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Abstract: Novel flavanones that incorporate chromene motifs are synthesized via a one-step
multicomponent reaction. The structures of the new chromenes are elucidated by using IR, "H-NMR,
IBC-NMR, 'H-'H COSY, HSQC, HMBC, and elemental analysis. The new compounds are screened
for their in vitro antimicrobial and cytotoxic activities. The antimicrobial properties are investigated
and established against seven human pathogens, employing the agar well diffusion method and
the minimum inhibitory concentrations. A majority of the assessed derivatives are found to exhibit
significant antimicrobial activities against most bacterial strains, in comparison to standard reference
drugs. Moreover, their cytotoxicity is appraised against four different human carcinoma cell lines:
human colon carcinoma (HCT-116), human hepatocellular carcinoma (HepG-2), human breast
adenocarcinoma (MCF-7), and adenocarcinoma human alveolar basal epithelial cell (A-549). All the
desired compounds are subjected to in-silico studies, forecasting their drug likeness, bioactivity, and
the absorption, distribution, metabolism, and excretion (ADME) properties prior to their synthetic
assembly. The in-silico molecular docking evaluation of all the targeted derivatives is undertaken on
gyrase B and the cyclin-dependent kinase. The in-silico predicted outcomes were endorsed by the
in vitro studies.

Keywords: flavanone-containing chromene motifs; in-silico studies; antimicrobial examination;
cytotoxic behavior; molecular modeling; SAR analysis

1. Introduction

Computational techniques perform a crucial role in many drug discovery programs, from hit
identification to the optimization of the lead and thereafter. Numerous computational tools are
accessible, and these are categorized as either ligand-based or receptor-based. Screening chemical
compounds allows for the elimination of searching an entire chemical space by utilizing libraries of
specific, accessible molecules. This not only prevents unnecessary syntheses but also limits the number
of derivatives with biologically-compelling behaviors. Sieves may be employed to make certain that
the archive satisfies the criteria of biological significance or ‘drug-likeness.” General sieving strategies
for “drug-likeness’ [1], which are applicable for the compound databases, are based on Lipinski’s
rule-of-five [2], which comprises a series of guidelines centered on hydrophobicity, lipophilicity, and
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molecular weight and yields a straightforward profile for orally bioavailable molecules. Additional
physical sieves could involve a constraint on the polar surface area or the quantity of rotatable bonds
of the compounds [3].

The undesirable pharmacokinetic attributes of potential drugs impose restrictions in constructing
a headway in the process of novel drug developments; hence, there is an amplified urge to develop
new techniques that are intelligent enough to predict these drug traits [4-6]. The scrutiny of a drug’s
pharmacokinetic features comprises absorption, distribution, metabolism, and excretion (ADME) [7].
The ADME guidelines dictate whether drug candidates are to be proceeded with, clasped, or ceased [8].

The cyclin-dependent kinases (CDK/cyclins) constitute a taxon of heterodimeric kinases that
perform vital functions in the modulation of the cell cycle progression, transcription and other crucial
biological affairs, such as neuronal metabolism and differentiation [9]. The constitutive or deregulated
hyperactivity of these kinases as a consequence of the overexpression, amplification, or mutation of
cyclins or CDK generates the proliferation of cancer cells, and the peculiar task of the preceding kinases
has been implicated in a broad assortment of human cancers [10]. Therefore, these kinases represent
the biomarkers of proliferation and arrest with the pharmacological intent of the development of
anticancer therapeutics [11]. The overexpression of the cyclin-dependent kinase-2 (CDK2) has been
documented in various categories of human tumors [12-17]. Molecular docking evaluations have been
executed to acquire an additional comprehension of the binding behavior of the generated molecules
with CDK2 (Protein Data Bank (PDB) ID: 1FVV) as well as gyrase B (GyrB43) from Escherichia coli (PDB
code: 4PRV), which has been reported to be a target for analyzing antibacterial activities [18].

As a continuation of our preceding work in the area of the synthesis and biological screening
of the bioactive molecules [19-22] based on extensive molecular modeling and in-silico studies, we
carried out the synthesis of a novel series of chromene-incorporating flavanones, endeavoring to find
new and alternative drug candidates to replace those in peril of facing resistance from microorganisms.

The substantial upsurge of microorganisms’ resistance to antimicrobial agents is one of the
foremost concerns among scientists and clinicians worldwide. Moreover, numerous pathogenic viruses,
bacteria, fungi, and protozoa have subsequently developed resistance, which renders treatment much
more challenging with the existing drugs [23]. Furthermore, the abuse of synthetic antibiotics has
contributed to an increased incidence of bacterial resistance to available antibacterial agents, ensuing
an urgent need for natural antimicrobials [24]. To overcome the aforementioned drawbacks of the
modern antimicrobial drugs and to attain more efficacious drugs, antimicrobial agents encompassing a
novel mode of action should be acquired [25].

Plant-derived flavonoids are a class of naturally-occurring phenyl chromenes that are
widely-distributed in edible plants and have been observed in fruits, vegetables, tea, and wine [26,27].
These natural products possess a range of biological activities, including those of the anti-inflammatory,
antiallergic, antiproliferative, antibacterial, antidiabetic, antiviral, antimutagenic, antithrombotic,
anticarcinogenic, estrogenic, hepatoprotective, insecticidal, and antioxidant varieties [28,29]. Figure 1
illustrates two examples of the flavanone family that are used for cancer resistance treatment
(Kaempferol) and for treating inflammatory disorders (Luteolin). The antibacterial activities of
flavonoids have been reported to be correlated with their chemical structures [29-32]. However, the
quantitative structure—activity relationship (QSAR) for flavonoids as antibacterial agents has been
capturing interest through the quantitative construction of associations between the molecular structures
or properties with a variation in biological activities [18,33]. It is significant that anticancer activity,
which is comprised of the most interesting pharmacological properties of flavonoids [34], proceeds via
a unique mechanism, and aids in the prevention of cancer growth through the flavonoids’ ability to
function as anti-oxidants [35-37], enzyme inhibitors [38], and growth regulators [39]. Moreover, the
biological performance of flavonoid molecules is reliant on their position and number of substitutions
as well as their structures’ condensation level, namely glucosides, homodimers, heterodimers, hydroxy
groups, and isoprenyl units [40,41].
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Figure 1. The design of a novel flavanone linked to chromene moiety.

Previous studies have conveyed that a methoxy or hydroxy substituent at the C-7 position of
the flavanone enhances inhibitory effects on the human colon carcinoma (HCT)-116 cell line [42].
The established results directed our attempt to explore the design of flavanone derivatives with
bulkier substituents at the C-7 position and to elucidate their inhibitory effect. Even though
several flavonoid derivatives, modified at the C-7 position, have been reported, Naringenin
(Figure 1), 4',5,7-trihydroxyflavanone derivatives, functionalized at the C-7 position, have seldom been
investigated [43,44]. Naringenin functions as an essential chemical species that operates as an estrogenic
substance in humans and as an endogenous regulator in plants [45]. Based on these considerations,
herein, we report the synthesis of chromene-based 4’,5,7-trihydroxyflavanone compounds (Figure 1) and
explore their antimicrobial and antiproliferative behaviors, as advocated by the theoretical predictions.
The characterization of the proposed molecules was done through in-silico studies, forecasting their
drug likeness, bioactivity, and ADME properties. In addition, the Naringenin derivatives Kaempferol
and Luteolin exhibited distinguished biological activities. Kaempferol reduces the resistance of cancer
cells to anti-cancer drugs, such as Vinblastine and Paclitaxel, while Luteolin has been employed as a
Chinese traditional medicine for treating hypertension, inflammatory disorders, and cancer.

2. Results and Discussion

2.1. Synthesis and Characterization

The target compounds 2a—-2g were synthesized, as outlined in Scheme 1. The condensation
reaction between the 4’,5,7-trihydroxyflavanone, malononitrile or ethyl cyanoacetate, and the aromatic
aldehydes in the presence of piperidine in refluxing ethanol yielded the chromene derivatives 2a-2g,
yield (22.8%-57.8%).
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i) CH, (CN), or C;H;COOCH,CN
ii) ArCHO
iii) EtOH / Piperidine

OH o 1
R, R, % Yield
2a CN 2-CIC¢Hj5 27.45
2b CN 2-FC¢H; 57.76
2¢ CN 3-BrC¢Hs 50.07
2d CN 4-C(CHj3);C¢H;5 22.80
2¢ CN C4H,S 29.25
2f CN 4-FC¢H; 27.31
2g COOEt 3-NO,CgHjs 27.31

Scheme 1. Synthesis of 8-amino-10-phenyl-5-hydroxy-2-(4-hydroxyphenyl)-4-oxo-3,4-diydro-2H,10H-
pyrano [2, 3-f] chromene derivatives 2a—2g.

