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2-Pyridone-containing heterocycles are considered privileged scaffolds in drug discovery due to their

behavior as hydrogen bond donors and/or acceptors and nonpeptidic mimics, and remarkable

physicochemical properties such as metabolic stability, solubility in water, and lipophilicity. This review

provides a comprehensive overview of multicomponent reactions (MCRs) for the synthesis of 2-

pyridone-containing heterocycles. In particular, it covers the articles published from 1999 to date related

to anticancer, antibacterial, antifungal, anti-inflammatory, a-glucosidase inhibitor, and cardiotonic

activities of 2-pyridone-containing heterocycles obtained exclusively by an MCR. The discussion focuses

on bioactivity data, synthetic approaches, plausible reaction mechanisms, and molecular docking

simulations to facilitate comparison and underscore the applications of the 2-pyridone motif in drug

discovery and medicinal chemistry. We also present our conclusions and outlook for the future.
1 Introduction

Multicomponent reactions (MCRs) are convergent reactions
that lead to a single product from three or more reactants,
where all or most of these atoms are incorporated in the product
structure through a cascade of elementary reactions.1–3 The
popularity of MCRs lies in the operational simplicity, savings in
time and energy (step efficiency), proceeding with high
convergence (process efficiency) and bond-forming index (BFI),
and compatibility with a range of unprotected orthogonal
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functional groups.1–3 Thereby, MCRs are considered a powerful
alternative to prepare structurally complex and diverse organic
molecules with a wide range of applications in polymer chem-
istry,4 combinational chemistry,5 organic chemistry,6,7 medic-
inal chemistry,3,8 and chiey drug discovery programs.9 Many of
the classical MCRs are named reactions and all have allowed the
incorporation of bioactive scaffold shapes, including Strecker
(1850),10 Hantzsch (1881),11 Biginelli (1891),12 Mannich (1912),13

Passerini (1921),14 Kabachnik-Fields (1952),15 Asinger (1956),16

Ugi (1959),17 Gewald (1966),18 Van Leusen (1977),19 and
Groebke–Blackburn–Bienaymé (1998).20 Over the past few
decades, MCRs have been employed as a powerful tool to create
chemical diversity, high throughput generation of bioactive
scaffolds, and the large-scale production of drug candidates.21,22
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It is estimated that roughly 5% of the marketed drugs have been
synthesized through an MCR strategy, including Nifedipine
(Hantzsch), Telaprevir (Passerini), and Crixivan (Ugi).22

Among all the synthetic and naturally occurring N-
heterocycles, 2(1H)-pyridones are six-membered heterocycles
possessing C]O and NH groups, which have been employed as
privileged scaffolds in medicinal chemistry and drug discovery
programs due to their interesting structural features and
a broad range of biological activities.23–25 The most important
structural characteristic is the tautomeric equilibrium between
2-hydroxypyridine (lactim) and 2(1H)-pyridone (lactam), which
predominates in both solid and solution phases.26–28 Addition-
ally, 2(1H)-pyridones are important in drug design due to their
capability to: (a) act as bioisosteres for amides, phenyls, pyri-
dines, pyridine N-oxides, and phenols; (b) serve as both
hydrogen bond donors and/or acceptors; and (c) achieve better
drug-like properties such as low lipophilicity, solubility in
Fig. 1 Bioactive natural products and selected examples of FDA-
approved drugs containing 2-pyridone core.
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water, and metabolic stability under physiological condi-
tions.29,30 For instance, 2-pyridone is widely found in bioactive
natural products, including Huperzine A used in China as
a treatment for Alzheimer's disease and is available in the U.S.
as a nutraceutical (not regulated by the FDA),31 fredericamycin A
employed as a novel lead compound for the chemotherapy of
human cancers,32 and Camptothecin displayed anticancer
activity as an inhibitor of DNA topoisomerase I (Fig. 1).33 Over
the past two decades, 2-pyridone derivatives have become a hot
point in drug discovery programs with an increasing number of
FDA-approved drugs as kinase inhibitors, including the most
recent approvals of Ripretinib (2020), Tazemetostat (2020),
Doravirine (2018), Duvelisib (2018), and Palbociclib (2015)
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Fig. 2 Bibliometric graphic depicting the percentage of articles
associated with each biological activity screened from 1999 to date
[data were collected searching in Scopus for the keywords: “2-pyr-
idones”, “biological activity”, and “multicomponent reactions”].
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(Fig. 2).29 In particular, tazemetostat is a potent, selective, and
orally bioavailable small-molecule inhibitor of EZH2. Thereby,
EZH2 inhibitors represent a notable clinical promise for cancer
treatment because some anticancer drugs have acquired resis-
tance and suffer from poor bio-distribution and limited brain
penetration.34

The present review covers articles published from 1999 to
date related to anticancer, antibacterial, antifungal, anti-
inammatory, a-glucosidase inhibitor, and cardiotonic activi-
ties of 2-pyridones derivatives obtained exclusively by an MCR
(Fig. 2). It should be noted that 86% of articles found suitable
for this review corresponded to 2-pyridone derivatives with
anticancer (31%), antibacterial (31%), and antifungal (24%)
Table 1 Three-component synthesis and anticancer evaluation of pyran

Compound R R1

4a 3-Br-4-NMe2C6H3 Me
4b 3-Br-4,5-(MeO)2C6H2 Me
4c 3-Br-4-EtO-5-MeOC6H2 Me
4d 3-Br-4-OH-5-MeOC6H2 Me
4e 3-Br-4-AcO-5-MeOC6H2 Me
4f 3-Br-4-F-C6H3 Me
4g 3-BrC6H4 Me
4h 3,4-(Cl)2C6H3 Me
4i 3,4,5-(MeO)3C6H2 Me
4j 4-iPrC6H4 Me
4k 3-NO2C6H4 Me
4l 3,4,5-(MeO)3C6H2 3,4-Dim

a Reaction conditions: aldehyde 1 (0.8 mmol), malononitrile 2 (0.8 mmo
(45 mol%), EtOH (3 mL), reux, 50 min. b Compound concentration req
to 100% DMSO control as assessed with the MTT assay. Data shown are a

35160 | RSC Adv., 2022, 12, 35158–35176
activities. For a better comprehension, the present review has
been organized and discussed in terms of the biological activ-
ities exhibited by 2-pyridone derivatives.
2 Multicomponent synthesis of
bioactive 2-pyridone derivatives
2.1. Anticancer activity

Analysis of the database of U.S. FDA-approved drugs reveals that
nearly 60% of unique small-molecule drugs contain an N-
heterocycle.35 In particular, N-heterocyclic skeletons are used as
building blocks for the production of oncology-active pharma-
ceutical ingredients (APIs) and many biologically active mole-
cules.36 As a result, a plethora of methodologies for preparing
diversely functionalized N-heterocycles with important anti-
cancer activity have been described during the last decade.37–40

In this regarding, Magedov et al. described the synthesis of
pyrano[3,2-c]pyridones 4 through a three-component reaction of
diverse aromatic aldehydes 1, malononitrile 2, and 4-hydroxy-
1,6-dimethylpyridin-2(1H)-one 3 mediated by triethylamine
(45 mol%) in reuxing ethanol for 50 min (Table 1).41 The
reaction mixture was cooled at room temperature, and the
precipitate was ltered and washed with ethanol to afford
products 4a–l in 75–98% yields. This protocol was distinguished
by its short reaction times, high yields, the use of a green
solvent, and broad substrate scope. Moreover, compounds 4a–l
were screened for their anticancer activity against HeLa (cervical
cancer) cell line. The cells were treated with respective
compounds for 48 h and cell viability was assessed through
o[3,2-c]pyridones 4

Yield 4 (%)

IC50
b (mM)

HeLa

83 0.33 � 0.06
87 0.58 � 0.14
88 1.08 � 0.8
75 2.67 � 1.1
83 3.50 � 1.3
84 6.33 � 1.1
97 6.50 � 1.3
98 18.3 � 2.9
97 43.3 � 5.1
81 >100
97 35.0 � 21.8

ethoxyphenethyl 80 22.7 � 6.4

l), 4-hydroxy-1,6-dimethylpyridin-2(1H)-one 3 (0.8 mmol), triethylamine
uired to reduce HeLa cell viability by 50% aer 48 h treatment relative
verage ± SD of three independent experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Flow cytometric cell cycle analysis of Jurkat cells

