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and computational studies of new
azaheterocyclic coumarin derivatives as anti-
Mycobacterium tuberculosis agents targeting enoyl
acyl carrier protein reductase (InhA)†

Rasha Z. Batran, *a Ahmed Sabt, a Jarosław Dziadekb and Asmaa F. Kassemc

In this study, we designed and synthesized a series of coumarin derivatives as antitubercular agents

targeting the enoyl acyl carrier protein reductase (InhA) enzyme. Among the synthesized compounds,

the tetrazole derivative 4c showed the most potent antitubercular effect with a minimum inhibitory

concentration value (MIC) of 15 mg mL−1 against Mtb H37Rv and could also inhibit the growth of the

mutant strain (DkatG). Compound 4c was able to penetrate Mtb-infected human macrophages and

suppress the intracellular growth of tubercle bacilli. Moreover, the target derivative 4c showed a potent

inhibitory effect against InhA enzyme with an IC50 value of 0.565 mM, which was superior to the

reference InhA inhibitor triclosan. Molecular docking of compound 4c within the InhA active site

revealed the importance of the 4-phenylcoumarin ring system and tetrazole moiety for activity. Finally,

the physicochemical properties and pharmacokinetic parameters of 4c were investigated.
1. Introduction

Tuberculosis (TB), a severe respiratory infectious disease caused
byMycobacterium tuberculosis (Mtb), is considered one of the top
ten global causes of mortality and is currently recognized as the
world's primary cause of death from a single infectious agent,
surpassing HIV/AIDS.1–3 According to the World Health Orga-
nization (WHO), it has been estimated that about 10 million
new cases of TB were diagnosed in 2021, with approximately 1.5
million deaths.4 The increasing drug resistance of Mycobacte-
rium tuberculosis strains and the limited efficacy of anti-
tubercular therapy have contributed to the worsening epide-
miological status of TB.5,6 The emerging resistance is also
exacerbated by several drawbacks of the traditional anti-TB
therapies, such as long duration and use of multiple drugs,
e.g. isoniazid (INH), ethambutol, rifampicin, uoroquinolones
and linezolid.7,8 Resistance to rifampicin is due to mutations in
the b-subunit of RNA polymerase, whereas resistance to isoni-
azid primarily arises from mutations in the katG gene9 that
encodes the catalase/peroxidase enzyme, which activates the
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prodrug INH inside the mycobacterial cell and enables it to
bind to the active site of enoyl acyl carrier protein reductase
(InhA), an essential NADH-dependent enzyme involved in
mycolic acid synthesis and plays a crucial role in the survival of
mycobacteria.10 Therefore, the inhibition ofM. tuberculosis InhA
represents a signicant approach for the discovery of novel anti-
TB drugs that could circumvent the resistance mechanisms
exerted byMtb strains,11–13 e.g. triclosan,14 arylamide,15 diphenyl
ether derivatives,16,17 4-hydroxy-2-pyridones18 and pyrrolidine
carboxamide analogs.19 The lack of novel remedies coming
through the pipeline makes the development of new innovative
strategies to cure TB an urgent challenge.

Regarding the pharmacophoric features of InhA inhibitors,
three InhA key sites were observed to accommodate the inhib-
itors. Site I includes a tyrosine residue and the ribose group of
the NAD factor. Most InhA inhibitors contain an oxygen atom
that interacts with the hydroxyl group of the Tyr158 residue and
the ribose ring of the NAD cofactor. Site II has a exible
hydrophobic pocket that accommodates long alkyl chains.
Extending the inhibitor substrate into this pocket leads to
increase in lipophilicity, which provides the benets of ease in
crossing biological membranes and hence enhanced potency.
The third pocket, site III, is relatively unexplored, which offers
the opportunity for hydrophilic interactions through the phos-
phate groups of NAD and hydrophobic interactions via Ala198
and Ile202 residues. The undiscovered aspect of the InhA
binding pocket offers a considerable chance to modify the
physicochemical properties of InhA binding scaffolds.20–22
RSC Adv., 2024, 14, 21763–21777 | 21763
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Fig. 1 Coumarin-based derivatives as anti-TB agents and InhA inhibitors.
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Coumarin scaffold is a widely recognized naturally derived
chemical backbone in the eld of medicinal chemistry, exhib-
iting a diverse array of biological effects, such as anticancer,23,24

anti-inammatory,25,26 antioxidant,27,28 antimicrobial,29,30 and,
particularly, antitubercular, such as InhA inhibitory agents.31–35

In recent years, several coumarin scaffolds have been reported
for their potent anti-TB activities (Fig. 1). However, the safety
prole of these compounds remains an important issue for the
determination of their biological impact; for example, the
naturally occurring Calanolide A displayed an anti-TB effect
with an MIC value of 3.13 mg mL−1 and relatively low selectivity
index (SI = 2.43).34 Similarly, 3-phenyl-4-syrylcoumarin I
Fig. 2 Azaheterocyclic compounds showing antimycobacterial and InhA

21764 | RSC Adv., 2024, 14, 21763–21777
exhibited potent anti-Mtb effectiveness (MIC = 3.5 mg mL−1)
with SI value of 2.85.35

The nature of the coumarin structure facilitates its engage-
ment in various forms of interactions, including hydrogen
bonding, hydrophobic interactions, and p–p stacking.36–38 More-
over, the isosteric features of the coumarin scaffold are shared
with the bioactive quinoline core, which forms the main skeleton
of several FDA-approved antitubercular drugs, such as bedaqui-
line and uoroquinolones, making the coumarin core an attrac-
tive target for the design and synthesis of anti-TB candidates.

Moreover, nitrogen-containing heterocycles have been
recognized as privileged structures owing to their versatile
inhibition effects.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Design strategy for the synthesis of coumarin-azaheterocycle hybrids and possible interaction with InhA active site.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 1
0:

22
:2

6 
PM

. 
 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
interactions with diverse biological targets.39,40 The ve-
membered azaheterocyclic molecular scaffolds, such as tetra-
zoles,41 thiadiazole,42–44 oxadiazole,45 pyrazole41,44,46,47 and
pyrrole48 as well as the fused nitrogen-containing heterocycles
as indoles,49,50 are encompassed in a vast number of anti-
mycobacterial candidates endowed with InhA inhibitory effects
(Fig. 2).

A molecular hybridization strategy was used in drug design
and development based on the combination of different phar-
macophoric moieties to afford a new hybrid entity with possibly
improved affinity and efficacy and reduced undesirable side
effects. In this investigation, we aimed to study the potential
antitubercular effects of new azaheterocyclic coumarin hybrids
against the wild typeMtb H37Rv and the mutant strain (DkatG),
targeting InhA and taking their safety prole into concern. The
design of the target derivatives was rationally established by
replacing the quinoline core of the FDA-approved anti-
mycobacterial drugs, e.g. bedaquiline, with the coumarin iso-
stere conserving the common pharmacophoric features of
triclosan InhA inhibitor (Fig. 3). Moreover, molecular docking
studies were performed to evaluate the modes of interactions
between the potent derivatives and the target enzyme. The
pharmacokinetic parameters of the most active compound were
also studied.
2. Results and discussion
2.1. Chemistry

The synthesis of the target compounds 3, 4a–c, 8a–c, 9a–c and
10–17 was outlined in Schemes 1–4. Condensation of the
starting compound 6-chloro-7-hydroxy-4-phenylcoumarin with
© 2024 The Author(s). Published by the Royal Society of Chemistry
2-chloroacetonitrile in dry acetonitrile in the presence of
anhydrous potassium carbonate afforded the corresponding 7-
oxyacetonitrile derivative 2. The heterocyclization of compound
2 to the corresponding tetrazole derivative 3 proceeded via
a reaction with sodium azide and ammonium chloride in DMF.
The reaction of tetrazole derivative 3 with 2-(dimethylamino)
ethyl chloride hydrochloride, 2-(diethylamino)ethyl chloride
hydrochloride, and/or 4-(2-chloroethyl) morpholine hydrochlo-
ride in dry acetonitrile in the presence of anhydrous potassium
carbonate yielded the corresponding dimethylaminoethyl,
diethylaminoethyl and morpholinoethyl tetrazole derivatives
4a–c, respectively (Scheme 1).

