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el naphthalene-heterocycle
hybrids with potent antitumor, anti-inflammatory
and antituberculosis activities†

Mohamed Ahmed Abozeid, a Aya Atef El-Sawi,a Mohamed Abdelmoteleb, bc

Hanem Awad, d Marwa Mostafa Abdel-Aziz,e Abdel-Rahman Hassan Abdel-
Rahmana and El-Sayed Ibrahim El-Desoky *a

Multitarget-directed drugs (hybrid drugs) constitute an efficient avenue for the treatment of multifactorial

diseases. In this work, novel naphthalene hybrids with different heterocyclic scaffolds such as

nicotinonitrile, pyran, pyranopyrazole, pyrazole, pyrazolopyridine, and azepine were efficiently

synthesized via tandem reactions of 3-formyl-4H-benzo[h]chromen-4-one 1 with different nucleophilic

reagents. Analysis of these hybrids using PASS online software indicated different predicted biological

activities such as anticancer, antimicrobial, antiviral, antiprotozoal, anti-inflammatory, etc. By focusing on

antitumor, anti-inflammatory, and antituberculosis activities, many compounds revealed remarkable

activities. While 3c, 3e, and 3h were more potent than doxorubicin in the case of HepG-2 cell lines, 3a–

e, 3i, 6, 8, 10, 11, and 12b were more potent in the case of MCF-7. Moreover, compounds 3c, 3h, 8, 10,

3d, and 12b manifested superior activity and COX-2 selectivity to the reference anti-inflammatory

Celecoxib. Regarding antituberculosis activity, 3c, 3d, and 3i were found to be the most promising with

MIC less than 1 mg mL�1. The molecular docking studies showed strong polar and hydrophobic

interactions with the novel naphthalene-heterocycle hybrids that were compatible with experimental

evaluations to a great extent.
Introduction

Naphthalene constitutes a exible and multifaceted platform in
medicinal chemistry.1 This scaffold emerges as a promising
moiety in drug design due to its diverse biological activities
generated from structural modications. Various antagonistic
activities were reported for naphthalene-based compounds
such as antimicrobial,2 anticancer,3 antiviral,4 anticonvulsant,5

antitubercular,6 and anti-inammatory.7 Besides, different
naturally occurring compounds including the naphthalene
nucleus revealed notable biological activities such as justicidin
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tion (ESI) available. See DOI:

43009
A (anticancer),8 rifampicin (antitubercular),9 patentiorin A
(anti-HIV),10 and bis-ANS 82 (tubulin polymerization inhib-
itor).11 In 2018, Kittakoop and his team isolated a set of naph-
thalene derivatives from Ventilago denticulata which exhibited
promising antibacterial and cytotoxic activities in addition to
aromatase and phosphodiesterase inhibitory activities.12

Naphthalene nucleus also appeared in different marketed
therapeutics such as Nafcillin,13 Bedaquiline,14 Naproxen,15 and
Namidone16 (Fig. 1).

Moreover, naphthalene was known to be metabolized intra-
cellularly into naphthoquinone and naphthalene epoxide that
could react with thiol group (SH) of cysteine amino acid residue
via nucleophilic substitution and 1,4-Michael addition,
respectively.17 1-Naphthol and naphthoquinone were also re-
ported to produce reactive oxygen species (ROS) under the effect
Fig. 1 Representative examples for naphthalene containing marketed
drugs.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Reaction of formylchromone 1 with cyanoacetanilides 2a–h.
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of hepatic microsomal enzymes18 that recently achieved prom-
ising results in cancer treatment.19 Additionally, naphthoquinone
fullled Lipinski's rule of ve to be an orally active drug.

On the other hand, multitarget-directed compounds are the
combination of two or more distinctive biologically active
molecules into one entity to achieve dual-drug action.20 This
hybrid design would be promising to treat multifactorial
diseases such as cancer in addition to neurodegenerative
disorders including Parkinson's and Alzheimer's disease. The
drug hybridization could also generate new molecules with
lower toxicity, improved affinity, and better pharmacokinetics
in addition to avoiding common drug–drug interactions
observed in drug cocktails.20 As seen in Fig. 1 examples, naph-
thalene could form very efficient hybrid drugs by merging with
different biologically active moieties. Moreover, our previous
studies unveiled different promising hybrid molecules that
resulted from the combination of naphthalene with pyran,
pyridine, pyrazole, and others.2

Herein, new naphthalene hybrids with nicotinonitrile, pyr-
azole, and pyran moieties were designed (Fig. 2). Moreover,
molecular hybridization of naphthalene with pyrazolopyr-
idine21 and azepine22 pharmacophores was reported for the
rst time (Fig. 2). The anticancer, anti-inammatory, and
antituberculosis activities of the synthesized compounds were
evaluated, and the results were analyzed in light of the
molecular docking.
Results and discussion
Chemistry

The Knoevenagel condensation of formylchromone 123 with
different cyanoacetanilide derivatives 2a–h24 as 1,3-C,N-dinu-
cleophiles in the presence of a catalytic amount of triethylamine
afforded the corresponding nicotinonitrile derivatives 3a–h in
excellent yields (Scheme 1). First, carbon nucleophilic center,
which was generated from cyanoacetanilides 2a–h by deproto-
nation under basic conditions, attacked the formyl group fol-
lowed by dehydration to give intermediate 1A. Aer that, NH
functionality underwent conjugate addition to a,b-unsaturated
carbonyl moiety of chromone nucleus to give intermediate 1B.
The ring-opening of chromene intermediate 1B generated nic-
otinonitrile derivatives 3a–h. Similarly, the condensation of
formylchromone 1 with 2-cyano-N0-(1-(2-oxo-2H-chromen-3-yl)-
ethylidene)acetohydrazide (4)25 afforded multi-functionalized
derivative 3i (Scheme 1).
Fig. 2 Design of new naphthalene hybrid skeletons.

This journal is © The Royal Society of Chemistry 2020
It was found that the reaction of formylchromone 1 with
cyanoacetic acid hydrazide instead of cyanoacetanilide 2a by
heating in ethanol afforded product 5 as a mixture of hydrazone
and azo tautomers. In acetic acid, the reaction proceeded via g-
pyrone ring opening to give the novel naphthyl pyrazolopyridine
6 in 99% yield. Compound 6 gave a dark red color with FeCl3
solution, indicating the presence of the free phenolic OH group.
The proposed pathway included 1,4-conjugate addition to the
a,b-unsaturated carbonyl moiety of formylchromone 1 followed
by g-pyrone ring opening to give intermediate 1C. Aer that,
hydrazido NH2 attacked the nearby cyano function to afford
aminopyrazolone intermediate 1D which transformed into
intermediate 1E through the intramolecular condensation of its
amino group with the pendant formyl group. Finally, interme-
diate 1E gave naphthyl pyrazolopyridine ketone 6 by keto to enol
tautomerization (Scheme 2).

The scope of this tandem process was extended by the
reaction of formylchromone 1 with 1,4-N,N- and 1,4-N,S-dinu-
cleophiles as shown in Scheme 3. Initially, the reaction of
precursor 1 with thiosemicarbazide afforded the corresponding
naphthyl triazepine ketones 7 in excellent yields. Similarly, the
reaction with o-aminothiophenol afforded naphthyl thiazepine
ketone 8 in 98% yield. Formation of thiosemicarbazone or
imine intermediates could be the rst step in the formation of
products 7 and 8 followed by spontaneous g-pyrone ring
opening via intramolecular cyclization by the aid of the second
nucleophilic center whether NH2 or SH.

The reaction of formylchromone 1 with hydrazine hydrate
(1,2-N,N-dinucleophile) at room temperature proceeded via an
unexpected tandem pathway to give novel chromenopyrazole 10
Scheme 2 Reaction of formylchromone 1 with cyanoacetic acid
hydrazide.

RSC Adv., 2020, 10, 42998–43009 | 42999
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Scheme 3 Reaction of formylchromone 1with thiosemicarbazide and
o-aminothiophenol.

Scheme 5 Reaction of formylchromone 1with 4-aminoantipyrine and
2-aminobenzothiazole.
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instead of naphthyl pyrazolyl ketone 9. Moreover, the presence
of acetal functionality in compound 10 offers an excellent
platform for further functionalization through the reaction with
different nucleophiles (Scheme 4).26

By performing the reaction of formylchromone 1 with
hydrazine in a ratio of 1 : 2 in boiling ethanol, hydrazineylide-
nomethylpyrazole 11 was obtained in excellent yield. The
intermediacy of chromenopyrazole 10 in this transformation
was conrmed by the conversion of 10 into 11 by the reaction with
one equivalent hydrazine. Our proposed mechanistic pathway
involved the formation of hydrazone intermediate 1Fwhich couldn't
be converted into naphthyl pyrazolyl ketone 9 due to the addition of
ethanol molecule to give intermediate 1G. The absence of ethanol
reversible elimination pathway suggested possible role of hydrogen
bonding between NH and carbonyl oxygen to stabilize intermediate
1G. While the formation of chromenopyrazole 10 could be accom-
plished by dehydration, its over-reaction with one equivalent
hydrazine afforded pyrazole 11 via nucleophilic attack at acetal
carbon followed by ring-opening.