Compound

% Relative DNA contenta

G0/G1 S G2/M

DMSO 49.4 � 2.7 26.6 � 0.1 23.9 � 2.4
4a (5 mM) 14.4 � 1.7 18.1 � 0.6 67.5 � 2.3
4b (5 mM) 12.0 � 3.5 19.0 � 2.0 68.5 � 4.7
Colchicine (25 mM) 19.0 � 0.2 23.1 � 0.1 57.9 � 0.1

a % Relative DNA content ± SD aer 15 h treatment of Jurkat cells with
indicated compounds from two independent experiments.
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measurements of mitochondrial dehydrogenase activity using
the MTT method (Table 1). Data shown are average ± SD of
three independent experiments. These compounds showed
good to excellent anticancer activity with IC50 values ranging
from 0.33 to >100 mM. Remarkably, compounds 4a (R = 3-Br-4-
NMe2C6H3, R

1 = Me) and 4b (R = 3-Br-4,5-(MeO)2C6H2, R
1 =

Me) displayed the best activity with IC50 values of 0.33 and 0.58
Table 3 Three-component synthesis and anticancer evaluation of pyran

Compound R Yie

6a C6H5 78
6b 3,4,5-(MeO)3C6H2 86
6c 3-OH-4-MeOC6H3 82
6d 3-MeO-4-OHC6H3 84
6e 3-MeO-4-OH-5-NO2C6H2 89
6f 3-NO2C6H4 77
6g 2-NO2C6H4 73
6h 4-Pyridinyl 79
6i 3-Pyridinyl 81
6j 2-Furanyl 75
6k 5-Methyl-2-furanyl 78
6l 2,3-(Cl)2C6H3 95
6m 2,6-(Cl)2C6H3 88
6n 3,4-(Cl)2C6H3 97
6o 3-ClC6H4 91
6p 3-FC6H4 90
6q 3-BrC6H4 93
6r 3-Br-4-FC6H3 95
6s 3,5-(Br)2-4-OHC6H2 92
6t 3-Br-4-OH-5-MeOC6H2 94
6u 3-Br-4,5-(MeO)2C6H2 95
6v 3,5-(Br)2C6H3 82
6w 3-Br-4-MeOC6H3 64
6x 5-Bromopyridin-3-yl 85
6y 3-Br-4-AcO-5-MeOC6H2 84

a Reaction conditions: aldehyde 1 (0.8 mmol), malononitrile 2 (0.8 mm
(45 mol%), EtOH (3 mL), reux, 50 min. b Compound concentration r
treatment relative to 100% DMSO control as assessed with the MTT assay

© 2022 The Author(s). Published by the Royal Society of Chemistry
mM, respectively. Since many clinically used anticancer agents
induce apoptosis in cancer cells, pyrano[3,2-c]pyridones 4a–i
and 4l were tested for their ability to induce apoptosis in the
Jurkat cells using a ow cytometric annexin-V/propidium iodide
assay. In summary, the compounds 4a–g were found to be
strong inducers of apoptosis (50–60% aer 36 h treatment) in
Jurkat cells at 5 mM concentration, which is comparable to the
Colchicine used at the same concentration. Lastly, the ow
cytometric cell cycle analysis was performed with compounds
4a and 4b against the Jurkat cell line, leading to a pronounced
cell cycle arrest in the G2/M phase (Table 2). This result is
characteristic of antimitotic agents disrupting microtubule
assembly, which is also observed with 2-amino-4-aryl-4H-
chromene-3-carbonitriles that bind to or near the colchicine
binding site on b-tubulin.42

In a similar way to previously described,41 Magedov et al.
reported the synthesis of pyrano[3,2-c]quinolones 6a–y in 64–
97% yields via a three-component approach utilizing commer-
cially available 4-hydroxy-1-methylquinolin-2(1H)-one 5 under
o[3,2-c]quinolones 6

ld 6 (%)

GI50
b (mM)

HeLa MCF-7

0.39 � 0.01 3.38 � 0.53
0.24 � 0.02 1.0 � 0.3
>50 >50
0.63 � 0.05 0.5 � 0.14
0.63 � 0.02 0.71 � 0.12
0.32 � 0.02 1.1 � 0.1
5.0 � 1.4 3.5 � 0.3
>50 32 � 2
2.0 � 0.1 >50
22 � 1 35 � 2
3.9 � 0.2 5.1 � 0.1
1.8 � 0.2 >50
>50 36 � 2
0.3 � 0.03 2.5 � 0.3
0.15 � 0.04 2.2 � 0.2
0.30 � 0.01 1.0 � 0.3
0.74 � 0.03 0.003 � 0.001
0.27 � 0.03 0.81 � 0.08
0.27 � 0.02 0.43 � 0.01
0.047 � 0.01 0.39 � 0.16
0.014 � 0.003 0.38 � 0.03
0.077 � 0.006 0.075 � 0.007
0.41 � 0.04 0.5 � 0.1
0.013 � 0.003 0.015 � 0.008
0.18 � 0.02 0.025 � 0.06

ol), 4-hydroxy-1-methylquinolin-2(1H)-one 5 (0.8 mmol), triethylamine
equired to reduce HeLa and MCF-7 cells viability by 50% aer 48 h
. Data shown are average ± SD of two independent experiments.

RSC Adv., 2022, 12, 35158–35176 | 35161
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Table 4 Flow cytometric cell cycle analysis of Jurkat cells

Compound

% Relative DNA contenta

G0/G1 S G2/M

DMSO 56 � 2 21 � 3 20 � 2
6t 27 � 3 22 � 2 47 � 3
6u 20 � 2 28 � 2 49 � 2

a % Relative DNA content ± SD aer 24 h treatment of Jurkat cells with
indicated compounds from two independent experiments. Compounds
6t and 6u are used at 1 mM employing the ow cytometric Vybrant
Orange staining assay.
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the same reaction conditions (Table 3).43 The anticancer activity
of all synthesized compounds was evaluated against HeLa
(cervical cancer) and MCF-7 (breast cancer) cell lines. The cells
were treated with respective compounds for 48 h, and cell
viability was assessed through measurements of mitochondrial
dehydrogenase activity using the MTT method (Table 3). Data
shown are average ± SD of two independent experiments.
Overall, compounds 6a–y showed excellent activity against HeLa
and MCF-7 cancer cell lines with GI50 values ranging from 0.013
to >50 mM and 0.003 to >50 mM, respectively. Because many
clinically used anticancer agents induce apoptosis in cancer
cells, the compounds 6t (R = 3-Br-4-OH-5-MeOC6H2) and 6u (R
= 3-Br-4,5-(MeO)2C6H2) were tested for their ability to induce
apoptosis in Jurkat (model for human T-cell leukemia) cells
using a ow cytometric annexin-V/propidium iodide assay.
Although compound 6t is a strong apoptosis inducer at 100 nM,
its potency drops as the concentration is reduced to 10 nM. In
contrast, compound 6u retains its potency at this low concen-
tration. Moreover, the ow cytometric cell cycle analysis was
performed with compounds 6t and 6u against the Jurkat cell
line, showing a pronounced cell cycle arrest in the G2/M phase
(Table 4). Lastly, the effect of compounds 6t and 6u on in vitro
tubulin polymerization was performed to support the proposed
antitubulin mechanism of action. In this assay, the microtubule
formation is monitored by the increase in uorescence intensity
of the reaction mixture. Paclitaxel exhibited a potent enhance-
ment of the microtubule formation relative to the effect of
DMSO control. In contrast, compounds 6t and 6u displayed
a potent microtubule destabilizing effect like the known tubulin
polymerization inhibitor Podophyllotoxin.

Importantly, a series of 4,6-diaryl-2-oxo-1,2-dihydropyridine-
3-carbonitriles 9a–o were synthesized through a four-
Scheme 1 Four-component synthesis and anticancer evaluation of
4,6-diaryl-2-oxo-1,2-dihydropyridine-3-carbonitriles 9.

