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pyran analogues: synthesis
and computational studies
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Hany M. Mohamed?, Raafat A. El-Eisawy*®, Mohamed H. Sharaf®, AbdullahY. A. Alzahrani’,
Ahmed A. Elhenawy“® & Ahmed M. El-Agrody**

The process of creating a series of 3-amino-1-aryl-8-methoxy-1H-benzo[flchromene-2-carbonitriles
(4a-q) involved reacting 6-methoxynaphthalen-2-ol (1), the appropriate aromatic aldehydes (2a-

q), and malononitrile (3) in an absolute ethanol/piperidine solution under Ultrasonic irradiation.
However, the attempt to create 3-amino-1-aryl-1H-benzo[flchromene-2,8-dicarbonitrile (6a, d, e) was
unsuccessful when 6-cyanonaphthalen-2-ol (5) was stirred at room temperature, reflux, Microwave
irradiation, or Ultrasonic irradiation. In addition, the target molecules were screened against
Staphylococcus aureus (MRSA), Staphylococcus aureus, Bacillus subtilis, Bacillus cereus, Escherichia coli
and Klebsiella pneumonia, as well as a panel of three human cancer cells lines such as MCF-7, HCT-116,
HepG-2 and two normal cell lines HFL-1 and WI-38. The obtained results confirmed that the pyran
derivatives (4 m, i, k) which have a double chlorine at 3,4/2,3/2,5-positions, a single halogen atom
3-Cl/4-Br (4c, e) and a double bromine at 3,5-positions with a single methoxy group at 2-position (4n),
of phenyl ring, and, to a lesser extent, other pyran derivatives with monoihalogenated (43, b, d, f),
dihalogenated (4 g, h, j, I) or trisubstituent phenyl ring (40, p, q). Furthermore, compounds 4b-e, g, i,
j, m, and n showed negligible activity against the two normal cell lines, HFL-1 and WI-38. Moreover,
compound 4 g exhibited the strongest antimicrobial activity among the other pyran derivatives (4a-f,
g-q) when compared to Ciprofloxacin. The MIC was assessed and screened for compound 4 g, revealing
bactericidal effects. Lastly, SAR and molecular docking were studied.

Cancer remains one of the leading causes of death and a major public health concern!. As a result, the creation of
fresh strategies for the effective management of these illnesses has received increased attention. Because of their
structural diversity, the nuclei of chromene and benzochromene have emerged as a promising and appealing
scaffold in the development of antimicrobial and antitumor agents>=!. Specifically, a number of investigations
have demonstrated the antimicrobial properties of benzochromene derivatives®.

For instance, Fig. 1 illustrates how 2H-benzo[h]chromene derivatives (A) target AcrB and reverse bacterial
multi drug resistance?, while 6-methoxy-4H-benzo[h]chromene derivatives (B-D) targeted strong antimicrobial
activities and had an inhibitory effect against 14a-demethylase and DNA**. The 3-nitrile and 3-ester derivatives of
9-hydroxyof 1H-benzo|f]chromene (E) have a higher significant potent antibacterial and antifungal activities>S.
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Figure 1. Structure of some benzo[h]chromene derivatives (red highlighted) with antimicrobial activities.

Figure 2 illustrates these additional findings. The 11-amino derivative of 9-hydroxy of 1 H-benzo[f]chromene
(F) exhibit good antimicrobial activities and the pyrimidino derivative of 9-hydroxyof 1H-benzo[f]chromene
(G) acts as antimicrobial agents®.

Derivatives of benzo[h]chromene are also a very effective option for treating a variety of human illnesses. For
example, 4H-benzo[h]chromene analogues of LY290181 (H) acts as potential tumor vascular-disrupting agents'*,
5,6-dihydro derivative of 4H-benzo[h]chromene (I) demonstrated a novel class of cytotoxic agents'>!¢, and 4-aryl
derivatives of 4H-benzo[h]chromene (J) has cytotoxic and apoptotic effects on human cancer cell lines', 2-acety-
lamino derivative of 6-methoxy-4H-benzo[h]chromene (K) induced cell cycle arrest and prompting apoptosis'®,
3-carbonitrile/carboxylate derivatives of 4H-benzo[h]chromene?, 6-chloro/methoxy derivatives of 4H-benzo[h]
chromene and 4H-benzo[h]chromene-3-carboxylate (L)**-%, 2,7-diamino derivatives of 4H-benzo[h]chromen-
3-carbonitriles and ethyl 4H-benzo[h]chromene-3-carboxylates (M)'® have been reported as active cytotoxic
agents against breast adenocarcinoma (MCF-7), human colon carcinoma (HCT-116) and hepatocellular carci-
noma (HepG-2), respectively as shown in Fig. 3.

Similarly, 1H-benzo[f]chromene derivatives are regarded as promising lead candidates for anticancer drug
development. For example, 9-hydroxy/methoxy of 1H-benzo[f]chromene derivatives (N) effective cytotoxic activ-
ity on MCF7/ADR, P-Glycoprotein inhibitors, Cell cycle arrest and apoptosis effects”®, 1H-benzo[f]chromene
derivatives and 8-bromo/methoxy derivative of 1 H-benzo[f]chromenes (O) exhibited ¢-Src kinase inhibitory and
proapoptotic activities*?*. A series of 1-substituted aryl-2-(1H-tetrazol-5-yl)-1H-benzo[f]chromene-3-amines
(P) derivatives”, some derivatives of 3,5-diamino and 3-amino of 1H-benzo[f]chromene-2-carbonitrile (Q),
have been reported to exhibit cytotoxic and apoptotic effects against a variety of human cancer cell lines'”**%.
Aryl-substituted derivatives of 8/9-bromo (R)*"*? and 8/9-methoxy (S)**** of 1H-benzo[f]chromene have been
shown to induce cell-cycle arrest and apoptosis in human cancer cells via dual inhibition of topoisomerases and
tubulin as shown in Fig. 4.

The designing strategy included the synthesis, antimicrobial and cytotoxic activities of the target compounds
and comparative analyses of the result of cytotoxic activities regarding the performances of the freshly prepared
molecules with a methoxy group at the 8-position and the formerly prepared molecules with a bromine atom at
the 8-position® as illustrated in in Fig. 5.

The final feature in this rationale study revealed that the recent molecules 4c, 4e, 4 g, 4i, 4 k, 4 m, and 4n
possessed a remarkable influence regarding their behaviors against tumor cells, which had an elevated potency
in comparison with the molecules 1-4%2,
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Figure 2. Structure of some benzo[f]chromene derivatives (light blue highlighted) with antimicrobial activities.
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Figure 3. Structure of some 4H-benzo[h]chromene derivatives (Blue highlighted) with cytotoxic and apoptotic
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Figure 4. Structure of some 1H-benzo[f]lchromene derivatives (green highlighted) with cytotoxic and apoptotic
effects.

We report here the synthesis, antimicrobial and cytotoxic activities of 3-amino-1-aryl-8-methoxy-1H-benzo|[f]
chromene-2-carbonitrile derivatives, as a continuation of our ongoing research efforts for potent oxygen-nitro-
gen-heterocyclic-based with effective cytotoxic and antimicrobial activities®,

Results and discussion

Chemistry

The synthesis of 3-amino-1-aryl-8-methoxy-1H-benzo[f]chromene-2-carbonitriles (4a-q) is illustrated in Fig. 6.
Using a novel synthetic approach, Ultrasound irradiation, substituted phenyl at position 1 of f-enaminonitrile
(4a-q) has been obtained. 6-Methoxynaphthalen-2-ol (1), the suitable aromatic aldehydes (2a-q), and malo-
nonitrile (3) interacted to form f-enamionitriles with 8-methoxy-1H-benzo[f]chromene motifs (4a-q) in an
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Figure 5. Designing strategy of 1H-benzo|f]chromene derivatives.
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Figure 6. Synthesis of halogenated 1H-benzo|[f]chromene derivatives (4a-q).

absolute ethanol/piperidine solution at room temperature and under 60 W Ultrasonic irradiation conditions
as illustrated in Fig. 6.

Furthermore, using stirred at room temperature, reflux conditions, Microwave irradiation conditions for two
minutes at 140 °C, or 60 W of Ultrasonic irradiation conditions at room temperature, it was possible to achieve a
one-pot, multicomponent reaction of 6-cyanonaphthalen-2-ol (5) with appropriate aromatic aldehydes (2a, d, e)
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OH Microwave at 400 W / 140 °C
+ Ar-CHO + CHy(CN),
NC

and malononitrile (3) in an absolute ethanol/piperidine solution. This did not yield 3-amino-1-aryl-1H-benzo[f]
chromene-2,8-dicarbonitrile (6a, d, e) as depicted in Fig. 7.

All of the cases showed that the 2-(4-halobenzylidene)malononitriles (7a, d, ) (Knoevenagel adducts) were
separated, as shown by identical infrared spectra, and mixed m.p. The presence of the electron-withdrawing
cyano group in 6-cyanonaphthalen-2-ol (5) may be the cause of its unreactivity towards 2-(4-halobenzylidene)
malononitrile (7a, d, e) (Knoevenagel adducts). This property may alter the resonance within the ring as dem-
onstrated in Fig. 8.

It’s also critical to keep in mind that the 1-position in compound 4a-q, is a chiral center® and that each reac-
tion was carefully regulated using the TLC method.

Spectral data verified the structure and purity of the synthesis compounds 4a-q, and single crystal X-ray
analysis of compounds 4 k, a, €, h, j, and n*>*->* offered a definitive confirmation for the desired molecules
(refer to the Supplementary data).