The first step of the multicomponent coupling process began with a Knoevenagel condensation
between malononitrile or ethyl cyanoacetate, and the aromatic aldehydes, followed by a Michael
addition of the C-8 carbon of 4’,5,7-trihydroxyflavanone to the «,f3-unsaturated malononitrile
intermediate, re-aromatization, intramolecular cyclization involving the addition of the C-7 hydroxyl
group of 4',5,7-trihydroxyflavanone onto one of the cyano groups, and subsequent tautomerization [46],
as shown in Scheme 2.

HO Ar NH

- CN -

Scheme 2. Mechanistic pathway leading to 2a-2g.

Although both the ortho (C6) and para (C8) positions (relative to the C-5 hydroxyl group)
of 5,7-dihydroxy-2-(4-hydroxyphenyl) chroman-4-one are strongly and almost as equally activated
towards the electrophilic attack, only the C-8 position reacted. The '3C chemical shifts of the C-6 and
C-8 carbons are 96.7 (Cg) and 95.8 (Cg) ppm, respectively, which indicates that they are in similar
electronic environment and exhibit similar nucleophilicity. This suggests that the regiochemistry
depended on steric factors to a much larger extent than electronic factors. Indeed, the C-8 position is
much less hindered, especially considering the six-membered ring that may form due to hydrogen
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bonding between the C5-OH and the C-4 carbonyl group. Thus, a preferential attack at C-8 was
observed. It is also noteworthy that the C-3" of the phenol ring did not show any reactivity under the
reaction conditions since it is much less activated than C-6 and C-8. The observed downfield chemical
shift of C-3’ (116.0 ppm for C-3’ compared to 96.7 ppm for C-6 and 95.8 ppm for C-8) clearly suggests
that C-3” experiences less delocalization of electron density from the lone phenolic OH, rendering the
C-3’ position the least nucleophilic site compared to C-6 and C-8 positions.

The structures of the newly synthesized derivatives were confirmed by various spectroscopic and
analytical techniques, such as FI-IR, 'H-NMR, 1¥C-NMR, COSY, HMBC, HSQC, and elemental analysis.
The FT-IR spectra exhibited characteristic absorption bands between 2178 and 2207 for the CN group,
while the NH; stretching were in the range of 3381-3424 cm~!. Moreover, the C=0O group displayed
bands at 1634-1686 cm™!, and the OH bands appeared as broad absorptions at 3477-3634 cm™~!. The
'H-NMR spectra of 2a-2g, were measured in dimethyl sulfoxide (DMSO-ds) where the H2 signal
appeared as a doublet of doublets in the range of 5.07-5.64 ppm. The resonances of the diastereotopic
H3ax and H3eq protons 3.34-3.51 and 2.72-2.83 ppm, respectively, as two doublets of doublets. The
H3ax and H3eq of the chromene ring were coupled with a constant of 17.1-17.6 Hz. The value of the
coupling constant between H2 and H3ax (J = 12.2-13.5 Hz) indicates a trans-diaxial coupling. Thus,
the H2 was axial, and the aryl group linked to the H2 had equatorial orientation. As anticipated, the
hydroxyl group attached to the C5 appeared as a singlet at 11.9-12.5 ppm, and the C4’-OH occurred in
the range 9.62-9.63 ppm; meanwhile, the pyran H10 methine exhibited chemical shifts at 4.46-5.08 ppm,
and the amine protons resonated at 7.03-7.79 ppm. The singlet at 6.21-6.27 ppm corresponded to H6,
while the remaining aromatic protons resonated further downfield between 6.74 and 8.08 ppm. As an
example, the proton spectrum of 2a is shown in Figure 2. In the proton spectrum of Compound 2g, the
methyl protons appeared at 0.98 ppm as a triplet, while the methylene chemical shift of the ethoxy
group OCH,CHj ranged from 3.81 to 4.03 ppm.

HOD

W2, He'  H3LHS'

DMSO
H6
H3
H10
4'-OH Ar-C1 +NH,

- TS

T T T T T T T T T T T T T T T T T

13.0 12.0 11.0 10.0 9.0 8.0 ppm 7.0 6.0 5.0 4.0 3.0 2.0

Figure 2. 'H-NMR of Compound 2a.

The '*C-NMR spectra of the new molecules exhibited signals ranging from 78.8-80.2 ppm and
41.7-43.4 ppm that corresponded to C-2 and C-3, respectively, where the lower field signal was being
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assigned to the oxygenated C-2 carbon. The C-6 signal resonated at 94.8-96.8 ppm, whereas the B ring
carbons C-2/, and C-6’ showed up at 128.5-129.5 ppm with the equivalent C-3" and C-5’ appearing at
115.9-116.1 ppm. The C-4’ carbon, connected to the hydroxyl group, appeared at 157.9-158.9 ppm,
and the signal at 128.4-132.8 ppm was ascribed to C-1’. The signal at 30.3-36.2 ppm corresponded
to the C-10 of the pyran ring, while the quaternary carbon C-8 attached to amine group appeared in
the range of 159.3-161.9 ppm. The cyanide functionality, which was a distinctive signal, resonated
further downfield at 119.7-121.0 ppm, while the aromatic carbons showed signals between 162.9 and
102.8 ppm, with an additional signal for the C=0 of the flavanone moiety at 198.0-198.9 ppm (Figure 3).
The carbon signal for the alkoxy methyl group of 2g resonated at 15.0 ppm, the methylene carbon of
-OCH,CHj; had a chemical shift at 59.8 ppm, and the signal for (C=O ester) emerged at 168.7 ppm.
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Figure 3. Distorsionless Enhancement by Polarization Transfer Including the Detection of Quaternary
Nuclei (DEPTQ-135) '*C-NMR of Compound 2a.

2.2. Computational Studies

The proposed molecules of flavanone-containing chromenes were evaluated for their in-silico
bioactivity, physicochemical, pharmacokinetic/ ADME, and drug likeness traits. The bioactivity scores
were forecasted against six different preset protein structures within the Molinspiration software,
namely the G Protein Coupled Receptors (GPCR) ligand, the ion channel modulator, the kinase inhibitor,
the nuclear receptor ligand, and the protease and enzyme inhibition. The results are documented in
Table 1. The obtained values indicated the binding affinity of the assessed compounds, 2a-2g, to the
aforementioned enzymes and receptors, where the positive values suggested a greater affinity and the
negative values implied a lower one. All the tested compounds showed low bioactivity towards the
selected protein structures except for the nuclear receptor ligand.

Furthermore, the assorted physicochemical parameters like the number of rotatable bonds, the
count of specific atom class, molar refractivity, lipophilicity, and water solubility were calculated. A
very effective physiochemical variable, i.e., TPSA (topological polar surface area) was appraised for
assessing the drug transport attributes. These physicochemical properties are tabulated in Table 2.
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Table 1. The bioactivity of the selected compounds 2a-2g.

Compound GPCR Ion Channel Kinase Il{\le l:zle$ . Protease Enzyme

No. Ligand  Modulator  Inhibitor L P p Inhibitor Inhibitor
igan

2a —-0.64 -0.82 -0.74 -0.07 -0.69 -0.31
2b -0.63 -0.87 -0.76 0.00 —-0.65 -0.33
2c -0.68 -0.85 -0.79 -0.10 -0.67 -0.32
2d -0.52 -0.71 -0.67 0.08 -0.53 -0.22
2e -0.67 -0.98 -0.83 -0.18 —-0.68 -0.39
2f -0.59 -0.80 -0.71 0.02 -0.59 -0.27
2¢g -0.59 -0.78 -0.82 0.04 —-0.60 -0.32

Table 2. Physicochemical properties of the selected compounds 2a-2g.