35162 | RSC Adv., 2022, 12, 35158–35176
component reaction of various (hetero)aromatic aldehydes 1,
substituted acetophenones 7, ethyl cyanoacetate 8, and an
excess of ammonium acetate in reuxing ethanol for 10 to 12 h
(Scheme 1).44 The precipitate obtained was subjected either to
re-crystallization from a mixture of DMF/EtOH (1 : 10, v/v), or to
column chromatography on silica gel to afford products 9a–o in
62–92% yields. All compounds were evaluated for their in vitro
anticancer activity against the human colon adenocarcinoma
cell line HT29 using the MTT method. However, only the
compounds 9b (R = 3-ClC6H4, R1 = C6H5) and 9d (R = 2-
EtOC6H4, R

1 = 3-thiophenyl) showed a signicant anticancer
activity with IC50 values of 2.1 and 1.2 mM, respectively.

Later, a molecular docking simulation was performed to
investigate the interactions of compound 9d with Pim-1 kinase
(PDB ID code: 2OBJ) (Fig. 3). It was found that the oxygen atom
of the carbonyl group and NHmoiety form two hydrogen bonds
with Lys67. Moreover, the nitrogen atom of the cyano group
forms a hydrogen bond with Ser189, while the oxygen atom of
the ethoxy group is involved in extra hydrogen bonding through
a water molecule with Asp167, Asp186, and Ser189 residues.

To date, few reports are available in the literature regarding
the eco-friendly synthesis of chromene-containing 2(1H)-pyr-
idones. In this regard, the solventless synthesis of 4-aryl-6-
[benzo[f]coumarin-3-yl]-3-cyano-2(1H)-pyridones 11a–d was
developed through a four-component reaction of aromatic
aldehydes 1, malononitrile 2, and acetyl-3H-benzo[f]chromen-3-
one 10 in the presence of sodium hydroxide at 75 °C for 45 min
(Table 5).45 Later, the reaction mixture was poured into water,
and then washed with water, ltered, dried, and recrystallized
from EtOH to furnish products 11a–d in 71–87% yields. Some
highlights of this protocol were associated with the absence of
solvent, shorter reaction time, and a simple workup procedure.
Lastly, 2(1H)-pyridone derivatives 11a–c were evaluated for their
in vitro anticancer activity against liver HepG2 and breast MCF-7
cell lines using the MTT method in the presence of 5-uoro-
uracil as a reference drug. In summary, compounds 11a–c
Fig. 3 2D interactions of compound 9d with Pim-1 kinase (PDB ID
code: 2OBJ). Reproduced with permission from ref. 44. Copyright
Elsevier Inc., 2022.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Four-component synthesis and anticancer evaluation of
chromene-based 2(1H)-pyridones 11

Compound R Yield 11 (%)

IC50
c (mM)

HePG2 MCF-7

11a C6H5 87 77.6 78.3
11b 4-OHC6H4 85 58.1 59.9
11c 4-MeOC6H4 79 53.6 56.3
11d 4-Me2NC6H4 71 — —
5-Fluorouracilb — — 9.30 13.1

a Reaction conditions: aldehyde 1 (1 mmol), malononitrile 2 (1.5 mmol),
2-acetyl-3H-benzo[f]chromen-3-one 10 (1 mmol), NaOH (1.5 mmol), 75 °
C, 45 min. b Standard drug for the study. c Compound concentration
required to reduce HePG2 and MCF-7 cells viability by 50% aer 48 h
treatment relative to 100% DMSO control as assessed with the MTT
assay.

Scheme 2 One-pot three-component synthesis and anticancer
evaluation of 3,4,6-triaryl-2(1H)-pyridones 13.
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displayed a moderate cytotoxic effect with IC50 values in the
range of 53.6–77.6 mM and 56.3–78.3 mM for HepG2 and MCF-7
cell lines, respectively, when compared to 5-uorouracil (IC50 =

9.30 and 13.1 mM, respectively).
Importantly, the presence of electron donating groups such

as hydroxy or methoxy substituents attached to the aromatic
ring play an important role in the molecular interactions and
have a profound effect on antiproliferative activity. In this
regard, 3,4,6-triaryl-2(1H)-pyridones 13a–p were synthesized in
58–82% yields through a one-pot three-component reaction of
aromatic aldehydes 1, substituted acetophenones 7, and phenyl
acetamides 12 in the presence of sodium hydride in DMSO at
130 °C (Scheme 2).46 All synthesized compounds 13a–p were
evaluated for their in vitro anticancer activity against MCF-7 and
MDA-MB-231 breast cancer cell lines using the MTT method in
the presence of Nolvadex (tamoxifen citrate) as a standard drug.
Data shown are average ± SD of two independent experiments.
Remarkably, compound 13p (R1 = 4-(2-(piperidin-1-yl)ethoxy,
(R2 = R3 = MeO, R4 = R5 = R6 = R7 = H) showed the most
signicant cytotoxic activity against MCF-7 and MDA-MB-231
cell lines with IC50 values of 35.7 ± 5.8 mM and 16.8 ± 2.3
mM, respectively, when compared to Nolvadex (IC50 = 8.8 ± 1.2
mM and 9.0 ± 1.3 mM, respectively). Cell cycle analysis showed
that compound 13p induced arrest of cells in the G1-phase and
reduction in the S-phase cells in a dose-dependent manner.
Moreover, compound 13p decreased ROS generation in a dose-
dependent manner and induced ROS-independent
mitochondrial-mediated apoptosis in MDA-MB-231 cells.
Lastly, the apoptotic activity of compound 13p was also
conrmed by DNA fragmentation and by expression of pro-
apoptotic genes such as BAD, BAK, and BimL.

1,3-Dipolar cycloaddition reaction is one of the efficient ways
for the regio- and stereoselective construction of ve-membered
© 2022 The Author(s). Published by the Royal Society of Chemistry
heterocycles.47 In this sense, regioselective three-component
synthesis of 4-hydroxyquinolin-2(1H)-one graed spi-
ropyrrolidines 17 has been accomplished through a 1,3-dipolar
cycloaddition reaction of various azomethine ylides derived
from isatin derivatives 15 and sarcosine 16 with 4-hydrox-
yquinolin-2(1H)-ones 14 as dipolarophile using a mixture of
MeOH/H2O (2 : 1, v/v) at reux for 2.5–3.0 h (Table 6).48 The
reaction mixture was cooled at room temperature, and the
products were ltered and recrystallized in a mixture of MeOH/
DMF (7 : 3, v/v) to afford products 17a–g in 46–92% yields.
Although the detailed mechanism of the reaction is not fully
established, the regioselective formation of spiropyrrolidines 17
could involve a decarboxylative condensation of isatins 15 with
sarcosine 16 to give azomethine ylides I, which undergo a 1,3-
dipolar cycloaddition reaction with dipolarophiles 14. The
regioselectivity in the product formation could be explained by
considering the secondary orbital interaction (SOI) between the
orbital of the carbonyl group of dipolarophiles 14 and those of
azomethine ylides I. Moreover, the regio- and stereochemical
outcome of the 1,3-dipolar cycloaddition reaction is ascertained
by X-ray crystallography and spectroscopic techniques. The
compounds 17 were screened for their in vitro anticancer
activity against HCT-116 (colon cancer) and HeLa (cervical
cancer) cell lines using the MTT method in the presence of
Doxorubicin as a standard drug. Data shown are average± SD of
two independent experiments. Overall, compounds 17d (R = R1

= H, R2 = NO2) and 17c (R = R2 = H, R1 = Me) showed the best
anticancer activity against the HCT-116 cell line with IC50 values
of 9.3 and 9.6 mM, respectively, when compared to doxorubicin
(IC50= 2.4 mM). Furthermore, compound 17b (R= Cl, R1= R2=

H) showed a good anticancer activity against the HeLa cell line
with an IC50 value of 10.7 mM, in comparison to Doxorubicin
(IC50 = 1.8 mM).