Biological activities

Antimicrobial assay

The antibacterial activity of f-enamionitriles (4a-q) was screened using Mueller-Hinton agar medium for bac-
teria in an agar diffusion methodology®*. Ciprofloxacin (1 mg/mL) was the reference antibiotic drug used in
the analysis of collections that included four gram-positive species of multi drug resistant pathogenic bacteria:

R.T. stirring for 2 hr, reflux,
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Figure 7. Attempted to synthesis of halogenated 8-cyano-1H-benzo|f]chromene derivatives (6a, d, ).
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Figure 8. The unreactivity of 6-cyanonaphthalen-2-ol (5) towards Knoevenagel adduct (7a-c).
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Staphylococcus aureus (MRSA) (ATCC 6539), Staphylococcus aureus (ATCC 6538), Bacillus cereus (ATCC 10987),
Bacillus subtilis (ATCC 6633), and two gram-negative species of multi drug resistant pathogenic bacteria Kleb-
siella pneumonia (ATCC 13883) and Escherichia coli (ATCC 8739). The selection of these particular bacteria was
stimulated by the affirmed antiproliferative activity of reported chromene and fused chromene derivatives!-¢1%2,
Using a 1 mg/mL concentration of compounds (4a-q), the minimum zone of inhibition (IZ, the area around the
antimicrobial agent where bacterial growth is prevented) was established in mm + standard deviation beyond the
well diameter (6 mm). When used as a blank, dimethyl sulfoxide (DMSO) showed no antimicrobial activity. The
synthetic compound’s inhibitory effects on evaluation against these organisms are depicted in Fig. 9 and Table 1.

Compound 4 g is more effective than other pyran derivatives (4a-f, g-q) against bacteria that are resistant to
multiple drugs, as demonstrated by Table 1.

S.aureus

Figure 9. Antibacterial activity of compounds 4a-q against different multi drug resistant pathogenic bacteria.
C=Antibiotic (Ciprofloxacin), and DM =Negative control (DMSO).

4a 14 0 0 13 11 14
4b 13 0 0 14 12 13
4c 15 0 0 17 12 13
4d 12 0 0 15 0 12
4e 12 0 0 14 0 10
4f 12 0 8 15 0 9

4g 17 23 21 20 14 16
4h 13 9 0 9 0 10
4i 13 0 0 8 0 14
4j 13 0 0 8 12 14
4k 12 0 0 0 13 15
4] 13 0 0 8 0 14
4m 14 0 0 13 10 13
4n 14 0 0 13 0 11
40 12 10 0 14 12 11
4p 13 11 0 15 11 12
4q 13 10 10 13 12 13
Ciprofloxacin | 0 0 0 22 25 0

DMSO 0 0 0 0 0 0

Table 1. Antibacterial screening for compounds (4a-q).
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Minimum inhibitory concentration (MIC)

The minimum inhibitory concentration, or MIC, is the lowest concentration needed to stop bacterial growth.
When evaluating how well antimicrobial agents work against various bacterial strains, MIC values are crucial.
The antimicrobial agent is more effective against the bacterial strain the lower the MIC value. The right dosage
of the antimicrobial agent to be used in the treatment of bacterial infections can also be determined with the
aid of the MIC value®. Table 2 and Fig. 10 show the minimum inhibitory concentration (MIC) of the active
compound 4 g against various bacterial strains.

The Table 2 shows the minimum inhibitory concentration (MIC) of the active compound 4 g against different
bacterial strains. The minimum inhibitory concentration (MIC) of an antimicrobial agent is the concentration at
which the microorganism cannot grow visible. According to Table 2, the active compound 4 g has a minimum
inhibitory concentration (MIC) of 1000 ug/ml against Bacillus cereus, Bacillus subtilis, and Staphylococcus aureus.
However, its MIC for Staphylococcus aureus (MRSA) and Klebsiella pneumonia is 500 pug/ml. When it comes to
Escherichia coli, the lowest MIC value is 250.

Antitumor assay

The antiproliferative activity of the newly synthesized 1H-benzo|[f]chromenes derivatives (4a-q) was exam-
ined in three human cancer cell lines: MCF-7 (breast cancer), HCT-116 (human colon cancer), and HepG-2
(hepatocellular carcinoma), as well as the two normal cell lines, HFL-1 (human foetal lung) and WI-38 (human
diploid fibroblasts), using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) colori-
metric assay™®. The selection of these particular cell lines, MCF-7, HCT-116 and HepG-2 was stimulated by the
affirmed antiproliferative activity of reported chromene and fused chromene derivatives’**. The three cell lines
used in the experiments were exposed to reference cytotoxic compound, Erlotinib. The data were expressed as
growth inhibitory concentration (ICs,) values, Table 3 and Fig. 11. These values represent the concentrations of

Microbial strain (MIC) of compound 4 g against bacterial strains (ug/ml)
Staphylococcus aureus (MRSA) 500

Staphylococcus aureus 1000

Bacillus subtilis 1000

Bacillus cereus 1000

Escherichia coli 250

Klebsiella pneumonia 500

Table 2. MIC of compound 4 g against multi drug resistant bacterial strains.

SA B.s B.c |_K.p E.c MRSA
+Vecontrol ‘ . ' ”

Vecontrol [ ' ‘
1000ug/mi N K-
i
{

500 ug/mi

250 pug/mi
125 pg/mi
62.5 pg/mi

31.25 pgimi

Figure 10. MIC of compound 4 g on Staphylococcus aureus (MRSA), Staphylococcus aureus, Bacillus subtilis,
Bacillus cereus, Escherichia coli and Klebsiella pneumonia plates after 24 h in Mueller Hinton (MH) broth
resazurin assay [pink colour indicates growth and blue means inhibition of growth; the test organism, Positive
Control (MH broth + bacterial suspension +indicator) without compound; Negative or sterility control (MH
broth + sterile distilled water + indicator) without bacteria.
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IC;, (uM)*
Cancerotoxicity Normotoxicity

Compound | R MCE-7 HCT-116 HepG-2 HFL-1 WI-38

4a 4-F 12.7£0.05° | 142+0.01° | 1.5+0.01° - -

4b 2-Cl 3.9+0.18 8.6+0.25 | 6.1+02 |198.6+0.1 |171.0+0.2
4c 3-Cl 3.6+0.14 55+0.35 | 3.3+0.5 |187.6+0.2 |214.1+0.1
4d 4-Cl 8.6+£0.29° | 6.9+0.97°| 0.8+0.08"| 1644+1.1 |165.5+1.3
de 4-Br 49+025° | 224058 | 1.7+0.13°| 189.9+1.1 |1653+1.2
af 4-1 48.5+0.1 27.8+0.3 39.240.2 - -

4g 2,4-F, 2.7+0.23 6.0+0.11 19405 |179.4+0.1 |190.1£0.3
4h 2,6-F, 60.2+0.3 33.8+0.12 | 48.1+0.2 - -

4i 2,3-Cl, 2.3%0.01 354015 | 2.8+0.17 | 154.5+0.1 |160.1+0.2
4j 2,4-Cl, 2.0+0.02 58+0.16 | 14.1+0.18 | 180.8+0.3 |177.8+0.3
4k 2,5-Cl, 6.6+0.4 2.5+0.23 1.8+0.03 - -

4 2,6-Cl, 12.1+0.06 | 21.3+0.01 2.340.02 - -

4m 3,4-Cl, 1.3+0.21 23+0.97 1.8+0.06 | 181.0£0.1 |175.5+0.2
4n 3,5-Br,-2-OMe 1.4+0.05 1.2+0.06 5.6+0.21(139.5+0.1 |135.4+0.3
40 2,3,4-(OMe) 553+0.01 | 359+0.02 | 17.6+0.05 - -

4p 3,4,5-(OMe) 114.4+0.03 | 91.4+0.01 |106.5+0.1 - -

4q 2,3,5-Cly 110.4+0.1 |107.2+1.6 | 76.5£0.9 - -
Erlotinib - 416+02 | 112106 | 8.19+04 | 14.0+12 | 28.5+02

Table 3. Cytotoxic activity of target compounds against MCF-7, HCT-116 and HepG-2 cell lines. *ICj, values
expressed in uM as the mean values of triplicate wells from at least three experiments and are reported as the

mean + standard error and?’.
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Figure 11. IC;, values expressed in (uM) of halogenated 1H-benzo[f]chromene derivatives 4a-q against MCF-
7, HCT and HepG-2 tumor cells.
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the compounds required to cause a 50% inhibition of cell growth after a 24-h incubation period relative to the
untreated controls.

The majority of the prepared compounds demonstrated excellent growth inhibitory activity against the tested
cancer cell lines, as explained by the results shown in Table 1. Compounds 4 m, n, j, i, g, ¢, and b were emerged
as the most potent counterpart against MCF-7 in this study; their IC;, values ranged from 1.3 to 3.87 uM. These
compounds were found to be 3.2, 3.0, 2.1, 1.8, 1.5, 1.2, and 1.1 times more active than Erlotinib (4.16+0.2 uM).
Meanwhile, compound 4e (IC5,=4.9 uM) was almost equipotent as Erlotinib (4.16+0.2 pM). The compounds
4n,e,m,k, i, ¢, j, g, d, and b (IC5,=1.2-8.6 uM) were also found to be more potent and effective than Erlo-
tinib (IC5y=11.21 uM). These findings were obtained from cytotoxicity evaluation in the HCT-116 cell line. In
terms of their ability to inhibit HepG-2, compounds 4d, a, e, k, m, g, 1, i, ¢, n, and b showed strong potency
(IC50=0.8-6.1 uM) against HepG-2 compared to Erlotinib (IC5,=8.19) Compounds 4b-e, g, i, m, and n addi-
tionally showed a weak growth inhibitory effect on the normal cell lines HFL-1 and WI-38, with IC, values
ranging from 80.8 to 214.1 uM. In comparison to Erlotinib, the remaining compounds demonstrated equipotent
or moderate to fair cytotoxic activities against the three types of tumour cells.

