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A multicomponent domino reaction of enaminone, malononitrile, and o-phthalaldehyde has been established, providing direct
access to novel highly functionalized pentacyclic cyclopenta [b] indeno [1, 2, 3-de] [1,8] naphthyridine derivatives. The simplicity
of execution, readily available substrates, high yields, excellent functional group tolerance, scalability, and good scores of en-
vironmental parameters make this synthetic strategy more sustainable and worthy of further attention. This one-pot trans-
formation, which involved multiple steps and did not require the use of a catalyst, constructed four new C-C bonds, two new C-N
bonds, and three new rings, with efficient use of all reactants. Furthermore, we performed in silico molecular docking analysis for
prediction of anticancer (against human topoisomerase IIf protein) and antimicrobial (against E.coli. DNA gyrase B protein)
activities. Drug likeness and ADMET studies were also predicted. Overall investigation indicates that compound 6i may serve as a

candidate that could be developed as potential anticancer and antimicrobial agent among all.

1. Introduction

The naphthyridine framework exists in a number of natural
and synthetic substances with various chemical reactivities
and exceptional physicochemical [1] and biological prop-
erties [2, 3], which include anticancer, [4] HIV-I inhibitor,
[5] anticonvulsant, [6] antimalarial [7], and anti-Alzheimer
[8]. Among the six possible (1,5-, 1,6—, 1,7, 1,8—, 2,6—, and
2,7-) isomeric pyridopyridines, [9, 10] 1,8-naphthyridines
and their derivatives have diverse potential in clinical and
medicinal chemistry due to their anti-inflammatory, [11]
antimalarial, [12] antihypertensive, [13] gastric anti-
secretory, [14] antiplatelet aggregation, [15] AChE inhibi-
tory, [16] antihistaminic, [2] antimicrobial [17, 18], and
anticancer [19-21] activities (Figure 1). Additionally, they
have potential in physical chemistry as fluorescent sensors
[22]. These compounds have been investigated as potential
anticancer agents, and several compounds are part of clinical

trials. Moreover, it has been reported that few 1,8-naph-
thyridine derivatives (e.g., Vosaroxin, Figure 1) were found
to inhibit topoisomerase II and displayed potent anticancer
activity. Vosaroxin (formerly voreloxin) is a first-in-class
anticancer agent that intercalates DNA and inhibits topo-
isomerase II, inducing site-selective double-strand breaks
(DSB), G2 arrest, and apoptosis [23, 24]. Chemical modi-
fications of the naphthyridine ring, including conversion
into other similar ring systems, have been known to increase
the anticancer activity of these compounds [21, 25-27].
Nevertheless, the true potential of this nitrogen con-
taining heterocyclic framework has largely remained un-
tapped owing to a lack of general diversity-oriented
synthetic strategies. In the last two decades, growing concern
about the environment has forced chemists to develop novel
and sustainable chemical processes through the principles of
“green chemistry” [28, 29]. As a consequence, synthetic
protocols that allow diversity and are operationally simple,
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FIGURE 1: Available drugs having 1,8-naphthyridine nucleus. (a) Vosaroxin. (b) Nalidixic acid. (c) Tosufloxacin. (d) Trovafloxacin mesylate.

(e) Enoxacin. (f) Gemifloxacin. (g) RO8191. (h) Eucophylline. (i) NF ;. (j) Alatrofloxacin.

mild, step-economical, high yielding, and compatible with
green solvents are of prime importance [28, 29]. To achieve
these goals, multicomponent domino reactions (MDRs)
come into play [30-32]. Significantly, MDRs enable as-
sembly of three or more reactants in a single and an ordered
event to render intricate and complex heterocyclic entities in
an atom-and step-economical manner [33, 34].

To date, the synthesis of 1,8-naphthyridine derivatives
has been achieved via a variety of approaches including the
condensation of 2-aminopyridine derivatives with carbonyl
compounds under Conrad-Limpach, [35] Skraup, [36], and
Friedlander [37] reaction conditions. The above methods
suffer from the use of corrosive reagents, poor yields,
multistep syntheses, and harsh reaction conditions. More

importantly, all the reported methods need expensive and
rare starting materials, the synthesis of which may demand
significant scientific investment in itself. In the above light, a
catalyst-free MDR-based route towards the assembly of
novel pentacyclic cyclopenta [b] indeno [1, 2, 3-de] [1, 8]
naphthyridine derivatives starting from cheap and abun-
dantly available starting materials would be of great sig-
nificance from both an economical and a chemical
standpoint.

In continuation to our ongoing endeavors to prepare
novel biologically active nitrogen containing heterocyclic
entities, by using green and benign MCR protocols, [38, 39]
we herein report a domino four-component strategy for the
efficient synthesis of highly functionalized pentacyclic
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cyclopenta [b] indeno [1, 2, 3-de] [1,8] naphthyridine de-
rivatives by utilizing cheap and commercially available re-
agents, that is, different enaminones, malononitrile, and
o-phthalaldehyde under appropriate catalyst-free and mild
microwave conditions (Scheme 1). Many chemical modi-
fications have been carried out previously also at N-1, C-5,
C-6, C-7, and C-3 positions, [21, 25-27] but this work
represents a novel synthetic methodology as well as de-
signing strategy to find out less toxic and potent anticancer
agents.

The pharmacokinetics (PK) and pharmacodynamics
(PD) evaluations play a crucial role in drug development
[40, 41]. The evaluation of pharmacological parameters such
as drug-likeness, ADME, and toxicity is paramount in
identifying lead compounds [40, 41]. Recently, in silico
methods that include molecular docking analysis and online
ADMET predictions (SwissADME and ProTox-1I) facilitate
the process of identifying the potential molecule [41-45]. In
this present investigation, we report a new green synthetic
methodology and characterization of novel 1,8-naphthyr-
idine derivatives and their in silico anticancer and antimi-
crobial molecular docking analysis and pharmacological
properties predictions such as drug-likeness, ADME, and
toxicity.

2. Materials and Methods

2.1. General. "H NMR and °C NMR spectra were recorded
on Jeol Resonance ECX-400II (400 MHz). Chemical shifts (§
in ppm) and coupling constant (J in Hz) are calibrated
relative to either internal solvent tetramethylsilane (TMS)
(8;;=0.00ppm) or DMSO-dg (8 =3.33 ppm). In the 'H
NMR data, the following abbreviations were used
throughout: s=singlet, d=doublet, t=triplet, dd = double
doublets, m = multiplet, and brs=broad singlet. In the 3¢
NMR spectra, chemical shifts are calibrated relative to
DMSO-d¢ (6-=39.51 ppm). The High-Resolution Mass
Spectra (HR-MS) were performed on Bruker Daltonics
micrOTOF-QII” spectrometer using ESI ionization. IR
spectra were recorded on PerkinElmer Spectrum Two FT-IR
spectrometer. Melting points were performed with OptiMelt
automated melting point system.