Finally, the reaction with primary heterocyclic amines
namely; 4-aminoantipyrine and 2-benzothiazolamine afforded
the corresponding Schiff bases 12a,b respectively in excellent
yields. The reaction proceeded as a simple condensation
without ring-opening of g-pyrone, which was conrmed by
a negative ferric chloride test to support the absence of
a phenolic hydroxyl group (Scheme 5).
Biological evaluation

Prediction of biological activities and estimation of the
pharmacokinetic parameters. The PASS online predictor was
Scheme 4 Reaction of formylchromone 1 with hydrazine hydrate.

43000 | RSC Adv., 2020, 10, 42998–43009
used to predict the putative biological activity spectrum of the
synthesized derivatives (ESI 2†).2d,e It compares structural
descriptors for these derivatives with descriptors of biologically
active compounds available in the database. This tool provides
predictions correlating Pa (probability to be active) with Pi
(probability to be inactive). Results for the activity prediction
illustrated that the synthesized compounds may show a broad
spectrum of biological activities e.g. anticancer, antimicrobial,
antiviral, antiprotozoal, anti-inammatory, etc. In this study, we
focused on testing the anticancer, anti-inammatory, and
antituberculosis activities for the synthesized compounds. Also,
pharmacokinetics and drug-likeness prediction for the deriva-
tives were explored (ESI 1†).2d,e

The physicochemical parameters are molecular weight
(MW), count of specic atom types (hydrogen donors, hydrogen
acceptors, and rotatable bonds), and topological polar surface
area (TPSA) that represents the surface associated with polar
atoms. Compounds 3c, 3e, 3f, 3i, and 5 with four rotatable
bonds suggested their better interaction ability. Moreover,
compounds 3e and 3i showed six and seven hydrogen bond
acceptors, respectively. Regarding lipophilicity, most of the
synthesized compounds gave log P values below ve indicating
their good cell membrane permeability. Most of the synthesized
compounds showed good water solubility suggesting their
better delivery even upon using small doses.27 Since the bioac-
tivity score describes the positive medicinal impacts of putative
drugs, all compounds were found to have a score of 0.55 sug-
gesting higher biological activities in the clinical trial stage.28

Antitumor activity. The synthesized compounds were in vitro
evaluated for their cytotoxic activities using MTT assay on two
different human cancer cell lines (HepG-2 and MCF-7). The
percentages of the viable cells and their IC50 values were measured
and assessed with those of the control, Doxorubicin (DOXO) (Fig. 3
and 4; Table 1). The results revealed that all compounds presented
dose-dependent cytotoxicity activities against both cell varieties
(Fig. 3 and 4). Regarding HepG-2 and compared to Doxorubicin,
compounds 3c, 3e, and 3hweremore potent; compounds 3g and 7b
displayed comparable cytotoxic activities; compounds 3d, 3f, and 3i
had slightly reduced activities; compounds 3a, 3b, 6, 8, 10, 11, and
12a had moderate activities, however, compounds 5 and 12b had
weak activities (Fig. 3 and Table 1). In the case of MCF-7,
compounds 3a–e, 3i, 6, 8, 10, 11, and 12b were more potent;
compounds 3f, 3h, 5, 7b, and 12a displayed comparable cytotoxic
activities; compound 3g had slightly reduced activities compared to
the positive control (Fig. 4 and Table 1).
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Dose-dependent cytotoxic activities for the synthesized
compounds on HepG-2.

Fig. 4 Dose dependent cytotoxic activities for the synthesized
compounds on MCF-7.

Table 1 Cytotoxic activities and molecular docking results of the synthe

Comp.

IC50 (mM) � SD PDB 2I4I

HepG-2 MCF-7
Binding affinity
(kcal mol�1)

Amino acid involved
in hydrogen bonds

3a 34.6 � 3.3 9.6 � 0.7 �7.4 ARG-531, ARG-534
3b 36.8 � 3.9 9.2 � 0.6 �8.1 ARG-531, ARG-534
3c 27.8 � 2.4 8.5 � 0.7 �8.3 ARG-531, ARG-534, ARG-
3d 30.1 � 2.6 8.9 � 0.7 �7.6 ARG-531, ARG-534
3e 25.3 � 2.1 9.3 � 1.1 �8.8 ARG-531, ARG-534, ARG-
3f 30.5 � 3.1 10.5 � 1.1 �8.8 ARG-531, ARG-534, ILE-5
3g 28.5 � 2.9 12.1 � 1.2 �8.2 SER-228, THR-204
3h 28.1 � 3.1 10.3 � 1.2 �8.2 HIS-527
3i 30.5 � 2.9 9.7 � 0.8 �9.2 HIS-527, ARG-534, GLY-5
5 41.6 � 3.5 10.7 � 1.2 �7.7 HIS-527, ARG-202, ARG-5
6 34.9 � 2.8 9.1 � 0.5 �7.2 —
7 28.8 � 2.5 10.5 � 0.9 �6.8 ARG-531, ARG-534
8 36.5 � 3.4 9.7 � 1.1 �7.4 ARG-531, ARG-534
10 34.5 � 2.6 9.3 � 0.5 �7.3 ARG-534, HIS-527
11 34.1 � 3.1 8.2 � 0.6 �6.2 ARG-531, ARG-534
12a 35.5 � 3.6 10.2 � 1.2 �7.9 —
12b 40.1 � 3.9 8.9 � 0.7 �7.7 —
DOXO 28.5 � 1.9 10.3 � 0.8 �7.7 ARG-202, ARG-531, ARG-

LYS-208

This journal is © The Royal Society of Chemistry 2020
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In the case of HepG-2, the superiority of naphthalene–nic-
otinonitrile hybrid as seen in the p-nitrophenyl derivative 3e
compared to other nicotinonitrile derivatives emphasized the
signicance of the nitro group. The antitumor activity decayed
gradually by changing the nitrogen substituent as in the order
of 3c > 3h > 3g > 3d > 3f > 3i > 3a > 3b. Moreover, macrocyclic
segment of the naphthalene–azepine hybrid with three nitrogen
atoms (1,2,4-triazepine; 7) revealed enhanced activity compared
to its closely related analog with nitrogen and sulfur atoms (1,4-
thiazepine; 8). Merging of naphthalene and pyrazole as in
compound 11 appeared as a better hybrid than that of naph-
thalene and pyran (compound 12a). The combination of the
three motifs together in one ternary hybrid (compound 10)
produced an antitumor activity resembling naphthalene–pyr-
azole hybrid 11. Finally, the activity of naphthalene–pyran
hybrid degraded by changing the attached substituent from
imine into hydrazone as seen in the order of 12a > 12b > 5.

In the case of MCF-7, naphthalene–pyrazole hybrid
(compound 11) appeared as the most superior antitumor
compound followed by the naphthalene–nicotinonitrile bearing
p-methoxyphenyl substituent 3c. The activity of naphthalene–
nicotinonitrile hybrids decreased by changing the nitrogen substit-
uents from p-substituted phenyl groups (3c > 3d > 3b > 3e) into non-
substituted parent (3a), and then coumarylimino (3i) followed by 5-
membered heterocyclic substituents (3h > 3f > 3g). Regarding
naphthalene–pyran hybrids, the activity was lessened in the view of
the attachedmoiety as seen in the order of 12b > 12a > 5. Finally, the
hybrid with 1,4-thiazepine (8) appeared to be more active than the
one with 1,2,4-triazepine (7).