Comp. Fraction No. of b ; d Molar £

No. Csp3 3 Rotatable HBA HBD ¢  iLogP Refractivity LogS® TPSA
p Bonds

2a 0.12 2 6 3 2.55 119.98 PS 125.8
2b 0.12 2 7 3 2.46 114.93 PS 125.8
2c 0.12 2 6 3 2.89 122.67 PS 125.8
2d 0.24 3 6 3 3.19 134.24 PS 125.8
2e 0.13 2 6 3 2.44 112.85 MS 154.04
2f 0.12 2 7 3 2.63 114.93 PS 125.8
2¢g 0.19 6 9 3 2.31 134.95 PS 174.13

2 The ratio of sp® hybridized carbons over the total carbon count of the molecule; ® number of hydrogen bond
acceptors; © number of hydrogen bond donors; d lipophilicity; © Water solubility (SILICOS-IT [PS = poorly soluble,
MS = moderately Soluble]); and f topological polar surface area (A2).

The predicted pharmacokinetic/ ADME properties of the new series, 2a—2g, are given in Table 3. All
of the examined molecules exhibited no gastrointestinal (GI) absorption and were P-gp (p-glycoprotein)
non-inhibitors. None of these molecules were able to permeate through the blood-brain barrier (BBB).
The forecast for the passive HIA (human gastrointestinal absorption), the BBB permeations, and the
P-gp substrates was clubbed in an intuitive graphical classification model, namely the BOILED-Egg
diagram as shown in Figure 4. Meanwhile, the examined series inhibited the cytochrome P450 isomers,
i.e., CYP2C19, CYP2C9, and CYP3A4—except for Compound 2g, which did not inhibit CYP2C19. On
the other hand, all the screened molecules emerged as non-inhibitors of the cytochromes CYP1A2 and
CYP2Dé6. The skin permeability coefficient (log Kp; with Kp in cm/s) values that were evaluated for
the flavanone/chromene compounds were discovered to be low skin permeable.

Table 3. Pharmacokinetic/ ADME (absorption, distribution, metabolism, and excretion) properties of
compounds 2a-2g.

Pharmacokinetic/ ADME Properties

Comp.
No.P GI BBB P-gp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4 i
abs? Permeant?  Substrate Inhibito 4 Inhibitor € Inhibitorf  Inhibitor8 Inhibitor® Log Ky
2a Low No No No Yes Yes No Yes —5.74
2b Low No No No Yes Yes No Yes —-6.01
2¢ Low No No No Yes Yes No Yes -5.97
2d Low No No No Yes Yes No Yes -5.13
2e Low No No No Yes Yes No Yes -6.22
2f Low No No No Yes Yes No Yes —-6.01
2g Low No No No No Yes No Yes -6.3

2 Gastro Intestinal absorption; b blood—brain barrier permeant; ¢ P-glycoprotein substrate; d CYP1A2: cytochrome
P450 family 1 subfamily A member 2 (PDB:2HI4); © CYP2C19: cytochrome P450 family 2 subfamily C member 19
(PDB:4GQS); f CYP2C9: cytochrome P450 family 2 subfamily C member 9 (PDB:10G2); &8 CYP2Dé6: cytochrome
P450 family 2 subfamily D member 6 (PDB:5TFT); * CYP3A4: cytochrome P450 family 3 subfamily A member 4
(PDB:4K9T); and  skin permeation in cmy/s.
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Figure 4. BOILED-Egg diagram of Compounds 2a-2g. (BBB=Blood brain barrier, HIA= human
gastrointestinal absorption, PGP+ = P-glycoprotein substrate inhibitor, PGP- = P-glycoprotein substrate
non-inhibitor).

Drug likeness was deemed an imperative attribute that serves as a basis in order to establish
whether the derivatives could be influential drug nominees. The Lipinski [47], Ghose [48], Veber [49],
Egan [50], and Muegge [51] rules were implemented to appraise drug likeness and foretell whether a
drug candidate was likely to be bioactive according to several vital criterion like molecular weight,
LogP, and the number of hydrogen bond acceptors (HBA) as well as the number of hydrogen bond
donors (HBD). The number of violations to the above-mentioned rules along with their bioavailability
and drug likeness score are documented in Table 4. The Lipinski (Pfizer) sieve was the trendsetter
rule-of-five (RO5), except for compounds 2¢ and 2g, which had one and two of Lipinski’s violations,
respectively; the rest of all the tested compounds were drug-like. The forecasting process with the
Ghose rule flaunted that Compound 2¢ was discarded with one violation, compounds 2d and 2g were
declined with two violations, and the rest of all the compounds upheld the rule. According to the
appraisal procedure with the Veber and Egan rules, all compounds were alike except for compounds
2e and 2g, with one violation each. Moreover, the scrutinizing approach in accordance to the Muegge
rules displayed that all the compounds satisfied the benchmark of the drug likeness assessment except
for compounds 2d, 2e, and 2g, each with one violation. Meanwhile, these novel compounds exhibited
a bioavailability score of 0.55, except for 2g, whose bioavailability score was 0.11. Furthermore, all the
screened candidates exhibited good drug-likeness scores, ranging from 0.62 to 1.37, as presented in
Figure 5.

Table 4. Drug likeness predictions of the selected compounds 2a-2g.

Comp.  Lipinski Ghose Veber Egan Muegge  Bioavailability Lillzer:zgss
No. Violations Violations Violations Violations Violations Score Score
2a 0 0 0 0 0 0.55 1.37
2b 0 0 0 0 0 0.55 1.37
2¢ 1 1 0 0 0 0.55 0.98
2d 0 2 0 0 1 0.55 0.62
2e 0 0 1 1 1 0.55 1.02
2f 0 0 0 0 0 0.55 1.06
2g 2 2 1 1 1 0.11 1.24
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Figure 5. Drug likeness score model of the selected compounds 2a-2g.

2.3. Biological Screening

2.3.1. Antimicrobial Screening

Anin vitro antimicrobial assay was performed on the targeted molecules 2a—2g in order to evaluate
their antibacterial, antifungal, and antimycobacterium characters through the agar diffusion-well
method [52]. The activities of the novel derivatives were investigated against seven human pathogens,
including four Gram-positive bacteria, three Gram-negative bacteria, four fungi, and Mycobacterium
tuberculosis, Tables 5 and 6. ampicillin, gentamicin, amphotericin B, vancomycin, and isoniazid were
exploited as control drugs [53,54]. The employment of the serial dilution procedure identified the
inhibition zones and the minimum inhibitory concentrations (MIC), as shown in Figures 6 and 7. The
values of the inhibition zone (IZ) and the minimum inhibitory concentrations (MIC) of the target
compounds against Pseudomonas aeruginosa and E. coli point out a high inhibitory activity associated
with derivatives 2a,2b and 2d-2g, as indicated by IZ values ranging from 18.3 to 24.6 mm and the MIC
values from 0.49 to 3.9 pg/mL, as shown in Tables 5 and 6. Meanwhile, the results of the inhibition zone
(IZ) and the minimum inhibitory concentrations (MIC) were discovered to be more effective against
Salmonella typhimurium by the IZ value of 23.4-26.4 mm. Figures 6 and 7 display the aforementioned
data. The antibacterial activity of most compounds was found to be comparably active to the standard
drugs when evaluated against the examined gram-positive bacteria, with a MIC range of 0.49 to
3.9 pg/mL. Compounds 2b and 2e exhibited a mild inhibitory activity against the Methicillin-resistant
Staphylococcus aureus (MRSA), as shown by the 1Z value of 21.3-20.6 mm and the MIC value of
1.95-3.9 ng/mL. Meanwhile, most of the investigated derivatives were slightly more active against the
Tuberculosis (TB) and the fungal species. Compound 2e demonstrated moderate activity in comparison
to isoniazid. On the other hand, Compound 2c did not indicate any antimicrobial activity against the
tested bacteria, fungi, and TB. In general, the antimicrobial activity of the new flavanone-containing
chromene derivatives presented more potency than the reference drugs against Gram-negative bacteria
and a relatively reduced activity towards Gram-positive bacteria, fungi, and TB.
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Table 5. Antimicrobial activity of the synthetic compounds (inhibition zone (IZ) diameter (mm))