The reactions were performed in a G-10 Borosilicate
glass vial sealed with Teflon septum in Anton Paar Mono-
wave 300 reactor’, operating at a frequency of 2.455 GHz
with continuous irradiation power of 0 to 300 W. Analysis of
the reactions was done by thin layer chromatography (TLC)
on Merck precoated silica gel TLC plates (Merck® 60F,s,).
Chemicals and reagents were purchased from Sigma-Aldrich
and Alfa Aesar. All solvents, ethanol, petroleum ether, and
ethyl acetate, were purchased from locally available com-
mercial sources and used as received.

2.2. Synthesis

2.2.1. General Procedure for the Synthesis of Synthons
(Enaminones) (3a-i). A mixture of cyclopentane-1, 3-dione
1 (1.0 mmol), and the suitable amine 2 (2.0 mmol) was in-
troduced in a G-10 glass vial capped with a Teflon septum

and was subjected to microwave irradiation with the initial
ramp time of 1 minute at 60°C and then the temperature was
raised to 160°C with a holding time of 10 minutes in neat.
The reaction was monitored by TLC. Synthons 3a-i were
obtained for further use in the synthesis of final products 6a-
i. All synthons 3a-i were characterized by '"H NMR and °C
NMR spectroscopies.

2.2.2. General Procedure for the Synthesis of Products (6a-i).
A mixture of enaminone 3 (1.0 mmol), malononitrile 4
(2.2mmol, 2.2 equiv), and o-phthalaldehyde 5 (1.0 mmol)
was introduced in a G-10 glass vial capped with a Teflon
septum and was subjected to microwave irradiation with the
initial ramp time of 1 minute at 60°C and then the tem-
perature was raised to 110°C with a holding time of
20 minutes with DMF (2 mL) as a solvent. The reaction was
monitored by TLC. After the completion, the reaction
mixture was then cooled to room temperature and diluted
with cold water (40 mL) and then filtered; the precipitate was
collected and purified by recrystallization from 95% EtOH
except 6h which was purified by silica gel column chro-
matography (eluent 15-20% ethyl acetate/pet. ether). The
analytical data for representing compounds are shown
below.

(1) 6-Amino-1-0ox0-1,2,3, 4,7a,11b-hexahydro-4alH-
cyclopenta [b] Indeno [1, 2, 3-de] [1, 8] Naphthyridine-4al,7-
dicarbonitrile (6a). Yellow solid (89%), 274-276°C; IR (KBr)
(4000-600 cm™): Viax: 3349, 3334, 2960, 2172, 1657, 1628,
1558, 1490, 1378, 1202, 1045, 732, 696. "H NMR: (400 MHz,
DMSO-dg) 6 2.44 (s, 4H), 4.68 (s, 1H), 4.81 (s, 1H), 6.67
(s, 2H), 7.24-7.42 (m, 4H), 9.22 (brs, NH) ppm. '>’C NMR:
(100 MHz, DMSO-dg) & 26.8, 34.2, 42.7, 46.2, 49.1, 52.8,
115.2, 117.4, 129.2, 129.4, 129.7, 130.0, 130.4, 140.9, 141.3,
154.1, 157.1, 167.8, 202.1 ppm. HR-MS (ESI) for C,oH,5N5O
m/z calcd.: 328.1154; found: 328.1152 [M + H]".

(2) 6-Amino-1-oxo-4-phenyl-1,2,3,4,7a,11b-hexahydro-
4alH-cyclopenta [b] Indeno [1, 2, 3-de] [1, 8] Naphthyridine-
4al,7-dicarbonitrile (6b). Yellow solid (92%), 278-280°C; IR
(KBr) (4000-600 cm™): Vimax: 3339, 2957, 2174, 1621, 1591,
1470, 1348, 1278, 1188, 1045, 764, 688. "H NMR: (400 MHz,
DMSO-dg) 6 2.46 (s, 4H), 4.68 (s, 1H), 4.81 (s, 1H), 6.67 (s,
2H), 7.015 (dd, 2H, J=20 & 8 Hz), 7.22-7.43 (m, 6H), 7.51
(t, 1H, J=8Hz) ppm. >C NMR: (100 MHz, DMSO-d¢) &
26.5, 34.3, 42.8, 46.3, 49.1, 52.6, 115.2, 117.4, 122.0, 123.4,
123.6, 127.9, 129.2, 129.4, 129.7, 130.0, 130.4, 134.3, 137.3,
141.1, 141.4, 154.1, 157.2, 167.9, 202.3 ppm. HR-MS (ESI) for
C,5H,7N50 m/z calcd.: 404.1467; found: 404.1471 [M + H]".

(3) 6-Amino-4-(4-methoxyphenyl)-1-o0xo0-1,2,3,4,7a,11b-
hexahydro-4alH-cyclopenta [b] Indeno [1, 2, 3-de] [I, 8]
Naphthyridine-4al,7-dicarbonitrile (6¢). Yellow solid (93%),
>300°C; IR (KBr) (4000-600 cm™): v, : 3336, 2954, 1662,
1589, 1382, 1336, 1248, 1125, 1009, 879, 742, 605. "H NMR:
(400 MHz, DMSO-d) 6 3.72 (s, 4H), 4.115 (q, 3H, J=8 Hz),
4.66 (s, 1H), 4.78 (s, 1H), 6.66 (s, 2H), 6.90 (s, 2H), 7.03 (d, 2H,
J=8Hz), 7.13 (d, 1H, J=8Hz), 7.23-7.36 (m, 3H) ppm. °C
NMR: (100 MHz, DMSO-dg) 8 27.1, 29.8, 34.7,43.2, 46.9, 49.6, 534,
1152, 117.7, 123.0, 1234, 123.6, 125.0, 127.9, 128.5, 130.0, 130.1,
1304, 137.6, 140.3, 140.9, 141.3, 154.7, 1574, 168.5, 202.3 ppm.
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HR-MS (ESI) for C,cH9N50, m/z calcd.: 434.1572; found:
4341568 [M +H]".

