease enzyme. Out of ten
substituted chromenone Schiff bases, 3a and 5a showed significantly increased binding po-
tential at the urease active site, as inferred from molecular docking and molecular dynamics
simulation study. Compounds 3a and 5a interacted with Ni ion via Ni-O bonding with three
key amino acids (His492, His 593, and Asp494) facilitated by strong H-bonds/hydrophobic
interactions that are critical for the activity of urease receptors. These newly synthesized
compounds were also tested for in vitro urease inhibition potential. This investigation
yields a few crucial findings. First, two compounds were identified that represent scaffolds
that are different from those previously recognized; they are all significantly smaller than
most of the known urease inhibitors, giving them comparatively good ligand efficiencies.
Furthermore, compounds 3a and 5a IC50 values of 0.412 µM (64.0% inhibition) and 0.322 µM
(77.7% inhibition), respectively, together with their good physical qualities, place them in
the lead-like range of compounds that might be optimized as bioactive molecules for the
urease enzyme. Additionally, the rat model with pyloric ligation-induced ulcers exhibited
elevated acidity levels, including total acidity and free acidity, in Group I compared to
Group V, which indicated the severity of ulceration. However, the introduction of com-
pound 5a significantly reduced these acidity levels, suggesting its potential effectiveness in
mitigating ulceration induced by ethanol. Furthermore, compound 5a demonstrated a sub-
stantial reduction in lipid peroxidation and a significant increase in gastric pH. It also led to
a remarkable decrease in the volume of gastric content. These findings collectively support
the potential therapeutic role of compound 5a in reducing ethanol-induced ulcers in the
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rat model. Moreover, compound 5a displayed a noteworthy inhibitory effect on gastric
ATPase, with an IC50 value of 30 µg/mL, comparable to the positive control omeprazole
(IC50 of 22 µg/mL). This suggests that compound 5a may act as a gastric ATPase inhibitor,
further highlighting its potential as a treatment option for gastric ulcers. Overall, the
comprehensive results presented in the study suggest that compound 5a holds promise as
a therapeutic agent for the management of ethanol-induced ulcers, with potential benefits
in reducing acidity, lipid peroxidation, and gastric ATPase activity. Further investigations
and clinical studies are warranted to fully explore its therapeutic efficacy and safety for
clinical application.
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Abstract: The importance of the benzo[b]furan motif becomes evident in the remarkable results of
numerous biological investigations, establishing its potential as a robust therapeutic option. This
review presents an overview of the synthesis of and exhaustive biological studies conducted on
benzo[b]furan derivatives from 2011 to 2022, accentuating their exceptional promise as anticancer,
antibacterial, and antifungal agents. Initially, the discussion focuses on chemical synthesis, molecular
docking simulations, and both in vitro and in vivo studies. Additionally, we provide an analysis of
the intricate interplay between structure and activity, thereby facilitating comparisons and profoundly
emphasizing the applications of the benzo[b]furan motif within the realms of drug discovery and
medicinal chemistry.

Keywords: benzo[b]furans; benzofurans; anticancer; antibacterial; antifungal; medicinal chemistry;
drug discovery

1. Introduction

Heterocyclic chemistry plays a pivotal role in both chemical and life sciences, serving
as a focal point for extensive global research. This branch of organic chemistry is dedicated
to developing innovative molecules through the application of numerous synthetic pro-
tocols [1–3]. Heterocyclic compounds are widely distributed in naturally occurring and
synthetic molecules, showcasing a broad range of physiological and pharmacological prop-
erties [4–7]. This diversity makes them particularly intriguing for applications in medicinal
chemistry, material sciences, drug discovery, and the agrochemical and pharmaceutical
industries [8–11]. Specifically, an analysis of the U.S. FDA-approved drug database revealed
that around 60% of the top-selling drugs contain at least one heterocyclic nucleus [4]. These
outstanding results can be attributed to the diverse intermolecular interactions between
heterocycles and enzymes, involving hydrogen bonding, π-stacking, metal coordination
bonds, and van der Waals and hydrophobic forces, along with their varied ring sizes,
which enable a wide range of shapes to match the diverse enzyme binding pockets [12].
Moreover, drugs incorporating heterocycles exhibit improved solubility and the ability
to facilitate salt formation, which are crucial factors in enhancing oral absorption and
overall bioavailability [12]. Additionally, recent developments in synthetic methodologies
targeting functionalized heterocycles play a key role in medicinal chemistry and drug
discovery, effectively expanding the drug-like chemical space [1,13–15]. The establishment
of reliable synthetic pathways for large-scale production further expedites drug develop-
ment. Notably, the introduction of inventive heterocyclic syntheses, incorporating diverse
bond-forming strategies, profoundly influences the pharmaceutical industry [1,13–15].

In this context, oxygen-containing heterocycles stand out due to their broad spectrum
of biological and pharmacological activities. Their significance stems from their structural
similarities with a variety of well-established natural and synthetic compounds [16]. The
inherent importance of oxygen-containing heterocycles as therapeutic agents resides in
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their distinctive structural characteristics, closely resembling those present in biologically
active compounds, like ribose derivatives [17,18]. In these compounds, the prevalence
presence of oxygen atoms contributes to polar interactions that foster stabilization within
the active site [17,18]. Among these compounds, the benzo[b]furan scaffold, positioned
within the domain of oxa-heterocycles has recently garnered significant attention. Its
distinct physiological and chemotherapeutic properties are accentuated, further accom-
panied by its widespread prevalence in the natural realm. Some of the most prominent
benzo[b]furan derivatives exhibit remarkable pharmaceutical applications, such as Amio-
darone, used to treat life-threatening ventricular arrhythmias [19], and Bufuralol, employed
as a nonselective β-adrenoceptor antagonist, which can lead to potential complications like
hepatic toxicity or adverse drug interactions (Figure 1) [20]. Recent studies have shown that
Ailanthoidol exhibits antitumor potential by suppressing TGF-β1-promoted HepG2 hepa-
toblastoma cell progression [21]. On the other hand, benzo[b]furan derivatives are widely
distributed in various plant families, including Asteraceae, Fabaceae, and Moraceae [22,23].
For instance, Moracin D, isolated from Morus alba, exhibited anti-inflammatory and an-
tioxidant activities, as well as induced apoptotic effects in prostate and breast cancer cells
(Figure 1) [24,25]. Furthermore, Cicerfuran, isolated from the roots of chickpea (Cicer spp.),
demonstrated antibacterial and antifungal activities [26]. The myriad applications in medic-
inal chemistry, biomedical science, and drug discovery have spurred both academia and the
pharmaceutical industry to develop novel, efficient, and straightforward synthetic protocols
for preparing a wide array of structurally diverse benzo[b]furan derivatives [23,27–31].
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Surprisingly, an exploration of the Scopus database covering the years from 2011 to
2022, encompassing all fields with the keywords “benzo[b]furan” and “biological activity,”
has revealed a total of 7482 documents. Among these, 5431 are categorized as articles, while
1451 are identified as reviews. Notably, the array of published articles showcases a diverse
spectrum of keywords, spanning a wide range of activities, including anticancer, antitumor,
antiproliferative, antibacterial, antifungal, anti-inflammatory, antiviral, antitubercular,
antidepressant, antipsychotic, α7 nAChR agonist, and antiosteoporosis activities (Figure 2).
The data related to the last two activities are somewhat limited and may not be readily
distinguishable on a graphic. Within this broad spectrum of activities, it is important to
emphasize that articles related to cancer (anticancer, antitumor, and antiproliferative), as
well as those focused on antimicrobial activity (antibacterial and antifungal), collectively
constitute approximately 70% of the observed activities (Figure 2).

246



Pharmaceuticals 2023, 16, 1265

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 3 of 98 
 

 

was primarily placed on aromatic benzo[b]furans, excluding related search terms like fu-
rans and furanones. This approach resulted in a collection of 36 articles for the current 
review, of which 27 pertain to cancer (anticancer, antitumor, and antiproliferative) and 9 
involve antimicrobial activity (antibacterial and antifungal). The articles chosen for this 
review offer insights into various aspects, including chemical synthesis, molecular dock-
ing discussions involving enzyme–substrate complexes, in vitro and in vivo studies, and 
diverse analytical techniques, such as flow cytometry, Western blotting, and confocal mi-
croscopy. These methodologies elucidate how the compounds impact the inhibition of the 
cell cycle, tumor regression, reduction in colony-forming units, and microbial growth. 
This broadens the scope for future investigations in the field of benzo[b]furan derivatives, 
encompassing chemical synthesis and the evaluation of anticancer and antimicrobial ac-
tivities. 

 
Figure 2. Bibliometric analysis: percentage distribution of articles across various biological activities 
of benzo[b]furan derivatives from 2011 to 2022 (data obtained from the Scopus database using the 
keywords: “benzo[b]furan” and each one activity). 

2. Synthesis of Bioactive Benzo[b]furan Derivatives 
2.1. Anticancer Activity 

Benzo[b]furan derivatives have demonstrated a fascinating array of biological and 
pharmaceutical activities, including antitumor properties. For instance, Flynn et al. de-
scribed the discovery of 7-hydroxy-6-methoxy-2-methyl-3-(3,4,5-trimethoxyben-
zoyl)benzo[b]furan (BNC105, 6a, R1 = OH, R2 = Me), a potent and selective antiproliferative 
agent. They achieved the synthesis of various derivatives, many of which were obtained 
through a modified Larock-type coupling between o-iodophenol 1a,b and 3-silyl-1-ar-
ylpropinone 2, yielding 2-silylbenzo[b]furans 3a,b in 59% and 69% yields, respectively 
(Scheme 1) [32,33]. Subsequently, silanes 3a (R1 = H) and 3b (R1 = Oi-Pr) underwent treat-
ment with TBAF in methanol to remove the silyl groups. For compound 3b, an additional 
reaction with AlCl3 was performed to eliminate the isopropyl group, resulting in the for-
mation of compounds 4a (R1 = H) and 4b (R1 = OAc) with yields of 83% and 86%, respec-
tively. On the other hand, compound 3a underwent bromodesilylation with a 59% yield, 
producing 2-bromobenzo[b]furan 5a (R1 = H). To avoid competitive bromination of the C–
4 position of benzo[b]furan during the bromodesilylation process of 3b, the isopropyl 
group was first exchanged for an acetyl group, yielding compound 3c. Subsequent bro-
modesilylation of 3c resulted in the formation of compound 5b with a 69% yield. Addi-
tionally, the brominated derivatives 5a and 5b exhibited versatile functionality allowing 
bromine replacement through palladium coupling or nucleophilic displacement, leading 
to the formation of analog series 6, which includes heterocyclic, carbocyclic, and alicyclic 
analogs at C–2 of benzo[b]furan (Table 1). One striking example of the versatility of the 

Figure 2. Bibliometric analysis: percentage distribution of articles across various biological activities
of benzo[b]furan derivatives from 2011 to 2022 (data obtained from the Scopus database using the
keywords: “benzo[b]furan” and each one activity).

The most representative articles from these activities were selected and grouped under
the headings of anticancer, antibacterial, and antifungal activities. In doing so, a focus was
primarily placed on aromatic benzo[b]furans, excluding related search terms like furans
and furanones. This approach resulted in a collection of 36 articles for the current review,
of which 27 pertain to cancer (anticancer, antitumor, and antiproliferative) and 9 involve
antimicrobial activity (antibacterial and antifungal). The articles chosen for this review offer
insights into various aspects, including chemical synthesis, molecular docking discussions
involving enzyme–substrate complexes, in vitro and in vivo studies, and diverse analytical
techniques, such as flow cytometry, Western blotting, and confocal microscopy. These
methodologies elucidate how the compounds impact the inhibition of the cell cycle, tumor
regression, reduction in colony-forming units, and microbial growth. This broadens the
scope for future investigations in the field of benzo[b]furan derivatives, encompassing
chemical synthesis and the evaluation of anticancer and antimicrobial activities.

2. Synthesis of Bioactive Benzo[b]furan Derivatives
2.1. Anticancer Activity

Benzo[b]furan derivatives have demonstrated a fascinating array of biological and phar-
maceutical activities, including antitumor properties. For instance, Flynn et al. described
the discovery of 7-hydroxy-6-methoxy-2-methyl-3-(3,4,5-trimethoxybenzoyl)benzo[b]furan
(BNC105, 6a, R1 = OH, R2 = Me), a potent and selective antiproliferative agent. They
achieved the synthesis of various derivatives, many of which were obtained through a
modified Larock-type coupling between o-iodophenol 1a,b and 3-silyl-1-arylpropinone 2,
yielding 2-silylbenzo[b]furans 3a,b in 59% and 69% yields, respectively (Scheme 1) [32,33].
Subsequently, silanes 3a (R1 = H) and 3b (R1 = Oi-Pr) underwent treatment with TBAF
in methanol to remove the silyl groups. For compound 3b, an additional reaction with
AlCl3 was performed to eliminate the isopropyl group, resulting in the formation of com-
pounds 4a (R1 = H) and 4b (R1 = OAc) with yields of 83% and 86%, respectively. On
the other hand, compound 3a underwent bromodesilylation with a 59% yield, producing
2-bromobenzo[b]furan 5a (R1 = H). To avoid competitive bromination of the C–4 position
of benzo[b]furan during the bromodesilylation process of 3b, the isopropyl group was first
exchanged for an acetyl group, yielding compound 3c. Subsequent bromodesilylation of
3c resulted in the formation of compound 5b with a 69% yield. Additionally, the bromi-
nated derivatives 5a and 5b exhibited versatile functionality allowing bromine replacement
through palladium coupling or nucleophilic displacement, leading to the formation of
analog series 6, which includes heterocyclic, carbocyclic, and alicyclic analogs at C–2 of
benzo[b]furan (Table 1). One striking example of the versatility of the brominated deriva-
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tives is observed in the synthesis of the biologically significant compound 6a (R1 = OH,
R2 = Me), which was obtained via a Negishi reaction, coupling the derivative 5b with
methylzinc bromide using palladium, achieving an impressive 93% yield. 

 

 

 
Pharmaceuticals 2023, 16, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/pharmaceuticals 

O

O

OMeMeO

MeO

MeO
R1

TBDMS
OMe

TBDMS O

O

OMeMeO

MeO

MeO
R1

O

O

OMeMeO

MeO

MeO
R1

Br
O

O

OMeMeO

MeO

MeO
R1

R2

d

1a R1 = H
1b R1 = Oi-Pr

3a R1 = H, R2 = OCH3 (59%)
3b R1 = Oi-Pr, R2 = OCH3 (69%)
3c R1 = OAc, R2 = OCH3 (93%)

3a and 3c

4a R1 = H step (I) (83%)
4b R1 = OH steps (I) & (II) (86%)

3a and 3b

5a R1 = H (59%)
5b R1 = OAc (69%)

e

6

I OH

R1 O

OMe
MeO

MeO

2

+ a b

c

 
Scheme 1. Modified Larock coupling synthesis. Reagents and conditions: (a) Pd(OAc)2, Na2CO3, 
DMF; (b) TBAF, THF, AlCl3, CH2Cl2; (c) AlCl3, CH2Cl2, Ac2O, Pyridine; (d) Br2, 1,2-dichloroethane; 
(e) coupling with palladium or nucleophilic displacement. 

Scheme 1. Modified Larock coupling synthesis. Reagents and conditions: (a) Pd(OAc)2, Na2CO3,
DMF; (b) TBAF, THF, AlCl3, CH2Cl2; (c) AlCl3, CH2Cl2, Ac2O, Pyridine; (d) Br2, 1,2-dichloroethane;
(e) coupling with palladium or nucleophilic displacement.

A molecular docking simulation was performed to investigate the interactions of
compounds 4b and 6a with the α,β-tubulin dimer complexed with podophyllotoxin (PDB
ID code: 1SA1). During the docking study, the structures of compounds 4b and 6a were
oriented, considering the structural similarities between these synthesized compounds
and colchicine 7. Specifically, the study focused on the interaction of colchicine with the
β-tubulin subunit, where the 3,4,5-trimethoxyphenyl rings overlapped with similar rings
in colchicine. Additionally, the C6–OMe and C7–OH substituents were examined for
their interactions with the methoxy and carbonyl groups on the tropone ring of colchicine
(Figure 3). The study showed the formation of a hydrogen bond between the C7–OH group
of the benzo[b]furan (4b and 6a) with the Asn β258 side chain, as well as the formation
of a hydrogen bond with the amide nitrogen Val 181 in the adjacent subunit of α-tubulin.
Furthermore, the orientation of the C–2 position of benzo[b]furan toward a gap between
the α- and β-tubulin subunits allows it to harbor large substituents.
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Table 1. Anticancer evaluation of benzo[b]furans 4–6. 
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Compound R1 R2 Tubulin a

IC50 (µM)
MCF-7 b

IC50 (µM)

Activated
HUVEC c

IC50 (µM)

Quiescent
HUVEC d

IC50 (µM)

Selectivity
Ratio e

CA-4 f - - 1.8 ± 0.2 2.9 3.6 3.9 1.1
4a H H 1.6 ± 0.2 55 ± 5 45 63 1.4
4b OH H ND 45 ± 15 83 322 3.9
5a H Br ND 495 ± 25 510 309 0.6
6a OH Me 3.0 ± 0.6 2.4 ± 2 0.31 25 81

6b H
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6c H ND 215 ± 15 485 405 0.8
6d OH 2-Furanyl 8.7 ± 0.8 0.6 ± 0.2 3.6 3.4 0.9
6e OH 2-Thiophenyl ND 0.5 ± 0.2 0.31 0.36 1.2
6f OH Pyrrole ND ND 2.6 3.3 1.3
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ND ND 3.1 2.9 0.9

6l OH NH2 ND ND 1.9 8.8 4.6
a The tubulin concentration used was 10 µM. Inhibition of extent of assembly was the parameter measured (n = 2).
b Cells were cultured for 48 h at 37 ◦C in a humidified atmosphere containing 5% CO2. The data presented
are the mean ± SD of two independent experiments. c HUVEC cells were seeded at 2500 and 500 cells/well
and cultured in EGM-2 (Lonza) or F12K medium containing 0.03 mg/mL endothelial cell growth supplement.
d HUVEC and HAAE-1 cells were seeded at 15,000 and 5000 cells/well, respectively, in basal medium (EBM-2
or F12K) containing 0.5% fetal calf serum and antibiotics. e Selectivity ratio (IC50 quiescent)/(IC50 activated).
f Combretastatin-A4 (CA-4) is the standard drug for the study. ND means not detected. Reprinted (adapted) with
permission from ref. [32]. Copyright American Chemical Society, 2023.

Another conducted study aimed to evaluate the effectiveness of benzo[b]furan 6a
on various human cancer cell lines using Combretastatin-A4 (CA-4) as a standard drug
(Table 2). Interestingly, the results revealed that benzo[b]furan 6a exhibited excellent se-
lectivity against human aortic arterial endothelial cells (HAAECs), a characteristic not
observed with CA-4. Furthermore, compound 6a demonstrated significantly higher an-
tiproliferative activity than CA-4, with up to a 10-fold increase in potency observed across
many of the tested cell lines.
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Figure 3. The molecular docking study utilized the X-ray crystal structure of the bovine α,β-tubulin
dimer complexed with podophyllotoxin (PDB ID code: 1SA1). The benzo[b]furans were docked at
the colchicine site using Glide. (a) The structure of colchicine 7; (b) comparison with the orientation
of colchicine 7 bound to the crystal; and (c,d) the docked orientations of 4b and 6a, respectively.
The β-subunit of tubulin is represented by carbon atoms in light blue, and the Thr residue R179 is
depicted in dark blue. Reprinted (adapted) with permission from ref. [32]. Copyright American
Chemical Society, 2023.

Table 2. In vitro inhibition of cell proliferation in various cancer cell lines by 6a and CA-4.

Entry Cell Line a Cell Type 6a IC50 (nM) CA-4 IC50 (nM)

1 Activated HAAE-1 Endothelial cell 0.1 (120) b 2.2 (1.7) b

2 Quiescent HAAE-1 Endothelial cell 12 1.3
3 U87-MG Brain glioblastoma 0.41 2.6
4 DU145 Prostate carcinoma 0.36 4
5 Calu-6 Lung anaplastic carcinoma 0.16 0.94
6 MDA-MB-231 Breast adenocarcinoma 0.63 3.2
7 A431 Epidermoid carcinoma 18.6 188
8 A375 Malignant skin melanoma 1.5 2.1
9 SKOV-3 Ovary adenocarcinoma 0.59 5.5

10 LoVo Colorectal adenocarcinoma 0.24 2.9
11 AU565 Breast adenocarcinoma 5.8 4.4
12 BT549 Breast carcinoma 0.34 3.5

a HAAE-1 cells were seeded at 500 cells/well in medium containing 0.03 mg/mL endothelial cell growth
supplement (activated) or in basal medium containing 0.5% fetal calf serum and antibiotics (quiescent). Cancer
cell lines were seeded at an average of 500–2000 cells/well and cultured as recommended by the ATCC. b Selectivity
ratio (IC50 quiescent)/(IC50 activated) in parentheses. Reprinted (adapted) with permission from ref. [32].
Copyright American Chemical Society, 2023.

On the other hand, Romagnoli et al. highlighted the significance of incorporating
a 3,4,5-trimethoxybenzoyl group at the C–2 position of benzo[b]furan in determining
the antiproliferative activity of benzofuran derivatives [34]. As depicted in Scheme 2,
they synthesized a series of amino 2-(3′,4′,5′-trimethoxybenzoyl)-benzo[b]furan with good
yields through three reaction steps: (1) a one-step cyclization reaction of nitrosalicylalde-
hydes or 2-hydroxyacetophenone 8 with 2-bromo-1-(3′,4′,5′-trimethoxyphenyl)ethanone
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and anhydrous potassium carbonate in acetone at reflux, yielding the nitro derivatives of
2-(3′,4′,5′-trimethoxybenzoyl)benzo[b]furanone 9a–j; (2) the subsequent reduction of the
nitro group using iron in a mixture of 37% HCl in water and ethanol at reflux, leading to
the formation of the amino derivatives 10a–j; and (3) the preparation of analogs 11a–i in
good yields through a substitution reaction between α-bromoacrylic acid and the amino
benzo[b]furanone derivatives 10a–f and 10h–j, using an excess of two equivalents of EDCI
and BtOH in dry DMF as a solvent. The glycine prodrug 13 was obtained in a 95% yield
through the reaction between the amino derivative 10h and N-Boc-glycine using EDCI and
BtOH as coupling agents, with subsequent scission of the N-Boc protecting group with a
solution of 3M HCl in ethyl acetate.
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BtOH, DMF, r.t, 12 h, 83%; (e) 3M HCl in EtOAc, r.t, 3 h, 95%. Yields for compounds 9a–j have not 
been reported by the authors. 

  

Scheme 2. Synthesis of benzo[b]furans 9–13. Reagents and conditions: (a) 2-bromo-1-(3′,4′,5′-
trimethoxyphenyl)ethanone, K2CO3, acetone, reflux, 18 h; (b) Fe, HCl (37% in H2O), EtOH, reflux,
3 h, 42–79%; (c) α-bromoacrylic acid, EDCI, BtOH, DMF, r.t, 18 h, 44–66%; (d) N-Boc-glycine, EDCI,
BtOH, DMF, r.t, 12 h, 83%; (e) 3M HCl in EtOAc, r.t, 3 h, 95%. Yields for compounds 9a–j have not
been reported by the authors.

The antiproliferative activity of this series of derivatives, including amino 2-(3′,4′,5′-
trimethoxybenzoyl)-benzo[b]furans 10a–j and 11a–I, was evaluated against various cancer
cell lines, along with CA-4 as the standard drug (Table 3). Compound 10h (R4,7 = H,
R3 = Me, R5 = NH2, R6 = OMe) demonstrated the most promising results in the series,
exhibiting significant growth inhibition against cancer cell lines L1210, FM3A/0, Molt4/C8,
CEM/0, and HeLa, with IC50 values ranging from 16 to 24 nM. Notably, compound 10h
exhibited higher activity in the FM3A/0 cell line, with an IC50 value of 24 nM, compared
to the standard drug CA-4 (IC50 = 42 nM). SAR information derived from the comparison
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of unsubstituted compounds 10b (R3,4,6,7 = H, R5 = NH2), 10g (R3,4,7 = H, R5 = NH2,
R6 = OMe), and 10i (R3,4,6 = H, R5 = NH2, R7 = OMe) vs. methyl derivatives 10c (R4,6,7 = H,
R3 = Me, R5 = NH2), 10h (R4,7 = H, R3 = Me, R5 = NH2, R6 = OMe), and 10j (R4,6 = H,
R3 = Me, R5 = NH2, R7 = OMe) showed a significant increase in antiproliferative activity
against cell lines by introducing the methyl group at the C–3 position of the benzofuran
ring. Also, an increase in activity can be observed when comparing the methyl derivative
10c with 10b. When comparing the activities of compounds 10g and 10h with those of 10i
and 10j, higher activity can be observed in compounds with methoxy groups at position
C–6 rather than at position C–7 of the benzofuran ring. According to the results, compound
10h, with a methyl group at the C–3 position and a methoxy group at the C–6 position,
exhibited 2–4 times greater potency than the unsubstituted compound 10g and 3–10 times
higher activity than compound 10j, which features a methoxy group at the C–7 position of
the benzofuran ring. Changing the positions of the amino and methoxy groups from 10j
(R4,6 = H, R3 = Me, R5 = NH2, R7 = OMe) to 10f (R4,6 = H, R3 = Me, R5 = OMe, R7 = NH2)
resulted in a reduction in activity.

Table 3. In vitro inhibitory effects of benzo[b]furans 10, 11, and CA-4 against the proliferation of
murine leukemia (L1210), murine mammary carcinoma (FM3A), human T-lymphocyte (Molt/4 and
CEM), and human cervix carcinoma (HeLa) cells.

Compound IC50 (nM) b

L1210 FM3A/0 Molt4/C8 CEM/0 HeLa

10a 6700 ± 600 9200 ± 800 ND c 5400 ± 1200 2200 ± 600
10b >10,000 >10,000 >10,000 >10,000 >10,000
10c 2500 ± 100 3600 ± 150 ND 2400 ± 400 5500 ± 530
10d >10,000 >10,000 >10,000 >10,000 7500 ± 200
10e >10,000 >10,000 >10,000 >10,000 >10,000
10f >10,000 >10,000 >10,000 >10,000 >10,000
10g 73 ± 24 73 ± 2 66 ± 6.7 59 ± 4.1 42 ± 3.8
10h 19 ± 2 24 ± 6 22 ± 4 22 ± 5 16 ± 1
10i 600 ± 90 560 ± 90 870 ± 20 450 ± 10 370 ± 30
10j 67 ± 4 140 ± 13 360 ± 20 120 ± 10 490 ± 54
11a 78 ± 2.8 200 ± 90 ND 110 ± 20 1000 ± 80
11b 150 ± 8 320 ± 30 230 ± 1 390 ± 30 1100 ± 90
11c 320 ± 17 520 ± 29 ND 310 ± 80 430 ± 90
11d 420 ± 90 1200 ± 90 ND 600 ± 37 1200 ± 80
11e 800 ± 51 780 ± 62 1100 ± 90 970 ± 55 1000 ± 100
11f 1200 ± 40 5900 ± 380 ND 3200 ± 240 5900 ± 900
11g 430 ± 23 960 ± 78 ND 340 ± 20 1000 ± 100
11h 120 ± 14 250 ± 15 300 ± 40 240 ± 38 780 ± 54
11i 390 ± 20 1100 ± 100 920 ± 91 770 ± 15 1400 ± 120
13 14 ± 1 10 ± 8 18 ± 1 20 ± 2 14 ± 1

CA-4 a 2.8 ± 1.1 42 ± 6.0 16 ± 1.4 1.9 ± 1.6 1.9 ± 1.6
a Combretastatin-A4 (CA-4) is the standard drug for the study. b The data presented are the mean ± SD of three
independent experiments. c ND means not detected. Reproduced with permission from ref. [34]. Copyright John
Wiley & Sons Inc., 2023.

The unsubstituted α-bromoacryloylamide derivatives 11a (R3,5–7 = H, R4 = X), 11b
(R3,4,6,7 = H, R5 = X), 11d (R3–5,7 = H, R6 = X), and 11e (R3–6 = H, R7 = X) exhibited
antiproliferative potency that was 10–100 times greater than their amino counterparts,
demonstrating the direct relationship between the presence of α-bromoacryloylamides
and increased activity (Table 3). Shifting the α-bromoacryloylamide group from the C–4
at the 5 position to the C–6 at the 7 position led to decreased activity. Finally, there were
no significant differences in antiproliferative activity on all cell lines observed between
compound 10h and its glycine hydrochloride prodrug 13.

To explore the potential correlation between antiproliferative activity and tubulin
inhibition, the most active compounds, 10g, 10h, 10i, 10j, and 11a, were evaluated in
the inhibition of tubulin polymerization. Among these compounds, 10h demonstrated
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the highest potency, displaying an IC50 value of 0.56 µM, which was two times higher
than that of CA-4 (IC50 = 1.0 µM). Compounds 10g and 10j exhibited IC50 values of 1.4
and 1.6 µM, respectively, for tubulin polymerization, showing a marginal decrease in
potency compared to CA-4. Compound 10i exhibited approximately half the activity of
10j. In contrast, compound 11a did not induce any alteration in tubulin assembly, even
at a concentration as high as 40 µM, suggesting that the mechanism of action of this α-
bromoacryloylamide derivative does not involve interaction with tubulin. Subsequently,
the effect of the selected compounds, 10g, 10h, 10j, and 11a, was assessed on the cell cycle
of human myeloid leukemia cell lines HL-60 and U937 using flow cytometry. The cells were
cultured for 24 h with a concentration of 100 nM for each compound, and the two most
active compounds (10g and 10h) were examined at a lower concentration of 10 nM. Figure 4
shows the fractions of hypodiploid cells in the sub-G1 peak of each compound studied,
representing apoptotic cells. Compound 10j showed a modest increase in apoptotic cells at
100 nM, while compounds 10g and 10h presented different effects on the cell cycle in the
two cell lines. It was observed that compound 11a had no effect on cell cycle distribution
at 100 nM, in agreement with the previous results observed in tubulin inhibition. The
significant increase in the sub-G1 peak in both cell lines with increasing concentrations
of compounds 10g and 10h suggests that these compounds exert their growth inhibitory
effect by inducing apoptosis.
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To further examine the apoptotic effects of compounds 10g, 10h, 10j, and 11a, prote-
olytic processing of caspases in HL-60 and U937 cells was observed by Western blot anal-
ysis (Figure 5). Compounds 10g, 10h, 10j, and 11a allowed the cleavage of inactive pro-
caspase-9 to the active 37 kDa fragment, while lower concentrations of compounds 10g 
and 10h (0.3 µM) significantly promoted procaspase-8 hydrolysis. Furthermore, com-
pounds 10g and 10h significantly led to the cleavage of inactive procaspases-3 and -6 in 
both cell lines (Figure 5). Additionally, the induction of poly(ADP-ribose)polymerase 
(PARP) cleavage showed that compounds 10j and 11a exhibited lower potency in induc-
ing PARP cleavage compared to compounds 10g and 10h. The appearance of the fragment 
at 85 kDa coincided with caspase-3 activation, observed by a decrease in the proenzyme 
at 36 kDa and an increase in cleaved procaspase-3 levels at 20 and 18 kDa (Figure 5). Dose–
response studies were performed, and cytosolic preparations were analyzed by immunob-
lotting to investigate whether apoptosis induced by compounds 10g, 10h, 10j, and 11a in 
HL-60 and U937 cells involved the release of cytochrome c from mitochondria into the 

Figure 4. Compounds 10g, 10h, 10j, and 11a were put on approval against (a) HL-60 and (b) U937
cells for 24 h at indicated concentrations (in µM). Apoptosis was determined using flow cytometry.
Values represent the mean ± SE of three independent experiments, each conducted in triplicate.
Reproduced with permission from ref. [34]. Copyright John Wiley & Sons Inc., 2023.

To further examine the apoptotic effects of compounds 10g, 10h, 10j, and 11a, prote-
olytic processing of caspases in HL-60 and U937 cells was observed by Western blot analysis
(Figure 5). Compounds 10g, 10h, 10j, and 11a allowed the cleavage of inactive procaspase-9
to the active 37 kDa fragment, while lower concentrations of compounds 10g and 10h
(0.3 µM) significantly promoted procaspase-8 hydrolysis. Furthermore, compounds 10g
and 10h significantly led to the cleavage of inactive procaspases-3 and -6 in both cell lines
(Figure 5). Additionally, the induction of poly(ADP-ribose)polymerase (PARP) cleavage
showed that compounds 10j and 11a exhibited lower potency in inducing PARP cleavage
compared to compounds 10g and 10h. The appearance of the fragment at 85 kDa coin-
cided with caspase-3 activation, observed by a decrease in the proenzyme at 36 kDa and
an increase in cleaved procaspase-3 levels at 20 and 18 kDa (Figure 5). Dose–response
studies were performed, and cytosolic preparations were analyzed by immunoblotting to
investigate whether apoptosis induced by compounds 10g, 10h, 10j, and 11a in HL-60 and
U937 cells involved the release of cytochrome c from mitochondria into the cytosol during
the apoptotic event. The results revealed a significant increase in the amount of cytochrome
c in the cytosol of both cell lines at 15 kDa (Figure 5).

253



Pharmaceuticals 2023, 16, 1265

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 10 of 98 
 

 

cytosol during the apoptotic event. The results revealed a significant increase in the 
amount of cytochrome c in the cytosol of both cell lines at 15 kDa (Figure 5). 

CA-4 and its analogs have been clinically termed vascular disruptors agents (VDAs) 
[35], so glycine prodrug 13 was tested to see its ability as a VDA in an in vivo model in rat 
breast cancer tumors, using the spatial frequency optical technique (SDFI). With 10 min of 
administration of compound 13 (30 mg kg−1), there is a rapid decrease in oxygen saturation 
in tumor tissues similar to that observed with CA-4, confirming that prodrug 13 causes 
vascular disruption in vivo. 

 
Figure 5. Relationship between caspases and the induction of apoptosis in two leukemia cell lines. 
Cells were incubated at different concentrations of compounds 10g, 10h, 10j, or 11a, and the cell 
lysates were analyzed by immunoblotting for cleavage of pro-caspases-9, -8, -6, and -3; poly(ADP-
ribose) polymerase (PARP); and cytochrome c release. β-Actin served as the loading control. Repro-
duced with permission from ref. [34]. Copyright John Wiley & Sons Inc., 2023. 

Interestingly, Wellington et al. conducted the synthesis of a variety of dihydroxylated 
5,6-benzo[b]furans 16 with catechol derivative 14 using a commercial laccase, Suberase®, 
under different reaction conditions [36]. All the synthesized compounds were evaluated 
for their anticancer properties. The synthetic protocol consisted of reacting an equivalent 
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Figure 5. Relationship between caspases and the induction of apoptosis in two leukemia cell lines.
Cells were incubated at different concentrations of compounds 10g, 10h, 10j, or 11a, and the cell
lysates were analyzed by immunoblotting for cleavage of pro-caspases-9, -8, -6, and -3; poly(ADP-
ribose) polymerase (PARP); and cytochrome c release. β-Actin served as the loading control. Repro-
duced with permission from ref. [34]. Copyright John Wiley & Sons Inc., 2023.

CA-4 and its analogs have been clinically termed vascular disruptors agents (VDAs) [35],
so glycine prodrug 13 was tested to see its ability as a VDA in an in vivo model in rat
breast cancer tumors, using the spatial frequency optical technique (SDFI). With 10 min of
administration of compound 13 (30 mg kg−1), there is a rapid decrease in oxygen saturation
in tumor tissues similar to that observed with CA-4, confirming that prodrug 13 causes
vascular disruption in vivo.

Interestingly, Wellington et al. conducted the synthesis of a variety of dihydroxylated
5,6-benzo[b]furans 16 with catechol derivative 14 using a commercial laccase, Suberase®,
under different reaction conditions [36]. All the synthesized compounds were evaluated
for their anticancer properties. The synthetic protocol consisted of reacting an equivalent of
catechol 14 with an equivalent of the 1,3-dicarbonyl compound 15 at room temperature
using Suberase® in an air-open vessel at pH 7.15 (Scheme 3). In method A, the reaction
of catechol derivatives 14a–c with 1,3-dicarbonyls compounds 15a–e was performed at
room temperature at pH 7.15 for 24 h. In method B, the reaction was conducted under
similar conditions with an extended time of 44 h to investigate the potential enhancement
in product yield with prolonged reaction time. In method C, a mixture of the 1,3-dicarbonyl
compound and catechol, combined in a 4:1 ratio, was dissolved in DMF. Subsequently, the
resulting mixture was left to react for 42 h. The results obtained from methods A–C are
shown in Table 4. In particular, method A demonstrated the most favorable outcome of the
three methods, exhibiting the highest yield of 98% for compound 16j (Entry 15, Table 4).
On the other hand, method B afforded compound 16k in a 77% yield (Entry 18, Table 4),
while method C yielded 71% for compound 16g (Entry 11, Table 4). It is worth noting that
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the reaction time in Method B had minimal impact on the yield, whereas the presence of
DMF in method C may have potentially deactivated the laccase, Suberase®, leading to
lower yields.
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Table 4. Reaction conditions for the synthesis of dihydroxylated 5,6-benzo[b]furans 16a–n.

Entry Catechol
Derivative

1,3-
Dicarbonyl
Compound

Reaction
Time (h) Method Yield 16 (%)

1 14a
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24 A 16a (48)
2 14a 44 B 16a (49)
3 14b 24 A 16b (50)

4 14a
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24 A 16c (65)
5 14b 24 A 16d (62)
6 14b 44 B 16d (67)
7 14c 24 A 16e (70)

8 14a
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24 A 16f (59)
9 14a 42 C 16f (50)

10 14b 24 A 16g (78)
11 14b 42 C 16g (71)
12 14c 24 A 16h (37)

13 14a
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24 A 16i (58)
14 14a 42 C 16i (40)
15 14b 24 A 16j (98)
16 14b 42 C 16j (59)
17 14c 24 A 16k (73)
18 14c 44 B 16k (77)

19 14a
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24 A 16l (76)
20 14a 42 C 16l (50)
21 14b 24 A 16m (80)
22 14c 24 A 16n (43)
23 14c 42 C 16n (15)

Anticancer studies were performed on various types of cancer, including renal (TK10),
melanoma (UACC62), breast (MCF7), and cervical (HeLa), using a sulforhodamine B (SRB)
assay to determine the growth inhibitory effects of these compounds. Notably, the 5,6-
dihydroxylated benzo[b]furans 16e, 16g, 16h, 16k, 16m and 16n exhibited potent cytotoxic
effects against the melanoma cell line (UAC62), with GI50 values ranging from 0.77 to
9.76 µM. Among these compounds, 16h (R = OMe, R1 = R2 = CH2, R3 = H, R4 = Me)
and 16n (R = OMe, R1 = R2 = CH2, R3 = H, R4 = Ph) showed better activity than the
standard drug Etoposide (GI50 = 0.89 µM). Moreover, compound 16n showed potent
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activity (GI50 = 9.73 µM) against the renal cancer cell line (TK10), while both 16h and 16n
demonstrated strong activity against the breast cancer cell line (MCF7), with GI50 values of
8.79 and 9.30 µM, respectively.

In 2013, Kamal et al. synthesized a series of benzo[b]furans with a modification
at position 5 of the benzene ring by introducing C-linked substituents to generate 2-
(3′,4′,5′-trimethoxybenzoyl)benzo[b]furan derivatives [37]. The most biologically inter-
esting benzo[b]furan derivatives, 22 and 25, were synthesized through a sequence of
reactions depicted in Scheme 4, which included (a) the acylation of 17 to yield product
18; (b) methylation using methyl iodide and potassium carbonate, resulting in 19; (c) iodi-
nation with iodine and silver nitrate in a catalytic amount to produce 20; (d) cyclization
with 2-bromo-1-(3,4,5-trimethoxyphenyl)ethanone and potassium carbonate in acetone
to furnish the benzofuran derivative 21; (e) Sonogashira coupling reaction to obtain 22;
(f) Wittig reaction with the ylide generated from methyltriphenylphosphonium bromide in
the presence of LiHMDS, leading to 23; (g) Heck coupling reaction with ethyl acrylate to
yield the ethyl cinnamate derivative 24; and (h) ester reduction with DIBAL resulting in
the formation of (E)-allyl alcohol 25.
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Scheme 4. Synthesis of benzo[b]furan derivatives 22 and 25, and the reaction conditions: (a) an-
hydrous ZnCl2, CH3COOH, reflux, 12 h, 73%; (b) K2CO3, CH3I, acetone, reflux, 18 h, 85%; (c) I2,
AgNO3 (cat.), Ph3PCH3Br, THF, 0 ◦C, 50–70%; (d) 2-bromo-1-(3,4,5-trimethoxyphenyl)ethenone,
K2CO3, acetone, reflux, 12 h, 75%; (e) substitution alkynes, PdCl2(PPh3)3, CuI, Et3N, THF, 60 ◦C, 14 h,
62–65%; (f) LiHMDS, Ph3PCH3Br, THF, 0 ◦C, 50–70%; (g) ethyl acrylate, PdCl2(Ph3P)2, Et3N, DMF,
60 ◦C, 24 h, 65%; (h) DIBAL, CH2Cl2, 0 ◦C, 1 h, 60%.

A study was performed to assess the cytotoxicity of benzofuran analogs against
ME-180, A549, ACHNs, HT-29, and B-16 cell lines using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay and CA-4 as the standard drug (Table 5).
The results from compound 22, which contains a 4-MeO-phenylacetylene group, showed
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good activity, with IC50 values in the range of 0.08–1.14 µM against all evaluated cell lines,
as shown in Table 5. However, derivative 22 was two times less active against A549 and
significantly less active against all four cell lines compared to CA-4. On the other hand,
analog 25 exhibited the effect of the alkenyl substituent at position 5 of benzofuran on
cytotoxicity, showing higher potency compared to compound 22 against ME-180, A549,
ACHN, and B-16 cancer cell lines, with IC50 values ranging from 0.06 to 0.17 µM. These
values were comparable to those obtained with CA-4 against A549 and ACHN cancer lines,
with IC50 values of 0.05 and 0.09 µM, respectively. Furthermore, compounds 22 and 25
inhibited tubulin polymerization by 37.9 and 65.4%, respectively, which is comparable to
the 70.5% tubulin inhibition observed with CA-4 (Table 5).

Table 5. The cytotoxicity against a panel of cancer cell lines and the inhibition of tubulin polymeriza-
tion of compounds 22, 25, and CA-4.

Compound
IC50 (µM) b Tubulin

ME-180 A549 ACHN HT-29 B-16 IC50 (µM) c %

22 0.19 ± 0.02 0.08 ± 0.16 0.97 ± 0.49 0.08 ± 0.10 1.14 ± 0.50 3.81 ± 0.4 37.9
25 0.09 ± 0.02 0.06 ± 0.11 0.09 ± 0.14 0.08 ± 0.01 0.17 ± 0.09 1.95 ± 0.1 65.4

CA-4 a 0.007 ± 0.06 0.05 ± 0.06 0.09 ± 0.08 0.008 ± 0.01 0.06 ± 0.01 1.86 ± 0.1 70.5
a Combretastatin-A4 (CA-4) is the standard drug for the study. b Values are the mean ± SD of three independent
experiments determined after 48 h of treatment. c Values are the mean ± SD of two independent experiments
performed in triplicate.