(1 mg/mL).
Inhibition Zone Diameter (mm)
Compounds Gram-Positive Gram-Negative Fungi TB
SP BS ST MRSA PA EC ST AF SR G.C CA

2a 21.3 232 224 18.6 203 224 234 213 NA 231 204 531

2b 226 264 246 20.6 226 246 263 234 NA 252 224 723

2¢ NA NA NA NA NA NA NA NA NA NA NA NA

2d 186 213 215 179 193 214 219 183 NA 209 201 563

2e 231 264 242 21.3 213 242 264 223 NA 264 213 801

2f 172 189 203 16.8 183 203 215 196 NA 184 181 412

2g 194 215 219 18.4 189 201 212 193 NA 212 204 673
Ampicillin 238 324 262 - - - - - - - - -
Gentamicin - - - - 173 199 223 - - - - -
Amphotericin B - - - - - - - 237 197 287 254 -
Vancomycin - - - 20.3 - - - - - - - -

Isoniazid - - - - - - - - - - - 83.2

Mean zone of inhibition in mm from at least three experiments; NA: no activity; S.P.: Streptococcus pneumoniae; B.S.:
Bacillus subtilis; S.A.: Staphylococcus aureus; MRSA: Methicillin-resistant Staphylococcus aureus; P.A.: Pseudomonas
aeruginosa; E.C.: Escherichia coli; S.T.: Salmonella typhimurium; A.F.: Aspergillus fumigatus (RCMB 02568); G.C.:
Geotricum candidum (RCMB 05097); S.R. Syncephalastrum racemosum (RCMB 05922); and C.A.: Candida albicans
(RCMB 05036).

90
E 20 mS.P
E.o 70 EmBS
N 60 ST
> 50
2 B MRSA
S 40
g 30 HPA
=
§ 20 El®
< 10 mST
= 0 i SE—— p— . ES—
mAF
A S I S
" & N mSR
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oQ &Q N HG.C
v
Compounds mCA

Figure 6. Evaluation of the IZ values of the synthesized derivatives.
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Figure 7. Evaluation of the MIC values of the desired compounds.
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Table 6. Antimicrobial activity of the synthetic compounds (minimum inhibitory concentration (MIC), pg/mL).
Minimal Inhibitory Concentration (MIC, ug/mL)
Compounds Gram-Positive Gram-Negative Fungi TBA
S.P B.S S.A MRSA PA E.C S.T AF S.R G.C CA

2a 1.95+0.09 098+0.13 195+031 7.81+045 39+0.53 195+0.17 098+0.15 195023 NA 0.98 +£0.24 39+03 31.2

2b 098+0.06 049+0.05 0.49+0.04 3.9+0.15 098+014 049+0.06 049+0.08 0.98+0.18 NA 0.49+0.13 098 +0.24 15.6

2d NA NA NA NA NA NA NA NA NA NA NA 31.2

2e 098+023 049+015 098+0.11 195+0.09 195039 098+024 049+007 0.98+0.06 NA 049+£0.13 1.95+0.18 3.9

2f 150'69311 3.9 +0.34 3.9+ 05 151'62311 781+093 39+035 098+0.14 3.9+ 05 NA 781073  7.81+0.59 62.5

2¢g NA NA NA NA NA NA NA NA NA NA NA 7.8
Ampicillin 049+0.08 049+012 049 +0.07 - - - - - - - - -
Ciprofloxacin - - - - 0.98 £0.06  0.59 £0.05  0.56+0.13 - - - - -

Isoniazid - - - - - - - - - - - 1.95
Amphotericin B - - - - - - - 0.98 +£0.12 39+03 0.49 £0.07 0.49+0.13 -
Vancomycin - - - 3.9 +0.42 - - - - - - - -

Mean zone of inhibition in mm from at least three experiments; NA: no activity; S.P.: Streptococcus pneumoniae; B.S. Bacillus subtilis; S.A.: Staphylococcus aureus; MRSA: Methicillin-resistant
Staphylococcus aureus; P.A.: Pseudomonas aeruginosa; E.C.: Escherichia coli; S.T.: Salmonella typhimurium; A.E.: Aspergillus fumigatus (RCMB 02568); G.C.: Geotricum candidum (RCMB 05097);
S.R.: Syncephalastrum racemosum (RCMB 05922); and C.A: Candida albicans (RCMB 05036).
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2.3.2. Cytotoxic Screening

The invitro cytotoxicity of the produced derivatives 2a-2g was tested with the 2-(4,5-
dimethylthiazol-2-y1)-3,5-diphenyl-2Htetrazol-3-ium bromide (MTT) method against the human
colon carcinoma (HCT-116), human hepatocellular carcinoma (HepG-2), human breast adenocarcinoma
(MCF-7), and adenocarcinoma human alveolar basal epithelial cell (A-549) cell lines [55,56]. The
standard reference drug utilized was doxorubicin, and the inhibitory activities (ICsg) are provided in
Table 7 and Figure 8. The compounds 2b and 2d-2g showed good cell growth inhibitory behavior
against the HCT-116 cell line (IC5p = 1.08-1.48 pg/mL). The IC5, values of the assessed compounds
against the HepG-2 and A-549 cell lines indicated that Compound 2e had a comparable activity with
respect to the reference drug. By evaluating the inhibitory activity of the targeted molecules with that
of doxorubicin against the MCF-7 cell line, it was determined that most of the compounds were less
active than doxorubicin. Further research might lead to enhanced inhibitory behavior, especially for
Compound 2e, against the HCT-116 cell line.

Table 7. Cytotoxicity of the chromene derivatives against the different cancer cell lines.

IC50 (ug/mL)

Compounds Rq R,
HCT-116 MCEF-7 HepG-2 A-549
Naringenin - - 31.1 54.9 11.4 55.1
2a CN 2-CICgHy 6.09 16.1 18.2 11.6
2b CN 2-FCcHy 1.41 5.56 5.26 4.79
2c CN 2-BrCgHy 7.48 9.4 4.38 2.81
2d CN 4-C(CH3)3CHy 1.33 29 3.07 3.01
2e CN C4H4S 1.08 242 2.04 1.39
2f CN 4-FCcHy 1.13 3.53 29.2 9.23
2g COOCH,CH3; 3-NO,CgHy 1.48 12.2 2.58 2.63
Doxorubicin - - 0.88 1.02 1.19 0.91
30 =
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Figure 8. Evaluation of the cytotoxic activity of the flavanone-containing chromenes. HCT-116; MCF-7;
HepG-2; A-549.

The cell viability of colon, breast, liver, and epithelial cell lines, following exposure to different
concentrations of compounds 2a-2g, was assessed with the MTT method. Data are presented as ICsg
(ng/mL) values.
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2.4. Molecular Docking and SAR Analysis

2.4.1. Docking Studies

A docking study was performed for the tested compounds 2a, 2b, 2d, and 2e in order to scrutinize
their possible interactions with gyrase B (GyrB43) from E. coli (PDB code: 4PRV; resolution 2.00 A)
by employing the docking module that was implemented in the MOE software. The bacterial DNA
gyrase has been reported as a good target for antibacterial agents and the assessment of potential
antibacterial activity of new compounds [18]. Figure 9 presents the best docking poses for the novel
flavanone bearing chromene moiety inside the GyrB binding pocket.

2d

Figure 9. Cont.
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2e

Figure 9. The 2D and 3D binding interaction of the target compounds; (2a,2b,2d, and 2e) inside the
DNA gyrase enzyme subunit B. (2a,2b,2d,2e). (The compound structures in this figure are 3D molecular
structures where blue color is associated with nitrogen, yellow with carbon, red with oxygen, white
with hydrogen and green with halogen atoms).

The results of the docking experiments are portrayed in Table 8. The binding map of the derivatives
in the pocket is explicated through different fragments: 4-C=0, 5-OH, 4’-OH, 8-NH,, 3-CH, 9-CN, and
phenyl. These fragments formed stable hydrogen bonding interactions with a panel of corresponding
pocket residues: Ala 100, Glu 50, Asp 73, Lys 103, Gly 77, Gly 102, and Pro 79.

Table 8. Description of the docking data of the selected target compounds, 2a, 2b, 2d, and 2e inside the
active site of the gyrase B (Protein Data Bank (PDB) ID: 4PRV).