Cyclization of the key thiosemicarbazides 7a–c in conc.
sulfuric acid at 0 °C and reuxing pyridine afforded the corre-
sponding alkyl or phenylamino-1,3,4-thiadiazoles 8a–c and
1,3,4-oxadiazole derivatives 9a–c, respectively (Scheme 2).

Cyclocondensation of the hydrazide intermediate 6 with
different b-dicarbonyl compounds, namely, acetylacetone, eth-
ylacetoacetate and diethylmalonate, yielded the corresponding
3,5-dimethylpyrazole 10, 3-methylpyrazol-5-one 11 and
pyrazolidine-3,5-dione 12, respectively. The target imides, 2,5-
dioxo-2H-pyrrole 13 and 1,3-dioxoisoindoline 14, were obtained
by the heterocyclization of hydrazide 6 with different acid
anhydrides as maleic and/or phthalic anhydride in acetic acid,
respectively (Scheme 3).

Reuxing the intermediate hydrazide 6 with different indole
compounds, namely, 3-indole carbaldehyde, 3-acetyl indole
and/or isatin, in ethyl alcohol using a catalytic amount of glacial
acetic acid afforded the corresponding Schiff's bases 15–17
(Scheme 4). The structures of the newly synthesized target
RSC Adv., 2024, 14, 21763–21777 | 21765
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Scheme 1 Reagents and conditions: (i) ClCH2CN, K2CO3, CH3CN, reflux, 8 h; (ii) NH4Cl, NaN3, DMF, 120 °C; 7 h (iii) ClCH2CH2NR1R2$HCl, K2CO3,
CH3CN, reflux, 8–10 h.

Scheme 2 Reagents and conditions: (i) C2H5OCOCH2Br, anhydrous K2CO3, acetone, reflux, 8–10 h (ii) NH2NH2$H2O, EtOH, RT, 24 h; (iii) RNCS,
EtOH, reflux, 5–7 h; (iv) H2SO4, 0 °C, 30 min; (v) pyridine, reflux, 10–14 h.

21766 | RSC Adv., 2024, 14, 21763–21777 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Reagents and conditions: (i) CH3COCH2COCH3, EtOH, reflux, 8 h; (ii) CH3COCH2COOC2H5, EtOH, reflux, 10 h; (iii) CH2(COOC2H5)2,
AcOH, reflux, 12 h; (iv) maleic anhydride, AcOH, reflux, 6 h; (v) phthalic anhydride, AcOH, reflux, 8 h.

Scheme 4 Reagents and conditions: (i) 3-indole carbaldehyde, EtOH, AcOH, 6 h, reflux; (ii) 3-acetylindole, EtOH, AcOH, reflux, 6 h; (iii) isatin,
EtOH, AcOH, reflux, 8 h.
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compounds were conrmed by applying analytical and spectral
methods, such as IR, MS, 1H NMR and 13C NMR.
2.2. Biological activity

2.2.1 Antimycobacterial screening
2.2.1.1 Antitubercular effects and cytotoxicity of the synthe-

sized target compounds. All the target azaheterocyclic coumarin
hybrids were assessed for their activity towards the tubercle
bacilli, M. tuberculosis and nontuberculous mycobacteria M.
abscessus. Primary screening showed that most of the tested
compounds suppressed the growth ofM. tuberculosis but notM.
abscessus at 125 mgmL−1. Theminimal inhibitory concentration
(MIC) was investigated for the active compounds against M.
tuberculosis using MABA (microplate alamar blue assay)
(Tables 1 and S1†). The tetrazole derivatives 4b and 4c showed
the lowest MIC value of 15 mg mL−1. The methylamino-1,3,4-
© 2024 The Author(s). Published by the Royal Society of Chemistry
oxadiazol compound 9a inhibited the growth of Mtb H37Rv,
displaying an MIC value of 31.25 mg mL−1. The tetrazoles 3 and
4a, thiadiazoles 8b,c and their oxadiazole congeners 9b,c in
addition to the pyrazoles 11 and 12 and imide compounds 13
and 14 exhibited MIC values ranging from 62.5 to 125 mg mL−1.
Although the relationship between the structure of the target
compounds and their anti-Mtb activity is not very clear, some
points could still be concluded. The elongation of the dia-
lkylamino side chain of the tetrazole derivatives could enhance
the antitubercular effects; for example, diethylamino and mor-
pholino derivatives 4b and 4c demonstrated more potent inhi-
bition effects than the dimethylamino derivative 4a. Similarly,
ethylamino and phenylamino-thiadiazole compounds 8b and
8c showed moderate potency when compared to the methyl-
amino derivative 8a, which was devoid of any antitubercular
effect. On the contrary, the presence of long alkylamino chains
RSC Adv., 2024, 14, 21763–21777 | 21767
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Table 1 Antimycobacterial activity of tested compounds against Mtb
H37Rv

Compounds
Mtb − MIC
[mg mL−1]

IC50-L929
[mg mL−1] IC50/MIC − Mtb

3 62.5 ND ND
4a 62.5 ND ND
4b 15 31.25 2
4c 15 125 8
8b 62.5 ND ND
8c 62.5 ND ND
9a 31.25 62.5 2
9b 62.5 ND ND
9c 62.5 ND ND
11 62.5 ND ND
12 125 ND ND
13 62.5 ND ND
14 62.5 ND ND
INH 0.05 — —
ETH 0.25–16 (ref. 52) — —

Fig. 4 Bactericidal effect of 4-phenylcoumarin 4c. The tested
compoundwas used at concentrations of 25 and 75 mgmL−1 for 7 (168
h) and 14 days (336 h), respectively. The number of viable bacteria was
assessed through CFU analysis. Ordinary one-way ANOVA test was
applied to compare control untreated M. tuberculosis (Rv_control) to
bacilli treated with the tested compound at indicated concentrations
and time points. The adjusted p value was <0.0001 for each pair
comparison. The statistical analysis and graph were prepared using
GraphPad Prism 9 version 9.3.1.
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or bulky groups on the oxadiazole derivatives showed reduced
anti-TB effects; for example, the ethylamino-oxadiazole 9b and
phenylamino-oxadiazole 9c derivatives were less potent than
the methylamino-oxadiazole derivative 9a. For the pyrazole-
linked coumarin derivatives, methylpyrazol-5-one compound
11 was the most active, while the activity was dramatically
reduced for 3,5-dioxopyrazole compound 12 and completely
disappeared for 3,5-dimethylpyrazole derivative 10. Moreover,
compounds with acetohydrazide linker 15–17 lost any activity
towards Mtb.

Compounds showing inhibition potential at concentrations
#31.25 mg mL−1 were assessed for their cytotoxicity against
mouse broblast cell line L929 using the MTT assay according
to international standards (ISO 10993-5:2009(E)).51 The deter-
mined IC50 value was about 8-fold higher for compound 4c and
2 times higher for compounds 4b and 9a (Table 2). Considering
the high selectivity index (SI) ratio of 4c compared to derivatives
4b and 9a as well as to previously reported coumarin
compounds,34,35 compound 4c was chosen for further biological
assays.