Apoptotic studies were performed using various assays, including Hoechst staining
assay, caspase-3 activation, DNA fragmentation analysis, and Western blot analysis. Specif-
ically, a Hoechst staining assay was utilized to study the effects of compounds 22 and 25
on nuclear condensation. Remarkably, cells treated with these compounds showed a pro-
nounced increase in nuclear condensation compared to untreated cells, strongly suggesting
their potent ability to induce cell apoptosis (Figure 6). In addition, caspase-3 activation
analysis was conducted on A549 cells, treating them with concentrations of 50 and 100 nM
of compounds 22 and 25 and comparing them to CA-4 at 100 nM. The results indicated
a significant increase in caspase-3 activation, ranging from 1.5- to 3-fold compared to the
control experiment (50 and 100 nM), demonstrating the programmed apoptotic activity
induced by compounds 22 and 25 in the A549 cells.
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DNA fragmentation analysis was conducted by incubating A549 cells with a 50 nM
concentration of compounds 22 and 25. The results revealed a discrete staircase pattern
after 48 h of treatment, indicative of significant fragmentation associated with cell death
(Figure 7a). Additionally, Western blot analysis was realized on the same cancer cell line,
treating it with the same concentration of compounds 22 and 25 as used in the DNA
fragmentation analysis (Figure 7b). After 48 h of treatment, it was observed that the anti-
apoptotic protein Bcl-2 was down-regulated, while the pro-apoptotic protein Bax was
up-regulated. The results provide evidence that the induction of apoptosis by compounds
22 and 25 is associated with Bcl-2 down-regulation.
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compounds 22 and 25. The gel electrophoresis results show lane 1: control (A549 cells), lane 2:
CA-4 (50 nM), lane 3: marker (100 bp), lane 4: 22 (50 nM), and lane 5: 25 (50 nM). (b) The effect of
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and Bax, using β-actin as the loading control. Reproduced with permission from ref. [37]. Copyright
John Wiley & Sons Inc., 2023.

In a study conducted by Frías et al., an asymmetric synthesis of diheteroarylalkanes
was presented. This synthesis involved a one-pot reaction using dienamine and Friedel–
Crafts reactions between aldehyde 26 and indole 27, catalyzed by the Hayashi–Jorgensen
catalyst 28 (20 mol %). Various substituents at different positions on the aldehyde and indole
were utilized during the reaction [38]. When starting, materials with electron-withdrawing
groups (EWGs) or electron-donating groups (EDGs) were located at the para position to
the oxygen atom, and products 29a,g–I showed good yields and enantioselectivity ranging
from 93% to 97% toward the (S)-enantiomer (Table 6). However, substrates substituted at
the ortho and meta positions also enabled the synthesis of products 29j and 29k without a
decrease in the final enantioselectivity (ee = 93% and 94%, respectively). Indoles with bromo
(29b) or methoxy (29c) substituents exhibited satisfactory yields and enantioselectivity
(>95%). Methyl groups displayed good yield and enantioselectivity in products 29d and 29e
(ee = 99% and 96%, respectively). Additionally, the introduction of the 1H-benzo[g]indole
group resulted in the desired aldehyde 29f with excellent enantioselectivity (ee = 98%).

The enantioselectivity of compound 29 is explained through the proposed reaction
mechanism depicted in Scheme 5. It begins with the condensation reaction between
aldehyde 26 and organocatalyst 28 to form iminium ion I. Then, the isomerization of I gives
dienamine intermediate II, which undergoes intramolecular condensation/dehydration
sequence to afford iminium ion III. At this pivotal stage, indole 27 undergoes an attack on
intermediate III, leading to the formation of product 29 with remarkable enantioselectivity.
This precise enantiocontrol is facilitated by the steric shielding offered by the bulkier group
(CPhPhOTMS) present in the organocatalyst.
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Table 6. Synthesis of diheteroarylalkanal 29 through a one-pot Friedel–Crafts reaction.
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  Compound R1 R2 Yield (S)-29 (%) % ee

29a H H 79 94
29b H 5-Br 71 95
29c H 5-Ome 75 96
29d H 2-Me 79 99
29e H 7-Me 78 96
29f H benzo[g] 85 98
29g 5-Cl H 76 97
29h 5-Me H 72 94
29i 5-NO2 H 75 93
29j 7-Ome H 71 93
29k 6-Ome H 69 94

Reagent and conditions: (a) 26 (0.1 mmol), 27 (0.12 mmol), 28 (0.02 mmol), DABCO (0.02 mmol), and toluene
(0.3 mL).
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The synthesized products 29a–k were evaluated for their antiproliferative activity
against a panel of tumor cell lines, including HBL-100 (breast), HeLa (cervix), SW1573
(non-small-cell lung), and WiDr (colon), using the SRB assay. Figure 8 presents the GI50
values, comparing them with cis-platin as the standard drug. The results highlight the
significance of the substituent on the aryl moiety of the benzofuran ring in influencing the
antiproliferative activity of product 29. The introduction of strong electron-withdrawing
groups (EWGs) and electron-donating groups (EDGs) resulted in a decrease in activity for
compounds 29h, 29i, and 29j in WiDr cell lines. Notably, compounds 29a (R1 = R2 = H)
and 29g (R1 = 5-Cl, R2 = H) exhibited GI50 values comparable to cis-platin in the WiDr cell
line, with values of 28 and 16 µM for compounds 29a and 29g, respectively. However, the
product of highest biological interest was 29f (R1 = H, R2 = benzo[g]), which showed the
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most significant activity across all cell lines, achieving similar or even better potency than
cis-platin (GI50 = 2–18 µM).
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100 (breast), HeLa (cervix), SW1573 (non-small-cell lung), and WiDr (colorectal). The compounds
evaluated are presented in two groups: (a) 29a, 29g–k, and (b) 29b–f. Reproduced with permission
from ref. [38]. Copyright John Wiley & Sons Inc., 2023.

In a separate study, Penthala et al. synthesized a series of heterocyclic analogs, in-
cluding indoles, benzofurans, and benzothiophenes, based on Combretastatin, and as-
sessed their anticancer activity against a panel of 60 human cancer cell lines [39]. The
benzo[b]furans were synthesized by condensing benzo[b]furanocarbaldehyde 30 (1.0 mol)
with phenylacetonitrile 31 (1.1 mol) in a 5% sodium methoxide/methanol solution for 3–6 h,
resulting in the successful formation of the desired product 32 (Table 7). The evaluation
of anticancer studies focused on compounds 32a, 32b, and 32d against 60 cancer cell lines.
Compound 32a exhibited the most favorable results, displaying GI50 values ranging from
<0.01 to 73.4 µM across all 60 cell lines. It effectively inhibited the growth of 70% of the
evaluated cancer cell lines, with a remarkable GI50 value < 0.01 µM in almost all cases.
On the other hand, substituting the 3,4,5-trimethoxyphenyl group in 32a (R = 2-CHO,
R1 = OMe, R2 = OMe) with the 3,4-dimethoxyphenyl group in 32b (R = 2-CHO, R1 = H,
R2 = OMe) resulted in reduced growth inhibition against 54% of the cancer cells, exhibiting
GI50 values ranging from 0.229 to 0.996 µM. Furthermore, compound 32b exhibited potent
anti-proliferative activity in MDA-MB-435 melanoma cells, exhibiting a remarkable GI50
value of 0.229 µM. Similarly, compound 32d (R = 3-CHO, R1 = OMe, R2 = OMe) displayed
significant antiproliferative inhibition, with GI50 values ranging from 0.237 to 19.1 µM, and
effectively inhibited 52% of the evaluated cell lines with a GI50 value < 1 µM. In addition,
the evaluation of anti-leukemia activity against the MV4–11 cell line was performed for
compounds 32a–d (Table 7), demonstrating that 32a emerged as the most active compound
among the evaluated benzo[b]furans in the leukemia cell line. Later, a molecular dock-
ing simulation was performed to investigate the interactions of compound 32a with α/β
tubulin in complex with colchicine-DAMA (PDB ID code: 1SA0). The simulation revealed
a hydrophobic interaction at the α–β interface, where colchicine binds, and stability was
observed through van der Waals interactions with Asn101, Ser178, Thr179, and Val181 in
α-tubulin, as well as Asn258 and Lys352 in β-tubulin (Figure 9). The calculated free energy
value for these interactions was −7.74 kcal/mol.
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Table 7. Synthesis of (Z)-benzo[b]furan-2-yl and (Z)-benzo[b]furan-3-yl cyanocombretastatins 32a–f
and the evaluation of their anti-leukemic activity (LD50) against the MV4–11 AML cell line.
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32e 3-CHO H OMe ND
32f 3-CHO OMe H ND

Reagent and conditions: (a) 30 (1.0 mol), 31 (1.1 mol), NaOMe (5%), CH3OH, reflux, 3–6 h. ND means not detected.
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Figure 9. Binding modes between 32a and α/β tubulin in complex with colchicine-DAMA (PDB
ID code: 1SA0). The inhibitors are represented as purple ball-and-stick models, while the tubulin
residues are shown as orange (α-tubulin) and yellow (β-tubulin) sticks. Reproduced with permission
from ref. [39]. Copyright Elsevier Inc., 2023.

In the same year, Romagnoli et al. synthesized a series of compounds known as
3-(3′,4′,5′-trimethoxyanilino)benzo[b]furan, wherein a 2-methoxy/ethoxycarbonyl group
was combined with either no substituent or a methoxy group at each position of the
benzene ring [40]. The synthesis of compounds 35a–l involved a two-step reaction process
(Scheme 6). In the first step, 2-hydroxybenzonitrile derivatives 33a–f were condensed
with methyl or ethyl bromoacetate and K2CO3 in DMF, leading to the formation of 3-
aminobenzo[b]furan analogs 34a–l in high yields through a one-pot tandem cyclization
method. Subsequently, compounds 35a–l were synthesized via palladium-catalyzed C-N
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Buchwald–Hartwig cross-coupling between the deactivated 3-aminobenzo[b]furans 34a–l
and 1-bromo-3,4,5-trimethoxybenzene in toluene at 100 ◦C, utilizing Pd(OAc)2, rac-BINAP,
and Cs2CO3 as the catalyst, ligand, and base, respectively.
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The in vitro antiproliferative activity was evaluated against seven cell lines, and the
corresponding results are presented in Table 8. The findings revealed a notable correlation
between the presence and position of the methoxy substituent on the benzene moiety of
the benzo[b]furan system. Among the series of 2-alkoxycarbonyl derivatives, the highest
activity was observed when the methoxy group was located at the C–6 position, as ex-
emplified by compounds 35g (R = Me, R3 = OMe, R1,2,4 = H) and 35h (R = Et, R3 = OMe,
R1,2,4 = H), exhibiting IC50 values ranging from 0.3 to 27 nM for 35g and from 13 to 100 nM
for 35h. On the contrary, compounds 35c (R = Me, R1 = OMe, R2−4 = H) and 35d (R = Et,
R1 = OMe, R2−4 = H) displayed the lowest activity when the methoxy group was situated
at the C–4 position, with IC50 values exceeding 10 µM. Furthermore, the methoxycarbonyl
group demonstrated superior efficacy compared to the ethoxycarbonyl substituent in all
cell lines, except for MCF-7 cells, which exhibited equal sensitivity to both compounds.
Notably, compounds 35i (R = Me, R4 = OMe, R1−3 = H) (average IC50 = 370 nM) and
35j (R = Et, R4 = OMe, R1−3 = H) (average IC50 = 670 nM), featuring a methoxy C–7 sub-
stituent, displayed higher activity compared to 35e (R = Me, R2 = OMe, R1,3,4 = H) (average
IC50 = 1.500 nM) and 35f (R = Et, R2 = OMe, R1,3,4 = H) (average IC50 = 2.900 nM), which
possessed a methoxy C–5 substituent. These compounds also demonstrated remarkable
activity against RS 4;11 cells, with IC50 values of 39 nM for 35e and 1 nM for 35i (R = Me,
R4 = OMe, R1−3 = H). Additionally, in Jurkat cells, they displayed an IC50 value of 30 nM
for 35i. In contrast, compounds 35a (R = Me, R1−4 = H) and 35b (R = Et, R1−4 = H) exhibited
IC50 values of 3.300 and 2.600 nM, respectively. The absence of a methoxy substituent led to
lower activity, highlighting the significant enhancement achieved by including a methoxy
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substituent at C–5. Furthermore, the substitution with ethoxycarbonyl at C–7 resulted in
notably lower potency when compared to the substitution with C–7-methoxy (35i–l).

Table 8. In vitro cell growth inhibitory effects of compounds 35a–l and CA-4 on various cancer
cell lines.

Compound
IC50 (nM) b

HeLa A549 HT-29 Jurkat RS 4; 11 MCF-7 HL-60

35a 260 ± 50 5280 ± 800 930 ± 35 4100 ± 200 430 ± 97 7800 ± 900 4400 ± 200
35b 1330 ± 580 5470 ± 700 1600 ± 120 180 ± 38 300 ± 80 6600 ± 310 2500 ± 130
35c >10.000 >10.000 >10.000 >10.000 >10.000 >10.000 >10.000
35d >10.000 >10.000 >10.000 >10.000 >10.000 >10.000 >10.000
35e 250 ± 88 1570 ± 430 240 ± 60 210 ± 20 39 ± 9 7900 ± 1300 470 ± 30
35f 1260 ± 510 8900 ± 1460 1400 ± 540 2300 ± 700 190 ± 15 2900 ± 400 3400 ± 120
35g 2 ± 0.1 9 ± 1.4 3 ± 0.9 8 ± 0.6 0.3 ± 0.1 27 ± 2 5 ± 1
35h 13 ± 8 36 ± 11 17 ± 8 22 ± 6 100 ± 10 25 ± 3 24 ± 7
35i 130 ± 60 1270 ± 400 290 ± 30 30 ± 5 1 ± 0.1 520 ± 40 320 ± 17
35j 270 ± 80 1100 ± 300 110 ± 50 290 ± 50 230 ± 10 2100 ± 90 590 ± 50
35k 2530 ± 280 8900 ± 1300 3200 ± 210 3700 ± 450 400 ± 100 >10.000 4200 ± 200
35l 3280 ± 370 7250 ± 237 5300 ± 290 9100 ± 820 3000 ± 400 >10.000 5500 ± 540

CA-4 a 4 ± 1 180 ± 30 3100 ± 100 5 ± 0.6 0.8 ± 0.2 370 ± 100 1 ± 0.2
a Combretastatin-A4 (CA-4) is the standard drug for the study. b Data are expressed as the mean ± SE from the
dose–response curves of at least three independent experiments.

Compounds 35e and 35g–j, along with CA-4, were investigated to determine their
inhibitory effects on tubulin polymerization and colchicine binding to tubulin. The aim was
to gain insights into their mechanisms of antiproliferative action, particularly their interac-
tion with tubulin microtubules (Table 9). The results revealed that compound 35g exhibited
the highest potency among the tested compounds, with an IC50 of 1.1 µM, comparable to
that of CA-4. Meanwhile, compound 35h demonstrated slightly lower activity compared to
CA-4. Compounds 35e, 35i, and 35j showed 6–7 times lower potency than CA-4, with IC50
values of 7.5, 7.6, and 6.4 µM, respectively. Regarding colchicine binding studies, outcomes
were observed exclusively for compounds 35g and 35h, exhibiting inhibition percentages
of 83% and 74%, respectively, which are comparable to the 99% inhibition observed with
CA-A. The findings underscore the intricate interplay between the inhibition of tubulin
polymerization and the hindrance of colchicine binding, shedding light on their potential
synergistic effects in influencing antiproliferative pathways.

Table 9. Antitubular and colchicine binding evaluation by compounds 35e, 35g–j, and CA-4.

Compound Tubulin Assembly
IC50 (µM) a

Colchicine Binding
% Inhibition b

35e 7.5 ± 0.5 ND
35g 1.1 ± 0.1 83 ± 0.5
35h 1.5 ± 0.2 74 ± 4.1
35i 7.6 ± 1.0 ND
35j 6.4 ± 0.9 ND

CA-4 c 1.1 ± 0.1 99 ± 0.1
a Inhibition of tubulin polymerization: tubulin was used at 10 µM. b Inhibition of [3H] colchicine binding: tubulin,
colchicine, and the tested compound were used at 1, 5, and 5 µM, respectively. c Combretastatin-A4 (CA-4) is the
standard drug for the study. Values represent the mean ± SE from three independent experiments. ND means
not detected.

A molecular docking simulation was performed to investigate the interactions of
compound 35g with the colchicine site of tubulin (PDB ID code: 3HKC) (Figure 10). This
revealed that the trimethoxyphenyl ring of 35g resides near Cys241. Moreover, a potential
hydrogen bond interaction was observed between the ester moiety and Ala250, consis-
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tent with other colchicine site agents. These findings underscore the potential impact of
substitutions at C–4, C–5, and C–7 on the antiproliferative activity of the compounds.
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Figure 10. Binding modes of compound 35g (represented in magenta) in the colchicine site of tubulin
(PDB ID code: 3HKC). The co-crystallized ligand N-[2-[(4-hydroxyphenyl)amino]-3-pyridinyl]-4-
methoxybenzenesulfonamide (PDB ID code: ABT751) is represented in green. Reprinted (adapted)
with permission from ref. [40]. Copyright American Chemical Society, 2023.

Conducting Western blot studies, we aimed to explore the potential of compounds
35h and 35g in triggering apoptosis via the activation of caspase-3 and caspase-9, crucial
components of the mitochondrial apoptotic pathway. Upon exposing HeLa cells to these
compounds, we observed a concentration- and time-dependent activation of caspases,
as depicted in Figure 11. Moreover, both in vitro and in vivo revealed the activation
of poly(ADP-ribose) polymerase (PARP), a major substrate targeted by caspase-3. In
addition to these findings, we carefully examined the role of Bcl-2 and Mcl-1 proteins, well
known for their capacity to counteract pro-apoptotic proteins and preserve mitochondrial
membrane potential. After 48 h of treatment with concentrations of 100 and 250 nM for
both compounds, a decrease in Bcl-2 protein expression was observed, while Mcl-1 showed
strong down-regulation. Interestingly, at 24 h, Mcl-1 expression increased for 35g but not
for 35h. These results suggest that compounds 35g and 35h effectively down-regulate
anti-apoptotic proteins.
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Figure 11. Western blot analysis was conducted on HeLa cells treated with different concentrations of
compounds 35g or 35h to investigate their effects on H2AX, Bcl-2, Mcl-1, caspase-3, cleaved caspase-9,
and PARP. β-Actin was used as the loading control. Reprinted (adapted) with permission from
ref. [40]. Copyright American Chemical Society, 2023.
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To assess angiogenesis, the vascular properties of 35g (the most potent within the
series) were investigated in vitro using HUVEC endothelial cells. The endothelial cell
motility and the ability of 35g to disrupt tubular structures formed by HUVECs on Matrigel
were investigated. As shown in Figure 12a,b, at a concentration of 25 nM, compound
35g exhibited significant inhibition of cell motility within just 6 h of incubation. This
inhibitory effect remained highly significant at all concentrations after 24 h of incubation.
Moreover, in Figure 12c, it was observed that compound 35g disrupted the network of
HUVECs compared to the control after 1 h of incubation. Remarkably, after 3 h, all tested
concentrations demonstrated significant disruption of the tubular-like structures.
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Figure 12. In vitro antivascular evaluation of compound 35g. (a) Confluent HUVEC samples were
prepared in a monolayer, and cells were treated with different concentrations of 35g. The cells were
photographed at various time intervals (magnification, 7×; bar, 100 µm). Dotted lines define areas
lacking cells. (b) The graph shows the quantitative effect of compound 35g, where gap closure was
measured at specified time intervals to assess migration. Data are represented as mean of three
independent experiments. * p < 0.05, ** p < 0.01 vs. control. (c) Inhibition of endothelial cell capillary
tubule formation by compound 35g. Representative images show preformed capillary tubules treated
with increasing concentrations of 35g for 1 or 3 h. Reprinted (adapted) with permission from ref. [40].
Copyright American Chemical Society, 2023.

Expanding on the encouraging results regarding the antiproliferative and anticancer
activity [37], Kamal et al. conducted more extensive investigations on benzo[b]furans
22 and 25 to explore their potential efficacy against breast cancer cell lines, specifically
MCF-7 and MDA MB-231. These studies involved assessments of the cell cycle and
the PI3K/Akt/mTOR signaling pathway, along with other complementary studies [41].
Table 10 presents the results obtained for the antiproliferative activity of compounds 22
and 25 against the mentioned cancer cell lines. Remarkably, 22 and 25 displayed significant
activity, especially in the MCF-7 cell line, exhibiting IC50 values of 0.057 and 0.051 µM,
respectively. Due to the MCF-7 cell line showing the highest anticancer activity among the
tested cell lines, it was chosen for further analysis to investigate the correlation between
cell growth inhibition and cell cycle arrest. In this study, MCF-7 cells were treated with the
compounds 22 and 25 at concentrations of 25 nM and 50 nM for 48 h. The results revealed
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that these compounds induced G2/M cell cycle arrest compared to the untreated control
cells. Specifically, at a concentration of 25 nM, compounds 22 and 25 caused a cell accu-
mulation of 36.4% and 37.1%, respectively, in the G2/M phase. Moreover, at 50 nM, these
percentages increased to 47.6% and 50.5%, respectively, in the same cell phase (Figure 13).

Table 10. Antiproliferative activity of compounds 22 and 25.
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p-p70S6K, and p-4E-BP1 expression levels after 48 h of treatment with a concentration of 
50 nM (Figure 14a). The findings strongly support the potent inhibitory activity of both 

Figure 13. Cell cycle evaluation of compounds 22 and 25 in the MCF-7 cell line. The data are presented
as the percentage of cell count at each induced cell cycle phase for each compound (* p < 0.05 vs.
control). Reproduced with permission from ref. [41]. Copyright Elsevier Inc., 2023.

The PI3K/Akt/mTOR signaling pathway plays a crucial role in breast tumor cell
growth. Thus, the impact of compounds 22 and 25 on this signaling pathway was investi-
gated in MCF-7 cells. The results demonstrated effective suppression of p-Akt, p-mTOR,
p-p70S6K, and p-4E-BP1 expression levels after 48 h of treatment with a concentration of
50 nM (Figure 14a). The findings strongly support the potent inhibitory activity of both
compounds against the PI3K/Akt/mTOR pathway. Notably, given the involvement of this
pathway in apoptosis regulation, the studies further unveiled that its inhibition resulted
in the up-regulation of key apoptotic markers. These markers included the release of cy-
tochrome c, up-regulation of p53, down-regulation of procaspase-9, cleavage of poly(ADP-
ribose)polymerase (PARP), up-regulation of Bax, and down-regulation of Bcl-2 (Figure 14b).
Collectively, these results firmly establish the inhibition of the PI3K/Akt/mTOR pathway
as the primary mechanism underlying the induction of apoptosis in breast cancer cells by
compounds 22 and 25.
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permission from ref. [41]. Copyright Elsevier Inc., 2023. 

In their study, Yin et al. achieved the successful synthesis of 2,3-dihydrobenzo[b]fu-
ran 37 in a 32% yield through the dimerization of methyl caffeate 36 using silver oxide in 
the presence of anhydrous benzene and acetone (Scheme 7). The primary aim of this study 
was to explore the potential correlation between IL-25, an endogenous factor secreted by 
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mors in mice [42]. 

 
Scheme 7. Synthesis of 2,3-dihydrobenzo[b]furan 37 by the dimerization of methyl caffeate 36. 

The investigation into the antimetastatic effects of compound 37 involved the injec-
tion of luciferase-expressing 4T1-Luc2 transgenic mouse cells into the mammary fat pad 
of the experimental mice [42]. At 15 days after tumor cell implantation, the 4T1 tumors 
were surgically resected in situ. Over the following 8 weeks, a comparative analysis of 
tumor metastatic activity and survival was conducted between the control group and the 
mice treated with compound 37 (Figure 15a–c). By detection of luminescent activity of 
4T1-Luc2 cells as an indicator of tumor metastasis, it was observed that treatment with 37 

Figure 14. Analysis of the PI3K/Akt/mTOR pathway and apoptotic markers in MCF-7 cells treated
with compounds 22 and 25 for 48 h at a concentration of 50 nM. The expression levels of (a) Akt,
mTOR, p70S6K, and 4E-BP1, including their phosphorylated forms, as well as (b) cytochrome c, Bax,
Bcl-2, p53, procaspase-9, and PARP, were measured. Protein expression levels were analyzed using
Western blot analysis, with β-actin serving as the loading control in both cases. Reproduced with
permission from ref. [41]. Copyright Elsevier Inc., 2023.

In their study, Yin et al. achieved the successful synthesis of 2,3-dihydrobenzo[b]furan
37 in a 32% yield through the dimerization of methyl caffeate 36 using silver oxide in the
presence of anhydrous benzene and acetone (Scheme 7). The primary aim of this study
was to explore the potential correlation between IL-25, an endogenous factor secreted by
tumor-associated fibroblasts (TAFs), and the inhibition of metastasis in 4T1 mammary
tumors in mice [42].
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The investigation into the antimetastatic effects of compound 37 involved the injection
of luciferase-expressing 4T1-Luc2 transgenic mouse cells into the mammary fat pad of
the experimental mice [42]. At 15 days after tumor cell implantation, the 4T1 tumors
were surgically resected in situ. Over the following 8 weeks, a comparative analysis of
tumor metastatic activity and survival was conducted between the control group and the
mice treated with compound 37 (Figure 15a–c). By detection of luminescent activity of
4T1-Luc2 cells as an indicator of tumor metastasis, it was observed that treatment with
37 (≥20 µg kg−1) significantly suppressed 4T1 cell metastasis to the lung (Figure 15a).
In addition, treatment with 37 at a relatively low dose (>20 µg kg−1) had considerable
antimetastatic activity in comparison with the treatment with Doxorubicin (2 mg kg−1)
(Figure 15b), used as a control drug for breast cancer. Treatment with 37 also significantly
increased the survival rate of mice with tumor resection (Figure 15c). These results demon-
strate that the in vivo administration of compound 37 effectively prevents breast tumor
metastasis following tumor resection.
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before the end of treatment. (b) Percentage of metastasis by measurement of luciferase activity in 
photons over time (n = 8 per group). (c) Percentage survival of mice after treatment with compound 
37. This is an open-access article distributed under the terms of the Creative Commons CC BY li-
cense [42]. 

Following the previously mentioned findings, the study showed the potential regu-
latory effects of administering compound 37 in vivo on metastatic tissues [42]. To assess 
the physiological significance of compound 37 in the modulatory activity, the researchers 
evaluated the expression of various cytokines secreted in vivo in the lung tissue of the test 
mice. Remarkably, the findings demonstrated that the administration of compound 37 (at 
a dosage of 100 µg kg−1) had a stimulatory effect on IL-25 activity in pulmonary fibroblasts 
surrounding the pulmonary artery and vein (Figure 16b). In contrast, little to no IL-25 
expression was observed in lung fibroblasts from control and Docetaxel-treated mice, 
which suggests that the induction of IL-25 expression in fibroblasts of the lung tissue mi-
croenvironment specifically resulted from the administration of compound 37. This find-
ing is intriguing as IL-25 expression is not typically considered a conventional drug target 
for anticancer medications. 

To quantify the change in the cell population of IL-25-expressing lung fibroblasts in 
response to treatment with compound 37, the researchers assessed FSP-1 + ER-TR7 + IL-
25 + cells from lung tissues of test mice and compared their IL-25 expression levels at 3 
weeks after tumor resection. The results unveiled a remarkable increase in the IL-25 fibro-
blast cell population from 16.7% to 79.5% in 37-treated mice compared to those treated 

Figure 15. In vivo studies of compound 37 in suppressing metastasis in mouse mammary cells (4T1).
(a) Bioluminescent images of mouse tumors (n = 8 per group) after treatment with PBS and at different
doses of compound 37 after tumor resection. Three of the mice died after treatment with PBS before
the end of treatment. (b) Percentage of metastasis by measurement of luciferase activity in photons
over time (n = 8 per group). (c) Percentage survival of mice after treatment with compound 37. This
is an open-access article distributed under the terms of the Creative Commons CC BY license [42].

Following the previously mentioned findings, the study showed the potential regu-
latory effects of administering compound 37 in vivo on metastatic tissues [42]. To assess
the physiological significance of compound 37 in the modulatory activity, the researchers
evaluated the expression of various cytokines secreted in vivo in the lung tissue of the
test mice. Remarkably, the findings demonstrated that the administration of compound
37 (at a dosage of 100 µg kg−1) had a stimulatory effect on IL-25 activity in pulmonary
fibroblasts surrounding the pulmonary artery and vein (Figure 16b). In contrast, little to
no IL-25 expression was observed in lung fibroblasts from control and Docetaxel-treated
mice, which suggests that the induction of IL-25 expression in fibroblasts of the lung tissue
microenvironment specifically resulted from the administration of compound 37. This
finding is intriguing as IL-25 expression is not typically considered a conventional drug
target for anticancer medications.

To quantify the change in the cell population of IL-25-expressing lung fibroblasts in re-
sponse to treatment with compound 37, the researchers assessed FSP-1 + ER-TR7 + IL-25 + cells
from lung tissues of test mice and compared their IL-25 expression levels at 3 weeks after
tumor resection. The results unveiled a remarkable increase in the IL-25 fibroblast cell
population from 16.7% to 79.5% in 37-treated mice compared to those treated with PBS
(Figure 16a). Furthermore, the population of fibroblasts in FSP-1 + ER-TR7 + cells in
mice treated with 37 exhibited a significant dose-dependent increase from 5.2% to 7.3%
(Figure 16a), in contrast to docetaxel treatment, which showed no augmentation in the num-
ber or level of evaluated fibroblasts. These findings solidify the evidence that compound 37
effectively stimulates lung fibroblasts in an in vivo setting.
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man (MDA-MB-231) tumor cells treated with compound 37 using an immunoprecipita-
tion method mediated by anti-IL-25 antibodies. To ensure accuracy, the samples were first 
immunodepleted with 3T3 (3T3-CM) and WI38 (WI38-CM) fibroblasts for IL-25, utilizing 
anti-rabbit IgG antibody (isotype control) as the negative control for immunodepletion 
(Figure 17a). The results indicated that the levels of IL-25 secreted in media conditioned 
with compound 37 treated fibroblasts were significantly higher compared to untreated 
conditioned media (Figure 17a). Moreover, the researchers detected only a minor fraction 
of unspecific binding to the protein in the IgG antibody, confirming the high specificity 
and efficiency of the anti-IL-25 antibody employed. On the other hand, when 4T1 and 
MDA-MB-231 cells were cultured with 3T3-CM, their growth was notably higher com-
pared to cells cultured solely with fresh medium. This observation implies that in both 
cases, fibroblasts released critical cellular and molecular factors that contribute to the ex-
pansion of tumor cells, potentially influencing the suppression of metastatic mammary 
tumor cell growth (Figure 17b,c). 

Figure 16. Effect of compound 37 on the regulation of IL-25 expression in tumor-associated fibroblasts.
(a) Flow cytometry of the population change in FSP-1 + ER-TR7+ cells and their IL-25 expression
level in the lungs of mice after treatment with compound 37, PBS, and docetaxel. Data are reported as
mean ± SD (n = 3). *** p < 0.001. NS—not significant (two-tailed t-test). (b) IF staining in mouse lung
tissues after treatment with compound 37 and docetaxel 21 days after tumor resection. T—tumor,
A—alveoli. This is an open-access article distributed under the terms of the Creative Commons CC
BY license [42].

Additionally, the researchers conducted complementary studies to assess the potential
suppressive effect of IL-25 secreted by fibroblasts on the growth activity of mammary tumor
cells [42]. In this regard, they compared the levels of IL-25 in mouse (4T1) and human
(MDA-MB-231) tumor cells treated with compound 37 using an immunoprecipitation
method mediated by anti-IL-25 antibodies. To ensure accuracy, the samples were first
immunodepleted with 3T3 (3T3-CM) and WI38 (WI38-CM) fibroblasts for IL-25, utilizing
anti-rabbit IgG antibody (isotype control) as the negative control for immunodepletion
(Figure 17a). The results indicated that the levels of IL-25 secreted in media conditioned
with compound 37 treated fibroblasts were significantly higher compared to untreated
conditioned media (Figure 17a). Moreover, the researchers detected only a minor fraction
of unspecific binding to the protein in the IgG antibody, confirming the high specificity
and efficiency of the anti-IL-25 antibody employed. On the other hand, when 4T1 and
MDA-MB-231 cells were cultured with 3T3-CM, their growth was notably higher compared
to cells cultured solely with fresh medium. This observation implies that in both cases,
fibroblasts released critical cellular and molecular factors that contribute to the expansion
of tumor cells, potentially influencing the suppression of metastatic mammary tumor cell
growth (Figure 17b,c).

In their investigation, Yin et al. conducted a comparative analysis of the in vivo
treatment effects of IL-25, examining its additive vs. overlapping impact [42]. They
discovered that co-administration of compound 37 (at a dosage of 100 µg kg−1) and IL-25
(at a dosage of 10 µg kg−1) resulted in a similar antimetastatic activity compared to the
group of mice treated solely with compound 37 (Figure 18a). The survival rate of mice
in the co-treatment group (37 + Anti-IL-25) was also comparable to the group treated
with compound 37 alone, in contrast to the untreated group (Figure 18b). These findings
suggest that the in vivo antimetastatic effect of 37 can be effectively substituted by the
administration of exogenous IL-25.

269



Pharmaceuticals 2023, 16, 1265Pharmaceuticals 2023, 16, x FOR PEER REVIEW 26 of 98 
 

 

 
(a) 

  
(b) (c) 

Figure 17. (a) Western blot of IL-25 secretion activity in mouse (3T3) and human (WI38) fibroblasts 
after treatment with compound 37 using Rabbit IgG as the negative control. (b) Evaluation of 3T3-
CM cytotoxicity levels in 4T1 cells after IL-25 immunodepletion. (c) Evaluation of WI38-CM cyto-
toxicity levels in MDA-MB-231 cells after IL-25 immunodepletion. Data are reported as mean ± SD 
(n = 3). ** p < 0.01; *** p < 0.001 (two-tailed Student’s t-test). This is an open-access article distrib-
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Figure 17. (a) Western blot of IL-25 secretion activity in mouse (3T3) and human (WI38) fibroblasts
after treatment with compound 37 using Rabbit IgG as the negative control. (b) Evaluation of 3T3-CM
cytotoxicity levels in 4T1 cells after IL-25 immunodepletion. (c) Evaluation of WI38-CM cytotoxicity
levels in MDA-MB-231 cells after IL-25 immunodepletion. Data are reported as mean ± SD (n = 3).
** p < 0.01; *** p < 0.001 (two-tailed Student’s t-test). This is an open-access article distributed under
the terms of the Creative Commons CC BY license [42].

Moreover, the study evaluated the combined effect of compound 37 and docetaxel in
suppressing the metastatic activities of human MDA-MB-231-Luc2 cells in mice through
bioluminescent studies following the resection of mammary tumor tissues in the experi-
mental mice (Figure 19a). The results demonstrated that the treatment with compound
37 (100 µg kg−1) and docetaxel (5 mg kg−1) showed significantly higher antimetastatic
activity than the treatment with docetaxel alone (Figure 19b). As a result, the test mice
receiving the combination of compound 37 and docetaxel exhibited a higher survival
rate compared to those receiving single treatments (Figure 19c). These findings suggest a
complementary effect on the anticancer activity of docetaxel when combined with com-
pound 37, effectively suppressing the metastatic activities of tumor cells by modulating the
tumor-associated microenvironment.
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quantified by measuring luciferase activity over the indicated time course. (b) Percentage of survival 
of mice treated with PBS, compound 37, or co-treated with IL-25 and compound 37. The results were 
analyzed using the log-rank test. NS means not significant. This is an open-access article distributed 
under the terms of the Creative Commons CC BY license [42]. 
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Figure 18. In vivo treatment of compound 37 exhibits comparable antimetastatic activity to IL-25
administration. (a) Mice with tumor resection (n = 8 per group) were treated with PBS, IL-25,
compound 37, or co-treated with IL-25 and compound 37 after three weeks. Tumor metastases were
quantified by measuring luciferase activity over the indicated time course. (b) Percentage of survival
of mice treated with PBS, compound 37, or co-treated with IL-25 and compound 37. The results were
analyzed using the log-rank test. NS means not significant. This is an open-access article distributed
under the terms of the Creative Commons CC BY license [42].
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On a different note, Quan et al. conducted a molecular modeling study involving 64 
Combretastatin A-4 analogs based on five-membered heterocycles. Their objective was to 
explore the development of novel anticancer agents by using 3D-QSAR, molecular dock-
ing, and molecular dynamic (MD) simulation [43]. Within the 3D-QSAR approach, both 
CoMFA and CoMSIA models were prepared for both the training and test sets. The 
CoMFA model incorporated steric and electrostatic fields, while the CoMSIA model in-
cluded steric, electrostatic, hydrophobic, hydrogen bond donor, and hydrogen bond ac-
ceptor fields. Three-dimensional contour maps for both models were performed using the 
“Stdev*Coeff” field type. By analyzing the results obtained from the study, the researchers 
identified essential structure–activity relationships, which highlighted substitutions that 
could enhance biological activity. This was summarized in A–D regions, as shown in Fig-
ure 20. Building on this information, they designed five novel benzo[b]furan derivatives. 
The structures and predicted pIC50c values of compounds 43a–e are provided in Table 11. 

Figure 19. The antimetastatic effect after administration of compound 37 in MDA-MB-231 cells in
combination with docetaxel. (a) Bioluminescent images of mice with tumor portions (n = 8 per group)
after treatment with PBS, compound 37, docetaxel, and co-treatment with docetaxel and compound
37 for three weeks and after tumor resection. (b) Levels of tumor metastasis by measurement of
luciferase activity in photons in the treated mice over time. (c) Percentage survival of mice treated
with docetaxel and those co-treated with docetaxel and compound 37. This is an open-access article
distributed under the terms of the Creative Commons CC BY license [42].
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On a different note, Quan et al. conducted a molecular modeling study involving
64 Combretastatin A-4 analogs based on five-membered heterocycles. Their objective
was to explore the development of novel anticancer agents by using 3D-QSAR, molecular
docking, and molecular dynamic (MD) simulation [43]. Within the 3D-QSAR approach,
both CoMFA and CoMSIA models were prepared for both the training and test sets.
The CoMFA model incorporated steric and electrostatic fields, while the CoMSIA model
included steric, electrostatic, hydrophobic, hydrogen bond donor, and hydrogen bond
acceptor fields. Three-dimensional contour maps for both models were performed using the
“Stdev*Coeff” field type. By analyzing the results obtained from the study, the researchers
identified essential structure–activity relationships, which highlighted substitutions that
could enhance biological activity. This was summarized in A–D regions, as shown in
Figure 20. Building on this information, they designed five novel benzo[b]furan derivatives.
The structures and predicted pIC50c values of compounds 43a–e are provided in Table 11.
Although these data indicate the presence of inhibitory activity for the designed compounds,
they were not comparable to CA-4.
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Table 11. Prediction of pIC50c values for compounds 43a–e.
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  Compound R1 R2 R3 R4
pIC50c

CoMFA CoMSIA

43a H H OEt O 0.351 0.291
43b F H Ome O 0.285 0.308
43c H Nme2 Ome O 0.348 0.282
43d H Me Ome O 0.425 0.346
43e H NH2 Ome CH2 0.503 0.206

CA-4 a - - - - 0.000 0.037
a Combretastatin-A4 (CA-4) is the standard drug for the study.

Additionally, the researchers conducted 20 ns molecular dynamics (MD) simulations
and binding free energy calculations using the Amber 12.0 package [43]. The stability of the
tubulin–inhibitor complex in the designed compounds 43a–e was evaluated, employing
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the general Amber force field (gaff) for ligands and the ff99SB force field for proteins.
In this study, binding free energy calculations were performed using both MM/GBSA
and MM/PBSA methods. The results showed that the calculated binding free energies
using MM/GBSA for CA-4 and the inhibitors 43a–e were as follows: −34.32, −57.52,
−54.41, −55.78, −50.77, and −55.56 kcal mol−1, respectively. Meanwhile, the MM/PBSA
results revealed the binding free energies of −21.54, −43.45, −42.03, −40.99, −39.79, and
−36.23 kcal mol−1 for CA-4 and the inhibitors 43a–e, respectively. Among the five newly
designed compounds, 43a exhibited the most negative binding free energy, suggesting it
has the potential for the best inhibitory activity within the series. These computational
findings provide valuable insights into the potential efficacy of the designed compounds
and can guide further experimental investigations to validate their inhibitory activity
against tubulin.

Using the binding free energy calculations, two of the designed compounds, 43a
and 43b, were selected for synthesis. The synthetic process involved several sequential
steps to obtain the desired compounds. Firstly, the synthesis began with the iodination of
methoxyphenol 38 using a catalytic amount of AgOTFA in chloroform at room temperature
for 24 h to afford the iodinated compound 39 (Scheme 8). Subsequently, the acetylation
of the iodine-phenol 39 was carried out in the presence of acetic anhydride in pyridine at
room temperature for 4 h to yield the acetate derivative 40. Next, the Sonogashira coupling
of compound 40 with either 1-ethynyl-4-ethoxybenzene or 1-ethynyl-4-methoxybenzene
was conducted in the presence of catalytic PdCl2(PPh3)3, leading to the formation of alkyne
41. The intermediates underwent an intramolecular cyclization reaction mediated by
K2CO3 in methanol at 60 ◦C for 16 h to produce the benzo[b]furan derivative 42. Finally,
a Friedel–Crafts reaction was performed in the presence of 3,4,5-trimethoxybenzoyl chlo-
ride, followed by the addition of compound 42 and tin (IV) chloride to deliver compound
43. By employing this multi-step synthetic approach, the researchers successfully synthe-
sized compounds 43a and 43b, paving the way for further evaluation of their potential as
benzo[b]furan-based anticancer agents.
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(a) AgOTFA, I2, 24 h, r.t, 52% for 39a and 39% for 39b; (b) Ac2O, pyridine, 4 h, r.t, 78% for 40a
and 81% for 40b; (c) 1-ethynyl-4-ethoxybenzene or 1-ethynyl-4-methoxybenzene, PdCl2(PPh3)3, CuI,
Et3N, DMF, 100 ◦C, 6 h, 46% for 41a and 32% for 41b; (d) K2CO3, CH3OH, 60 ◦C, 16 h, 40% for 42a
and 25% for 42b; (e) 3,4,5-trimethoxybenzoyl chloride, SnCl2, CH2Cl2, 3 h, r.t, 70% for 43a and 43b.

The in vitro antiproliferative activity of compounds 43a–b was evaluated against
six human cancer cell lines, and their tubulin inhibition was assessed, using CA-4 and
CA-4P as standard drugs. As shown in Table 12, the compound 43a (R1 = H, R2 = Oet)
exhibits the highest activity with IC50 values of 1.37, 8.99, 1.31, and 0.91 µM against A549,
HeLa, HepG2, and MCF-7 cell lines, respectively [43]. Compound 43a exhibits comparable
and even superior activity than CA-4 in the mentioned cell lines. Specifically, it is 4.4-
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fold more active against A549 cells and 12.2-fold more active against HepG2 cells than
CA-4. In addition, compound 43a showed only comparable activity with compound
CA-4P in the MCF-7 cell line. On the other hand, compound 43b (R1 = H, R2 = Ome)
exhibited remarkable activity against A549 and HepG2 cells, with IC50 values of 6.87 and
4.75 µM, respectively, which is comparable to CA-4 (IC50 = 5.99 and 16.04 µM, respectively).
Finally, in a tubulin polymerization assay, compound 43a demonstrated potent inhibition
of tubulin polymerization, with an IC50 value of 0.86 µM, which is comparable to CA-4
(IC50 = 0.88 µM) and superior to CA-4P (IC50 = 4.79 µM).

Table 12. Antiproliferative activities and inhibition of tubulin polymerization of compounds 43a–b,
CA-4, and CA-4P.