Compound No. 2a 2b 2d 2e
Ala 100 -NH,; (2.1) —NH, (1.8) - -NH, (1.7)
Glu 50 -CH (3.2) -CH (3.2) CH (3.3)
Asp 73 —OH (1.8) —OH (1.8) - OH (1.8)
Amino acid Lys 103 —-CN (2.2) —CN (2.5)- - —-CN (2.4)
(Distance A) Gly 77 - - -C=0(1.7) -
Gly 102 - - —CN (1.79) -
Pro 79 - - Phenyl (2.7) -
Asn 46 - - - -
Interaction type H-bonding H-bonding  H-bonding (Aromatic) = H-bonding
AG (kcal/mol) -14.10 -15.65 -15.35 -16.00

In order to verify the supreme in silico conformation, the molecular docking screenings of the
novel derivatives were rendered with the cyclin-dependent kinase-2 (CDK2, PDB ID: 1FVV) as the
target protein. To entertain this intent, a Lamarckian genetic algorithm docking program, AutoDock
4.0, was engaged where the flavanone chromene derivatives were docked on the target receptor. The
docking scores of all ligands are documented in Table 9. The ligands unveiled low-to-moderate docking
scores towards the target receptor CDK2 that ranged from —7.0 to —5.5. The docking pattern of the
selected ligand derivative 2e, which exhibited the highest docking score, is illustrated in Figure 10.

Table 9. Docking scores of compounds 2a-2g.

Comp. No. 2a 2b 2c 2d 2e 2f 2g
Docking score —6.5 -6.3 —6.8 —6.6 -7.0 =57 -5.5
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Figure 10. Docking of Compound 2e into the active site of the cyclin-dependent kinase-2 (CDK2,
PDB ID: 1FVV). (The compound 2e structure in this figure is a 3D molecular structure where blue
color is associated with nitrogen, grey with carbon, red with oxygen, yellow with sulfur, white with
hydrogen atoms).

2.4.2. Molecular Descriptors-Based SAR Analysis

The SAR analysis was implemented on a collection of molecules (2e, 2d, and 2a) that exhibited
diverse activity profiles via the quantum mechanical calculations, and the analysis employed the
Molecular Orbital PACkage (MOPAC) quantum engine in the MOE software [57]. For numerous
pharmacological and chemical procedures, their significance was held within the energies of their
frontier orbitals, which delivered data on the electron-donating and electron-withdrawing nature
of derivatives with the formation of a charge transfer complex (CTC) [58], as illustrated in Table 10.
Furthermore, the institution of the electron-accepting centers to the pursued moiety showed an
encouraging impact against the antimicrobial behavior, specifically towards the Gram-negative
bacteria, as established by the quantum estimates. As can be seen in Figure 11, the representative
molecules demonstrating dissimilarities in the activity profiles was due to the electron density allocation
of the Highest Occupied Molecular Orbital (HOMO) and the lowest Unoccupied Molecular Orbital
(LUMO) surfaces. Regarding the newly active molecules, the substituent distribution resulted in a lower
density quality in their HOMO in comparison to their LUMO analogue. Moreover, it was discovered
that the compounds experiencing lower levels of activity possessed efficacious electron donors that
interacted with several targets through the charge transfer mechanism prior to the attainment of the
enzyme, and they could not pass through the bacterial cell membranes.

Table 10. Molecular mechanics parameters for the selected target compounds.

Compound No. 2e 2d 2a
Atoms 47 61 50
Atomic orbitals 140 166 149
Electrons 154 176 164
SCF energy -197.42 —195.74 -195.67
Dipole moment 6.03 6.35 7.45
Heat of formation —47.58 -70.41 -58.06

The molecular parameters, including the number of atoms, orbitals, electrons, Self Consistent
Field (SCF) energy, the dipole moment, and the heat of formation, were calculated from the Molecular
Operating Environment (MOE) program. These values were reported for the representative derivatives
of high activity (2e), medium activity (2a), and low activity (2f). Moreover, the electrostatic maps were
analyzed against the molecular surfaces for the novel molecules (Figure 12), where the green regions
show the hydrophobic moieties and the red/blue regions show the polar ones.
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2a

2f

Figure 11. Molecular orbital spatial distribution and localization for the HOMO and LUMO of three
representative compounds (2e,2a,2f). (The compound structures in this figure are 3D molecular
structures where blue color is associated with nitrogen, grey with carbon, red with oxygen, yellow with
sulfur, white with hydrogen and green with halogen atoms).
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2f

Figure 12. The 2D molecular surface differences for the three representative compounds (2e,2a,2f). The
green color indicates the hydrophobic regions, and the red and blue denote the hydrophilic polar areas.
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3. Materials and Methods

3.1. Method of Computation: In Silico Study

The bioactivity scores of the synthesized compounds, 2a-2g, were evaluated by utilizing the
Molinspiration Cheminformatics server (http://www.molinspiration.com). The Molsoft server (http:
//www.molsoft.com) was employed to find the drug likeness scores of the above-mentioned compounds.
The molecular descriptors/physico-chemical and pharmaco-kinetic’ ADME attributes of the synthesized
compounds, 2a-2g, were determined with the SwissADME server (http://www.sib.swiss). The same
web interface was used to carry out the investigations of the drug likeness violations of compounds
2a-2g.

3.2. Materials and Instrumentation

The chemicals and solvents were purchased from Sigma-Aldrich (Oakville, ON, Canada) and
Alfa Aesar (Tewksbury, MA, USA), and they were used as received. Compound 1 was purchased from
Sigma-Aldrich (Canada). The melting points were determined in open capillaries by using a Stuart
Scientific electrothermal apparatus (Stuart Scientific, Stone, SFD, UK), and they were uncorrected. The
progress of the reactions was monitored by employing thin layer chromatography (TLC) on Merck
silica gel 60 F254 plates. The infrared (IR) spectra were recorded by utilizing a Bruker Alpha FT-IR
Spectrometer (Bruker, Billerica, MA, USA) as pressed KBr pellets. The TH-NMR and 3C-NMR spectra
were recorded at 300 and 75 MHz, respectively, on a Bruker Avance Spectrometer (Bruker, Billerica,
MA, USA) in DMSO-dg with tetramethylsilane as an internal standard. The elemental analyses for C,
H, and N were performed by using an Exeter Analytical, Inc. CE-440 Elemental Analyzer (Chelmsford,
MA, USA) [59].

3.3. Synthesis

The general procedure for the synthesis of 8-amino-10-phenyl-5-hydroxy-2-(4-hydroxy-phenyl)-
4-ox0-3,4-dihydro-2H,10H-pyranol2,3-fJchromene-9-carbonitrile derivatives 2a-2g is as follows.

Aryl aldehyde (2.3 mmol) was added to a stirred solution that contained Compound 1 (2.3 mmol)
in 5 ml of ethanol and malononitrile or ethyl cyanoacetate (2.3 mmol) with a few drops of piperidine.
The reaction mixture was stirred at reflux. After the completion of the reaction (monitored by TLC),
the mixture was kept at room temperature, and the formed solid product was collected by filtration
and washed with ethanol and hexane to yield 2a-2g.