2.2.1.2 Antimycobacterial activity of 4c against DkatG mutant.
Given that InhA enzyme is the target for the reference INH and
the compounds tested in this study, the efficacy of the prom-
ising compound 4c was assessed against DkatG mutant strain
lacking the functional KatG enzyme, which shows resistance to
INH. The promising anti-mycobacterial activity observed
against the DkatG strain suggests that 4c could be a potential
candidate for future tuberculosis treatments (Table 2).
Table 2 Antimycobacterial activity of 4c against DkatG mutant

Compounds DkatG MIC [mg mL−1]

4c 15
INH 200

21768 | RSC Adv., 2024, 14, 21763–21777
2.2.1.3 Evaluation of the bactericidal activity of the target
compound 4c. The bactericidal effect was evaluated for the
promising compound 4c by assessing the viability of bacteria
exposed to the tested compound and by determining the
number of colony-forming units (CFU). Compound 4c displayed
about 60% decrease in the viability of tubercle bacilli aer 7 and
14 days of incubation at 25 mg mL−1 concentration and about
90% decrease at 75 mg mL−1 (Fig. 4).

2.2.1.4 Assessment of the antimycobacterial activity of 4c
inside human macrophages. Potential antimycobacterial drugs
should be able to penetrate human macrophages to suppress
the multiplication of M. tuberculosis that is located inside these
phagocytic cells without causing lysis. Thus, the promising
compound 4c was evaluated for its activity towards tubercle
bacilli inside human macrophages and cytotoxicity to human
monocyte-derived macrophages (MDMs) in concentrations 2×
and 4× MIC (Table S1†). Compound 4c showed a signicant
decrease in the number of viable bacilli (p = 0.0041) compared
to the untreated control (Fig. 5 and Table S2†), which proved its
capability to cross the cell membrane.

2.2.1.5 Assessment of the effectiveness of 4c against mycobac-
terial biolms. M. tuberculosis can adhere to surfaces and
develop biolms that are important factors for antimicrobial
resistance.53 The potential new anti-tuberculosis agents should
exhibit bactericidal effects against intra- or extracellular
planktonic bacilli and against biolm-forming bacteria. The
bactericidal effect of compound 4c on the Mtb biolm forma-
tion was identied using a resazurin-based assay to determine
the viability of the tubercle bacilli in tested and control
untreated Mtb biolm cultures. The presence of compound 4c
in the 2× MIC concentration decreased the biolm viability by
approximately 10% (p < 0.0001) (Fig. 6). Therefore, it seems that
the tested compound 4c has limited efficacy against biolms
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Human monocyte-derived macrophages (MDMs) infected with
M. tuberculosis and treated with compound 4c in a 2× MIC concen-
tration. Unpaired t test was applied to compare a number of intra-
cellular M. tuberculosis (control) to bacilli treated with compound 4c.
The adjusted p value was determined as p = 0.0041. The statistical
analysis was performed and the graph was prepared using GraphPad
Prism 9 version 9.3.1.

Fig. 6 Effect of compound 4c on the mature biofilm composed of M.
tuberculosis. Data were compared using unpaired t test. **** depicts
the values with significant differences at p < 0.0001. The statistical
analysis was performed and the graph was prepared using GraphPad
Prism 9 version 9.3.1.

Table 3 InhA inhibition effect of the promising compound 4c

Compound IC50 (mM)

4c 0.565 � 0.02
Triclosan 0.731 � 0.03
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formed by Mtb, which may result from its greater bacteriostatic
(MIC value) than bactericidal activity.

2.2.2 Inhibition of the Mtb InhA enzyme. Compound 4c
showing good activity against M. tuberculosis was further inves-
tigated for its potential inhibition of the InhA target enzyme. The
results presented in Table 3 showed that compound 4c was
effectively able to inhibit InhA enzyme at a low micromolar
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentration, displaying an IC50 of 0.56 mM superior to the re-
ported reference drug triclosan (IC50 = 0.73 mM).
2.3. Molecular docking

To predict the binding mode of the most active compound 4c
within the specied InhA active site, a molecular docking study
was performed in which the co-crystallized ligand (PDB ID:
4TZK)19 was used as a reference to compare the docking results
of the examined compound 4c. Docking was carried out in the
presence of NAD cofactor, which participated in the recognition
and binding of the co-crystalized ligand. The docking process
was validated by redocking the co-crystallized ligand. The
RMSD value of the redocked ligand was 0.5699 Å, which is
a precise prediction of the favorable position. The co-
crystallized ligand was able to create two hydrogen bonds with
Tyr158 and Met161, as well as several hydrophobic interactions,
and displayed a docking score of −9.5 kcal mol−1 (Fig. 7).

The most active compound, 4c, occupied the active binding
site in contact with the NAD, as demonstrated in Fig. 8, and
displayed a strong binding affinity of −9.2 kcal mol−1, which is
about 0.3 kcal mol−1 less than that of the co-crystallized ligand
(−9.5 kcal mol−1). The coumarin core was observed to form p–p

stacking interaction with Tyr158. The 4-phenylcoumarin system
was found to interact hydrophobically with the non-polar pocket
of the InhA active site, which includes Met103, Phe149, Gly104,
Pro156, Met155, Tyr158, Ala157, Ile215, Ile202, Met199 and
Leu218. Furthermore, the coumarin carbonyl oxygen atom was
able to form an H-bonding interaction with the Gly104 residue.
Compound 4c and Tyr158 established one more H-bond via the
tetrazole ring's nitrogen. As shown in Fig. 8, the tetrazole ring
also established a p–sulfur interaction with Met161. Further-
more, 4c maintained hydrophobic contact with NAD through its
2-morpholinoethyl tetrazole tail. In conclusion, 4c displayed
a strong binding affinity for the active site of InhA, matching the
co-crystallized ligand that could clarify the modes of interaction
of the recently synthesized candidates and contribute to the
creation of new anti-tuberculosis agents.
2.4. Pharmacokinetics and physicochemical properties of
compound 4c

The drug-likeness properties and parameters of the promising
compound 4c were predicted using the free web tool Swis-
sADME, and some in silico descriptors and parameters were also
calculated. The target compound 4c displayed high gastroin-
testinal absorption with a moderate solubility prole and 0.55
bioavailability value, and it also showed no PAINS alerts.
Furthermore, the investigated derivative was identied as
a non-carcinogenic non-biodegradable compound (Table 4).
RSC Adv., 2024, 14, 21763–21777 | 21769
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Fig. 7 2D interaction map and 3D overlay plot in the InhA protein active site (PDB ID: 4TZK) between co-crystallized (red) and redocked (yellow)
ligands showing an RMSD of 0.5699 Å.

Fig. 8 2D and 3D interaction maps between InhA residues and ligand 4c.

Table 4 Pharmacokinetics and physicochemical properties of compound 4c

Compd
#Heavy
atoms

#Rotatable
bonds

#H-bond
acceptors

#H-bond
donors MR TPSA WLOGP

4c 33 7 8 0 126.36 95.51 2.48

Compd SOL class GI absorption Carcinogenicity
Lipinski
#violations

Bioavailability
score

PAINS
#alerts Biodegradation

4c Moderately soluble High No 0 0.55 0 No
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3. Conclusion

In this investigation, we designed and synthesized a series of
coumarin derivatives bearing different azaheterocyclic rings to
assess their effects against TB. The coumarin-tetrazole hybrid
compound 4c showed the highest potency against Mtb H37Rv,
with an MIC value of 15 mg mL−1 and a favorable safety prole
toward L929. It also inhibited the growth of the mutant strain
(DkatG) that is resistant to the reference drug INH. Moreover,
compound 4c was able to suppress the multiplication of M.
tuberculosis inside human professional phagocytes and
21770 | RSC Adv., 2024, 14, 21763–21777
displayed low cytotoxicity against host cells. Compound 4c was
further evaluated for its inhibitory activity against InhA and
exhibited signicant activity at low micromolar concentration
(IC50 = 0.565 mM). The binding mode of 4c within InhA binding
pocket was also investigated via molecular docking, which
revealed that 4c exhibited a strong binding affinity comparable
to the reference compound (DG = −9.2 kcal mol−1), forming
potential interactions with essential amino acids within the
enzyme active site. Additionally, compound 4c revealed favor-
able pharmacokinetic properties and obeyed Lipinski's rule.
These ndings conrm that compound 4c could be considered
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a promising antitubercular candidate endowed with character-
istic inhibitory properties against the MTB InhA enzyme.