Compound
IC50 (µM) a Tubulin

A549 HCT-116 HeLa HepG2 MGC-803 MCF-7 IC50 (µM) a

43a 1.37 ± 0.14 12.55 ± 0.60 8.99 ± 1.11 1.31 ± 0.17 9.97 ± 0.81 0.91 ± 0.16 0.86 ± 0.07
43b 6.87 ± 0.34 78.23 ± 3.83 19.1 ± 1.59 4.75 ± 0.20 47.26 ± 1.17 6.49 ± 0.55 >200

CA-4 b 5.99 ± 0.46 9.00 ± 0.85 11.33 ± 1.03 16.04 ± 0.50 1.76 ± 0.85 0.67 ± 0.13 0.88 ± 0.22
CA-4P b 0.40 ± 0.17 0.24 ± 0.05 0.56 ± 0.12 0.27 ± 0.04 0.47 ± 0.14 0.96 ± 0.22 4.79 ± 0.40

a Data are expressed as the mean ± SE of at least three independent experiments. b Combretastatin-A4 (CA-4)
and its disodium phosphate form (CA-4P) serve as the standard drugs for this study.

Similarly, Lauria et al. conducted the synthesis of a novel series of 3-benzoylamino-
5-(1H-imidazol-4-yl)methylaminobenzo[b]furans 51–53 and subsequently evaluated their
potential as antitumor agents [44]. The synthetic route involved a sequence of steps
(Scheme 9). Initially, 2-fluorobenzonitrile 44 underwent a nitration reaction in the presence
of a mixture of concentrated nitric and sulfuric acids under a nitrogen atmosphere at 0 ◦C
for 2 h to afford 2-fluoro-5-nitrobenzonitrile 45. Afterward, ethyl glycolate was utilized for
nucleophilic displacement in the presence of K2CO3 and anhydrous DMF at 100 ◦C for 12 h,
facilitating in situ intramolecular cyclization and giving rise to the 3-amino-benzo[b]furan
derivative 46. Following this, intermediate 46 underwent acyl substitution with benzoyl
chloride 47 in pyridine, serving as both base and solvent, at room temperature for 12 h,
yielding compound 48, containing amide functionality at the C–3 position. The subsequent
reduction of the nitro group in compound 48 was performed through hydrogenation using
a Parr hydrogenation apparatus at 500 psi in the presence of Pd/C (10%) as a catalyst
in ethanol at room temperature for 2 h, yielding 5-amino-benzo[b]furan derivative 49.
Finally, the compounds 51a–f and 52a–f were obtained through a reductive amination
with imidazole-4-carbaldehyde 50 using sodium cyanoborohydride as a selective reducing
agent in a mixture of ethanol and acetic acid at room temperature for 6–24 h. In this final
step, compound 53 was also isolated using carbaldehyde 50b, wherein evidence of the
hydrolysis of the amide functionality was observed. These novel compounds hold promise
as potential antitumor agents and warrant further investigation to assess their efficacy in
cancer treatment.

The biological studies focused on the antiproliferative activity in HeLa and MCF-7
cell lines using the MTT assay, cell cycle analysis, and in silico assessment [44]. Table 13
shows the GI50 values of compounds 51a–f and 52a–f. Notably, the insertion of a methyl
group in the imidazole ring increased activity for compounds 52a (R1 = R2 = R3 = R4 = H),
52e (R1 = H, R2 = CF3, R3 = R4 = H), and 52f (R1 = Cl, R2 = F, R3 = R4 = H) without
substitution on the benzoyl moiety (52a vs. 51a), or functionalized with 4-trifluoromethyl-
(52e vs. 51e) and 3-chloro-4-fluoro- (52f vs. 51f) substituents. Compound 52f exhibited
the highest activity against HeLa and MCF-7 cell lines, with GI50 values of 2.14 µM and
1.55 µM, respectively. In cell cycle analysis, compounds 52b, 52c, 52d, and 52f showed
significant suppression of the G0/G1 phase and an accumulation of cells in G2/M at 1xGI50
concentrations (Figure 21). However, at 2xGI50 concentrations, changes in the distribution
profile were observed. Albeit compounds 52a and 52e did not show a significant impact on
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the cell cycle at the evaluated concentrations, they induced G0/G1 arrest at 2.5xGI50 and
5xGI50 concentrations, which correlated with their antiproliferative effects in other phases.
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Scheme 9. Synthesis of 3-benzoylamino-5-(1H-imidazol-4-yl)methylaminobenzo[b]furan derivatives
51a–f, 52a–f, and 53, and the reaction conditions: (a) HNO3/H2SO4, N2, 0 ◦C, 2 h; (b) ethyl glycolate,
K2CO3, anhydrous DMF, 100 ◦C, 12 h, 63%; (c) pyridine, r.t, 12 h, 62–86%; (d) 10% Pd/C, H2, ethanol,
r.t, 2 h, 43–93%; (e) NaBH3CN, ethanol, AcOH, r.t, 6–24 h, 23–65% for 51a–f, 15–90% for 52a–f, and
10–23% for 53.

Table 13. Antiproliferative evaluation of compounds 51 and 52.

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 16 of 86 
 

 

 

  Compound R1 R2 R3 R4
GI50 (µM) a

HeLa MCF-7

51a H H H H 41.59 ± 3.08 49.65 ± 4.91
51b H Ome H H 7.98 ± 0.67 13.36 ± 1.94
51c H Me H H 13.65 ± 1.02 18.22 ± 1.28
51d Ome Ome Ome H 12.18 ± 1.19 3.88 ± 0.40
51e H CF3 H H >50 >50
51f Cl F H H 13.61 ± 0.86 11.25 ± 1.11
52a H H H Me 7.69 ± 0.46 12.27 ± 1.46
52b H Ome H Me 14.31 ± 1.97 17.35 ± 1.78
52c H Me H Me 9.20 ± 0.34 15.53 ± 0.98
52d Ome Ome Ome Me 12.19 ± 1.59 9.21 ± 1.02
52e H CF3 H Me 2.01 ± 0.13 14.16 ± 2.02
52f Cl F H Me 2.14 ± 0.35 1.55 ± 0.14

a Data are expressed as the mean ± SD of at least three independent experiments.
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Figure 21. Analysis of the influence of the concentrations of compounds 52a–f on the cell cycle
of the HeLa cell line after 24 h using flow cytometry. Data are expressed as the mean of two
independent experiments. Statistical analyses were performed using the Student’s t test to determine
the differences between the datasets. * p < 0.05 denote significant differences from untreated control
cells. Reproduced with permission from ref. [44]. Copyright John Wiley & Sons Inc., 2023.

In the in silico studies, the researchers assessed the binding modes of each derivative
at the colchicine binding site on tubulin, considering the involved amino acid residues [44].
To facilitate this analysis, they obtained the crystal structure of tubulin bound to colchicine
from the PDB database (PDB ID code: 4O2B) and extracted the tubulin dimer with colchicine
(chains A and B) from the protein model. Table 14 shows the favorable induced dock-
ing protocol (IFD) scores for all ligand–tubulin complexes, with compounds 51 and 52
showing affinity similar to colchicine and higher than CA-4. Notably, significant differ-
ences in the binding complexes were observed among the evaluated amino acids. These
benzo[b]furans displayed strong interactions with amino acids Alaα180, Serα178, Ileβ318,
Alaβ316, Leuβ255, Leuβ248, and Lysβ254, as indicated by the IFD scores. Interestingly,
compounds 52b–d,f presented an aromatic ring in contact with Cysβ241, a crucial and
distinctive feature for identifying new antitubulin molecules. A more detailed illustra-
tion of these interactions is found in Figure 22, depicting the ligand interaction maps of
compounds 52b and 52e with colchicine as a reference.

Afterward, Pervaram et al. synthesized 1,2,4-oxadiazole-fused benzo[b]furan deriva-
tives 62a–j and assessed their antiproliferative activity against four human cancer cell
lines, including A549 (lung), MCF-7 (breast), A375 (melanoma), and HT-29 (colon), using
the MTT method [45]. The synthetic route for compounds 62a–j is shown in Scheme 10.
The synthesis began with the reaction of 5-methoxybenzofuran-3-carbaldehyde 54 with
2-aminophenol 55 in refluxing ethanol for 4 h, leading to the 2,3-dihydrobenzo[d]oxazole
intermediate, which was oxidized to 2-(5-methoxybenzofuran-3-yl)benzo[d]oxazole 56 by
adding Pb(Oac)4 and acetic acid at room temperature for 1 h. Next, compound 56 reacted
with BBr3 in anhydrous CH2Cl2 at room temperature for 5 h to give 3-(benzo[d]oxazol-
2-yl)benzofuran-5-ol 57, which is O-alkylated with 2-bromoacetonitrile 58 and K2CO3 in
refluxing acetone for 5 h to furnish compound 59. Subsequently, a nucleophilic addition
reaction between 59 and hydroxylamine hydrochloride in the presence of K2CO3 in re-
fluxing ethanol for 3 h yielded acetaminide 60. Finally, compound 60 was reacted with
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the different benzoyl chloride 61 using pyridine at room temperature for 4 h to obtain
1,2,4-oxadiazole-fused benzo[b]furan derivatives 62a–j in yields ranging from 63% to 93%.

Table 14. IFD scores for compounds 51a–f, 52a–f, colchicine, and CA-4.

Compound Prime Energy Glide Score IFD Score a

51a −34,437 −7.17 −1729
51b −34,462 −10.51 −1734
51c −34,487 −11.96 −1736
51d −34,496 −12.23 −1737
51e −34,480 −10.45 −1734
51f −34,395 −11.78 −1732
52a −34,463 −8.16 −1731
52b −34481 −11.04 −1735
52c −34,478 −10.38 −1734
52d −34,545 −10.11 −1737
52e −34,371 −10.53 −1729
52f −34,475 −11.28 −1735

Colchicine −34,392 −10.38 −1730
CA-4 −34,316 −9.17 −1725

a Defined as: glide score + 0.05 prime energy.
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Figure 22. Ligand interaction maps of compounds 52b, 52e, and colchicine. Reproduced with
permission from ref. [44]. Copyright John Wiley & Sons Inc., 2023.

The antiproliferative activity of all synthesized compounds 62a–j was assessed against
four cancer cell lines using the MTT method and CA-4 as the standard drug (Table 15) [45].
Notably, compounds 62b (R1 = 3,4,5-tri-(Ome)3), 62g (R1 = 4-NO2), 62h (R1 = 4-CN), and
62j (R1 = 4-CF3) exhibited comparable and, in some cases, even higher potency than CA-4,
with IC50 values ranging from 0.012 to 1.45 µM for these compounds, while CA-4 had IC50
values ranging from 0.11 to 0.93 µM.
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Scheme 10. Synthesis of benzo[b]furan-3-yl-1,3-benzoxazole derivatives 62a–j, and reaction con-
ditions: (a) EtOH, reflux, 4 h, then AcOH, Pb(Oac)4, r.t., 1 h, 79%; (b) DCM, BBr3, r.t., 5 h, 88%;
(c) acetone, K2CO3, reflux, 5 h, 94%; (d) EtOH, NH2OH. HCl, K2CO3, reflux, 3 h, 92%; (e) pyridine,
r.t., 4 h, 63–93%.

Table 15. Antiproliferative evaluation of 1,2,4-oxadiazole fused benzo[b]furan derivatives 62a–j.

Compound
IC50 (µM)

A549 MCF-7 A375 HT-29

62a 2.900 10.560 ND 3.78
62b 0.030 0.011 1.45 0.33
62c 1.900 0.400 2.01 0.18
62d 1.030 1.760 ND 1.22
62e 3.200 ND ND 9.70
62f 10.400 2.440 5.70 ND
62g 0.100 0.014 ND 1.89
62h 0.012 0.015 1.09 0.17
62i 7.100 13.600 ND 20.50
62j 0.100 0.020 0.19 1.23

CA-4 a 0.110 0.180 0.21 0.93
a Combretastatin-A4 (CA-4) is the standard drug for the study. ND means not detected.

Similarly, Kwiecień et al. conducted a study on the synthesis and evaluation of
functionalization at position 3 of 2-phenyl- and 2-alkylbenzo[b]furans as potential antitumor
agents [46]. The synthesis of 2-phenylbenzo[b]furan 67 involved a three-step reaction
process (Scheme 11). Firstly, 2-hydroxybenzaldehyde 63 was O-alkylated with methyl
2-bromo-2-phenylacetate 64 in the presence of K2CO3 and DMF at 92–94 ◦C for 4 h to
afford methyl 2-(2-formylphenoxy)-2-phenylacetate derivative 65 with yields in the range
of 61–76%. Secondly, basic hydrolysis of ester 65 in methanol refluxing for 2 h, and
then protonation yielded 2-(2-formylphenoxy)-2-phenylacetic acid 66 in acceptable yields
(70–72%). Lastly, an intramolecular cyclization of compound 66 using a mixture of Ac2O
and AcONa at 125–130 ◦C for 4.5 h produced the benzo[b]furan 67 in excellent yields
(90–97%).
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Scheme 11. Synthesis of 2-phenylbenzo[b]furan derivatives 68a–b, 69a–b, and 70, and the reaction
conditions: (a) K2CO3, DMF, 92–94 ◦C, 4 h, 61–76%; (b) KOH (10%), MeOH, 75–80 ◦C, 2 h, then
HCl (10%), r.t., 70–72%; (c) Ac2O, AcONa, 125–130 ◦C, 4.5 h, 90–97%; (d) Ac2O, Amberlyst-15, 1,2-
dichloroethane, reflux, 6 h, 69–72%; (e) 3,4,5-trimethoxybenzoyl chloride, AlCl3, 1,2-dichloroethane,
45 ◦C, 3.5 h, 68–76%; (f) 3,4,5-trimethoxybenzoyl chloride, Amberlyst-15, 1,2-dichloroethane, reflux,
6.5 h, 69%.

Later, the researchers focused on the acylation of 2-phenylbenzo[b]furan 67. Initially,
the acetylation of 67 with Ac2O in the presence of Amberlyst-15 in 1,2-dichloroethane re-
fluxing for 6 h afforded 2-phenylbenzo[b]furan-3-yl)ethan-1-ones 68a–b in acceptable yields
(69–72%). Then, (4-hydroxy-3,5-dimethoxyphenyl)-(2-phenylbenzo[b]furan-3-yl)methanones
69a–b were synthesized in 68–76% yields through an AlCl3-mediated acylation with 3,4,5-
trimethoxybenzoyl chloride in 1,2-dichloroethane at 45 ◦C for 3.5 h. Finally, the phenyl-
benzo[b]furan-3-yl-(3,4,5-trimethoxyphenyl)methanone 70 was obtained in a 69% yield
through an Amberlyst-mediated acylation with 3,4,5-trimethoxybenzoyl chloride in 1,2-
dichloroethane refluxing for 6.5 h.

A synthetic route for obtaining 3-phenyl-functionalized 2-alkylbenzo[b]furans 72
and 73 was developed (Scheme 12). Firstly, 1-(5-bromo-2-ethylbenzo[b]furan-3-yl)-2-(4-
hydroxyphenyl)ethanone 72 was synthesized from 5-bromo-2-ethylbenzo[b]furan 71a
through an acylation with 4-methoxyphenylacetyl chloride, followed by demethylation to
convert the methoxy group into a hydroxy group. Secondly, 2-(3,5-dibromo-4-hydroxyphenyl)-
1-(2-butylbenzo[b]furan-3-yl)ethanone 73 was prepared from 2-butylbenzo[b]furan 71b by
carrying out three sequential reactions: acylation with 4-methoxyphenylacetyl chloride,
demethylation of the methoxy group, and bromination.

The biological evaluation encompassed the examination of compounds 68b, 69a–b,
70, 72, and 73, focusing primarily on antiproliferative studies, flow cytometry, confocal
microscopy imaging, and the tubulin polymerization assay, among other complementary
analyses [46]. For the in vitro antiproliferative assessment, the benzo[b]furan derivatives
were tested against the A375 cancer cell line using a cell proliferation reagent WST-1 assay
(Table 16). The results revealed that compounds 69a (R1 = H), 69b (R1 = Ome), and 70
exhibited the most potent antiproliferative activity, displaying IC50 values of 2.85, 0.86, and
0.09 µM, respectively. Conversely, compounds 68b (R1 = Ome), 72, and 73 demonstrated
low activity, with IC50 values exceeding 100 µM.
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Scheme 12. Synthesis of 2-alkylbenzo[b]furan derivatives 72 and 73, and the reaction conditions: (a) 2-
(4-methoxyphenyl)acetyl chloride, AlCl3, 1,2-dichloroethane, 0–15 ◦C, 6 h; (b) pyridine hydrochloride,
reflux, 10–12 min; (c) HBr (20%), NaClO3, r.t., 2 h. The authors have not provided information
regarding the yields.

Table 16. Antiproliferative activity of benzo[b]furan derivatives against the A375 cancer cell line.

Compound IC50 (µM) a

68b >100
69a 2.85 ± 0.82
69b 0.86 ± 0.37
70 0.09 ± 0.03
72 >100
73 >100

a The data indicate the mean ± SD of at least three independent experiments.

Flow cytometry analysis employed an apoptosis detection kit FITC Annexin V to evaluate
apoptosis and necrosis in cells after 48 h of incubation with benzo[b]furan derivatives [46].
The results from the flow cytometry demonstrated minimal cytotoxicity for compounds 68b,
72, and 73, with approximately 90% of live cells, which is similar to the control group. In
contrast, compounds 69a, 69b, and 70 exhibited a significant increase in late apoptotic cells,
with percentages reaching 57.63%, 71.21%, and 58.52%, respectively. These findings highlight
the potent anticancer activity of 3-aryl-2-phenylbenzo[b]furan derivatives.

In addition, a complementary study on cell cycle distribution was performed, revealing
that the 3-aryl-2-phenylbenzo[b]furan derivatives induced the accumulation of A375 cells
in a tetraploid state (4N), resulting in a decrease in the percentage of cells in the G0/G1
phase. Specifically, compounds 69a, 69b, and 70 led to 66.34%, 58.86%, and 63.62% of A375
cells in the G2/M phase, respectively. In contrast, compounds 68b, 72, and 73 did not show
significant differences in the percentages of A375 cells in the G0/G1 and G2/M phases
compared to untreated control cells. These findings provide valuable insights into the mode
of action of the 3-aryl-2-phenylbenzo[b]furan derivatives and highlight their potential as
effective anticancer agents.

After analyzing the cell cycle distribution results, Kwiencień et al. conducted a
confocal microscopy analysis [46]. Cells were incubated with the tested compounds for
7 h, fixed, and then stained for α-tubulin and chromosomes. The control cells displayed
well-defined bipolar spindle formation with chromosome alignment at the metaphase
central plate or anaphase distribution (Figure 23A,B). However, cells treated with 3-aryl-2-
phenylbenzo[b]furans exhibited diverse phenotypes, characterized by enlarged nuclei and
the absence of a visible mitotic spindle (Figure 23C–H). Notably, compound 70 showed
a distinct phenotype with binuclear or enlarged nuclei. These observations suggest that
the disparity between the tested compounds and control cells was specifically evident
during mitosis, indicating a specific mitotic activity of the compounds. This finding sheds
significant light on the potential of these compounds as specific mitosis-targeting agents.
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Finally, the effects of benzo[b]furan derivatives on tubulin polymerization were evalu-
ated based on fluorescence [46]. Paclitaxel (PTX), vinblastine (VBL), and DMSO (0.2%) were
used as control and reference compounds. As depicted in Figure 24, DMSO had no direct
effect on tubulin polymerization. In contrast, the reference compounds (PTX and VBL)
interacted with tubulin, resulting in alterations to the normal polymerization curve. Upon
comparing the curves of VBL, 69a, 69b, and 70, it became evident that these compounds
were the most effective in inhibiting tubulin polymerization, as indicated by a decrease in
Vmax (maximum slope values for the growth phase) and a reduction in the final mass of
the protein polymer. These findings align with the observations from confocal microscopy
and flow cytometry analyses, where the inhibition of tubulin polymerization led to the
prevention of mitotic spindle formation, resulting in the presence of polyploid nuclei and
cell cycle arrest at 4N. These collective data provide compelling evidence for the significant
impact of the tested compounds on tubulin polymerization and their potential as potent
agents affecting cell division and proliferation.
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Anwar et al. pursued a unique approach and conducted preliminary studies, which re-
vealed a promising anticancer activity in a benzofuran–pyrazole hybrid 77 [47]. Encouraged
by these favorable findings, the researchers explored the potential benefits of its nanorange
form, aiming to investigate the influence of the nanorange and its effect on the cytotoxic
potency of the hybrid 77 [48]. The synthesis of hybrid 77 involved a three-step process:
(1) the conversion of 1-(benzofuran-2-yl)ethanone 74 into the pyrazole-4-carbaldehyde 75
through the Vilsmeier–Haack reaction; (2) Claisen–Schmidt condensation of compound 75
with 2-acetylpyrrole to give chalcone 76 in an 88% yield; and, finally, (3) the cyclocondensa-
tion of compound 76 with hydrazine hydrate in acetic acid to afford benzofuran–pyrazole
hybrid 77 in an 85% yield (Scheme 13).
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On the other hand, nanoparticles of the benzofuran–pyrazole hybrid 77 were synthe-
sized using the nanoprecipitation method and exhibited sizes ranging from 3.8 to 5.7 nm.
The characterization of these nanoparticles involved transmission microscopy (TEM) to
confirm spherical shape and average size. Additionally, the surface charge and stability
of the nanoparticles were analyzed utilizing the Malvern Zetasizer nano Zs instrument.
These results indicated that the nanoparticles had an average size of 3.8–5.7 nm and a
zeta potential of −27.3 mV, with a polydispersity index (PDI) of 0.77, confirming their
uniformity and stability.

The anticancer activity of the benzofuran–pyrazole hybrid 77 and its nanoparticles
was assessed against two breast cancer cell lines, MCF-7 and MDA-MB-231, using an MTT
assay and doxorubicin as a standard drug (Table 17) [48]. The results showed that the
nanoparticles of hybrid 77 exhibited the highest cytotoxic activity against both MCF-7
and MDA-MB-231 cell lines with IC50 values of 1 and 0.6 nM, respectively, outperforming
doxorubicin (IC50 = 620 nM in both cases). In contrast, hybrid 77 showed lower activity than
its nanoparticles against both cell lines, with IC50 values of 7 and 10 nM. This difference in
activity can be attributed to the high surface area/volume ratio of nanoparticles, which
allows for selective targeting of cells and tissues, and more effective interactions compared
to hybrid 77 (>100-fold). Finally, IC50 values of hybrid 77 and its nanoparticles showed over
a 1000-fold difference when targeting normal breast cells MCF-12A compared to cancer
cells, indicating their safety profiles in normal cells.
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Table 17. Antiproliferative activity of benzofuran–pyrazole hybrid 77 and its nanoparticles.

Compound
IC50 (nM) a

MCF-7 MDA-MB-231 MCF-12A

77 7 ± 1 10 ± 1 87,600 ± 335
Nanoparticles—77 1 ± 0.4 0.6 ± 0.1 21,540 ± 66

Doxorubicin b 620 ± 31 620 ± 31 ND
a The data indicate the mean ± SD of at least three independent experiments. b Doxorubicin is the standard drug
for the study. ND means not detected.

The researchers performed complementary analyses to explore the cell cycle, the
effect on caspase-3/p53/Bax/Bcl-2 levels, and PARP-1 cleavage [48]. For the cell cycle
analysis, the effects of hybrid 77 and its nanoparticles were evaluated against MCF-7 and
MDA-MB-231 cell lines using flow cytometry, comparing the results with a DMSO control.
As shown in Figure 25a, both the hybrid 77 and its nanoparticles induced apoptotic cells,
resulting in percentages of 9.18% and 21.54% for the MCF-7 line, and 11.09% and 23.17%,
for the MDA-MB-231 line, respectively. These findings underscore the significantly greater
potency of the nanoparticles of 77, being twice as effective as the hybrid 77 against both cell
lines tested. Moreover, exposure to the hybrid 77 and its nanoparticles caused a noticeable
disruption in cell cycle distribution, with percentages of 11.26% and 17.52% observed in
MCF-7, and 12.11% and 19.24% in MDA-MB-231, respectively (Figure 25b). These results
suggest that the inhibitory potency was predominantly associated with the nanoparticles
of 77, particularly in the G2/M phase.
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In the study focusing on caspase-3/p53/Bax/Bcl-2 levels, the researchers employed
an enzyme-linked immunosorbent assay (ELISA) to investigate two cancer cell lines [48].
As shown in Table 18, hybrid 77 exhibited a notable increase in caspase-3 levels (>5-fold)
compared to untreated cells. However, the nanoparticles of 77 demonstrated an even more
remarkable effect, surpassing the impact of hybrid 77, with caspase-3 levels elevated by
over 17-fold vs. untreated cells. Moreover, p53 levels showed an approximately 7-fold
increase for hybrid 77 and a remarkable 14-fold increase for nanoparticles of 77 against both
cell lines tested. Additionally, Bax levels displayed a significant increase of 5- to 13-fold,
while Bcl-2 levels decreased by 4- to 7-fold in both cell lines compared to the untreated cells.
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Table 18. Caspase-3, p53, Bax, and Bcl-2 levels of benzofuran–pyrazole hybrid 77 and its nanoparticles.

Compound Cell Line Caspasase-3 p53 Bax Bcl-2

77
MCF-7 6.383836 7.453852 5.745321 0.272695

MDA-MB-231 5.399087 7.792609 7.553853 0.181989

Nanoparticles—77 MCF-7 14.56524 12.51432 9.149760 0.131011
MDA-MB-231 17.915 14.60536 13.19230 0.134738

Untreated control
MCF-7 1 1 1 1

MDA-MB-231 1 1 1 1

In the final phase of the study, the researchers conducted a PARP-1 cleavage assay,
using staurosporine as the standard drug [48]. As depicted in Table 19, hybrid 77 did not
exhibit a considerable inhibitory effect on both cancer cell lines compared to staurosporine.
However, the nanoparticles of 77 showed a remarkable inhibitory effect, proving to be 4
and 10 times more potent than the hybrid 77 for the MCF-7 and MDA-MB-231 cell lines,
respectively. Notably, the nanoparticles of 77 exhibited an IC50 value of 6 nM, whereas
staurosporine had an IC50 value of 8 nM for the MDA-MB-231 line.

Table 19. PARP-1 inhibitory assay of benzofuran–pyrazole hybrid 77 and its nanoparticles.

Compound
IC50 (nM) a

MCF-7 MDA-MB-231

77 40 ± 1 60 ± 1
Nanoparticles—77 10 ± 4 6 ± 3

Staurosporine b 10 ± 1 8 ± 1
a The data indicate the mean ± SD of at least three independent experiments. b Staurosporine is the standard
drug for the study.

Shikonin–benzo[b]furan hybrids have shown potential as inhibitors of tubulin poly-
merization. To further explore this, Shao et al. synthesized the compound 79 using the
Finkelstein reaction of salicylaldehyde 78 with ethyl bromoacetate in the presence of KI as
a catalyst under mild reaction conditions (Scheme 14) [49]. Subsequently, compound 79
underwent condensation with K2CO3 in DMF at 120 ◦C for 3 h to afford ethyl benzofuran-
2-carboxylate 80, which was then hydrolyzed with sodium hydroxide in DMF at 60 ◦C for
30 min, resulting in benzo[b]furan-2-carboxylic acid 81. Finally, the esterification reaction of
carboxylic acid 81 with shikonin 82 using a mixture of DCC and DMAP in dichloromethane
at 0 ◦C for 8 h afforded shikonin–benzo[b]furan hybrids 83a–q in low yields (20–36%).

The antiproliferative activity of the shikonin–benzo[b]furan hybrids 83a–q was eval-
uated against five human cancer cell lines (HepG2, HT29, HCT116, MDA-MB-231, and
A549) and two non-cancerous cells (293T and LO2) using the MTT assay, with colchicine,
shikonin, and CA-4 as the standard drugs (Table 20). The results demonstrated significant
antiproliferative activity for the majority of the hybrids against the tested cancer cell lines.
Remarkably, compounds 83c (R1 = 3-OMe), 83o (R1 = 3-OEt), and 83i (R1 = 3-tert-butyl) ex-
hibited outstanding activity in the HT29 cell line, with IC50 values of 0.18, 0.73, and 0.82 µM,
respectively, compared to shikonin and colchicine (IC50 = 2.80 and 1.81 µM, respectively).
Surprisingly, compound 83c (IC50 = 0.18 µM) demonstrated even higher activity than CA-4
(IC50 = 0.31 µM) against the HT29 cell line. The impact of substitutions on antiproliferative
activity was evident, as the most active shikonin–benzo[b]furan hybrids 83c, 83i, and 83o
with a substitution at position 3 of the salicylaldehyde 78 displayed greater potency than
shikonin in four of the cancer cell lines tested. However, this trend was observed only in
mono-substituted compounds because di-substituted compounds (83i and 83p) exhibited
lower activity than them at the same position. On the other hand, compound 83f (R1 = 2-Br)
at position 2 demonstrated significant activity comparable to that of shikonin. Furthermore,
the cytotoxicity of all compounds was evaluated in two non-cancerous cells (293T and
LO2) (Table 20). The results indicated that all shikonin–benzo[b]furan hybrids exhibited
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low cytotoxicity (CC50 > 100 µM). These findings suggest their potential as promising
candidates for further exploration in cancer treatment research.
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Table 20. Antiproliferative activity of shikonin–benzo[b]furan hybrids 83a–q, shikonin, colchicine,
and CA-4.

Compound
IC50 (µM) a CC50 (µM) a

HepG2 HT29 HCT116 MDA-MB-231 A549 293T b LO2 b

83a 46.75 ± 6.96 7.16 ± 0.81 10.27 ± 1.60 6.00 ± 0.51 24.91 ± 2.29 169.08 ± 17.58 155.31 ± 9.20
83b 75.33 ± 3.23 1.22 ± 0.09 2.28 ± 0.32 1.91 ± 0.34 19.05 ± 1.83 ND ND
83c 73.20 ± 4.03 0.18 ± 0.04 0.58 ± 0.11 0.81 ± 0.13 0.57 ± 0.79 184.86 ± 9.88 154.76 ± 9.98
83d 71.83 ± 5.19 7.62 ± 0.85 10.68 ± 0.18 8.22 ± 0.38 18.53 ± 1.43 158.90 ± 19.48 151.52 ± 8.23
83e ND 6.06 ± 0.16 3.86 ± 0.47 3.59 ± 0.33 47.20 ± 2.24 ND ND
83f 52.38 ± 5.27 1.03 ± 0.17 2.21 ± 0.40 2.63 ± 0.13 27.33 ± 1.34 162.38 ± 17.77 197.07 ± 9.88
83g ND 10.37 ± 0.44 20.36 ± 1.82 10.42 ± 0.61 42.43 ± 5.35 170.07 ± 18.85 ND
83h 44.60 ± 4.88 5.89 ± 0.77 9.16 ± 0.44 4.09 ± 0.75 30.77 ± 2.11 158.61 ± 9.77 143.36 ± 9.88
83i ND 0.82 ± 0.08 1.21 ± 0.07 1.51 ± 0.10 48.81 ± 5.66 ND ND
83j 70.68 ± 6.96 4.04 ± 0.29 9.30 ± 0.76 10.74 ± 0.60 28.19 ± 2.53 194.98 ± 10.79 107.54 ± 9.93
83k 82.60 ± 9.68 9.14 ± 0.65 11.61 ± 0.91 4.88 ± 0.12 23.27 ± 2.65 121.92 ± 9.86 165.62 ± 11.98
83l 74.81 ± 8.50 7.55 ± 0.44 11.99 ± 1.21 15.25 ± 0.22 21.55 ± 3.26 148.46 ± 18.78 178.54 ± 8.50

83m 80.92 ± 9.13 16.35 ± 1.06 23.01 ± 0.97 18.33 ± 0.03 22.24 ± 3.83 149.38 ± 7.86 104.74 ± 9.85
83n 77.71 ± 5.81 1.12 ± 0.11 3.57 ± 0.50 2.01 ± 0.06 16.99 ± 0.66 ND ND
83o 81.32 ± 8.76 0.73 ± 0.09 1.27 ± 0.34 1.33 ± 0.44 9.11 ± 2.21 ND ND
83p ND ND ND 24.68 ± 0.56 ND ND ND
83q 90.78 ± 9.73 10.94 ± 0.90 11.28 ± 0.94 6.21 ± 0.03 19.13 ± 1.89 108.40 ± 9.14 137.4 ± 8.81

Shikonin c 2.92 ± 0.09 2.80 ± 0.26 2.47 ± 0.19 2.77 ± 0.29 10.25 ± 1.37 7.00 ± 0.89 11.77 ± 0.14
Colchicine c 1.47 ± 0.07 1.81 ± 0.06 2.13 ± 0.13 2.94 ± 0.12 1.17 ± 0.09 8.43 ± 0.71 9.18 ± 0.62

CA-4 c 0.27 ± 0.007 0.31 ± 0.02 0.11 ± 0.006 0.09 ± 0.008 0.23 ± 0.006 1.44 ± 0.011 0.36 ± 0.003

a The data indicate the mean ± SD of at least three independent experiments. b Cytotoxicity in human normal
cells. c Standard drugs for the study. ND means not detected.

Subsequently, the effect of hybrid 83c on tubulin microtubule dynamics was evaluated
in the HT29 cell line, using colchicine, CA-4, and paclitaxel as the standard drugs [49]. The
hybrid 83c exhibited a similar action to colchicine, indicating its potential as a microtubulin
destabilizing agent with a more potent inhibitory effect on tubulin polymerization than both
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colchicine and CA-4, as evidenced by their respective IC50 values of 0.98, 2.11, and 1.12 µM
(Table 21). In addition, compound 83c displayed a competitive trend at the tubulin binding
site, demonstrating a remarkable 92.42% inhibition at 4 µM, comparable to colchicine.

Table 21. Evaluation of the impact of hybrids 83c, 83f, and 83i on the inhibition of tubulin polymer-
ization and colchicine binding to tubulin.

Compound
Inhibition of Tubulin
Polymerization IC50

(µM) a

Inhibition of Colchicine Binding
(% Inhibition) a

2 µM 4 µM

83c 0.98 ± 0.014 82.36 ± 0.88 92.42 ± 0.79
83f 4.13 ± 0.26 ND ND
83i 2.37 ± 0.21 ND ND

Colchicine b 2.11 ± 0.32 ND ND
CA-4 b 1.12 ± 0.13 81.46 ± 0.94 92.96 ± 0.87

a The data indicate the mean ± SD of at least three independent experiments. b Standard references for the study.
ND means not detected.

The results led to additional biological investigations on hybrid 83c, including cell
cycle and apoptosis assays, tubulin antiangiogenesis, and antivascular assays [49]. Flow
cytometry was employed to analyze the cell cycle using the HT29 cell line at varying
concentrations of hybrid 83c. The results revealed cell cycle arrest at the G2/M phase
persisting over time (Figure 26a,b). Moreover, a Western blot study was performed to
assess the impact of hybrid 83c on cell-cycle-related proteins. The study revealed that
hybrid 83c increased the expression of P21 and cyclin B1, alongside reducing the expression
of Cdc2, p-Cdc2, and p-Cdc25c, corroborating the findings from the cell cycle analysis
(Figure 26c).
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and 1 µM; (b) with HT29 cells at time points of 12, 36, and 48 h; and (c) Western blot showing the 
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Cell apoptosis analysis was performed using the Annexin V-FITC/PI assay and con-
firmed by the Western blot in HT29 cells. Hybrid 83c induced cell apoptosis in a concen-
tration- and time-dependent manner (Figure 27a,b) [49]. Moreover, the expression of pro-
teins associated with cell apoptosis, including Bax, PARP, caspase-3, and caspase-9, in-
creased, while Bcl-2 expression decreased, aligning with the observed trend in cell apop-
tosis (Figure 27c). 

Figure 26. The cell cycle analysis of hybrid 83c: (a) using HT29 cells at concentrations of 0.25, 0.5,
and 1 µM; (b) with HT29 cells at time points of 12, 36, and 48 h; and (c) Western blot showing the
expression of cell-cycle-related proteins. Data are means ± SD of three independent experiments.
*** p < 0.05 vs. control. Reproduced with permission from ref. [49]. Copyright Elsevier Inc., 2023.
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Cell apoptosis analysis was performed using the Annexin V-FITC/PI assay and
confirmed by the Western blot in HT29 cells. Hybrid 83c induced cell apoptosis in a
concentration- and time-dependent manner (Figure 27a,b) [49]. Moreover, the expression
of proteins associated with cell apoptosis, including Bax, PARP, caspase-3, and caspase-
9, increased, while Bcl-2 expression decreased, aligning with the observed trend in cell
apoptosis (Figure 27c).
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Figure 27. Apoptosis analysis of hybrid 83c: (a) using HT29 cells at concentrations of 0.25, 0.5, and
1 µM; (b) with HT29 cells at time points of 12, 36, and 48 h; (c) Western blot showing the expression
of apoptosis-related proteins. Data are means ± SD of three independent experiments. ** p < 0.01;
*** p < 0.05 vs. control. Reproduced with permission from ref. [49]. Copyright Elsevier Inc., 2023.

A complementary study was conducted to explore the effect of hybrid 83c on inhibiting
tubulin polymerization and determine its potential to regulate microtubule dynamics in
living cells [49]. The immunofluorescence assay was performed using the HT29 cell
line, with colchicine and paclitaxel as positive control drugs (Figure 28). The results
demonstrated that cells treated with paclitaxel showed more stable microtubules, whereas
those treated with colchicine disintegrated and became soluble. Similarly, cells treated with
hybrid 83c showed a similar response to colchicine, inducing the collapse of microtubules
in a dose-dependent manner. On the other hand, the potential antivascular activity of
hybrid 83c was investigated using endothelial cells (HUVECs), which were treated with
different concentrations of 83c and then seeded in Matrigel. After 6 h of treatment, cells
treated with hybrid 83c exhibited a dose-dependent inhibition in the formation of HUVEC
cords, suggesting that hybrid 83c can impede the formation of HUVEC tubes.
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quently, a selective C–2 acylation of the Suzuki-type reaction resulted in the formation of 
4-(5-bromo-6-methoxybenzofuran-2-yl)phenol 86a. Further vinylation of 86a, followed by 
a hydroboration/oxidation sequence, led to the compound 88a, which was then subjected 
to methylation to afford compound 89a. For the tetrasubstituted benzo[b]furans 88b and 
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Figure 28. Evaluation of antimicrotubule effects against HT29 cells using confocal fluorescence
microscopy for hybrid 83c (0.25, 0.5, and 1 mM), colchicine (0.5 mM), paclitaxel (0.5 mM), and
DMSO. The nucleus was stained with DAPI (blue), and tubulins were labeled with Alexa Fluor 594
(red), captured with a confocal fluorescence microscope. Reproduced with permission from ref. [49].
Copyright Elsevier Inc., 2023.

As mentioned earlier, aryl- and alkylbenzo[b]furan groups have exhibited significant
biological activity against various types of human cancer. Building upon these promising
findings, Sivaraman et al. undertook the synthesis of a series of 2-aryl[b]benzofurans, clas-
sified as lignane and neolignane, through a one-pot reaction using 2-bromobenzo[b]furans
as crucial intermediates [50]. Lavandula agustifola served as the source for both natural
(89a, 99, and 100) and non-natural (88a–b, 89b, 94, and 95) compounds in the process
(Schemes 15–17).

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 15 of 29 
 

 

 
Scheme 15. Synthesis of 2-arylbenzo[b]furan derivatives 88a–b and 89a–b, and their reaction condi-
tions: (a) CBr4, TPP, Zn, NH4Cl, Cs2CO3, CuI, CH3CN/DCM (4:1), 85 °C, 2 h, 40–60%; (b) K2CO3, MeI, 
acetone, 60 °C, 1 h, 64%; (c) K2CO3, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol, Pd(PPh3)4, 
THF/EtOH/H2O (20:1:1), 80 °C, 16 h, 50–60%; (d) K3PO4, vinylboronic acid, Pd(dppf)Cl2.CH2Cl2, 
DMF/H2O (4:1), 90 °C, 2 h, 81–88%; (e) BH3/THF, 2M NaOH–H2O2, 0 °C, r.t, 2 h, 53–68%; (f) K2CO3, 
MeI, acetone, 60 °C, 1 h, 72%. 

  

Scheme 15. Synthesis of 2-arylbenzo[b]furan derivatives 88a–b and 89a–b, and their reaction condi-
tions: (a) CBr4, TPP, Zn, NH4Cl, Cs2CO3, CuI, CH3CN/DCM (4:1), 85 ◦C, 2 h, 40–60%; (b) K2CO3, MeI,
acetone, 60 ◦C, 1 h, 64%; (c) K2CO3, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol, Pd(PPh3)4,
THF/EtOH/H2O (20:1:1), 80 ◦C, 16 h, 50–60%; (d) K3PO4, vinylboronic acid, Pd(dppf)Cl2.CH2Cl2,
DMF/H2O (4:1), 90 ◦C, 2 h, 81–88%; (e) BH3/THF, 2M NaOH–H2O2, 0 ◦C, r.t, 2 h, 53–68%; (f) K2CO3,
MeI, acetone, 60 ◦C, 1 h, 72%.
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Scheme 16. Synthesis of 2-arylbenzo[b]furan derivatives 94 and 95 and their reaction conditions:
(a) CBr4, TPP, Zn, NH4Cl, Cs2CO3, CuI, CH3CN/DCM (4:1), 85 ◦C, 72%; (b) K2CO3, 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)phenol, Pd(PPh3)4, THF/EtOH/H2O (20:1:1), 80 ◦C, 16 h, 57%;
(c) K3PO4, vinylboronic acid, Pd(dppf)Cl2.CH2Cl2, DMF/H2O (4:1), 90 ◦C, 2 h, 90%; (d) BH3/THF,
2 M NaOH–H2O2, 0 ◦C, r.t, 2 h, 60%; (e) K2CO3, MeI, acetone, 60 ◦C, 1 h, 70%.
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THF/EtO/H2O (4:4:1), 0 ◦C, r.t, 2 h, 89%; (e) K2CO3, MeI, acetone, 60 ◦C, 1 h, 76%.

In the initial synthesis, 2,5-dibromo-6-methoxybenzo[b]furan 85a was obtained in a
60% yield through a gem-dibromo olefination/cyclization sequence (Scheme 15). Subse-
quently, a selective C–2 acylation of the Suzuki-type reaction resulted in the formation of
4-(5-bromo-6-methoxybenzofuran-2-yl)phenol 86a. Further vinylation of 86a, followed by
a hydroboration/oxidation sequence, led to the compound 88a, which was then subjected to
methylation to afford compound 89a. For the tetrasubstituted benzo[b]furans 88b and 89b, a
similar reaction pathway was employed, utilizing 1-(5-bromo-2,4-dihydroxyphenyl)ethanone
84b, leading to the formation of 2,5-dibromo-3-methylbenzo[b]furan-6-ol 85b. Subsequent
methylation of 85b gave 2,5-dibromo-6-methoxy-3-methylbenzo[b]furan 85c. By employing
the identical reaction steps as previously described, compounds 88b and 89b were obtained
with overall yields of 6% and 5%, respectively.

The second reaction was performed following a similar procedure as described in
Scheme 15. Initially, a one-pot cyclization of 5-bromo-2-hydroxy-3-methoxybenzaldehyde
90 yielded benzo[b]furan 91. Subsequently, a selective C–2 arylation gave 92, and vinylation
led to the formation of 4-(7-methoxy-5-vinyl-benzofuran-2-yl)phenol 93 (Scheme 16). After-
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ward, a hydroboration/oxidation sequence afforded compound 94, and its methylation
yielded compound 95, with overall yields of 22% and 16%, respectively.