Alternatively, Tangella and co-workers described the regio-
and diastereoselective synthesis of trans-1,2-dihydrobenzofuro
[3,2-c]quinolinones 20 in 77–90% yields via a three-component
reaction of (hetero)aromatic aldehydes 1, a-bromoacetophe-
nones 18, and 4-hydroxybenzo[h]quinolin-2(1H)-ones 19 in
pyridine at 100 °C for 6 h (Scheme 3A).49 The yields were found
to be higher in case of substrates with electron-donating groups
(i.e. R = 3,4,5-(MeO)3C6H2, R

1 = 4-MeOC6H4, 90%) compared to
substrates with electron-withdrawing groups (i.e. R = 4-
NO2C6H4, R

1 = C6H5, 77%). Moreover, heteroaryl aldehydes (R
RSC Adv., 2022, 12, 35158–35176 | 35163
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Table 6 Three-component synthesis and anticancer evaluation of
spiropyrrolidine derivatives 17

Compound R R1 R2 Yield 17 (%)

IC50
c (mM)

HCT-116 HeLa

17a H H H 92 83.2 � 0.42 15.1 � 0.18
17b Cl H H 88 — 10.7 � 0.15
17c H Me H 62 9.6 � 0.14 28.4 � 0.30
17d H H NO2 54 9.3 � 0.12 16.7 � 0.14
17e H Me NO2 46 10.9 � 0.18 25.5 � 0.28
17f H Cl H 87 12.0 � 0.20 34.6 � 0.17
17g H Br H 82 — —
Doxorubicinb — — — — 2.4 � 0.10 1.8 � 0.05

a Reaction conditions: 4-hydroxyquinoline 14 (1.5 mmol), isatine 15 (1.5
mmol), sarcosine 16 (1.5 mmol), MeOH/H2O (2 : 1, v/v), reux, 2.5–3.0 h.
b Standard drug for the study. c Compound concentration required to
reduce HCT-116 and HeLa cells viability by 50% aer 48 h treatment
relative to 100% DMSO control as assessed with the MTT assay. Data
shown are average ± SD of two independent experiments.

Scheme 3 (A) Three-component synthesis and anticancer evaluation
of trans-2,3-dihydrofuran derivatives 20. (B) Plausible reaction
mechanism for the formation of 20.
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= 3-pyridyl and 2-thiophenyl) were found to be well tolerated
and the corresponding products 20h–jwere obtained in 81–87%
yields. The plausible reaction mechanism is briey outlined in
Scheme 3B.49 The rst step involves the formation of arylidi-
nebenzo[h]quinoline-2,4-diones II through a pyridine-catalyzed
Knoevenagel condensation of aldehydes 1 with 4-hydrox-
ycoumarin derivatives 19. The second step proceeds via
a Michael addition of pyridinium ylides III with Knoevenagel
adducts II to afford keto tautomers IV, which are in tautomeric
equilibrium with enol tautomers V. Lastly, intermediates V
undergo a diastereoselective intramolecular cyclization to give
desired products 20. Importantly, this protocol selectively
generated trans-2,3-dihydrofuran derivatives due to the steric
hindrance of the large substituents at C-2 (aryl) and C-3 (aryl or
hetaryl), which are opposing one another in the transition state
and the carbanion intermediate. In addition, pyridine plays
different roles such as base, solvent, and a source of pyridinium
ylides.

All compounds 20a–j were evaluated for their in vitro cyto-
toxic activity against A549 (lung cancer), DU-145 (prostate
35164 | RSC Adv., 2022, 12, 35158–35176
cancer), HeLa (cervical cancer), MCF-7 (breast cancer), and
normal mouse broblast (NIH 3T3) cell lines using the MTT
colorimetric assay in the presence of Doxorubicin as a standard
drug.49 The screening results revealed that all synthesized
compounds showed selective cytotoxicity to cancer cells (IC50

values ranging from 2.14 to 17.94 mM) with a very weak effect on
normal cells (IC50 values ranging from 70.43 to >100 mM). Most
of the compounds showed prominent activity against theMCF-7
cell line compared to other tested cancer cell lines. In particular,
compounds 20c (R = R1 = 4-MeOC6H4) and 20i (R = 2-thio-
phenyl, R1 = 4-MeOC6H4) displayed the best anticancer activity
against the MCF-7 cell line with IC50 values of 2.56 and 2.14 mM,
respectively, when compared to Doxorubicin (IC50 = 1.43 mM).
Also, compound 20c displayed high activity against A549 and
DU-145 cell lines with IC50 values of 6.05 and 3.28 mM, respec-
tively, in comparison to Doxorubicin (IC50 = 1.21 and 2.14 mM,
respectively). In addition, compounds 20d (R = 3,4,5-
(MeO)3C6H2, R

1 = C6H5) and 20f (R = 4-NO2C6H4, R
1 = C6H5)

exerted signicant activity against the HeLa cell line with IC50

values of 4.89 and 4.35 mM, respectively (IC50 = 1.63 mM for
Doxorubicin).

A literature survey revealed that 4,6-diaryl-3-cyano-2-
pyridones displayed a potent anticancer activity by inhibition
of the Pim-1 kinase.50–52 In this regard, a novel series of
substituted N-(2-ethylphenyl)-2-oxo-pyridine-3-carbonitriles 22
were synthesized in 25–55% yields through a piperidine-
catalyzed three-component reaction of aromatic aldehydes 1,
substituted acetophenones 7, and 2-cyano-N-(2-ethylphenyl)
acetamide 21a in reuxing ethanol for 5–9 h (Scheme 4).53 This
multicomponent protocol was extended to active methylene
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Three-component synthesis and anticancer evaluation of
highly substituted 2-pyridone derivatives 22, 24, and 25.

Table 7 Flow cytometric cell cycle analysis of OVCAR-3 cell line

Compound

% Relative DNA contenta

G0/G1 S G2/M

DMSO 56.28 31.42 12.30
25g (4.09 mM) 38.44 26.43 35.13
5-FU (10 mM) 33.94 31.29 34.77

a %Relative DNA content aer 24 h treatment of OVCAR-3 cell line with
indicated compounds.

Fig. 4 2D interactions of compound 25g with Pim-1 kinase (PDB ID
code: 2OBJ). Reproduced with permission from ref. 53. Copyright
John Wiley & Sons Inc., 2022.

Scheme 5 Four-component synthesis and anticancer evaluation of
2(1H)-pyridone derivatives 26.
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compounds such as diethyl malonate 23 and malononitrile 2 to
afford fully substituted 2-pyridone derivatives 24 and 25,
respectively, in moderate yields. The anticancer activity of
synthesized compounds was evaluated by the National Cancer
Institute (NCI), which selected 14 compounds for one-dose
screening. Among them, compound 25g (R = 3,4-(MeO)2C6H3)
was selected for ve-dose screening, which displayed a potent
anticancer activity with GI50 values ranging from 3.15 to 4.09 mM
against leukemia, CNS, colon, and ovarian cancer cell panels,
and moderate cytotoxicity against the other cancer cell lines
using the MTT method. Interestingly, cell cycle analysis against
the OVCAR-3 (ovarian cancer) cell line showed that compound
25g induced apoptosis and arrested the cell cycle at the G2/M
phase, which was accompanied by a reduction in the S-phase
cells (Table 7).

On the other hand, the provirus integration inMaloney (Pim)
kinases are attractive drug targets because they are involved in
cancer-specic pathways and upregulated in different hemato-
logical and solid cancers.54 Among them, Pim-1 kinase has
a signicant role in the regulation of the cell cycle through
phosphorylation of Cdc25 phosphatases and cell cycle inhibi-
tors.54 As a result, compound 25g was screened against Pim-1,
Pim-2, and Pim-3 kinases using quercetin as a reference
drug.53 The results revealed more selectivity towards Pim-1
kinase (IC50 = 1.89 mM) with a percentage inhibition of
64.6%, when compared to Quercetin (IC50 = 1.22 mM). Lastly,
molecular docking studies were performed to investigate the
© 2022 The Author(s). Published by the Royal Society of Chemistry
interactions of compound 25g with Pim-1 kinase (PDB ID code:
2OBJ) (Fig. 4). The nitrogen atom of cyano groups in positions 3
and 5 forms two hydrogen bonds with Asn172 and Lys67,
respectively. Also, the oxygen atom of the methoxy group in
position 3 forms a hydrogen bond with Asp186. Besides, 4-
phenyl and 2-ethyl phenyl rings interact with lle185 and Gly48
through an arene-H bonding, respectively.