(4) 6-Amino-4-benzyl-1-0x0-1,2,3,4,7a,11b-hexahydro-
4alH-cyclopenta [b] Indeno [1, 2, 3-de] [1, 8] Naphthyridine-
4al,7-dicarbonitrile (6d). Yellow solid (82%), 275-278°C; IR
(KBr) (4000-600 cm™): v, : 3331, 2958, 2174, 1654, 1631,
1564, 1451, 1338, 1258, 1212, 1168, 735. '"H NMR: (400 MHz,
DMSO-dg) § 2.47 (s, 4H), 4.06 (s, 2H), 4.68 (s, 1H), 4.85
(s, 1H), 6.67 (s, 2H), 7.04 (d, 2H, J=8 Hz) 7.22-7.42 (m, 6H),
7.51-7.56 (m, 1H) ppm. >’C NMR: (100 MHz, DMSO-dg) &
26.5, 31.6, 42.5, 44.6, 46.1, 48.9, 52.6, 115.2, 115.6, 117.4,
121.8, 123.8, 127.9, 129.0, 129.4, 130.0, 130.4, 130.8, 137.3,
140.3, 140.9, 141.3, 154.1, 157.1, 167.8, 202.1 ppm. HR-MS
(ESI) for C,H19N50 m/z calcd.: 418.1623; found: 418.1634
[M+H]".

(5) 6-Amino-1-oxo-4-(p-tolyl)-1,2,3,4,7a,11b-hexahydro-
4alH-cyclopenta [b] Indeno [1, 2, 3-de] [1, 8] Naphthyridine-
4al,7-dicarbonitrile (6e). Yellow solid (88%), >300°C; IR
(KBr) (4000-600 cmfl): Vimax: 3419, 2954, 2161, 1632, 1605,
1565, 1470, 1380, 1283, 1222, 935, 849, 736, 688. 'H NMR:
(400 MHz, DMSO-dg) & 3.1325 (dd, 3H, 32 & 16 Hz), 3.72 (s,
4H), 4.66 (s, 1H), 4.78 (s, 1H), 6.66 (s, 2H), 6.97 (s, 2H),
7.02-7.39 (m, 6H) ppm. >C NMR: (100 MHz, DMSO-dg) &
20.1, 26.8, 34.2, 42.7, 46.2, 49.1, 52.8, 115.2, 117.4, 121.8,
123.4, 123.6, 127.9, 129.2, 129.4, 129.7, 130.0, 130.4, 137 .4,
139.4, 141.1, 141.4, 155.5, 158.8, 170.1, 200.0 ppm. HR-MS
(ESI) for Cy6HoN5O m/z calcd.: 418.1623; found: 418.1618
[M+H]".

(6) 6-Amino-4-(4-methoxybenzyl)-1-0x0-1,2,3,4,7a,11b-
hexahydro-4alH-cyclopenta [b] Indeno [1, 2, 3-de] [1, 8]
Naphthyridine-4al,7-dicarbonitrile (6f). Yellow solid (81%),
284-286°C; IR (KBr) (4000-600cm ): v, ,.: 3330, 2961,
2181, 1661, 1568, 1467, 1332, 1247, 1188, 1045, 995, 764, 732.
'"H NMR: (400 MHz, DMSO-dg) 6 3.72 (s, 4H), 3.88 (d, 2H,
8Hz), 4.105 (q, 3H, J=12 Hz), 4.66 (s, 1H), 4.82 (s, 1H), 6.62
(s, 2H), 6.93 (m, 2H), 7.13 (d, 2H, J=8 Hz), 7.17-7.39 (m,
4H) ppm. >C NMR: (100 MHz, DMSO-dy) 8 26.8, 30.4, 33.9,
46.0, 49.1, 52.8, 55.3, 58.2, 115.2, 115.6, 117.4, 120.7, 121.8,
123.0, 123.4, 123.6, 129.2, 129.4, 129.7, 130.0, 137.3, 140.9,

141.3, 154.7, 157.2, 167.5, 202.2ppm. HR-MS (ESI) for
C,7H,;N50, m/z calcd.: 448.1729; found: 448.1734 [M + H]*.

(7) 6-Amino-4-(4-(methylthio)phenyl)-1-o0xo0-1,2,3,4,7a,-
11b-hexahydro-4alH-cyclopenta [b] Indeno [1, 2, 3-de] [1, 8]
Naphthyridine-4al,7-dicarbonitrile (6g). Yellow solid (75%),
>300°C; IR (KBr) (4000-600 Cm_l): Vimax: 3328, 2956, 2180,
1633, 1563, 1509, 1467, 1382, 1251, 1188, 997, 767, 647, 610.
'H NMR: (400 MHz, DMSO-dg) 6 2.38-2.59 (m, 3H), 3.72
(s, 4H), 4.66 (s, 1H), 4.78 (s, 1H), 6.62 (s, 2H), 6.90 (s, 2H),
7.03 (d, 2H, J=8Hz), 712-7.34 (m, 4H) ppm. °C NMR:
(100 MHz, DMSO-d¢) & 17.8, 26.5, 34.5, 43.4, 46.6, 49.5, 53.5,
115.2,117.4, 121.8, 123.0, 123.4, 123.6, 127.9, 129.2, 129.4, 129.7,
130.0, 130.4, 137.3, 140.9, 141.3, 154.1, 157.1, 167.8, 202.1 ppm.
HR-MS (ESI) for C,sH;oN5;OS m/z calcd.: 450.1344; found:
450.1349 [M+H]".

(8)  6-Amino-4-(4-bromophenyl)-1-o0xo0-1,2,3,4,7a,11b-
hexahydro-4alH-cyclopenta [b] Indeno [1, 2, 3-de] [I, 8]
Naphthyridine-4al,7-dicarbonitrile (6h). Yellow solid (74%),
>300°C; IR (KBr) (4000-600 Cmfl): Vimax: 3335, 2963, 2176,
1659, 1629, 1568, 1504 1379, 1246, 1189, 991, 842, 739. 'H
NMR: (400 MHz, DMSO-dg) 8 2.46 (s, 4H), 4.93 (s, 1H), 5.08
(s, 1H), 6.49 (s, 2H), 6.90 (s, 2H), 7.03 (d, 2H, J=8 Hz),
7.12-7.34 (m, 4H) ppm. °C NMR: (100 MHz, DMSO-dg) &
24.6, 32.0, 46.0, 49.2, 52.9, 57.0, 115.2, 117.4, 121.8, 123.4,
123.6, 127.9, 129.2, 129.4, 129.7, 130.0, 130.4, 130.6, 137.3,
140.9, 141.3,157.2,159.8, 170.5, 204.5 ppm. HR-MS (ESI) for
Cy;sH BrN;O m/z caled.: 483.0518; found: 483.0512
[M+H]".