In order to assess the selectivity of the synthesized
compounds for human liver and breast cancer cell lines,
sized compounds against 2I4I and 5GWK

PDB 5GWK

Binding affinity
(kcal mol�1)

Amino acid involved
in hydrogen bonds

�7.3 LYS-197
�7.8 LYS-197, GLU-194

202, LYS-208 �7.7 LYS-197
�7.6 LYS-197

202 �8.7 SER-361, MET363
07, HIS-527 �8.7 SER-198, ARG-402, ASP-258

�7.7 LYS-197, GLU-194
�8.6 ARG-402, GLU-194

04 �8.8 GLU-194, SER-361, SER-198, LEU-362
31 �7.3 LEU-362

�7.7 ARG-402, ASP-258, ASP-257
�7.7 ARG-402, ASP-258, SER-400
�7.8 —
�6.8 SER-361
�6.5 LYS-197, GLU-194
�8.1 PRO-191
�7.7 GLU-194

534, GLY-504, �7.9 GLU-194, SER-198

RSC Adv., 2020, 10, 42998–43009 | 43001
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Autodock was used to predict the binding pose with active sites
of two protein targets (2I4I and 5GWK) (Table 1). The anticancer
Doxorubicin was also docked on the targets for comparison
purposes. The lowest energy docking mode and the best
conformation pose, having the best affinity for a molecule out of
ten docking modes obtained by Lamarckian Genetic Algorithm
(LGA cluster analysis with respective predicted IC50), were
selected from each docking simulation. The polar interactions
with the two protein targets were illustrated (Table 1). However,
the binding energies of compounds 3e, 3c, and 3h were in good
agreement with the experimental data, docking scores for
compounds 3f and 3i were not. For examples, compound 3c
showed identical binding modes that involved polar interac-
tions with ARG-531, ARG-534, ARG-202, and LYS-208 residues in
2I4I (Fig. 5A); compound 3e were hydrogen-bonded with ARG-
531, ARG-534, and ARG-20 residues in 2I4I (Fig. 5B); while
compound 3h revealed hydrogen bonding with HIS-523 residue
in 2I4I (Fig. 5C).

Similarly, the hydroxyl group of naphthalene in compound
3c were included in polar interactions with LYS-197 in 5GWK
Fig. 5 Binding modes (A) 3c and 2I4I; (B) 3e and 2I4I; (C) 3h and 2I4I; (D

43002 | RSC Adv., 2020, 10, 42998–43009
(Fig. 5D); compound 3e showed polar interactions with SER-361
and MET-363 in 5GWK (Fig. 5E); while compound 3h had polar
interactions with ARG-402, and GLU-194 in 5GWK (Fig. 5F).
Besides, naphthalene played a major role in the binding affin-
ities of different compounds against the two cancer cell lines.
For example, compound 3c was stabilized through p-interac-
tions between the naphthalene with SER-228, GLN-225, GLY-
406, and THR-411 in 2I4I; and ALA-350, GLY-347, LEU-362,
SER-198, and GLU-194 in 5GWK (ESI 1†).

Anti-inammatory activity. Non-steroidal anti-inammatory
drugs (NSAIDs) inhibit cyclooxygenases (COX) which promote
the generation of prostaglandins from arachidonic acid. The
therapeutic efficiency of NSAIDs was measured based upon the
selectivity towards COX-2 over COX-1 which produced unde-
sired side effects such as renal and gastrointestinal toxicity
upon inhibition. As a result, the more COX-2 selective inhibitor,
the more efficient NSAID.29 Screening of the synthesized
compounds over COX-1 and COX-2 enzymes revealed that many
compounds (3c > 3h > 8 > 10 > 3d > 12b) were more active and
selective than the reference anti-inammatory Celecoxib (CEL)
) 3c and 5GWK; (E) 3e and 5GWK; (F) 3h and 5GWK.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Binding modes (A) 3c and COX-2 (PDB 4PH9); (B) 3h and COX-
2 (PDB 4PH9).
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(Table 2). While compounds 7, 3e, and 3i appeared to be
promising candidates, other derivatives showed decreased
selectivity.

Based upon judicious analysis of the structure–activity rela-
tionships (SARs), the utility to cap the NH group in the case of
hybrid 3 to suppress the tautomerization of lactam into lactim
was highlighted by the potent activity of naphthalene–nic-
otinonitrile 3c compared to 3a. The anti-inammatory activities
of other naphthalene–nicotinonitrile derivatives were decreased
in the order of 3h > 3d > 3e > 3i > 3b > 3g > 3f > 3a. However, the
naphthalene–thiazepine hybrid appeared to be more selective
than Celecoxib, naphthalene–triazepine revealed inferior
selectivity. The formation of a ternary hybrid between naph-
thalene, pyran, and pyrazole (compound 10) or at least a binary
hybrid between naphthalene and pyran (12b) was necessary to
achieve high selectivity compared to the binary hybrid between
naphthalene and pyrazole (11). Compound 12b as an example
of naphthalene–pyran hybrid showed the importance of ben-
zothiazole moiety compared to other analogous compounds 12a
and 5. Finally, the combination of naphthalene and pyr-
azolopyridine moieties was found very deleterious as seen in the
least selective anti-inammatory derivative 6.

The molecular docking of the synthesized compounds in
addition to the anti-inammatory Celecoxib with the drug
target COX-2 domains supported the experimental screening in
the view of binding energies (Table 2). The binding energies on
COX-2 were found in the range of 7.7–12.2 kcal mol�1. As seen
in Table 2, compounds 3c and 3h were noted to have the best
estimated binding energies for COX-2. However, several amino
acid residues were involved in the binding mode, only one polar
interaction was shown with ARG-345 residue in 4PH9 (Fig. 6).
Besides, the naphthalene skeleton increased the binding
Table 2 Anti-inflammatory activities and molecular docking results of th

Comp.

IC50
a (mg mL�1)

Selectivity index (COX-1 COX-2

3a 124.6 8.1 15.4
3b 176.4 2.3 76.7
3c 312.9 0.21 1490
3d 632.4 0.65 972.9
3e 116.4 0.69 168.7
3f 346.9 7.8 44.5
3g 1000 18.6 53.8
3h 289.8 0.21 1380
3i 712.5 6.4 111.3
5 632.4 7.5 84.3
6 325.6 9.3 35.0
7 217.8 0.37 588.6
8 284.5 0.25 1138
10 267.1 0.27 989.3
11 1000 12.1 82.6
12a 500 10.1 49.5
12b 476.2 0.49 971.8
CEL 248.9 0.26 957.3

a It is the compound concentration required to produce 50% inhibition o

This journal is © The Royal Society of Chemistry 2020
affinities against COX-2. For example, compound 3c was stabi-
lized through p-interactions between the naphthalene with
PRO-96, GLN-343, ASN-344, ASP-198, SER-112, and GLY-194 in
4PH9 (ESI†).
e synthesized compounds against COX-1 and COX-2

SI)b

COX-2 (PDB 4PH9)

Binding affinity
(kcal mol�1)

Amino acid involved
in hydrogen bonds

�8.8 ARG-345
�10.6 GLN-343, ARG-345
�10.2 ARG-345
�9.7 ARG-345
�11 GLN-343, ASN-506, ARG-345
�10.7 ARG-345
�10.5 GLN-343, ARG-345
�10.8 ARG-345
�12.2 GLN-343, ARG-345
�9.5 ASN506, ASN-344
�9.5 ARG-345
�9.3 —
�9.3 ARG-345
�7.7 GLN-343
�7.7 GLN-343, ARG-345
�10.5 —
�9 —
�9 —

f COX-1 or COX-2. b Selectivity index ¼ (COX-1 IC50/COX-2 IC50).

RSC Adv., 2020, 10, 42998–43009 | 43003
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Table 3 Antituberculosis activities and molecular docking results of
the synthesized compounds against InhA enzyme

Comp.
MIC
(mg mL�1)

PDB 4DRE

Binding affinity
(kcal mol�1)

Amino acid involved
in hydrogen bonds

3a 15.63 �8.1 ILE-257
3b 3.9 �9.1 ILE-257
3c 0.48 �9.0 ARG-153, ASP-256
3d 0.98 �9.1 ASP-256
3e 1.95 �9.6 ARG-153, ASP-256,
3f 1.95 �10.5 ARG-173, GLU-169, TYR-259
3g 3.9 �8.9 ASP-256
3h 1.95 �9.3 ARG-153, ARG-173
3i 0.98 �10.7 ARG-153, ARG-173
5 3.9 �8.3 GLU-169, ARG-173, SER-166
6 1.95 �8.5 HIS-265, ARG-153
7 1.95 �7.6 ASP-256, GLU-169
8 7.81 �8.1 TYR-259
10 7.81 �7.3 ASP-256
11 31.25 �7.6 ARG-173, SER-152, SER-166
12a 62.5 �9.4 ARG-153
12b 15.63 �9.1 ARG-153
IN 0.24 �4.8 GLU-169, SER-166, SER-152
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Antituberculosis activity. Testing of the synthesized
compounds against Mycobacterium tuberculosis (RCMB 010126)
strain was performed in vitro. The antituberculosis drug Isoni-
azid (IN) was used as a reference, and the results were presented
as minimum inhibition concentration (MIC) as shown in Table 3.
Among the compounds we tested, 3c, 3d, and 3i were found to be
the most promising with MIC less than 1 mg mL�1. Additionally,
compounds 3e, 3f, 3h, 6, and 7 gaveMIC values less than 2 mgmL�1.