Recently, a series of 4,6-diaryl-3-cyano-2(1H)-pyridones 26a–n
were synthesized through a four-component reaction of various
(hetero)aromatic aldehydes 1, substituted acetophenones 7, ethyl
cyanoacetate 8, and an excess of ammonium acetate in reuxing
n-butanol for 1–3 h (Scheme 5).55 The precipitate was ltered,
dried, and recrystallized from the appropriate solvent such as
EtOH, AcOH, DMF, EtOH/AcOH (1 : 1, v/v), and DMF/AcOH (1 : 1,
v/v) to afford products 26a–n in 35–70% yields. Selected
compounds were screened for their in vitro anticancer activity
against HepG2 (liver cancer) and THLE2 (normal liver cells)
using the MTT assay in the presence of 5-uorouracil as a refer-
ence drug. Data are expressed as mean ± SD of three indepen-
dent experiments. Interestingly, the compound 26n (R = 4-
MeOC6H4, R

1= 3-H2NC6H4) showed good activity against HepG2
and THLE2 cells with IC50 values of 19.2 ± 1.01 mM and 44.11 ±

0.89 mM, respectively, in comparison to 5-uorouracil (IC50 =

6.98 mM for HepG2 cancer cell line). Moreover, the compound 26l
(R = 3-ClC6H4, R

1 = 4-ClC6H4) displayed a moderate activity
against HepG2 and THLE2 cells with IC50 values of 43.7 ± 1.23
mM and 48.2 ± 0.98 mM, respectively. Overall, tested compounds
RSC Adv., 2022, 12, 35158–35176 | 35165
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were safe against normal liver cells with IC50 values ranging from
44.1 to $ 50 mM.

2.2. Antibacterial activity

Over the past few decades antibacterial drugs (i.e. Amphotericin
B, Fluconazole, Penicillin, Chloramphenicol, among others)
become less effective or even ineffective due to their emerging
antimicrobial resistance. In regards to this case, innovative
synthetic strategies will be required to develop new molecules
with potential antibacterial properties against a wide range of
bacteria.56,57 In this regard, an efficient three-component reac-
tion of 2-oxo-1,2-dihydroquinoline-3-carbaldehydes 27,
cyclohexane-1,3-dione derivatives 28, and (thio)urea 29a (R2 =

H) catalyzed by La(OTf)3 (10 mol%) in ethanol at room
temperature for 1.5–2.0 h afforded N-allylquinolone derivatives
30a–p (Scheme 6).58 This multicomponent approach was
successfully extended to N-phenylthiourea 29b (R2 = C6H5)
under similar reaction conditions for 3.0–3.5 h to give N-allyl-
quinolone derivatives 30q–x. Aer the completion of the reac-
tion, the solid was ltered, washed with ethanol, and puried by
leaching in an equal volume ratio of chloroform and methanol
to obtain products 30 in good yields. Subsequently, compounds
30a–x were screened against Gram-negative (Escherichia coli and
Pseudomonas aeruginosa) and Gram-positive (Staphylococcus
aureus and Streptococcus pyogenes) bacterial strains by using the
agar well diffusion method in the presence of ciprooxacin as
a standard drug. Interestingly, the compound 30h (R= R1=Me,
R2 = H, X = S) showed the highest activity against Pseudomonas
aeruginosa with a MIC value of 20 mg mL−1, while compounds
30r (R=H, R1=Me, R2= C6H5, X= S) and 30x (R= Cl, R1=Me,
R2 = C6H5, X = S) were the most active against Escherichia coli
with a MIC value of 50 mg mL−1, in comparison to Ciprooxacin
(MIC = 25 mg mL−1 for both strains). Moreover, compounds 30f
(R = R1 = Me, R2 = H, X = O) and 30w (R = Cl, R1 = H, R2 =

C6H5, X = S) displayed a good activity against Staphylococcus
aureus with a MIC value of 62.5 mg mL−1, when compared to
ciprooxacin (MIC = 50 mg mL−1). Lastly, compounds 30e (R =

Me, R1 = R2 =H, X = O), 30g (R =Me, R1 = R2 =H, X = S), 30m
(R= Cl, R1= R2=H, X=O), and 30p (R= Cl, R1=Me, R2=H, X
= S) exerted a moderate MIC value of 100 mg mL−1 against
Streptococcus pyogenes, in comparison to Ciprooxacin (MIC =

50 mg mL−1).
In a similar way to previously mentioned,58 the same authors

reported the solventless synthesis of N-allylquinolone
Scheme 6 La(OTf)3-catalyzed three-component synthesis and anti-
bacterial evaluation of N-allylquinolone derivatives 30.

35166 | RSC Adv., 2022, 12, 35158–35176
derivatives 32 in 80–87% yields through a solventless three-
component reaction of N-allyl quinolone-3-carbaldehydes 27,
cyclohexane-1,3-dione derivatives 28, and 2-hydroxy-1,4-
naphthoquinone 31 catalyzed by ceric ammonium nitrate
(5 mol%) in a microwave oven at 420 W for 6 min (Scheme 7A).59

This multicomponent approach was successfully extended to
malononitrile/iso-propylcyanoacetate 2/33 under similar reac-
tion conditions at 420 W for 4 min to give N-allylquinolone
derivatives 34 in 81–88% yields. This methodology was distin-
guished by its high yields, short reaction times, and solvent-free
conditions. The plausible mechanistic pathways for products 32
and 34 are illustrated in Scheme 7B and C, respectively. It was
supposed that the reaction occurred via the ortho-quinone
methides VI, which are formed by the nucleophilic addition of
2-hydroxy-1,4-naphthoquinone 31 to quinolone-3-
carbaldehydes 27 catalyzed with CAN. Subsequent attack of
cyclic 1,3-dicarbonyl compounds 28 (enol form) to the ortho-
quinone methides VI gives intermediates VII, which undergo 6-
exo-trig intramolecular cyclization/elimination sequence to
afford compounds 32. Alternatively, the Michael addition of
malononitrile/iso-propylcyanoacetate 2/33 to the ortho-quinone
methides VI gives intermediates VIII, which undergo 6-exo-dig
intramolecular cyclization/tautomerization sequence to furnish
compounds 34. The rapid formation of compounds 34 may be
due to the nucleophilic attack of the hydroxy group on the
highly electrophilic carbon atom of the nitrile group (VIII)
compared to the carbon atom of the carbonyl group (VII).

The compounds 32a–h and 34a–h were screened for their
antibacterial activity against two Gram-positive (Staphylococcus
aureus and Streptococcus pyogenes) and two Gram-negative
(Escherichia coli and Pseudomonas aeruginosa) bacterial strains
using Ciprooxacin as a standard drug. The compounds 32 and
Scheme 7 (A) CAN-catalyzed three-component synthesis of N-allyl-
quinolone derivatives 32 and 34 and their in vitro antibacterial activity
against four bacterial strains. (B) Plausible reaction mechanism for the
formation of 32. (C) Plausible reaction mechanism for the formation of
34.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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34 showed moderate to excellent antibacterial activity with MIC
values in the range of 20 to 500 mg mL−1, in comparison to
Ciprooxacin (MIC = 25–50 mg mL−1). In particular,
compounds 34a (R = H, R2 = CN) and 32d (R = Cl, R1 = H)
showed the highest activity against Staphylococcus aureus and
Streptococcus pyogenes with MIC values of 62.5 and 50 mg mL−1,
respectively. Remarkably, compounds 34f (R =Me, R2 = COO-i-
Pr) and 32c (R = MeO, R1 = H) displayed an excellent potency
against Escherichia coli and Pseudomonas aeruginosa with MIC
values of 25 and 20 mg mL−1, respectively, which are equipotent
to Ciprooxacin (MIC = 25 mg mL−1 for both strains).

The 4-aryl-6-[benzo[f]coumarin-3-yl]-3-cyano-2(1H)-pyridones
11a–d obtained by a four-component process and discussed in
Section 2.1. Anticancer activity (Table 5),45 were also screened
for their antibacterial activity against two Gram-positive
(Bacillus subtilis and Enterococcus faecalis) and one Gram-
negative (Salmonella typhimurium) bacterial strains by using
the disk diffusion method in the presence of Ampicillin and
Chloramphenicol as standard drugs (Table 8). The compounds
showed a diameter of growth of inhibition zone in the range of
10–13 mm, 9–11 mm, and 8–12 mm against Bacillus subtilis,
Enterococcus faecalis, and Salmonella typhimurium, respectively,
in comparison to Ampicillin (13–25 mm) and Chloramphenicol
(18–24 mm). Overall, the Gram-negative bacterium was more
susceptible to the synthesized compounds than Gram-positive
bacteria. Remarkably, compounds 11d (R = 4-Me2NC6H4) and
11c (R = 4-MeOC6H4) showed the highest activity against
Salmonella typhimurium with a diameter of growth of inhibition
zone of 11 and 12 mm, respectively, when compared to Ampi-
cillin (13 mm) and Chloramphenicol (18 mm).