4. Materials and methods
4.1. Chemistry

All melting points were uncorrected and measured using the
electrothermal IA 9000 apparatus. Infrared spectra (IR) were
measured using a JASCO FT/IR-4100 spectrometer with KBr
discs. The nuclear magnetic resonance spectra 1H NMR (400
MHz) and 13C NMR spectra (100 MHz) were recorded using
a Bruker spectrometer with TMS as the internal standard. The
mass spectrum was carried out on the Direct Inlet part of the
mass analyzer in the Thermo Scientic GCMS model ISQ. The
reactions were followed by TLC (silica gel, aluminum sheets 60
F254, Merck) using chloroform–methanol (9.5 : 0.5 v/v) as an
eluent and sprayed with iodine-potassium iodide reagent. The
purity of the newly synthesized compounds was assessed by
TLC and elemental analysis and was found to be higher than
95%. The key intermediates 5, 6 and 7a–c were previously
synthesized.54

4.1.1 General procedure for the preparation of 2-(6-chloro-
2-oxo-4-phenyl-2H-chromen-7-yloxy)acetonitrile 2. To a solution
of 6-chloro-7-hydroxy-4-phenylcoumarin 1 (2.72 g, 0.01 mol) in
dry acetonitrile (30 mL), anhydrous potassium carbonate
(1.38 g, 0.01 mol) was added, and the mixture was stirred at
room temperature for 1 h. 2-Chloroacetonitrile (0.74 mL, 0.01
mol) was added, and the reaction mixture was heated at a reux
temperature for 8 h and then ltered. The ltrate was evapo-
rated, and the remaining solid was collected and recrystallized
from ethanol to produce compound 2.

Yield 89%, mp 170–1 °C. Anal. calcd for C17H10ClNO3

(311.72): C, 65.50; H, 3.23; N, 4.49. Found: C, 65.59; H, 3.31; N,
4.59. IR (cm−1, KBr): 3053 (CH aromatic stretching), 2917 (CH
aliphatic stretching), 2362 (C^N), 1720 (C]O stretching). 1H
NMR (DMSO-d6, d, ppm): 5.47 (2H, s, OCH2), 6.43 (1H, s, H-3
coumarin), 7.42–7.61 (7H, m, Ar–H). 13C NMR (DMSO-d6, d,
ppm): 55.36, 103.42, 114.03, 114.43, 116.21, 118.22, 127.75,
128.91, 129.53, 130.45, 134.37, 154.12, 154.28, 154.60, 159.78.
MS m/z (R.A. %): 311, 313 (M+, M++2) (41.05, 12.61%), 115
(100.00%).

4.1.2 General procedure for the preparation of 7-((2H-tet-
razol-5-yl)methoxy)-6-chloro-4-phenyl-2H-chromen-2-one 3. A
mixture of compound 2 (3.1 g, 0.01 mol), sodium azide (0.65 g,
0.01 mol) and ammonium chloride (0.53 g, 0.01 mol) in N,N-
dimethylformamide (30 mL) was heated for 7 h at 120 °C. The
solvent was removed under reduced pressure, and the residue
was dissolved in water (100 mL) and carefully acidied with
conc. hydrochloric acid to pH z 2. The solution was cooled to
0–5 °C in an ice bath in a refrigerator overnight, and the
precipitated solid was ltered, washed with water, and recrys-
tallized from an ethanol–water mixture (1 : 1) to give compound
3.

Yield 85%, mp 259–60 °C. Anal. calcd for C17H11ClN4O3

(354.75): C, 57.56; H, 3.13; N, 15.79. Found: C, 57.66; H, 3.19; N,
15.86. IR (cm−1, KBr): 3424 (NH stretching), 3105 (CH aromatic
stretching), 2918 (CH aliphatic stretching), 1679 (C]O
© 2024 The Author(s). Published by the Royal Society of Chemistry
stretching). 1H NMR (DMSO-d6, d, ppm): 5.66 (2H, s, OCH2),
6.25 (1H, s, H-3 coumarin), 7.01–7.58 (7H, m, Ar–H), 11.50 (1H,
brs, NH, D2O exchangeable). 13C NMR (DMSO-d6, d, ppm):
56.50, 104.36, 112.02, 117.47, 127.42, 128.80, 129.44, 130.27,
135.08, 154.19, 154.80, 157.09, 160.13. MSm/z (R.A. %): 354, 356
(M+, M++2) (2.83, 0.90%), 128 (100.00%).

4.1.3 General procedure for the preparation of 7-(5-[(2-
(dimethylamino)ethylthio), 2-(diethylamino)ethylthio) and/or
(2-morpholinoethylthio)]-1,3,4-oxadiazol-2-yl) methoxy)-4-
phenyl-2H-chromen-2-one 4a–c. To a solution of tetrazole
compound 3 (0.35 g, 0.001 mol), in dry acetonitrile (20 mL),
anhydrous potassium carbonate (0.14 g, 0.001 mol) was added,
and themixture was stirred at room temperature for 1 hour. The
appropriate aminoethyl chloride derivatives, namely 2-(dime-
thylamino)ethyl chloride hydrochloride, 2-(diethylamino)ethyl
chloride hydrochloride, and/or 4-(2-chloroethyl) morpholine
hydrochloride (0.001 mol), were added, and the reaction
mixture was heated at reux temperature for 8–10 hours and
then ltered. The ltrate was evaporated, and the remaining
solid was collected and recrystallized from ethanol to produce
compound 4a–c.

4.1.3.1 7-((2-(2-(Dimethylamino)ethyl)-2H-tetrazol-5-yl)
methoxy)-6-chloro-4-phenyl-2H-chromen-2-one 4a. Yield 76%; mp
87–8 °C. Anal. calcd for C21H20ClN5O3 (425.87): C, 59.23; H,
4.73; N, 16.44. Found: C, 59.31; H, 4.82; N, 16.52. IR (cm−1, KBr):
3067 (CH aromatic stretching), 2919, 2851 (CH aliphatic
stretching), 1725 (C]O stretching). 1H NMR (CDCl3, d, ppm):
2.38 (6H, s, 2CH3N), 2.83–2.86 (2H, t, CH2N), 4.19–4.22 (2H, t,
CH2S), 5.48 (2H, s, OCH2), 6.25 (1H, s, H-3 coumarin), 6.93–7.54
(7H, m, Ar–H). 13C NMR (CDCl3, d, ppm): 31.93, 47.82, 57.51,
68.11, 101.44, 112.75, 117.63, 127.50, 128.27, 129.01, 129.82,
134.73, 154.27, 154.65, 155.07, 155.82, 160.86. MS m/z (R.A. %):
425, 427 (M+, M++2) (27.7%, 9.1%), 167 (100.00%).