SAR studies

Several essential structural requirements were identified by the SAR study, which improved the potency of
these 1H-benzo[f]chromene derivatives (4a-q). The difference in the substitution pattern, including the type of
substituent (electron-donating groups, electron-withdrawing groups, or both of them) and their position on the
phenyl ring at the 1-position of 1 H-benzo|[f]chromene moiety, affected the cytotoxic activity of the synthesized
benzochromene derivatives toward the tested cancer cell lines. The observed order of improved potency against
MCEF-7 with different substituents on the phenyl ring at 1-position of 1H-benzo[f]chromene moiety could be
represented as 3,4-Cl, > 3,5-Br,-2-OMe > 2,4-Cl, > 2,3-Cl, > 2,4-F, > 3-Cl > 2-Cl > 4-Br > 2,5-Cl, > 4-Cl > 4-F > 2,6-
Cl,>2,6-F,>4-1>2,3,4-(OMe); > 2,3,5-Cl; > 3,4,5-(OMe);. These results are intimating that the grafting of a
lipophilic electron-withdrawing (disubstituted, chlorine atoms at 3,4-, 2,4-, 2,3-, 2,5-position or fluorine atoms
at 2,4-position), a lipophilic electron-withdrawing together with a lipophilic electron donating (trisubstituted,
bromine atoms at 3,5-position and methoxy group at 2-position) and a lipophilic electron-withdrawing (mono-
substituted chlorine atom at 3-, 2-position, bromine atom at 4-position) is more beneficial than the other lipo-
philic electron-withdrawing substituent on the phenyl ring at 1-position of 1H-benzo[f]chromene moiety with a
lipophilic electron donating methoxy group at 8-position and the disubstituted is more active than trisubstituted
and monosubstituted.

The order of anticancer activities of the f-enaminonitrile derivatives (4a-q) against HCT-116 has widely var-
ied in accordance to the position and the type of the substituent on the phenyl ring at 1-position of 1H-benzo([f]
chromene moiety, the activities were decreased in the order of 3,5-Br,-2-OMe >4-Br > 3,4-Cl, > 2,5-Cl, > 2,3-
Cl,>3-Cl>2,4-F,>2,4-Cl,>4-Cl>2-Cl >4-F > 2,6-Cl,>2,6-F,>4-1>2,3,4-(OMe), > 3,4,5-(OMe); > 2,3,5-Cl,,
suggesting that the position and the type of the bulky substituent incorporation may be advantageous.

Regarding the activity against HepG-2, the order of the antitumor activity of the 1H-benzo[f]chromene deriv-
atives (4a-q) was found to be 4-Cl >4-F>4-Br>24-F,>2,5-Cl,>3,4-Cl,>2,6-Cl,>2,3-Cl,>3-Cl > 2-Cl > 3,5-Br,-
2-OMe >2,4-Cl,>2,3,4-(OMe); > 2,3,5-Cl; > 2,6-F, > 4-1> 3,4,5-(OMe);. These results suggested that the mon-
substituted phenyl (lipophilic electron-withdrawing group) is preferred as an antitumor agent in comparison to
the disubstituted phenyl (lipophilic electron-withdrawing group) and trisubstituted phenyl (lipophilic electron-
withdrawing together with a lipophilic electron donating and a lipophilic electron donating). Furthermore, com-
pounds 4b-e, g, i, j, m, and n have been screened against two normal cell lines, HFL-1 and WI-38 and displayed
ICs, ranging from 80.8 to 214.1 uM, which confirm their inadequate performance against these control cell lines.
In addition, compound 4 g with 2,4-F, at the phenyl group at the 1-position of the 1H-benzo[f]chromene moiety
exhibited the highest antimicrobial activity than the other pyran derivatives (4a-f, g-q).

Finally, we can deduce that the position and the type of the substituent on the phenyl group at the 1-posi-
tion of the 1H-benzo[f]chromene moiety played a vital role in its antitumor activity with a lipophilic electron
donating methoxy group at 8-position.

Molecular docking
The docking analysis was performed to explicate the potency of these desirable molecules in vitro against the
kinase through their potential interaction mechanisms with their crystal frameworks “DHFR” dihydrofolate
reductase [PDB : 3FY8%’] and “EGFR” tyrosine kinase PDB : 4HJO%?].

2H-Chromen-2-one derivatives have shown potential as DHFR inhibitors due to their structural resemblance
to folate. By docking 2H-chromen-2-one into the DHFR active site, we can explore potential binding interac-
tions and evaluate its inhibitory activity. EGFR is over expressed in various cancers, making it an attractive target
for anticancer drug development. 2H-Chromen-2-one derivatives have demonstrated anti-EGFR activity by
inhibiting EGFR auto-phosphorylation. Docking 2H-chromen-2-one into the ATP-binding site of EGFR allows
us to explore potential interactions and assess its inhibitory effects. In summary, both DHFR and EGFR play
critical roles in cellular processes, and their structures provide valuable information for rational drug design. By
studying coumarin interactions with these proteins, we aim to uncover potential therapeutic applications™*.

The docking investigation was implemented through Glide’s module.” The preliminary inhibitors 5-[[(2R)-
2-cyclopropyl-7,8-dimethoxy-2H-chromen-5-yl|methyl] pyrimidine-2,4-diamine Erlotinib, AR-101" for DHFR
and N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)-4-quinazolinamine “Erlotinib” for EGFR were redocked into
the peroxidase crystal framework to verify the docking methodology. Furthermore, the efficacious performance
of the targeted molecules was authenticated via the low values of RMSD (2.01 A) for DHER and (2.75 A) for
EGFR, which were acquired through the root mean square deviation between the native and redocked poses
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of the co-crystallized inhibitor. We generated the 3D loop of DHFR using mGen-THERADER and used it in
the docking framework. This loop contains seven amino acid residues, which are important for maintaining
the conformation of the enzyme. Moreover, it is believed that the DHFR active site is located within this loop,
making it an ideal target for docking studies. We used binding-energy BE to study the most active compounds
with the DHFR receptor (4 g) and EGFR (4i, 4 m and 4n), then compared them with the reference inhibitors
“AR-101 and Erlotinib. The initial inhibitors have been adequately installed into their binding sites in order to
attain their crystal configurations. The lowest score poses and RMSD revealed increased stability in the binding
pocket. These data was utilized to rank the docked poses and to select the most capable docked conformation
of each compound. We selected the most perforable docking conformations of all active compounds that were
detected inside the active site with proper alignment. The DHFR active site including the hydrophilic amino acids
(LYS32, ARG57 and TYR98). Where binding site for EGFR including hydrophobic (GLY772, MET769, LEU694)
and hydrophilic (CYS773,LYS692) other which interact with the ligands, that are necessary for the enzyme’s
catalytic activity. We defined the inhibitory behaviour in the term of binding energy BE for all compounds 4a-q
that were evaluated with the receptor Table 4.

Then redocked investigated compounds, compared the results to the reference inhibitors, and obtained a root
mean square deviation (RMSD) using the interaction between reference inhibitors and protein. The " CHARMM
" molecular-mechanics force field created the poses, then picked the Pose with the lowest "AG" and "RMSD" to
evaluate the binding affinities of investgted molecules. The PLIF was computed based on the docking results of
the inhibitors at the active sites of 3FY8 and 4HJO, which are the target proteins for the docking protocol valida-
tion. The binding effectiveness of the inhibitors 4a-q was evaluated by the protein-ligand interaction fingerprint
(PLIF) method, which is shown in Fig. 12.

The active site of EGFR interacts most strongly with LYS694, which has a 68.8% interaction score, while
the active site of DHFR interacts most strongly with ASP98, which has a 62.5% interaction score. We classified
the different types of interactions, such as ionic, hydrogen bonding, and surface interactions, according to the
residues involved, and created a fingerprint scheme that serves as a database of the complex. All the docking
conformations was submitted to PLIF which generate a population plot (Fig. 12).

For additional molecular docking experiment validation, inhibition constant Ki was estimated for investigated
4a-q molecules. The Glide AG score, which calculates the free energy of binding between the ligand and the
receptor protein, was used to assess the binding mechanism and stability of the docked investigated compounds.

In case 3FY8

The poses 4 g showed lower binding efficiency (AG = - 6.8 kcal/mol) with RMSD =1.5 A than AR-101
(AG = -9.7 kcal/mol) with RMSD =2.6 A, as listed in Table 4. The interactions between the all compounds
and residues of active site were mainly polar bonds, hydrogen bonding, n—m, and n - H interactions, which
contributed to a strong alignment with the enzyme backbone which contributed to a strong alignment with the
enzyme backbone (Fig. 13).