9) 6-Amino-1-oxo-4-(4-trifluoromethyl)phenyl)-1,2,-
3,4,7a,11b-hexahydro-4alH-cyclopenta [b] Indeno[1, 2, 3-de]
[1, 8] Naphthyridine-4al,7-dicarbonitrile (6i). Yellow solid
(72%), 284-286°C; IR (KBr) (4000-600cm™): v, : 3339,
2960, 2174, 1621, 1593, 1457, 1385, 1275, 1128, 998, 732, 616.
'H NMR: (400 MHz, DMSO-dg) 8 3.72 (s, 4H), 4.66 (s, 1H),
4.78 (s, 1H), 6.40 (s, 2H), 6.66 (s, 2H), 6.74-6.81 (m, 2H),
7.12-7.34 (m, 4H) ppm. >’C NMR: (100 MHz, DMSO-dg) &
24.6, 32.0, 46.0, 49.2, 52.9, 57.0, 97.1, 115.2, 117.4, 121.8,
123.4, 123.6, 127.9, 129.2, 129.4, 129.7, 130.0, 130.4, 130.6,
137.3, 140.9, 141.3, 157.2, 159.8, 170.5, 204.5 ppm. HR-MS
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(ESI) for C,¢HigF3sNsO m/z caled.: 472.1340; found:
4721352 [M+H]".

2.3. In Silico Molecular Docking Methodology

2.3.1. Preparation of Ligands. The 2D structures (.mol) of all
synthesized compounds (6a-i) were drawn and each indi-
vidual structure was analyzed by using ChemDraw 16.0. All
the compounds (6a-i) were converted to 3D structure (.pdb)
using Chem3D 16.0. The 3D coordinates (.pdb) of each
molecule were loaded onto Chem3D for energy
minimization.

2.3.2. Preparation of Macromolecule. The crystal structures
of receptor molecule E. coli gyrase B (PDB ID: 6F86) and
human topoisomerase IIf3 with DNA (PDB ID 3QX3) were
downloaded from protein data bank. The protein prepara-
tion was done using the reported standard protocol by re-
moving the cocrystallized ligand, selected water molecules,
and cofactors, and the target protein file was prepared by
leaving the associated residue with protein by using auto-
preparation of target protein file AutoDock 4.2 (MGLTools
1.5.7).

2.3.3. AutoDock Vina Analysis. The graphical user interface
program AutoDock 4.2 was used to set the grid box for
docking simulations. The grid was set so that it surrounds
the region of interest in the macromolecule. The docking
algorithm provided with AutoDock Vina was used to search
for the best docked conformation between ligand and
protein. During the docking process, a maximum of nine
conformers were considered for each ligand. The confor-
mations with the most favorable (least) free binding energy
were selected for analyzing the interactions between the
target receptor and ligands by Discovery Studio Visualizer
and PyMOL.

AutoDock Vina with standard protocol was used to dock
the proteins (PDB ID: 6F86 and 3QX3) and synthesized
novel 1,8-naphthyridine ligands (6a-i) into the active site of
proteins. The molecular docking studies were carried out
using AutoDockTools (ADT) [44], which is a free graphic
user interface (GUI) for the AutoDock Vina program. The
grid box was constructed using 15 x 15 x 15, pointing in x, y,
and z directions, respectively, with a grid point spacing of
0.375 A. The center grid box is of 35.58 x 95.63 x 52.38 A and
62x30x62 A for 3QX3 and 6F86, respectively. Nine dif-
ferent conformations were generated for each ligand scored
using AutoDock Vina functions and were ranked according
to their binding energies. The ligands are represented in
different color, and H-bonds and the interacting residues are
represented in stick model representation.

234. In Silico Pharmacokinetics and  Toxicity.
Drug-likeness is a prediction that determines whether a
particular pharmacological agent has properties consistent
with being an orally active drug. The chemical structure of
the compounds (6a-i) was converted to their canonical

simplified molecular input line entry (SMILE) system and
submitted to SwissADME tool to estimate in silico phar-
macokinetic parameters. SwissADME predictor provides
information on the numbers of hydrogen donors, hydrogen
acceptors, and rotatable bonds, as well as total polar surface
area of a compound. The ligands were also subjected to
Lipinski et al., screened using SwissADME and PreADMET
predictors. The organ toxicities and toxicological endpoints
of the ligands and their LD, were predicted using ProTox-II
and OSIRIS Property Explorer [42, 43]. The analyses of the
compounds were compared with that of Vosaroxin, a
clinical-trial phase III drug.

3. Results and Discussion

3.1. Chemistry. A series of novel 1,8-naphthyridine deriv-
atives are synthesized via a four-component domino reac-
tion with no more than 20 minutes of microwave irradiation.
This one-pot transformation, which involved multiple steps
and did not require the use of a catalyst, constructed four
new C-C bonds, two new C-N bonds, and three new rings
with efficient use of all reactants, which are readily available
and cheap. Moreover, the proposed strategy involves neither
tedious workup nor column purification steps. Furthermore,
the methodology has excellent green credentials, scoring
well in a number of green metrics, hence showing this
approach to be an ideal green and sustainable process even at
gram scale.

Furthermore, it is noteworthy that we synthesized the
starting material enaminone (3a-i) under microwave irra-
diation, starting with cyclopentane-1, 3-dione (1), and
various amines (2a-i) in neat (catalyst- and solvent-free
conditions) at 160°C for 10 min. The reaction and products
are summarized in Scheme 2. This work represents the first
example of synthesizing different enaminones through this
simple and green methodology. Hence, synthesis of com-
pounds (3a-i) was accomplished with readily available
ammonium acetate (2a) aromatic or benzylic amines (2b-i)
and the commercially available cyclopentane-1,3-dione.

After synthesis of synthons 3a-i, we further used a 1:2:1
mixture of 3-aminocyclopent-2-enone (3a), malononitrile
(4), and o-phthalaldehyde (5) in ethanol [46] at 100°C for
20 minutes under microwave irradiation, without using
catalyst. Only 38% yield of the desired compound 6-amino-
1-oxo0-1, 2, 3, 4, 7a, 11b-hexahydro-4alH-cyclopenta [b]
indeno [1, 2, 3-de] [1,8] naphthyridine-4al, 7-dicarbonitrile
(6a) could be afforded. This synthesized 6a derivative was
characterized using IR, 'H NMR, *C NMR, and HR-MS
spectroscopies (see supplementary data (Figures S1-S18)).
Optimization data are shown in Table 1. The addition of
catalysts such as L-proline [47], piperidine [48], p-tolue-
nesulfonic acid, [49] and silica sulfuric acid [50] did not
improve the yields (Table 1, entries 2-5). DMF [51] was
chosen as the solvent for all further reactions due to positive
results. When the reaction was carried out at 90°C, 100°C,
110°C, and 120°C, 6a was obtained in yields of 70%, 75%,
89%, and 80% (Table 1, entries 6 and 11-13), respectively
[52]. We checked the reaction with DMF at 110°C for
15 min., but it further reduced the yield and multiple spots
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1) O
Neat, MWI
RNH >
T : 160 dec, 10 min.
3a-i
1 2

S NH—R
Compound R Yield % Compound R Yield %
3a H 93 3f 4-Methoxybenzyl 83
3b Ph 89 3g -SMePh 88
3c -OMePh 86 3h -BrPh 80
3d Benzyl 85 3i ~CF;Ph 78
3e -MePh 91

ScHEME 2: Synthesis of compounds 3a-i under microwave irradiation.