4.1.3.2 7-((2-(2-(Diethylamino)ethyl)-2H-tetrazol-5-yl)
methoxy)-6-chloro-4-phenyl-2H-chromen-2-one 4b. Yield 75%, mp
91–2 °C. Anal. calcd for C23H24ClN5O3 (453.92): C, 60.86; H,
5.33; N, 15.43. Found: C, 60.94; H, 5.39; N, 15.52. IR (cm−1, KBr):
3061 (CH aromatic stretching), 2921, 2852 (CH aliphatic
stretching), 1717 (C]O stretching). 1H NMR (CDCl3, d, ppm):
1.28 (6H, m, 2CH3 CH2N), 2.78 (4H, m, 2CH3CH2 N), 3.31 (2H, t,
CH2N), 4.54 (2H, t, CH2S), 5.51 (2H, s, OCH2), 6.30 (1H, s, H-3
coumarin), 6.99–7.57 (7H, m, Ar–H). 13C NMR (CDCl3, d,
ppm): 14.12, 45.51, 46.03, 57.51, 68.11, 101.44, 112.86, 119.34,
127.50, 128.28, 129.06, 129.90, 134.95, 154.27, 154.94, 156.98,
160.62. MS m/z (R.A. %): 453, 455 (M+, M++2) (66.69%, 26.03%),
209 (100.00%).

4.1.3.3 7-((2-(2-Morpholinoethyl)-2H-tetrazol-5-yl)methoxy)-6-
chloro-4-phenyl-2H-chromen-2-one 4c. Yield 74%, mp 137–8 °C.
Anal. calcd for C23H22ClN5O4 (467.9): C, 59.04; H, 4.74; N, 14.97.
Found: C, 59.11; H, 4.83; N, 15.07. IR (cm−1, KBr): 3057 (CH
aromatic stretching), 2920, 2851 (CH aliphatic stretching), 1723
(C]O stretching). 1H NMR (DMSO-d6, d, ppm): 2.57 (4H, m, 2
CH2N morpholine), 2.82 (2H, t, CH2N), 4.33–4.36 (4H, t, 2 CH2O
morpholine), 3.58–3.60 (2H, t, CH2S), 5.51 (2H, s, OCH2), 6.34
(1H, s, H-3 coumarin), 7.35–7.60 (7H, m, Ar–H). 13C NMR
(DMSO-d6, d, ppm): 54.00, 56.83, 60.06, 66.53, 68.31, 102.83,
112.75, 112.90, 118.28, 128.84, 129.50, 130.37, 134.89, 154.48,
RSC Adv., 2024, 14, 21763–21777 | 21771
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154.58, 157.00, 160.06. MS m/z (R.A. %): 467, 469 (M+, M++2)
(2.93%, 1.03%), 59 (100.00%).

4.1.4 Preparation of 7-((5-((methyl/ethyl and/or phenyl)
amino)-6-chloro-1,3,4-thiadiazol-2-yl) methoxy)-4-phenyl-2H-
chromen-2-one 8a–c. The appropriate thiosemicarbazides 7a,
7b and/or 7c (0.001 mol) were dissolved in concentrated sulfuric
acid (1.6 mL), cooled and allowed to stand for 30 minutes at
0 °C. The reaction mixture was gradually added to crushed ice.
The separated solid was ltered off, washed with water till acid
free and dried to afford the target compound 8a–c.

4.1.4.1 7-((5-(Methylamino)-1,3,4-thiadiazol-2-yl)methoxy)-6-
chloro-4-phenyl-2H-chromen-2-one 8a. Yield 79%, mp 177–8 °C.
Anal. calcd for C19H14ClN3O3S (399.85): C, 57.07; H, 3.53; N,
10.51; S, 8.02. Found: C, 57.16; H, 3.61; N, 10.59; S, 8.12. IR
(cm−1, KBr): 3407 (NH stretching), 3107 (CH aromatic stretch-
ing), 2918, 2853 (CH aliphatic stretching), 1720 (C]O stretch-
ing). 1H NMR (DMSO-d6, d, ppm): 2.89 (3H, s, CH3), 5.58 (2H, s,
OCH2), 6.36 (1H, s, H-3 coumarin), 7.36–7.84 (8H, m, Ar–H and
NH). 13C NMR (DMSO-d6, d, ppm): 31.78, 66.20, 103.55, 113.34,
113.41, 118.39, 127.24, 128.83, 129.46, 130.36, 134.78, 152.35,
154.16, 154.39, 155.85, 159.89, 171.44. MSm/z (R.A. %): 399, 401
(M+, M++2) (100.00%, 29.86%).

4.1.4.2 7-((5-(Ethylamino)-1,3,4-thiadiazol-2-yl)methoxy)-6-
chloro-4-phenyl-2H-chromen-2-one 8b. Yield 86%, mp 142–3 °C.
Anal. calcd for C20H16ClN3O3S (413.88): C, 58.04; H, 3.90; N,
10.15; S, 7.75. Found: C, 58.12; H, 3.99; N, 10.22; S, 7.85. IR
(cm−1, KBr): 3442 (NH stretching), 3107 (CH aromatic stretch-
ing), 2918, 2850 (CH aliphatic stretching), 1722 (C]O stretch-
ing). 1H NMR (DMSO-d6, d, ppm): 1.16–1.19 (3H, t, CH3), 3.29–
3.31 (2H, m, CH2), 5.58 (2H, s, OCH2), 6.36 (1H, s, H-3
coumarin), 7.36–7.95 (8H, m, Ar–H and NH). 13C NMR
(DMSO-d6, d, ppm): 14.62, 39.45, 66.16, 103.59, 113.38, 113.47,
118.39, 127.27, 128.85, 129.49, 130.38, 134.80, 152.24, 154.17,
154.43, 155.86, 159.91, 170.42. MS m/z (R.A. %): 413, 415 (M+,
M++2) (6.58%, 2.16%), 114 (100.00%).

4.1.4.3 7-((5-(Phenylamino)-1,3,4-thiadiazol-2-yl)methoxy)-6-
chloro-4-phenyl-2H-chromen-2-one 8c. Yield 92%, mp 64–5 °C.
Anal. calcd for C24H16ClN3O3S (461.92): C, 62.40; H, 3.49; N,
9.10; S, 6.94. Found: C, 62.48; H, 3.57; N, 9.19; S, 7.02. IR (cm−1,
KBr): 3447 (NH stretching), 3056 (CH aromatic stretching), 2918
(CH aliphatic stretching), 1716 (C]O stretching). 1HNMR
(DMSO-d6, d, ppm): 5.69 (2H, s, OCH2), 6.37 (1H, s, H-3
coumarin), 6.99–7.63 (12H, m, Ar–H), 10.49 (1H, s, NH, D2O
exchangeable). 13C NMR (DMSO-d6, d, ppm): 66.06, 103.65,
113.42, 113.66, 116.96, 118.03, 118.40, 122.62, 127.10, 127.30,
128.84, 129.48, 129.56, 130.38, 134.78, 140.80, 141.00, 142.07,
154.18, 154.41, 154.55, 155.80, 159.91, 166.28. MS m/z (R.A. %):
461, 463 (M+, M++2) (19.86%, 7.23%), 57 (100.00%).