Cpd \ AG \ RMSD |HB Int E_ele Ki Cpd \ AG \ RMSD | H.B Int E_ele Ki
3FY8 4HJO

fa ~663 | 154 ~22.18 ~2442 | -1024 033 |4a ~637 | 199 ~2636 | -1663 | -1055 | 090
4b —702 | L1l ~17.59 -2830 | -1108 |033 |4b -717 | 110 —2150 | -2083 | -9.86 0.89
4c -666 | 112 -2455 -2875 | -1027 |033 |4c -690 | 256 ~1648 | -2406 | 1003 | 089
4d 690 | 405 ~27.68 “1689 | -10.14 |033 |4d “642 | 101 “1523 | 2497 | -1021 | 090
4e —700 | 231 ~27.36 ~2553 | -1089 033 |4e ~680 | 112 —1276 | -1929 | -1043 | 0.89
4f 711 | 150 -2622 -2733 | -9.88 033 | 4f. —677 | 191 -1323 | -2030 | -11.86 | 0.89
4g —-6.83 1.49 —-31.98 —-20.48 —10.02 0.33 4g —-6.96 1.20 -20.29 —-22.49 —-10.33 0.89
4h ~658 | 078 ~40.50 ~2406 | -9.93 033 | 4h —652 | 167 -3469 | -1944 | -10.68 | 0.90
4i -681 | 162 —224 -2639 | -9.27 033 |4 —661 | 115 ~9.40 ~18.86 | -9.41 0.89
4i ~714 | 156 ~2330 —2137 | -9.60 033 | 4i —646 | 192 -1567 | -1816 | -9.95 0.90
4k ~653 | 293 ~39.71 ~1826 | 883 033 |4k ~613 | 154 ~2679 | -2373 | -955 0.90
41 —694 | 165 ~1826 -2355 | -1015 033 |4l —660 | 155 ~7.13 —2821 ~1048 | 0.89
4m —747 | 237 ~25.77 -2770 | -1044 033 |4m —666 | 121 -2842 | 1768 | -958 0.89
4n -8.14 1.52 5.35 -20.62 -9.14 0.33 4n -6.91 1.25 -1.59 —18.25 -9.47 0.89
40 —803 | 226 8.12 ~2817 | -9.44 033 | 4o ~733 | 115 3.67 ~2642 | -1031 | 0.8
4p -698 | 145 -29.10 -2263 | -985 033 | 4p -718 | 115 ~1035 | -1995 | -971 0.89
4q -752 | 181 ~14.97 -23.09 | -9.33 033 |4q -687 | 112 ~8.23 -2194 | -975 0.89
AR-101 —974 | 258 62270 | 1069 | —9.94 033 | Erotinib | -536 | 1.34 ~8.17 ~1797 | -9.20 0.91

Table 4. The binding affinity (kcal/mol) of 4a—q hybrids against DHFR and EGFR receptors. Where AG free
binding energy of the ligand, RMSD root-mean-square deviation, H.B. H-bonding energy between protein
and ligand, EInt binding affinity of H-bond interaction with receptor, Eele electrostatic interaction over the
receptor, and inhibition constant in pM.
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Figure 12. Validation docking analysis based on PLIF between 4a-q and the DHFR and EGFR receptors [(a)
barcodes, (b) populations].

Overlay 4g and reference inhibitor

Ly§32 AR-101
Arg57

Tyr98

Figure 13. Binding interaction of most active compound 4 g and reference inhibitor and superimposed in
active site to validate the docking protocol.

All compounds demonstrated binding affinities rang (AG=- 6.4 to — 8.6 kcal/mol). The most active com-
pound 4 g comforting in the binding pocket by interacting by strong H-bond with the hydrophilic binding
pocket ASP27 and TYR98, and hydrophobic residues LEU50 and Ile 28 (Fig. 13). It is inferred that the formation
of strong interactions with important residues can pinpoint the EGFR binding pocket. Lastly, according to the
3D-molecular docking, the superiorly-active 4 g and AR-101 prefer a parallel orientation between the central
chromene ring and the important hydrophilic TYR98.

Scientific Reports|  (2024) 14:9862 | https://doi.org/10.1038/s41598-024-59193-2 nature portfolio



www.nature.com/scientificreports/

In case 4HJO

The interactions between the eighteen compounds 4a-q and the active site residues were mainly polar bonds,
hydrogen bonding, m—m, and n—H interactions, which contributed to a strong alignment with the enzyme
backbone, Fig. 14.

The active molecules 4i, 4 m and 4n were attached deeply into the binding pockets, interacting with the
vital hydrophobic Met769, GLY772 and LEU694 residues in the same manner of Erlotinib. The most cytotoxic
derivatives among the tested compounds were 4i, 4 m and 4n, which showed potent activity against MCF-
7, HCT-116 and HepG-2 cancer cell lines. The IC50 values of these derivatives were as follows: 4i: MCF-7
(0.9+0.01 pg/mL), HCT-116 (1.4+0.15 pg/mL), HepG-2 (11.1+0.17 pg/mL); 4 m: MCF-7 (0.5+0.21 pg/mL),
HCT-116 (0.9+0.97 pg/mL), HepG-2 (0.7 +£0.06 ug/mL); 4n: MCF-7 (0.7 +0.05 ug/mL), HCT-116 (0.6 +0.06 pg/
mL), HepG-2 (2.9 £0.21 pug/mL). These derivatives also exhibited comparable or higher binding energies than
Erlotinib, a known inhibitor of EGFR kinase. The calculated binding energies were: 4i: — 6.61 kcal/mol; 4 m:
— 6.66 kcal/mol; 4n: — 6.9 kcal/mol; Erlotinib: — 5.36 kcal/mol.

Experimental section

Materials and equipment's

All chemicals were purchased from Sigma-Aldrich Chemical Co. (Sigma-Aldrich Corp., St. Louis, MO, USA).
All melting points were measured with a Stuart Scientific Co. Ltd apparatusare uncorrected. The IR spectra
were recorded on a KBr disc on a Jasco FT/IR 460 plus spectrophotometer. The 'H NMR (500 MHz) and '*C
NMR (125 MHz) spectra were measured on BRUKER AV 500 MHz spectrometer in DMSO-d; as a solvent,
using tetramethylsilane (TMS) as an internal standard, and chemical shifts were expressed as § (ppm). The
Microwave apparatus used is Milestone Sr1, Microsynth. Themass spectra were determined on a Shimadzu GC/
MS-QP5050A spectrometer. Elemental analysis was carried out at the Regional Centre for Mycology and Bio-
technology (RCMP), Al-Azhar University, Cairo, Egypt, and the results were within +0.25%. Reaction courses
and product mixtures were routinely monitored by thin layer chromatography (TLC) on silica gel precoated
F,s4 Merck plates.

General procedure for synthesis of 1H-benzo[f]lchromene derivatives (4a-q)

A reaction mixture of 6-methoxy-2-naphthol (1) (0.01 mol), different aromatic aldehydes (2a-q) (0.01 mol),
malononitrile (3) (0.01 mol) and piperidine (0.5 ml) in ethanol (30 ml) was heated under 60 W Ultrasonic
irradiation at ambient temperature. After completion of the reaction, the reaction mixture was cooled to room
temperature and the precipitated solid was filtered off, washed with methanol, and was recrystallized from ethanol
or ethanol/benzene. The physical and spectral data of compounds 4a-q are as follows:

3-Amino-1-(4-fluorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4a)

Pale yellow needles from ethanol; yield 91%; m.p. 255-256 ‘C (Literature procedure?, Microwave irradiation
conditions, yield 87%; m.p. 255-256 C), 'H NMR §6: 7.85-7.07 (m, 9H, Ar), 6.95 (bs, 2H, NH,), 5.32 (s, 1H,
H-1), 3.83 (s, 3H, OCHj;); *C NMR §: 159.78 (C-3), 156.45 (C-8), 145.27 (C-4a), 132.22 (C-6a), 128.73 (C-10a),
126.29 (C-6), 125.06 (C-10), 120.43 (C-10b), 119.07 (C-9), 117.11 (C-7), 115.66 (CN), 107.24 (C-5), 57.64 (C-2),

Met769

Gly772

Cys773 4™

G772 Mer769

Lel694

Overlay 4i,4n, and 4m and
reference inhibitor

Figure 14. Binding interaction of most active compounds 4i, 4 m, 4n and Erlotinib then superimposed in
active site to validate the docking protocol.
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55.19 (CH,), 37.30 (C-1), 161.73, 142.01, 128.79, 115.47, 115.30 (Ar); m/z (%): 346 (M, 10.03) with a base peak
at 251 (100).

3-Amino-1-(2-chlorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4b)

Colorless needles from ethanol; yield 89%; m.p. 265-266 °C (Literature procedure®, Microwave irradiation
conditions, yield 82%; m.p. 265-266 C); 'H-NMR &: 7.87-6.99 (m, 9H, Ar), 7.00 (bs, 2H, NH,), 5.67 (s, 1H,
H-1),3.82 (s, 3H, OCH,); BC-NMR §: 159.96 (C-3), 156.49 (C-8), 145.64 (C-4a), 130.97 (C-6a), 129.50 (C-10a),
128.15 (C-6), 125.01 (C-10), 119.87 (C-10b), 119.35 (C-9), 117.09 (C-7), 114.92 (CN), 107.57 (C-5), 56.11 (C-2),
55.21 (CH3), 35.17 (C-1), 142.66, 132.14, 130.00, 128.58, 128.44, 124.09 (Ar); MS m/z (%): 364 (M* +2, 4.65),
362 (M", 13.54) with a base peak at 251 (100).

3-Amino-1-(3-chlorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4c)

Colorless needles from ethanol; yield 88%; m.p. 216-217 °C (Literature procedure®, Microwave irradiation
conditions, yield 86%; m.p. 215-216° °‘C),'H-NMR §: 7.87-7.11 (m, 9H, Ar), 7.03 (bs, 2H, NH,), 5.36 (s, 1H,
H-1), 3.83 (s, 3H, OCHS,); *C-NMR &: 159.94 (C-3), 156.52 (C-8), 148.19 (C-4a), 132.21 (C-6a), 128.48 (C-10a),
126.63 (C-6), 124.99 (C-10), 120.31 (C-10b), 119.21 (C-9), 117.11 (C-7), 115.11 (CN), 107.35 (C-5), 57.18 (C-2),
55.20 (CH3), 37.60 (C-1), 145.36, 133.18, 130.66, 126.61, 125.65 (Ar); MS m/z (%): 364 (M* +2, 1.24), 362 (M*
, 3.58) with a base peak at 208 (100).