The excellence of the naphthalene–nicotinonitrile hybrid
scaffold was assured by the higher activity of compounds 3c, 3d,
and 3i. Moreover, the poor antituberculosis activity of
compound 3a, highlighted the need to cap the NH group to
retain high antituberculosis activity levels. Protection with p-
methoxyphenyl group appeared to be the optimum compared to
other protecting groups in derivatives 3d, 3i, 3e, 3f, 3h, 3b, and
3g. Guided by the equal MICs of compounds 3e–h, 6, and 7,
pyrazolopyridine or triazepine moieties produced the same
activity observed in substituted nicotinonitrile derivatives 3e–h.
Fig. 7 Binding of 3c with M. tuberculosis InhA (PDB 4DRE).

43004 | RSC Adv., 2020, 10, 42998–43009
Moreover, the activity of compound 7 was signicantly decayed
by replacement of triazepine with thiazepine moiety as seen in
compound 8. The combination of naphthalene and pyran
moieties as in compound 5 appeared to be superior to
compound 10 with the naphthalene–pyranopyrazole and
compound 11 with the naphthalene–pyrazole skeleton.

Based on molecular docking analysis, compound 3c was
seen to have two polar interactions with ARG-153, ASP-256
residues (Fig. 7), and p-interactions between the naphthalene
skeleton with ILE-257, HIS-265, and SER-152 in 4DRE (ESI†). In
addition, compounds 3d, 3e, 3f, 3h, and 3i appeared to be good
candidates.

Conclusion

Novel hybrid naphthalene compounds with different heterocy-
clic scaffolds have been synthesized via tandem reactions of 3-
formylchromone with different nucleophilic reagents such as
cyanoacetanilides, cyanoacetic acid hydrazide and its hydra-
zone, thiosemicarbazide, o-aminothiophenol, hydrazine, and
heterocyclic �1-amines. Different predicted biological activities
have been disclosed based upon analysis using PASS online
soware. Experimentally, different compounds revealed potent
antitumor, anti-inammatory and antituberculosis activities.
Compared to the antitumor Doxorubicin, compounds 3c, 3e,
and 3h were more cytotoxic in the case of HepG-2, and
compounds 3a–e, 3i, 6, 8, 10, 11, and 12b were more cytotoxic
against MCF-7. While compounds 3c, 3h, 8, 10, 3d, and 12b
appeared as potent COX-2 selective anti-inammatory agents,
compounds 3c, 3d, and 3i revealed promising antituberculosis
activity with MIC less than 1 mg mL�1. A strong agreement
between PASS predictions, pharmacokinetic properties, experi-
mental biological evaluations, and docking results were
noticed. Molecular docking showed strong polar and hydro-
phobic interactions between the novel naphthalene-heterocycle
hybrids and multifunctional drug targets. Further extensive
studies including in vivo studies and approaching more opti-
mized hybrid naphthalene skeletons in addition to the unveil-
ing of the mechanism of action (MOA) of potent compounds are
currently underway.

Experimental section
General

All melting points in this study were measured by using the
Gallenkamp electrical melting point device and reported using
the celsius scale. The infrared absorptions of new compounds
as potassium bromide pellets were measured on aMattson 5000
FT-IR spectrophotometer (Faculty of Pharmacy, Mansoura
University, Egypt) or Thermo Fisher Nicolete iS 10, USA (Faculty
of Science, Mansoura University, Egypt). The 1H- and 13C-NMR
spectra were measured on Bruker Avance III 400 MHz (Faculty
of Pharmacy, Mansoura University or Faculty of Pharmacy, Beni
Suef University, Egypt), and/or JEOL ECA II 500 MHz (Faculty of
Science, Mansoura University, Egypt) using tetramethylsilane as
an internal reference. The multiplicities of NMR signals were
reported as: s¼ singlet, d¼ doublet, dd¼ doublet of doublets, t
This journal is © The Royal Society of Chemistry 2020
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¼ triplet, q ¼ quartet and m ¼multiplet. 13C NMR spectra were
measured on JEOL ECA II 125 MHz (Faculty of Science, Man-
soura University, Egypt). The EI-Mass analyses were performed
on Thermo Fisher scientic DSQ II GC/MS with Kratos MS-70 ev
(Faculty of Pharmacy, Al-Azhar University, Egypt). C, H, and N
analyses were carried at the microanalytical unit, Cairo
University, Egypt. For high-resolution mass spectrometry
(HRMS) was performed using Thermo Fisher Scientic Q
Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer
(College of Pharmacy, Chung-Ang University, South Korea) and
m/z ratios were reported as values in atomic mass units.
Synthesis

General procedure for the synthesis of heteroaryl napthyl
ketones 3a–h. An equimolecular mixture of formylchromone 1
(1 mmol, 224 mg) and acetanilides 2a–h (1 mmol) in absolute
ethanol (30 mL) in the presence of with a catalytic amount of
Et3N was reuxed. Aer that, the formed precipitate was ltered
off, washed with hot ethanol, and dried to give corresponding
heteroaryl naphthyl ketones 3a–h.

5-(1-Hydroxy-2-naphthoyl)-2-oxo-nicotinonitrile (3a).

It is a tautomeric mixture in 4 : 1 ratio. Yield (263 mg, 91%);
canary yellow crystals; m.p. ¼ 346–347 �C; IR (KBr, n/cm�1) ¼
3375, 3367, 3175 (2� OH, NH), 2231 (CN), 1706 (COKetone), 1630
(COPyridone);

1H-NMR (500 MHz, DMSO-d6) d (ppm): 7.48–7.46
(m, 1H, Ar–H, I and II), 7.62–7.57 (m, 2H, Ar–H, I and II), 7.71–
7.68 (m, 1H, Ar–H, I and II), 7.77 (d, 1H, Ar–H, J ¼ 4.50 Hz, I or
II), 7.94 (d, 1H, Ar–H, J ¼ 8.30 Hz, I or II), 8.15 (d, 1H, Ar–H
(pyridyl), J ¼ 2.70 Hz, I or II), 8.21 (d, 1H, Ar–H (pyridyl), J ¼
2.00 Hz, I or II), 8.35 (d, 1H, Ar–H, J ¼ 8.30 Hz, I or II), 8.49 (d,
1H, Ar–H (pyridyl), J ¼ 2.00 Hz, I or II), 8.67 (d, 1H, Ar–H (pyr-
idyl), J ¼ 2.70 Hz), 8.80 (d, 1H, Ar–H, J ¼ 4.50 Hz, I or II), 12.26
(brs, 1H, OH or NH, exchangeable with D2O), 13.01 (brs, 1H, OH
or NH, exchangeable with D2O); HRMS (ESI): m/z calcd for
C17H10N2NaO3 [(M + Na)+] 313.0584, found 313.0576; anal. calcd
for C17H10N2O3 (290.07): C, 70.34; H, 3.47; N, 9.65%. Found: C,
70.54; H, 3.49; N, 9.61%.

5-(1-Hydroxy-2-naphthoyl)-2-oxo-1-(p-tolyl)nicotinonitrile
(3b). Yield (375 mg, 99%); yellow crystals; m.p.¼ 288–289 �C; IR
(KBr, n/cm�1) ¼ 3650–3340 (br. OH), 2231 (CN), 1681 (COKetone),
1622 (COPyridone);

1H NMR (400 MHz, CDCl3) d (ppm): 2.46 (s,
3H, CH3),7.32 (d, 1H, naphthyl–H, J ¼ 10.00 Hz), 7.41–7.34 (m,
4H, Phenyl–H), 7.49 (d, 1H, naphthyl–H, J ¼ 10.43 Hz), 7.58 (dd,
1H, naphthyl–H, J¼ 9.20, 10.00 Hz), 7.72 (dd, 1H, naphthyl–H, J
¼ 9.00, 10.00 Hz), 7.82 (d, 1H, naphthyl–H, J ¼ 10.00 Hz), 8.28
(d, 1H, pyridone–H, J ¼ 3.00 Hz), 8.35 (d, 1H, pyridone–H, J ¼
3.00 Hz), 8.51 (d, 1H, naphthyl–H, J ¼ 10.43 Hz), 13.26 (s, 1H,
OH, exchangeable with D2O);

13C NMR (150 MHz, CDCl3)
d (ppm): 192.9, 163.8, 158.6, 147.1, 147.0, 140.4, 137.4, 136.4,
131.0, 130.4, 127.6, 126.6, 125.7, 125.3, 124.8, 124.6, 119.0,
117.0, 114.6, 111.4, 105.9, 21.2; EI-MS m/z (%): 76.24 (48.07%),
This journal is © The Royal Society of Chemistry 2020
78.50 (63.29%), 90.13 (50.02%), 113.43 (63.00%), 114.12 (89.99%),
168.98 (89.13%), 380.28 (100.00), 382.35 (38.66%), 383.77 (2.68%);
HRMS (ESI): m/z calcd for C24H16N2NaO3 [(M + Na)+] 403.1053,
found 403.1045; anal. calcd for C24H16N2O3 (380.12): C, 75.78; H,
4.24; N, 7.36%. Found: C, 75.81; H, 4.15; N, 7.39%.