Benzo[b]furan derivatives 99 and 100 were synthesized by a multi-step process start-
ing from 94. Initially, compound 94 underwent diacetylation to afford 96 (Scheme 17).
Subsequently, a regioselective iodination reaction of 96 with NIS afforded iodinated com-
pound 97, which underwent a Suzuki reaction to give compound 98. Finally, benzofuran
98 suffered deprotection and methylation to obtain compounds 99 and 100 with overall
yields of 10% and 8%, respectively.

The previously synthesized compounds were evaluated for their cytotoxic effects on
five human cancer cell lines, including MCF-7, A549, PC3, HepG2, and Hep3B, utilizing the
MTT assay [50]. Notably, compounds 88a, 94, and 99 exhibited significant reductions in cell
counts, indicating promising cytotoxic activity. Subsequently, comprehensive biological
studies were conducted using Western blot analysis to assess the effects of compounds
88a, 94, and 99 on proteins associated in cellular processes (Figure 29). As expected, all
compounds induced the cleavage of PARP, indicative of activation of the apoptosis pathway.
Additionally, MCF-7, A549, and HepG2 cells showed phosphorylation and stabilization
of p53 in response to the compounds, while PC3 and Hep3B cells did not exhibit this
response. Furthermore, the compounds similarly induced the p21 target gene across all
cancer cell lines, regardless of the sensitivity of each cell line. This suggests that these
compounds affect cancer cell survival through a combination of both p53-dependent and
p53-independent mechanisms.
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Figure 29. Western blot analysis for PARP, Phospho-p53, p53, p21, and GAPDH as the loading control
for compounds 88a, 94, and 99. Reprinted (adapted) with permission from ref. [50]. Copyright
American Chemical Society, 2023.

Similarly, Oliva et al. synthesized a novel series of 2-amino-3-(3′,4′,5′-trimethoxybenzo
yl)benzo[b]furan derivatives 103a–o and evaluated their in vivo and in vitro anticancer
activity [51]. The synthesis involved two distinct reaction steps, as illustrated in Scheme 18.
Initially, the Knoevenagel condensation reaction of salicylaldehyde 101 with 2-azido-1-
(3,4,5-trimethoxyphenyl)ethanone was conducted in methanol at room temperature for
24 h, utilizing piperidinium acetate to afford α-azido chalcone 102. Subsequently, the
chalcones were treated with PTSA (20 mol%) in refluxing acetonitrile for 12 h, resulting
in the formation of 2-amino-3-(3′,4′,5′-trimethoxybenzoyl)benzo[b]furan derivatives 103a–
n in 60–80% yields. An alternative photochemical process was also employed, where
thermal heating was replaced with irradiation at room temperature using a 25 W compact
fluorescent lamp (CFL) to obtain compounds 103a–n, albeit in reduced yields. Moreover,
compound 103n was obtained from 103i through hydrogenation using Pd/C (10%) as the
catalyst, while compound 103o was derived from 103m through reduction using iron and
ammonium chloride.
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Scheme 18. Synthesis of 2-amino-3-(3′,4′,5′-trimethoxybenzoyl)benzo[b]furan derivatives 103a–o,
and the reaction conditions: (a) 2-azido-1-(3,4,5-trimethoxyphenyl)ethanone, piperidinium acetate,
MeOH, r.t, 24 h; (b) PTSA (20 mol%), CH3CN, reflux, 12 h; (c) white CFL (25 W), PTSA (20 mol%),
CH3CN, r.t, 24 h; (d) Pd/C (10%), EtOH, 40 bar, 60 ◦C, 30 min; (e) Fe, NH4Cl, EtOH/H2O, reflux, 3 h.

The antiproliferative activity of the compounds 103a–l and 103n–o was evaluated
against six human cancer cell lines (HeLa, HT-29, Daoy, HL-60, SEM, and Jurkat) using the
MTT assay and CA-4 as the standard drug (Table 22). The results revealed the remarkable
activity of four of the compounds (103d, 103f, 103k, and 103l), with IC50 values below
5 nM. Specifically, compound 103f (R1,2,4 = H, R3 = OEt) displayed the highest potency
with an IC50 value of 5 pM against the Daoy cell line, outperforming the other cell lines
evaluated. Both compounds 103f and 103l (R1,2,4 = H, R3 = Me) exhibited greater potency
than CA-4 in all cancer lines and demonstrated significantly higher sensitivity in Daoy,
HL-60, and Jurkat cell lines, with IC50 values ranging from 0.005 to 0.38 nM. Furthermore,
a clear and consistent trend in the antiproliferative activity was observed among the
methoxy-substituted compounds (103b–e). The compounds bearing a methoxy group at
either the C–5 or C–6 position exhibited the highest activity, while those with the methoxy
group at the C–4 or C–7 position displayed the lowest activity. Specifically, the order of
potency was as follows: 6-OMe (103d) > 5-OMe (103c) > 7-OMe (103e) > 4-OMe (103b). In
particular, compound 103b exhibited a remarkable IC50 value ranging from 2.8 to 8.5 nM.
Moreover, the substitution of the methoxy group with a methyl group at C–6 (103d and
103l, respectively) resulted in a 3–14-fold increase in activity against HeLa, HT-9, SEM, and
Jurkat cell lines for 103l compared to 103d. However, the substitution of the methoxy group
with a hydroxy group at C–6 (103n) did not enhance its activity in any significant manner.
Finally, in the halide compounds, increasing the size from fluorine to bromine (103k) led
to a 71–338-fold increase in activity across all six cell lines, with particularly pronounced
effects observed in the Daoy line.
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Table 22. Antiproliferative activity of compounds 103a–l, 103n–o, and CA-4.

Compound
IC50 (nM) a

HeLa HT-29 Daoy HL-60 SEM Jurkat

103a 413 ± 40.3 591 ± 29 371 ± 19 339 ± 21 250 ± 28 385 ± 52
103b 5225 ± 312 6512 ± 263 3950 ± 236 4891 ± 445 4557 ± 369 2760 ± 156
103c 56.0 ± 19 62.9 ± 12.9 36.2 ± 6.9 36.2 ± 11 38.9 ± 12 29.2 ± 9.3
103d 2.9 ± 0.3 5.6 ± 0.9 0.30 ± 0.08 3.0 ± 0.2 4.1 ± 0.2 2.7 ± 0.6
103e 496 ± 39 477 ± 42 345 ± 36 233 ± 31 285 ± 26 333 ± 42
103f 2.8 ± 0.3 2.1 ± 0.2 0.005 ± 0.001 2.7 ± 0.2 0.31 ± 0.05 0.28 ± 0.08
103g 22.7 ± 1.8 17.7 ± 1.2 4.4 ± 0.9 41.7 ± 15.9 29.7 ± 8.9 27.2 ± 1.9
103h 1250 ± 98 910 ± 58 1670 ± 87 428 ± 36 385 ± 27 390 ± 39
103i 9670 ± 125 8680 ± 458 >10,000 7056 ± 659 3675 ± 298 4390 ± 154
103j 591 ± 26 682 ± 45 846 ± 28 413 ± 56 333 ± 45 299 ± 39
103k 4.5 ± 0.5 5.4 ± 0.3 2.5 ± 0.2 5.6 ± 0.9 3.5 ± 0.1 2.8 ± 0.6
103l 1.1 ± 0.2 0.6 ± 0.02 0.34 ± 0.1 3.5 ± 0.4 0.30 ± 0.03 0.33 ± 0.05
103n 591 ± 63 3420 ± 368 428 ± 45 285 ± 2.5 371 ± 1.5 299 ± 37
103o 635 ± 1.5 790 ± 98 494 ± 56 413 ± 3.8 259 ± 1.8 399 ± 58

CA-4 b 4 ± 1 3100 ± 100 12.3 ± 0.09 1 ± 0.2 5 ± 0.1 0.8 ± 0.2
a The data indicate the mean ± SD of at least three independent experiments. b The standard drug for the study.

The antiproliferative studies facilitated the identification of the most promising compounds
from the synthesized series of 2-amino-3-(3′,4′,5′-trimethoxybenzoyl)benzo[b]furans [51]. Sub-
sequently, compounds 103c–d, 103f–g, and 103k–l were selected for further evaluation
to assess their inhibitory effects on tubulin polymerization and [3H]colchicine binding to
tubulin (Table 23). The results demonstrated that all compounds exhibited comparable
tubulin polymerization inhibition as compared to CA-4. Specifically, compounds 103f and
103l displayed greater potency than CA-4 (IC50 = 0.54 nM), with IC50 values of 0.37 and
0.39 nM, respectively. Moreover, in the colchicine binding studies to tubulin, compounds
103d, 103f, and 103l showed results similar to CA-4 at concentrations of 5 and 0.5 µM.
These findings suggest that the compounds in this assay are robust antiproliferative and
antitubulin agents.

Table 23. Evaluation of the impact of compounds 103c–d, 103f–g, 103k–l, and CA-4 on the inhibition
of tubulin polymerization and colchicine binding to tubulin.

Compound
Inhibition of Tubulin
Polymerization IC50

(µM) a

Inhibition of Colchicine Binding
(% Inhibition) a

5 µM 0.5 µM

103c 0.50 ± 0.09 73 ± 0.5 ND
103d 0.48 ± 0.05 99 ± 0.2 79 ± 1
103f 0.37 ± 0.02 99 ± 0.3 86 ± 0.8
103g 0.51 ± 0.1 91 ± 0.3 42 ± 0.4
103k 0.57 ± 0.04 92 ± 1 56 ± 2
103l 0.39 ± 0.04 97 ± 0.4 74 ± 0.1

CA-4 b 0.54 ± 0.06 97 ± 0.8 82 ± 2
a The data indicate the mean ± SD of at least three independent experiments. b The standard drug for the study.
ND means not detected.

The potent inhibition of tubulin polymerization displayed by compounds 103f and
103l prompted the evaluation of their effects on cell cycle progression using flow cytometry
with the HeLa cell line. As shown in Figure 30a,b, both compounds caused a remarkable
cell cycle arrest at the G2/M phase after 24 h of treatment at a concentration of 10 nM.
Furthermore, there was a notable reduction in the number of cells in the G1 phase, while no
significant effect was observed on the S phase for both compounds. These findings indicate
that compounds 103f and 103l exhibited a strong influence on cell cycle dynamics, which
may play a crucial role in their antiproliferative activity.
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G2/M phase of the cell cycle, which showed a dose-dependent increase in expression in 
response to compound 103f. This result aligns with the rapid accumulation of cells in the 
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Figure 30. The cell cycle distribution in the HeLa cell line using flow cytometry analysis of compounds
(a) 103f and (b) 103l. Reproduced with permission from ref. [51]. Copyright Elsevier Inc., 2023.

Furthermore, a study was conducted to investigate the effects of compound 103f
on two proteins, Bubr1 and Mad-2, which play essential roles in the spindle assembly
checkpoint (SAC), and are associated with apoptotic cell death (Figure 31). The treatment
with compound 103f resulted in a significant reduction in the expression of both Bubr1 and
Mad-2 proteins, even at low concentrations as low as 10 nM, indicating a potential arrest
of the mitotic checkpoint. Moreover, the study examined cyclin B, a key regulator in the
G2/M phase of the cell cycle, which showed a dose-dependent increase in expression in
response to compound 103f. This result aligns with the rapid accumulation of cells in the
G2/M phase induced by the compound.
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Considering the well-established association of tubulin-targeting agents with antivas-
cular effects against tumor endothelium, the response of compound 103f was evaluated to
assess its antivascular activity in angiogenesis in vivo using HUVEC endothelial cells [51].
For this purpose, HUVECs were seeded on Matrigel to analyze the impact of compound
103f on the formation of “tubule-like” structures in these cells. The results indicated that
after 1 h of treatment, compound 103f effectively disrupted the HUVEC network at both
concentrations tested (10 and 100 nM) compared to the control cells. To quantitatively eval-
uate these effects, image analysis was conducted to measure parameters such as the tubule
segment length, meshwork area, and number of branches. Notably, the results showed a
statistically significant effect at a concentration of 10 nM on segment length and mesh area,
underscoring the strong potential of compound 103f to induce vascular disruption. These
findings strongly suggest that compound 103f holds promise as a potential antivascular
agent for inhibiting angiogenesis.

Finally, compound 103f underwent in vivo tests to evaluate its antitumor and cytotoxic
effects in syngeneic mice. The method involved injecting E0771 murine breast cancer cells
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into the mammary fat pads of female C57BL/6 mice. Simultaneously, compound 103f
was administered intraperitoneally on alternate days at two doses (5 or 15 mg/kg). The
results demonstrated a dose-dependent reduction in tumor growth upon treatment with
compound 103f, achieving a decrease of 45.7% and 16.9% at 15 and 5 mg/kg, respectively
(Figure 32a). Compound 103f exhibited higher potency than the reference drug (CA-4P),
which reduced tumor growth by 26.5% at 30 mg/kg. Importantly, cytotoxicity tests revealed
no apparent signs of toxicity at the 15 mg/kg doses of compound 103f (Figure 32b). These
findings highlight the potential of compound 103f as a promising antitumor agent with
limited toxicity in vivo.
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Figure 32. Suppression of mammary tumor growth in female C57BL/6 mice by compound 103f:
(a) tumor weight measurement at the end of the procedure (n = 5 mice/group) and (b) changes
in mouse body weight during the procedure. Asterisks indicate significant difference between the
treated and the control group. * p < 0.05, *** p < 0.0001. Reproduced with permission from ref. [51].
Copyright Elsevier Inc., 2023.

In 2021, Xu et al. accomplished the successful synthesis of novel polycyclic hetero-
cycles derived from Evodiamine, a quinazolinocarboline alkaloid naturally occurring in
the Evodia rutaecarpa plant native to China [52]. This research primarily aimed to evaluate
these compounds as potential inhibitors of topoisomerase I (Top 1) for treating triple-
negative breast cancer (TNBC), an aggressive subtype of breast cancer. The key focus of
their synthetic efforts was the preparation of the 2-(5-methoxybenzofuran-3-yl)ethanamine
110, which involved a five-step reaction sequence using 1,4-dimethoxybenzene 104 as the
starting reagent (Scheme 19). Subsequently, intermediate 110 underwent an amidation
reaction with ethyl formate in reflux conditions for 12 h to afford amide 111 in a 72% yield.
The following step involved an intramolecular cyclization of compound 111 using POCl3
in dichloromethane at room temperature for 12 h to give compound 112, which was then
reacted with substituted salicylic acid chlorides 114a–f in dichloromethane at room temper-
ature for 12 h to obtain the compounds 115a–f in good yields. Finally, the intermediates
115a–f underwent O-demethylation using BBr3 in dichloromethane at −78 ◦C for 6 h to
furnish evodiamine derivatives 116a–f in good yields.
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The antiproliferative evaluation of evodiamine analogs 115a–f and 116a–f was per-
formed on MDA-MB-435 human breast carcinoma cells using the MTT method, with
evodiamine as the standard drug (Table 24) [52]. Notably, the results significantly favored
compounds 116a–f, exhibiting a higher percentage of inhibition at 10 µM compared to evo-
diamine. Building upon these promising findings, compounds 116a–f underwent further
evaluation against four human cancer cell lines: MDA-MB-435, MDA-MB-231, HCT116,
and A549, using the MTT method in the presence of evodiamine and camptothecin as the
standard drugs (Table 25). The breast cancer lines showed the highest sensitivity to these
compounds. For instance, compounds 116a (R1 = H) and 116f (R1 = 3-Cl) showed the best
activity against the MDA-MB-435 cell line, with IC50 values of 0.47 and 0.42 µM, respec-
tively, which were comparable to the camptothecin (IC50 = 0.31 µM). The introduction of a
halogen at position 3 significantly enhanced the antiproliferative activity of the analogs, as
demonstrated by 116f, which was the most active in the series with IC50 values of 0.36, 0.42,
and 0.76 µM against the MDA-MB-231, MDA-MB-435, and HCT116 cell lines, respectively.

The data presented above shed light on the main objective of this study, which involves
evaluating the topoisomerase inhibitory activity of compounds 116a–f [52]. To achieve this,
a Top-1-mediated DNA cleavage assay was performed using purified Top 1 on compounds
116a–f. During the assay, DNA and Top 1 were incubated with or without these compounds
to observe their effect on the appearance of relaxed DNA fragments. Remarkably, among
the tested compounds, only 116f and camptothecin (CPT) exhibited significant inhibition
of Top-1-mediated relaxation of supercoiled DNA at a concentration of 50 µM (Figure 33a).
Furthermore, in a Top 1 inhibition study, compound 116f showed activity at 20 µM, while
evodiamine only displayed moderate activity up to 500 µM (Figure 33b,c). These findings
strongly suggest that 116f specifically targets Top 1 and holds great potential as a promising
candidate for further investigation in cancer drug development.
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Table 24. Percentage inhibition of evodiamine derivatives 115 and 116 on MDA-MB-435 cell line.

Compound
% Inhibition a

100 µM 10 µM 1 µM

115a 36.6 ± 2.7 10.6 ± 0.5 6.0 ± 0.4
115b 15.0 ± 1.9 11.9 ± 1.5 7.1 ± 1.2
115c 13.0 ± 0.7 9.2 ± 0.5 6.8 ± 2.4
115d 41.5 ± 2.6 19.2 ± 2.8 7.5 ± 1.0
115e 12.1 ± 0.7 5.5 ± 0.2 8.6 ± 0.7
115f 15.9 ± 0.9 7.3 ± 0.6 2.3 ± 0.1
116a 96.5 ± 9.6 61.2 ± 4.9 55.1 ± 3.0
116b 97.4 ± 8.3 66.5 ± 8.5 60.6 ± 12.8
116c 94.5 ± 6.2 83.1 ± 6.2 75.7 ± 8.2
116d 94.0 ± 6.1 64.8 ± 7.0 62.7 ± 9.3
116e 96.9 ± 9.8 59.5 ± 2.1 32.7 ± 4.6
116f 95.8 ± 4.1 84.3 ± 5.8 82.4 ± 7.4

Evodiamine b 73.5 ± 5.5 53.3 ± 3.1 38.9 ± 3.1
a The data indicate the mean ± SD of at least three independent experiments. b The standard drug for the study.

Table 25. Antiproliferative activity of evodiamine derivatives 116a–f.

Compound
IC50 (µM) a

MDA-MB-435 HCT116 A549 MDA-MB-231

116a 0.47 ± 0.03 1.26 ± 0.10 4.28 ± 0.30 0.86 ± 0.07
116b 1.95 ± 0.23 3.45 ± 0.24 6.79 ± 0.64 2.52 ± 0.33
116c 0.81 ± 0.06 1.71 ± 0.13 4.14 ± 0.33 1.16 ± 0.14
116d 1.14 ± 0.09 4.71 ± 0.32 10.49 ± 0.97 1.05 ± 0.09
116e 2.35 ± 0.18 6.09 ± 0.46 7.58 ± 0.67 3.73 ± 0.28
116f 0.42 ± 0.03 0.76 ± 0.07 5.24 ± 0.34 0.36 ± 0.02

Evodiamine b 6.30 ± 0.54 32.67 ± 2.30 77.24 ± 6.33 13.30 ± 1.84
Camptothecin b 0.31 ± 0.07 0.09 ± 0.008 0.10 ± 0.001 0.42 ± 0.03

a The data indicate the mean ± SD of at least three independent experiments. b The standard drugs for the study.

Complementary biochemical studies were performed to explore the ability of the
compound 116f to effectively trap Top 1–DNA cleavable complexes within cancer cells,
potentially leading to cell death. To assess this, the researchers quantified the number of
trapped cleavable complexes using [3H]thymidine incorporation and SDS-K+ precipitation
methods. As shown in Figure 34a, there was a significant increase in the formation of the
cleavable complex over prolonged periods in cells treated with both camptothecin and
the compound 116f. Furthermore, to confirm the formation of the cleavable complex, an
immunological band depletion assay was performed to verify the presence of Top 1 in the
precipitated complex, demonstrating that the complex could not migrate through the gel.
Conversely, in the absence of the complex, Top 1 would have migrated through the gel. The
results revealed a proportional decrease in the amount of free Top 1 with increasing time in
cells treated with 15 µM of CPT and 30 µM of 116f, particularly evident after 9 h, where
almost no free Top 1 was detected (Figure 34b). These compelling findings strongly support
the notion that the 116f analog effectively interacts with Top 1, leading to the formation of
the cleavable complex, underscoring its potential as a promising candidate for anti-cancer
drug development.

Furthermore, a comprehensive study was performed to investigate the potential of
stabilizing Top 1–DNA covalent complexes through an indirect process involving ROS
generation and subsequent oxidative DNA damage, as observed in other studies with
staurosporine. This investigation employed a fluorogenic ROS probe in combination with
flow cytometry analysis. As demonstrated in Figure 35a, the treatment of MDA-MB-231
cells with the compound 116f resulted in a compelling, dose-dependent increase in ROS
levels. Notably, even in the absence of Top 1 in MDA-MB-231 cells (siRNA-Top 1), the 116f
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analog induced ROS generation, indicating that the compound has the ability to generate
ROS independently of Top 1 (Figure 35b).
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ref. [52]. Copyright American Chemical Society, 2023.
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The cell cycle study focused on evaluating the mitochondrial dysfunction involved in
the apoptosis process. To achieve this, a JC-1 fluorescent probe was employed to measure
the mitochondrial membrane potential, incubated with MDA-MB-231 cells at different
concentrations, and quantified by flow cytometry analysis. Mitochondrial dysfunction was
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found at 3.0% with 0 µM, 12.2% with 0.1 µM, 18.5% with 0.2 µM, and 25.0% with 0.4 µM
of cells after treatment with the compound 116f (Figure 36a). These data suggest a direct
relationship with the mitochondrial pathway. Therefore, it was also necessary to evaluate
the expression of apoptotic proteins, including Bax, Bcl-2, cytochrome C, and caspase-3,
using a Western blot assay. Figure 36b shows that following 48 h of treatment with 116f,
the levels of Bax, cytochrome C, and caspase-3 proteins noticeably increased, while Bcl-2
expression significantly decreased.
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Figure 35. Generation of ROS by compound 116f independent of Top 1: (a) flow cytometry analysis
of ROS generation in MDA-MB-231 cells treated with 116f, and (b) comparison of ROS generation
in parental MDA-MB-231 cells, MDA-MB-231 cells with control siRNA (siRNA-Ctrl), and Top-1-
deficient MDA-MB-231 cells (siRNA-Top 1). Reprinted (adapted) with permission from ref. [52].
Copyright American Chemical Society, 2023.
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Figure 36. Effect of compound 116f on (a) mitochondrial dysfunction using JC-1 staining and
(b) expression levels of related proteins analyzed by Western blot in the MDA-MB-231 cell line.
β-Actin was used as an internal control. *** p < 0.001. Reprinted (adapted) with permission from
ref. [52]. Copyright American Chemical Society, 2023.

Finally, in vivo studies were conducted using a mouse xenograft model with surgical
residual tumor samples from a patient with TNBC to assess the anticancer potency of
compound 116f in TNBC, with paclitaxel (PTX) used as the positive control. Different
concentrations of 116f were administered to the mice, followed by histological analysis
of tumor tissue sections using H&E staining (Figure 37a). The results showed that the
tumors from mice treated with 116f exhibited reduced cell density and increased necrosis
rates compared to the untreated mice. Furthermore, immunofluorescence labeling of cell
proliferation marker Ki67 showed a significant decrease in proliferating Ki67 cells in tumors
treated with 116f compared to untreated tumors. This result convincingly demonstrates
the potent inhibitory effect of 116f on tumor growth. Additionally, the body weight of the
evaluated mice treated with compound 116f showed no significant changes, indicating the
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absence of apparent toxicity (Figure 37b). These promising findings highlight the potential
of compound 116f for future TNBC treatments, even at doses as low as 20 mg/kg.
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Using a similar approach, Zhang et al. successfully identified potential drugs for triple-
negative breast cancer (TNBC) [53]. They focused on the derivatives of ZINCO3830212,
which was selected through molecular docking studies involving pocket U of SIRT3, en-
compassing crucial amino acids, such as Phe157, Arg158, Ser159, Pro176, Glu177, and
Glu323. This particular pocket is known for its significant role in modulating autophagy
and its associations with various human cancers. To synthesize these derivatives, the
researchers utilized alkanes as linkers and introduced halogen substituents to obtain com-
pounds 117a–r through an O-alkylation reaction. Subsequently, all synthesized compounds
117a–r were evaluated against four human cancer cell lines: HL60, U937, MCF-7, and
MDA-MB-231, using the MTT method and ZINCO3830212 as the reference compound
(Table 26). Among these derivatives, compounds 117c–e exhibited the most promising
results in activating SIRT3. The researchers also investigated the impact of alkane length
on SIRT3 activation by varying the linker length. Interestingly, they observed a decrease in
activity for compound 117o (n = 0, R1 = I, R2 = 1-pyrrolidinyl) with a shorter linker. More-
over, when substituents other than iodine (i.e., H, Cl, Br, and Me) were used, the activity
was not favored in compounds 117n (n = 0, R1 = H, R2 = 1-pyrrolidinyl) and 117p–r (n = 1,
R1 = Cl, Br, Me, R2 = 1-pyrrolidinyl). However, in the case of compound 117c (n = 1, R1 = I,
R2 = 1-pyrrolidinyl) containing iodine, its activity surpassed that of compounds 117p–r.
Remarkably, compound 117c showed the highest antiproliferative activity against the breast
carcinoma line MDA-MB-231, with an IC50 value of 2.19 µM, compared to ZINCO3830212
(IC50 = 33.43 µM). This significant finding highlights its potential as a promising SIRT3
activator for TNBC treatment (Table 26).
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Table 26. Antiproliferative activity of compounds 117a–r.
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1 108.47 ± 1.95 41.33 ± 2.27 48.29 ± 1.98 15.58 ± 0.96 29.87 ± 0.91

ZINCO3830212
b I
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0 115.23 ± 2.20 5.27 ± 1.06 9.31 ± 1.45 >50 33.43 ± 2.84

a The data indicate the mean ± SD of at least three independent experiments. b The reference compound for
the study.
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This study compared the deacetylation activity of the compound 117c with resveratrol
and honokiol, known SIRT3 activators, using molecular coupling and evaluating their
antiproliferative effects [53]. Molecular docking revealed that, unlike the compound 117c,
resveratrol and honokiol tended to bind to the acetylated substrate recognition site, indi-
cating no allosteric effect (Figure 38a). Also, compound 117c showed significantly higher
potency than the reference activators, with an IC50 value of 2.19 µM against the MDA-
MB-231 cell line. In contrast, resveratrol and honokiol showed IC50 values of 98.89 µM
and 44.89 µM, respectively, with normalized Emax values of 0.25 for resveratrol, 0.91 for
honokiol, and 1.00 for compound 117c (Table 27). Additionally, compound 117c induced
the deacetylation of two tested SIRT3 substrates, MnSOD2 and p53 (Figure 38b), further
confirming its potent deacetylation and antiproliferative effects.

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 60 of 98 
 

 

This study compared the deacetylation activity of the compound 117c with resvera-
trol and honokiol, known SIRT3 activators, using molecular coupling and evaluating their 
antiproliferative effects [53]. Molecular docking revealed that, unlike the compound 117c, 
resveratrol and honokiol tended to bind to the acetylated substrate recognition site, indi-
cating no allosteric effect (Figure 38a). Also, compound 117c showed significantly higher 
potency than the reference activators, with an IC50 value of 2.19 µM against the MDA-MB-
231 cell line. In contrast, resveratrol and honokiol showed IC50 values of 98.89 µM and 
44.89 µM, respectively, with normalized Emax values of 0.25 for resveratrol, 0.91 for 
honokiol, and 1.00 for compound 117c (Table 27). Additionally, compound 117c induced 
the deacetylation of two tested SIRT3 substrates, MnSOD2 and p53 (Figure 38b), further 
confirming its potent deacetylation and antiproliferative effects. 

 
(a) 

 
 

(b) (c) 

Figure 38. Effect of compound 117c on SIRT3 activation. (a) The molecular coupling of compound 
117c with resveratrol and honokiol in SIRT3. (b) The chemical structures of resveratrol and honokiol. 
(c) SIRT3-dependent substrate deacetylation with compound 117c. Reprinted (adapted) with per-
mission from ref. [53]. Copyright American Chemical Society, 2023. 

Table 27. Emax, EC50, and IC50 values of compound 117c. 

Compound Emax a EC50 (µM) 
IC50 (µM) a 

MDA-MB-231 
117c 1.00 ± 0.07 0.21 2.19 ± 0.16 

Resveratrol b 0.25 ± 0.03 55.19 98.89 ± 2.16 
Honokiol b 0.91 ± 0.06 0.17 44.89 ± 1.86 

a The data indicate the mean ± SD of at least three independent experiments. b The reference com-
pounds for the study. 

The conducted studies provided significant insights, demonstrating the activation 
capability of compound 117c on SIRT3 [53]. To assess its selectivity toward SIRT3, a CE-
TSA cellular thermal shift assay was performed on all SIRTs (SIRT1, SIRT2, SIRT3, and 

Figure 38. Effect of compound 117c on SIRT3 activation. (a) The molecular coupling of compound
117c with resveratrol and honokiol in SIRT3. (b) The chemical structures of resveratrol and hon-
okiol. (c) SIRT3-dependent substrate deacetylation with compound 117c. Reprinted (adapted) with
permission from ref. [53]. Copyright American Chemical Society, 2023.

Table 27. Emax, EC50, and IC50 values of compound 117c.

Compound Emax a EC50 (µM) IC50 (µM) a

MDA-MB-231

117c 1.00 ± 0.07 0.21 2.19 ± 0.16
Resveratrol b 0.25 ± 0.03 55.19 98.89 ± 2.16
Honokiol b 0.91 ± 0.06 0.17 44.89 ± 1.86

a The data indicate the mean ± SD of at least three independent experiments. b The reference compounds for
the study.

The conducted studies provided significant insights, demonstrating the activation
capability of compound 117c on SIRT3 [53]. To assess its selectivity toward SIRT3, a CETSA
cellular thermal shift assay was performed on all SIRTs (SIRT1, SIRT2, SIRT3, and SIRT5).
The collected data clearly revealed a direct interaction between compound 117c and SIRT3,
while SIRT1, SIRT2, and SIRT5 remained unaffected in their thermal stability. This distinct
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result confirmed the specific binding affinity of compound 117c for SIRT3 in the MDA-
MB-231 cell line (Figure 39). With its selectivity established, the researchers explored the
influence of SIRT3 on both short- and long-term effects of compound 117c in the MDA-
MB-231 cell line, confirming a concentration- and time-dependent inhibition of tumor
cell proliferation (Figure 40a,b). Next, the antiproliferative activity was examined in the
presence of SIRT3, and the findings indicated a significant impairment in the inhibitory
effect of compound 117c when SIRT3 was absent. As a result, the antiproliferative effect
displayed a marked reduction after SIRT3 knockdown, firmly establishing the dependence
of compound 117c on SIRT3 for its activity (Figure 40c).

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 61 of 98 
 

 

SIRT5). The collected data clearly revealed a direct interaction between compound 117c 
and SIRT3, while SIRT1, SIRT2, and SIRT5 remained unaffected in their thermal stability. 
This distinct result confirmed the specific binding affinity of compound 117c for SIRT3 in 
the MDA-MB-231 cell line (Figure 39). With its selectivity established, the researchers ex-
plored the influence of SIRT3 on both short- and long-term effects of compound 117c in 
the MDA-MB-231 cell line, confirming a concentration- and time-dependent inhibition of 
tumor cell proliferation (Figure 40a,b). Next, the antiproliferative activity was examined 
in the presence of SIRT3, and the findings indicated a significant impairment in the inhib-
itory effect of compound 117c when SIRT3 was absent. As a result, the antiproliferative 
effect displayed a marked reduction after SIRT3 knockdown, firmly establishing the de-
pendence of compound 117c on SIRT3 for its activity (Figure 40c). 

 
Figure 39. Selectivity of compound 117c binding to SIRT3 in MDA-MB-231 cell line. Reprinted 
(adapted) with permission from ref. [53]. Copyright American Chemical Society, 2023. 

 
(a) 

  
(b) (c) 

Figure 39. Selectivity of compound 117c binding to SIRT3 in MDA-MB-231 cell line. Reprinted
(adapted) with permission from ref. [53]. Copyright American Chemical Society, 2023.
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Figure 40. Inhibition of MDA-MB-231 tumor cell proliferation after treatment with compound 117c.
(a) MTT cell viability assay for 6–48 h with 117c. (b) Colony formation assay with concentrations
ranging from 1.25 to 10 µM. *** p < 0.001 and **** p < 0.0001 compared with the control group.
(c) Transfection of MDA-MB-231 cells with siRNA SIRT3 and treated with 117c at 2.5 and 5 µM. ns
means no significance, **** p < 0.0001 compared with the si-NC group, and # p < 0.05 compared
with the si-SIRT3 group. Reprinted (adapted) with permission from ref. [53]. Copyright American
Chemical Society, 2023.
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On the other hand, the regulation of autophagy by SIRT3 could have a suppressive
effect on tumor growth and elimination [53]. As depicted in Figure 41a, compound 117c
inhibits autophagy, as evidenced by the increase in LC3-II expression and the decrease
in p56 expression following treatment. Moreover, the inhibition of autophagy resulted
in a significant increase in cell viability and a notable attenuation of tumor migration
(Figure 41b,c). This indicates that compound 117c exerts its antiproliferative effect on MDA-
MB-231 cells by inducing autophagy. To delve into the role of SIRT3 in this process, the
researchers employed SIRT3-specific siRNA to attenuate SIRT3 expression. Intriguingly, the
attenuation of SIRT3 resulted in a significant decrease in the induction of autophagy, which
is evident from the reduced levels of LC3-II and p62, along with the down-regulation of
E-cadherin (Figure 41d). These findings suggest that compound 117c regulates autophagy
and tumor migration by activating SIRT3.
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Figure 41. Effect of compound 117c on autophagy-induced cell death in MDA-MB-231 cells by acti-
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Figure 41. Effect of compound 117c on autophagy-induced cell death in MDA-MB-231 cells by
activation of SIRT3. (a) Western blot analysis of MDA-MB-231 cells treated with 117c, showing
expression levels of p62 and LC3. (b) MTT assay evaluating cellular capacity with 117c in the
presence or absence of autophagy inhibitors. (c) Cell migration study with 117c in the presence or
absence of autophagy inhibitors. (d) Western blot analysis of MDA-MB-231 cells treated with 117c,
measuring expression levels of SIRT3, E-cadherin, MMP-2, and LC3. NS means no significance,
*** p < 0.001, **** p < 0.0001, ## p < 0.01, and ### p < 0.001. Reprinted (adapted) with permission from
ref. [53]. Copyright American Chemical Society, 2023.

Finally, in vivo studies were carried out to evaluate the antitumor activity of com-
pound 117c in TNBC mouse xenograft models at three different concentrations (25, 50,
and 100 mg/kg) [53]. After 16 days of treatment, compound 117c exhibited significant
antiproliferative activity in a dose-dependent manner. Additionally, the administration
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of 117c resulted in a notable decrease in tumor growth, tumor volume, and tumor weight
compared to the control group (Figure 42a,b). However, when evaluating the toxicity of
117c, certain degrees of toxicity were observed in vivo at high concentrations, leading to
pulmonary septum widening and other cellular abnormalities.
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Figure 42. In vivo study conducted in a xenograft model with TNBC mice treated with compound
117c. (a) Tumor volume and (b) tumor weight with compound 117c treatment (n = 10 per group).
Tumor volume data were collected every 3 days and presented as mean± SD. Tumor weight data were
collected on the final day and presented as mean ± SD. **** p < 0.001 compared with control group.
Reprinted (adapted) with permission from ref. [53]. Copyright American Chemical Society, 2023.

In addition to the previous findings, complementary in vivo studies were conducted
to assess the ability of compound 117c to activate SIRT3 and induce autophagy in a mouse
xenograft model using MDA-MB-231 TNBC cells [53]. The research team measured acetyl-
lysine (Ac. K) acetylation levels, specifically AcK68-MnSOD2 and AcK122-MnSOD2, and
examined the expression levels of SQSTM1/p62 and LC3 (Figure 43). The results pro-
vided compelling evidence that the acetylation levels of K68-MnSOD2 and K122-MnSOD2
precisely matched the deacetylation sites of SIRT3. Moreover, a noticeable decrease in
the expression of p62 was observed, while LC3-II levels were significantly up-regulated
compared to the positive control (β-actin). These findings convincingly demonstrate the
activation of autophagy by compound 117c. In conclusion, these promising in vivo results
underscore the potential of compound 117c, in combination with SIRT3, as a promising
alternative for the treatment of TNBC-type cancer.

In their pursuit of employing eco-friendly synthetic strategies and achieving favorable
yields, Irfan et al. conducted the synthesis of benzo[b]furan-based oxadiazole/triazole
derivatives 120a–g and 121a–h using ultrasound and microwave irradiation, respectively
(Table 28) [54]. In method A, benzo[b]furan–oxadiazole derivatives 120a–g were obtained in
60–90% yields through S-nucleophilic substitution of 5-(benzofuran-2-yl)-1,3,4-oxadiazole-
2-thiol 118a with bromoacetanilides 119a–g utilizing pyridine in acetonitrile under ul-
trasound irradiation at 40 ◦C for 30 min. Similarly, method B was employed to synthe-
size benzo[b]furan–triazole derivatives 121a–h in 68–96% yields through a S-nucleophilic
substitution of 5-(benzofuran-2-yl)-4-phenyl-4H-1,2,4-triazole-3-thiol 118b with bromoac-
etanilides 119a–h, utilizing pyridine in DMF under microwave irradiation for 60–70 s. In
summary, the microwave-assisted method B led to better yields and shorter reaction times
for benzo[b]furan derivatives than the ultrasound-assisted method A.
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Table 28. Synthesis of benzo[b]furan-based oxadiazole/triazole derivatives 120a–g and 121a–h under
ultrasound/microwave irradiation.
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Table 28. Cont.
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(a) Reagents and conditions: (i) method A: pyridine, CH3CN, 30 min, 40 ◦C, USI and (ii) method B: pyridine,
DMF, 60–70 s, MWI.

The hemolytic, thrombolytic, and anticancer activities of previously synthesized
benzo[b]furan-based oxadiazole/triazole derivatives were assessed (Table 29) [54]. Among
these compounds, 121b (X = NPh, R1 = N-morpholinyl) exhibited the lowest cytotoxicity
(0.1%), while 121g (X = NPh, R1 = 4-chloro-N-anilinyl) and 120b (X = O, R1 = N-morpholinyl)
showed the highest toxicity (23.4% and 22.12%, respectively) compared to ABTS (95.9%).
In the thrombolysis assay, the majority of compounds demonstrated moderate activ-
ity when compared to the positive control (ABTS). Notably, compound 121f (X = NPh,
R1 = 2,4-dimethyl-N-anilinyl) exhibited the highest thrombolytic potential with a value of
61.4% compared to the positive control ABTS (86%).
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Table 29. Hemolysis, thrombolysis, and antiproliferative studies of benzo[b]furan-based oxadia-
zole/triazole derivatives 120a–g and 121a–h.

Compound % Hemolysis a %
Thrombolysis a

% Cell
Viability a A549

IC50 (µM) a

A549

120a 3.7 ± 0.008 56.8 ± 0.081 64.1 ± 1.72 ND
120b 22.12 ± 0.008 50.7 ± 0.081 45.99 ± 4.22 ND
120c 1.3 ± 0.008 52.8 ± 0.081 43.7 ± 0.94 ND
120d 5.02 ± 0.008 53.5 ± 0.081 27.49 ± 1.90 6.3 ± 0.7
120e 0.5 ± 0.008 52.4 ± 0.081 34.47 ± 2.19 17.9 ± 0.46
120f 0.74 ± 0.008 56.5 ± 0.081 43.67 ± 4.43 ND
120g 4.86 ± 0.047 48.3 ± 0.081 41.45 ± 4.10 ND
121a 9.6 ± 0.081 52.2 ± 0.081 49.8 ± 1.06 ND
121b 0.1 ± 0.004 52.5 ± 0.081 57.62 ± 4.94 ND
121c 2.15 ± 0.008 54 ± 0.081 44.52 ± 5.01 ND
121d 6.13 ± 0.047 56.2 ± 0.081 39.12 ± 2.21 ND
121e 3.11 ± 0.008 59.1 ± 0.008 44.72 ± 0.84 ND
121f 15.7 ± 0.081 61.4 ± 0.081 99.1 ± 5.04 ND
121g 23.4 ± 0.081 49.06 ± 0.047 36.26 ± 0.41 19.8 ± 0.54
121h 14.8 ± 0.081 48.1 ± 0.081 29.29 ± 3.98 10.9 ± 0.94

ABTS 95.9 86 ND ND
DMSO ND ND 100 ± 0 ND

Crizotinib b ND ND 28.22 ± 3.88 8.54 ± 0.84
Cisplatin b ND ND 15.34 ± 2.98 3.88 ± 0.76

a The data indicate the mean ± SD of at least three independent experiments. b The standard drugs for the study.
ND means not determined.

The IC50 value and cell viability percentage against the A549 lung cancer cell line
were determined using an MTT assay, with crizotinib and cisplatin as the standard drugs
(Table 29). In summary, compound 120d (X = O, R1 = 2-methoxy-N-anilinyl) exhibited the
highest potency with a cell viability of 27.49% and an IC50 value of 6.3 µM, demonstrating
greater activity than crizotinib (28.22% and 8.54 µM, respectively) and lower cytotoxicity
than cisplatin (15.34% and 3.88 µM, respectively). In addition, compound 121h (X = NPh,
R1 = 2,4-dichloro-N-anilinyl) showed slightly lower activity with a cell viability of 29.29%
and an IC50 value of 10.9 µM. Other oxadiazole/triazole derivatives, such as 120b–c, 120e–g,
121a, 121c–e, and 121g, exhibited moderate anticancer activity, with cell viability ranging
from 34.47% to 49.8%. Although compound 121f (X = NPh, R1 = 2,4-dimethyl-N-anilinyl)
had the highest cell viability (99.1%), it did not demonstrate any activity against the A549
cell line.

A molecular docking simulation was performed to investigate the interactions of
compound 120d with anaplastic lymphoma kinase (ALK) in conjunction with crizotinib
(PDB ID code: 2XP2) [54]. In summary, crizotinib displayed direct contact with ALK
residues in the active site, while compound 120d exhibited even more effective binding
to these ALK residues (Figure 44a,b). Notably, the phenyl and heterocyclic rings of 120d
engaged in π-sigma interactions with Leu1256 and Val1130, while the NH group formed
hydrogen bonds with Gly1201 and π-anion bonds with Glu1210.