3-Amino-1-(4-chlorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4d)

Pale yellow crystals from ethanol; yield 91%; m.p. 246-247 °C (Literature procedure?, Microwave irradiation
conditions, yield 89%; m.p. 247-248 C); '"H NMR §6: 7.86-7.10 (m, 9H, Ar), 7.01 (bs, 2H, NH,), 5.33 (s, 1H,
H-1), 3.83 (s, 3H, OCH,); >*C NMR §: 159.81 (C-3), 156.47 (C-8), 145.29 (C-4a), 132.21 (C-6a), 128.65 (C-10a),
128.39 (C-6), 125.03 (C-10), 120.37 (C-10b), 119.12 (C-9), 117.11 (C-7), 115.33 (CN), 107.31 (C-5), 57.26 (C-2),
55.20 (CH3), 37.39 (C-1), 144.73, 131.11, 128.77, 124.98 (Ar); MS m/z (%): 364 (M* +2, 3.39), 362 (M*, 11.44)
with a base peak at 111 (100).

3-Amino-1-(4-bromophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4e)

Pale yellow crystals from ethanol; yield 92%; m.p. 261-262 °C (Literature procedure®, Microwave irradiation
conditions, yield 88%; m.p. 261-262 °C); '"H NMR §: 7.86-7.10 (m, 9H, Ar), 7.02 (bs, 2H, NH,), 5.32 (s, 1H,
H-1), 3.83 (s, 3H, OCH,); 3C NMR §: 159.80 (C-3), 156.47 (C-8), 145.29 (C-4a), 132.21 (C-6a), 128.40 (C-10a),
128.29 (C-6), 125.02 (C-10), 120.37 (C-10b), 119.13 (C-9), 117.10 (C-7), 115.25 (CN), 107.32 (C-5), 57.20 (C-2),
55.20 (CH;), 37.48 (C-1), 145.14, 131.57, 129.16, 119.61 (Ar); MS m/z (%): 408 (M* +2, 1.30), 406 (M*, 1.46)
with a base peak at 75 (100).

3-Amino-1-(4-iodophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4f)

Pale yellow crystals from ethanol; yield 89%; m.p. 227-228 °C (Literature procedure®, Microwave irradiation
conditions, yield 86%; m.p. 227-228 °C); ' H-NMR §: 7.85-6.99 (m, 9H, ar), 6.98 (bs, 2H, NH,), 5.27 (s, 1H, H-1),
3.82 (s, 3H, OCH,); 1* C-NMR §8: 159.80 (C-3), 156.48 (C-8), 145.31 (C-4a), 132.20 (C-6a), 128.37 (C-10a), 125.01
(C-6),120.37 (C-10), 119.11 (C-10b), 117.08 (C- 7,9), 115.22 (CN), 107.35 (C-5), 57.29 (C-2), 55.21 (CHs), 37.69
(C-1), 145.54, 137.43, 129.32, 92.40 (Ar); MS m/z (%): 454 (M*, 100).

3-Amino-1-(2,4-difluorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4g)
Colorless crystals from ethanol; yield 82%; m.p. 300-301 °C (Literature procedure®, Microwave irradiation
conditions, yield 81%; m.p. 301-302° C); 'H-NMR §: 7.83-7.05 (m, 8H, Ar), 7.09 (bs, 2H, NH,), 5.67 (s, 1H,
H-1), 3.82 (s, 3H, OCHS,); *C-NMR &: 160.71 (C-3), 149.61 (C-8), 145.61 (C-4a), 131.44 (C-6a), 129.11 (C-10a),
128.39 (C-6), 123.52 (C-10), 120.18 (C-9), 120.04 (C-7), 119.92 (C-10b), 116.94 (CN), 107.57 (C-5), 55.19 (C-2),
53.58 (CH,), 28.39 (C-1), 161.40, 156.14, 129.39, 125.59, 116.64, 112.82 (Ar); MS m/z (%): 364 (M*, 61.46) with
a base peak at 251 (100).

3-Amino-1-(2,6-difluorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4h)

Yellow crystals from ethanol; yield 88%; m.p. 295-296 °C (Literature procedure®, Microwave irradiation condi-
tions, yield 86%; m.p. 295-296 C), 'H NMR §: 7.03-7.83 (m, 7H, Ar), 7.09 (bs, 2H, NH,, exchangeable with
D,0), 5.61 (s, 1H, CH), 3.82 (s, 3H, CH;). >*C NMR 6: 160.61 (C-3),145.71 (C-8), 131.93 (C-4a), 129.59 (C-6a),
129.52 (C-10a), 128.44 (C-6), 123.11 (C-10), 120.18 (C-9), 120.04 (C-7), 119.92 (C-10b), 116.94 (CN), 107.57
(C-5), 55.19 (C-2), 53.58 (CH,), 28.17 (C-1), 156.40, 161.14, 125.03, 112.82 (Ar), MS m/z (%): 364 (M*, 60.23)
with a base peak at 251 (100).

3-Amino-1-(2,3-dichlorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4i)
Colorless needles from ethanol; yield 88%; m.p. 256-257 °C (Literature procedure®, Microwave irradiation
conditions, yield 87%; m.p. 255-256 “C), 'H-NMR &: 7.88-6.96 (m, 8H, Ar), 7.07 (bs, 2H, NH,), 5.74 (s, 1H,
H-1), 3.83 (s, 3H, OCH,); 1* C-NMR §: 160.08 (C-3), 156.53 (C-8), 145.23 (C-4a), 131.98 (C-6a), 129.16 (C-10a),
128.79 (C-6), 124.92 (C-10), 119.77 (C-10b), 119.50 (C-9), 117.09 (C-7), 114.44 (CN), 107.65 (C-5), 55.59 (C-2),
55.21 (CH;), 36.22 (C-1), 145.63, 132.16, 129.01, 128.93, 128.64, 123.95 (Ar); MS m/z (%): 400 (M* +4, 10.10),
398 (M* +2,3.37), 396 (M*, 12.08) with a base peak at 110 (100).
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3-Amino-1-(2,4-dichlorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4j)
Colorless crystals from ethanol; yield 87%; m.p. 285-286 °C (Literature procedure®’, Microwave irradiation
conditions, yield 83%; m.p. 284-285 °C), 'H NMR §:7.03-7.83 (m, 7H, Ar), 7.09 (bs, 2H, NH,, exchangeable with
D,0), 5.61 (s, 1H, CH), 3.82 (s, 3H, CH,). 3C NMR 8: 13 C-NMR §: 160.61 (C-3), 156.40 (C-8), 145.71 (C-4a),
131.93 (C-6a), 129.59 (C-10a), 129.11 (C-6), 127.98 (C-10),127.03 (C-10b), 126.11 (C-9), 123.04 (C-7), 120.18
(CN), 116.94 (C-5), 55.19 (C-2), 53.58 (CH,), 28 17 (C-1), 161.14, 135.75, 134.56, 132.45, 131.05, 128.44 (Ar);
MS m/z (%): 400 (M* +4, 1.31), 398 (M* +2, 8.02), 396 (M*, 13.38) with a base peak at 208 (100).

3-Amino-1-(2,5-dichlorophenyl)-8-methoxy-1H-benzo[f]lchromene-2-carbonitrile (4k)
Colorless crystals from ethanol; yield 87%; m.p. 270-271 °C (Literature procedure*’, Microwave irradiation
conditions, yield 82%; m.p. 270-271 C); '"H NMR §: 7.88-6.96 (m, 8H, Ar), 7.07 (bs, 2H, NH,), 5.74 (s, 1H,
H-1), 3.83 (s, 3H, OCHj,); '* C NMR §: 160.08 (C-3), 156.53 (C-8), 145.23 (C-4a), 131.98 (C-6a), 128.79 (C-10a),
128.64 (C-6), 123.95 (C-10), 119.77 (C-10b), 119.50 (C-9), 117.09 (C-7), 114.44 (CN), 107.65 (C-5), 55.59 (C-2),
55.21 (CHj,), 36.23 (C-1), 145.63, 132.16, 129.15, 129.01, 128.93, 124.92 (Ar); MS m/z (%): 400 (M* +4, 45.79),
398 (M*+2,15.27), 396 (M*, 53.43) with a base peak at 180 (100).

Amino-1-(2,6-dichlorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4l)

Colorless needles from ethanol; yield 88%; m.p. 313-314 °C (Literature procedure®, Microwave irradiation
conditions, yield 85%; m.p. 314-315 “C); 'H-NMR &: 7.84-7.09 (m, 8H, Ar), 7.05 (bs, 2H, NH,), 6.09 (s, 1H,
H-1), 3.82 (s, 3H, OCH,); *C-NMR &: 160.41 (C-3), 156.22 (C-8), 146.39 (C-4a), 134.33 (C-6a), 132.01 (C-10a),
128.86 (C-6), 125.22 (C-10), 23.83 (C-10b), 119.56 (C-9), 119.18 (C-7), 116.78 (CN), 107.69 (C-5), 55.18 (C-2),
52.59 (CHs), 5.19 (C-1), 137.45, 135.04, 130.96, 129.57 (Ar); MS m/z (%): 400 (M* +4, 6.19), 398 (M* +2, 2.09),
396 (M, 7.88) with a base peak at 251 (100).