5-(1-Hydroxy-2-naphthoyl)-1-(4-methoxyphenyl)-2-oxo-
nicotinonitrile (3c). Yield (382 mg, 96%); pale orange crystals;
m.p. ¼ 262–263 �C; IR (KBr, n/cm�1) ¼ 3330 (OH), 2228 (CN),
1678 (COKetone), 1634 (COPyridone);

1H-NMR (400 MHz, CDCl3)
d (ppm): 3.82 (s, 3H, OCH3), 7.09 (d, 2H, phenyl–H, J ¼ 8.79 Hz),
7.49 (d, 2H, phenyl–H, J¼ 8.79), 7.52–7.63 (m, 2H, naphthyl–H),
7.88–7.71 (m, 2H, naphthyl–H), 7.95 (d, 1H, naphthyl–H, J ¼
8.15 Hz), 8.38 (d, 1H, naphthyl–H, J ¼ 8.15 Hz), 8.44 (d, 1H,
pyridone–H, J ¼ 2.46 Hz), 8.62 (d, 1H, pyridone–H, J ¼ 2.46 Hz),
11.67 (s, 1H, OH, exchangeable with D2O); EI-MSm/z (%): 159.30
(100.00), 161.03 (58.27%), 172.30 (73.20%), 191.98 (72.16%),
207.55 (58.96%), 296.67 (64.83%), 396.25 (22.10%); HRMS (ESI):
m/z calcd for C24H16N2NaO4 [(M + Na)+] 419.1002, found
419.1002; anal. calcd for C24H16N2O4 (396.11): C, 72.72; H,
4.07; N, 7.07%. Found: C, 72.80; H, 4.01; N, 7.04%.

1-(4-Bromophenyl)-5-(1-hydroxy-2-naphthoyl)-2-oxo-
nicotinonitrile (3d). Yield (413 mg, 93%); green crystals; m.p. ¼
330–331 �C; IR (KBr, n/cm�1) ¼ 3304 (OH), 2225 (CN), 1667
(COKetone), 1642 (COPyridone);

1H-NMR (400 MHz, CDCl3)
d (ppm): 7.77–7.46 (m, 4H, phenyl–H), 7.99–7.79 (m, 2H,
naphthyl–H), 8.15 (d, 1H, naphthyl–H, J ¼ 9.20 Hz), 7.94 (d, 1H,
naphthyl–H, J¼ 9.20Hz), 8.05 (d, 1H, naphthyl–H, J¼ 8.18Hz), 8.53
(d, 1H, naphthyl–H, J ¼ 8.15 Hz), 8.75 (s, 1H, pyridone–H), 9.34 (s,
1H, pyridone–H), 10.34 (s, 1H, OH); EI-MSm/z (%): 165.36 (63.52%),
211.13 (74.29%), 253.69 (61.72%), 321.12 (97.78%), 340.00 (75.22%),
378.38 (100.00), 444.17 (29.06%); HRMS (ESI): m/z calcd for
C23H12BrN2O3 [(M� H)�] 364.0842, found 364.0854; anal. calcd for
C23H13BrN2O3 (444.01): C, 62.04;H, 2.94; Br, 17.94; N, 6.29%. Found:
C, 62.11; H, 2.99; Br, 17.85; N, 6.14%.

5-(1-Hydroxy-2-naphthoyl)-1-(4-nitrophenyl)-2-oxo-
nicotinonitrile (3e). Yield (405 mg, 99%); green crystals; m.p. ¼
320–322 �C; IR (KBr, n/cm�1) ¼ 3650–3290 (br. OH), 2224 (CN),
1665 (COKetone), 1646 (COPyridone);

1H-NMR (400 MHz, CDCl3)
d (ppm): 7.96–7.69 (m, 4H, phenyl–H), 8.15–8.01 (m, 2H,
naphthyl–H), 8.29–8.17 (m, 2H, naphthyl–H), 8.58–8.35 (m, 2H,
naphthyl–H), 8.67 (s, 1H, pyridone–H), 8.78 (s, 1H, pyridone–H),
10.82 (s, 1H, OH); EI-MS m/z (%): 77.29 (71.91%), 105.80
(58.71%), 128.99 (62.83%), 134.41 (86.53%), 328.22 (100.00),
403.45 (80.36%), 411.40 (50.29); HRMS (ESI): m/z calcd for
C23H13N3NaO5 [(M + Na)+] 434.0747, found 434.0730; anal. calcd
for C23H13N3O5 (411.09): C, 67.15; H, 3.19; N, 10.21%. Found: C,
67.11; H, 3.24; N, 10.25%.

1-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)-
5-(1-hydroxy-2-naphthoyl)-2-oxo-nicotinonitrile (3f). Yield
(456 mg, 96%); orange crystals; m.p. ¼ 354–355 �C; IR (KBr, n/
cm�1) ¼ 3554–3340 (OH), 2223 (CN), 1680 (COKetone), 1624
(COPyridone);

1H-NMR (400 MHz, DMSO-d6): d (ppm): 2.28 (s, 3H,
CH3), 3.26 (s, 3H, NCH3), 7.44–7.42 (m, 3H, phenyl–H), 7.49 (d, 1H,
Ar–H, J ¼ 8.76 Hz), 7.56 (dd, 2H, Ar–H, J ¼ 7.71, 7.78 Hz), 7.63 (dd,
1H, Ar–H, J¼ 7.13, 7.71Hz), 7.67 (d, 1H, Ar–H, J¼ 8.76Hz), 7.73 (dd,
1H, Ar–H, J¼ 7.13, 7.78 Hz), 7.96 (d, 1H, Ar–H, J¼ 8.08 Hz), 8.38 (d,
1H, Ar–H, J¼ 8.08Hz), 8.50 (d, 1H, pyridone–H, J¼ 2.46Hz), 8.61 (d,
RSC Adv., 2020, 10, 42998–43009 | 43005
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1H, pyridone–H, J ¼ 2.46 Hz), 12.39 (s, 1H, OH, exchangeable with
D2O); EI-MS m/z (%): 313.64 (91.61%), 330.71 (83.93%), 344.56
(100.00), 394.29 (53.22%), 415.22 (78.71%), 438.42 (69.80%), 476.87
(38.31%), 477.65 (5.28%); HRMS (ESI): m/z calcd for C28H20N4NaO4

[(M + Na)+] 499.1377, found 499.1371; anal. calcd for C28H20N4O4

(476.15): C, 62.04; H, 2.94; Br, 17.94; N, 6.29%. Found: C, 62.11; H,
2.99; Br, 17.85; N, 6.14%.

5-(1-Hydroxy-2-naphthoyl)-1-(5-methylthiazol-2-yl)-2-oxo-
nicotinonitrile (3g). Yield (366 mg, 95%); yellow crystals; m.p. ¼
300–301 �C; IR (KBr, n/cm�1)¼ 3520–3550 (OH), 2233 (CN), 1673
(COKetone), 1622 (COPyridone);

1H-NMR (400 MHz, DMSO-d6):
d (ppm): 2.49 (s, 3H, CH3), 7.53 (d, 1H, H-4, J¼ 8.39 Hz), 7.16 (d,
1H, Ar–H, J ¼ 1.14 Hz), 7.65 (dd, 1H, Ar–H, J ¼ 7.23, 7.64 Hz),
7.71 (d, 1H, Ar–H, J¼ 8.39 Hz), 7.75 (dd, 1H, Ar–H, J¼ 7.23, 8.02
Hz), 7.98 (d, 1H, Ar–H, J ¼ 8.02 Hz), 8.37 (d, 1H, Ar–H, J ¼ 7.64
Hz), 8.68 (brs, 1H, Ar–H), 9.28 (brs, 1H, Ar–H), 12.26 (s, 1H, OH,
exchangeable with D2O); EI-MS m/z (%): 89.37 (50.27%), 98.25
(100.00), 208.68 (51.43%), 251.29 (59.99%), 271.44 (94.44%),
287.62 (44.27%), 387.13 (30.53%); HRMS (ESI): m/z calcd for
C21H13N3NaO3S [(M + Na)+] 410.0570, found 410.0561; anal.
calcd for C21H13N3O3S (387.07): C, 65.11; H, 3.38; N, 10.85, S,
8.28%. Found: C, 65.08; H, 3.25; N, 10.91, S, 8.31%.