TaBLE 1: Optimization of reaction conditions for synthesis of 6a under microwave irradiation.

O

CHO
CN DMF
+2 < + 110°C MWI
NH, N CHO
3a 4 5

Entry Solvent Catalyst (mol %) Temp. ("C)* Time (min.) Yield (%)°
1 EtOH — 100 20 38
2 EtOH L-Proline (15) 100 20 40
3 EtOH p-TsOH (15) 100 20 Trace
4 EtOH Piperidine (10) 100 20 Trace
5 EtOH SSA (10) 100 20 Trace
6 DME — 100 20 75
7 CH3CN — 100 20 10
8 CH30H — 100 20 5

9 OHCH2CH20H — 100 20 35
10 H20 — 100 20 25
11 DME — 90 20 70
12 DMF — 110 20 89
13 DMF — 120 20 80
14 DMEF — 120 15 60

General conditions: 3-aminocyclopent-2-enone 3a (1 mmol); malononitrile 4 (2.2 mmol); phthaldialdehyde 5 (1 mmol); DMF (2 ml); *Anton Paar Monowave
300 reactor; irradiation power: 850 W; ramp time: 1 min; 60°C; bisolated yield by recrystallization.

appeared at TLC (Table 1, entry 14). These experiments
showed that conditions of 110°C in DMF, without a catalyst,
under microwave irradiation for 20 minutes provided the
highest yield with column-free protocol. Using the optimal
conditions, we investigated the substrate scope of the
transformation. The results are summarized in Table 2. As
shown in Table 2, phenyl groups bearing either electron-
withdrawing or electron-donating groups on the enaminone
ring as well as the unsubstituted enaminone as in the case of
6a were well tolerated under the reaction conditions, leading
to the final products in satisfactory yields (82 + 10%).

To conclude our analysis of this MDR, we have calcu-
lated green metrics [53, 54] comprising E-factor, atom
economy (AE), process mass intensity (PMI), reaction mass
efficiency (RME), and carbon efficiency (CE) for the process.
Therefore, we carried out the reaction on a 2 mmol scale by
reacting enaminone 3¢ (2 mmol, 0.407 g) and malononitrile
4 (44mmol, 0.291g) with o-phthalaldehyde 5 (2 mmol,
0.268 g) under the optimal conditions, which in turn pro-
vided 0.803 g of pure 6¢ in 90% yield (Table 3). The calculated
green metrics for the above reaction (AE=92.32 %,
CE=72.83 %, E-factor=3.938, RME=83.13%, and
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TABLE 2: Synthesis and substrate scope of compounds 6a-i under microwave irradiation.

CHO

o
CN
+2 < +
NI CN CHO
R
3a-i 4 5

6g
75%

SCH

110°C MWI

DMF

o H H
CN
NC
N
N N NH,
6i
6h 72%
74%
CF,

PMI = 4.938) establish the environment friendliness of the
present method (see supplementary materials available
here).

A proposed mechanism for this new four-component
domino reaction is shown in Scheme 3. An initial Knoe-
venagel condensation [55, 56] of o-phthalaldehyde (5) with
two malononitrile (4) molecules followed by Michael ad-
dition [57] of enaminone (3) with intermediate A

proceeding towards cyclization and imine-enamine tauto-
merization to give product 6 has been predicted (see sup-
plementary data available here).

A catalyst-free eco-friendly domino methodology to-
wards the assembly of hexahydro-4alH-cyclopenta [b]
indeno [1, 2, 3-de] [1,8] naphthyridine-4al,7-dicarbonitrile
derivatives has been developed from commercially available
cyclopentane-1, 3-dione, aromatic amine (2b-i) (or



ammonium acetate in case of 2a), malononitrile, and o-
phthalaldehyde. The operational simplicity, readily available
substrates, cheap reagents, high to excellent yields, and wide
functional group tolerance are the key features of the present
MDR protocol. The usefulness of these domino reactions is
shown by the fact that up to six new bonds (four C-C bonds
and two C-N bonds) and three new rings (a tricyclic 5-6-6
skeleton consisting of cyclopentene and two pyridines) were
readily formed in domino fashion. This work represents the
construction of these special types of poly-
hydronaphthyridine skeletons in one pot.

3.2. Molecular Docking Studies. Molecular docking studies
are generally employed to investigate the binding energy and
to further validate the molecular mechanisms for ligands at
the active site of a protein. To understand the binding mode
of 1,8-naphthyridine derivatives, all the synthesized com-
pounds were subjected to molecular docking studies against
selected proteins, namely, human topoisomerase II and
E. coli. DNA gyrase B using Autodock Vina [44].

3.2.1. Binding Mode of Analysis of Synthesized 1,8-Naph-
thyridine Derivatives Docked against Human Topoisomerase
II Beta (PDB ID 3QX3). It has been reported that topo-
isomerase IIf is one of the elucidated targets for antitumor
agents such as 1,8-naphthyridine derivatives (e.g., Vosar-
oxin) [58, 59]. Therefore, in this study, the molecular
docking analysis of the synthesized compounds (6a-i) was
carried out to investigate their binding interaction within the
binding sites of human topoisomerase II and the results
were compared with standard anticancer agent in class
(Vosaroxin). The synthesized compounds (6a-i) were found
to have minimum binding energy ranging from -6.2 to
-6.7kcal/mol (Table 4). Compared with Vosaroxin
(-5.6kcal/mol), the synthesized compounds (6a-i) have
shown high binding affinity and similar residual and DNA
interaction profile with amino acid residues Asp-479, Ser-
480, Glu-477, Ala-481, Arg-503, Gly-478, and Gly-504 and
nucleic acid residues DT-8, DT-9, DG-10, DA-12, and DG-
13. Compounds 6¢ and 6g have no hydrogen bonding in-
teraction with amino acid residues within the binding
pocket. The compounds 6a (-6.6kcal/mol), 6b (-6.7 kcal/
mol), and 6i (-6.5kcal/mol) have shown better binding
affinity and similar residual amino acid and DNA binding
within the binding pockets of 3QX3 as compared to
Vosaroxin (Figure 2). The in silico interaction results have
shown that all the synthesized compounds (6a-i) have better
binding affinity compared to Vosaroxin; among them
compounds 6b (-6.7kcal/mol) and 6f (-6.7kcal/mol)
revealed better binding affinity. The inhibition constant K;
values showed much better results for synthesized com-
pounds 6a-i (0.726 to 3.493 nm) as compared to Vosaroxin
(22.993 nm). Among them, 6b and 6f showed minimum
value (0.726 nm), 6a was slightly higher (0.994nm), and
compound 6i showed more than 10-fold decrement
(1.361 nm) to Vosaroxin (22.993nm). Based on the mo-
lecular docking analysis results, all the synthesized com-
pounds have shown comparable residual interactions and
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better docking scores than Vosaroxin (see supplementary
materials (Figures S19-S28)). Hence, these compounds
might prove to be better anticancer agents than Vosaroxin.
The binding affinity, inhibition constant, H-bond, and re-
sidual interaction of all the synthesized compounds are
summarized in Table 4.