3-Amino-1-(3,4-dichlorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4m)
Colorless crystals from ethanol; yield 87%; m.p. 241-242 °C (Literature procedure®, Microwave irradiation
conditions, yield 85%; m.p. 240-241 C); 'H-NMR §: 7.88-6.96 (m, 8H, Ar), 7.08 (bs, 2H, NH,), 5.76 (s, 1H,
H-1), 3.84 (s, 3H, OCH,); *C-NMR §: 160.08 (C-3), 156.53 (C-8), 145.63 (C-4a), 129.01 (C-6a), 128.79 (C-10a),
128.64 (C-6), 123.95 (C-10), 119.77 (C-10b), 119.50 (C-9), 117.09 (C-5), 114.44 (CN), 107.65 (C-7), 55.59 (C-2),
55.21 (CH,), 36.23 (C-1), 145.23, 132.16, 131.98, 129.15, 128.93, 128.79, 124.92 (Ar); MS m/z (%): 400 (M* + 4,
1.49), 398 (M* +2,0.47), 396 (M +, 1.79) with a base peak at 208 (100).

3-amino-1-(3,5-dibromo-2-methoxyphenyl)-8-methoxy-1H-benzo[flchromene-2-carboni-
trile (4n)

Colorless crystals from ethanol; yield 87%; m.p. 241-242 °C (Literature procedure®, Microwave irradiation
conditions, yield 85%; m.p. 240-241 °C); 'H-NMR §: 7.18-7.85 (m, 7H, Ar), 7.12 (bs, 2H, NH,, exchangeable
with D,0), 5.50 (s, 1H, CH), 3.83 (s, 3H, CH,), 3.75 (s, 3H, CH,). 1> C NMR §&: 160.54 (C-3), 156.56 (C-8), 145.21
(C-4a), 134.24 (C-6a), 132.07 (C-10a), 131.63 (C-6), 125.07 (C-10), 120.62 (C-10b), 119.38 (C-9), 118.16 (C-5),
118.33 (CN), 107.55 (C-7), 61.78 (C-2), 56.04 (CHs;), 55.21 (CHj), 33.84 (C-1), 153.10, 142.68, 128.55, 124.25,
117.25, 116.96 (Ar); MS m/z (%): 518 (M* +4, 18.49), 516 (M + 2, 38.49), 514 (M +, 20.73) with a base peak at
252 (100).

3-amino-1-(2,3,4-trimethoxyphenyl)-8-methoxy-1H-benzo[f]lchromene-2-carbonitrile (40)
Colorless crystals from ethanol; yield 87%; m.p. 240-241 °C (Literature procedure®, Microwave irradiation
conditions, yield 84%; m.p. 239-240 °C); '"H NMR 4: 7.85-6.95 (m, 7H, Ar), 6.96 (bs, 2H, NH,), 5.26 (s, 1H, H-1),
3.79 (s, 3H, OCHj), 3.66 (s, 6H, 20CHj), 3.60 (s, 3H, OCHj,); *C NMR &: 159.72 (C-3), 158.00 (C-9), 147.20
(C-4a), 131.83 (C-10a), 129.94 (C-7), 129.05 (C-6), 125.94 (C-6a), 120.53 (C-10b), 116.99 (C-5), 114.88 (CN),
114.02 (C-8), 103.21 (C-10), 59.91 (CH,), 57.88 (C-2), 56.13 (CH,), 55.80 (CH,), 55.11 (CHs,), 38.29 (C-1), 152.90,
141.62, 136.18, 112.67, 104.65 (Ar); MS m/z (%): 418 (M*, 77.17) with a base peak at 387 (100).

3-amino-1-(3,4,5-trimethoxyphenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4p)
Colorless crystals from ethanol; yield 89%; m.p. 258-259 °C (Literature procedure®, Microwave irradiation
conditions, yield 84%; m.p. 259-260 “C); '"H NMR §: 7.78-6.60 (m, 7H, Ar), 6.92 (bs, 2H, NH,), 5.35 (s, 1H, H-1),
3.81 (s, 3H, OCHs,), 3.79 (s, 3H, OCH,), 3.72 (s, 3H, OCH,), 3.66 (s, 3H, OCH,); 3C NMR &: 160.60 (C-3), 156.80
(C-8), 145.70 (C-4a), 131.85 (C-10a), 128.23 (C-6), 125.75 (C-6a), 125.00 (C-10), 121.53 (C-10b), 119.46 (C-5),
117.55(C-9), 116.86 (CN), 107.60 (C-10), 61.75 (CH3), 60.62 (CHj), 57.62 (C-2), 56.05 (CH3), 55.57 (CHj;), 33.04
(C-1), 152.49, 150.24, 141.71, 132.45, 123.80, 108.77 (Ar); '* C NMR-DEPT spectrum at 135° CH, CH; [positive
(up)], CH, [negative (down)], revealed the following signals at §: 128.23 (C-6 1), 125.00 (C-10 1), 123.80 (Ar 1),
119.46 (C-5), 117.55 (C-9), 108.77 (Ar 1), 107.60 (C-10 1), 61.75 (CH, 1), 60.62 (CH, 1), 56.05 (CHj 1), 55.57
(CH; 1), 33.04 (C-1 1); MS m/z (%): 418 (M*, 13.93) with a base peak at 40 (100).

3-amino-1-(2,3,5-trichlorophenyl)-8-methoxy-1H-benzo[flchromene-2-carbonitrile (4q)
Colorless crystals from ethanol; yield 88%; m.p. 259-260 °C (Literature procedure®, Microwave irradiation
conditions, yield 84%; m.p. 259-260 C); MS m/z (%): 436 (M* +6, 3.91), 434 (M* +4, 33.80), 432 (M* +2,
96.27), 430 (M*, 100).
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General procedure for synthesis of 2-(4-halobenzylidene)malononitriles (7a,d,e)

The interaction of 6-cyanonaphthalen-2-ol (5) with different aromatic aldehydes (2a,d,e) (0.01 mol), malon-
onitrile (3) in absolute ethanol/piperidine solution utilizing stirring at room temperature for 2 h, reflux for 2 h,
Microwave irradiation conditions for 2 min. 400 W at 140 °C or 60 W Ultrasonic irradiation was unsuccessful,
3-amino-1-aryl-1H-benzo[f]chromene-2,8-dicarbonitrile (6a,d,e) not formed. After completion of the reaction,
the reaction mixture was cooled to room temperature and the precipitated solid was filtered off, washed with
methanol, and was recrystallized from ethanol to afforded the 2-(4-halobenzylidene)malononitriles (7a,d,e)
(m.p., mixed m.p. and identical IR). The physical and spectral data of compounds 7a,d,e are as follows:

2-(4-Flouroenzylidene)malononitrile (7a)
Yellow crystals from ethanol; yield 96%; m.p. 126-127 °C (Literature procedure®’, yield 97%; m.p. 125-126 C).

2-(4-Chlorobenzylidene)malononitrile (7d)
Colourless needles from ethanol; yield 95%; m.p. 162-163 °C (Literature procedure®’, yield 98%; m.p. 90-91 C).

2-(4-Bromobenzylidene)malononitrile (7e)
Colourless needles from ethanol; yield 97%; m.p. 164-165 °C (Literature procedure®, yield 99%; m.p. 165-166
C).

Biology

Antibadterial screening

Compound 4a-q was screened for its in vitro antimicrobial activities against pathogenic bacteria species using
the standard antibiotics Ampicillin, Gentamycin and Ketoconazole as reference drugs as reported previously™.
The minimum inhibitory concentration (MIC) was determined as previously reported®. The antimicrobial
activities were performed at the Regional Centre for Mycology & Biotechnology (RCMP), Al-Azhar University.

Cell culture and cytotoxicity evaluation using viability assay

Compounds 4a-q was initially evaluated for in vitro antitumor activity against three different human cell lines:
MCEF-7, HCT-116 and HepG-2. In-vitro cytotoxicity evaluation was performed at the Regional Center for Mycol-
ogy & Biotechnology (RCMP), Al-Azhar University under different concentrations (50, 25, 12.5, 6.25, 3.125, 1.56
and 0 pg/mL); vinblastine and doxorubicin are used as reference cytotoxic compounds. The measurements of cell
growth and the in-vitro cytotoxicity evaluation were determined using viability assay as described in literature®®
and the result was cited in Table 3 and Fig. 8.

Conclusions

In summary, a library of halogenated 3-amino-1-aryl-8-methoxy-1H-benzo[f]chromene-2-carbonitriles (4a-q)
was synthesized and evaluated for their anticancer potential. The majority of these compounds demonstrated
significant antiproliferative activities against the tested cancer cell lines, MCF-7, HCT-116 and HepG-2. The
pyran derivatives 4 m,n,j with a double chlorine at 3,4-positions, a double bromine at 3,5-positions with a single
methoxy group at 2-position and a double chlorine at 2,4-positions of phenyl ring and, to lesser extent, other
pyran derivatives with dihalogenated phenyl ring (4i and 4 g) exhibited the highest cytotoxicity against three
human cancer cell lines MCF-7, HCT-116 and HepG-2, while compound 4 g exhibited the highest antimicro-
bial activity than the other pyran derivatives (4a-f,g-q). In addition, MIC was assessed and screened for 4 g,
revealing bactericidal effects. On the other hand, the SAR study has been performed on the desired compounds
and elucidated that the position and the type of the substituent on the phenyl group at the 1-position of the
1H-benzo[f]chromene moiety enhanced their antitumor activities. In addition the presence of the lipophilic
electron-withdrawing group was essential for the activity.
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The authors declare that the data supporting the finding of this study are available in supplementary files.