Interestingly, a series of coumarin–pyridone hybrids 37 were
obtained in 79–93% yields through a one-pot three-component
reaction of (E)-3-(3-arylacryloyl)-2H-chromen-2-ones 35, ethyl 2-
nitroacetate 36, and an excess of ammonium acetate in reuxing
Table 8 Four-component synthesis of chromene-based 2(1H)-pyr-
idones 11 and their in vitro antibacterial activity against three bacterial
strainsa

Compound R

Inhibition zone (mm)

BS EF ST

11a C6H5 12 11 —
11b 4-OHC6H4 13 9 8
11c 4-MeOC6H4 12 10 12
11d 4-Me2NC6H4 10 10 11
Ampicillinb — 25 20 13
Chloramphenicolb — 24 23 18

a BS (Bacillus subtilis), EF (Enterococcus faecalis), ST (Salmonella
typhimurium). b Standard drug for the study.

© 2022 The Author(s). Published by the Royal Society of Chemistry
n-BuOH for 3–10 h (Scheme 8).60 The reactionmixture was cooled
to room temperature and the precipitate was ltered, washed,
and recrystallized from EtOH to obtain the product 37. This
approach shows a broad substrate scope and excellent
functional-group tolerance with diverse electron-rich and
electron-decient substituents. A plausiblemechanism proposed
by the authors is shown in Scheme 9. Initially, a,b-unsaturated
ketones 35 reacted with ethyl 2-nitroacetate 36 through aMichael
addition/condensation sequence mediated by ammonium
acetate to give enamine-type intermediates 39, which subse-
quently underwent an intramolecular cyclization to generate 3,4-
dihydropyridin-2(1H)-ones 40. Lastly, the elimination of HNO2

afforded coumarin–pyridone hybrids 37. The compounds 37a–n
were screened for their antibacterial activity against three Gram-
positive (Bacillus subtilis, Klebsiella pneumoniae, and Staphylo-
coccus aureus) and two Gram-negative (Escherichia coli and Pseu-
domonas aeruginosa) bacterial strains using Ciprooxacin as
a standard drug. It was found that compounds 37d (R = 4-
MeOC6H4), 37i (R= 3-NO2C6H4), 37k (R= 3-Br-4-MeOC6H3), and
37o (R= 2-pyridyl) exhibited a moderate activity with MIC values
in the range of 60–80 mg mL−1, in comparison to Ciprooxacin
(MIC = 0.03–8.0 mg mL−1).

Alternatively, Pandit and co-workers described the
piperidine-catalyzed synthesis of fully substituted 2(1H)-pyr-
idone derivatives 43 via a three-component reaction of (hetero)
aromatic aldehydes 1, acetoacetanilide 41, and cyanoacetamide
42 in reuxing ethanol for 7–8 h (Scheme 10).61 The reaction
Scheme 8 One-pot three-component synthesis of coumarin-pyr-
idone hybrids 37 for evaluation of their antibacterial activity.

Scheme 9 Plausible mechanism for the synthesis of coumarin–pyr-
idone hybrids 37.
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Scheme 10 Piperidine-catalyzed three-component synthesis of
2(1H)-pyridone derivatives 43 for evaluation of their antibacterial
activity.
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mixture was cooled in a refrigerator overnight and the precipi-
tate was ltered, washed with EtOH, and dried to obtain the
products 43 in 89–93% yields. Selected compounds were
screened for their antibacterial activity against two Gram-
positive (Bacillus subtilis and Staphylococcus aureus) and two
Gram-negative (Escherichia coli and Pseudomonas aeruginosa)
bacterial strains. Overall, the compounds 43c (R = 2-BrC6H4)
and 43q (R = 2-furanyl) showed a diameter of growth of inhi-
bition zone in the range of 3.50–4.25 mm and 1.50–3.75 mm for
Gram-positive and Gram-negative bacterial strains, respectively.

Quinolone analogs have a broad spectrum of antimicrobial
properties. For instance, Krishna and colleagues described the
synthesis of quinolone–pyridine hybrids 45 in 63–85% yields
through a time-efficient four-component reaction of (hetero)
aromatic aldehydes 1, malononitrile 2, 3-acetyl-4-hydroxy-2(1H)-
quinolone 44, and an excess of ammonium acetate catalyzed by
NbCl5 (15 mol%) in DMF at 75 °C for 30 min (Scheme 11).62 The
compounds 45a–p were screened for their antibacterial activity
against two Gram-positive (Staphylococcus aureus and Bacillus
cereus) and three Gram-negative (Klebsiella planticola, Escher-
ichia coli, and Pseudomonas aeruginosa) bacterial strains using
Ciprooxacin hydrochloride as a standard drug. It was found
that compound 45e (R = 4-MeOC6H4) exhibited an excellent
activity against Staphylococcus aureus and Bacillus cereus with
a MIC value of 2.34 mg mL−1, in comparison to Ciprooxacin
hydrochloride (MIC = 4.68 and 2.34 mg mL−1, respectively). In
case of Klebsiella planticola, compounds 45c (R= 4-ClC6H4), 45h
(R = 2-ClC6H4), and 45p (R = 2-furanyl) showed the same
activity than standard drug with a MIC value of 4.68 mg mL−1.
Lastly, compounds 45e (R = 4-MeOC6H4), 45f (R = 4-i-BuC6H4),
and 45p (R = 2-furanyl) exhibited higher antibacterial activity
Scheme 11 NbCl5-catalyzed four-component synthesis of quino-
lone–pyridine hybrids 45 for evaluation of their antibacterial activity.

35168 | RSC Adv., 2022, 12, 35158–35176
than standard drug against Escherichia coli with a MIC value of
2.34 mgmL−1, while the compound 45i (R= 2-BrC6H4) displayed
a good potency against Pseudomonas aeruginosa with a MIC
value of 4.68 mg mL−1, in comparison to Ciprooxacin hydro-
chloride (MIC = 4.68 and 2.34 mg mL−1, respectively).

A year later, the same authors employed a similar strategy for
the synthesis of quinolone–pyrimidine hybrids 47 by a three-
component reaction of (hetero)aromatic aldehydes 1,3-acetyl-
4-hydroxy-2(1H)-quinolone 44, and an excess of guanidine
hydrochloride 46 in an aqueous solution of KOH under reux-
ing ethanol for 6 h (Scheme 12).63 Purication of products by
column chromatography was unsuccessful due to their poor
solubility. For that reason, the crude product was diluted with
100 mL of water and the pH was adjusted to 2.0 by using
a hydrochloric acid solution (6.0 M). The resulting solid was
ltered, washed with water, dried, and recrystallized in ethanol
to give the products 47 in 78–93% yields. All synthesized
compounds 47a–t were screened for their antibacterial activity
against two Gram-positive (Staphylococcus aureus and Bacillus
cereus) and three Gram-negative (Klebsiella planticola, Escher-
ichia coli, and Pseudomonas aeruginosa) bacterial strains using
Neomycin as a standard drug. It was found that compound 47s
(R = 3-MeO-4-BnOC6H3) exhibited the highest activity against
Staphylococcus aureus, while compounds 47k (R = 3,4,5-
(MeO)3C6H2) and 47m (R = 3-OHC6H4) showed the best activity
against Bacillus cereus with a MIC value of 0.58 mg mL−1 in both
cases, when compared to Neomycin (MIC = 18.75 mg mL−1 for
both strains). In addition, compounds 47m and 47r (R = 2,5-
(MeO)2C6H3) resulted to be more potent than Neomycin against
Klebsiella planticola and Pseudomonas aeruginosa with a MIC
value of 0.58 mg mL−1, respectively. The compounds 47c (R = 4-
ClC6H4), 47f (R = 4-i-BuC6H4), 47k, and 47n (R = 4-BnOC6H4)
showed an excellent antibacterial activity against Escherichia
coli with a MIC value of 1.17 mg mL−1, in comparison to
Neomycin (MIC = 18.75 mg mL−1).