8-amino-10-(2-chlorophenyl)-5-hydroxy-2-(4-hydroxy-phenyl)-4-oxo-3,4-dihydro-2H,10H-pyrano[2,3-f]
chromene-9-carbonitrile (2a). White solid (0.23 g, 27.45%), m.p. 262 °C; IR (KBr) cm™1: 3489 (OH),
3360 (NH,), 2178 (CN), and 1634 (C=0); 'H-NMR (DMSO, 300 MHz) & 12.3 (s, 1H, C5—~OH), 9.63
(s, 1H, C4’-OH), 7.39 (d, | = 7.5 Hz, 1H, C,”’-H), 7.33 (d, | = 8.5 Hz, 2H, diastereomeric C,’-H),
7.32 (d, ] = 8.5 Hz, 2H, diastereomeric C,’-H), 7.29-7.18 (m, 2H, C,”"-H and C,"’-H), 7.15-7.04 (m,
3H, overlapping Ar-C¢"’-H and NH3), 6.80 (d, ] = 8.5 Hz, 2H, C3'-H), 6.23 (s, 1H, C4—H), 5.55 (dd,
J = 12.8, 2.8 Hz, 1H, diastereomeric C,—H), 5.53 (dd, | = 12.8, 2.8 Hz, 1H, diastereomeric C,—H),
5.08 (s, 1H, C19p-H), 3.40 (dd, ] = 17.1, 13.0 Hz, 1H, diastereomeric trans C3-H), 3.41 (dd, ] = 17.1,
13.0 Hz, 1H, diastereomeric trans C3-H), 2.73 (dd, | = 17.1, 2.7 Hz, 1H, diastereomeric cis C3—H), and
2.70 (dd, ] = 17.1, 2.7 Hz, 1H, diastereomeric cis C3—H); 13C-NMR (DMSO, 75 MHz) § 198.9 (C=0),
162.1 (C5-0), 160.5 (C13-0), 160.2 (Cg—0), 158.8 (C4’-0), 156.6 (C1,-0), 142.6 (diastereomeric C;"’),
142.5 (diastereomeric C1”’), 132.9 (C-Cl), 132.8 (C;’), 131.3 (diastereomeric CH), 131.2 (diastereomeric
CH), 130.4 (C3”"-H), 129.4 (C,’-H), 129.2 (CH), 128.4 (CH), 120.3 (CN), 116.1 (C3’-H), 105.9 (C1y4),
103.8 (Cq1), 95.7 (diastereomeric C¢—H), 95.6 (diastereomeric C4—H), 79.8 (diastereomeric C,—H), 79.7
(diastereomeric Co,—H), 56.7 (diastereomeric Cyg), 56.6 (diastereomeric Cy), 43.0 (diastereomeric Cs),
42.7 (diastereomeric C3), and 34.0 (C19p—H); Anal. Calcd for Co5H17N,O5Cl: C, 65.15; H, 3.72; N, 6.08.
Found: C, 65.34; H, 3.63; N, 6.02.
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8-amino-10-(2-fluorophenyl)-5-hydroxy-2-(4-hydroxy-phenyl)-4-oxo-3,4-dihydro-2H,10H-pyrano[2,3-f]
chromene-9-carbonitrile (2b). Yellow solid (0.42 g, 57.76% ), m.p. 290 °C; IR (KBr) cm™1: 3497 (OH), 3403,
3192 (NH,), and 2198 (CN), 1647 (C=0); 'H-NMR (DMSO, 300 MHz) 5 12.4 (s, 1H, C5—~OH), 9.63 (s,
1H, C4/-OH), 7.32 (d, | = 8.5 Hz, 1H, diastereomeric C,’-H), 7.31 (d, ] = 8.5 Hz, 2H, diastereomeric
C,’-H), 7.29-7.20 (m, 1H, C4”-H), 7.20-7.11 (m, 3H, C3”’-H, C5”-H and C¢"’-H), 7.09 (s, NH,), 6.80 (d,
J =8.5Hz, 2H, C3’-H), 6.22 (s, 1H, C4—H), 5.55 (dd, ] = 12.2, 2.7 Hz, 1H, diastereomeric C,—H), 5.52
(dd, ] = 12.6, 2.5 Hz, 1H, diastereomeric C,-H), 4.82 (s, 1H, C19p-H), 3.51-3.37 (m, 1H, diastereomeric
trans C3-H), 2.73 (dd, | = 17.1, 2.7 Hz, 1H, diastereomeric cis C3—H), and 2.70 (dd, ] = 17.1,2.7 Hz, 1H,
diastereomeric cis C3—H); 13C-NMR (DMSO, 75 MHz) § 198.0 (C=0), 162.6 (dd, | = 230 Hz, C-F), 162.2
(C5-0), 159.5 (C13-0), 159.3 (Cg—0), 157.9 (C4'-0), 155.7 (C1,-0), 129.9 (C1""), 128.5 (C,’-H), 128.3 (C¢’),
128.2 (C4""-H), 124.5 (Cs”’-H), 119.7 (CN), 115.5 (d, ] = 21.0 Hz, diastereomeric C3"’), 115.2 (C3’-H),
115.1 (d, | = 21.0 Hz, diastereomeric C3"’), 107.9 (diastereomeric Cy4), 104.7 (diastereomeric Cyy),
102.8 (diastereomeric Cyq1), 100.1 (diastereomeric Cyq1), 95.8 (minor atropic isomer C¢—H), 95.6 (minor
atropic isomer Cy—H), 94.8 (diastereomeric C4—H), 94.8 (diastereomeric C4—H), 79.0 (diastereomeric
C,-H), 78.8 (diastereomeric Cy-H), 78.6 (minor atropic isomer C,-H), 56.0 (diastereomeric Co), 55.7
(diastereomeric Cy), 42.2 (diastereomeric C3), 41.8 (diastereomeric C3), 30.3 (diastereomeric Cyg), and
30.3 (diastereomeric Cqg); Anal. Calcd for Co5H17N,O5F: C, 67.57; H, 3.86; N, 6.30. Found: C, 66.85; H,
3.98; N, 6.09.

8-amino-10-(3-bromophenyl)-5-hydroxy-2-(4-hydroxy-phenyl)-4-oxo-3,4-dihydro-2H,10H-pyrano[ 2,31
chromene-9-carbonitrile (2c). White solid (0.46 g, 50.07%), m.p. 182 °C; IR (KBr) cm™L: 3634(OH), 3424
(NH,), 2207 (CN), and 1653 (C=0); 'H-NMR (DMSO, 300 MHz) & 12.4 (s, 1H, C5-OH), 9.63 (s, 1H,
C4’-OH), 7.45-7.37 (m, 2H, H2" and Hé¢’), 7.36-7.23 (m, 3H, H2”, H4"”” and H5"), 7.21-7.10 (m, 3H,
He6” and NH,), 6.80 (d, ] = 8.5 Hz, 2H, H3’ and H%’), 6.24 (s, 1H, H6), 5.56 (dd, ] = 12.5, 2.8 Hz, 1H,
diastereomeric H2), 5.53 (dd, | = 13.1, 2.8 Hz, 1H, diastereomeric H2), 4.62 (s, 1H, diastereomeric H10),
4.61 (s, 1H, diastereomeric H10), 3.42 (dd, | = 17.2, 13.5 Hz, 1H, diastereomeric trans H3ax), 3.41 (dd,
] =17.6, 13.3 Hz, 1H, diastereomeric trans H3ax), 2.75 (dd, ] = 17.4, 3.0 Hz, 1H, diastereomeric cis
H3eq), and 2.71 (dd, ] = 17.1, 2.7 Hz, 1H, diastereomeric cis H3eq); *C-NMR (DMSO, 75 MHz) § 198.9
(C=0), 162.9 (C-5), 160.4 (C-13), 160.3 (C-8), 158.8 (C-4"), 156.2 (C-12), 148.5 (C-1""), 131.7 (C-2’"), 130.6
(C-5"),129.4 (C-2’ and C-6'), 129.2 (C-1"), 128.5 (C-4""), 127.2 (C-6’"), 122.5 (C-3’"), 120.7 (CN), 116.1
(C-3’ and C-5’), 105.7 (C-14), 104.3 (C-11), 96.0 (C6-H), 79.8 (C-2), 57.7 (C-9), 43.0 (diastereomeric C-3),
and 42.9 (diastereomeric C-3), 36.2 (C-10); Anal. Calcd for C,5H17N,O5Br: C, 59.42; H, 3.39; N, 5.54.
Found: C, 59.82; H, 3.28; N, 5.31.