Isatin, also known as 1H-indole-2,3-dione, is an important N-heterocycle in medicinal
chemistry and drug discovery [55]. In their study, Mohammed et al. synthesized an
isatin–benzofuran hybrid 126 and investigated its antiproliferative activity against HT29
and SW620 cancer cell lines, along with its impact on tumor and metastatic development
involved in primary cellular processes [56]. Scheme 20 shows the three-step synthesis of the
isatin–benzofuran hybrid 126. Firstly, 2-hydroxyacetophenone 122 underwent cyclization
with ethyl bromoacetate utilizing K2CO3 as a base in refluxing acetonitrile for 8 h to afford
ethyl 3-methylbenzofuran-2-carboxylate 123, which then reacted with hydrazine hydrate
in refluxing methanol for 4 h to give 3-methylbenzofuran-2-carbohydrazide 124. Finally,
a condensation reaction between 124 and isatin 125 catalyzed by acetic acid in refluxing
ethanol for 5 h afforded isatin–benzofuran hybrid 126 with an 80% yield.
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Next, comprehensive biological tests and analyses were carried out, specifically target-
ing cell viability, real-time migration, invasion studies, cell cycle assays related to apoptosis,
and cytotoxicity evaluations [56]. In the initial phase, a cell viability, migration, and inva-
sion assays were carried out using an xCELLigence Automated Dual Layer Real-time Cell
Analyzer (RTCA-DP) with various concentrations of isatin–benzofuran hybrid 126. The
results revealed a noteworthy dose-dependent reduction in cell proliferation, migration,
and invasion in both cancer cell lines compared to untreated cells (Figure 45a–c). Moreover,
notable variations were observed in the inhibitory effects of hybrid 126 on the proliferation
and migration of the SW620 line compared to the HT29 line, while in invasion, the HT29
line exhibited a more pronounced inhibitory effect. In addition, the impact of hybrid 126
on tumor suppression, based on the p53 protein, was evaluated. The results indicated a
significant increase in p53 expression levels, 2.46-fold in HT29 cells, and 4.81-fold in SW260
cells at a concentration of 10 µM, demonstrating the potent inhibitory effect on tumor cell
proliferation when utilizing hybrid 126 (Figure 45d).
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Apoptotic studies were performed to evaluate the pro-apoptotic effects of hybrid 126, 
involving its role in suppressing the expression levels of mitochondrial proteins Bcl-x, 
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Figure 45. Inhibition of benzofuran–isatin hybrid 126 on (a) cell proliferation, (b) migration, (c) in-
vasion in the HT29 and SW620 cancer cell lines, and (d) its influence on gene expression in the p53
protein. Data are shown as mean ± SD (n = 3). The data were considered significant when reporting
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. control. This is an open-access article
distributed under the terms of the Creative Commons CC BY license [56].

Apoptotic studies were performed to evaluate the pro-apoptotic effects of hybrid 126,
involving its role in suppressing the expression levels of mitochondrial proteins Bcl-x,
Bax, and cytochrome C utilizing flow cytometry [56]. The results showed a significant
suppression of the Bcl-x protein expression by 50% in the HT29 cells, and by 75% and
90% in the SW620 cells at concentrations of 5 and 10 µM, respectively, in comparison to
untreated cells (Figure 46a,b). On the other hand, a significant increase in the expression
of Bax and cytochrome C was observed in both HT29 and SW620 cell lines, showing
an approximately two-fold increase compared to the basal expression of untreated cells
(Figure 46a,b). Moreover, the down-regulation of Bcl-x and the up-regulation of Bax and
cytochrome C in both cancer cell lines exposed to hybrid 126 were further confirmed in
gene expression levels, when compared to untreated cells. These findings support the
apoptotic effects of hybrid 126 on cell cycle disruption in both HT29 and SW620 cell lines
(Figure 46c,d).

In this particular study, they assessed the cytotoxic effect of hybrid 126 both alone
and in combination with three anticancer drugs: irinotecan (IRI), 5-fluorouracil (5-FU),
and oxaliplatin (OXA) in the HT29 and SW620 cancer cell lines at different concentrations
(Figure 47a,b) [56]. Notably, when combining hybrid 126 with IRI in the HT29 cell line
(Figure 47a), there was a significant inhibition of cell proliferation at 10 µM (−75% vs.
−50%) and 20 µM (−90% vs. −65%) compared to the single treatment with IRI alone.
When combining 5-FU with hybrid 126, cell proliferation was significantly inhibited at
5 µM (−50% vs. −20%) and 10 µM (−67% vs. −55%) compared to the single drug treatment.
Similarly, OXA inhibited cell proliferation at 5 µM (−55% vs. −25%) and 10 µM (−75%
vs. −45%) when used in conjunction with hybrid 126. On the other hand, in the SW620
cell line (Figure 47b), the combined treatment of IRI with 126 resulted in a substantial
inhibition of cell proliferation at 5 µM (−45% vs. −15%) and at 10 µM (−75% vs. −45%).
Similarly, 5-FU combined with 126 showed comparable inhibition of cell proliferation to
IRI at 5 µM (−55% vs. −15%) and at 10 µM (−70% vs. −50%). Moreover, when utilizing
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the treatment in conjunction with OXA, a more pronounced inhibition of cell proliferation
was observed at 5 µM (−55% vs. −15%), 10 µM (−65% vs. −50%), and 20 µM (−90% vs.
−75%) compared to the single drug treatment. These findings demonstrate a significant
enhancement in the effectiveness of the anticancer drugs employed in this study when
combined with hybrid 126.
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under the terms of the Creative Commons CC BY license [56].
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residue was partitioned between 50% aqueous methanol and dichloromethane to give 8.86 
g of the dichloromethane extract. The alkaloids were further isolated using column chro-
matography or preparative thin-layer chromatography through successive separations. 
The identified alkaloids and their corresponding masses are listed in Table 30. 

Table 30. Isolation of alkaloids 127a–i and their corresponding masses. 

 
Compound R1 R2 R3 R4 R5 R6 Mass (mg) 

127a H H Me H Me H 13.2 
127b H H Me H Me Me 1.8 
127c H H Me Me Me H 33.9 
127d H OMe Me H H H 6.4 
127e H OMe H Me H H 0.9 
127f H H Me Me Me Me 0.6 
127g H OMe Me Me H H 5.8 

Figure 47. Effects of hybrid 126 on the cellular capacity of (a) HT29 and (b) SW620 cell lines in com-
bination with three chemotherapeutic drugs: irinotecan (IRI), 5-fluorouracil (5-FU), and oxaliplatin
(OXA) at concentrations of 5, 10, and 20 µM. Data are expressed as mean ± SD (n = 3). * p < 0.001 and
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Commons CC BY license [56].
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2.2. Antibacterial Activity

Antibiotic resistance presents a worldwide concern, steadily escalating in severity, and
posing substantial challenges to healthcare systems globally. Novel approaches are urgently
needed to address this critical problem. Recently, benzo[b]furans and their derivatives have
shown remarkable inhibitory potential against various Gram-positive bacteria, including
Staphylococcus aureus (S. aureus), Bacillus subtilis (B. subtilis), and Enterococcus spp. (E. spp.),
as well as Gram-negative bacteria, such as Pseudomonas syringae (P. syringae), Klebsiella
pneumoniae (K. pneumoniae), Salmonella typhi (S. typhi), Pseudomonas aeruginosa (P. aeruginosa),
and Escherichia coli (E. coli) [57]. In the province of Lampang, Thailand, a noteworthy
medicinal discovery was made from the root extracts of Stemona aphylla, resulting in
the isolation of alkaloids 127a–i (Table 30) [58]. The extraction process involved drying
15.14 kg of ground root material, which was then extracted with 95% ethanol for 16 days at
room temperature. After evaporating the extract, a portion of the residue was partitioned
between 50% aqueous methanol and dichloromethane to give 8.86 g of the dichloromethane
extract. The alkaloids were further isolated using column chromatography or preparative
thin-layer chromatography through successive separations. The identified alkaloids and
their corresponding masses are listed in Table 30.

Table 30. Isolation of alkaloids 127a–i and their corresponding masses.
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  Compound R1 R2 R3 R4 R5 R6 Mass (mg)

127a H H Me H Me H 13.2
127b H H Me H Me Me 1.8
127c H H Me Me Me H 33.9
127d H OMe Me H H H 6.4
127e H OMe H Me H H 0.9
127f H H Me Me Me Me 0.6
127g H OMe Me Me H H 5.8
127h Me OMe Me H H H 2.0
127i H OMe Me Me Me H 12.8

Antimicrobial studies were conducted on alkaloids 127a, 127c–d, 127g, and 127i, eval-
uating their MIC values against two Gram-negative bacteria (Escherichia coli and Klebsiella
pneumoniae) and three Gram-positive bacteria (Staphylococcus aureus, methicillin-resistant
Staphylococcus aureus (MRSA), and Streptococcus pyogenes), with gentamicin used as the
standard drug (Table 31) [58]. The results indicated minimal activity against Gram-negative
bacteria for all tested compounds. However, alkaloids 127a (R1 = H, R2 = H, R3 = Me,
R4 = H, R5 = Me, R6 = H), 127c (R1 = H, R2 = H, R3 = Me, R4 = Me, R5 = Me, R6 = H),
and 127i (R1 = H, R2 = OMe, R3 = Me, R4 = Me, R5 = Me, R6 = H) showed significant
activity against MRSA, exhibiting MIC values of 15.6 µg/mL, outperforming the control
antibiotic (MIC = 45.0 µg/mL). Compounds 127d, 127g, and 127i showed moderate ac-
tivity against S. aureus, with MIC values of 31.3 µg/mL, in comparison to gentamicin
(MIC = 22.5 µg/mL).
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Table 31. MIC values (µg/mL) of some alkaloids of 127.

Compound
Gram-Negative Bacteria Gram-Positive Bacteria

E. coli K. pneumoniae S. aureus MRSA S. pyogenes

127a 62.5 62.5 62.5 15.6 ND
127c 62.5 62.5 62.5 15.6 62.5
127d 125.0 62.5 31.3 31.3 62.5
127g 62.5 125.0 31.3 62.5 ND
127i 62.5 62.5 31.3 15.6 ND

Gentamicin a 11.3 11.3 22.5 45.0 5.6
a The standard drug for the study. ND means not determined.

Next, Ashok et al. synthesized a series of E-(1)-(6-benzoyl-3,5-dimethylfuro [3′,2′:
4,5]benzo[b]furan-2-yl)-3-(aryl)-2-propen-1-ones 130a–g using both conventional and mi-
crowave heating protocols (Table 32) [59]. Firstly, they obtained 2-acetyl-3,5-dimethyl-6-
benzoylbenzodifuran 129 by cyclizing 5-acetyl-2-benzoyl-6-hydroxy-3-methylbenzo[b]furan
128 with 2-chloroacetone employing K2CO3 as a base in refluxing acetone for 8 h (Method
A), and microwave heating at 120 ◦C for 4 min under solvent-free conditions (Method B).
Subsequently, bis-chalcones 130a–g were synthesized through a Claisen–Schmidt condensa-
tion reaction of 129 with (hetero)aromatic aldehydes using NaOH as a base in refluxing
ethanol for 6–8 h (Method A, 53–68%) and microwave-assisted aldol condensation at 90 ◦C
for 4–5 min under solvent-free conditions (Method B, 87–94%). In summary, method B led
to bis-chalcones in higher yields and shorter reaction times compared to method A, which
utilized conventional heating.

Table 32. Synthesis of bis-chalcones 130a–g via Claisen–Schmidt condensation using both conven-
tional and microwave heating methods.
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  Compound Ar
Method A Method B

Time (h) Yield (%) Time (min) Yield (%)

130a Ph 6 68 5 92
130b 2-ClPh 7 64 5 90
130c 4-MeOPh 7 65 4 94
130d 2-Furyl 6 64 4 89
130e α-Napthyl 8 66 5 92
130f 1,3-diPhenyl-1H-pyrazol-4-yl 8 56 5 87

130g 1-Phenyl-3-(4-bromophenyl)-1H-
pyrazol-4-yl 8 53 5 93

(i) Method A: (a) K2CO3, ClCH2COCH3, CH3COCH3, reflux, 8 h; (b) NaOH, ArCHO, EtOH, reflux, 6–8 h, 53–68%,
and (ii) Method B: (a) K2CO3, ClCH2COCH3, 120 ◦C, 4 min, MWI; (b) NaOH, ArCHO, 90 ◦C, 4–5 min, MWI,
87–94%.

The antimicrobial activities of bis-chalcones 130a–g were evaluated using the plate
count method with nutrient agar as the culture medium. The bacterial strains tested
included two Gram-negative bacteria, Escherichia coli and Pseudomonas aeruginosa, and two
Gram-positive bacteria, Bacillus subtilis and Staphylococcus aureus, using chloramphenicol,
carbenicillin, streptomycin, and tetracycline as the standard drugs [59]. The inhibition
zones (in mm) were measured after 24 h of incubation at 37 ◦C (Table 33). In summary,
bis-chalcones 130a–g showed inhibition zones ranging from 6 to 11 mm and 7 to 17 mm
against Gram-negative and Gram-positive bacterial strains, respectively. In particular,
compounds 130a (Ar = Ph), 130b (Ar = 2-ClPh), 130f (Ar = 1,3-diphenyl-1H-pyrazol-4-yl),
and 130g (Ar = 1-phenyl-3-(4-bromophenyl)-1H-pyrazol-4-yl) showed good activity against
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all bacterial strains, with inhibition zones in a range of 9 to 17 mm. However, none of these
bis-chalcones demonstrated higher activity than the control drugs for each bacterial strain
(13–22 mm).

Table 33. Inhibition zones (in mm) of bis-chalcones 130a–g.

Compound
Gram-Negative Bacteria Gram-Positive Bacteria

E. coli P. aeruginosa B. subtilis S. aureus

130a 9 10 15 10
130b 10 9 16 9
130c 7 7 10 8
130d 8 6 10 8
130e 7 8 9 7
130f 10 9 16 10
130g 11 10 17 10

Chloramphenicol a 13 ND ND ND
Carbenicillin a ND 13 ND ND
Streptomycin a ND ND 22 ND
Tetracycline a ND ND ND 15

a The standard drugs for the study. ND means not determined.

In a separate study, Ostrowska et al. utilized microwave irradiation to synthesize
a collection of O-alkylamino benzo[b]furancarboxylates with good yields [60,61]. Firstly,
the esterification reaction of 6-acetyl-5-hydroxy-2-methyl-3-benzo[b]furancarboxylic acid
131a with methanol catalyzed by sulfuric acid afforded benzo[b]furancarboxylate 132a
(Scheme 21). Subsequently, microwave-assisted O-alkylation reaction of 132a with 2-
chloroethyl-N,N-diethylamine in the presence of K2CO3 and Aliquat 336 in acetone gave O-
alkylated benzofuran-3-carboxylate 133a. In an alternative approach, compounds 134a and
135a were synthesized under analogous conditions to the previous O-alkylation protocol,
using carboxylic acid 131a instead of ester 132a. Notably, compounds 133b–g and 134b–g
were obtained using the corresponding benzo[b]furancarboxylic acids 131b–g as the initial
reactants (Table 34). Finally, the benzo[b]furancarboxylate derivatives 133a–d, 133f, 134a–d,
134f, and 135a were transformed into their respective hydrochloride salts.
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Table 34. Structures of benzo[b]furancarboxylic acids 131b–g, and benzo[b]furancarboxylates 133b–d,
133f, 134c–d, and 134f–g.
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  Compound R1 R2 R3 R4 R5

131b COOH Me H OH Ac
131c COOH Me OMe OH Ac
131d COOH Me H OH 4-Methoxycinnamaldehyde
131e COOH Me H OMe Ac
131f COOH H Br OMe OH
131g COOH H H H OMe
133b COOMe Me H O(CH2)2NEt2 Ac
133c COOMe Me OMe O(CH2)2NEt2 Ac
133d COOMe Me H O(CH2)2NEt2 4-Methoxycinnamaldehyde
133f COOMe H Br OMe O(CH2)2NEt2
134c COO(CH2)2NEt2 Me OMe OH Ac
134d COO(CH2)2NEt2 Me H OH 4-Methoxycinnamaldehyde
134f COO(CH2)2NEt2 H Br OMe OMe
134g COO(CH2)2NEt2 H H H OMe

The antimicrobial activity of hydrochlorides of benzo[b]furancarboxylates 133a–d,
133f, 134a–d, 134f–g, and 135a was screened against six Gram-positive bacterial strains,
including Micrococcus luteus, Bacillus cereus, Bacillus subtilis, Staphylococcus epidermidis,
Staphylococcus aureus, and Enterococcus hirae, along with two Gram-negative bacterial
strains, such as Escherichia coli and Pseudomonas aeruginosa (Table 35). The results un-
veiled that the O-alkyl-benzo[b]furancarboxylate 133f.HCl (R1 = COOMe, R2 = H, R3 = Br,
R4 = OMe, R5 = O(CH2)2NEt2) showed the highest potency, with MIC values ranging
from 0.003 to 0.012 µmol/cm3 against all Gram-positive bacterial strains. Conversely,
the hydroxy-benzo[b]furancarboxylate 134g.HCl (R1 = COO(CH2)2NEt2, R2 = H, R3 = H,
R4 = H, R5 = OMe) showed the lowest potency, with an MIC value of 15.28 µmol/cm3

in all Gram-positive bacterial strains. Additionally, it becomes evident that within the
Gram-positive strains, compounds 135a.HCl and 133f.HCl exhibited the most remark-
able activity against E. coli and P. aeruginosa with MIC values of 0.59 and 3.12 µmol/cm3,
respectively. Notably, the observed structure–activity relationships are as follows: (i) com-
pound 133c.HCl exhibited higher activity than 133b.HCl due to the introduction of a
methoxy group at the C–5 position, (ii) compound 133d.HCl displayed higher activity
than 133b.HCl due to the presence of the 7-(4-methoxycinnamoyl) group, and (iii) 2-(N,N-
diethylamino)ethyl esters 134a.HCl, 134c.HCl, and 134d.HCl exhibited superior activity
against Gram-positive strains compared to compounds 133a.HCl, 133c.HCl, and 133d.HCl.
These variations underscore the influential role of substituents in the benzo[b]furan moiety,
as evidenced by their distinct activities against diverse bacterial strains.

Concurrently, Kenchappa et al. synthesized a series of (5-substituted-1-benzofuran-2-
yl)(2,4-phenyl-substituted)methanones 139a–i by incorporating a pharmacophore group
at the 2 position of the benzo[b]furan ring, a response to the consistent trend of en-
hanced antimicrobial activity observed across various studies [62]. Initially, the syn-
thesis commenced with the cyclization reaction of salicylaldehyde derivatives 136a–c
with α-bromoacetophenones 137a–c utilizing potassium carbonate as a base in refluxing
acetonitrile to afford benzo[b]furan derivatives 138a–i (Scheme 22). Subsequently, the
Knoevenage condensation of compounds 138a–i with Meldrum’s acid catalyzed by acetic
acid at temperatures of 110–115 ◦C for a duration of 8–10 h resulted in the formation of
(5-substituted-1-benzofuran-2-yl)(2,4-phenyl)methanones 139a–i in 75–91% yields. It is
important to emphasize that the presence of acetic acid facilitated the generation of a
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carbanion in Meldrum’s acid, thereby enhancing the nucleophilic addition and subsequent
dehydration processes.

Table 35. Antimicrobial activity of hydrochlorides of methyl benzo[b]furancarboxylates 133, 134,
and 135.

Compound
MIC (µmol/cm3)

M. luteus B. cereus B. subtilis S. epidermidis S. aureus E. hirae E. coli P. aeruginosa

133a.HCl 0.05 0.05 0.05 0.05 0.05 0.39 6.51 13.02
133b.HCl 0.75 1.49 1.49 1.49 3.11 3.11 12.44 ND
133c.HCl 0.05 0.36 0.18 0.18 0.18 0.36 6.04 ND
133d.HCl 0.04 0.30 0.04 0.04 0.15 0.60 ND ND
133f.HCl 0.003 0.012 0.012 0.012 0.012 0.012 1.50 3.12
134a.HCl 0.01 0.10 0.01 ND 0.41 ND ND ND
134c.HCl 0.01 0.05 0.09 0.19 0.09 0.75 ND ND
134d.HCl 0.01 0.04 0.04 0.01 0.04 0.08 ND ND
134f.HCl 0.09 0.71 0.35 0.09 0.18 ND ND ND
134g.HCl 15.28 15.28 15.28 15.28 15.28 >30.56 >30.56 30.56
135a.HCl 0.04 0.04 0.04 0.04 0.07 0.30 0.59 ND

ND means not determined.
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Scheme 22. Synthesis of benzo[b]furan derivatives 139a–i, and reagents and conditions: (a) K2CO3,
CH3CN, reflux; (b) AcOH, reflux, 8–10 h, 110–115 ◦C, 75–91%.

The antimicrobial activity of benzo[b]furan derivatives 139a–i was screened against
one Gram-positive bacterial strain, including Bacillus subtilis, as well as four Gram-negative
bacterial strains, including Pseudomonas syringae, Salmonella typhi, Klebsiella pneumoniae, and
Escherichia coli, using the agar well diffusion method [62]. Streptomycin was employed
as the standard reference. The minimum inhibitory concentration (MIC) studies were
performed using a serial broth-dilution method at different concentrations, including 1, 10,
25, 50, and 100 mol/L [62]. Based on the findings presented in Table 36, compound 139c
(R1 = Br, R2 = Br, R3 = H) showed the most potent activity against the Gram-positive strain
with an inhibition zone of 13 mm, closely approximating the effectiveness of streptomycin
(16 mm) at a concentration of 0.5 mg/mL. Interestingly, compound 139c also emerged as
the most effective against all Gram-negative strains with inhibition zones ranging from
10 to 14 mm, akin to the performance of streptomycin (13–17 mm), at a concentration of
0.5 mg/mL. As shown in Table 37, compounds 139c (R1 = Br, R2 = Br, R3 = H) and 139a
(R1 = H, R2 = Br, R3 = H) demonstrated remarkable activity across all bacterial strains,
displaying MIC values in ranges of 14.80–16.00 µg/mL and 15.50–16.50 µg/mL, aligning
closely with the efficacy of streptomycin (MIC = 14.8–16.0 µg/mL). In contrast, compounds
134b (R1 = H, R2 = OMe, R3 = H) and 139f (R1 = OH, R2 = OMe, R3 = H) showed reduced
activity, possibly attributed to the presence of electron-donating groups at the C–5 position
of the benzo[b]furan ring. Furthermore, the introduction of a bromine group at C–4 of
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the benzo[b]furan ring did not increase the activity of compound 139i (R1 = OH, R2 = H,
R3 = Br) (Table 37).

Table 36. Zone of inhibition of benzo[b]furan derivatives 139a–i.

Compound Concentration
(mg/mL)

Zone of Inhibition (mm) a

P. syringae S. typhi B. subtilis K. pneumoniae E. coli

139a
1.0 9 ± 0.3 10 ± 0.2 12 ± 0.1 13 ± 0.1 10 ± 0.3
0.5 7 ± 0.1 9 ± 0.3 10 ± 0.3 11 ± 0.1 8 ± 0.1

139b
1.0 7 ± 0.2 6 ± 0.1 7 ± 0.2 7 ± 0.3 6 ± 0.2
0.5 6 ± 0.3 5 ± 0.2 5 ± 0.2 5 ± 0.1 4 ± 0.2

139c
1.0 12 ± 0.2 12 ± 0.1 15 ± 0.2 16 ± 0.3 13 ± 0.2
0.5 10 ± 0.3 10 ± 0.2 13 ± 0.1 14 ± 0.1 11 ± 0.3

139d
1.0 10 ± 0.2 10 ± 0.1 10 ± 0.2 11 ± 0.3 10 ± 0.2
0.5 8 ± 0.3 7 ± 0.2 8 ± 0.1 10 ± 0.1 8 ± 0.3

139e
1.0 11 ± 0.2 11 ± 0.1 12 ± 0.2 13 ± 0.3 11 ± 0.2
0.5 8 ± 0.3 8 ± 0.2 10 ± 0.1 12 ± 0.1 9 ± 0.3

139f
1.0 9 ± 0.2 8 ± 0.1 9 ± 0.2 8 ± 0.3 7 ± 0.2
0.5 6 ± 0.3 6 ± 0.1 6 ± 0.2 ND 6 ± 0.3

139g 1.0 10 ± 0.2 9 ± 0.1 10 ± 0.2 9 ± 0.3 9 ± 0.2
0.5 8 ± 0.3 8 ± 0.2 7 ± 0.1 9 ± 0.1 7 ± 0.3

139h
1.0 11 ± 0.2 12 ± 0.1 13 ± 0.2 14 ± 0.3 12 ± 0.2
0.5 8 ± 0.3 9 ± 0.2 11 ± 0.1 13 ± 0.1 9 ± 0.3

139i
1.0 8 ± 0.2 7 ± 0.1 8 ± 0.2 8 ± 0.3 6 ± 0.2
0.5 7 ± 0.3 6 ± 0.2 6 ± 0.2 5 ± 0.1 4 ± 0.3

Streptomycin b 1.0 15 ± 0.2 16 ± 0.1 18 ± 0.2 19 ± 0.3 16 ± 0.2
0.5 13 ± 0.3 15 ± 0.2 16 ± 0.1 17 ± 0.1 14 ± 0.3

a The data indicate the mean ± SD of at least three independent experiments. b The standard drug for the study.
ND means not determined.

Table 37. Minimum inhibitory concentration (MIC) of benzo[b]furan derivatives 139a–i.

Compound
MIC (µg/mL)

P. syringae S. typhi B. subtilis K. pneumoniae E. coli

139a 15.50 15.80 16.50 16.50 16.00
139b 120.35 125.40 195.50 125.55 185.30
139c 14.80 15.25 15.75 16.00 15.75
139d 60.25 55.75 ND 32.85 38.65
139e 30.25 25.25 20.25 ND 40.25
139f ND 70.35 85.25 75.35 85.35
139g 105.35 110.35 95.25 155.35 185.35
139h 16.25 16.75 17.50 17.25 17.50
139i 125.35 115.35 195.25 120.35 175.35

Streptomycin a 14.50 14.50 15.50 15.25 15.25
a The standard drug for the study. ND means not determined.

Naftifine, a topical allylamine, exhibits effectiveness across an extensive spectrum of
dermatophytic fungi, including Trichophyton and Microsporum spp., and has also shown
significant efficacy against Candida and Aspergillus spp. [63]. In 2016, Wang et al. undertook
the synthesis of naphthalene hydrochloride (NFT) derivatives, previously recognized as
potent inhibitors of the diapophytoene desaturase (CrtN) enzyme, which is a crucial molec-
ular target against infections caused by pigmented Staphylococcus aureus [64]. The process
of molecular design comprised several sequential stages. It commenced with an analysis
of the naphthalene moiety of NFT, which served as a potential pharmacophore group.
Subsequently, modifications were introduced in the N-methyl group, involving various
steric groups (region A). Concurrently, the synthesis of specific analogs was undertaken to
explore the impact of different linker types within the allyl portion on inhibitory activity
(region B). Finally, a meticulous design approach led to the synthesis of 21 analogs, each
featuring distinct substituents (region C), as illustrated in Scheme 23. In pursuit of this goal,
several syntheses were undertaken to generate the varied analogs portrayed in Scheme 24.

316



Pharmaceuticals 2023, 16, 1265Pharmaceuticals 2023, 16, x FOR PEER REVIEW 23 of 29 
 

 

 
Scheme 23. Scaffold hopping from the active compound NTF, featuring a central nucleotide modi-
fication (140–141) along with three structural modifications (142–144). 

  

Scheme 23. Scaffold hopping from the active compound NTF, featuring a central nucleotide modifi-
cation (140–141) along with three structural modifications (142–144).

Scheme 24 sowed synthetic procedures to synthesize a series of naftifine analogs—140,
142a–c, 143a–b, and 144a–t [64]. The synthesis began with the nucleophilic substitution of
2-iodophenol 145 utilizing 1-bromo-2,2-diethoxyethane and NaH in DMF at 90 ◦C to give
compound 146, which was cyclized in the presence of polyphosphoric acids under refluxing
toluene to yield 7-iodobenzofuran 147. Further progression involved the substitution of the
iodine atom in 147 with a cyano group in DMF at 130 ◦C for 4 h to furnish benzofuran-7-
carbonitrile 148. The subsequent reduction of the cyano group in 148 was performed with
LiAlH4 under mild reaction conditions to obtain benzofuran-7-ylmethanamine 149. Later,
allylamine 142a was synthesized with an overall yield of 95% through a reductive amina-
tion reaction of compound 149 with trans-cinnamaldehyde utilizing NaBH4 as the reducing
agent. Subsequently, the N-alkylation of allylamine 142a was conducted using iodoethane
or 2-iodopropane in the presence of NaH as a base in DMF at ambient temperature to
deliver compounds 142b–c with a purity ≥ 95%. In another synthetic strategy, amine 149
was initially protected with di-tert-butyl dicarbonate, followed by reduction using LiAlH4
to afford 1-(benzofuran-7-yl)-N-methylmethanamine 151 (Scheme 24). Simultaneously,
the α,β-unsaturated aldehyde 152 were reduced using NaBH4 to afford allylic alcohol 153,
which was subjected to an Appel reaction utilizing PBr3 in Et2O at ambient temperature
to afford allylic bromide 154. Finally, aliphatic nucleophilic substitution between com-
pounds 151 and 154 gave a series of naftifine analogs, which were converted into their
corresponding hydrochloride salts 140, 143a–b, and 144a–t.

In a similar manner, the synthesis of naftifine analog 141 involved an O-alkylation
reaction of 3-bromophenol 155 with 1-bromo-2,2-diethoxyethane to give compound 156,
which was then cyclized using polyphosphoric acids, leading to the formation of two iso-
meric products 157, namely, 4-bromobenzo[b]furan and 6-bromobenzo[b]furan (Scheme 25).
Subsequently, the bromine atom within isomers 157 was substituted with a cyano group to
afford isomers 158. Finally, through a series of consecutive reactions involving reduction
and Boc2O protection, reduction, and nucleophilic substitution, the naftifine analog 141
was successfully synthesized.

After obtaining the desired analogs, their inhibitory potential against S. aureus New-
man was systematically evaluated using naftifine (NFT) as the reference drug [64]. The
results indicated that compound 140 (R3 = Me, R5 = 7-benzofuranyl) showed the high-
est potency with an IC50 value of 247.3 nM, in comparison to NFT as the standard drug
(IC50 = 296.0 nM). In contrast, the isomeric compound 141 demonstrated low activity
with an IC50 value of 758.7 nM. In the case of analogs featuring N-methyl substitutions
142a–c, the incorporation of an ethyl or iso-propyl group markedly diminished activity
(IC50 > 1000 nm), as shown in Table 38. While the incorporation of cycloalkyl substituents
144a–b and the 2-furanyl group 144c did not improve activity (IC50 > 1000 nM), the incor-
poration of 1- and 2-naphthalenyl groups 144d and 144e led to better activity (IC50 = 887.7
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and 17.1 nM, respectively). It is worth noting that the presence of electron-donating and
electron-withdrawing groups attached to the aromatic ring significantly influenced the ac-
tivity profile. Also, the position of the substituent on the aromatic ring affected the activity,
such as compounds 144h (R1 = 4-FPh, IC50 = 31.2 nM) vs. 144o (R1 = 2-FPh, IC50 = 288.3 nM)
vs. 144r (R1 = 3-FPh, IC50 = 513.0 nM). The same behavior was observed for compounds
144k (R1 = 4-NO2Ph, IC50 = 71.1 nM) vs. 144p (R1 = 2-NO2Ph, IC50 > 1000 nM) vs. 144s
(R1 = 3-NO2Ph, IC50 > 1000 nM). A key highlight is the exceptional activity displayed by
compound 144l (R1 = 4-CF3Ph), showcasing an impressive IC50 value of 4.0 nM, which is
74 times lower than NFT (IC50 = 296.0 nM), as shown in Table 39.
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Scheme 24. Synthesis of benzo[b]furan derivatives 140, 142a–c, 143a–b, and 144a–t, and reagents and
conditions: (a) 1-bromo-2,2-diethoxyethane, NaH, DMF, 90 ◦C, overnight, 93%; (b) polyphosphoric
acids, toluene, reflux, overnight, 55%; (c) CuCN, DMF, 130 ◦C, 4 h, 90%; (d) LiAlH4, THF, −78 ◦C to
r.t, overnight, N2, 95%; (e) di-tert-butyl dicarbonate, NaOH, THF, 0 ◦C to r.t, 1 h, 85%; (f) LiAlH4, THF,
0 ◦C to r.t, overnight, N2, 95%; (g) (i) trans-cinnamaldehyde, molecular sieves, CH2Cl2, reflux, 17 h;
(ii) NaBH4, methanol, 0 ◦C, 30 min, 95% (2 steps); (h) iodoethane or 2-iodopropane, NaH, DMF 0 ◦C
to r.t, overnight, N2, 50%; (i) NaBH4, methanol, 0 ◦C, 30 min; (j) PBr3, Et2O, 0 ◦C to r.t, overnight, N2,
57–84% (2 steps); (k) (i) K2CO3, DMF, r.t, overnight, 43–85%, (ii) bubbled into hydrogen chloride gas.
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Scheme 25. Synthesis of benzo[b]furan derivative 141, and reagents and reaction conditions: (a) 1-
bromo-2,2-diethoxyethane, NaH, DMF, 90 ◦C, overnight, 95%; (b) polyphosphoric acids, toluene,
reflux, overnight; (c) CuCN, DMF, 130 ◦C, 4 h, 30% (2 steps); (d) LiAlH4, THF,−78 ◦C to r.t, overnight,
under N2, 94%; (e) (i) di-tert-butyl dicarbonate, NaOH, THF, 0 ◦C, r.t, 1 h; (ii) LiAlH4, THF, 0 ◦C to r.t,
overnight, N2, 70% (2 steps); (f) (i) cinnamyl bromide, K2CO3, DMF, r.t, overnight, 44%, (ii) bubbled
into hydrogen chloride gas.

Table 38. Antibacterial activity of naftifine analogs 140, 141, and 142a–c against S. aureus Newman.
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  Compound R3 R5 S. aureus Newman
IC50 (nM) a

140 Me

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 57 of 86 
 

 

 

  

247.3 ± 18.8

141 Me

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 58 of 86 
 

 

 

  

758.7 ± 24.3

142a H

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 59 of 86 
 

 

 

  

>1000

142b Et

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 60 of 86 
 

 

 

  

>1000

142c i-Propyl
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>1000

a The data indicate the mean ± SD of at least three independent experiments.

Initial investigations unveiled the most prospective analogs with the potential to
inhibit diapophytoene desaturase (CrtN) enzyme in the Staphyloxanthin (STX) biosynthesis
pathway. STX is a notable golden carotenoid pigment synthesized by S. aureus, which
opens up a novel avenue for treating S. aureus or methicillin-resistant S. aureus (MRSA)
infections [64]. As shown in Table 40, a selection process identified five analogs (144f,
144i, 144j, 144l, and 144t) with the highest activity against S. aureus Newman, which were
subjected to an evaluation of their capacity to inhibit the CrtN enzyme. The results revealed
that five analogs displayed a remarkable 40-fold increase in inhibitory potency against
CrtN compared to NFT. Interestingly, this potent inhibition of CrtN stands in contrast
to their comparatively weaker impact on the enzymatic activity of pigmented S. aureus
Newman. Furthermore, an assessment was conducted on the water solubility of the five
analogs, revealing NFT to possess low solubility (6.2 mg/mL). This investigation facilitated
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the clarification of the interplay between solubility and chemical structure. Indeed, the
replacement of the naphthalene ring with a benzo[b]furan ring generated an elevation in
solubility, particularly evident in the cases of analogs 144f and 144l, showcasing solubilities
2–3 times greater than that of NFT, measuring 19.7 and 10.0 mg/mL, respectively. These
findings served as the basis for advancing the assessment of the compound 144l, both
in vitro and in vivo.

Table 39. Antibacterial activity of naftifine analogs 144a–t against S. aureus Newman.

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 62 of 86 
 

 

 

  
Compound R1

S. aureus
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IC50 (nM) a
Compound R1

S. aureus
Newman

IC50 (nM) a

144a

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 63 of 86 
 

 

 

  

>1000 144k

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 64 of 86 
 

 

 

  

71.1 ± 2.5

144b
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>1000 144l
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4.0 ± 0.2

144c
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>1000 144m
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46.7 ± 3.2

144d
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887.7 ± 60.0 144n
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35.2 ± 3.8

144e
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17.1 ± 1.5 144o
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288.3 ± 18.2

144f
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11.2 ± 1.1 144p
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>1000

144g
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16.9 ± 1.5 144q
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>1000

144h
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31.2 ± 2.1 144r
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513.0 ± 11.1

144i
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Table 40. CrtN enzymatic inhibition and water solubility of naftifine analogs 144.

Compound CrtN
IC50 (nM) a

S. aureus Newman
IC50 (nM) a

Solubility
(mg/mL)

144f 683.7 ± 68.1 11.08 ± 1.06 19.7
144i 219.0 ± 16.8 6.20 ± 1.02 7.4
144j 355.1 ± 26.1 6.44 ± 1.02 3.9
144l 338.8 ± 28.3 3.93 ± 1.02 10.0
144t 740.2 ± 55.6 8.21 ± 1.03 7.2

NFT b 8830.0 ± 109.1 296.0 ± 12.2 6.1
a The data indicate the mean ± SD of at least three independent experiments. b The standard drug for the study.

In their in vitro investigations, Wang et al. examined the impact of compound 144l on
three MRSA strains: USA400 MW2, USA300 LAC, and Mu50 [64]. The results revealed a
reduction in color due to the inhibitory effects of 144l, evidenced by IC50 values of 5.45, 3.39,
and 0.38 nM. These findings mirrored the observations made with the S. aureus Newman
strain (Figure 48).
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(b) USA300 LAC, and (c) Mu50, with their corresponding IC50 values using the compound 144l. This
is an open-access article distributed under the terms of the Creative Commons CC BY license [64].

In vivo studies allowed the evaluation of virulence reduction in three of four colonies.
Mice were infected with mock or treated with the compound 144l with S. aureus Newman,
USA400 MW2, and Mu50 strains by retro-orbital injection [64]. Bacterial survival within
host organs was then measured. Notably, in the S aureus Newman strain, the group treated
with compound 144l displayed a reduction in bacterial survival. Kidneys and hearts
showed decreases of 0.85 and 1.01 log10CFU/organ, respectively (Figure 49).
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Figure 49. Effect of the compound 144l on the virulence of S. aureus Newman in mouse kidneys
and hearts (n = 13), quantified in terms of colony-forming units (Log10CFUs/organ). Statistical
significance determined by the Mann−Whitney test (two-tailed): * p < 0.05 and ** p < 0.01. This is an
open-access article distributed under the terms of the Creative Commons CC BY license [64].

Regarding the MRSA strains, BPH-652 served as a reference CrtN inhibitor [64]. For
the USA400 MW2 strain, the administration of a 200 mg/kg dose of compound 144l to
mice resulted in a remarkable 99.6% reduction in survival rates within hepatic organs
(2.35 log10CFU). Impressively, this outcome surpassed that of the BPH-652-treated group
(1.58 log10CFU). Furthermore, with the dosage scaled down to 50 mg/kg, the bacterial
survival rate showed only a marginal increase in both scenarios while still maintaining
superiority over BPH-652 by 0.71 log10CFU in the 144l-treated group and by 0.25 log10CFU
in the BPH-652-treated group (Figure 50a). Within the renal organs, the administration
of the 200 mg/kg dose resulted in a notable 96.6% decrease in staphylococcal loads of
the 144l-treated group (1.47 log10CFU), surpassing the BPH-652-treated group outcome of
1.14 log10CFU. Upon reducing the dose to 50 mg/kg, slight increases in bacterial survival
rates were noted compared to the high-dose treatment groups (Figure 50b).
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Employing the Mu50 strain, a parallel pattern emerged. Within liver organs, a dose
of 200 mg/kg led to a reduction in survival rates by 3.58 log10CFU (144l-treated) and
2.84 log10CFU (BPH-652-treated). Similarly, at 50 mg/kg, the survival rate diminished
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by 2.94 log10CCFU (144l-treated) and 1.87 log10CFU (BPH-652-treated), as depicted in
Figure 51a. However, outcomes in renal organs yielded inconclusive results. With a
dosage of 200 mg/kg, the decrease amounted to 1.11 log10CFU (144l-treated) and merely
0.30 log10CFU (BPH-652-treated). At 50 mg/kg, survival was reduced to 0.68 log10CFU
(144l-treated) and 0.25 log10CFU (BPH-652-treated), as shown in Figure 51b.
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Figure 51. Effect of BPH-652 and compound 144l on Mu50 virulence in the livers (a) and kidneys
(b) of mice (n = 13) as colony-forming units (Log10CFUs/organ). Statistical significance determined
by the Mann−Whitney test (two-tailed): * p < 0.05, ** p < 0.01, *** p < 0.001, and n.s. indicates no
significant difference. This is an open-access article distributed under the terms of the Creative
Commons CC BY license [64].

On the other hand, pyrrolobenzodiazepines (PBDs) have garnered considerable at-
tention as promising antibacterial agents derived from natural sources. In line with this,
Andriollo et al. undertook the synthesis of a series of PBDs incorporating C–8 linkers
(Scheme 26), with the primary objective of evaluating their bioactivity and elucidating
the structure–activity relationship (SAR) [65]. The synthetic methodology entails the syn-
thesis of benzo[b]furan-based pyrroles 163a–b and 167, achieved through an amidation
reaction between N-methylpyrrole derivatives and benzo[b]furans in DMF, utilizing the
EDCI/DMAP coupling system. Subsequently, nitrile 163b underwent hydrolysis under
reflux conditions using dioxane and H2SO4 to afford carboxylic acid 164 in a modest 9%
yield (Scheme 26). After acquiring these intermediate components, the synthesis of PBD
derivatives 169, 171, and 172 with C–8 linkers was undertaken (Scheme 27). In this stage,
the deprotection of BOC-protected amines 163a and 170 was achieved by treating them
with an acidic solution (TFA in DCM). Additionally, derivatives containing methyl esters,
identified as 167, underwent hydrolysis using an aqueous NaOH solution. Subsequent
to this, an amide coupling reaction was facilitated utilizing the EDCI/DMAP coupling
system, effectively linking the PBD core and side chains. Lastly, employing pyrrolidine and
Pd(PPh3)4 in DCM, the conjugates underwent deprotection, leading to the generation of
PDB derivatives 169, 171, and 172, each exhibiting standard and reverse orientations of the
amide bond (Scheme 27).

The previously obtained PBD derivatives 169, 171, and 172 underwent an assessment
to determine their capacity to bind to DNA and impart stability using a Förster resonance
energy transfer (FRET)-based DNA fusion assay, utilizing netropsin as the positive con-
trol [65]. To achieve this objective, two oligonucleotide sequences labeled with distinct
fluorophores were utilized: sequence F1′-FAM-TAT-ATA-TAG-ATA-TTT-TTT-TAT-CTA-
TAT-ATA-3′-TAMRA and sequence F2′-FAM-TAT-AGA-TAT-AGA-TAT-TAT-TTT-ATA-TCT-
ATA-TCT-ATA-TCT-ATA-3′-TAMRA. Here, FAM corresponds to 6-carboxyfluorescein, and
TAMRA represents 5-carboxytetramethylrhodamine. The results revealed that compound
169, featuring a conventional orientation, adeptly conferred substantial stability to both
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DNA sequences, akin to the notable effect seen with netropsin. In contrast, compounds 171
and 172, characterized by reversed orientations, displayed a clear inability to confer stabil-
ity upon either DNA sequence, as evidenced by ∆Tm values below 1 ◦C. This compelling
observation strongly suggests that the inversion of one or more amide bonds within these
compounds markedly curtailed their DNA stabilizing efficacy, as firmly corroborated by
the comprehensive data outlined in Table 41.
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Table 41. Evaluation of DNA binding ability for PDB derivatives 169, 171, and 172.

Compound
∆Tm (◦C) at 1 µM a

Sequence F1 Sequence F2

169 20.8 ± 0.2 9.5 ± 0.5
171 0.0 ± 0.2 0.4 ± 0.1
172 0.1 ± 0.1 0.5 ± 0.3

Netropsin b 13.8 ± 0.3 11.0 ± 0.2
Ciprofloxacin b 0.0 ± 0.4 0.2 ± 0.3

a The data indicate the mean ± SD of three independent experiments. b The standard drugs for the study.
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Subsequently, PBD derivatives 169, 171, and 172 were subjected to antimicrobial test-
ing against diverse Gram-positive bacterial strains, including methicillin-sensitive S. aureus
(MSSA) strain ATCC 9144, as well as two methicillin-resistant S. aureus (MRSA) strains,
namely, EMRSA-15 (strain HO 5096 0412) and EMRSA-16 (strain MRSA 252) [65]. Addition-
ally, the study incorporated vancomycin-sensitive Enterococcus faecalis (VSE) strain NCTC
755, vancomycin-resistant E. faecalis (VRE) strain NCTC 12201, and vancomycin-resistant
Enterococcus faecium (VRE) strain NCTC 12204. The results are presented in Table 42. Com-
pound 169, characterized by its standard orientation, exhibited remarkable antibacterial
efficacy, with MIC values of 0.125 µg/mL against all assessed Gram-positive strains. In
contrast, compound 171, characterized by its inverted amide bond orientation, exhibited a
significant reduction in activity across all bacterial strains, particularly evident in MRSA
strains, where MIC values exceeded 32 µg/mL. Notably, compound 172, characterized by
its inversion of both amide bonds linked to the N-methylpyrrole ring, exhibited enhanced
antibacterial activity compared to compound 171. However, its activity was inferior to that
of compound 169. It is worth considering that the assessment of the orientation’s impact
on antibacterial activity is at the forefront of our analysis.