3.2.2. Binding Mode of Analysis of Synthesized 1,8-Naph-
thyridine Derivatives Docked against E. coli DNA Gyrase B
(PDB ID 6F86). DNA gyrase B, an enzyme belonging to a
member of bacterial topoisomerase, controls the topology of
DNA during transcription, replication, and recombination
by introducing transient breaks to both DNA strands [60, 61].
Hence, the bacterial DNA gyrase is paramount for bacterial
survival and therefore necessary to disrupt as an antibacterial
drug target [62]. Therefore, in this study, the molecular
docking analysis of the synthesized compounds was carried
out to investigate their binding pattern with DNA gyrase and
the results were compared with standard antibacterial agent
(Ciprofloxacin). The synthesized compounds (6a-i) were
found to have minimum binding energy ranging from -6.5 to
-9.4 kcal/mol (Table 5), with the best result achieved using
compound 6i (-9.4 kcal/mol). Compared to Ciprofloxacin,
the synthesized compounds (6a-i) have shown high binding
affinity (except 6d) and similar residual interaction profile
with amino acid residues Glu-50, Gly-77, Ile-94, Ile-78, Pro-
79, Ala-47, Thr-165, and H-bond with Asp-73, Arg-76, and
Asn-46. All the synthesized ligands have revealed the crucial
interaction between the ligand, Asp-73, and the water
molecule with E. coli DNA gyrase B (6F86). It has been
previously reported that binding modes between ligand, Asp-
73, and water molecule are crucial for the inhibition for the
DNA gyrase B [63]. Compounds 6a (Asp-49), 6b (Gly-77 and
Thr-165), 6f (Glu-50), and 6i (Ala-47) have additional hy-
drogen bonding interaction with amino acid residues. The
compounds 6¢, 6d, 6e, 6g, and 6h have shown similar hy-
drogen bond (Gly-77) and residual amino acid binding
within the binding pockets of 6F86 (Ile-78, Glu-50, Ile-94,
and Pro-79). The in silico interaction results of the synthe-
sized compounds (6a-i) showed better binding affinity in
comparison with Ciprofloxacin; among them, compounds 6b
(= 8.1kcal/mol) and 6i (-9.4kcal/mol) revealed the best
binding affinity results. Compound 6d has shown smaller
docking affinity (-6.5kcal/mol) and partially matching
amino acid residues interactions in comparison with
Ciprofloxacin (Figure 3). The inhibition constant K; values
showed better results for synthesized compounds 6a-i
(0.00015 to 1.36144nm) as compared to Ciprofloxacin
(0.08061 nm). Among them, 6i showed minimum value
(0.00015 nm) and 6b was slightly higher (0.00895 nm), while
6h (0.02295 nm), 6a (0.03142 nm), and 6¢ (0.05888 nm) are
comparable to Ciprofloxacin (0.08061 nm). Based on the
molecular docking analysis results, all the synthesized
compounds (except 6d) have shown comparable residual
interactions and better docking scores than Ciprofloxacin
(see supplementary materials (Figures S29-S38)). Therefore,
these compounds might have potential to be promising
antibacterial agents. The binding affinity, inhibition constant,
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TaBLE 3: Calculated green metrics for the scaled-up synthesis of 6-amino-4-(4-methoxyphenyl)-1-o0xo-1, 2, 3, 4, 7a, 11b-hexahydro-4alH-
cyclopenta [b] indeno [1, 2, 3-de] [1,8] naphthyridine-4al,7-dicarbonitrile [6c].

0
CHO
DME, 110 d
Q- (L -
N CN CHO MWI
H

3¢ 4 5 6¢
2 mmol 4.4 mmol 2 mmol 90%
0407 g 0291 g 0.268 g OCH, 0.803 g
Yield (%) AE (%) CE (%) E-factor™ RME (%) PMI
90 92.32 72.83 3.938 83.13 4.938

[*lcalculation up to the crude product.

\
HN\v
3a-i
CN
(0]
CHO
CN
2CH,(CN), 4
Knoevenagel condensation CN
CHO

I‘\I anti-B N syn-B

ScHEME 3: Proposed mechanism for formation of compounds 6a-i.
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TaBLE 4: Molecular docking results of compounds 6a-i against human topoisomerase II DNA (PDB ID 3QX3).

Binding Inhibition Residual interactions
S. no. Ligands affinity (kcal/  constant ki H-bond DNA Hydrophobic/ Van der Waal
mol) (nM) cation-II an der Waais
DT-8, DT-9
Asp-479, Ser- ? ’ Gly-478, Leu-502, Arg-
6a C1oH,3N50 -6.6 0.994 150 DG-1103, DG- Glu-477 503, Gly-504, Tyr-821
Ser-480, Gly- DT-8, DT-9, Asp-479, Leu-502, Gly-
6b C,sH,,N;O -6.7 0.726 S0 De13 — o
DT-8, DT-9, Asp-479, Ser-480, Glu-
6¢ CagH1oN5O 62 3.493 — DG-10, DA- Arg503 77> Gly-478, Leu-502,
2657197852 : ’ > 8 Gly-504, Gly-776, Tyr-
12, DG-13
821
DT-8, DT-9
Arg-503, Gln- ? ’ Asp-479, Glu-477, Gly-
6d CoH N0 -6.3 2.551 DG-10, DA- —
778, Tyr821 e 504, Lys-505
DT-8, DT-9, Asp-479, Ser-480, Gly-
6e Ca6H oN5O —6.4 1.863 Gly-504 Arg-503 478, Leu-502, Gln-778,
DA-12,
Gly-776
Gln-778, Tyr- DT-8, DT-9,  Arg-503, Glu-  Asp-479, Ser-480, Gly-
of CorHaNsO, 67 0.726 821 DG-10 477, Ala-481, 478, Asp-557
DT-8, DT-9, Asp-479, Ser-480, Glu-
6 Ca6HioN50S 62 3.493 — DG-10, DA- Arg-503 477, Gly-478, Gly-776,
& 268119 : : ’ & Leu-502, Gly-504, Tyr-
12
821
DT-8, DT-9, Ser-480, Glu-477, Gly-
6h Cp5H,6BrN;O 6.4 1.863 Gly-504 DA12, Arg-503 178, Low-50, Tyr-821
DT-8, DT-9,
6i Ca6H16FsN50 -6.5 1.361 Lys—580251, ™ pa-12, DG- Gln-778 Arg-503, Gly-504
13
150, Gy, DTS DTS,
Vosaroxin C;gH;oN5;0,S -5.6 22.993 ’ > DG-10, DA- — Gly-478, Gly-504
Ala-481, Arg-
503 12, DG-13

DA = deoxyadenosine; DG = deoxyguanosine; DT =deoxythymidine.