1-(Benzo[d]thiazol-2-yl)-5-(1–Hydroxy-2-naphthoyl)-2-oxo-
nicotinonitrile (3h). Yield (415 mg, 98%); yellow crystals; m.p.¼
344–346 �C; IR (KBr, n/cm�1)¼ 3560–3390 (OH), 2237 (CN), 1675
(COKetone), 1626 (COPyridone);

1H-NMR (400 MHz, CDCl3)
d (ppm): 7.59–7.54 (m, 4H, phenyl–H), 7.63 (d, 2H, naphthyl–H, J
¼ 8.40 Hz), 7.99 (d, 2H, naphthyl–H, J ¼ 8.00 Hz), 8.24 (d, 1H,
naphthyl–H, J ¼ 7.60 Hz), 8.42 (d, 1H, naphthyl–H, J ¼ 7.60 Hz),
8.80 (s, 1H, pyridone–H), 8.53 (s, 1H, pyridone–H), 12.41 (s, 1H, OH,
exchangeable with D2O); EI-MS m/z (%): 308.04 (100.00), 350.68
(64.94%), 351.92 (69.73%), 352.59 (52.89%), 356.63 (64.03%), 383.91
(51.51%), 423.59 (19.68%), 425.82 (33.67%); HRMS (ESI): m/z calcd
for C24H13N3NaO3S [(M + Na)+] 446.0570, found 446.0560; anal.
calcd for C24H13N3O3S (423.07): C, 68.08; H, 3.09; N, 9.92; S, 7.57%.
Found: C, 68.11; H, 3.01; N, 9.99; S, 7.61%.

Synthesis of 5-(1-hydroxy-2-naphthoyl)-2-oxo-1-((1-(2-oxo-2H-
chromen-3-yl)ethylidene)amino)nicotinonitrile (3i). A solution
of hydrazide 4 (1 mmol, 269mg) and Et3N (3.6 eq., 3.6 mmol, 0.5
mL) in dry dioxane (5 mL) was added to a solution of for-
mylchromone 1 (1 mmol, 224 mg) in hot dioxane (10 mL). Aer
that, the reaction mixture was heated over a water bath for 1 h.
Aer complete consumption of formylchromone 1, the reaction
mixture was poured into water/ice mixture to give a precipitate
which was ltered off, dried, and recrystallized from EtOH to
give pure product 10. Yield (422 mg, 89%); yellow crystals; m.p.
¼ 306–307 �C; IR (KBr, n/cm�1) ¼ 3568–3310 (OH), 2227 (CN),
1728 (COCoumarin), 1670 (COKetone), 1610 (COPyridone);

1H-NMR
(400 MHz, CDCl3): d (ppm): 2.29 (s, 3H, CH3), 7.44–7.37 (m,
1H, Ar–H), 7.63–7.52 (m, 2H, Ar–H), 7.75–7.64 (m, 2H, Ar–H),
7.77 (d, 1H, Ar–H, J ¼ 8.03 Hz), 7.73 (d, 1H, Ar–H, J ¼ 8.72 Hz),
7.93 (d, 1H, Ar–H, J ¼ 7.86 Hz), 7.97 (d, 1H, Ar–H, J ¼ 8.03 Hz),
8.38 (d, 1H, Ar–H, J ¼ 8.36 Hz), 8.58 (brs, 1H, pyridone–H), 8.62
(s, 1H, coumarin–H), 8.66 (brs, 1H, pyridone–H), 12.15 (s, 1H,
OH, exchangeable with D2O); EI-MS m/z (%): 40.18 (100.00),
44.00 (27.41%), 327.24 (38.38%), 355.24 (43.70%), 356.29
(16.17%), 37.31 (4.99%), 474.76 (1.25%); HRMS (ESI): m/z calcd
43006 | RSC Adv., 2020, 10, 42998–43009
for C28H17N3NaO5 [(M + Na)+] 498.1060, found 498.1050; anal.
calcd for C28H17N3O5 (475.12): C, 70.73; H, 3.60; N, 8.84%.
Found: C, 70.69; H, 3.57; N, 8.96%.

Synthesis of 2-cyano-N0-((4-oxo-4H-benzo[h]chromen-3-yl)
methylene)acetohydrazide (5). To a hot solution of for-
mylchromone 1 (1 mmol, 224 mg) in absolute ethanol (15 mL),
cyanoacetic acid hydrazide (1 mmol, 99 mg) in absolute ethanol
(10 mL) was added with continuous stirring, and then the
reaction mixture was reuxed for 10 min. The buff crystals,
obtained during heating, were ltered off and crystallized from
DMF/EtOHmixture to give compound 5 as a 3 : 1 mixture. Yield
(301 mg, 98.69%); buff crystals; m.p. ¼ 356–357 �C; IR (KBr, n/
cm�1) ¼ 3206 (NH), 2262 (CN), 1690 (COChromone), 1639
(COHydrazide), 1624 (C]N); 1H NMR (400 MHz, DMSO-d6):
d (ppm) ¼ 4.27 (s, 2H, CH2, E or Z), 3.88 (s, 2H, CH2, E or Z),
7.83–7.82 (m, 2H, Ar–H, E and Z), 8.04–8.00 (m, 2H, Ar–H, E and
Z), 8.13 (d, 1H, Ar–H, J¼ 7.68 Hz, E and Z), 8.19 (d, 1H, H-10, J¼
7.68 Hz, E and Z), 8.48 (s, 1H, pyrone–H, E or Z), 8.32 (s, 1H,
pyrone–H, E or Z), 8.95 (s, 1H, C HaN; E or Z), 9.06 (s, 1H,
CHaN; E or Z), 11.89 (s, 1H, NH, exchangeable with D2O, E or Z),
11.92 (s, 1H, NH, exchangeable with D2O, E or Z); 13C NMR (150
MHz, DMSO-d6) d (ppm): 174.5, 164.9, 153.9, 153.1, 136.6, 135.4,
129.9, 128.3, 128.0, 126.0, 123.2, 121.8, 120.0, 119.7, 119.4,
116.1, 24.2; EI-MS m/z (%): 40.19 (100.00), 44.09 (21.59%), 69.19
(1.58%), 113.89 (1.57%), 299.48 (1.42%), 305.20 (3.90%), 306.12
(2.18%); HRMS (ESI): m/z calcd for C17H11N3NaO3 [(M + Na)+]
328.0693, found 328.0682; anal. calcd for C17H11N3O3 (305.08): C,
66.88; H, 3.63; N, 13.76%. Found: C, 66.94; H, 3.62; N, 13.85%.

Synthesis of 5-(1-hydroxy-2-naphthoyl)-3-hydroxy-1H-pyr-
azolo [3,4-b]pyridine (6). A mixture of formylchromone 1
(1 mmol, 224 mg) and cyanoacetic acid hydrazide (1 mmol, 99
mg) in acetic acid (10 mL) was reuxed for 2 h. The obtained
crystals during heating were ltered and crystallized from acetic
acid to give compound 6. Yield (302 mg, 99%); pale orange
crystals; m.p.¼ 352–354 �C; IR (KBr, n/cm�1)¼ 3580–3415 (OH),
3117 (NH), 1630 (COKetone), 1603 (C]N); 1H NMR (500 MHz,
DMSO-d6) d (ppm): 7.48 (d, 1H, naphthyl–H, J ¼ 8.65 Hz), 7.60
(d, 1H, naphthyl–H, J ¼ 8.65 Hz), 7.65–7.63 (m, 1H, naphthyl–
H), 7.75–7.73 (m, 1H, naphthyl–H), 7.96 (d, 1H, naphthyl–H, J ¼
8.15 Hz), 8.39 (d, 1H, naphthyl–H, J ¼ 8.30 Hz), 8.49 (d, 1H,
pyridine, J ¼ 1.95 Hz), 8.82 (d, 1H, pyridine, J ¼ 1.95 Hz), 11.30
(brs, 1H, OH or NH, exchangeable with D2O), 12.75 (brs, 1H, OH
or NH, exchangeable with D2O), 12.88 (s, 1H, NH or OH,
exchangeable with D2O);

13C NMR (150MHz, DMSO-d6) d (ppm):
197.7, 159.6, 150.6, 136.5, 132.5, 130.0, 127.7, 126.9, 126.3,
125.0, 124.6, 123.5, 118.7, 114.6; HRMS (ESI): m/z calcd for
C17H11N3NaO3 [(M + Na)+] 328.0693, found 328.0691; anal. calcd
for C17H11N3O3 (305.08): C, 66.88; H, 3.63; N, 13.76%. Found: C,
66.83; H, 3.58; N, 13.72%.

General procedure for the synthesis of heteroaryl napthyl
ketones 7 and 8. Amixture of formylchromone 1 (1 mmol, 224 g)
and thiosemicarbazide or 2-aminothiophenol (1 mmol) in
absolute ethanol (20 mL) was reuxed for 15 min. The precipi-
tated solid during reux was collected by ltration and crystal-
lized from DMF/EtOH to give pure products 7 and 8.