4.1.5 Preparation of 7-((5-(methyl/ethyl and/or phenyl-
amino)-1,3,4-oxadiazol-2-yl)methoxy)-6-chloro-4-phenyl-2H-
chromen-2-one derivative 9a–c. A solution of thio-
semicarbazides 7a, 7b and/or 7c (0.001 mol) in dry pyridine (20
mL) was reuxed for 10–14 h. The reaction mixture was le
overnight at room temperature and gradually added to the
crushed ice. The separated solid was ltered off, washed with
water and dried to afford the target compounds 9a–c.
21772 | RSC Adv., 2024, 14, 21763–21777
4.1.5.1 7-((5-(Methylamino)-1,3,4-oxadiazol-2-yl)methoxy)-6-
chloro-4-phenyl-2H-chromen-2-one 9a. Yield 80%, mp 259–60 °C.
Anal. calcd for C19H14ClN3O4 (383.79): C, 59.46; H, 3.68; N,
10.95. Found: C, 59.55; H, 3.73; N, 11.05. IR (cm−1, KBr): 3445
(NH stretching), 3133 (CH aromatic stretching), 2917, 2850 (CH
aliphatic stretching), 1677 (C]O stretching). 1H NMR (DMSO-
d6, d, ppm): 2.86 (3H, s, CH3), 5.58 (2H, s, OCH2), 6.26 (1H, s,
H-3 coumarin), 7.01–7.59 (7H, m, Ar–H), 11.55 (1H, s, NH, D2O
exchangeable). 13CNMR (DMSO-d6, d, ppm): 31.78, 66.24,
103.55, 113.36, 113.41, 118.39, 127.20, 128.85, 129.46, 130.34,
134.78, 152.35, 154.16, 154.38, 155.83, 159.89, 171.46. MS m/z
(R.A. %): 383, 385 (M+, M++2) (53.32%, 16.68%), 306 (100.00%).

4.1.5.2 7-((5-(Ethylamino)-1,3,4-oxadiazol-2-yl)methoxy)-6-
chloro-4-phenyl-2H-chromen-2-one 9b. Yield 80%, mp 222–3 °C.
Anal. calcd for C20H16ClN3O4 (397.81): C, 60.38; H, 4.05; N,
10.56. Found: C, 60.44; H, 4.11; N, 10.64. IR (cm−1, KBr): 3442
(NH stretching), 3107 (CH aromatic stretching), 2918, 2850 (CH
aliphatic stretching), 1679 (C]O stretching). 1H NMR (DMSO-
d6, d, ppm): 1.26–1.29 (3H, t, CH3), 3.29–3.31 (2H, m, CH2),
5.54 (2H, s, OCH2), 6.26 (1H, s, H-3 coumarin), 7.29–7.59 (7H, m,
Ar–H), 11.55 (1H, s, NH, D2O exchangeable). 13C NMR (DMSO-
d6, d, ppm): 13.78, 37.84, 61.69, 103.59, 112.01, 113.51,
118.26, 127.45, 128.88, 129.46, 130.29, 134.80, 147.32, 154.20,
154.42, 155.52, 157.03, 159.90, 160.12. MSm/z (R.A. %): 397, 399
(M+, M++2) (39.59%, 13.15%), 145 (100.00%).

4.1.5.3 7-((5-(Phenylamino)-1,3,4-oxadiazol-2-yl)methoxy)-6-
chloro-4-phenyl-2H-chromen-2-one 9c. Yield 82%, mp 225–6 °C.
Anal. calcd for C24H16ClN3O4 (445.85): C, 64.65; H, 3.62; N, 9.42.
Found: C, 64.75; H, 3.70; N, 9.51. IR (cm−1, KBr): 3424 (NH
stretching), 3063 (CH aromatic stretching), 2918 (CH aliphatic
stretching), 1716 (C]O stretching). 1H NMR (DMSO-d6, d,
ppm): 5.56 (2H, s, OCH2), 6.25 (1H, s, H-3 coumarin), 7.01–7.81
(12H, m, Ar–H), 11.55 (1H, s, NH, D2O exchangeable). 13C NMR
(DMSO-d6, d, ppm): 66.07, 103.65, 113.40, 113.56, 116.96,
118.03, 118.41, 122.62, 127.10, 127.28, 128.84, 129.49, 129.55,
130.38, 134.78, 140.80, 141.00, 142.06, 154.18, 154.42, 154.55,
155.80, 159.90, 166.30. MS m/z (R.A. %): 445, 447 (M+, M++2)
(12.45%, 3.99%), 167 (100.00%).

4.1.6 Preparation of 7-(2-(3,5-dimethyl-1H-pyrazol-1-yl)-2-
oxoethoxy)-6-chloro-4-phenyl-2H-chromen-2-one 10. A mixture
of hydrazide 6 (0.34 g, 0.001 mol) and acetylacetone (0.001 mol,
0.1 mL) in 20 mL absolute ethanol was reuxed for about 8
hours while stirring. The formed precipitate aer cooling was
ltered, dried and crystallized from ethyl alcohol.

Yield 90%, mp 205–6 °C. Anal. calcd for C22H17ClN2O4

(408.83): C, 64.63; H, 4.19; N, 6.85. Found: C, 64.69; H, 4.27; N,
6.94. IR (cm−1, KBr): 3118 (CH aromatic stretching), 2917, 2850
(CH aliphatic stretching), 1728, 1609 (C]O stretching). 1HNMR
(DMSO-d6, d, ppm): 2.25 (3H, s, CH3-pyrazole), 2.48 (3H, s, CH3-
pyrazole), 5.81 (2H, s, OCH2), 6.28 (1H, s, CH-pyrazole), 6.34
(1H, s, H-3 coumarin), 7.38–7.61 (7H, m, Ar–H). 13C NMR
(DMSO-d6, d, ppm): 14.01, 67.79, 103.26, 111.80, 113.21, 113.33,
118.24, 127.22, 128.87, 129.50, 130.37, 134.91, 144.25, 153.06,
154.23, 154.47, 156.53, 159.98, 167.35. MSm/z (R.A. %): 408, 410
(M+, M++2) (100.00%, 35.40%).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.1.7 Preparation of 1-(2-(6-chloro-2-oxo-4-phenyl-2H-
chromen-7-yloxy)acetyl)-1,2-dihydro-3-methylpyrazol-5-one 11.
A mixture of hydrazide 6 (0.34 g, 0.001 mol) and ethyl-
acetoacetate (0.001mol, 0.13mL) in 20mL absolute ethanol was
reuxed for about 10 hours while stirring. The formed precipi-
tate aer cooling was ltered, dried and crystallized from ethyl
alcohol.

Yield 86%, mp 160–161 °C. Anal. calcd for C21H15ClN2O5

(410.81): C, 61.40; H, 3.68; N, 6.82. Found: C, 61.48; H, 3.77; N,
6.90. IR (cm−1, KBr): 3434 (NH stretching), 3107 (CH aromatic
stretching), 2918, 2851 (CH aliphatic stretching), 1731, 1695,
1610 (C]O stretching). 1H NMR (DMSO-d6, d, ppm): 3.37
(3H, s, CH3-pyrazole), 5.28 (2H, s, OCH2), 6.34 (1H, s, CH-
pyrazole), 6.36 (1H, s, H-3 coumarin), 7.15–7.61 (7H, m, Ar–H),
10.78 (1H, s, NH, D2O exchangeable). 13C NMR (DMSO-d6, d,
ppm): 16.79, 66.74, 102.83, 112.98, 113.20, 118.24, 127.26,
128.86, 129.51, 130.38, 134.93, 148.76, 154.15, 154.55, 156.46,
159.99, 168.61, 169.92. MS m/z (R.A. %): 410, 412 (M+, M++2)
(40.19%, 12.89%), 139 (100.00%).

4.1.8 Preparation of 1-(2-(6-chloro-2-oxo-4-phenyl-2H-
chromen-7-yloxy)acetyl)pyrazolidine-3,5-dione 12. A mixture of
hydrazide 6 (0.34 g, 0.001 mol) and diethylmalonate (0.001 mol,
0.15 mL) in glacial acetic acid (6 mL) was reuxed for 12 h. The
reaction mixture was poured onto water, and the separated
solid was collected, washed with water, and dried to obtain the
target compound 12.