Received: 1 January 2024; Accepted: 8 April 2024
Published online: 29 April 2024

References

1. Sung, H. et al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185
countries. CA A Cancer J. Clin. 71, 209-249 (2021).

2. Wang, Y. et al. Design and structural optimization of novel 2H-benzo[h]chromene derivatives that target AcrB and reverse bacterial
multidrug resistance. Eur. J. Med. Chem. 213, 113049 (2020).

3. Fouda, A. M. et al. Targeted potent antimicrobial benzochromene-based analogues: Synthesis, computational studies, and inhibi-
tory effect against 14a-Demethylase and DNA Gyrase. Bioorg. Chem. 105, 104387 (2020).

4. Okasha, R. M. et al. Structural characterization and antimicrobial activities of 7H-benzo[h]chromeno[2,3-d]pyrimidine and
14H-benzo[h]chromeno[3,2-¢] [1,2,4]triazolo[1,5-c]pyrimidine derivatives. Molecules 21, 1450 (2016).

5. Abd El-Mawgoud, H. K., Radwan, H. A. M., El-Mariah, E. & El-Agrody, A. M. Synthesis, Characterization, biological activity of
novel 1H-benzo|f]chromene and 12H-benzo|f]chromeno[2,3-d]pyrimidine derivatives. Lett. Drug Des. Discov. 15, 857-865 (2018).

6. Radwan, H. A. M. et al. Single-crystal structure and antimicrobial activity of ethyl 3-amino-1-(4-chlorophenyl)-9-hydroxy-1h-
benzo|[f]chromene-2-carboxylate combined with ethyl a-cyano-4-chlorocinnamate. Russ. J. Gen. Chem. 90, 299 (2020).

7. Albalawi, E. E et al. Synthesis of 9-hydroxy-1h-benzo[f]chromene derivatives with effective cytotoxic activity on MCF7/ADR,
p-glycoprotein inhibitors, cell cycle arrest and apoptosis effects. Int. J. Mol. Sci. 24, 49 (2022).

Scientific Reports |

(2024) 14:9862 | https://doi.org/10.1038/s41598-024-59193-2 nature portfolio



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

. Al-Harbi, L. M. et al. Discovery of benzochromene derivatives first example with dual cytotoxic activity against the resistant cancer

cell MCF-7/ADR and inhibitory effect of the P-glycoprotein expression levels. J. Enzyme Inhib. Med. Chem. 38, 2155814 (2023).

. Patil, S. A,, Patil, R., Pfeffer, L. M. & Miller, D. D. "Chromenes: Potential new chemotherapeutic agents for cancer. Future Med.

Chem. 5, 1647 (2013).

Afifi, T. H., Okasha, R. M., Alsherif, H., Ahmed, E. H. A. & Abd-El-Aziz, A. S. Design, synthesis, and docking studies of
4H-chromene and chromene based azo chromophores: A novel series of potent antimicrobial and anticancer agents. Curr. Org.
Synth. 14, 1036 (2017).

Bhaskar, V., Chowdary, R., Dixit, S. R. & Joshi, S. D. Synthesis, molecular modeling and BACE-linhibitory study of
tetrahydrobenzo[b]pyran Derivatives. Bioorg. Chem. 84, 202 (2019).

Okasha, R. M. et al. First example of Azo-Sulfa conjugated chromene moieties: Synthesis, characterization, antimicrobial assess-
ment, docking simulation as potent class I histone deacetylase inhibitors and antitumor agents. Bioorg. Chem. 92, 103262 (2019).
Zhang, H. et al. Design, synthesis and characterization of potent microtubule inhibitors with dual anti-proliferative and anti-
angiogenic activities. Eur. . Med. Chem. 157, 380 (2018).

Schmitt, F et al. New naphthopyran analogues of LY290181 as potential tumor vascular-disrupting agents. Eur. J. Med. Chem. 163,
160 (2019).

Haiba, M. E., Al-Abdullah, E. S., Ghabbour, H. A, Riyadh, S. M. & Abdel-Kader, R. M. Inhibitory activity of benzo[h]quinoline
and benzo[h]chromene in human glioblastoma cells. Trop. J. Pharmaceut. Res. 15, 2337 (2016).

Haiba, M. E., Al-Abdullah, E. S., Ahmed, N. S., Ghabbour, H. A. & Awad, H. M. Efficient and easy synthesis of new Benzol[h]
chromene and Benzo[h]quinoline derivatives as a new class of cytotoxic agents. J. Mol. Struct. 1195, 702 (2019).

Kheirollahi, A. et al. Cytotoxic and apoptotic effects of synthetic benzochromene derivatives on human cancer cell lines. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 387, 1199 (2014).

Alblewi, E F et al. Design and synthesis of novel heterocyclic-based 4H-benzo[h]chromene moieties: Targeting antitumor caspase
3/7 activities and cell cycle analysis. Molecules 24, 1060 (2019).

El-Agrody, A. M. et al. Synthesis, in-vitro cytotoxicity of 4H-benzo[h]chromene derivatives and structure-activity relationships
of 4-aryl group and 3-, 7-positions. Chem. Pap. 70, 1279 (2016).

El-Agrody, A. M., Khattab, E. S. A. E. H. & Fouda, A. M. Synthesis, structure-activity relationship (SAR) studies on some 4-Aryl-
4H-chromenes and relationship between lipophilicity and antitumor activity. Lett. Drug. Des. Discov. 11, 1167 (2014).
El-Agrody, A. M., Fouda, A. M. & Khattab, E. S. A. E. H. Halogenated 2-amino-4H-benzo[h]chromene derivatives as antitumor
agents and the relationship between lipophilicity and antitumor activity. Med. Chem. Res. 26, 691 (2017).

Ahmed, H. E. et al. Synthesis, Developing lipophilic aromatic halogenated fused systems with specific ring orientations, leading
to potent anticancer analogs and targeting the c-Src Kinase enzyme. J. Mol. Struct. 1186, 212 (2019).

Hamed, H. M., Fouda, A. M., Khattab, E. S. A. E. H. & El-Agrody, A. M. Synthesis, molecular properties and evaluation of the
antitumor activity of 2-amino-6-methoxy-4H-benzo[h]chromenes, 6-methoxy-2-oxo-2h-benzo[h]chromene. Curr. Bioact. Compd.
13, 356 (2017).

Rafinejad, A. et al. 4-Aryl-4H-naphthopyrans derivatives: one-pot synthesis, evaluation of Src kinase inhibitory and anti-prolif-
erative activities. DARU J. Pharm. Sci. 20, 100 (2012).

Ahmed, H. E. A. et al. Introducing novel potent anticancer agents of 1H-benzo[f]chromene scaffolds, targeting c-Src kinase enzyme
with MDA-MB-231 cell line anti-invasion effect. J. Enzyme Inhib. Med. Chem. 33, 1074 (2018).

Piazzi, L. et al. Extensive SAR and computational Studies of 3-{4-[(benzylmethyl-amino)methyl]phenyl}-6,7-dimethoxy-2H-2-
chromenone (AP2238) derivatives. J. Med. Chem. 50, 4250 (2007).

Gorle, S. et al. Synthesis, molecular docking study and in vitro anticancer activity of tetrazole linked benzochromene derivatives.
Anti-Cancer Agents Med. Chem. 17, 464 (1917).

Afifi, T. H. et al. Structure-activity relationships and molecular docking studies of chromene and chromene based azo chromo-
phores: A novel series of potent antimicrobial and anticancer agents. EXCLI J. 16, 868 (2017).

Ahagh, M. H. et al. Synthesis, characterization, anti-proliferative properties and DNA binding of benzochromene derivatives:
Increased Bax/Bcl-2 ratio and caspasedependent apoptosis in colorectal cancer cell line. Bioorg. Chem. 93, 103329 (2019).
Mohamed, H. M., Fouda, A. M., Khattab, E. S, El-Agrody, A. M. & Afifi, T. H. Synthesis, in-vitro cytotoxicity of 1H-benzo([f]
chromene derivatives and structure-activity relationships of the 1-aryl group and 9-position. Z. Naturforsch C 72, 161 (2017).
Fouda, A. M. et al. proficient microwave synthesis with structure elucidation and the exploitation of the biological behavior of the
newly halogenated 3-amino-1H-benzo[f]lchromene molecules, targeting dual inhibition of topoisomerase II and microtubules.
Bioorg. Chem. 95, 103549 (2020).

Fouda, A. M. et al. Microwave synthesis of novel halogenated $-enaminonitriles linked 9-bromo-1H-benzo[f]chromene moie-
ties: Induces cell cycle arrest and apoptosis in human cancer cells via dual inhibition of topoisomerase I and II. Bioorg. Chem. 93,
103289 (2019).

Elgaafary, M. et al. Synthesis of -enaminonitrile-linked 8-methoxy-1H-benzo[f]chromene moieties and analysis of their antitumor
mechanisms. Front. Chem. 9, 759148 (2021).

Elgaafary, M. et al. Synthesis and evaluation of antitumor activity of 9-methoxy-1H-benzo[f]-chromene derivatives. Bioorg. Chem.
116, 105402 (2021).

El-Agrody, A. M. & Al-Ghamdi, A. M. Synthesis of certain novel 4H-pyrano[3,2-h]quinoline derivatives. ARKIVOC xi, 134 (2011).
Abd-El-Aziz, A.S. et al. Synthesis of novel coumarin and benzocoumarin derivatives and their biological and photophysical stud-
ies. J. Heterocycl. Chem. 44, 1287 (2007).