6-(1-Hydroxy-2-naphthoyl)-3-thioxo-3,4-dihydro-2H-1,2,4-tri-
azepine (7). Yield (291 mg, 98%); gray crystals; m.p. ¼ 338–
This journal is © The Royal Society of Chemistry 2020
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339 �C; IR (KBr, n/cm�1) ¼ 3410 (OH), 3212 (NH), 3156 (NH),
1639 (COKetone);

1H NMR (500 MHz, DMSO-d6) d (ppm): 7.84–
7.78 (m, 2H, naphthyl–H), 7.96 (d, 1H, naphthyl–H, J¼ 8.75 Hz),
8.03 (d, 1H, naphthyl–H, J¼ 8.75 Hz), 8.12 (d, 1H, naphthyl–H, J
¼ 7.70 Hz), 8.16 (s, 1H, triazepine–H), 8.22 (s, 1H, OH or NH,
exchangeable with D2O), 8.29 (s, 1H, triazepine–H), 8.48 (d, 1H,
naphthyl–H, J ¼ 7.70 Hz), 9.36 (s, 1H, OH or NH, exchangeable
with D2O), 11.60 (s, 1H, OH or NH, exchangeable with D2O);

13C
NMR (150 MHz, DMSO-d6) d (ppm): 178.1, 174.5, 154.4, 153.0,
135.4, 133.9, 129.8, 128.3, 127.9, 125.9, 123.3, 121.9, 120.1,
119.75, 119.67; EI-MS m/z (%): 94.49 (60.60%), 122.09 (100.00),
169.21 (51.35%), 174.03 (46.47%), 279.15 (55.43%), 290.87
(59.44%), 297.90 (19.90%), 299.08 (12.28%); HRMS (ESI): m/z
calcd for C15H11N3NaO2S [(M + Na)+] 320.0464, found 320.0452;
anal. calcd for C15H11N3O2S (297.06): C, 60.59; H, 3.73; N, 14.13;
S, 10.78%. Found: C, 60.63; H, 3.76; N, 14.05; S, 10.72%.

3-(1-Hydroxy-2-naphthoyl)benzo[b][1,4]thiazepine (8). Yield
(325 mg, 98%); orange crystals; m.p. ¼ 220–221 �C; IR (KBr, n/
cm�1)¼ 3450–3325 (OH), 1660 (COKetone), 1626 (C]N); 1H NMR
(400 MHz, CDCl3): d (ppm) 7.37 (d, 1H, Ar–H, J ¼ 10.80 Hz),
7.64–7.55 (m, 3H, Ar–H), 7.74 (s, 1H, thiazepine–H), 7.81 (d, 1H,
Ar–H, J ¼ 10.00 Hz), 7.91 (dd, 2H, Ar–H, J ¼ 11.00, 11.60 Hz),
8.05 (d, 1H, Ar–H, J¼ 11.00 Hz), 8.16 (d, 1H, Ar–H, J¼ 10.50 Hz),
8.19 (s, 1H, thiazepine–H), 8.45 (d, 1H, Ar–H, J ¼ 10.00 Hz),
12.50 (s, 1H, OH, exchangeable with D2O); HRMS (ESI): m/z
calcd for C20H13NNaO2S [(M + Na)+] 354.0559, found 354.0575;
anal. calcd for C20H13NO2S (331.07): C, 72.49; H, 3.95; N, 4.23, S,
9.67%. Found: C, 72.42; H, 3.99; N, 4.31, S, 9.65%.

Synthesis of 11-ethoxy-2,11-dihydrobenzo[7,8]chromeno[4,3-
c]pyrazole (10). A mixture of formylchromone 1 (1 mmol, 224
mg) and hydrazine hydrate (1 mmol) in absolute ethanol (5 mL)
was stirred for 30 min. Aer cooling to room temperature, the
formed precipitate was collected by ltration, washed with dry
ethanol, dried, and crystallized from methanol to give product
5. Yield (231 mg, 97%); Pale yellow crystals; m.p. ¼ 210–211 �C;
IR (KBr, n/cm�1)¼ 3164 (NH), 2967, 2862 (CHAliphatic), 1632 (C]
N); 1H-NMR (400 MHz, DMSO-d6) d (ppm): 1.06 (t, 3H, CH2CH3,
J ¼ 6.80 Hz), 3.45 (q, 2H, CH2CH3, J ¼ 6.80 Hz), 4.39 (br. s, 1H,
NH, exchangeable with D2O), 6.94 (s, 1H, H-2Chromene), 7.57–7.55 (m,
2H, H-Ar–H), 7.61–7.59 (m, 2H, Ar–H), 7.92 (d, 1H, Ar–H, J ¼ 8.01
Hz), 8.32 (d, 1H, Ar–H, J ¼ 8.01 Hz), 8.66 (brs, 1H, CHPyrazole);

13C
NMR (150MHz, DMSO-d6) d (ppm): 154.4, 151.0, 134.3, 127.6, 127.0,
125.5, 125.4, 122.6, 119.3, 114.7, 111.5, 56.1, 18.6; EI-MS m/z (%):
50.92 (46.23%), 58.47 (57.12%), 98.4 (74.18%), 106.85 (70.21%),
195.09 (68.37%), 214.05 (100.00%), 238.49 (37.40%); HRMS (ESI):m/
z calcd for C16H15N2O2 [(M + H)+] 267.1128, found 267.11.21; anal.
calcd for C16H14N2O2 (266.11): C, 70.12; H, 5.30; N, 10.52%. Found:
C, 70.21; H, 5.36; N, 10.42%.

Synthesis of 3-(1-hydroxy-2-naphthoyl)-4-(hydrazineylidene
methyl)-1H-pyrazole (11). A mixture of formylchromone 1
(1 mmol, 224 mg) and hydrazine hydrate (2 mmol) in absolute
ethanol (5 mL) was reuxed for 2 h. The reaction mixture was
le to stand overnight, and then the precipitate was puried by
column chromatography to afford pure pyrazole 6. Yield
(248mg, 98%); Deep yellow crystals; m.p.¼ 224–225 �C; IR (KBr,
n/cm�1) ¼ 3651–3420 (OH, NH2), 3259 (NH), 1616 (C]N), 1574
(C]C); 1H-NMR (400 MHz, DMSO-d6): d (ppm) 7.19 (br. s, 2H,
This journal is © The Royal Society of Chemistry 2020
NH2), 7.75–7.54 (m, 5H, Ar–H, CH]N), 7.92 (d, 1H, Ar–H, J ¼
8.00 Hz), 8.32 (d, 1H, Ar–H, J ¼ 8.00 Hz), 8.67 (brs, 1H,
CHPyrazole), 10.61 (s, 1H, OH or NH), 13.6 (s, 1H, OH or NH); 13C
NMR (100 MHz, DMSO-d6): d (ppm) 115.10, 116.63, 119.81,
123.08, 125.79, 126.02, 127.46, 127.84, 128.06, 128.69, 129.38,
134.73, 151.36, 154.84; EI-MS m/z (%): 77.24 (72.11%), 122.06
(82.14%), 151.26 (100.00%), 152.19 (62.05%), 166.96 (48.52%),
202.12 (56.76%), 216.92 (57.41%), 252.00 (11.34%); HRMS (ESI):
m/z calcd for C14H12N4NaO [(M + Na)+] 275.0903, found
275.0901; anal. calcd for C14H12N4O (252.10): C, 66.65; H,
4.79; N, 22.21%. Found: C, 70.53; H, 4.37; N, 11.72%.

General procedure for the synthesis of Schiff bases 12a,b. To
a hot solution of formylchromone 1 (1 mmol, 224 mg) in
absolute methanol (15 mL), 4-aminoantipyrine or 2-benzothia-
zolamine (1 mmol) was added followed by reux for 30 min. The
formed precipitate was collected by ltration and washed by
methanol to give pure Schiff bases 12a,b.