Table 42. Antibacterial activity of PBD derivatives 169, 171, and 172.

Compound

Gram-Positive Strains MIC (µg/mL)

VRE VSE MRSA MSSA

NCTC 12201 NCTC 12204 NCTC 775 EMRSA 15 EMRSA 16 ATCC 9144

169 ≤0.125 ≤0.125 ≤0.125 ≤0.125 ≤0.125 ≤0.125
171 2 2 16 >32 >32 16
172 0.5 1 4 2 4 2

Ciprofloxacin a 0.5 2 1 32 32 ≤0.125
a The standard drug for the study.

The mechanism of action of compound 172 was investigated via time–kill assays con-
ducted on MRSA (EMRSA-15) and VRE (NCTC 12201) strains. These strains were exposed
to compound 172 at a concentration of 4×MIC for 24 h (Figure 52). Compound 172 demon-
strated a rapid and robust bactericidal effect, leading to a reduction in cell counts below
the detectable limit within a 2 h period. In contrast, ciprofloxacin exhibited bacteriostatic
activity (Figure 52). Despite a modest cell population persisting in EMRSA-15 after 24 h
of exposure to compound 172, it exhibited no resistance to the compound, suggesting the
presence of a potential persister population. This trend was more pronounced in EMRSA-15
than in NCTC 12201, underscoring the potential role of fluoroquinolone resistance.
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Figure 52. Mechanism of action of compound 172 against two bacterial strains: (a) EMRSA-15 and
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Moreover, an extensive in silico analysis was performed, employing ESI mutagenesis
to unravel the mechanism of action inherent in the PBD derivatives. The gathered data
unveiled that compound 172 exhibited a distinct interaction pattern with the ligand-binding
domain of DNA gyrase, showcasing a notably robust binding affinity for both subunits of
the bacterial DNA gyrase complex. The visualization of these interactions involving the
bacterial gyrase from Staphylococcus aureus (PDB ID code: 2XCT) is visually presented in
Figure 53A,B. As delineated in the 2D patterns depicted in Figure 53C, it becomes apparent
that compound 172 forms three conventional hydrogen bonds, establishing connections
with serine 98, arginine 92, and glutamine 95 within DNA gyrase A subunit 1. Analogously,
the interaction extends to subunit 2 of DNA gyrase A, where it interacts with serine 85,
arginine 92, and serine 98 (Figure 53D). The implications of the interaction underscore that
the antibacterial activity attributed to compound 172 stems from its direct modulation of
gyrase A via enzyme interaction, as opposed to its ability to stabilize DNA.
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Figure 53. Molecular model depicting the interaction between compound 172 and (A) subunit 1
and (B) subunit 2 of the gyrase A in Staphylococcus aureus (PDB ID code: 2XCT). 2D model of the
interaction of compound 172 with (C) subunit 1 and (D) subunit 2 of gyrase A in Staphylococcus
aureus. This is an open-access article distributed under the terms of the Creative Commons CC BY
license [65].

Considering the significance of Sortase A (SrtA) as a cysteine transpeptidase preva-
lent in most Gram-positive bacteria, its pivotal role in the infection process of these or-
ganisms is well-established. Inhibition of this enzyme has been shown to exert a dis-
cernible impact on the virulence of Gram-positive bacteria, thereby rendering them more
resistant to antibiotics. Acknowledging this premise, Lei et al. embarked upon extend-
ing these insights to Staphylococcus aureus (S. aureus). Given its susceptibility to detec-
tion and elimination by the immune system due to its lower viscosity, inhibiting SrtA
emerged as a pertinent strategy [66]. To this end, a series of derivatives of 2-(4-(1-cyano-2-
phenylvinyl)phenyl)-N-isobutylbenzofuran-3-carboxamide 175a–z, 175a2–i2, and 176 were
synthesized from intermediates 173 [67], through substitution reactions involving cyanide,
the compounds 174 were obtained (Scheme 28). Ultimately, via condensation reactions
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with diverse aldehydes, the cyano derivatives of benzo[b]furan 175a–z, 175a2–i2, and 176
were successfully generated.
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Additionally, three benzofuran-3-carboxamide derivatives were synthesized to evalu-
ate the effect of the olefin cyanide group in inhibiting SrtA activity (Scheme 29). For this, a
double reduction was carried out using Pd/C under a hydrogen atmosphere to reduce the
olefinic double bond adjacent to the cyanide, followed by the removal of the benzyl group,
thus obtaining the compounds 177a–b and 178a–b, respectively.
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A comprehensive synthesis of 39 benzofuran cyanide derivatives was conducted,
followed by their rigorous evaluation for in vitro inhibitory potential against SrtA in
S. aureus, with pHMB serving as a positive control. The findings, detailed in Table 43,
underscored the noteworthy activity exhibited by most of the synthesized analogs, with IC50
values spanning the range of 3–100 µM. Among these, compounds 175a, 175e, 175g, 175i,
175m–o, 175w, and 175h2 emerged as particularly significant performers. This performance
differential might be attributed to the intricate interplay of structure–activity relationships,
favoring the potency of analog 175a (R1 = H, R2 = H, IC50 = 8.8 µM) over counterparts 175p
(R1 = 7-OMe, R2 = H, IC50 = 11.9 µM) and 175z (R1 = 5-Cl, R2 = H, IC50 = 29.9 µM), primarily
due to the strategic introduction of a substituent within the benzo[b]furan ring. The
influence of R2 substitution on inhibitory activity was distinctly pronounced, as evidenced
by the superiority of electron-withdrawing groups over donor groups, 175b (R1 = H,
R2 = 4-Me) vs. 175i (R1 = H, R2 = 4-Cl), 175q (R1 = 7-OMe, R2 = 4-Me) vs. 175w (R1 = 7-OMe,
R2 = 4-Cl), and 175b2 (R1 = 5-Cl, R2 = 3,4-Me) vs. 175h2 (R1 = 5-Cl, R2 = 4-Cl). Furthermore,
the size of substituents emerged as another pivotal determinant, favoring the chlorine group
in compounds 175i, 175w, and 175h2 (IC50 = 9.8, 5.9, and 6.8 µM, respectively), in contrast
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to the bromide group in compounds 175j (R1 = H, R2 = 4-Br), 175x (R1 = 7-OMe, R2 = 4-Br),
and 175i2 (R1 = 5-Cl, R2 = 4-Br) with IC50 values of 19.1, 15.5, and 16.4 µM, respectively.

Table 43. IC50 values of benzo[b]furan cyanide derivatives in Sortase A inhibition.

Compound R1 R2 IC50 (µM) a

175a H H 8.8 ± 1.4
175b H 4-Me 14.1 ± 0.9
175c H 3,4-diMe 17.5 ± 2.2
175d H 2,4,6-triMe 32.2 ± 1.6
175e H 4-Et 9.4 ± 0.9
175f H 4-OMe 11.9 ± 0.7
175g H 3,4-diOMe 9.6 ± 0.3
175h H 2,5-diOMe 21.8 ± 1.4
175i H 4-Cl 9.8 ± 1.5
175j H 4-Br 19.1 ± 0.6
175k H 4-F 19.7 ± 1.0
175l H 4-CF3 12.2 ± 1.8

175m H 2-COOH 9.7 ± 0.3
175n H 4-OBn 6.0 ± 0.8
175o H 3,4-diOBn 3.3 ± 0.3
175p 7-OMe H 11.9 ± 1.8
175q 7-OMe 4-Me 10.1 ± 0.7
175r 7-OMe 3,4-diMe >100
175s 7-OMe 4-Et 48.6 ± 5.9
175t 7-OMe 4-OMe 12.1 ± 0.1
175u 7-OMe 3,4-diOMe 14.5 ± 1.1
175v 7-OMe 2,5-diOMe 52.8 ± 7.9
175w 7-OMe 4-Cl 5.9 ± 1.5
175x 7-OMe 4-Br 15.5 ± 1.3
175y 7-OMe 2-COOH 28.4 ± 0.4
175z 5-Cl H 29.9 ± 1.2
175a2 5-Cl 4-Me 47.1 ± 7.3
175b2 5-Cl 3,4-diMe >100
175c2 5-Cl 2,4,6-triMe 37.9 ± 1.5
175d2 5-Cl 4-Et 13.8 ± 0.6
175e2 5-Cl 4-OMe 64.1 ± 4.4
175f2 5-Cl 3,4-diOMe 49.1 ± 4.4
175g2 5-Cl 2,5-diOMe 15.5 ± 0.9
175h2 5-Cl 4-Cl 6.8 ± 0.1
175i2 5-Cl 4-Br 16.4 ± 0.8
176 -- -- 15.2 ± 1.7
177a H 4-OBn 15.0 ± 0.9
178a H 4-OH 7.9 ± 0.7
178b H 3,4-diOH 13.7 ± 1.2

pHMB b - - 130.0 ± 4.3
a The data indicate the mean ± SD of at least three independent experiments. b The standard reference for
the study.

Furthermore, the selection process extended to the identification of four compounds
175a, 175o, 175h2, and 178a boasting the most noteworthy SrtA inhibition activity. Subse-
quently, the impact of these compounds on impeding the formation of bacterial biofilms,
a significant contributor to drug resistance, was diligently evaluated. To facilitate this
assessment, SPSS Software was harnessed to compute the inhibitory potential of the chosen
compounds, as outlined in Table 44. The findings underscored the inhibitory efficacy of all
four compounds against the development of S. aureus biofilms, with IC50 values spanning
a range of 2.1–54.2 µM. Remarkably, compound 175o emerged as the most potent inhibitor,
displaying an impressive IC50 of 2.1 µM. These results harmoniously align with the out-
comes derived from the SrtA inhibition study. In addition, a further assay was performed to
investigate the potential of the four compounds to disrupt the invasion of 293T cells (human
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embryonic kidney cells) by S. aureus, utilizing a group of drug-free FITC-labeled bacteria
as the control reference. Intriguingly, all four compounds demonstrated a pronounced
reduction in the invasiveness of S. aureus strains within 293T cells. Notably, compound 175o
exhibited the most substantial interference, diminishing bacterial invasion by a noteworthy
24.0% at 100 µM, as contrasted with the control blank (Table 44 and Figure 54).

Table 44. Inhibition of biofilm formation and bacterial invasion using four cyano derivatives
of benzo[b]furan.

Compound Biofilm Inhibition
IC50 (µM) a % Reduction a

175a 19.7 ± 0.3 17.9 ± 3.2
175o 2.1 ± 0.1 24.0 ± 6.4
175h2 54.2 ± 0.5 4.0 ± 1.9
178a 14.3 ± 0.4 2.8 ± 1.6

a The data indicate the mean ± SD of at least three independent experiments.
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duplicate. ** p < 0.05 vs. control. Reproduced with permission from ref. [66]. Copyright Elsevier
Inc., 2023.

2.3. Antifungal Activity

Furthermore, benzo[b]furans have demonstrated pronounced antifungal efficacy
against a diverse spectrum of fungal strains, encompassing Candida albicans (C. albicans),
Candida neoformans (C. neoformans), Candida parapsilosis (C. parapsilosis), Aspergillus flavus
(A. flavus), and Microspora griseus (M. griseus), among others. A seminal study by Sastraruji
et al. has yielded a pivotal series of alkaloids 127a–i extracted from Stemona aphylla, meticu-
lously documented in Table 30 [58]. Within this set of nine isolated alkaloid derivatives,
a judicious selection of five underwent rigorous examination to assess their antifungal
prowess, with Amphotericin B employed as a comparative benchmark. Strikingly, the
results unveiled that compounds 127g (R1 = H, R2 = OMe, R3 = Me, R4 = Me, R5 = H,
R6 = H) and 127i (R1 = H, R2 = OMe, R3 = Me, R4 = Me, R5 = Me, R6 = H) exhibited per-
formance tantamount to Amphotericin B against C. albicans, each recording an MIC value
of 15.6 µg/mL. In contrast, with regard to C. neoformans, none of the evaluated alkaloids
surpassed the efficacy of the control drug. Noteworthily, compounds 127a, 127c, and 127g
emerged as the exclusive contributors to antifungal activity against the C. neoformans strain,
with recorded MIC values of 7.8 µg/mL (Table 45).
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Table 45. Minimum inhibitory concentration (MIC) values in µg/mL for alkaloids against two
fungal strains.
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In a subsequent study conducted in 2013, Ostrowska et al. synthesized a series of chlo-
rinated 2- and 3-benzo[b]furan carboxylates (Scheme 21 and Table 34). These derivatives
underwent meticulous in vitro assessments to gauge their antimicrobial efficacy against
both bacterial strains, as previously discussed, and fungal strains [60,61]. In terms of anti-
fungal activity, they were scrutinized across strains encompassing Aspergillus brasiliensis,
Candida albicans, Candida parapsilosis, Saccharomyces cerevisiae, and Zygosaccharomyces rouxii.
The reference benchmark was fluconazole, spanning a range of MIC values from 3.9 × 10−4

to 8.4 × 10−1 µmol/cm3. The outcomes, as presented in Table 46, align with the antibac-
terial findings (Table 35), underscoring that the most potent derivative across all tested
fungal strains was the compound 133f.HCl (R1 = COOMe, R2 = H, R3 = Br, R4 = OMe,
R5 = O(CH2)2NEt2).

Table 46. Antifungal activity of hydrochlorides of methyl benzo[b]furan carboxylates against five
fungal strains.
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133b.HCl 1.49 1.49 ND ND 1.49
133c.HCl 0.36 0.72 ND 0.36 0.72
133d.HCl 4.98 0.2987 ND ND 1.19
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In a similar vein, Kenchappa et al. embarked on the synthesis of a series of (5-
substituted-1-benzofuran-2-yl)(2,4-phenyl-substituted)methanone derivatives 139a–i
(Scheme 22), which were subsequently subjected to comprehensive evaluation for their
antifungal potential [62]. The outcomes are meticulously presented in Table 47, revealing
noteworthy observations. Specifically, compounds 139a (R1 = H, R2 = Br, R3 = H) and
139c (R1 = Br, R2 = Br, R3 = H) exhibited a comparably potent activity to fluconazole
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(control drug) across all tested fungal strains, displaying MIC values ranging from 6.30
to 12.75 µg/mL. Similarly, compounds 139e (R1 = OH, R2 = Br, R3 = H) and 139h (R1 = Br,
R2 = H, R3 = Br) demonstrated robust antifungal efficacy, recording MIC values spanning
from 6.40 to 13.70 µg/mL. In contrast, compounds 139d and 139g showcased minimal
activity against the tested fungal strains.

Table 47. Antifungal activity of compounds 139a–i against various fungal strains.
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In the same year, Wang et al. undertook the synthesis of a series of analogs derived
from naftifine hydrochloride (NFT), specifically designed to target the CrtN enzyme for
the treatment of MRSA infections [64]. Among this array, compound 144l emerged as the
most promising analog (Table 39). Recognizing NFT’s established antifungal properties, a
comparative analysis was conducted, gauging whether compound 144l exhibited analogous
effects. The outcomes, as presented in Table 48, unveiled that the compound 144l analog
displayed modest antifungal activity across all tested fungal strains, including Trichophyton
rubrum, with MIC values reaching 16 µg/mL (128 times less potent than NFT). This variance
in efficacy might be attributed to the structural difference between the benzofuran core of
144l and the naphthalene moiety of NFT.

Table 48. Antifungal activity of the NFT analogue 144l.

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 86 of 86 
 

 

 
MIC (µg/mL)

Compound T. rubrum M. gypseum T. barbae

144l 16 32 >64
NFT a 0.125 0.25 0.125

Fluconazole a 1 8 2
Voriconazole a 0.03125 0.25 0.03125
Ketoconazole a 0.5 2 0.0625

a The standard drugs for the study.

331



Pharmaceuticals 2023, 16, 1265

2.4. Analysis of the Structure–Activity Relationship in Anticancer Results

Interactions within the α- and β-tubulin structure have surfaced as a remarkable topic
for exploring novel chemotherapeutic agents. Among the key domains, the colchicine
binding site has emerged as a pivotal target for potential inducers of destabilization in
tubulin polymerization. Colchicine binding site inhibitors (CBSIs) exert their biological
impact by impeding tubulin assembly and limiting microtubule formation. In this context,
benzo[b]furans have taken center stage, being designed and synthesized into a wide range
of molecules interacting with the colchicine binding site, imparting marked structural
diversity. Many compounds in this review demonstrated anticancer properties due to their
inhibition of tubulin polymerization, achieved primarily through binding to the colchicine
binding site on tubulin [32,34,37,39,40,43,46,49,51] (Figure 55). This is mainly achieved
by the incorporation of the characteristic recognition fragment analogous to colchicine at
positions C–2 or C–3 of benzo[b]furan, (3,4,5-trimethoxyphenyl)methanone [32,34,43,46,51],
and their corresponding analogs [37,39,40], which interact through hydrogen bonds be-
tween methoxy groups and Cys241 as well as van der Waals interactions between phenyl
ring and aromatic residues at the colchicine binding site on tubulin [40]. On the other
hand, the methyl group located at positions C–2 or C–3 occupies hydrophobic pockets,
while the necessity of hydrogen bonding interactions of methoxy or hydroxyl groups at
positions C–6 and C–7 with the tubulin structure is evident. In particular, the hydrogen
bonding interaction of the methoxy group at C–6 with Asnβ258 has remarkable signifi-
cance [32,39]. This interaction not only enhances the antiproliferative activity in breast,
renal, and melanoma cancer cell lines [36,46] but also contributes to the suppression of
breast cancer metastasis [42]. Furthermore, additional hydrogen bonding interactions with
donating groups like amino, hydroxyl, and unsaturations at C–5, along with alkyl ester
derivatives [42] and alkoxy derivatives [45], play a role in stabilizing the active site of α-
and β-tubulin [32], leading to the inhibition of different cancer cell lines [36]. Regarding
substitution at position C–2, the diversity of functional groups allows the formation of hy-
drogen bonding interactions at active sites, and they also encompass aromatic groups that
possess the ability to engage in π–π stacking with aromatic residues [34,37–39,42,43,46,48].
Notably, modifications such as the loss of aromaticity in the furan ring and the fusion of
aliphatic chains on the d-side of benzo[b]furan enable the maintenance of activity against
diverse cancer cell lines.

Some benzo[b]furan derivatives discussed in this review have undergone compre-
hensive studies analyzing their impact on the apoptotic pathway of cell death across
various cell lines, including nuclear condensation [37], increased activation of caspase-
3 [37,48,49,52], down-regulation of procaspase-9 [41,49], and negative regulation of the Bcl-2
protein family [37,40,41,48,49,52], as well as Bcl-x expression [54], PARP-1 cleavage [48,49],
phosphorylation and stabilization of p53 [37,48,50], and a reduction in the expression of
Bubr1 and Mad-2 proteins [51], among other effects. Furthermore, some benzo[b]furan
derivatives demonstrated anti-vascular properties [40,51], a significant aspect in tumoral
angiogenesis. Several researchers have confirmed the predominant cell cycle arrest in the
G2/M phase [37,41,44,46,48,49,51]. Notably, effects on the PI3K/Akt/mTOR signaling
pathway have been observed [41], along with the inhibition of Top 1 DNA relaxation activ-
ity [52], suppression of SIRT3 histone deacetylase [53], mitigation of tumor cell metastasis
as demonstrated in in vivo mouse assays [42], facilitation of the tumor resection process
via bioluminescence monitoring [42,51–53], and anti-metastatic effects underscored by
interleukin-25 secretion from tumor-associated fibroblasts (TAF) [42]. In terms of innova-
tion, this review highlights the advancement of novel compounds through the utilization
of comparative molecular field analysis (CoMFA) and comparative molecular similarity
indices analysis (CoMSIA) methodologies [43]. What is particularly remarkable is the
versatility exhibited by benzo[b]furans, which extends to the exploration of triple-negative
breast cancer [52,53], an exceptionally aggressive cancer type known for its rapid recurrence
and challenging prognosis.
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2.5. Analysis of the Structure–Activity Relationship in Antibacterial and Antifungal Results

To date the capacity to regulate the proliferation of bacteria and fungi holds consider-
able significance. The minimum inhibitory concentration (MIC) enables the identification
of chemical structures capable of effectively managing visible growth inhibition in vitro
against bacterial and fungal strains. Notably, the investigation into novel compounds
possessing antibacterial activity is one of the most significant focuses within the micro-
bial field, owing to the emergence of extensive resistance to conventionally employed
antibacterial drugs.

In this review, the adaptability and versatility of benzo[b]furans toward both Gram-
positive and Gram-negative bacteria are evident. This adaptability is apparent in the
various structural modifications involving the incorporation of different functional groups
at the six carbons of the structure (Figure 56). Beginning with the former, significant activity
was observed against Gram-positive bacteria, including methicillin-resistant Staphylococcus
aureus (MRSA) [58,64,65], Staphylococcus aureus Newman [64], Staphylococcus aureus [59,61],
Bacillus subtilis [59,61,62], Micrococcus luteus [61], Bacillus cereus [61], Staphylococcus epi-
dermidis [61], Enterococcus hirae [61], vancomycin-sensitive Enterococcus faecalis (VSE) [65],
vancomycin-resistant Enterococcus faecalis (VRE) [65], and vancomycin-resistant Enterococcus
faecium (VRE). Additionally, Gram-negative bacteria were targeted, including Escherichia
coli [59,61,62], Pseudomonas aeruginosa [59,61], Pseudomonas syringae [62], Salmonella ty-
phi [62], and Klebsiella pneumoniae [62]. Furthermore, enzymatic assays were performed
against typical Staphylococcus aureus enzymes, specifically 4,4′-diapophytoene desaturase
(CrtN) [64] and cysteine transpeptidase Sortase A (SrtA) [66]. Moreover, dose–response
analyses of benzo[b]furans against pigment formation in various bacterial strains were
performed [64]. In addition, in vivo assays were conducted to evaluate virulence in mice
through retro-orbital injection [64], while incidence measurements were taken in organs
such as the kidney and heart [64]. The potential of benzo[b]furans to bind to DNA and
provide stability was investigated using the Förster resonance energy transfer (FRET) tech-
nique [65]. Additionally, in silico analyses were performed utilizing ESI mutagenesis in
gyrase A in Staphylococcus aureus [65]. Among other tests, the disruption of invasion in 293T
cells (human embryonic kidney cells) was also examined [66]. It is crucial to emphasize
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that, in some cases, the benzo[b]furans compiled in this review exhibit superior activity
when compared to reference antibacterial drugs, such as Chloramphenicol [59], Carbeni-
cillin [59], Streptomycin [59,62], Tetracycline [59], Netropsin [65], Ciprofloxacin [65], and
polyhexamethylene biguanide (pHMB) [66].
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(human embryonic kidney cells) was also examined [66]. It is crucial to emphasize that, in 
some cases, the benzo[b]furans compiled in this review exhibit superior activity when 
compared to reference antibacterial drugs, such as Chloramphenicol [59], Carbenicillin 
[59], Streptomycin [59,62], Tetracycline [59], Netropsin [65], Ciprofloxacin [65], and poly-
hexamethylene biguanide (pHMB) [66]. 

Conversely, a significant number of antibacterial compounds also demonstrate anti-
fungal properties. Just like their antibacterial counterparts, the demand for novel com-
pounds is pressing due to the emergence of multiple resistances. This review reveals that 
at a structural level, numerous benzo[b]furan derivatives exhibit both antibacterial and 
antifungal properties, as illustrated in Figure 56. The fungal strains examined within the 
studies discussed in this review displayed significant efficacy against Candida albicans (C. 
albicans) [58,61], Candida neoformans (C. neoformans) [58], Candida parapsilosis (C. parapsilosis) 
[61], Saccharomyces cerevisiae (S. cerevisiae) [61], Zygosaccharomyces rouxii (Z. rouxii) [61], As-
pergillus flavus (A. flavus), Microspora griseus (M. griseus), and Trichophyton rubrum (T. 
rubrum) [64]. Notably, in some cases, their antifungal activity is comparable to reference 
drugs, such as Amphotericin B [58], Fluconazole [62,64], Voriconazole [64], and Ketocon-
azole [64]. 
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Conversely, a significant number of antibacterial compounds also demonstrate antifun-
gal properties. Just like their antibacterial counterparts, the demand for novel compounds
is pressing due to the emergence of multiple resistances. This review reveals that at a
structural level, numerous benzo[b]furan derivatives exhibit both antibacterial and antifun-
gal properties, as illustrated in Figure 56. The fungal strains examined within the studies
discussed in this review displayed significant efficacy against Candida albicans (C. albi-
cans) [58,61], Candida neoformans (C. neoformans) [58], Candida parapsilosis (C. parapsilosis) [61],
Saccharomyces cerevisiae (S. cerevisiae) [61], Zygosaccharomyces rouxii (Z. rouxii) [61], Aspergillus
flavus (A. flavus), Microspora griseus (M. griseus), and Trichophyton rubrum (T. rubrum) [64].
Notably, in some cases, their antifungal activity is comparable to reference drugs, such as
Amphotericin B [58], Fluconazole [62,64], Voriconazole [64], and Ketoconazole [64].

3. Conclusions

Benzo[b]furans play a significant role in drug discovery and medicinal chemistry
due to their unique structural features and wide range of biological and pharmaceutical
properties. Most of the synthetic approaches for the synthesis and functionalization of these
bioactive compounds involve multistep sequences. This comprehensive review provides
a detailed overview of the synthesis and biological studies conducted on benzo[b]furans
from 2011 to 2022, mainly focusing on their potential as anticancer, antibacterial, and
antifungal agents. The selected articles provide invaluable insights related to chemical
synthesis, discussions on molecular docking, and both in vitro and in vivo studies. By
underscoring the importance of comprehending mechanisms of action, which encompass
important processes such as inhibiting the cell cycle, inducing tumor regression, and
demonstrating potent antibacterial and antifungal effects. Notably, the anticancer activity
of benzo[b]furans correlates with their binding to tubulin’s colchicine site, leading to
polymerization inhibition. Colchicine-like fragments on specific positions of benzo[b]furan
engage in interactions that impede cancer cell growth and metastasis. These compounds
also influence apoptotic pathways, activate caspases, regulate Bcl-2, stabilize p53, affect
angiogenesis, impact cell cycle and signaling pathways, modulate DNA activity, and
influence metastasis in vivo. Conversely, benzo[b]furans exhibited a dual effectiveness
against antibacterial and antifungal infections. In particular, benzo[b]furans exhibited
significant efficacy against Gram-positive and Gram-negative bacterial strains, positioning
them as potential superior antibacterial agents compared to reference drugs. These findings
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hold utmost importance in propelling scientific research and drug discovery, possibly
paving the way for novel and potent therapeutic agents containing the benzo[b]furan ring.
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Abstract: A series of ten new hydrazide–hydrazone derivatives bearing a pyrrole ring were synthe-
sized and structurally elucidated through appropriate spectral characteristics. The target hydrazones
were assessed for radical scavenging activity through 1,1-diphenyl-2-picrylhydrazyl (DPPH) and 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) tests, with ethyl 5-(4-bromophenyl)-1-(2-(2-
(4-hydroxy-3,5-dimethoxybenzylidene)hydrazine-yl)-2-oxoethyl)-2-methyl-1H-pyrrole-3-carboxylate
(7d) and ethyl 5-(4-bromophenyl)-1-(3-(2-(4-hydroxy-3,5-dimethoxybenzylidene) hydra zine-yl)-3-
oxopropyl)-2-methyl-1H-pyrrole-3-carboxylate (8d) highlighted as the best radical scavengers from
the series. Additional density functional theory (DFT) studies have indicated that the best radical
scavenging ligands in the newly synthesized molecules are stable, do not decompose into elements,
are less polarizable, and with a hard nature. The energy of the highest occupied molecular orbital
(HOMO) revealed that both compounds possess good electron donation capacities. Overall, 7d and
8d can readily scavenge free radicals in biological systems via the donation of hydrogen atoms and
single electron transfer. The performed in vitro assessment of the compound’s protective activity on
the H2O2-induced oxidative stress model on human neuroblastoma cell line SH-SY5Y determined 7d
as the most perspective representative with the lowest cellular toxicity and the highest protection.

Keywords: pyrrole; synthesis; DFT; antioxidant; SH-SY5Y; cellular toxicity; cell protection

1. Introduction

The generation of reactive oxygen species (ROS) leads to oxidative damage to biomolec-
ules, such as cellular proteins, lipids, and DNA, and, as a result, to disruption to normal
cellular functions [1]. A gradual decline in cellular antioxidant defense mechanisms due to
the generation of ROS during aging leads to increases in oxidative stress. Therefore, aging,
various genetic mutations, the influence of the environment, and the associated increase in
oxidative stress are a prerequisite for the development of many neurodegenerative diseases,
including Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s disease (HD),
amyotrophic lateral sclerosis (ALS), and many others [2]. Accordingly, the discovery
of novel active substances with antioxidant potential is the basis of many programs for
providing effective neuroprotection in the therapy of neurodegenerative diseases [3].

A lot of market drugs containing pyrrole ring show different pharmacological activities,
such as antipsychotics [4], antidepressants [5], anticonvulsants [6], anti-inflammatories [7],
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and many others. There is increased interest in pyrroles and pyrrole derivatives exhibiting
proven antioxidant effects [8,9]. Many heterocyclic hydrazones have shown antioxidant
and neuroprotective activity, too [10].

For example, Boulebd et al. [11] successfully synthesized a series of new phenolic
hydrazide-hydrazone derivatives and tested them for radical scavenging activity using
DPPH and ABTS methods. The effects were compared with the action of ascorbic acid and
Trolox, compounds with proven antioxidant activity. It was found that the synthesized
new derivatives exhibited antioxidant activity comparable to those of ascorbic acid and
Trolox [11]. In another study [12], twelve heterocyclic compounds bearing hydrazone
functional groups were evaluated for antioxidant activity using DPPH, ABTS, and DMSO
alkaline assays. The results showed that these heterocyclic compounds are potent anti-
radical agents [12]. In addition, a preliminary study performed by Tzankova et al. [13]
identified the promising radical scavenging potential of pyrrole-based hydrazones, as
determined through DPPH and ABTS assays, which pointed our attention toward the
synthesis of analogous representatives in an attempt to enrich the variety of molecules.

In the current study, the initial hydrazides were synthesized in our laboratory, as
previously explained in detail by Bijev et al. [14] for hydrazide 7 and Georgieva et al. [15]
for hydrazide 8, with the general structure presented in Figure 1.
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The following study is focused on the synthesis of new hydrazones containing a
pyrrole ring system and the evaluation of their in vitro safety profile on human neurob-
lastoma SH-SY5Y cells, radical scavenging activity through 1,1-diphenyl-2-picrylhydrazyl
(DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assays and
in silico assessment of possible antioxidant mechanisms through DFT calculations. The
most promising structures are evaluated for antioxidative protective properties in a H2O2-
induced oxidative stress model on SH-SY5Y cells.

2. Results
2.1. Chemistry
2.1.1. Synthesis of the N-pyrrolyl hydrazides 7 (ethyl 5-(4-bromophenyl)-1-(2-hydrazinyl-2-
oxoethyl)-2-methyl-1H-pyrrole-3-carboxylate) and 8 (ethyl 5-(4-bromophenyl)-1-(3-
hydrazinyl-3-oxopropyl)-2-methyl-1H-pyrrole-3-carboxylate)

The pyrrole ring in the target hydrazone molecules was formed through a Paal–
Knorr cyclization reaction based on the C-alkylation of a 1,3-dicarbonyl compound to
the corresponding 1,4-dicarbonyl derivative (2), cycled afterward with the corresponding
amino acids L-glycine (n = 1) and L- β-alanine (n = 2) to give the following N-substituted
pyrrole carboxylic acids (3 and 4, respectively). An esterification of the obtained acids was
conducted, followed by a hydrazinolysis reaction with hydrazine hydrate, to give the target
hydrazides (7 and 8, respectively) according to the procedure presented in Scheme 1 and
described in detail in [14,15].
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2.1.2. Synthesis of the New N–pyrrolylhydrazide–hydrazones 7a–e and 8a–e

The novel series of N–pyrrolylhydrazide–hydrazone derivatives were prepared un-
der microsynthesis scale conditions through condensation reaction from the previously
synthesized in our laboratory hydrazides 7 and 8 and the selected carbonyl partners
(Figure 2), assuring about 64–86% yield of the purified product. The new compounds were
synthesized according to the procedure presented in Scheme 2.
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Figure 2. Used aldehydes (a–e).
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The reaction conditions were altered, as presented in Table 1, wherein the reflux in
glacial acetic acid was selected as the most appropriate. All the new derivatives were
obtained according to that presented in the Materials and Methods section procedures.

Table 1. Reaction conditions, reaction times, and yields.

Reaction Media Reaction Temperature ◦C Reaction Time (min) Yields
%

Ethanol Heating 50–60 46–80
Ethanol + HCl Room temperature 20–30 56–94

Methanol + conc. HCl Room temperature 1440 15–56
Ethanol + glacial acetic acid 100 ◦C 30–50 26–64

Glacial acetic acid 100 ◦C 20–30 68–84

The synthesized pyrrole hydrazones are stable at room temperature for long periods of
time. The structures of the new compounds were elucidated by melting points, TLC charac-
teristics, IR, and 1H-NMR spectral data, followed by MS data. The results from the spectral
analysis confirmed that the new compounds are consistent with the expected structure. The
corresponding experimental IR, 1H-NMR, and LC-MS spectra of the target derivatives are
supplied as Supplementary Materials. The purity of the obtained compounds was proven
by corresponding elemental analyses.

The IR data determine the presence of new signals at 3245 cm−1 for the valence
asymmetric (νas) vibrations for the amide NH group in the molecule of the new hydrazones
and a band at 1666 cm−1 (Amide I) and 1533 cm−1 for deformational (δ) vibrations of the
amide NH group (Amide II). In addition, the appearance of a band at around 810 cm−1

determines the presence of p-substituted phenyl residue. The ester group (COOC2H5) in
the third position in the central pyrrole ring is pointed by the appearance of a band at
around 1693–1698 cm−1. A confirmation of the structural elucidation may be seen in the
relevant 1H NMR spectra, where the corresponding groups are available at 7.86 ppm for
the CH=N group and at 11.38 ppm for the CONH group, respectively. The obtained values
from the experimental spectral data are consistent with the theoretical ones.

The corresponding IDs, melting points, TLC characteristics, MS data, and yields are
given in Table 2. The respective IR characteristics and 1H-NMR spectral data are presented
in the Materials and Methods section.

Table 2. IDs, melting points, TLC characteristics (Rf), MS data, and yields for the new N-pyrrolyl-
hydrazones.

IDs m.p.
◦C Rf MS Data

[M+H]+ (m/z)
Yields

%

7a 211.4–213.6 0.38 511.13 84
7b 229.4–231.2 0.33 502.05 78
7c 245.9–247.2 0.33 512.07 76
7d 191.9–194.4 0.29 544.10 68
7e 206.0–207.6 0.40 528.11 72
8a 212.0–213.3 0.35 525.15 86
8b 181.4–184.6 0.31 517.06 74
8c 214.4–217.1 0.33 527.09 82
8d 196.6–197.6 0.28 558.12 64
8e 170.0–171.9 0.34 542.13 74

2.2. Antioxidant Assays
2.2.1. DPPH Radical Scavenging Assay

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity of the newly
synthesized derivatives was determined at one concentration—1 mg/mL. Trolox was used
as a standard. The obtained results are presented in Figure 3.
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Figure 3. DPPH radical capacities of the newly synthesized compounds 7a–e and 8a–e at concentra-
tions of 1 mg/mL. Trolox is used as an internal standard. Data are presented as means from three
independent experiments. Standard deviation (SD) (n = 3).

The highest DPPH scavenging activity was achieved by compound 7d (24%). The
β-alanine hydrazide–hydrazone condensed with the same aldehyde (8d) demonstrated
similar radical scavenging activity (19%). The standard, Trolox, showed 94% DPPH activity.
The rest of the newly synthesized molecules demonstrated weak to no antioxidant effects.

2.2.2. ABTS Radical Scavenging Assay

During the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay, the
discoloration of the initial color could be detected at 734 nm. The ABTS antioxidant assay
of the title compounds is provided in Figure 4.
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Figure 4. ABTS test of the newly synthesized compounds 7a–e and 8a–e at concentrations of
1 mg/mL. Trolox is used as an internal standard. Data are presented as means from three inde-
pendent experiments. Standard deviation (SD) (n = 3).

2.3. DFT Calculations

To rationalize the antioxidant assays and to determine the favored mechanism in-
volved in free radical scavenging, density functional theory (DFT) calculations were carried
out at the B3LYP/6-311++(d,p) level of theory.

2.3.1. Optimized Geometries

The most prominent newly synthesized hydrazide–hydrazones (7d and 8d) were
selected for full optimization calculations. An initial conformational search has been
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performed by setting 2500 iterations with the OPLS4 force field. The best solutions were
further optimized by full DFT geometry optimization at B3LYP/6-311++ (d,p) level of
theory. The final geometries of 7d and 8d are visualized in Figure 5.
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Figure 5. Final optimized geometries of the structures with 2500 iterations with OPLS4 force field.
The best solutions for (a) 7d; (b) 8d are further optimized at B3LYP/6-311++(d,p).

The overall minimized energies of 7d and 8d are −4197 and −4157 Hartree, respec-
tively. It is important to note that p-bromophenyl moiety in structure 7d was located in
close proximity to the 3,5-dimethoxy-4-hydroxyphenyl fragment, while the same groups
in 8d were in different positions. In the latter case, the p-bromophenyl moiety faced away
from the stable conformation. The most stable geometries have been selected as input
geometries for further DFT studies.

2.3.2. Analysis of Frontier Molecular Orbitals FMOs and Global Reactivity Descriptors

A quantitative conceptual DFT analysis of the stability and reactivity of the inves-
tigated molecules (7d and 8d) was carried out by calculations of the highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), and subse-
quently, the global reactivity descriptors, such as ionization potential (IP), electron affinity
(EA), molecular hardness and softness, electronegativity, and electrophilicity. The HOMO-
LUMO electronic densities of 7d and 8d obtained from the optimized structures with
DFT/B3LYP/6-311++(d,p) calculations are given in Figure 6. The blue color was used for a
positive phase, and red was used for a negative phase.

It was found that the HOMO of both ligands is localized majorly on the pyrrole
ring in 7d and 8d, while the LUMO is centered around the hydrazide–hydrazone moi-
ety and the 3,5-dimethoxy-4-hydroxyphenyl fragment. The more energetically favorable
conformation of 8d (-4157 Hartree) led to a more compact structure and, therefore, the
localization of HOMO is further spread to the hydrazide–hydrazone and the 3,5-dimethoxy-
4-hydroxyphenyl moieties.

The energies (in atomic units) of the FMOs and the global reactivity descriptors (hard-
ness (η), softness (S), electronegativity (χ), chemical potential (µ), and electrophilicity index
(ω)) were calculated by applying the Koopman’s theorem for closed-shell compounds [16].
The data is reported in Table 3.
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Figure 6. FMOs of 7d and 8d, calculated at DFT/B3LYP/6–311++(d,p): (a) HOMO and LUMO of
7d; (b) HOMO and LUMO of 8d. The HOMO-LUMO electronic densities are obtained from the
optimized structures with DFT/B3LYP/6–311++(d,p) calculations. Blue color indicates a positive
phase, and red indicates a negative phase.

Table 3. FMOs energies and global reactivity descriptors for 7d and 8d at B3LYP/6–311++(d,p) level
of theory.

Electronic Parameter 7d 8d

EHOMO −0.2013 −0.1976
ELUMO −0.0564 −0.0470

∆EHOMO−LUMO 0.1449 0.1506
Ionization Energy (IP) 0.2013 0.1976

Electron Affinity 0.0564 0.0470
Chemical Hardness 0.0724 0.0753

Softness 6.9060 6.6401
Electronegativity 0.1288 0.1223

Chemical Potential −0.1288 −0.1223
Electrophilicity Index 0.1145 0.0992

2.3.3. Descriptors of the Antioxidant Properties

The calculated values for the dissociation of hydrogen-connected bonds and the IPs
are provided in Table 4.
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Table 4. Calculated bond dissociation energies (BDEs) and ionization potentials (IPs) of the corre-
sponding compounds in gas phase.

Compound Bond BDE (Kcal/mol) IP (Kcal/mol)

7d
O31-H 83.55
C7-H 90.4 126.31

N22-H 95.10

8d
O30-H 83.09
C7-H 88.9 123.99

N21-H 96.2

2.4. In Vitro Evaluations of the Cytotoxicity and Antioxidative Protective Activity on the SH-SY5Y
Neuroblastoma Cell Line
2.4.1. Effects of the Newly Synthesized Derivatives 7a–e and 8a–e on the SH-SY5Y Cell
Viability

The effects of the newly synthesized N-pyrrolyl-hydrazone derivatives on the cellular
viability of neuronal SH-SY5Y cells were evaluated, and the corresponding IC50 values
were calculated. In the current study, the cells were seeded at density 2 × 104 and were
treated with the test compounds at concentrations 1–500 µM for 24 h. The calculated values
of IC50 are presented in Table 5.

Table 5. In vitro cytotoxicity evaluation of the newly synthesized derivatives 7a–e and 8a–e on
SH-SY5Y cells (IC50 values).

Compound IDs IC50 [µM] 95% Confidence Intervals (CI)

7a 55.75 55.65–61.37
7b 67.60 54.31–79.64
7c >500 NA
7d 99.56 88.87–103.23
7e 63.08 55.56–73.23
8a 56.33 45.25–67.63
8b 57.36 46.26–68.36
8c 58.23 47.36–69.23
8d 57.26 46.29–68.39
8e 91.07 83.65–105-36

Melatonin >500 NA

The results demonstrated that compounds 7c, 7d, and 8e possess lackluster or low
toxicity on human neuronal SH-SY5Y cells, with IC50 of >500 µM, 99.56 µM, and 91.07 µM,
respectively.

2.4.2. Effects of the Newly Synthesized Derivatives 7a–e and 8a–e in a Model of
H2O2-Induced Oxidative Stress In Vitro

The potential cell protective effects of 7c, 7d, and 8e (the less cytotoxic compounds
from the series) were evaluated against H2O2-induced oxidative stress in SH-SY5Y cells
(Figure 7).

The cells were pre-incubated with the tested compounds at concentrations 1, 10,
and 20 µM for 90 min. Melatonin was used as a reference compound because of its
well-established neuroprotective effects in various in vitro and in vivo models [17]. After
90 min pre-incubation with the test substances, SH-SY5Y cells were exposed to H2O2
(1 mM, 15 min), as described in the Materials and Methods section.

The most potent protection was observed with compound 7c, followed by 7d and
8e. Interestingly, both 7c and 7d showed better protection in all tested concentrations
than the reference compound melatonin. It should be noted that compounds 7e and 7d
showed statistically significant protection even at the lowest tested concentration (1 µM).
Compound 8e showed lower antioxidant protection.
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variance with Dunnet’s post hoc test).