Yield 82%, mp > 300 °C. Anal. calcd for C20H13ClN2O6

(412.78): C, 58.19; H, 3.17; N, 6.79. Found: C, 58.27; H, 3.26; N,
6.87. IR (cm−1, KBr): 3250 (NH stretching), 3063 (CH aromatic
stretching), 2919, 2851 (CH aliphatic stretching), 1714, 1638,
1603 (C]O stretching). 1H NMR (DMSO-d6, d, ppm): 3.71
(2H, s, CH2 pyrazole), 4.34 (2H, s, OCH2), 6.62 (1H, s, H-3
coumarin), 6.63–7.53 (7H, m, Ar–H), 12.00 (1H, s, NH pyr-
azole, D2O exchangeable). 13C NMR (DMSO-d6, d, ppm): 55.71,
61.61, 103.98, 107.34, 115.37, 116.59, 118.78, 127.39, 135.81,
136.15, 141.88, 142.87, 145.70, 147.76, 149.81, 158.80, 160.99,
161.13, 161.95. MS m/z (R.A. %): 412, 414 (M+, M++2) (13.56%,
4.18%), 345 (100.00%).

4.1.9 Preparation of 2-(6-chloro-2-oxo-4-phenyl-2H-chro-
men-7-yloxy)-N-[(2,5-dioxo-2H-pyrrol-1(5H)-yl) and/or -(1,3-
dioxoisoindolin-2-yl)]acetamides 13 and 14. To a solution of the
hydrazide 6 (0.34 g, 0.001 mol) in glacial acetic acid (6 mL), the
appropriate acid anhydrides, namely maleic and/or phthalic
anhydride (0.001 mol), were added, and the mixture was
reuxed for 6–8 h. The reaction mixture was cooled, and water
was added to precipitate the target compounds, which were
ltered, washed with water, dried, and crystallized from acetic
acid.

4.1.9.1 2-(6-Chloro-2-oxo-4-phenyl-2H-chromen-7-yloxy)-N-
(2,5-dioxo-2H-pyrrol-1(5H)-yl) acetamide 13. Yield 82%, mp 221–
2 °C. Anal. calcd for C21H13ClN2O6 (424.79): C, 59.38; H, 3.08; N,
6.59. Found: C, 59.46; H, 3.15; N, 6.68. IR (cm−1, KBr): 3423 (NH
stretching), 3061 (CH aromatic stretching), 2918 (CH aliphatic
stretching), 1714, 1605 (C]O stretching). 1H NMR (DMSO-d6, d,
ppm): 4.84 (2H, s, OCH2), 6.21 (1H, s, H-3 coumarin), 7.00–7.59
(10H, m, Ar–H, CH pyrrole and NH). 13C NMR (DMSO-d6, d,
© 2024 The Author(s). Published by the Royal Society of Chemistry
ppm): 67.29, 111.59, 112.73, 117.74, 118.27, 127.27, 128.77,
129.43, 130.24, 134.90, 135.14, 154.29, 154.88, 156.94, 157.80,
160.02, 160.23. MS m/z (R.A. %): 424, 426 (M+, M++2) (15.19%,
5.55%), 127 (100.00%).

4.1.9.2 2-(6-Chloro-2-oxo-4-phenyl-2H-chromen-7-yloxy)-N-
(1,3-dioxoisoindolin-2-yl) acetamide 14. Yield 88%, mp 277–8 °C.
Anal. calcd for C25H15ClN2O6 (474.85): C, 63.23; H, 3.18; N, 5.90.
Found: C, 63.29; H, 3.26; N, 5.96. IR (cm−1, KBr): 3426 (NH
stretching), 3063 (CH aromatic stretching), 2918 (CH aliphatic
stretching), 1736, 1671, 1604 (C]O stretching). 1H NMR
(DMSO-d6, d, ppm): 5.14 (2H, s, OCH2), 6.39 (1H, s, H-3
coumarin), 7.26–8.01 (11H, m, Ar–H), 11.09 (1H, s, NH, D2O
exchangeable). 13C NMR (DMSO-d6, d, ppm): 66.98, 103.23,
113.41, 113.58, 118.43, 124.33, 127.32, 128.85, 129.52, 129.85,
130.41, 134.80, 135.86, 154.12, 154.49, 156.20, 159.98, 165.33,
166.94. MS m/z (R.A. %): 474, 476 (M+, M++2) (7.10%, 2.56%),
209 (100.00%).

4.1.10 Preparation of N0-((1H-indol-3-yl) methylene/ethyl-
idene)-2-(6-chloro-2-oxo-4-phenyl-2H-chromen-7-yloxy) acetohy-
drazide indole and 2-(6-chloro-2-oxo-4-phenyl-2H-chromen-7-
yloxy)-N0-(3-oxoindolin-2-ylidene) acetohydrazide 15–17. To
a mixture of the hydrazide compound 6 (0.34 g, 0.001 mol) in
absolute ethanol (20 mL) containing glacial acetic acid (5 mL),
different indole compounds (0.001 mol), indole-3-
carbaldehyde, 3-acetylindole and/or isatin were added. The
reaction mixture was reuxed for 6–8 hours. The formed
precipitate was ltered while hot, washed with ethanol and
dried to afford the title target compound 15–17.

4.1.10.1 N0-((1H-Indol-3-yl)methylene)-2-(6-chloro-2-oxo-4-
phenyl-2H-chromen-7-yloxy) acetohydrazide 15. Yield 84%, mp >
300 °C. Anal. calcd for C26H18ClN3O4 (471.89): C, 66.18; H,
3.84; N, 8.90. Found: C, 66.26; H, 3.93; N, 8.99. IR (cm−1, KBr):
3428, 3250 (NH stretching), 3061 (CH aromatic stretching), 2918
(CH aliphatic stretching), 2851 (CH = azomethine stretching),
1717, 1677 (C]O stretching), 1609 (C]N azomethine stretch-
ing). 1H NMR (DMSO-d6, d, ppm): 5.53 (2H, s, OCH2), 6.34
(1H, s, H-3 coumarin), 7.12–8.17 (12H, m, Ar–H), 8.23 (1H, s,
CH]N), 11.43 (1H, s, NH, D2O exchangeable), 11.58 (1H, s, NH,
D2O exchangeable). 13C NMR (DMSO-d6, d, ppm): 66.86, 103.07,
111.75, 112.30, 112.95, 118.27, 121.04, 122.37, 123.10, 124.55,
127.12, 128.86, 129.51, 130.36, 131.12, 134.96, 137.55, 142.12,
145.54, 154.18, 154.58, 157.17, 160.02, 162.49, 167.39. MS m/z
(R.A. %): 471, 473 (M+, M++2) (51.35%, 16.83%), 295 (100.00%).