8-amino-10-(4-tert-butylphenyl)-5-hydroxy-2-(4-hydroxy-phenyl)-4-oxo-3,4-dihyd-ro-2H,10H-pyrano[ 2,31
chromene-9-carbonitrile (2d). Yellowish white solid (0.20 g, 22.80%), m.p. 264 °C; IR (KBr) cm™L: 3488
(OH), 3381 (NHy), 2961- 2869 (CH), 2185 (CN), and 1643 (C=0); Diastereomeric ratio: 1:1; atropic
isomeric ratio 1:4.3 due to locked conformation and hindered rotation. Major atropic isomer: 'H-NMR
(DMSO, 300 MHz) 6 11.9 (s, 1H, C5—OH), 9.62 (s, 1H, C4’-OH), 7.30 (d, ] = 8.3 Hz, 2H, C3"’-H), 7.03 (br
s, 2H, NH5), 6.94 (d, ] = 8.2 Hz, 2H, C,”’-H), 6.91 (d, ] = 8.0 Hz, 2H, C,’-H), 6.74 (d, ] = 8.1 Hz, 2H,
Cs’-H), 6.21 (s, 1H, C¢-H), 5.07 (dd, ] = 12.8, 2.5 Hz, 1H, C,-H), 4.46 (s, 1H, C19—H), 3.34 (dd, ] = 17.1,
13.2 Hz, 1H, trans C3-H), and 2.75 (dd, | = 17.1, 2.7 Hz, 1H, cis C3—H); minor atropic isomer: IH-NMR
59.56 (s, 1H, C4,’-OH), 6.98 (d, ] = 8.4 Hz, 2H, C3’-H), 6.20 (s, 1H, Cc-H), 5.61 (dd, ] = 12.0, 3.1 Hz, 1H,
Cy-H), 4.49 (s, 1H, C1p-H), 3.08 (dd, ] = 17.3,12.1 Hz, 1H, trans C3-H), and 2.83 (dd, ] = 17.1, 3.3 Hz,
1H, cis C3—H); major atropic isomer: BC-NMR (DMSO, 75 MHz) § 198.7 (C=0), 161.9 (C5-0), 160.2
(C13-0), 160.0 (Cg-0), 158.7 (C4'-0), 156.3 (C1,-0), 149.7 (C4"’), 142.9 (C;""), 129.4 (C,’-H), 127.7 (Cy"),
127.4 (C,”’-H), 126.0 (C3”'~H), 120.9 (CN), 115.9 (C3’~H), 106.2 (C14), 104.4 (C17), 96.8 (Cs—H), 79.9
(Cy-H), 58.0 (Cy), 41.7 (C3-Hy), 36.2 (C1p—H), and 35.0 (t-Bu quaternary carbon), 32.0 (CHs); minor
atropic isomer: 3C-NMR 6 198.1 (C=0), 161.7 (C5-0), 159.7 (Cg-0), 158.2 (C4'-0), 142.8 (C;"’), 108.8
(C1g), 104.6 (C11), 96.5 (C¢—H), 79.4 (C,—H), 58.4 (Cy), 42.9 (C3-Hy), and 36.5 (C19—H); Anal. Calcd for
Cy9HpeN,Os5: C,72.18; H, 5.43; N, 5.81. Found: C, 71.99; H, 5.20; N, 5.73.
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8-amino-10-(thiophene)-5-hydroxy-2-(4-hydroxy-phenyl)-4-oxo-3,4-dihydro-2H-10H-pyrano[ 2,3-f]
chromene-9-carbonitrile (2e). White solid (0.23 g, 29.25 %), m.p. 293 °C; IR (KBr) cm~l: 3501
(OH), 3402, 3205 (NH,), 2206 (CN), and 1653 (C=0); 'H-NMR (DMSO, 300 MHz) & 12.5 (s, 1H,
C5-0OH), 9.63 (s, 1H, C4’-OH), 7.46-7.37 (m, 1H, H4""), 7.32 (d, ] = 8.3 Hz, 2H, H2’ and H¢’), 7.20-7.14
(m, 1H, H2"), 7.11 (br s, 2H, NH,), 6.92-6.85 (m, 1H, H5"), 6.81 (d, ] = 8.3 Hz, 2H, H3’ and HY’),
6.21 (s, 1H, H6), 5.59-5.43 (m, 1H, H2), 4.73 (s, 1H, diastereomeric H10), 4.71 (s, 1H, diastereomeric
H10), 3.40 (dd, J = 17.3, 13.2 Hz, 1H, trans H3ax), and 2.83-2.68 (m, 1H, cis H3eq); *C-NMR
(DMSO, 75 MHz) 6 198.9 (C=0), 161.9 (C-8), 160.7 (C-13), 160.2 (C.5), 158.8 (C-4’), 156.3 (C-12), 146.2
(C-1"),129.4 (C-2’ and C-6’), 129.1 (C-1"), 127.5 (diastereomeric C-5""), 127.4 (diastereomeric C-5"),
127.3 (C-4"), 121.8 (diastereomeric C-2"’), 121.7 (diastereomeric C-2""), 121.0 (CN), 116.1 (C-3’ and
C-5’), 106.7 (diastereomeric C-14), 106.6 (diastereomeric C-14), 105.3 (diastereomeric C-11), 105.2
(diastereomeric C-11), 96.0 (diastereomeric C-6), 95.9 (diastereomeric C-6), 79.8 (diastereomeric C-2),
79.7 (diastereomeric C-2), 57.6 (diastereomeric C-9), 57.5 (diastereomeric C-9), 43.1 (diastereomeric
C-3), 42.8 (diastereomeric C-3), and 31.5 (C-10); Anal. Calcd for Co3H14N»O5S: C, 63.88; H, 3.73; N,
6.48. Found: C, 63.83; H, 3.60; N, 6.16.

8-amino-10-(4-fluorophenyl)-5-hydroxy-2-(4-hydroxy-phenyl)-4-oxo-3,4-dihydro-2H,10H-pyrano[ 2,3-f]
chromene-9-carbonitrile (2f). White solid (0.26 g, 27.31%), m.p. 230 °C; IR (KBr) cm™': 3477 (OH), 3411,
3294 (NH,), 2914-2880 (CH), and 1686 (C=0); 1528, 1349 (NO); 'H-NMR (DMSO, 300 MHz) 5 12.4
(s, 1H, C5-OH), 9.63 (s, 1H, C4’-OH), 7.32 (d, ] = 8.5 Hz, 1H, diastereomeric H2' and Hé¢’), 7.31 (d,
] = 8.5 Hz, 2H, diastereomeric H2" and H6’), 7.23-7.11 (m, 4H, H2”, H6"’, H5"” and H3""), 7.10 (s, NH>),
6.80 (d, ] = 8.5 Hz, 2H, H3’ and H%), 6.23 (s, 1H, H6), 5.54 (dd, ] = 12.8, 3.0 Hz, 1H, diastereomeric
H2),5.53 (dd, ] = 13.1, 3.0 Hz, 1H, diastereomeric H2), 4.61 (s, 1H, diastereomeric H10), 4.59 (s, 1H,
diastereomeric H10), 3.41 (dd, | = 17.4, 13.2 Hz, 1H, diastereomeric trans H3ax), 2.74 (dd, | = 17.1,
2.9 Hz, 1H, diastereomeric cis H3eq), and 2.71 (dd, ] = 17.3, 2.9 Hz, 1H, diastereomeric cis H3eq);
I3C-NMR (75 MHz, DMSO-d6) 5 198.82 (C=0), 163.37 (C-4""), 161.93 (C-5), 159.92 (C-13), 159.36 (C-8),
157.56 (C-4"), 154.95 (C-12), 129.91 (C-1""), 131.39.81 (C-2’ and C-6"), 130.07 (C-1"), 129.72 ( C-2" and 6”),
128.47 (C-3" and C-5""), 120.74 (CN), 115.99 (diastereomeric C-3’ and C-5"),116.85 (diastereomeric C-3’
and C-5") 105.64 (C-14), 104.97 (C-11), 95.88 (diastereomeric C-6), 95.76 (diastereomeric C-6), 79.78
(diastereomeric C-2), 79.67 (diastereomeric C-2), 53.58 (C-9), and 42.75 (C-3), 36.09 (C-10); Anal. Calcd
for Co5H17N,OsF: C, 67.57; H, 3.86; N, 6.30. Found: C, 66.85; H, 3.98; N, 6.0.