3. Discussion
3.1. Synthesis

The selection of the applied synthetic path was based on literary data showing the
relation between the acidity of the media and the condensation time. Initially, the syn-
thesis was carried out in an ethanol medium without a catalyst, with reaction times of
50–60 min [18]. In an attempt to speed up the process, the same reactions were carried out
in an ethanol medium with a catalyst of glacial acetic acid. Under these conditions, the
hydrazones were obtained in lower yields of 26–64%, with no significant alteration of the
reaction time [19]. Thus, Koopaei presents some data on the interaction of carbohydrazides
with carbonyl compounds in an ethanol medium with hydrochloric acid as the catalyst at
100 ◦C. Applying these conditions, it took 20–30 min to complete the reaction [20,21]. The
obtained products were isolated and recrystallized. These conditions did not change either
the yield or the time of the condensation.

Thus, in the current work, we conducted the synthesis entirely in glacial acetic acid
media. This allowed good yields and optimal time for obtaining pure products (Table 1).

3.2. Antioxidant Assays

Two of the most common assays for the assessment of antioxidant capacities of natural
and/or synthetic molecules are the well-applied 2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) assays. Both techniques
are based on spectrophotometric measurement of the quenching of stable colored radicals
(ABTS•+ or DPPH), which, in turn, allows evaluation of the radical scavenging ability of
antioxidants even in complex mixtures [22].
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3.2.1. DPPH Radical Scavenging Assay

One of the most common assays for the evaluation of antioxidant effects is the DPPH
test. Its frequent applications are mainly due to its relative inexpensiveness [23].

The scavenging activity in the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay is at-
tributed to the hydrogen-donating ability of antioxidants with a following decrease in
the absorbance at 517 nm. The most probable mechanisms of the DPPH·assay are based
on hydrogen atom abstraction (HAT) [24], single electron transfer (SET) [25], or mixed
mode [26]. The following reaction schemes are related to these mechanisms:

DPPH (violet at 515 nm) + ArOH→ DPPHH (colorless) + ArO·HAT (1)

DPPH (violet at 515 nm) + ArOH→ DPPH− (colorless) + ArO·+ SET (2)

as suggested in [27].
This allowed us to apply this method in order to evaluate the possible radical scaveng-

ing effects of the newly synthesized pyrrole-based hydrazones. The obtained results for the
target hydrazones are presented in Figure 3.

3.2.2. ABTS Radical Scavenging Assay

In the ABTS•+ radical scavenging assay (an electron-transfer-based assay), the 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonate) radical cation (ABTS•+), which has a dark
blue color, is reduced by an antioxidant into colorless ABTS, which can be measured
spectrophotometrically at 734 nm [28].

A literary-based comparative analysis suggested two possible mechanisms of radical
scavenging reactions related to the ABTS assay: formation of coupling adducts with
ABTS•+—reaction considered as more characteristic for antioxidants of phenolic nature
and oxidation without coupling. In addition, the data suggested the possibility for further
oxidative degradation of the obtained coupling adducts, leading to hydrazindyilidene-
like and/or imine-like adducts with 3-ethyl-2-oxo-1,3-benzothiazoline-6-sulfonate and
3-ethyl-2-imino-1,3-benzothiazoline-6-sulfonate as marker compounds, respectively [29].

Considering the presence of a phenyl residue in the structure of the new pyrrole-based
hydrazones, it was of interest to compare the possible radical scavenging activity of the
target compounds when determined through both the most common in vitro antioxidant
assays (Figures 3 and 4). The results from our evaluations demonstrated that when com-
pared to the DPPH test, the ABTS assay revealed significantly better antioxidant capacities
for the title compounds. The most prominent antioxidant was 8d, with 89% scavenging
activity, while 7d showed 83%. Moreover, the hydrazide–hydrazones condensed with
4-dimethylamino benzaldehyde and 7a and 8a demonstrated moderate ABTS scavenging
capacities of 22% and 48%, respectively. The drastic differences between the two assays
could be related to the ability of the ABTS test to examine both hydrophobic and hydrophilic
compounds, as well as to test bulky structures [30]. However, the application of the DPPH
assay is still used by numerous research groups to produce significant and comparable
antioxidant results [31].

In general, the best radical scavenging effect of compounds 7d and 8d is quite expected
due to the presence of a free p-hydroxyl group in the phenyl part of the structure. The
appearance of weak radical scavenging properties in the ABTS assay for compounds 7a and
8a is probably due to the free electron pair in the N-atom at the p-dimethylamino fragment
of the phenyl residue. In addition, a negligible effect is observed for 7b, containing an
electron-withdrawing halogen Cl. The presence of o-methoxy groups in the phenyl residue
is related to the lack of radical scavenging effects in 7e and 8e, probably due to the less
likely possibility of these groups creating intermolecular hydrogen bonds.

It should also be mentioned that, in general, the shorter series 7a–e is related to better
radical scavenging activity in comparison to the one methylene longer series 8a–e. This
may be due to additional conformational changes leading to the hindrance of the possibility
of hydrogen atom transfer and/or electron transfer ability of the active functional groups.

348



Pharmaceuticals 2023, 16, 1198

3.3. DFT Calculations

Several mechanisms for free-radical scavenging action of phenyl-containing molecules
are proposed, where it is reported that phenolic O–H bond dissociation enthalpy (BDE),
adiabatic ionization potential (IP), proton dissociation enthalpy (PDE), proton affinity (PA),
and electron-transfer enthalpy (ETE) are important factors used to evaluate the preferred
free-radical scavenging pathways of such structures thermodynamically [32]. In an at-
tempt to clarify these mechanisms, some theoretical approaches are applied, with density
functional theory (DFT) being most helpful in the calculation of these physicochemical
descriptors [33].

The energies of the frontier molecular orbitals and the global reactivity descriptors
were calculated with the B3LYP hybrid functional considering recent findings [32]. The
corresponding HOMO and LUMO values provide information about the energy distribu-
tion and the energetic behavior of the 7d and 8d. The comparatively high negative value
of HOMO emphasizes the high ability of both compounds to donate electrons to empty
molecular orbital energy. Moreover, the negative magnitude of EHOMO and ELUMO estab-
lishes the stability of the compounds [34]. The energy gap of the FMOs (EHOMO–ELUMO)
corresponds to the chemical reactivity and the kinetic stability. The calculated frontier
molecular energy gaps are 0.1449 a.u and 0.1506 a.u for 7d and 8d, respectively. The large
gap accounts for hard, unreactive, and less polarizable molecules.

The value of chemical softness (S) and hardness (η) identifies whether the compounds
are reactive and can donate electrons. These descriptors are directly correlated with
molecular stability and chemical reactivity. When compared, 7d possesses slightly lower
chemical hardness, which corresponds to lower stability. The calculated value of softness
revealed that 8d is more favorable in the charge–transfer mechanism. The negative value
of the chemical potential of both ligands (−0.1288 and −0.1223) establishes good stabilities
and resistance to sudden decomposition into their elements. The calculated electrophilicity
index values (0.1145 and 0.0992 Ha), which are related to chemical potential and hardness,
are indicative of the nucleophilicity power [35].

The DFT studies have indicated that the best radical scavenging ligands (7d and 8d) in
the newly synthesized molecules are stable, which do not decompose into elements, are less
polarizable, and with hard nature. The energy of HOMO revealed that both compounds
possess good electron donation capacities.

To examine the most probable mechanism of antioxidant activity of 7d and 8d,
two processes were observed: hydrogen atom transfer (HAT) and single electron transfer
(SET).

The bond dissociation energies (BDE) characterize the viability of hydrogen donation
to the free radical. It is considered one of the most important descriptors in the process
of determining the antioxidant effects [36]. Thus, the BDE was used as the best reliable
thermodynamic parameter describing the hydrogen atom transfer (HAT) mechanism.
Because this route involves the H atom transferring from a hydroxyl group of an antioxidant
compound to the free radical, the weakest O–H bond with the lowest BDE is expected
to be abstracted easier, revealing its higher antiradical (antioxidant) activity. Therefore, a
computational calculation of the BDEs of available −OH groups in 7d and 8d will benefit
in characterizing the theoretical antioxidant mechanism of the compounds. The activity of
the −OH groups in both active ligands and the formation of stable radicals was conducted
by calculating the dissociation energies.

In addition, apart from the HAT mechanism, another possible pathway for antioxidant
molecules is single electron transfer followed by proton transfer (SET-PT). In this route,
an electron is transferred from the antioxidant to the free radical, leading to radical cation
formation, which subsequently deprotonates. Hence, adiabatic ionization proton (IP) and
PDE are the most important parameters in describing the feasibility of the mechanism. In
general, lower IPs are more subject to ionization and easier in electron-transfer rate between
free radicals and antioxidants [33]. SET is related to the conceptual DFT parameters, mainly
the IP energies [37]. This order reveals that compounds 7d and 8d are the most active
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antioxidants, with all the other calculated IPs being larger than the reference compound
Trolox, suggesting their lower activity than Trolox.

The computationally calculated BDEs values of all possible dissociation sites in 7d
and 8d revealed that radical formation occurs at O31, followed by C7 and N21. A formation
of possible intramolecular stabilization forces could conclude the result of strong N-H
bond dissociation in the hydrazide moiety. The O−H bond is the weakest one in both 7d
and 8d, which describes the potential HAT mechanism in the exerted antioxidant activity.
The IPs energies are responsible for the electron donation abilities of the title ligands. The
former values of both compounds were higher when compared to the BDEs. Moreover, the
relatively low IP energies of the pyrrole-based ligands [38] imply the substantial contri-
bution of the SET mechanism in the antioxidant capacities. Overall, the DFT calculations
demonstrated that 7d and 8d possess similar values of BDEs and IPs, which provides a
good theoretical explanation for the experimental, radical scavenging assays.

3.4. In Vitro Cytotoxicity and Antioxidative Protective Activity on SH-SY5Y Cells
3.4.1. Effects of the Newly Synthesized Derivatives 7a–e and 8a–e on SH-SY5Y Cell
Viability

Toxicity evaluation of newly synthetized substances in different in vitro models is an
important issue in the drug development process.

In the current study, we selected the human neuroblastoma cell line SH-SY5Y as
an appropriate model for in vitro neurotoxicity evaluation due to its frequent use in ex-
perimental neuroscience [39]. This cell line is also an appropriate model for mimicking
various neurodegenerative disorders since its cells are able to convert to numerous types of
functional neurons by the introduction of specific compounds. In addition, the SH-SY5Y
cells possess tyrosine hydroxylase and dopamine-β-hydroxylase activities because of their
sympathetic adrenergic ganglia origin [39], thus making it appropriate for evaluation of
dopamine and serotonin modulations in neurodegeneration.

We aimed to evaluate the effects of the newly synthesized N-pyrrolyl hydrazone
derivatives 7a–e and 8a–e on the cellular viability of the neuronal SH-SY5Y cells and
calculated the corresponding IC50 values (Table 5). The results indicated three compounds
with low toxicity; among them, compound 7c may be considered non-toxic with effects
comparable to the ones of melatonin. Interestingly, the results showed that the prolongation
of the methylene bridge between the central pyrrole ring and the azomethine fragment
of the structure with one carbon atom is related to a slight increase in cellular toxicity.
The obtained IC50 values showed that the overall cytotoxicity of compounds from series
8a–e is slightly higher compared to series 7a–e. Particularly, the toxicity of derivative 8d is
1.7 times higher than the one of its monomethyl analogue 7d. Based on their promising
safety profile, the compounds 7c, 7d, and 8e were chosen for the further antioxidative
protection assay in vitro.

3.4.2. Effects of the Newly Synthesized Derivatives 7a–e and 8a–e in a Model of
H2O2-Induced Oxidative Stress In Vitro

Oxidative stress plays a key role in the damage to the central nervous system and
in the pathogenesis of neurodegenerative diseases [40]. When an imbalance between the
production of free radicals and detoxification occurs, the high production of ROS can
overcome the body’s antioxidant defenses, leading to harmful conditions such as oxidative
stress and damage to cellular structures and functions.

In addition, free radical overproduction is often considered to be involved in the
acute damage of the central nervous system and is strictly related to the development of
neurodegenerative diseases. There are a number of facts that determine the free radical
overproduction as a direct cause of immature cultured cortical neurons apoptosis [41],
induction of DNA damage [42], and necrotic cell death [43], among others [44].

H2O2 is one of the most important ROS generated through oxidative stress. It causes
oxidative damage in different cell structures such as nucleic acids, proteins, and membrane
lipids; therefore, it is commonly used as an in vitro model for inducing oxidative cell
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damage [45]. The main mechanism of induction of oxidative stress relates to the production
of reactive hydroxyl radicals and the formation of Fenton’s reaction, which interacts directly
with proteins, lipids, and DNA.

The less cytotoxic compounds 7c, 7d, and 8e were tested for antioxidant protection on
the H2O2-induced oxidative stress model in neuroblastoma SH-SY5Y cells. As expected,
H2O2-treatment (1 mM, 15 min) induced a significant decrease in SH-SY5Y cell viability. Our
results demonstrated that the pre-treatment with compounds 7c, 7d, and 8e significantly
increased the SH-SY5Y cell survival compared to H2O2- treatment. Both melatonin and all
three test compounds show dose-dependent protective effects. Compared to the reference
compound melatonin, at all the applied concentrations between 1 and 20 µM, compounds
7c and 7d both exert stronger protective effects, and 8e’s effect is lower than melatonin’s.
Noteworthy, despite the stronger radical scavenging activity of 7d compared to 7c, shown
by both the DPPH and ABTS assay, both compounds cause similar in vitro protective effects
on peroxide-damaged SH-SY5Y cells, which may indicate that in the cells, the compounds
have pleiotropic modes of antioxidant action.

The overall results from the performed in vitro assessment of the radical scavenging
activity and antioxidative protective effects on neuronal SH-SY5Y cells of the newly synthe-
sized N-pyrrolyl hydrazones determined the ethyl 5-(4-bromophenyl)-1-(2-(2-(4-hydroxy-
3,5-dimethoxybenzylidene)hydrazine-yl)-2-oxoethyl)-2-methyl-1H-pyrrole-3-carboxylate
(7d) as the most perspective structure with lowest cytotoxicity, highest radical scavenging
activity and best antioxidative protection on H2O2-induced oxidative stress model.

3.5. Limitations and Implications Section

Some limitations of the applied assays are related to the specificity of the radical
scavenging evaluations used, such as the fact that DPPH and ABTS are not physiological
radicals; thus, they are not similar to peroxyl-radicals or other oxygen-based radicals. This
makes the test an indirect method based on the reduction of persistent radicals. Thus, some
discrepancies may be observed since light, oxygen, and pH have an influence on the final
absorbance. In this relation, we plan to add some additional cellular evaluations on the
effect of the newly obtained substances on cell-defined oxidative mechanisms, which will
add to the performed cell protective experiments on H2O2-induced oxidative stress applied
here. These evaluations include 6-hydroxydopamine (6-OHDA)-, tert-butyl hydroperoxide
(tBuOOH)-, and Fe2+ascorbate-induced oxidative stress assays on cellular and sub-cellular
levels, which will be published in a following study.

4. Materials and Methods
4.1. Materials

The purity of the obtained compounds and the progress of the reactions were con-
trolled by thin layer chromatography (TLC) on TLC-CardsSilicagel 60 F254, 1.05554, Merck,
Darmstadt, Germany, using CHCl3/CH3CH2OH as a mobile phase. Melting points were de-
termined in open capillary tubes on an IA 9200 ELECTROTHERMAL apparatus, Southend-
on-Sea, England. All chemical names are given according to IUPAC by the program
ChemBioDraw Ultra software, Version 11.0, CambridgeSoft. The IR spectra were per-
formed in the range 400–4000 cm−1 on a NicoletiS10 FT-IR spectrophotometer, using ATR
technique with Smart iTR adapter. 1H-NMR spectra were recorded on a Bruker-Spectrospin
WM250 MHz, Faelanden, Switzerland, operating at 250 MHz, as δ (ppm) relative to TMS as
internal standard. Mass spectra were registered on a 6410 Agilent LCMS triple quadrupole
mass spectrometer (LCMS) with an electrospray ionization (ESI) interface. Elemental analy-
ses were performed on a Euro EA 3000-Single, EUROVECTOR SpAanalyser. All chemicals
and reagents used as starting materials were purchased from Merck (Darmstadt, Germany).

The necessary for the pharmacological evaluations RPMI cell culture medium, heat-
inactivated fetal bovine serum (FBS), L-glutamine, (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl-
tetrazolium bromide (MTT), hydrogen peroxide (H2O2), and dimethyl sulfoxide (DMSO)
were acquired from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

351



Pharmaceuticals 2023, 16, 1198

4.2. General Synthesis of the New Compounds

The corresponding N-pyrrolyl-carbohydrazide 7 or 8 and any of the carbonyl com-
pounds a, b, c, d, or e (Figure 2) were incubated in a glacial acetic acid in a round bottom
flask of 50 mL and stirred at 100 ◦C to complete the reaction under TLC-control. The
obtained products were isolated, washed with diethyl ether, and recrystallized, where
necessary, by ethanol.

4.2.1. (E)-ethyl 5-(4-bromophenyl)-1-(2-(2-(4-(dimethylamino)benzylidene)hydrazinyl)-2-
oxoethyl)-2-methyl-1H-pyrrole-3-carboxylate (7a)

Yield: 84% as an orange powder; m.p. 211.4–213.6; IR (cm−1): 3245 (NH), 2976 (CH3
and CH2), 1701 (COOC2H5), 1666 (Amide I), 1533 (Amide II), 1232 (C-O), 1073 (C-N),
810 (p-substituted C6H4), 552 (C-Br); 1HNMR (δH, 250 MHz, CDCl3): 1.99 [s, 3H, CH2CH3],
2.54 [s, 3H, CH3(2)], 3.12–3.15 [m, 6H, N(CH3)2], 4.20–4.24 [m, 2H, CH2CH3], 4.82 [s, 2H,
CH2CO], 6.53 [s, 1H, H(4)], 7.19 [s, 2H, H(3′′), H(5′′)], 7.21 [s, 2H, H(2′′), H(6′′)], 7.68–7.69 [d,
2H, H(3′), H(5′)], 7.88–7.90 [d, 2H, H(2′), H(6′)], 9.99 [s, 2H, NH-N=CH]; LC-MS (ESI): Calc.
for C25H28O3N4Br [M+H]+: 511.1339; Found: 511.1339.; Anal. Calc. for C25H27BrN4O3: C,
58.71; H, 5.32. Found: C, 58.68; H, 5.34.

4.2.2. (E)-ethyl 5-(4-bromophenyl)-1-(2-(2-(4-chlorobenzylidene)hydrazinyl)-2-oxoethyl)-
2-methyl-1h-pyrrole-3-carboxylate (7b)

Yield: 78% as a white powder; m.p. 229.4–231.2; IR (cm−1): 3179 (NH), 2998 (CH3 and
CH2), 1697 (COOC2H5), 1667 (Amide I), 1570 (Amide II), 1240 (C-O), 816 (p-substituted
C6H4), 772 (C-Cl), 557 (C-Br); 1HNMR (δH, 250 MHz, DMSO-d6): 1.25–1.29 [m, 3H,
CH2CH3], 2.44–2.48 [m, 3H, CH3(2)], 4.14–4.23 [m, 2H, CH2CH3], 5.10 [s, 2H, CH2CO],
6.49 [s, 1H, H(4)], 7.23–7.27 [m, 1H, H(3′′)], 7.31–7.36 [m, 1H, H(5′′)], 7.46–7.47 [d, 1H, H(6′)],
7.50–7.51 [d, 1H, H(2′)], 7.58 [s, 1H, H2′′)], 7.59 [s, 1H, H(6′′)], 7.68 [ s, 1H, H(3′)], 7.71 [s, 1H,
H(5′)], 8.0 [s, 1H, CH=N], 11.81 [s, 1H, CONH]; LC-MS (ESI): Calc. for C23H22O3N3BrCl
[M+H]+: 502.0527; Found: 502.0528.; Anal. Calc. for C23H21BrClN3O3: C, 54.94; H, 4.21.
Found: C, 54.84; H, 4.29.

4.2.3. (E)-ethyl 5-(4-bromophenyl)-2-methyl-1-(2-(2-(4-nitrobenzylidene)hydrazinyl)-2-
oxo-ethyl)-1H-pyrrole-3-carboxylate (7c)

Yield: 76% as a white powder; m.p. 245.9–247.2; IR (cm−1): 3201 (NH), 3064 (CH3
and CH2), 1678 (COOC2H5), 1592 (Amide I), 1558 (Amide II), 1348 (NO2), 1240 (C-O),
1205 (C-N), 814 (p-substituted C6H4), 556 (C-Br); 1HNMR (δH, 250 MHz, CDCl3):
1.35–1.37 [m, 3H, CH2CH3], 2.58 [s, 3H, CH3(2)], 4.92 [s, 2H, CH2CH3], 5.05 [s, 2H, CH2CO],
6.65 [s, 1H, H(4)], 7.58 [s, 1H, H(5′)], 7.59 [s, 1H, H(3′)], 7.78–7.93 [m, 2H, H(2′), H(6′)],
8.28 [s, 1H, H(2′′)], 8.30 [s, 1H, H(6′′)], 8.40 [s, 1H, H(3′′)], 8.41 [s, 1H, H(5′′)], 10.18 [s, 2H,
NH-N=CH]; LC-MS (ESI): Calc. for C23H22O5N4Br [M+H]+: 513.0768; Found: 513.0766;
Anal. Calc. for C23H21BrN4O5: C, 53.81; H, 4.12. Found: C, 53.78; H, 4.10.

4.2.4. (E)-ethyl 5-(4-bromophenyl)-1-(2-(2-(4-hydroxy-3,5- dimethoxybenzylidene)hydrazine
-yl)-2-oxoethyl)-2-methyl-1H-pyrrole-3-carboxylate (7d)

Yield: 68% as a white powder; m.p. 191.9- 194.4; IR (cm−1): 3424 (OH), 3208 (NH),
3067 (CH3 and CH2), 1694 (COOC2H5), 1673 (Amide I), 1570 (Amide II), 1236 (C-O), 814
(p-substituted C6H4), 554 (C-Br); 1HNMR (δH, 250 MHz, DMSO-d6): 1.29 [t, 3H, CH2CH3],
2.47 [s, 3H, CH3(2)], 3.77 [s, 6H, OCH3(3′′), OCH3(5′′)], 4.15–4.21 [m, 2H, CH2CH3],
5.05 [s, 1H, OH], 5.09 [s, 2H, CH2CO], 6.50 [s, 1H, H(4)], 6.93 [s, 1H, H(6′′)], 6.98 [s,
1H, H(2′′)], 7.28–7.38 [m, 2H, H(3′), H(5′)], 7.59–7.63 [m, 2H, H(2′), H(6′)], 7.89 [s, 1H,
CH=N], 11.67 [s, 1H,CONH]; LC-MS (ESI): Calc. for C25H27O6N3Br [M+H]+: 544.1078;
Found: 544.1078; Anal. Calc. for C25H26BrN3O6: C, 55.16; H, 4.81. Found: C, 55.15; H, 4.85.
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4.2.5. (E)-ethyl 5-(4-bromophenyl)-1-(2-(2-(2,4-dimethoxybenzylidene)hydrazinyl)-2-oxo-
ethyl)-2-methyl-1H-pyrrole-3-carboxylate (7e)

Yield: 72% as a white powder; m.p. 206.0–207.6; IR (cm−1): 3234 (NH), 2984 (CH3 and
CH2), 1698 (COOC2H5), 1668 (Amide I), 1520 (Amide II), 1240 (C-O), 822 (p-substituted
C6H4), 554 (C-Br); 1HNMR (δH, 250 MHz, CDCl3): 1.36 [t, 3H, CH2CH3], 2.54 [s, 3H,
CH3(2)], 3.93 [s, 3H, OCH3(2′′)], 3.94 [s, 3H, OCH3(4′′)], 4.29–4.31 [m, 2H, CH2CH3], 4.92 [s,
2H, CH2CO], 6.64 [s, 1H, H(4)], 6.47 [s, 1H, H(3′′)], 6.48 [s, 1H, H(5′′)], 7.27 [s, 1H, H(6′′)],
7.56 [s, 1H, H(2′)], 7.57 [s, 1H, H(6′)], 7.82 [s, 1H, H(3′)], 7.85 [s, 1H, H(5′)], 10.31 [s, 1H,
CH=N], 10.32 [s, 1H, CONH]; LC-MS (ESI): Calc. for C25H27O5N3Br [M+H]+: 528.1129;
Found: 528.1132; Anal. Calc. for C25H26BrN3O5: C, 56.83; H, 4.96. Found: C, 56.84; H, 4.98.

4.2.6. (E)-ethyl 5-(4-bromophenyl)-1-(3-(2-(4-(dimethylamino)benzylidene)hydrazinyl)-3-
oxopropyl)-2-methyl-1H-pyrrole-3-carboxylate (8a)

Yield: 86% as a white powder; m.p. 212.0–213.3; IR (cm−1): 3266 (NH), 2907 (CH3
and CH2), 1693 (COOC2H5), 1668 (Amide I), 1570 (Amide II), 1265 (C-N), 1249 (C-O),
831 (p-substituted C6H4), 554 (C-Br); 1HNMR (δH, 250 MHz, CDCl3): 1.27 [s, 3H, CH2CH3],
2.54 [s, 3H, CH3(2)], 2.59–2.62 [m, 2H, CH2CH2CO], 3.12 [s, 3H, N(CH3)], 3.14 [s, 3H,
N(CH3)], 4.17–4.19 [m, 2H, CH2CH2CO], 4.27–4.28 [m, 2H, CH2CH3], 6.49 [s, 1H, H(4)],
7.18–7.19 [m, 2H, H(3′′), H(5′′)], 7.45–7.49 [m, 2H, H(2′′), H(6′′)], 7.67–7.69 [d, 2H, H(3′),
H(5′)], 7.95–7.96 [d, 2H, H(2′), H(6′)], 8.60 [s, 1H, CH=N], 9.97 [s, 1H, CONH]; LC-MS
(ESI): Calc. for C26H30O3N4Br [M+H]+: 525.1496; Found: 525.1504; Anal. Calc. for
C26H29BrN4O3: C, 59.43; H, 5.56. Found: C, 59.23; H, 5.66.

4.2.7. (E)-ethyl 5-(4-bromophenyl)-1-(3-(2-(4-chlorobenzylidene)hydrazinyl)-3-oxopropyl)
-2-methyl-1H-pyrrole-3-carboxylate (8b)

Yield: 74% as a white powder; m.p. 181.4–184.6; IR (cm−1): 3282 (NH), 2931 (CH3 and
CH2), 1698 (COOC2H5), 1668 (Amide I), 1571 (Amide II), 1252 (C-O), 813 (p-substituted
C6H4), 771 (C-Cl), 560 (C-Br); 1HNMR (δH, 250 MHz, DMSO-d6): 1.23–1.27 [m, 3H,
CH2CH3], 2.61 [s, 3H, CH3(2)], 2.83 [t, 2H, CH2CH2CO], 4.13–4.16 [q, 2H, CH2CH2CO],
4.24–4.33 [q, 2H, CH2CH3], 6.41 [s, 1H, H(4)], 7.35–7.37 [d, 2H, H(3′′), H(5′′)], 7.51–7.53 [d,
2H, H(2′′), H(6′′)], 7.56–7.60 [m, 2H, H(2′), H(6′)], 7.61–7.63 [d, 1H, H(3′)], 7.69–7.71 [d, 1H,
H(5′)], 7.86 [s, 1H, CH=N], 11.38 [s, 1H, CONH]; LC-MS (ESI): Calc. for C24H24O3N3BrCl
[M+H]+: 516.0684; Found: 516.0684; Anal. Calc. for C24H23BrClN3O3: C, 55.78; H, 4.49.
Found: C, 55.76; H, 4.48.

4.2.8. (E)-ethyl 5-(4-bromophenyl)-2-methyl-1-(3-(2-(4-nitrobenzylidene)hydrazinyl)-3-
oxopropyl)-1H-pyrrole-3-carboxylate (8c)

Yield: 82% as a yellow powder; m.p. 214.4–217.1; IR (cm−1): 3294 (NH), 2929 (CH3
and CH2), 1689 (COOC2H5), 1658 (Amide I), 1572 (Amide II), 1512 (NO2), 1340 (C-N),
1249 (C-O), 814 (p-substituted C6H4), 558 (C-Br); 1HNMR (δH, 250 MHz, CDCl3): 1.26–
1.29 [m, 3H, CH2CH3], 2.55 [s, 3H, CH3(2)], 2.61 [t, 2H, CH2CH2CO], 4.18–4.20 [m, 2H,
CH2CH2CO], 4.21–4.25 [m, 2H, CH2CH3], 6.49 [s, 1H, H(4)], 7.17 [s, 1H, H(3’)], 7.18 [s, 1H,
H(5’)], 7.48 [s, 1H, H(6’)], 7.49 [s, 1H, H(2’)], 8.00 [s, 1H, H(2′′)], 8.02 [s, 1H, H(6′′)], 8.34 [s,
2H, H(3′′), H(5′′)], 10.09 [s, 2H, NH-N=CH]; LC-MS (ESI): Calc. for C24H24O5N4Br [M+H]+:
527.0925; Found: 527.0927; Anal. Calc. for C24H23BrN4O5: C, 54.66; H, 4.40. Found: C,
54.64; H, 4.39.

4.2.9. (E)-ethyl 5-(4-bromophenyl)-1-(3-(2-(4-hydroxy-3,5-dimethoxybenzylidene) hydra
zine-yl)-3-oxopropyl)-2-methyl-1H-pyrrole-3-carboxylate (8d)

Yield: 64% as a white powder; m.p. 196.6–197.6; IR (cm−1): 3422 (OH), 3278 (NH),
2971 (CH3 and CH2), 1693 (COOC2H5), 1666 (Amide I), 1574 (Amide II), 1250 (C-O), 814
(p-substituted C6H4), 551 (C-Br); 1HNMR (δH, 250 MHz, DMSO-d6): 1.22–1.27 [m, 3H,
CH2CH3], 2.61 [t, 2H, CH2CH2CO], 2.64 [s, 3H, CH3(2)], 3.78 [s, 6H, OCH3(3′′), OCH3(5′′)],
4.12–4.16 [m, 2H, CH2CH2CO], 4.20–4.26 [m, 2H, CH2CH3], 6.41 [s, 1H, H(4)], 6.80 [s, 1H,
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OH], 7.36–7.38 [m, 2H, H(2′′), H(6′′)], 7.54–7.56 [m, 2H, H(3′), H(5′)], 7.62–7.64 [m, 2H, H(2′),
H(6′)], 7.78 [s, 1H, CH=N], 11.20 [s, 1H,CONH]; LC-MS (ESI): Calc. for C26H29O6N3Br
[M+H]+: 558.1234; Found: 558.1243; Anal. Calc. for C26H28BrN3O6: C, 55.92; H, 5.05.
Found: C, 55.98; H, 5.02.

4.2.10. (E)-ethyl 5-(4-bromophenyl)-1-(3-(2-(2,4-dimethoxybenzylidene)hydrazinyl)-3-
oxopropyl)-2-methyl-1H-pyrrole-3-carboxylate (8e)

Yield: 74% as a white powder; m.p. 170.0–171.9; IR (cm−1): 3298 (NH), 2968 (CH3 and
CH2), 1692 (COOC2H5), 1673 (Amide I), 1571 (Amide II), 1253 (C-O), 813 (p-substituted
C6H4), 549 (C-Br); 1HNMR (δH, 250 MHz, CDCl3): 1.24–1.28 [m, 3H, CH2CH3], 2.54 [s, 3H,
CH3(2)], 2.58–2.63 [m, 2H, CH2CH2CO], 3.18 [s, 3H, OCH3(4′′)], 3.83 [s, 3H, OCH3(2′′)],
4.18–4.20 [m, 2H, CH2CH2CO], 4.21–4.23 [m, 2H, CH2CH3], 6.37–6.68 [d, 1H, H(3′′)], 6.47–
6.48 [m, 1H, H(5′′)], 6.49 [s, 1H, H(4)], 7.14 [s, 1H, H(3′)], 7.18 [s, 1H, H(5′)], 7.48 [s, 1H,
H(6′)], 7.49 [s, 1H, H(2′)], 7.73–7.76 [d, 1H, H(6′′)], 8.34 [s, 1H, CH=N], 10.22 [s, 1H, CONH];
LC-MS (ESI): Calc. for C26H29O5N3Br [M+H]+: 542.1285; Found: 542.1293; Anal. Calc. for
C26H28BrN3O5: C, 57.57; H, 5.20. Found: C, 57.55; H, 5.22.

4.3. Antioxidant Activity Evaluation
4.3.1. DPPH Radical Scavenging Assay

The scavenging assay of the title compounds against DPPH radical was carried out by
the widely employed protocol of Brand-Williams et al. [46]. Briefly, a single concentration
of 1 mg/mL for each synthesized compound in methanol was obtained. Subsequent
addition of 1 mL of the methanol solution of DPPH (1 mmol/L) was performed. The
reaction mixtures were incubated in the dark for 30 min. The absorbance was measured
at 517 nm. Three measurements were carried out for each sample; 6-Hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) was applied as a standard. The percentage
inhibition of the tested samples was calculated by the following Formula (3):

DPPHscavenging activity = Abscontrol − Abssample/Abscontrol × 100% (3)

where Abscontrol is the absorbance of the DPPH radical in methanol, and Abssample is the
absorbance of the DPPH radical solution mixed with the sample.

4.3.2. ABTS Radical Scavenging Assay

The ABTS radical tests were measured according to a modified method of Arnao
et al. [47]. The test solutions were dissolved in methanol (1 mg/mL) at ambient temperature.
The radical cation of ABTS (ABTS+•) was created by mixing 7 mmol/L solution of ABTS
and 2.4 mmol/L solution of potassium persulphate, which were set to react for 14 h in the
dark at room temperature. The working solutions consisted of 2 mL of the stock solution
diluted in 50 mL of methanol with an absorbance of 0.294 ± 0.05 units at 734 nm. Then,
1 mL of the ABTS working solution was allowed to react with the title compounds for
10 min, with a subsequent absorbance determination. The inhibition percentages were
evaluated by applying the same formula as the DPPH assay (4).

ABTSscavenging activity = Abscontrol − Abssample/Abscontrol × 100% (4)

where Abscontrol is the absorbance of the ABTS radical in methanol, and Abssample is the
absorbance of the ABTS radical solution mixed with the sample.

4.4. DFT Theoretical Calculations

All of the theoretical computations were carried out by applying Jaguar [48]. The
initial geometries for the DFT calculations were achieved after a conformational search
with 2500 iterations and OPLS4 force field. Subsequently, full geometry optimizations
of the best conformations of compounds 7d and 8d with Becke’s three-parameter hybrid
exchange–correlation functional (B3LYP) and 6-311++G (d,p) basis set in the gas phase
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were performed. It was found that out of 11 functions and 14 basis sets, the most optimal
combination in terms of both accuracy and resource usage for bond dissociation energies
calculations is M06-2X/6-311G(d,p) [49]. The frontier molecular orbitals and the global
reactivity descriptors were calculated at the same level of theory. The bond dissociation
energies were obtained with M06–2X and 6–311G basis set considering a recent report [49].

4.5. In Vitro Pharmacological Evaluations
4.5.1. Cell Line

Human neuroblastoma cell line SH-SY5Y was purchased from European Collection
of Cell Cultures (ECACC, Salisbury, UK). SH-SY5Y cells were cultivated in an RPMI
1640 medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, and 1%
antibiotics (penicillin/streptomycin). The cell line was incubated at 37 ◦C with 5% of CO2,
and the culture’s medium was replaced with a time interval of 2–3 days.

4.5.2. Cell Viability Assay

The SH-SY5Y cells were plated for 24 h at 37 ◦C on 96-well plates at a density of
2 × 104 cells per well to confluence. After 24 h, the cells were treated with the compounds
(1–500 µM). MTT assay was performed to measure the metabolic activity in living cells. The
mitochondria succinate dehydrogenase system of living cells metabolized yellow-colored,
water-soluble, tetrazolium salt MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium
bromide to a purple insoluble formazan crystal. The cells were incubated with the test
solutions for 24 h, the MTT solution (10 mg/mL in PBS) was then added to each well, and
the mixture was incubated at 37 ◦C for 3 h. Thereafter, the MTT solution was carefully
aspirated, and the obtained formazan crystals were dissolved by the addition of 100 mL
DMSO. The cell viability was determined by measuring the optical density −570–690 nm
in a multiplate reader Synergy 2 (BioTek Instruments, Inc., Highland Park, Winooski, VT,
USA) [50].

4.5.3. H2O2-Induced Oxidative Stress Model in SH-SY5Y Cells

For the H2O2-induced oxidative stress model, SH-SY5Y cells were seeded in 96-well
plates at a density of 3.5 × 104/well in 100 µL for 24 h. Afterwards, the cell medium was
aspirated, and the cells were treated with different concentrations of tested compounds (1,
10, 20 µM) for 90 min; then, the SH-SY5Y cells were washed with phosphate-buffered saline
(PBS) and were exposed to the oxidative stress (H2O2 1 mM in PBS, 15 min). The contents
of all wells were changed with culture medium. After 24 h, the amount of attached viable
cells was evaluated by MTT assay. Negative controls (cells without hydrogen peroxide
treatment) were considered as 100% protection, and hydrogen-peroxide-treated cells as 0%
protection.

4.5.4. Statistical Analysis

Statistical analysis of data has been carried out on GraphPad Prism 6 Software. All
experiments were carried out in triplicate, and results were presented as mean ± SD (n = 8).
Comparisons between groups have been performed by applying one-way ANOVA with
Dunnet’s multiple comparisons post-test. We performed statistical analyses on the data
with the aim of validating the significance of the observed differences. Differences between
groups were considered significant for p < 0.05, p < 0.01 and p < 0.001.

5. Conclusions

Ten new N-pyrrolyl hydrazide–hydrazones were synthesized. The structures of the
new compounds were elucidated through appropriate IR, 1H-NMR, and MS spectral data.
The purity of the compounds was proven by the corresponding melting points, TLC
characteristics, and elemental analyses.

The DFT studies have indicated that the best radical scavenging ligands (7d and 8d)
in the newly synthesized compounds are stable molecules that do not decompose into
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elements, are less polarizable, and with hard nature. The energy of HOMO revealed that
both compounds possess good electron donation capacities. Overall, 7d and 8d can readily
scavenge free radicals in the biological system by donation of hydrogen atoms and single
electron transfer.

The performed in vitro neurotoxicity and cellular toxicity and cell protection evalua-
tions on human neuroblastoma cell line SH-SY5Y determined 7d as the most prospective
with the lowest toxicity and highest antioxidant protection.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ph16091198/s1.
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Abstract: This study describes the synthesis and biological activity of new imadazopyrazines as first-
in-class CDK9 inhibitors. The inhibition of CDK9 is a well-established therapeutic target in cancer
therapy. The new compounds were assessed using an in vitro kinase assay against CDK9. In this
assay, compound 1d exhibited the highest CDK9 inhibition with an IC50 of 0.18 µM. The cytotoxicity
effect of the novel compounds was evaluated in three cancer cell lines: HCT116, K652, and MCF7.
The results of this assay showed a correlation between the antiproliferative effect of the inhibitors and
their CDK9 inhibitory effect in the biochemical assay. This suggests CDK9 inhibition as a mechanistic
pathway for their anticancer effect. Several compounds demonstrated potent cytotoxic effects with
single-digit micromolar IC50 values yielded through an MTT assay. The compounds with the most
promising data were further assessed for their antiviral activity against human Coronavirus 229E.
The results showed that compound 4a showed the highest antiviral potency with an IC50 of 63.28 µM
and a selectivity index of 4.8. In silico target prediction data showed that 4a displayed a good
affinity to proteases. The result of the docking studies of 4a with COVID-19 main protease revealed
a high binding affinity, which confirmed the results obtained from in vitro study. The physiochemical
and in silico pharmacokinetic parameters indicated reasonable drug-likeness properties of the new
compounds, including solubility, lipophilicity, absorption, oral bioavailability, and metabolic stability.
Further lead optimization of this novel scaffold could lead to a revolution of a new class of preclinical
CDK9 agents.

Keywords: cyclin-dependent kinase; kinase inhibitor; COVID-19; 229E; coronavirus

1. Introduction

Cyclin-dependent kinases are an integral component of the cell cycle machinery. They
are a family of serine/threonine kinases that are dimerized with cyclins to catalyze the
phosphorylation of various endogenous substrates that result in cell-cycle progression at
different phases [1–3]. CDK9 is a member of this family that, in collaboration with cyclin T,
forms positive transaction elongation factor b (p-TEFB), which plays an important role in
RNA transcription [4,5].

There is satisfactory evidence that supports the role of CDK9 in cancer via controlling
proapoptotic proteins and the promotion of cell proliferation [6–8]. Its pathogenic function
has been well-established in a number of malignancies such as breast, pancreatic, prostate,
lymphomas, and others [6,9–14].

Since the recognition of CDK9 as a therapeutic possibility for treating cancer, large
pharmaceutical companies have developed several scaffolds as CDK9 inhibitors. The
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majority of them were developed as ATP-competitive inhibitors with small molecular
weights and good drug-likeness properties. Several of them were successfully progressed
to clinical trials as antiproliferative agents targeting various types of cancers [2,9,15–23].
The initial clinical experience with the inhibition of CDK9 was with nonselective CDK9
inhibitors such as flavopiridol, dinaciclib, and SNS-032 (Table 1). The clinical results with
these inhibitors showed good responses, but they also showed a high incidence of adverse
effects [24–30]. Currently, there are three highly selective CDK9 inhibitors in clinical
evaluation targeting hematological malignancies: atuveciclib, BAY-1251152, and AZD4573
(Table 2) [31–33]

Table 1. Old-generation CDK9 inhibitors were evaluated in clinical trials.

CDK9 Inhibitor Flavopiridol Dinaciclib SNS-032

Structure

IC50 (nM)

CDK9 11 4 4

CDK2 282 1 48

CDK4 132 - 925

CDK5 110 1 340

CDK7 514 - 62

References [8,34,35] [8,36] [8,37]

Table 2. New-generation CDK9 inhibitors are currently in clinical trials.

CDK9 Inhibitor Atuveciclib BAY-1251152 AZD4573

Structure

IC50 (nM)

CDK9 6 4 3

CDK2 1000 2920

10-fold greater
than CDK9 IC50

CDK4 -
50-fold greater than

CDK9 IC50
CDK5 1600

CDK7 >10,000

References [21] [32] [22]

In 2019, an imadazopyrazine 1 (Figure 1) was isolated from natural resources and
identified by virtual screening as a first-in-class CDK9 inhibitor with an IC50 of 7.88 µM,
and it exhibited an antiproliferative effect against a panel of human breast cancer cell
lines [38,39]. Further optimization of this novel scaffold was conducted by our team
with the identification of 2-phenylimidazopyrazin-3-amine 2 as a CDK9 inhibitor with
submicromolar IC50 values and a potent antiproliferative effect against a panel of cancer
cell lines with single-digit IC50 [40]. The current study aims to further develop the novel
imidazopyrazine scaffold targeting CDK9 in cancer. The activity of the new compounds has
been evaluated using an MTT assay against three cancer cell lines, the binding mode of the
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novel compounds has been studied in silico, and their pharmacokinetics and drug-likeness
properties have been examined. In addition, based on the previous data, this scaffold
possesses some antiviral activity against the human Coronavirus [40,41]. Therefore, the
antiviral effect of the agents has been assessed in this study.

Figure 1. Development of imidazopyrazine scaffold used in this study (* average of six breast cancer
cell lines, ** average of three cancer cell lines).