Recently, El-Hashasha and co-workers described the time-
efficient synthesis of 4,6-diaryl-3-cyano-2(1H)-pyridone 48 by
a four-component reaction of 4-methoxybenzaldehyde 1, 4-
bromoacetophenone 7, ethyl cyanoacetate 8, and an excess of
ammonium acetate in reuxing ethanol for 20 min (Scheme
13A).64 The precipitate was ltered, dried, and recrystallized
from methanol to afford product 48 in 89% yield. The plausible
mechanism reaction proceeds via a Knoevenagel condensation
Scheme 12 Three-component synthesis of quinolone–pyrimidine
hybrids 47 for evaluation of their antibacterial activity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 13 (A) Four-component synthesis of the 4,6-diaryl-3-cyano-
2(1H)-pyridone 48 and its in vitro antibacterial activity against two
bacterial strains. (B) Plausible reaction mechanism for the formation of
48.

Scheme 14 DAHP-catalyzed three-component synthesis of 2-pyr-
idone-3-carboxylic acids 52 and their in vitro antibacterial activity
against four bacterial strains.

Fig. 5 3D Interactions of compound 52p with Staphylococcus aureus
DNA gyrase (PDB ID code: 5CDQ). GyrA and GyrB subunit of DNA
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of 4-methoxybenzaldehyde 1 with ethyl cyanoacetate 8 to afford
cyanoacrylate X, which undergoes a Michael addition with 4-
bromoacetophenone 7 to give intermediate XI (Scheme 13B).
The condensation reaction of 1,5-dicarbonyl compound XI with
ammonia gives enamine intermediate XII, which undergoes an
intramolecular cyclization/dehydrogenation sequence to deliver
the desired product 48. Interestingly, the functionalization of
compound 48 afforded pyridine and triazole derivatives in high
yields. Lastly, compound 48 was screened for its antibacterial
activity against Staphylococcus aureus and Escherichia coli as
Gram-positive and Gram-negative bacterial strains, respectively,
using Cefoxitin as a standard drug. It was found that compound
48 displayed a diameter of growth of the inhibition zone of
13 mm and 12 mm against Staphylococcus aureus and Escher-
ichia coli, respectively, in comparison to Cefoxitin (25 mm for
both strains).

Interestingly, 2-pyridone-3-carboxylic acids 52 were synthe-
sized in 52–86% yields through a three-component reaction of
3-formylchromones 49, Meldrum's acid 50, and primary amines
51 in the presence of diammonium hydrogen phosphate
(DAHP, 20 mol%) as a basic catalyst in water at 70 °C for 3 h
(Scheme 14).65 This protocol was distinguished by its opera-
tional simplicity, good yields, short reaction times, and struc-
tural diversity of products by the use of different aliphatic and
aromatic amines. The compounds 52a–pwere screened for their
antibacterial activity against two Gram-positive (Staphylococcus
aureus and Methicillin-resistant staphylococcus aureus) and two
Gram-negative (Escherichia coli and Acinetobacter baumannii)
© 2022 The Author(s). Published by the Royal Society of Chemistry
bacterial strains using Cexime and Ciprooxacin as standard
drugs. It was found that compounds 52p (R = 4-MeO, R1 =

cyclohexyl) and 52b (R = H, R1 = allyl) exhibited the highest
activity against Staphylococcus aureus with MIC values of 2.96
and 4.67 mg mL−1, respectively, in comparison to Cexime (MIC
= 1 mg mL−1) and Ciprooxacin (MIC = 0.25 mg mL−1). In
addition, the compound 52o (R= 4-MeO, R1 = allyl) showed the
best activity against Methicillin-resistant Staphylococcus aureus
with a MIC value of 82.33 mg mL−1, when compared to Cexime
(MIC = 32 mg mL−1) and Ciprooxacin (MIC = 64 mg mL−1). In
case of Escherichia coli, the compound 52h (R = H, R1 = 3,4-
dimethoxyphenethyl) showed a moderate activity with a MIC
value of 12.79 mg mL−1, while all synthesized compounds 52a–p
displayed a low antibacterial activity against Acinetobacter bau-
mannii with MIC values ranging from 329.32 to >500 mg mL−1,
when compared to Cexime (MIC = 4 and 32 mg mL−1,
respectively) and Ciprooxacin (MIC = 0.5 and 64 mg mL−1,
respectively).

Lastly, molecular docking studies were performed to inves-
tigate the interactions of compound 52p (R = 4-MeO, R1 =

cyclohexyl) with the DNA gyrase active site (PDB ID code: 5CDQ)
(Fig. 5).65 2-Hydroxy-4-methoxybenzoyl interacted with Arg458
and Asp437 through p-cation and H-bonding, respectively. Also,
N-cyclohexane and carbonyl groups occupied the proximity of
Gly81 and formed H-bonding interaction with Ser84, respec-
tively. Interestingly, the electron-donating property of the
gyrase are in yellow and blue, respectively.

RSC Adv., 2022, 12, 35158–35176 | 35169
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methoxy substitution at the benzoyl ring increased the tendency
of the compound 52p to make p-cation interaction with Arg458.
2.3. Antifungal activity

For decades, fungal infections have been difficult health
conditions to treat due to their high toxicity, low efficacy rates,
long duration of treatment, and resistance to clinically anti-
fungal drugs.66 These reasons have prompted the development
of new antifungal agents with distinct action or multitargeted
combination therapy.66–68 In this way, N-allylquinolone deriva-
tives 30 were obtained through a La(OTf)3-catalyzed three-
component reaction and discussed in Section 2.2. Antibacte-
rial activity (Scheme 6).58 The antifungal activity of these
compounds was evaluated against Candida albicans, Aspergillus
niger, and Aspergillus clavatus using Nystatin as a standard drug.
Overall, N-allylquinolone derivatives 30 showed MIC values in
the range of 100 to >1000 mg mL−1 for three fungal strains, in
comparison to Nystatin (MIC = 100 mg mL−1 for all strains).
Interestingly, the compound 30r (R = H, R1 = Me, R2 = C6H5, X
= S) showed a signicant activity against Candida albicans with
a MIC value of 200 mg mL−1. Also, compounds 30w (R= Cl, R1 =

H, R2= C6H5, X= S) and 30x (R= Cl, R1=Me, R2= C6H5, X= S)
displayed the same activity that Nystatin against Aspergillus
niger and Aspergillus clavatus, respectively, with a MIC value of
100 mg mL−1.

On the other hand, N-allylquinolone derivatives 32 and 34
obtained by a solvent-free microwave-assisted multicomponent
process and discussed in Section 2.2. Antibacterial activity
(Scheme 7),59 were also screened for their antifungal activity
against Candida albicans, Aspergillus niger, and Aspergillus clav-
atus using Nystatin as a standard drug. The compounds 32a (R
= R1 =H) and 34a (R = H, R2 = CN) showed a moderate activity
against Candida albicans with a MIC value of 250 mg mL−1, in
comparison to Nystatin (MIC = 100 mg mL−1). Importantly,
compounds 32c (R=MeO, R1=H) and 34h (R= Cl, R2= COO-i-
Pr) exerted an excellent activity against Aspergillus niger, while
the compounds 32d (R= Cl, R1=H), 32h (R= Cl, R1=Me), and
34d (R = Cl, R2 = CN) displayed the highest potency against
Aspergillus clavatus with a MIC value of 100 mg mL−1 in all cases,
when compared to Nystatin (MIC = 100 mg mL−1 for both
strains).

Importantly, coumarin–pyridone hybrids 37 obtained
through a one-pot three-component approach and discussed in
Section 2.2. Antibacterial activity (Scheme 8),60 were also
screened for their antifungal activity against Candida albicans,
Aspergillus fumigatus, and Aspergillus niger using Amphotericin
B as a standard drug. It was found that compounds 37d (R = 4-
MeOC6H4) and 37m (R = 2-furanyl) exhibited a moderate
activity with MIC values in the range of 60–75 mg mL−1 against
three fungal strains, in comparison to Amphotericin B (MIC =

0.5–1.0 mg mL−1, respectively).
Alternatively, fully substituted 2(1H)-pyridone derivatives 43

obtained by a piperidine-catalyzed three-component approach
and discussed in Section 2.2. Antibacterial activity (Scheme
10),61 were also screened for their antifungal activity against
Aspergillus niger. It was found that compounds 43a (R = C6H5),
35170 | RSC Adv., 2022, 12, 35158–35176
43b (R = 2-FC6H4), 43c (R = 2-BrC6H4), 43d (R = 4-MeOC6H4),
43e (R = 4-Me2NC6H4), and 43q (R = 2-furanyl) showed
a diameter of growth of inhibition zone in the range of 3.00–
3.75 mm against Aspergillus niger. Unfortunately, the authors
did not use a standard drug for this study.