H-bond, and residual interaction of all the synthesized
compounds are summarized in Table 5.

3.2.3. In Silico Pharmacokinetics (Drug-Likeness) and Tox-
icity Analysis. 'The drug-likeness of the synthesized 1,8-
naphthyridine derivatives was characterized according to
“Lipinski’s rule of five.” As per Lipinski’s rule, the potential
molecules should have the following physicochemical
properties [64], such as (i) less than 5 hydrogen bond donors
(HBDs), (ii) less than 10 hydrogen bond acceptors (HBAs),
(iii) a molecular mass less than 500 Da, (iv) log P not greater
than 5, and (v) total polar surface area (TPSA) which should
not be >140 A. The SwissADME computed results showed
that all the synthesized compounds (6a-i) in the present
study are satisfying Lipinski’s rule of five with zero violations
(Table 6) [65]. Hence, all the synthesized compounds might
be candidates for anticancer and antimicrobial studies.
Evaluation of ADMET properties of newly synthesized
compounds is pivotal in drug discovery [45]. The skin
absorption of molecules is indicated by skin permeability
value (Kp) in cm/s. The more negative the value of log K,
the less the skin absorption [41, 66]. The skin permeability,
K, values of all molecules (7.12 to —8.11 cm/s) are within

the range of Vosaroxin (8.98cm/s) inferring low skin
permeability. In addition to that, absorption and distri-
bution of drug molecules are measured by gastrointestinal
(GI) and blood brain barrier (BBB) permeation. The
SwissADME prediction parameters have shown that all the
compounds 6a-h and 61 (except 6g) have high gastroin-
testinal (GI) absorption and none of the compounds have
blood brain barrier (BBB) permeation. Drug metabolism
has been mainly governed by a range of cytochromes
(CYP’s). Among them, CYP1A2, CYP2Cl19, CYP2C9,
CYP2D6, and CYP3A4 are paramount for biotransfor-
mation of drug molecules [41]. SwissADME prediction has
shown that all the compounds including Vosaroxin (except
6h) are substrates of permeability glycoprotein (P-gp). The
prediction result exhibits that all the compounds are found
to be noninhibitor for CYP2C19 and CYP2D6. The com-
pounds 6b, 6d, 6e, 6h, and Vosaroxin are potential in-
hibitors for CYP1A2, and compounds 6a, 6¢, 6f, 6g, and 6i
are noninhibitors. For CYP2C9 and CYP3A4, the com-
pounds 6a and Vosaroxin are noninhibitors, and the other
compounds 6b-i are potential inhibitors. The in silico
computed results of absorption, distribution, metabolism,
and excretion (ADME) for synthesized compounds 6a-i
and Vosaroxin are given in Table 7.
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FiGURre 2: The 2D and 3D binding interactions of compounds 6b, 6d, and 6i (comparable to Vosaroxin) against human topoisomerase I1f3
(PDB ID: 3QX3). 3D ribbon model shows the binding pocket structure of human topoisomerase I with compounds. Hydrogen bonds
between compounds and amino acids are shown as green-dashed lines, and hydrophobic interactions are shown as pink lines. (a) 6b, (b) 6d,
and (c) 6i.

TaBLE 5: Molecular docking results of compounds 6a-i against E. coli DNA gyrase B (PDB ID 6F86).

S o, Ligands Binding affinity Inhibiti.on H-bond . R'esidual interactions
(kcal/mol) constant ki (nM) Hydrophobic/cation-1I Van der Waals

6a C1oH,3Ns0 77 0.03142 ﬁii’_i%’ Asp-73, Glu-50, Tle-94 He_718§1$};:711; 3};165’
6b CasHy;N5O -8.1 0.00895 ’;;nl‘fgr?é’; Arg-76, Pro-79, Glu-so P73 Asp A9 Tle 78, Ile-
6¢ Ca6H1sN50, -75 0.05888 Gly-77 &8 Ifl,i;?‘;’gGlu's 0. :rsgpjé ’ 13:;;66,, {}fﬁ:‘fzg
6d Cy6H oN5O -65 1.36144 Gly-77  Tle-78, Arg-76, Glu-50 Asljgzg‘q’_’l‘g;,nﬁfr’_ilgf‘L’
6e Ca6H19N50 -7.7 0.03142 Gly77  1e78 Iclflf_‘;’opm'm’ 2213_'7763)’ ﬁ:g‘:‘;%, ?15-5:‘112’5
6f Cy,H,N:O, -7.3 0.11036 AS“";% Glu- Arg-76, Pro-79 A?SII;? TS:YIZ éi;iﬁb,

Val-120
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TaBLE 5: Continued.

Journal of Chemistry

S. no.

Ligands

Binding affinity Inhibition

H-bond

Residual interactions

(kcal/mol) constant ki (nM) Hydrophobic/cation-11 Van der Waals
6g CacH oN5OS 72 0.15108 Gly-77  le78 Iclﬁi‘;bpro”’ Asp-73, 2:;_'14366’ Arg-76,
6h C,5H,BrN;O -7.8 0.02295 Gly-77 Tle-78, Tle-94, Glu-50 ASPZ;_Q;T‘;?};_QE'%’
6i CyeH1F5N5O 94 0.00015 Ala-47 ASP'Z;)L‘?;’“\}?:E‘:JS’ Arg-76, Thr-165, Val-167
Vosaroxin  C;sH;oN50,S 73 0.11036 Asp-73 Tle-78, Asn-46 Arg;f’ éllya;‘; > %;_9146’51“'
Ciprofloxacin C;;H;3sFN;03 -7.4 0.08061 As:-sf6-,7 irg— Ile-78, Iéel-y9f;,7Glu-50, Ala-47, Pro-79, Thr-165
76

(a)

()

ARG
A:76

(©

F1GURE 3: The 2D and 3D binding interactions of compounds 6b, 6h, and 6i (comparable to Ciprofloxacin) against E. coli DNA gyrase B
(PDB ID: 6F86). 3D ribbon model shows the binding pocket structure of E. coli DNA gyrase B with compounds. Hydrogen bonds between
compounds and amino acids are shown as green-dashed lines, and hydrophobic interactions are shown as pink lines. (a) 6b, (b) 6h, and

(c) 6i.
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TaBLE 6: Drug-likeness predictions of compounds 6a-i, computed by SwissADME.