1,5-Dimethyl-4-(((4-oxo-4H-benzo[h]chromen-3-yl)methy-
lene)amino)-2-phenyl-1,2-dihydro-3H-pyrazol-3-one (12a). Yield
(402 mg, 98%); yellow crystals; m.p. ¼ 342–343 �C; IR (KBr, n/
cm�1) ¼ 2975, 2916 (CHAliphatic), 1653 (CO), 1622 (CO), 1602
(C]N); 1H NMR (500 MHz, CDCl3) d (ppm): 2.49 (s, 3H, CH3),
3.15 (s, 3H, NCH3), 7.30 (t, 1H, Ar–H, J ¼ 7.25 Hz), 7.38 (d, 2H,
Ar–H, J ¼ 7.55 Hz), 7.45 (dd, 2H, Ar–H, J ¼ 7.25, 7.55 Hz), 7.69–7.63
(m, 2H, Ar–H) 7.76 (d, 1H, Ar–H, J¼ 8.65 Hz), 7.90 (d, 1H, Ar–H, J¼
7.60 Hz), 8.19 (d, 1H, Ar–H, J ¼ 8.65 Hz), 8.46 (d, 1H, Ar–H, J ¼ 7.60
Hz), 8.93 (s, 1H, chromone–H), 9.87 (s, 1H, CH]N); 13C NMR (150
MHz, CDCl3) d (ppm): 188.8, 175.6, 167.8, 160.3, 159.5, 153.6, 150.7,
135.9, 134.6, 129.3, 129.2, 128.1, 127.2, 127.0, 125.6, 124.5, 124.0,
122.2, 122.1, 121.1, 121.0, 35.8, 10.3; EI-MS m/z (%): 73.13 (50.42%),
77.15 (65.69%), 267.18 (32.21%), 295.22 (58.23%), 336.25 (100.00%),
354.20 (48.79%), 409.02 (3.45%); HRMS (ESI): m/z calcd for
C25H19N3NaO3 [(M + Na)+] 432.1319, found 432.1319; anal. calcd for
C25H19N3O3 (409.14): C, 73.34; H, 4.68; N, 10.26%. Found: C, 73.32;
H, 4.71; N, 10.31%.

3-((Benzo[d]thiazol-2-ylimino)methyl)-4H-benzo[h]chromen-
4-one (12b). Yield (348 mg, 98%); yellow crystals; m.p. ¼ 236–
237 �C; IR (KBr, n/cm�1) ¼ 1652 (CO), 1612 (CN); 1H-NMR (500
MHz, DMSO-d6) d (ppm): 7.29 (dd, 1H, Ar–H, J ¼ 1.05, 7.35 Hz),
7.43 (dd, 1H, Ar–H, J ¼ 2.35, 9.75 Hz), 7.65–7.62 (m, 2H, Ar–H),
7.76 (d, 1H, Ar–H, J¼ 7.95 Hz), 7.73 (dd, 1H, Ar–H, J¼ 7.45, 8.55
Hz), 7.87 (dd, 1H, Ar–H, J ¼ 1.35, 7.20 Hz), 7.97 (m, 2H, Ar–H),
8.33 (d, 1H, Ar–H, J ¼ 8.30 Hz), 9.09 (s, 1H, chromone–H), 10.20
(s, 1H, CH]N); HRMS (ESI):m/z calcd for C21H12N2NaO2S [(M +
Na)+] 379.0512, found 379.0506; anal. calcd for C21H12N2O2S
(356.06): C, 70.77; H, 3.39; N, 7.86; S, 9.00%. Found: C, 70.72; H,
3.41; N, 7.81; S, 9.07%.

Biological evaluation
Antitumor activity

The cells of human liver carcinoma (HepG-2), and human
breast adenocarcinoma (MCF-7) were purchased from the
American Type Culture Collection (Rockville, MD). All cells were
maintained in a DMEMmedium, which was supplemented with
10% of heat-inactivated fetal bovine serum (FBS), 100 U ml�1 of
each of penicillin and streptomycin. The cells were grown at
RSC Adv., 2020, 10, 42998–43009 | 43007

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08526j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

11
:1

3:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
37 �C in a humidied atmosphere of 5% CO2. The cytotoxicity
activities on the HepG-2, and MCF-7 human cancer cell lines
were estimated, employing the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay, which was
grounded on the reduction of the tetrazolium salt by the
mitochondrial dehydrogenases in viable cells.30 The cells were
dispensed in a 96 well sterile microplate (3 � 104 cells per well),
followed by their incubation at 37 �C with a series of different
concentrations of 10 mL of each compound or Doxorubicin®
(positive control, in DMSO) for 48 h in a serum-free medium
prior to the MTT assay. Subsequently, the media were carefully
removed, 40 mL of MTT (2.5 mg mL�1) was added to each well,
and then incubated for an additional 4 h. The purple formazan
dye crystals were solubilized by the addition of 200 mL of DMSO.
The absorbance was measured at 570 nm applying
a SpectraMax® Paradigm® Multi-Mode microplate reader. The
relative cell viability was expressed as the mean percentage of
viable cells relative to the untreated control cells. All experi-
ments were conducted in triplicate and were repeated on three
different days. All the values were represented as mean � SD.
The IC50s were determined by the SPSS probit analysis soware
program (SPSS Inc., Chicago, IL).

Anti-inammatory activity

The ability of the synthesized compounds to inhibit ovine COX-
1 and COX-2 (IC50 values) was determined using an enzyme
immunoassay (EIA) kit (Catalog number 560101, Cayman
Chemical, Ann Arbor, MI, USA). Briey, to a series of supplied
reaction buffer, solutions (960 mL, 0.1 M Tris HCl pH 8.0 con-
taining 5 mM EDTA and 2 mM phenol) with either COX-1 or
COX-2 (10 mL) enzyme in the presence of heme (10 mL) were
added 10 mL of various concentrations of test drug solutions
(1000–0.49 mg mL�1 in a nal volume of 1 mL). These solutions
were incubated for 5 min at 37 �C aer which 10 mL of AA (100
mM) solution were added and the COX reaction was stopped by
the addition of 50mL of 1MHCl aer 2 min. This assay is based
on the competition between PGs and a PG-acetylcholinesterase
conjugate (PG tracer) for a limited amount of PG antiserum. The
amount of PG tracer that can bind to the PG antiserum is
inversely proportional to the concentration of PGs in the wells
since the concentration of PG tracer is held constant while the
concentration of PGs varies. This antibody ePG complex binds
to a mouse anti-rabbit monoclonal antibody that had been
previously attached to the well. The plate is washed to remove
any unbound reagents and then Ellman's reagent, which
contains the substrate to acetylcholine esterase, is added to the
well. The product of this enzymatic reaction produces a distinct
yellow color that absorbs at 406 nm. IC50 value is the compound
concentration required to produce 50% inhibition of COX-1 or
COX-2 for means of two determinations using an ovine COX-1/
COX-2 assay kit (USA) (triplicate determinations). Selectivity
index (COX-1 IC50/COX-2 IC50).

Antituberculosis activity

The Mycobacterium tuberculosis (RCMB 010126) strain was
provided from the Regional Center for Mycology and
43008 | RSC Adv., 2020, 10, 42998–43009
Biotechnology (RCMB), Al-Azhar University (Cairo, Egypt).
Antimycobacterial activity of the synthesized compounds was
performed using the microplate Alamar blue assay (MABA)
which was performed in black, clear-bottomed, 96 well micro-
plates to minimize background effects.31 Outer perimeter wells
were lled with sterile water to prevent dehydration in experi-
mental wells. Initial compounds dilutions were prepared in
dimethyl sulfoxide and subsequent twofold dilutions were
performed in the microplates. 0.1 mL of 105 CFU mL�1 Myco-
bacterium tuberculosis inoculum was added to wells, additional
control wells consisted of bacteria only (B). Isoniazid was used
as a reference drug. Plates were incubated at 37 �C. Starting at
day 4 of incubation, 20 mL of alamar Blue solution (Alamar
Biosciences/Accumed, Westlake, OH, USA) and 12.5 mL of 20%
Tween 80 were added to the entire plate. Plates were then
incubated at 37 �C, and results were recorded at 24 h post-
reagent addition at 590 nm. Percent inhibition was dened as
[1 � (mean of test well/mean of B wells) � 100]. Visual MICs
were dened as the lowest concentration of drug that prevented
a color change.
Computational analysis
Molecular docking

To predict the inhibition mechanisms and the most suitable
targets for the synthesized compounds, several biological
targets related to anticancer, anti-inammatory, and antitu-
berculosis activities were screened. The crystal structures
Human DEAD-box RNA helicase DDX3X (PDB 2I4I) and Human
topoisomerase II (PDG 5GWK) as cancer targets; COX-1 (PDB
1EGQ) and COX-2 (PDB 4PH9) as anti-inammatory targets; M.
tuberculosis InhA enzyme (PDB 4DRE) as tuberculosis target
were selected and fetched from Protein Data Bank
(www.rcsb.org/pdb). Chemical structures of ligands were drawn
into Marvin Sketch (ChemAxon) and the most energetically
favored conformer was saved as (*.sdf) le format for docking.
Molecular AutoDock 4.2 (MGL tools-1.5.6) docking protocol was
performed using PYRX soware.32 Prior to the semi-exible
docking, the target proteins were cleaned up by removing
water molecules and adding hydrogen atoms to obtain correct
ionization and tautomeric states of amino acid residues. All
rotatable bonds could rotate during the docking process, and
protein-ligand interactions were saved in the PDBQT format
suitable for calculating binding energy. The structure of ligand
and its complexes were transformed into PDB le format using
PYMOL soware (Version 2.2.3).
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