Ethyl-8-amino-10-(3-nitrophenyl)-5-hydroxy-2-(4-hydroxy-phenyl)-4-oxo-3,4-dih-ydro-2H,10H-pyrano[ 2,3-f]
chromene-9-carboxlate (2g). White solid (0.26 g, 27.31%), m.p. 230 °C; IR (KBr) cm™!: 3477 (OH), 3411,
3294 (NH,), 2914-2880 (CH), and 1686 (C=0); 1528, 1349 (NO); 'H-NMR (DMSO, 300 MHz) 5 11.9 (s,
1H, C5-OH), 9.71 (s, 1H, minor atropic isomer C4'-OH), 9.70 (s, 1H, diastereomeric C4'-OH), 9.64
(s, 1H, minor atropic isomer C4’-OH), 9.62 (s, 1H, diastereomeric C4’'-OH), 8.08-7.98 (app t (two
overlapped diastereomeric C4”-H doublets), | = 7.3 Hz, 1H, C,”-H), 7.88 (s, 1H, diastereomeric
C,"”-H), 7.79 (br s, 2H, NH; and diastereomeric C,”’-H), 7.62-7.35 (m, 2H, C5”’-H and C¢”’-H), 7.17 (d,
J =9.2 Hz, 2H, minor atropic isomer C,’'-H), 7.11 (d, | = 8.7 Hz, 2H, diastereomeric C,’-H), 7.06 (d,
J = 8.7 Hz, 2H, diastereomeric C,’-H), 6.79 (d, | = 8.4 Hz, 2H, diastereomeric C3’-H), 6.72 (d, ] = 8.6 Hz,
2H, diastereomeric C3’-H), 6.27 (s, 1H, diastereomeric C¢—H), 6.26 (s, 1H, diastereomeric C¢—H), 5.64
(dd, ] =12.5,2.9 Hz, 1H, diastereomeric C,—H), 5.07 (dd, | = 13.6, 2.5 Hz, 1H, diastereomeric C,—H),
5.14 (dd, | = 13.6, 2.7 Hz, 1H, minor atropic isomer C,—H), 4.91 (s, 1H, minor atropic isomer C1o—H),
4.90 (s, 1H, diastereomeric C19—-H), 4.85 (s, 1H, minor atropic isomer Cp—H), 4.83 (s, 1H, diastereomeric
Cq0—-H), 4.03-3.81 (m, 2H, OCH,CHj3) 3.45 (dd, | = 17.2, 13.4 Hz, 1H, diastereomeric trans C3—H), 3.11
(dd, ] =17.4,12.9 Hz, 1H, diastereomeric trans C3—H), 2.72 (dd, | = 17.6, 3.1 Hz, 1H, diastereomeric
cis C3—H), and 2.66 (dd, | = 17.2, 2.7 Hz, 1H, diastereomeric cis C3—H); 1*C-NMR (DMSO, 75 MHz)
5 198.7 (diastereomeric C=0), 198.3 (diastereomeric C=0), 168.7 (Minor atropic isomer ester C=0),
168.7 (Ester C=0), 162.1 (diastereomeric C5—0O), 162.0 (diastereomeric C5-0),160.8 (diastereomeric
C13-0), 160.7 (diastereomeric C13—0), 160.0 (diastereomeric Cg—0), 159.9 (diastereomeric Cg—0O), 158.9
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(diastereomeric C4’-0), 158.5 (diastereomeric C4’-0), 156.1 (C1,-0), 149.6 (diastereomeric C-NO5),
149.6 (diastereomeric C-NO,), 148.3 (Minor atropic isomer C;”), 148.0 (C1”’), 135.2 (diastereomeric
C¢”’-H), 135.0 (diastereomeric C4"’—H), 130.5 (diastereomeric C5’’), 130.4 (diastereomeric C5’’), 129.5
(diastereomeric C,’-H), 128.7 (Minor atropic isomer C,’-H), 128.5 (diastereomeric C,’-H), 128.4 (Cy’),
123.4 (diastereomeric C4""), 123.3 (diastereomeric C4”’), 122.9 (Minor atropic isomer C4"’), 122.7 (Minor
atropic isomer C4”"), 122.0 (diastereomeric C,”’), 121.9 (diastereomeric C,"’), 116.9 (Minor atropic isomer
C3’-H), 116.0 (diastereomeric C3’-H), 115.9 (diastereomeric C3’-H), 106.6 (diastereomeric Cq4), 106.7
(diastereomeric Cy4), 106.6 (Minor atropic isomer Cy4), 104.3 (Cq1), 96.7 (diastereomeric C4—H), 96.6
(diastereomeric C4—H), 80.2 (diastereomeric C,—H), 80.0 (diastereomeric C,—H), 76.8 (diastereomeric
Cy), 76.6 (diastereomeric Cg), 59.8 (OCH,CH3), 43.4 (diastereomeric C3-H>), 43.0 (diastereomeric
Cs-Hy), 35.3 (diastereomeric C19—H), 35.3 (diastereomeric C19—-H), and 15.0 (OCH,CHj3); Anal. Calcd
for Co7H,oN,Og: C, 62.55; H, 4.28; N, 5.40. Found: C, 61.99; H, 3.79; N, 5.32.

3.4. Biological Studies

3.4.1. Antimicrobial Screening

The antimicrobial assay has been performed according to the preceding reports [46,60].

3.4.2. Cytotoxic Screening

Human colon carcinoma (HCT-116), human hepatocellular carcinoma (HEPG-2), adenocarcinomic
human alveolar basal epithelial cell (A-549), and human breast adenocarcinoma (MCF-7) cell
lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA).
The cultivation of the tumor cell lines and the cytotoxic behavior was assessed by using the
2-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl-2Htetrazol-3-ium bromide (MTT) colorimetric assay, as
previously cited [55,61,62].

3.5. Molecular Modeling

The docking maneuver was assessed in order to dock the newly synthesized compounds into
the crystal structure of the E. coli topoisomerase II DNA gyrase B (PDB code 4PRV). All the docking
calculations were engineered by the MOE software [58], which was able to generate the docking input
files and examine the docking outcomes. The protonation of the enzyme was carried out and energy
was minimized by removing clorobiocin, all non-polar hydrogens, and crystal water molecules. In
every case, the 100 docked structures were generated by implementing the genetic algorithm searches.
The 3D structures of all the tested compounds were created in MOE, and the protonation of target
ligands was performed. The energy minimization of the derivatives was done up to a 0.05 gradient,
employing the GBVI/WSA dG force field. The obtained data were stored in a database as input files in
MOE. The root-mean-square deviations (RMSD values) were calculated, and embryonic ligand binding
fashion was plotted. The protein-ligand association plots were produced by utilizing MOE 2012.10.
The MOE software was implemented to develop the surface molecular orbitals and to undertake the
quantum mechanical calculations.

The in-silico docking tactics were executed to conduct structure-based drug designing in order
to acquire the most potent inhibitor of CDK2 from the synthesized drug nominees. The Advanced
Chemistry Development, Inc. ACD/Labs-Chemsketch program was exercised to construct the 3D
atomic coordinates of the targeted ligands. The structure of CDK2 (PDB ID 1FVV) with crystallographic
resolutions of less than 3.0 A was procured from the Protein Data Bank (Source: www.rcsb.org/pdby/).
The Dundee PRODRG2 server was employed to minimize the energy of the investigated ligands [63].
The autodock4 from “Auto-Dock Tools (ADT, 1.5.6)” is a graphical user interface program [64] that was
utilized to prepare, run, and analyze the docking simulations. The docking stipulations were stationed
to the software’s default values, and a standard paradigm was preserved and escorted throughout the
docking studies. The outcomes were explained based on the PDF file and created by the software by
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designating the different ligands with respect to the predicted binding energy. The cluster gaining the
lowest energy was identified as the most accurate solution. The 3D visualization of the ligand protein
interaction was done by utilizing UCSF Chimera 1.11.2 and mcule, a web interface which exploits the
WebGL/Javascript-based molecule viewer of GLmol.

4. Conclusions

The present report details the synthesis of new flavanone/chromene molecules that were nominated
for their confirmed drug-likeness capabilities through in silico studies and in vitro assessments of
their antimicrobial activity and cytotoxic effects. The pursued derivatives were produced by the
Knoevenagal condensation of an aldehyde, followed by the intramolecular Michael addition reaction
of adduct for the 4’5,7-trihydroxy-flavanone. The structures of the aforementioned compounds were
established under their spectral and analytical data. The antibacterial assay revealed that several
molecules exhibited high inhibitory activity against P. aeruginosa and E. coli in comparison to the
reference drugs. Additionally, the cytotoxicity investigations were assessed against four different
human carcinoma cell lines and demonstrated strong effects of the molecules, particularly against
the HCT-116 tumor cell line. The molecular modeling outcomes demonstrated a powerful binding
interaction of the newly synthesized derivatives in the active site of the GyrB with the SAR analysis.
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