2. Results and Discussion
2.1. Chemistry
2.1.1. Synthetic Approach

The synthetic route used to synthesize the new compounds in this work, for 1a–4d, is
illustrated in Scheme 1. The novel compounds were synthesized using a Groebke–Black-
burn–Bienaymé reaction; it is a one-pot multicomponent reaction where 2-aminopyrazine,
aldehydes, and isocyanides were reacted in the presence of scandium (III)-triflate catalyst
and a solvent mixture of dichloromethane and methanol (3:1). This reaction was conducted
in a microwave using a temperature of 150◦ for 30 min. The purification of the final
compounds was carried out using column chromatography that utilized the mobile phases
of ethyl acetate and hexane.

Scheme 1. The proposed synthetic approach used to synthesize compounds 1–4.

Compounds 1a–1d carry furan-3-yl in position 2 of imadazopyrazine and different
amines in position 3, such as t-butyl, cyclohexyl, benzyl, and 4-methoxyphenyl. These
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compounds were obtained in a good yield of 86–91%. Compounds 2a–2d carry phenyl-
2,4 diol in position 2 of imadazopyrazine, and they were obtained in a good yield of 79–96%.
Compounds 3a–3d have 4-(dimethylamino)-pyridin-3-yl in position 2 of imadazopyrazine.
The yield of this series ranged from 43 to 88%. Compounds 4a–4d have 2-fluoro- pyridin-4-yl
in position 2 of imadazopyrazine. The yield of these compounds was 79–97%.

The construction of the imadazopyrazine core was established using (Nuclear Mag-
netic Resonance (NMR). In the 1H NMR spectrum of all compounds, three aromatic sig-
nals appeared that corresponded to the methylene protons of the pyrazine ring. For
instance, the 1H NMR spectrum of 3a displayed the presence of two pair of doublets at
7.79 (d, J = 4.12 Hz, 1 H) and 8.34 (d, J = 4.12 Hz, 1 H) in addition to the presence of singlet
signal at 8.84 (s, 1 H). These three protons represent imadazopyrazine’s methylene protons
(Figure 2).

Figure 2. 1H NMR spectrum of compound 3a.

2.1.2. Rational of Molecule Design

A previous study by our team demonstrated that compounds with lipophilic sub-
stituents at position 3 of imadazopyrazine have optimum activity (compounds 1 and 2 in
Figure 1) [40]. Moreover, docking studies showed that two to three carbons is the optimal
distance between the lipophilic substituent and the imadazopyrazine core to occupy the
G-rich pocket and form several hydrophobic interactions with Ile25, Gly26, and Val33
(Figure 3). Therefore, phenyl, benzyl, cyclohexyl, and t-butyl groups were selected to be
tested at this position (R in Figure 1). The data from a previous study showed that com-
pounds with 4-pyridinyl and 4-hydroxyphenyl in position 2 of imadazopyrazine have the
optimum activity (compounds 1 and 2 in Figure 1). Also, the docking studies showed that
the hydrogen bond donor/acceptor group of 4-pyridinyl and 4-hydroxyphenyl is pointed
toward the solvent-exposed area and forms a hydrogen bond with Asp109. Therefore,
several heterocycles with hydrogen bond donor/acceptor moieties were incorporated in
2-imadazopyrazine.
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Figure 3. (A) A 2D illustration of 3c displaying the main binding interactions with ATP binding site
of CDK9 showing that the imadazopyrazine interacts with the hinge. (B) The proposed binding mode
of 1d showing that methoxyphenyl group occupies hydrophobic pocket (left) and 3b showing the
pyridyl pointed toward the solvent expose (right). (C) The proposed binding mode of 3c showing
the pyridyl pointed toward the solvent expose (left) and the proposed binding mode of 4a where the
t-butyl side chain occupied the area below the G-loop (right).

2.2. Anticancer Activity
2.2.1. CDK9 Activity

CDK9 is a member of the kinase family of enzymes that has a role in cell growth
through the activation of RNA polymerase II via phosphorylation [4,5]. Its pathogenic
function has been well-established in a number of malignancies such as acute myeloid
leukemia, as well as pancreatic and prostate cancers. Its pathogenetic effects are mediated
through the regulation of antiapoptotic proteins that are essential for tumor initiation and
progression [6,9–13].

In this work, the synthesized compounds were assessed for their inhibition against
an isolated CDK9 enzyme using the biochemical kinase assay. Standard dinaciclib (a well-
established potent CDKs inhibitor) was used as a control in this experiment.
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Table 3 displays the outcomes of the kinase assay. The data showed that these com-
pounds revealed good CDK9 inhibition with an IC50 value of 0.18–1.78 µM. Compounds
with furan-3-yl in position 2 of imadazopyrazine exhibited the highest CDK9 inhibitory
activity with sub-µM IC50 values. In particular, 1d, a compound with a 4-methoxyphenyl
amine in position 3 of imadazopyrazine, exhibited the most potent CDK9 inhibitory activity
among all the tested compounds with an IC50 of 0.18 µM.

Table 3. CDK9 inhibitory results of compounds 1a–4d. Data are means (SD) of three individual trials.

Compound CDK9 Inhibitory Activity IC50 (µM)

1a 0.19 ± 0.003
1b 1.78 ± 0.029
1c 0.46 ± 0.008
1d 0.18 ± 0.003
2a 0.45 ± 0.008
2b 0.30 ± 0.006
2c 0.65 ± 0.011
2d 0.89 ± 0.018
3a 0.30 ± 0.005
3b 0.23 ± 0.005
3c 0.33 ± 0.007
3d 1.66 ± 0.034
4a 0.24 ± 0.004
4b 1.22 ± 0.011
4c 1.11 ± 0.02
4d 0.57 ± 0.011

Dinaciclib 0.08 ± 0.002

In addition, the data indicated that derivatives with t-butylamine in position 3 of
imadazopyrazine (1a, 2a, 3a, and 4a) showed good CDK9 inhibition with a low IC50 range
of 0.19–0.45 µM.

2.2.2. Cytotoxicity Assay

The cytotoxicity effect of the new compounds was assessed in an MTT assay against
chronic myelogenous leukemia (K652), colorectal (HCT116), and breast (MCF7) cancer
cell lines. Staurosporine standard was used as a control in this experiment. The data is
presented in Table 4 as IC50 values (in µM).

The results of the MTT assay indicated that the new compounds described in this
work have good cytotoxicity effects, with IC50 values in the three cell lines ranging from
10.65 to 143.79 µM. Furthermore, the cytotoxic effects of the inhibitors in this assay against
several cell lines were allied to their CDK9 inhibitory effects in the biochemical assay. The
derivatives with the highest potency in the CDK9 primary assay showed the most potent
cytotoxic effects in the MTT assay (for example 1d, 1a, 3b, and 4a exhibited IC50 values
of 0.18, 0.19, 0.23, and 0.24 µM in the biochemical assay, respectively, as well as average
IC50 values of 11.62, 12.61, 10.65, and 20.73 µM in the MTT assay, respectively). In addition,
the agents that exhibited the weakest CDK9 inhibition in the primary assay such as 1b,
3d, and 4c (with IC50 values of 1.78, 1.66, and 1.11 µM, respectively) showed the weakest
cytotoxic effects in the antiproliferative assay (average IC50 values of 143.79, 140.04, and
92.79 µM, respectively), thus suggesting the CDK9 inhibition as a mechanistic pathway of
their anticancer effects.
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Table 4. Cytotoxicity results of compounds 1a–4d in the MTT assay against MCF7, HCT116, and
K652 cancer cells. Data are means (SD) of three individual trials.

Compound

IC50 (µM)

MCF7 HCT116 K652 Average of the Three
Cell Lines

1a 2.85 ± 0.03 21.55 ± 0.29 13.43 ± 0.19 12.61
1b 99.16 ± 3.08 163.98 ± 2.1 168.23 ± 5.99 143.79
1c 17.39 ± 0.34 16.39 ± 0.69 24.83 ± 0.61 19.54
1d 12.35 ± 0.17 10.67 ± 0.16 11.83 ± 0.19 11.62
2a 48.26 ± 0.24 136.42 ± 0.25 71.05 ± 0.39 85.24
2b 45.93 ± 0.67 7.61 ± 2.12 38.84± 1.16 30.79
2c 63.48 ± 0.7 56.56 ± 0.13 50.24 ± 0.69 56.76
2d 71.24 ± 0.99 103.99 ± 0.98 25.30 ± 0.91 66.84
3a 22.81 ± 0.33 4.13 ± 0.07 78.21 ± 1.32 35.05
3b 16.42 ± 0.26 11 ± 0.19 4.5 ± 0.08 10.65
3c 9.52 ± 0.15 42.22 ± 0.68 26.38 ± 0.43 26.04
3d 119.91 ± 2.02 147.46 ± 2.75 152.74 ± 2.99 140.04
4a 4.38 ± 0.06 38.2 ± 0.51 19.62 ± 0.26 20.73
4b 16.21 ± 0.41 15.28 ± 0.13 23.15 ± 0.81 18.22
4c 67.32 ± 1.01 97.388 ± 1.46 113.67 ± 1.7 92.79
4d 25.07 ± 0.39 10.22 ± 0.16 47.11 ± 0.26 27.47

Staurosporine 18.41 ± 0.4 10.86 ± 0.26 22.08 ± 0.56 17.12

To ensure that the cytotoxicity effect of our compounds observed on the previous assay
was selective to cancer cells, the most cytotoxic agents to cancer cells (1a, 1c, 1d, 3b, and 4b)
were evaluated on normal cells. The data is presented in Table 5; our compounds exhibited
weak cytotoxicity against normal noncancerous FHC cells, with IC50 values ranging from
58.64–187.31 µM, as well as a selectivity index ranging from 2.5–20.5. This data indicated
that the most promising agents showed acceptable safety for the normal cells.

Table 5. Cytotoxicity results of compounds 1a, 1c, 1d, 3b, and 4b in MTT assay against FHC normal
cells. Data are means (SD) of three individual trials(*SI = Selectivity Index).

SI*

Compound FHC IC50 (µM) MCF7 HCT116 K652

1a 58.64 ± 0.8 20.5 2.7 4.3
1c 61.68 ± 0.96 15.16 17.55 15.8
1d 187.31 ± 2.92 3.5 3.7 2.5
3b 95.80 ± 1.72 5.8 8.7 21.3
4b 74.31 ± 1.26 4.5 4.8 3.2

Staurosporine 38.19 ± 0.97 2.07 3.5 1.7

2.2.3. Molecular Docking Study into CDK9 Active Site

Simulation docking studies into the ATP binding site of the CDK9 enzyme of com-
pounds 1d, 3b, 3c, and 4a were conducted using AutoDock Vina embedded in PyRx
0.8 software. In these studies, the CDK9 complex with a UT5 ligand was used as a macro-
molecule (PDB: 7NWK). The validity of the docking studies was carried out initially by the
redocking of a cocrystalized inhibitor (UT5). It showed a docking score of −8.5 kcal/mol
with an RMSD value of 1.6 Å. The main hydrogen bond interactions between the imda-
zopyridine ring of UT5 and the Cys106 residue of the protein were obtained.

In general, the tested compounds fitted well into the ATP binding site and showed
several interactions with key amino acid residues in the catalytic site of the CDK9 enzyme
(Figure 3, Table 6). All tested compounds showed interactions between the hinge region of the
CDK9 enzyme and imadazopyrazine by forming hydrogen bonds with Cys106 and Asp104.
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Table 6. Data of docking studies of 1d, 3b, 3c, and 4a with CDK9 catalytic site.

Compound Docking Score
(Kcal/mol)

Interaction Residue
(Type of Interaction) Bond Length (Å)

1d −8.3

Cys106 (HB) 1.83
Val33 (pi–sigma) 3.63

Leu156 (pi–sigma) 3.94
Ile25(pi–sigma) 3.63

Phe103 (pi–pi stacked) 3.90
Phe105 (pi–pi stacked) 5.25

Al166 (pi–alkyl) 4.57
Val79 (pi–alkyl) 3.93

3b −8.4

Cys106 (HB) 2.00
Asp109 (HB) 2.53

Phe105 (pi–pi stacked) 5.26
Leu156 (pi–sigma) 3.99

Ile25 (pi–sigma) 3.65
Ala46 (pi–alkyl) 3.80

3c −8

Cys106 (HB) 1.93
Asp104 (HB) 2.79
Asp109 (HB) 2.29

Phe105 (pi–pi stacked) 5.17
Leu156 (pi–sigma) 3.75 and 3.48
Val33 (pi–sigma) 3.78
Ala46 (pi–alkyl) 4.63 and 3.05

4a −8

Cys106 (HB) 2.25
Asp167 (HB) 3.14

Phe103 (pi–pi stacked) 4.30
Phe105 (pi–pi stacked) 5.48

Leu156 (pi–sigma) 4.67
Ile25 (pi–sigma) 3.76
Val33 (pi–alkyl) 5.46
Al46 (pi–alkyl) 5.43 and 4.69

In compounds 3b, 3c, and 4a, the lipophilic side chain of the alkylamine or benzy-
lamine in position 3 of imadazopyrazine formed several hydrophobic interactions with
Ile25, Gly26, and Val33 in the G-rich loop, while the pyridine ring in position 2 of imada-
zopyrazine pointed toward the solvent-exposed areas and formed a hydrogen bond with
Asp109 (Figure 3A,C).

Compound 1d adapted a flipped orientation in comparison to the poses of compounds
3b, 3c, and 4a, where the furan ring of 1d in position 2 of the imadazopyrazine occu-
pied a region down the G-loop and interacted with Gly28, Gly26, and Ile25, while the
methoxyphenyl ring in position 3 of the imadazopyrazine engaged the hydrophobic pocket
and interacted with Phe103, Val166, and Val79 (Figure 3B).

In terms of biological activity, 1d demonstrated the most potent activity among all
the tested compounds in both the CDK9 and cytotoxicity assays (Sections 2.2.1 and 2.2.2).
This may indicate that the lipophilic small group in position 2 of the imadazopyrazine
is more favorable than the ionizable groups (such as pyridine and phenol). The docking
studies showed that 1d has a flipped orientation in comparison to the poses of compounds
3b, 3c, and 4a (Figure 3). This flipped orientation, where the 2-imadazopyrazine sub-
stituent occupies a region down the G-loop and 3-imadazopyrazine moieties engaged in
the hydrophobic pocket, seems to be more favorable for biological activity.
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2.3. Antiviral Activity
2.3.1. 229E Inhibitory Assay

The antiviral effect of the compounds was examined in a human Coronavirus (HCoV-
229E) inhibitory assay. The standard ribavirin (a well-established antiviral agent) was used
as a positive control in this experiment.

The outcomes of this assay are displayed in Table 7. The data showed that compound
4a showed good antiviral activity. In comparison to the standard antiviral agent ribavirin,
4a demonstrated better antiviral activity against HCoV-229E with an IC50 of 63.28 µM. It
also showed a weak cytotoxicity effect on the target cells at the concentrations that achieved
its anticoronaviral effect (0.1–1000 µg/mL), with a 50% cellular cytotoxicity concentration
(CC50) of 303.15 µM and a selectivity index (SI) of 4.8 [42,43].

Table 7. 229E inhibitory effect of selected compounds in the primary assay. Data are means (SD) of
three individual trials.

Compound CC50 (µM) IC50 (µM) SI

1a 1319.90 1057.79 1.25
1c 652.80 516.45 2.1
1d 845.57 404.72 1.27
3a 186.14 392.83 0.48
3b 212.98 590.07 0.37
4a 303.15 63.28 4.8
4b 174.36 617.75 0.29
4c 270.64 330.56 0.9

Ribavirin 160.47 113.81 1.4
SI = selectivity index (CC50/IC50).

2.3.2. Antiviral Target Prediction and Molecular Docking Studies

A target prediction study was performed in silico using SwissTarget [44]. Figure 4
shows the result of the target prediction of compound 4a, which revealed a good affinity
to protease enzymes. This suggests the inhibition of protases enzyme as a mechanistic
pathway of the observed anticoronaviral activity of 4a in an in vitro assay.

Figure 4. Prediction of the molecular target of compound 4a.

Docking studies of the compound 4a with a COVID-19 main protease were conducted
using AutoDock Vina embedded in PyRx 0.8 software. HCoV-229E is an isoform of the
Coronavirus that shows high homologous sequence similarity to the SARS-CoV-2 isoform;
the virus caused the pandemic respiratory disease in 2019 (COVID-19) [45,46]. Therefore,
the main protease was selected as a potential target for studying the binding mode of the
novel antiviral agents in this work. In these studies, the main protease of COVID-19 in
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a complex with X77 was used as a macromolecule (PDB: 6W63). The validity test of our
docking analysis was conducted initially through redocking of the X77 inhibitor, which
was the cocrystalized ligand. It showed a docking score of −9.7 kcal/mol with an RMSD
value of 1.7 Å. The main H-bonding between the Gly143 and Glu166 amino acids of the
receptor and the cocrystalized X77 were gained.

The docking outcomes showed that the H-bonding between the pyridine ring of
compound 4a formed with the Glu166 amino acid residue. It also revealed a hydrogen
bond interaction between the amino group of the imadazopyrazine at position 3 of 4a and
the Phe140 residue. The imadazopyrazine formed several hydrophobic interactions with
Cy145, His41, and Met165. The fluorine atom at position 2 of the pyridine ring interacted
with Asn142 (Figure 5, Table 8).

Figure 5. 2D and 3D diagrams showing the key binding residues of 4a with COVID-19 main protease.

Table 8. Data of docking studies of 4a with COVID-19 main protease.

Docking Score (Kcal/mol) Interaction Residue
(Type of Interaction) Bond Length (Å)

−8.7

Glu166 (HB) 2.15
Phe140 (HB) 2.16

Cys145 (pi–sulfur, pi–anion) 4.57, 5.21
His41 (pi–pi stacked) 5.02

Met165 (pi–Alkyl) 5.12
Asn142 (fluorine) 3.51

2.4. In Silico Prediction of Drug-Likeness Properties
2.4.1. Molecular Structured and Physicochemical Properties

The physiochemical properties of the selected inhibitors (1a, 1d, 2c, 3b, 4a, and 4b)
were estimated using SwissADME [47]. All the studied compounds displayed good phys-
iochemical properties, as shown in Table 9. All the compounds were shown to be in line
with Lipinski’s rule of five, with zero violations, and are therefore expected to be orally
bioavailable. Their molecular weights were shown to be <500, and they demonstrated opti-
mal lipophilicity (Log P values ranged from 1–5), optimal polarity (tPSA values < 90 Å2),
and reasonable aqueous solubility (Log S > −4 mol/L).

The compounds with furan-3-yl in position 2 of the imadazopyrazine displayed the
highest lipophilicity. In the biochemical and cell assays, they also exhibited the most potent
activity among all the tested compounds. This could indicate that the lipophilic small group
is more favorable than the ionizable groups (such as pyridine and phenol) in position 2 of
the imadazopyrazine.
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Table 9. Predicated molecular and physiochemical properties of selected compounds (calculated
using SwissADME, tPSA = total polar surface area).

Compound M. wt Clog P tPSA (Å2) Log S HBA HBD Lipinski

1a 286.37 4.02 55.36 −4.44 3 1 Yes; with 0 violations
1d 306.32 2.79 64.59 −4.18 4 1 Yes; with 0 violations
2c 332.36 2.42 82.68 −4.44 4 3 Yes; with 0 violations
3b 336.43 3.15 58.35 −4.54 3 1 Yes; with 0 violations
4a 285.32 2.55 55.11 −3.84 4 1 Yes; with 0 violations
4b 313.37 2.90 55.10 −3.08 5 1 Yes; with 0 violations

2.4.2. ADMET Studies

In silico pharmacokinetic studies of the inhibitors 1d, 3b, and 4a were conducted
through the ADMETLab platform [48]. Table 10 shows the data of these studies. The
three studied compounds displayed high oral absorption by demonstrating good intestinal
permeability and low efflux liability (with a Papp index > −5.15, which is a positive test
result for human intestinal absorption). None of these compounds are predicted to be
a P-glycoprotein substrate or inhibitor (except for 1d, which is expected to be an inhibitor of
P-glycoprotein). All three compounds showed good bioavailability scores. With respect to
distribution, the volume of distribution of the studied compounds was within the optimal
range (0.04–20 L/kg), and plasm protein binding (PPB) was within the acceptable level
(<90%). The three tested derivatives are expected to cross the blood–brain barrier (BBB).
Regarding the metabolism, all three compounds are estimated to be an inhibitor of CYP3A4
(the main metabolizing CYP450 isoform), but none of them are expected to be metabolized
by the same isoform. With respect to excretion, the compounds displayed half-lives > 0.5 h
and a clearance that was <15 mL/min/kg, which are considered acceptable values in the
drug development process. With respect to the toxicity profile, all three of the studied
derivatives were expected to block the hERG channel and produce mutagenicity, as well as
liver injury, but none of them were shown to be a skin sensitizer.

Table 10. Predicated ADMET properties of compounds 1d, 3b, and 4a (estimated using ADMETLab;
red color indicates unfavorable parameter).

Compound 1d 3b 4a

Property Test Recommended

Absorption

Papp (Caco-2 permeability) (cm/s) >−5.15 −4.871 −4.677 −4.525
Pg protein inhibitor Inhibitor Noninhibitor Noninhibitor
Pg protein substrate Nonsubstrate Nonsubstrate Nonsubstrate

HIA (human intestinal absorption) HIA+ HIA+ HIA+
Bioavailability score 0.55 0.55 0.55 0.55

Distribution
PPB (Plasma protein binding) % <90 81.421 82.13 78.804

BBB (Blood–brain barrier) BBB+ BBB+ BBB+
VD (volume of distribution) L/kg 0.04–20 0.125 0.725 0.121

Metabolism
CYP3A4 inhibitor Inhibitor Inhibitor Inhibitor
CYP3A4 substrate Nonsubstrate Substrate Substrate

Excretion
T1/2 (Half live) h >0.5 1.812 1.827 1.807

Clearance mL/min/kg <15 1.979 2.028 1.95

Toxicity

hERG blocker Blocker Blocker Blocker
Ames mutagenicity Ames+ Ames+ Ames−

Skin sensitivity Nonsensitizer Nonsensitizer Nonsensitizer
LD50 of acute toxicity >500 mg/kg 2.527 2.598 2.701

DILI (drug-induced liver injury) DILI+ DILI+ DILI+
FDAMDD (maximum

recommended daily dose) FDAMDD+ FDAMDD− FDAMDD+
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3. Materials and Methods
3.1. Chemistry

All starting materials, building blocks, catalysts, solvents, and reagents, includ-
ing 2-aminopyrazine, isocyanides, aldehydes, scandium (III)-trifluoromethanesulfonate,
methanol, and dichloromethane, were purchased from Sigma-Aldrich and TCI chemical
companies and used directly in the reactions without prior purification. Electrothermal
melting point apparatus was used to measure the melting points of the compounds without
correction. The 1H NMR spectra at 700.17 MHz and 13C spectra at 176.08 MHz were ob-
tained using Bruker Ascend 700 NMR spectrometer (Fällanden, Switzerland) and DMSO-d6
as solvents in all samples. TLC was used to monitor the progression of the reactions using
aluminum sheets of precoated silica gel (60 F254, Merck) and visualized under UV light at
365 and 254.

General procedure:
In a microwave vial, a mixture of 2-aminopyrazine (0.52 mmol), required isocyanide

(0.52 mmol), required aldehyde (0.4 mmol), scandium (III)-trifluoromethanesulfonate
catalyst (0.015 mmol), and 2 mL of a solvent system of 3-to-1 dichloromethane-to-methanol
were added. The vial was then sealed and heated to 150 ◦C for 30 min in the microwave. The
reaction mixture was then allowed to cool down to room temperature and concentrated.
The reaction residue was then extracted with 5 mL dichloromethane three times. The
organic extract was then collected, dried over magnesium sulfate, and evaporated. The
residue was then purified using column chromatography using hexane and ethyl acetate.

The N-(Tert-butyl)-2-(furan-3-yl) imidazo[1,2-a] pyrazin-3-amine (1a) Yield: 89.3%; yellow oil;
1H NMR (700 MHz, DMSO-d6) δ ppm 1.09 (br. s., 9 H), 4.76 (s, 1 H), 7.13 (s, 1 H), 7.76 (br. s.,
1 H), 7.84 (br. s., 1 H), 8.32 (s, 1 H), 8.38 (br. s., 1 H), 8.89 (s, 1 H); 13C NMR (176 MHz,
DMSO-d6) δ ppm 30.53, 56.85, 110.46, 117.60, 120.40, 125.57, 128.81, 135.55, 137.31, 141.81,
142.52, and 143.76. m/z (ESI-MS) [M]+ 257.13.

The N-Cyclohexyl-2-(furan-3-yl) imidazo[1,2-a] pyrazin-3-amine (1b) yield: 86.4%; yellow oil;
1H NMR (700 MHz, DMSO-d6) δ ppm 1.09 (br. s., 9 H), 1.10–1.15 (m, 3 H), 1.28–1.33 (m,
2 H), 1.53 (br. s., 1 H), 1.66 (d, J = 11.83 Hz, 2 H), 1.75 (d, J = 12.69 Hz, 2 H), 2.86–2.90 (m,
1 H), 4.92 (d, J = 7.10 Hz, 1 H), 7.79 (s, 1 H), 7.85 (d, J = 4.52 Hz, 1 H), 7.87 (s, 1 H) 8.25 (s,
1 H), 8.30 (dd, J = 4.52, 1.08 Hz, 1 H), 8.88 (s, 1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm
25.07, 25.81, 34.19, 56.82, 109.78, 116.72, 120.13, 127.17, 120.95, 132.89, 136.65, 141.06, 142.46,
and 144.16. m/z (ESI-MS) [M]+ 283.07.

The N-Benzyl-2-(furan-3-yl) imidazo[1,2-a]pyrazin-3-amine (1c) yield: 91.0%; yellow oil; 1H
NMR (700 MHz, DMSO-d6) δ ppm 4.17 (d, J = 6.24 Hz, 2 H), 5.57 (t, J = 6.35 Hz, 1 H), 7.04 (s,
1 H), 7.23–7.31 (m, 5 H), 7.75 (d, J = 4.52 Hz, 1 H), 7.79 (s, 1 H), 8.12 (d, J = 4.30 Hz, 1 H), 8.20
(s, 1 H), 8.86 (s, 1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm 51.09, 109.79, 116.46, 119.94,
127.63, 126.63, 126.75, 131.98, 132.05, 132.89, 136.47, 140.13, 141.06, 142.45, and 144.20. m/z
(ESI-MS) [M]+ 291.14.

The 2-(Furan-3-yl)-N-(4-methoxyphenyl) imidazo[1,2-a] pyrazin-3-amine (1d) yield: 88.4%; yel-
low oil; 1H NMR (700 MHz, DMSO-d6) δ ppm 3.64 (s, 3 H), 6.47 (d, J = 7.31 Hz, 2 H), 6.77
(d, J = 7.74 Hz, 2 H), 6.93 (s, 1 H), 7.75 (br. s., 1 H), 7.89 (br. s., 1 H), 7.99 (br. s., 1 H), 8.03 (br.
s., 1 H), 8.04 (br. s., 1 H), 9.04 (s, 1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm 55.69, 109.55,
114.76, 115.47, 132.04, 132.92, 134.91, 137.66, 138.87, 141.47, 142.31, 142.85, 144.41, 153.12,
and 156.53. m/z (ESI-MS) [M]+ 291.14.

The 4-(3-(Tert-butylamino) imidazo[1,2-a]pyrazin-2-yl)benzene-1,3-diol (2a) yield: 96.6%; white
solid (MP: 174–176 ◦C); 1H NMR (700 MHz, DMSO-d6) δ ppm 1.00 (s, 9 H), 5.35 (s, 1 H), 6.28
(d, J = 2.75 Hz, 1 H), 6.34 (d, J = 2.06 Hz, 1 H), 7.86 (d, J = 4.81 Hz, 1 H), 7.89 (d, J = 8.94 Hz,
1 H), 8.39 (dd, J = 4.81, 1.37 Hz, 1 H), 8.91 (d, J = 1.37 Hz, 1 H), 9.51 (br. s., 1 H), 11.53 (br. s.,
1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm 29.77, 109.8, 116.7, 119.80, 127.61, 126.67, 126.79,
132.01, 132.70, 132.89, 136.54, 140.15, 141.67, 142.45, and 144.22. m/z (ESI-MS) [M]− 297.04.
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The 4-(3-(Cyclohexylamino) imidazo[1,2-a] pyrazin-2-yl)benzene-1,3-diol (2b) yield: 79.5%; white
solid (MP: 245–247 ◦C); 1H NMR (700 MHz, DMSO-d6) δ ppm 1.02–1.11 (m, 4 H), 1.20 (d,
J = 11.00 Hz, 2 H), 1.58–1.61 (m, 2 H), 1.66 (d, J = 12.37 Hz, 2 H), 2.81 (tdt, J = 10.35, 10.35,
6.96, 3.69, 3.69 Hz, 1 H), 5.21 (d, J = 6.87 Hz, 1 H), 6.28 (d, J = 2.75 Hz, 1 H), 6.34 (dd, J = 8.59,
2.41 Hz, 1 H), 7.89 (d, J = 4.81 Hz, 1 H), 7.99 (d, J = 8.25 Hz, 1 H), 8.34 (dd, J = 4.12, 1.37 Hz,
1 H), 8.92 (d, J = 1.38 Hz, 1 H), 9.57 (s, 1 H), 12.15 (s, 1 H); 13C NMR (176 MHz, DMSO-d6)
δ ppm 51.09, 109.79, 116.46, 119.94, 127.63, 126.63, 126.75, 131.98, 132.05, 132.89, 136.47,
140.13, 141.06, 142.45, and 144.20. m/z (ESI-MS) [M]+ 325.17.

The 4-(3-(Benzylamino)imidazo[1,2-a]pyrazin-2-yl)benzene-1,3-diol (2c) yield: 91.8%; white solid
(MP: 167–169 ◦C); 1H NMR (700 MHz, DMSO-d6) δ ppm 4.06 (d, J = 6.87 Hz, 2 H), 5.65 (t,
J = 6.19 Hz, 1 H), 6.31 (d, J = 2.06 Hz, 1 H), 6.33–6.36 (m, 1 H), 7.21–7.23 (m, 4 H), 7.29–7.32
(m, 1 H), 7.79 (d, J = 4.12 Hz, 1 H), 7.98 (d, J = 8.94 Hz, 1 H), 8.14 (dd, J = 4.12, 1.37 Hz, 1 H),
8.89 (d, J = 1.37 Hz, 1 H), 9.60 (s, 1 H), 12.10 (s, 1 H)); 13C NMR (176 MHz, DMSO-d6) δ ppm
51.29, 103.64, 107.74, 109.38, 116.25, 126.32, 127.78, 128.78, 128.83, 129.32, 129.51, 134.65,
136.85, 139.77, 141.63, 158.34, and 159.44. m/z (ESI-MS) [M]+ 331.06.

The 4-(3-((4-Methoxyphenyl) amino)imidazo[1,2-a]pyrazin-2-yl)benzene-1,3-diol (2d) yield: 79.9%;
white solid (MP: 186–188 ◦C); 1H NMR (700 MHz, DMSO-d6) δ ppm 3.60 (s, 3 H), 6.20–6.22
(m, 1 H), 6.29 (d, J = 2.75 Hz, 1 H), 6.44 (m, J = 8.94 Hz, 2 H), 6.72 (m, J = 8.94 Hz, 2 H), 7.75
(d, J = 8.93 Hz, 1 H), 7.93 (d, J = 4.81 Hz, 1 H), 8.00 (s, 1 H) 8.02 (dd, J = 4.12, 1.37 Hz, 1 H),
9.09 (s, 1 H), 9.64 (s, 1 H), 12.49 (s, 1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm 55.74, 103.63,
107.75, 107.96, 114.81, 115.58, 116.44, 119.63, 128.70, 130.62, 135.32, 138.60, 139.75, 141.89,
153.26, 159.15, and 159.81. m/z (ESI-MS) [M]+ 349.12.

The N-(Tert-butyl)-2-(6-(dimethylamino) pyridin-3-yl)imidazo[1,2-a]pyrazin-3-amine (3a) yield:
98%; white solid (MP: 126–128 ◦C); 1H NMR (700 MHz, DMSO-d6) δ ppm 0.97 (s, 9 H), 3.02
(s, 6 H), 4.72 (s, 1 H), 6.67 (d, J = 8.94 Hz, 1 H), 7.79 (d, J = 4.12 Hz, 1 H), 8.22 (d, J = 8.93 Hz,
1 H), 8.34 (d, J = 4.12 Hz, 1 H), 8.84 (s, 1 H), 8.84 (s, 1H); 13C NMR (176 MHz, DMSO-d6) δ
ppm 30.52, 38.16, 56.66, 105.57, 117.54, 118.36, 124.96, 128.85, 136.98, 137.20, 139.86, 142.22,
147.54, and 158.65. m/z (ESI-MS) [M]+ 311.20.

The N-Cyclohexyl-2-(6-(dimethylamino) pyridin-3-yl)imidazo[1,2-a]pyrazin-3-amine (3b) yield:
85.1%; white solid (MP: 191–193 ◦C); 1H NMR (700 MHz, DMSO-d6) δ ppm 1.04 (br. s., 3 H),
1.19–1.24 (m, 2 H), 1.45 (br. s., 1 H), 1.58 (br. s., 2 H), 1.65 (d, J = 12.37 Hz, 2 H), 2.79 (dd,
J = 10.31, 3.44 Hz, 1 H), 3.03 (s, 6 H), 4.91 (d, J = 6.87 Hz, 1 H), 6.70 (d, J = 8.94 Hz, 1 H), 7.78
(d, J = 4.81 Hz, 1 H), 8.23 (dd, J = 8.94, 2.75 Hz, 1 H), 8.26 (d, J = 4.12 Hz, 1 H), 8.81 (s, 1 H),
8.86 (s, 1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm 25.02, 25.84, 34.07, 38.19, 56.84, 106.01,
116.66, 117.90, 118.35, 126.36, 128.99, 136.00, 136.59, 142.14, 146.69, and 158.64. m/z (ESI-MS)
[M]+ 336.96.

The N-Benzyl-2-(6-(dimethylamino) pyridin-3-yl)imidazo[1,2-a]pyrazin-3-amine (3c) yield: 43.3%;
yellow oil; 1H NMR (700 MHz, DMSO-d6) δ ppm 3.05 (s, 6 H), 4.08 (d, J = 6.87 Hz, 2 H), 5.58
(t, J = 6.53 Hz, 1 H), 6.71 (d, J = 8.94 Hz, 1 H), 7.20–7.22 (m, 4 H), 7.68 (d, J = 4.81 Hz, 1 H),
7.76–7.88 (m, 1 H), 8.09 (dd, J = 4.81, 1.37 Hz, 1 H), 8.17 (dd, J = 8.94, 2.75 Hz, 1 H), 8.79 (d,
J = 1.37 Hz, 1 H), 8.82 (d, J = 2.06 Hz, 1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm 38.22,
51.22, 106.07, 106.44, 116.36, 117.94, 121.71, 127.67, 128.61, 128.78, 136.12, 136.42, 140.10,
142.22, 146.68, 158.64, and 189.82. m/z (ESI-MS) [M]+ 345.22.

The 2-(6-(Dimethylamino) pyridin-3-yl)-N-(4-methoxyphenyl) imidazo[1,2-a]pyrazin-3-amine (3d)
yield: 47.7%; white solid (MP: 180–182 ◦C); 1H NMR (700 MHz, DMSO-d6) δ ppm 3.00 (s,
6 H), 3.59 (s, 3 H), 6.40 (m, J = 8.94 Hz, 2 H), 6.67 (d, J = 8.94 Hz, 1 H), 6.72 (m, J = 8.94 Hz,
2 H), 7.82 (d, J = 4.12 Hz, 1 H), 7.96 (dd, J = 4.81, 1.37 Hz, 1 H), 7.97 (s, 1 H), 8.09 (dd, J = 8.94,
2.06 Hz, 1 H), 8.69 (d, J = 2.06 Hz, 1 H), 8.98 (d, J = 1.37 Hz, 1 H); 13C NMR (176 MHz,
DMSO-d6) δ ppm 38.14, 55.75, 106.11, 114.59, 115.61, 116.60, 117.11, 120.28, 122.57, 129.61,
135.88, 137.70, 139.10, 142.66, 146.80, 135.11, and 158.87. m/z (ESI-MS) [M]+ 361.31.
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The N-(Tert-butyl)-2-(2-fluoropyridin-4-yl) imidazo[1,2-a] pyrazin-3-amine (4a) yield: 87.7%;
yellow oil; 1H NMR (700 MHz, DMSO-d6) δ ppm 1.00 (s, 9 H), 5.04 (s, 1 H), 7.85 (s, 1 H), 7.87
(d, J = 4.12 Hz, 1 H), 8.11 (d, J = 4.81 Hz, 1 H), 8.27 (d, J = 4.81 Hz, 1 H), 8.43 (d, J = 4.81 Hz,
1 H), 8.98 (s, 1 H); 13C NMR (176 MHz, DMSO-d6) δ ppm 30.40, 57.26, 107.40, 118.13, 120.70,
128.34, 129.30, 136.70, 148.22, 163.34, and 164.89. m/z (ESI-MS) [M]+ 286.04.

The N-Cyclohexyl-2-(2-fluoropyridin-4-yl) imidazo[1,2-a] pyrazin-3-amine (4b) yield: 81.2%;
yellow oil; 1H NMR (700 MHz, DMSO-d6) δ ppm 1.04–1.10 (m, 3 H), 1.25–1.31 (m, 2 H),
1.47 (br. s., 1 H), 1.59–1.63 (m, 2 H), 1.70 (d, J = 12.37 Hz, 2 H), 2.79–2.86 (m, 1 H), 5.30 (d,
J = 7.56 Hz, 1 H), 7.77 (s, 1 H), 7.86 (d, J = 4.81 Hz, 1 H), 8.06 (d, J = 5.50 Hz, 1 H), 8.29
(d, J = 5.50 Hz, 1 H), 8.37 (dd, J = 4.12, 1.37 Hz, 1 H), 8.97 (s, 1 H); 13C NMR (176 MHz,
DMSO-d6) δ ppm 25.11, 25.76, 34.17, 57.59, 105.92, 117.29, 119.44, 129.34, 130.71, 134.14,
136.67, 144.22, 148.51, 163.64, and 165.18. m/z (ESI-MS) [M]+ 312.11.

The N-Benzyl-2-(2-fluoropyridin-4-yl) imidazo[1,2-a] pyrazin-3-amine (4c) yield: 79.2%; yellow
oil; 1H NMR (700 MHz, DMSO-d6) δ ppm 4.14 (d, J = 6.87 Hz, 2 H), 5.94 (t, J = 6.53 Hz, 1 H),
7.16–7.19 (m, 5 H), 7.65 (s, 1 H), 7.77 (d, J = 4.81 Hz, 1 H), 7.96 (d, J = 4.81 Hz, 1 H), 8.20
(dd, J = 4.47, 1.72 Hz, 1 H), 8.25 (d, J = 5.50 Hz, 1 H), 8.94 (d, J = 1.37 Hz, 1 H); 13C NMR
(176 MHz, DMSO-d6) δ ppm 51.50, 106.11, 117.07, 119.59, 127.81, 128.70, 128.82, 129.11,
131.01, 134.15, 136.54, 139.65, 144.13, 148.38, 163.57, and 165.12. m/z (ESI-MS) [M]+ 320.11.

The 2-(2-Fluoropyridin-4-yl)-N-(4-methoxyphenyl) imidazo[1,2-a]pyrazin-3-amine (4d) yield:
97.0%; yellow oil; 1H NMR (700 MHz, DMSO-d6) δ ppm 3.60 (s, 3 H), 6.48 (d, J = 8.94 Hz,
2 H), 6.74 (d, J = 8.94 Hz, 2 H), 6.99 (m, J = 8.94 Hz, 2 H), 7.37 (m, J = 8.94 Hz, 2 H), 7.82
(s, 1 H), 7.89 (d, J = 4.81 Hz, 1 H), 8.02–8.03 (m, 1 H), 8.27 (d, J = 1.37 Hz, 1 H); 13C NMR
(176 MHz, DMSO-d6) δ ppm 55.91, 106.22, 115.09, 115.61, 117.30, 119.56, 120.76, 123.68,
130.03, 132.08, 132.94, 137.74, 142.37, 144.52, 149.04, and 155.55. m/z (ESI-MS) [M]+ 336.18.

3.2. In Vitro CDK9 Kinase Assay

The in vitro kinase activity was measured using a CDK9 assay kit obtained from BPS
Biosciences (San Diego, CA). The inhibitory effect of the tested compounds was assessed
following the manufacturer’s instructions as indicated in the kit. GraphPad Prism 5.0
software was used to analyze the results. DMSO was used as a negative standard in this
assay, and dinaciclib was used as a positive standard.

3.3. MTT Cytotoxicity Assay

Cells were obtained from American Type Culture Collection. The cell culture DMEM
was obtained from Life Technologies and Invitrogen and supplied with 10% FBS from
Hyclone, 1% penicillin-streptomycin, and 10 µg/mL insulin from Sigma-Aldrich.

The MTT assay was used to monitor the in vitro cytotoxicity of our compounds.
The cells were treated with serial concentrations of the compounds to be tested, which
ranged from 0.1–10 µM at 37 ◦C for 48 h. Then, the cells were incubated with 10% v/v
reconstituted MTT at 37 ◦C for 3 h. The multiwell plates were then read using Wallac
Victor2 1420 multilabel counter, and the absorbance was measured at a wavelength of
450 (ex) and 590 nm (em).

3.4. Antiviral Assay

The cytopathic inhibition effect was used to assess the antiviral and cytotoxicity of the
compounds using a method described by Choi et al. (2009) [49]. Coronavirus 229E cells
were used in this assay. The antiviral activity of the tested compounds was measured as
a percentage using a method described by Pauwels et al.’s (1988) research [50]. GraphPad
Prism 5.0 software was used to analyze the results. Ribavirin was used as a positive
standard in this assay, and DMSO was used as a negative standard.
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3.5. Docking Studies

In these studies, the required proteins’ crystal structures were gained from PDB (3LQ5:
CDK9 costructure with CR8 ligand; 6W63: COVID-19 costructure with X77 ligand). The
proteins were downloaded as PDB files and prepared using Discovery Studio by keeping
one subunit and removing the water and other ligands. The prepared protein was then
saved in PDB format and converted to PDBQT format using AutoDock. The required
inhibitors (compounds 4a, 3a, 2c, and 3c) were prepared by ChemDraw Ultra 14.0 and
then saved as a PDB file and used as ligands in the docking studies. The docking studies
were performed using AutoDock Vina implemented in PyRx. The analysis of the obtained
docking results was conducted using Discovery Studio.

4. Conclusions

In conclusion, new imadazopyrazines as first-in-class CDK9 inhibitors were synthe-
sized and biologically evaluated for their anticancer and antiviral activity. The new deriva-
tives were assessed in vitro against isolated CDK9, and the data of this assay showed that
our compounds demonstrated a good CDK9 inhibition effect with an IC50 of 0.18–1.78 µM.
In the MTT cytotoxicity assay against the MCF7, HCT116, and K652 cancer cell lines, our
compounds demonstrated good antiproliferative effects, with an average IC50 in the three
cell lines ranging from 10.65 to 143.79 µM. In addition, the results of this assay showed a cor-
relation between the antiproliferative effects of the inhibitors and their inhibition of CDK9,
which suggests the CDK9 inhibition as a mechanistic pathway for their anticancer effects.
The physiochemical and pharmacokinetic parameters of the new agents were predicated
in silico, and they exhibited reasonable drug-likeness properties. The compounds with
the most promising data were further assessed for their antiviral activity against human
Coronavirus 229E, and the most potent agent showed a good inhibitory effect with an IC50
of 63.28 µM and a selectivity index of 4.8. This data was supported by docking studies with
a COVID-19 main protease, which showed a high binding affinity.
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