El-Agrody, A. M., Khattab, E. S. A., Fouda, A. M. & Al-Ghamdi, A. M. Synthesis and antitumor activities of certain novel 2-amino-
9-(4-halostyryl)-4H-pyrano[3,2-h]quinoline derivatives. Med. Chem. Res. 21, 4200 (2012).

Abd-El-Aziz, A. S. et al. Benzo[f]- and benzo[h]coumarin-containing poly (methyl methacrylate)s and poly (methyl methacrylate)
s with pendant coumarin-containing azo dyes. Macromol. Chem. Phys. 209, 84 (2008).

El-Wahab, A. H. A., Mohamed, H. M., El-Agrody, A. M., El-Nassag, M. A. & Bedair, A. H. Synthesis and biological screening of
4-benzyl-2H-phthalazine derivatives. Pharmaceuticals 4, 1158 (2011).

El-Agrody, A. M., Al-Dies, A.-A.M. & Fouda, A. M. Microwave assisted synthesis of 2-amino-6-methoxy-4H-benzo[h]chromene
derivatives. Eur. J. Chem. 5, 133 (2014).

Mohamed, H. M. et al. Synthesis and characterization of new diiodocoumarin derivatives with promising antimicrobial activities.
Beilstein J. Org. Chem. 7, 1688 (2011).

El Gaafary, M. et al. Synthesis, cytotoxic activity, crystal structure, DFT studies and molecular docking of 3-amino-1-(2,5-dichlo-
rophenyl)-8- methoxy-1H-benzo- [f]chromene-2-carbonitrile. Crystals 11, 184 (2021).

El-Agrody, A. M. et al. In vitro anticancer activity of pyrano[3,2-c]chromene derivatives with both cell cycle arrest and apoptosis
induction. Med. Chem. Res. 29, 617 (2020).

Omar, A. M. et al. Novel molecular discovery of promising amidine-based thiazole analogues as potent dual matrix metallopro-
teinase-2 and 9 inhibitors: Anticancer activity data with prominent cell cycle arrest and DNA fragmentation analysis effects. Bioorg.
Chem. 101, 103992 (2020).

El-Agrody, A. M. et al. Synthesis and antimicrobial activity of thioxopyrimidines and related derivatives. Phosphorus Sulfur Silicon
Relat. Elem. 181, 839 (2006).

Scientific Reports |

(2024) 14:9862 | https://doi.org/10.1038/s41598-024-59193-2 nature portfolio



www.nature.com/scientificreports/

46. Halawa, A. H. et al. Synthesis, in vitro cytotoxicity activity against the human cervix carcinoma cell line and in silico computational
predictions of new 4-arylamino-3-nitrocoumarin analogues. J. Mol. Struct. 1200, 127047 (2020).

47. Halawa, A. H. et al. Synthesis, anticancer evaluation and molecular docking studies of new heterocycles linked to sulfonamide
moiety as novel human topoisomerase types I and II poisons. Bioorg. Chem. 98, 103725 (2020).

48. El-Agrody, A. M. & Afifi, T. H. The reactivity of 8-hydroxyquinoline and its derivatives toward a-cyanocinnamonitriles and ethyl
a-cyanocinnamates: Synthesis, reactions, and applications of 4H-pyrano|3,2-h]quinoline derivatives. Heterocycles 89, 1557 (2014).

49. El-Agrody, A. M. et al. 3-amino-1-(4-fluorophenyl)-8-methoxy-1H-benzo|f]chromene-2-carbonitrile. Acts Cryst. E69, 0476 (2013).

50. Alsehli, M. H. et al. Synthesis, cytotoxic activity, crystal structure, DFT, molecular docking study of f-enaminonitrile incorporating
1H-benzo|f]chromene moiety. Crystals 13, 24 (2023).

51. Halawa, A. H. et al. X-ray characterizations of new synthesized 3-amino-1-(2,6-difluorophenyl)-8-methoxy-1H-benzo(f]chromene-
2-carbonitrile. J. Comput. Theor. Nanosci. 14, 3994 (2017).

52. Okasha, R. M., Amr, A.-E.G.E,, El-Agrody, A. M., Al-Omar, M. A. & Ghabbour, H. A. Synthesis, X-ray characterization and
antimicrobial activity of 3-amino-1-(2,4-dichlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile. . Comput. Theor.
Nanosci. 14, 5717 (2017).

53. Amr, A.-E.G.E,, Abd El-Mawgoud, H. K., El-Agrody, A. M., Al-Omar, M. A. & Alsultan, M. S. X-ray, microwave assisted synthesis
and spectral data of 3-amino-1-(3,5-dibromo-2-methoxy phenyl)- 8-methoxy-1H- benzo[f]chromene-2-carbonitrile. J. Comput.
Theor. Nanosci. 14, 3930 (2017).

54. Dilution, A. European Committee for Antimicrobial Susceptibility Testing (EUCAST) of the European Society of Clinical Micro-
biology and Infectious Diseases (ESCMID: Determination of minimum inhibitory concentrations (MICs) of antibacterial agents
by agar dilution. Clin. Microbiol. Infect. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 6, 509 (2000).

55. French, G. L. Bactericidal agents in the treatment of MRSA infections—The potential role of daptomycin. J. Antimicrob. Chemother
58, 1107 (2006).

56. Atta-ur-Rahman, M. I. C. & Thomsen, W. J. Bioassay Techniques for Drug Development (Harwood Academic Publishers, 2001).

57. Oefner, C., Parisi, S., Schulz, H., Lociuro, S. & Dale, G. E. Inhibitory properties and X-ray crystallographic study of the binding of
AR-101, AR-102 and iclaprim in ternary complexes with NADPH and dihydrofolate reductase from Staphylococcus aureus. Acts
Crystallogr. Sect. D Biol. Crystallogr. 65,751 (2009).

58. Park, J. H., Liu, Y., Lemmon, M. A. & Radhakrishnan, R. Erlotinib binds both inactive and active conformations of the EGFR
tyrosine kinase domain. Biochem. J. 448, 417 (2012).

59. Musa, A. et al. The anticancer and EGFR-TK/CDK-9 dual inhibitory potentials of new synthetic pyranopyrazole and pyrazolone
derivatives: X-ray crystallography, in vitro, and in silico mechanistic investigations. J. Biomol. Struct. Dyn. 41, 12411 (2023).

60. Okasha, R. M. et al. The crystal structure of 3-amino-1-(4-chlorophenyl)-9-methoxy-1H-benzo|[f]chromene-2-carbonitrile: anti-
microbial activity and docking studies. Crystals 12, 982 (2022).

61. Jimenez, D. E. Q,, Ferreira, I. M., Birolli, W. G., Fonseca, L. P. & Porto, A. L. M. Synthesis and biocatalytic ene-reduction of Knoev-
enagel condensation compounds by the marine-derived fungus Penicillium citrinum CBMAI 1186. Tetrahedron 72,7317 (2016).

Acknowledgements
The authors extend their appreciation to the Deputyship for Research & Innovation, Ministry of Education in
Saudi Arabia for funding this research work through the project number ISP23-184.

Author contributions

M.B., A.H.FE. A. E.-W. and H. M. M. conceived the experiment; A.-A. M. A.-D., A. M. E conducted the experi-
ment; M. H. S, R. A. E.-E. and A. A. E. analyzed the biological data; A. M. E.-A., A. Y. A. A. analyzed the spectral
data; A. M. E.-A. wrote and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-59193-2.

Correspondence and requests for materials should be addressed to A.M.E.-A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:9862 | https://doi.org/10.1038/s41598-024-59193-2 nature portfolio


https://doi.org/10.1038/s41598-024-59193-2
https://doi.org/10.1038/s41598-024-59193-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Targeted potent antimicrobial and antitumor oxygen-heterocyclic-based pyran analogues: synthesis and computational studies
	Results and discussion
	Chemistry
	Biological activities
	Antimicrobial assay
	Minimum inhibitory concentration (MIC)
	Antitumor assay
	SAR studies
	Molecular docking
	In case 3FY8
	In case 4HJO


	Experimental section
	Materials and equipment’s
	General procedure for synthesis of 1H-benzo[f]chromene derivatives (4a-q)
	3-Amino-1-(4-fluorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4a)
	3-Amino-1-(2-chlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4b)
	3-Amino-1-(3-chlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4c)
	3-Amino-1-(4-chlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4d)
	3-Amino-1-(4-bromophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4e)
	3-Amino-1-(4-iodophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4f)
	3-Amino-1-(2,4-difluorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4g)
	3-Amino-1-(2,6-difluorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4h)
	3-Amino-1-(2,3-dichlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4i)
	3-Amino-1-(2,4-dichlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4j)
	3-Amino-1-(2,5-dichlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4k)
	Amino-1-(2,6-dichlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4l)
	3-Amino-1-(3,4-dichlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4m)
	3-amino-1-(3,5-dibromo-2-methoxyphenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4n)
	3-amino-1-(2,3,4-trimethoxyphenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4o)
	3-amino-1-(3,4,5-trimethoxyphenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4p)
	3-amino-1-(2,3,5-trichlorophenyl)-8-methoxy-1H-benzo[f]chromene-2-carbonitrile (4q)
	General procedure for synthesis of 2-(4-halobenzylidene)malononitriles (7a,d,e)
	2-(4-Flouroenzylidene)malononitrile (7a)
	2-(4-Chlorobenzylidene)malononitrile (7d)
	2-(4-Bromobenzylidene)malononitrile (7e)
	Biology
	Antibadterial screening
	Cell culture and cytotoxicity evaluation using viability assay


	Conclusions
	References
	Acknowledgements