Lipinski’s rule of five

S. no. Formula Mol. Wt. (g/mol) NHD NHA NRB TPSA (A?) LogP (cLogP) with zero violations
6a C1oH3N50 327.34 2 4 0 115.06 1.58 0
6b C,sH,;,N;O 403.44 1 4 1 106.27 2.36 0
6¢ CaeH1oN5O, 433.46 1 5 2 115.50 2.66 0
6d C,cH oNsO 417.46 1 4 2 106.27 2.52 0
6e CosH oNsO 417.46 1 4 1 106.27 2.54 0
6f C,,H, N0, 447 49 1 5 3 115.50 2.71 0
6g C,eH,oN5OS 449.53 1 4 2 131.57 2.68 0
6h C,5H,4BrNsO 482.33 1 4 1 106.27 2.73 0
6i CoeH 6F5NsO 471.43 1 7 2 106.27 2.65 0
Vosaroxin ~ C;gH,oN50,S 401.45 2 9 5 136.13 0.963 0

NHD = number of hydrogen donors, NHA = number of hydrogen acceptors, NRB = number of rotatable bonds, and TPSA = total polar surface area.

TaBLE 7: ADME predictions of compounds 6a-i, computed by SwissADME and PreADMET.

Skin Inhibitor interaction (SwissADME/PreADMET)
S. 1o Chemical  permeation GI BBB
T formula value (log  absorption permeability P-gp CYP 1.A2 CYPZ,CH .CY,PZ,C9 CYPZ.D6 CYP %A4
kp) cm/s substrate inhibitor inhibitor inhibitor inhibitor inhibitor
6a C19H;3N;0 -8.11 High No Yes No No No No No
6b C,5H,7,N;0 -7.34 High No Yes Yes No Yes No Yes
6C Cy6H19N50, -7.54 High No Yes No No Yes No Yes
6d Cy6HoN;O -7.47 High No Yes Yes No Yes No Yes
6e Cy6H19N50 -7.16 High No Yes Yes No Yes No Yes
6f C,,H,N50, -7.67 High No Yes No No Yes No Yes
6g C,6H19N50S -7.25 Low No Yes No No Yes No Yes
6h C,5H6BrNsO -7.33 High No No Yes No Yes No Yes
6i C,y6H16F3NsO -7.12 High No Yes No No Yes No Yes
Vosaroxin C;gH;9N5;0,S -8.98 High No Yes Yes No No No No

GI = gastrointestinal, BBB =blood brain barrier, P-gp = P-glycoprotein, and CYP = cytochrome-P.

TasLE 8: Toxicity prediction of compounds 6a-i, computed by ProTox-II and OSIRIS property explorer.

LDsg Toxicity Organ toxicity
S. no. Formula (mg/ class H . . . . . . .

kg) epatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity Irritant
6a C19H5N50 500 4 Inactive Inactive Inactive Active Inactive No
6b C,sH7N50 500 4 Inactive Active Inactive Active Inactive No
6C Cy6H19N50, 500 4 Inactive Active Inactive Inactive Inactive No
6d C,6sH19N50 235 3 Inactive Inactive Inactive Inactive Inactive No
6e C,6H19N50 500 4 Inactive Active Inactive Active Inactive No
6f C,,H,1N;50, 400 4 Inactive Inactive Inactive Inactive Inactive No
6g C,y6H19N50S 500 4 Active Active Inactive Active Inactive No
6h CysH sBrNsO 500 4 Inactive Inactive Inactive Inactive Inactive No
6i Cy6H6F3NsO 500 4 Inactive Inactive Inactive Inactive Inactive No
Vosaroxin C;gH;9N50,S 500 4 Active Inactive Inactive Inactive Inactive No

Acute toxicity predictions result such as LDs, values and
toxicity class classification [1 (toxic) to 6 (non-toxic)] reveals
that none of the ligands have shown acute toxicity and were
found to be similar to Vosaroxin. The synthesized com-
pounds 6a-i have shown toxicity class classification 4
(harmful if swallowed). The toxicological prediction gives
results of endpoints such as hepatotoxicity, carcinogenicity,

mutagenicity, immunogenicity, and cytotoxicity. Com-
pounds 6b, 6e, and 6i were predicted to be nonhepatotoxic,
nonimmunotoxic, nonirritant, and noncytotoxic. However,
the compounds 6b and 6e have shown carcinogenicity and
mutagenicity. Among all the compounds, 6i was found to be
completely nontoxic. ProTox-II and OSIRIS property ex-
plorer prediction analyses are shown in Table 8. Hence,
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based on ADMET prediction analysis, compound 6i may be
the better candidate compared to other synthesized com-
pounds in the investigation.

4. Conclusions

In this investigation, we have developed a green synthetic
procedure for the facile synthesis of various potentially bi-
ologically active hexahydro-4alH-cyclopenta [b] indeno [1, 2,
3-de] [1,8] naphthyridine derivatives, based on a novel four-
component domino reaction. Using this method, a diverse
collection of 1,8-naphthyridine derivatives were rapidly
constructed with excellent yields in short reaction times by
simply heating a mixture of different enaminones, malono-
nitrile, and o-phthalaldehyde in DMF, without a catalyst,
under microwave irradiation. Furthermore, in silico molec-
ular docking, drug-likeness, and ADMET studies while
comparing with clinically proven drugs Vosaroxin and
Ciprofloxacin revealed the possible potency of synthesized
compounds towards anticancer and antimicrobial activities.
Based on the molecular docking analysis results, all the
synthesized compounds have shown better docking scores
than Vosaroxin and Ciprofloxacin. Hence, these compounds
might prove to be better anticancer agents than Vosaroxin
and might have potential to be very good antibacterial agents.
The SwissADME prediction results showed that all the syn-
thesized compounds (6a-i) in the present study satisfy Lip-
inski’s rule of five with zero violations. Better performing
compounds 6b, 6e, and 6i were predicted to be non-
hepatotoxic, nonimmunotoxic, nonirritant, and non-
cytotoxic. However, the compounds 6b and 6e have shown
carcinogenicity and mutagenicity. Compound 6i was found to
be completely nontoxic. The result of the present investigation
suggested that 6-amino-1-oxo-4-(4-trifluoromethyl)phenyl)-
1, 2, 3, 4, 7a, 11b-hexahydro-4alH-cyclopenta [b] indeno [1,
2, 3-de] [1,8] naphthyridine-4al,7-dicarbonitrile (61) may
serve as a candidate that could be developed into potent
human topoisomerase IIf and E. coli. DNA gyrase B inhibitor.
So, it is worthy to carry out further in vitro, in vivo, and
preclinical studies of the most active compound to develop
potent anticancer and antimicrobial agent. Based on the
preliminary prediction results of this investigation, we are
working on a new series of 1,8-naphthyridine derivatives to
explore better structure activity relationship and to find out
more potent, less toxic, and better biologically active scaffolds.
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