4.1.10.2 N0-(1-(1H-Indol-3-yl)ethylidene)-2-(6-chloro-2-oxo-4-
phenyl-2H-chromen-7-yloxy) acetohydrazide 16. Yield 89%, mp
268–9 °C. Anal. calcd for C27H20ClN3O4 (485.92): C, 66.74; H,
4.15; N, 8.65. Found: C, 66.84; H, 4.22; N, 8.74. IR (cm−1, KBr):
3372, 3114 (NH stretching), 3059 (CH aromatic stretching),
2917, 2850 (CH aliphatic stretching), 1715, 1680 (C]O
stretching). 1H NMR (DMSO-d6, d, ppm): 2.33 (3H, s, CH3), 5.55
(2H, s, OCH2), 6.36 (1H, s, H-3 coumarin), 7.13–8.28 (12H, m,
Ar–H), 10.71 (1H, s, NH, D2O exchangeable), 11.49 (1H, s, NH,
D2O exchangeable). 13C NMR (DMSO-d6, d, ppm): 15.05, 67.41,
103.01, 112.11, 112.95, 115.16, 118.24, 120.85, 122.65, 123.74,
124.78, 127.15, 128.86, 129.06, 129.52, 130.38, 134.94, 137.63,
149.03, 154.17, 154.59, 157.10, 160.03, 168.15. MS m/z (R.A. %):
485, 487 (M+, M++2) (20.31%, 6.30%), 102 (100.00%).
RSC Adv., 2024, 14, 21763–21777 | 21773
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4.1.10.3 2-(6-Chloro-2-oxo-4-phenyl-2H-chromen-7-yloxy)-N0-
(3-oxoindolin-2-ylidene) acetohydrazide 17. Yield 86%, mp > 300 °
C. Anal. calcd for C25H16ClN3O5 (473.86): C, 63.37; H, 3.40; N,
8.87. Found: C, 63.44; H, 3.49; N, 8.96. IR (cm−1, KBr): 3434,
3250 (NH stretching), 3061 (CH aromatic stretching), 2918 (CH
aliphatic stretching), 1726, 1698, 1606 (C]O stretching). 1H
NMR (DMSO-d6, d, ppm): 5.16, 5.62 (2H, 2s, OCH2), 6.36 (1H, s,
H-3 coumarin), 6.94–7.61 (11H, m, Ar–H), 11.27 (1H, s, NH, D2O
exchangeable), 13.53 (1H, s, NH, D2O exchangeable). 13C NMR
(DMSO-d6, d, ppm): 67.41, 103.27, 111.66, 113.05, 118.33,
120.12, 121.53, 123.12, 127.25, 128.87, 129.52, 130.40, 132.56,
134.84, 142.12, 154.19, 154.45, 159.96, 162.85, 167.39. MS m/z
(R.A. %): 473, 475 (M+, M++2) (23.72%, 8.97%), 209 (100.00%).
4.2. Biology

4.2.1 Antitubercular activity
4.2.1.1 MIC determination. The minimal inhibitory concen-

tration (MIC) for M. tuberculosis H37Rv and M. abscessus was
determined in liquid 7H9/OADC (Middlebrook, Difco, Balti-
more, MD, United States) media supplemented with various
concentrations of the tested chemical agents. The compounds
were dissolved in dimethyl sulfoxide (DMSO) and added directly
to the growth medium. The nal concentration of DMSO in the
medium never exceeded 0.1% (vol/vol), and DMSO did not affect
the growth of the bacilli. To dene the MIC value, the Micro-
plate Alamar Blue Assay (MABA test) was applied, as described
by Franzblau et al.55 The susceptibility of the tested strains was
assessed based on the change in color from blue to pink based
on visual inspection. Wells containing only bacteria, medium,
or compound were used as controls in this experiment, and the
MABA test was repeated independently three times.

4.2.1.2 In vitro cytotoxicity assay. Cytotoxicity assays were
performed precisely according to international standards (ISO
10993-5:2009(E)) using L929 cells and the MTT assay. Addi-
tionally, for the selected compounds, cytotoxicity was deter-
mined against human monocyte-derived macrophages, but in
this case, the cells were treated with the tested compounds for
48 h.

4.2.1.3 Bactericidal effect. The bacterial activity of the tested
compounds was veried by measuring the optical density
(OD600) of M. tuberculosis H37Rv cultures exposed to the
selected compounds and by determining the number of colony-
forming units (CFU). To obtain OD600 = 0.1, theM. tuberculosis
H37Rv culture was diluted by adding liquid 7H9/OADC (Mid-
dlebrook, Difco, Baltimore, MD, United States) medium sup-
plemented with 0.05% Tween 80. The appropriate amounts of
compounds were added at the following concentrations: 25 mg
mL−1 and 75 mg mL−1 for 4c (2 repeats for each concentration).
A bottle containing the culture without any compound repre-
sented the control for this experiment. The culture bottles were
incubated at 37 °C. The optical density was measured aer 7
and 14 days. The number of colony-forming units was deter-
mined by utilizing a solid 7H10/OADC (Middlebrook, Difco,
Baltimore, MD, United States) medium with 0.5% glycerol.
Mycobacteria from the bottles were diluted in liquid 7H9/OADC
medium with 0.05% Tween 80 and cultured using prepared
21774 | RSC Adv., 2024, 14, 21763–21777
plates on day 1 and subsequently on days 7 and 14 of the
experiment. Aer three to ve weeks of incubation at 37 °C, the
number of colonies (CFU) was counted.

4.2.1.4 Biolm formation. The biolm of M. tuberculosis was
developed as described previously with minor modications.56

M. tuberculosis was cultured to an OD600 of 1 in 7H9/OADC
supplemented with 0.05% tyloxapol. Next, the inoculum was
added at a ratio of 1 : 100 v/v to Sauton's medium and dispensed
into each well of a 24-well plate (2.5 mL per well), covered with
a lid, protected with paralm, and incubated in humidity at 37 °
C for 5 weeks. Once the biolm developed, the medium was
replaced with fresh one supplemented with 0.1% casitone and
the compounds in various concentrations, and it was further
incubated at 37 °C for 48 h. The viability of the bacilli was
determined by uorescence measurements (excitation: 550 nm,
emission: 590 nm) in the presence of resazurin (375 ml of 0.02%
resazurin per well) aer 90 min of incubation using the multi-
mode microplate reader SpectraMax® i3 (Syngen). The results
were expressed as the percent viability compared to the
untreated M. tuberculosis biolm.

4.2.1.5 Preparation of human MDMs, and evaluation of the
bactericidal effect of the compounds on intracellularly growing
tubercle bacilli. Human monocytes were isolated from
commercially available (Regional Blood Donation Station, Lodz,
Poland) and freshly prepared buffy coats from healthy human
blood donors.57,58 Aer washing the cultures of differentiated
human monocyte-derived macrophages (MDMs) extensively to
remove any nonadherent cells, they were rested overnight and
incubated with a culture medium supplemented with various
concentrations of the tested compounds. The viability of the
macrophages was assessed aer 48 h of incubation using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Sigma, St. Louis, MO, United States). Additionally, the MDMs
were infected with tubercle bacilli at an MOI of 1 : 10, as
described by Korycka-Machala et al.59 The bacteria outside the
cells were removed by washing with a culture medium two
hours aer infection. Then, the samples were incubated for 1 h
in a medium with 1 g per L gentamicin (Sigma, St. Louis, MO,
United States) and rinsed three times with Iscove's medium
with 2% human AB serum (Sigma, St. Louis, MO, United States).
Next, a culture medium with or without (control) the test
compounds at a concentration of 2× MIC was added to inde-
pendent cultures of the infected macrophages, followed by
incubation at 37 °C for 48 h under a humidied atmosphere of
10% CO2-90% air. Finally, the macrophages were lysed with
0.1% SDS, and the number of CFUs (colony forming units) was
determined as previously described.60

4.2.2 Evaluation of InhA inhibition. The inhibition of enoyl
acyl carrier protein reductase (InhA) activity was evaluated
following the previously reported method by Khalifa et al.20
4.3. Molecular modeling

From the RCSB PDB, the structural coordinates of the M.
tuberculosis InhA protein were obtained in pdb format.19 Except
for NAD, non-protein moieties, including water, were removed,
and hydrogen atoms were added using AutoDockTools.61 The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2D and 3D geometric structures of 4c were built using a Marvin
Sketch. In the current docking study, AutoDock Vina was
chosen to predict protein–ligand interactions and binding
affinities.62 The grid box size was 22.5 Å × 17.0 Å × 16.7 Å, with
a position determined by the co-crystallized ligand's center (x, y,
x; 9.6, 32.2, 60.7). Discovery Studio Visualizer was utilized for
the analysis and visualization of the docking results.63

4.4. Pharmacokinetics and physicochemical properties

The free SwissADME web tool available from the Swiss Institute
of Bioinformatics (SIB) and admetSAR 2.0 internet server were
used to investigate some properties of the newly synthesized
promising derivative 4c. The structure of the compound was
converted to a SMILES notation and then submitted to the
online server for calculation.
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