Alternatively, Krishna and colleagues described the synthesis
of quinolone–pyridine hybrids 45 via an NbCl5-catalyzed four-
component reaction and discussed in Section 2.2. Antibacte-
rial activity (Scheme 11),62 were also screened for their anti-
fungal activity against Candida albicans, Candida parapsilosis,
Candida glabrata, Candida aaseri, Aspergillus niger, and Issatch-
enkia hanoiensis using Miconazole as a standard drug. Particu-
larly, the compound 45n (R = naphthalene-2-yl) showed the
highest activity against tested Candida and fungal pathogens
with MIC values ranging from 1.67 to 9.37 mg mL−1, in
comparison to Miconazole (MIC = 4.68–9.37 mg mL−1). More-
over, compounds 45b (R = 4-FC6H4), 45d (R = 4-BrC6H4), 45f (R
= 4-i-BuC6H4), 45n, and 45p (R= 2-furanyl) showed an excellent
antifungal activity against Candida strains with MIC values in
the range of 2.34–9.37 mg mL−1, in comparison to Miconazole
(MIC = 4.68–9.37 mg mL−1). In cases of Aspergillus niger and
Issatchenkia hanoiensis, compounds 45a (R = C6H5), 45d, and
45n displayed a high potency with MIC values in the range of
1.67–9.37 mg mL−1, respectively, in comparison to Miconazole
(MIC = 9.37 mg mL−1).

A year later, the same authors used a similar strategy for the
synthesis of quinolone–pyrimidine hybrids 47 by a three-
component protocol as discussed in Section 2.2. Antibacterial
activity (Scheme 12),63 were also tested for their antifungal
activity against Candida albicans, Candida parapsilosis, Candida
glabrata, Candida aaseri, Aspergillus niger, and Issatchenkia
hanoiensis using Miconazole as a standard drug. Overall,
compounds 47h (R = 3-MeOC6H4), 47r (R = 2,5-(MeO)2C6H3),
and 47t (R = 3-MeC6H4) showed the highest antifungal activity
against Candida strains with MIC values ranging from 0.58 to
1.17 mg mL−1, in comparison to Miconazole (MIC = 4.68–9.37
mg mL−1). In cases of Aspergillus niger and Issatchenkia han-
oiensis, compounds 47r and 47n (R = 4-BnOC6H4) exerted an
excellent activity with a MIC value of 0.58 mg mL−1, respectively,
in comparison to Miconazole (MIC = 9.37 mg mL−1).

Lastly, 2-pyridone-3-carboxylic acids 52 obtained through
a DAHP-catalyzed three-component approach and discussed in
Section 2.2. Antibacterial activity (Scheme 14),65 were also
screened for their antifungal activity against Candida albicans
using Nystatin as a standard drug. Unfortunately, all compounds
52a–p exhibited a low antifungal activity with aMIC value of >500
mg mL−1, in comparison to Nystatin (MIC = 64 mg mL−1).
2.4. Anti-inammatory activity

Inammation is a self-protective procedure to eliminate the
injurious stimuli and to start the healing process. Importantly,
inammation is a critical component of tumor progression.69,70

Thus, the anti-inammatory therapy is efficacious towards early
neoplastic progression and malignant conversion.69,70 Most of
the commercially available anti-inammatory drugs are found
to be highly unsafe for long-term use due to their adverse
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 16 Three-component synthesis and anti-inflammatory
evaluation of 2-pyridone derivatives 55, 57, 58, and 59.
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effects.71 As a result, new heterocyclic molecules are being
developed and a number of them are in the advanced stages of
clinical trials.71 Recently, the utilization of 2-cyano-N-(4-
hydroxyphenyl)acetamide has been explored in the construc-
tion of fully substituted 2-pyridone derivatives with biomedical
features.72 In 2021, Fayed and colleagues reported the
piperidine-catalyzed three-component reaction of aromatic
aldehydes 1, 2-cyano-N-(4-hydroxyphenyl)acetamide 21b, and
cyanoacetamide 42 in reuxing ethanol for 6 h to afford 2(1H)-
pyridone derivatives 53a–d in 58–69% yields (Scheme 15).72 This
multicomponent approach was successfully extended to ethyl
acetoacetate 54 under similar reaction conditions for 2 h to give
2-pyridone derivatives 55a and 55b in 81% and 76% yields,
respectively. Some compounds were screened for their in vivo
anti-inammatory activity employing the carrageenan-
stimulated rat hind paw edema method.73 The anti-
inammatory behavior of compounds 53b (R = 4-MeOC6H4),
53c (R = 4-BrC6H4), 55a (R = 4-MeOC6H4), and 55b (R = 4-
ClC6H4) in a 100 mg kg−1 ratio with a rat's body weight were
compared with the standard Phenylbutazone (100 mg kg−1). In
particular, compound 53b displayed the highest anti-
inammatory activity with a percentage of inhibition of 9.2%,
24.6%, 42.2%, and 40.6% at 1, 2, 3, and 4 hours, respectively,
which was only superior to the anti-inammatory effect of
Phenylbutazone at 1 hour (0.72%, 29.9%, 41.2%, and 43.3%,
respectively). Lastly, compounds 53b, 53c, 55a, and 55b were
screened for their in vitro anti-inammatory activity using the
interleukin-6 kits and Phenylbutazone as a standard drug.74 As
expected, compound 53b displayed the highest anti-
inammatory activity with a percentage of IL-6 inhibition of
65.1%, when compared to Phenylbutazone (85.5%). It should be
noted that compounds 53c, 55a, and 55b showed a percentage
of IL-6 inhibition of 49.5%, 31.4%, and 41.2%, respectively.

In 2022, the same authors described the piperidine-catalyzed
three-component reaction of aromatic aldehydes 1, 2-cyano-N-
(4-hydroxyphenyl)acetamide 21b, and ethyl acetoacetate 54 or
acetylacetone 56 in reuxing ethanol for 2 h to afford fully
substituted 2-pyridone derivatives 55a–c and 57a–c in 76–87%
and 62–89% yields, respectively (Scheme 16).75 This
Scheme 15 Piperidine-catalyzed three-component synthesis of fully
substituted 2-pyridone derivatives 53 and 55 with anti-inflammatory
activity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
multicomponent approach was successfully extended to malo-
nonitrile 2 or ethyl 2-cyanoacetate 8 under similar reaction
conditions for 3–5 h to give 2-pyridone derivatives 58a–f and
59a–b in 68–82% and 67–77% yields, respectively. Selected
compounds were screened for their in vivo anti-inammatory
activity employing the carrageenan-stimulated rat hind paw
edema method using Phenylbutazone as a reference drug. In
summary, compounds exerted a percentage of inhibition in the
range of 10.3–52.6%, 18.4–57.6%, and 27.2–45.6% at 2, 3, and 4
hours, respectively, in comparison to Phenylbutazone (29.9%,
41.2%, and 43.3%, respectively). Most of the tested compounds
showed a higher anti-inammatory effect than Phenylbutazone.
Particularly, compounds 58b (R = 4-ClC6H4) and 58f (R = 4-
MeOC6H4) displayed an excellent percentage of inhibition of
(52.6% and 57.6%) and (44.2% and 50.2%) at 2 and 3 hours,
respectively. In addition, compounds 58a (R = C6H5), 58c (R =

4-FC6H4), and 58f showed a percentage of inhibition of 44.2%,
44.2%, and 45.6%, respectively, at 4 hour. Lastly, selected
compounds were screened for their in vitro anti-inammatory
activity using the interleukin-6 kits and Phenylbutazone as
a standard drug.75 As expected, compound 58f showed almost
the same activity than Phenylbutazone (85.5%) with
a percentage of IL-6 inhibition of 85.0%. In addition,
compounds 58a and 58c showed a good percentage of IL-6
inhibition corresponding to 79.2% and 67.1%, respectively.

Molecular docking studies were performed to investigate the
interactions of compound 58f (R = 4-MeOC6H4) with the active
RSC Adv., 2022, 12, 35158–35176 | 35171
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Fig. 6 2D Interactions of compound 58f with the active site of IL-6
(PDB ID code: 1N26). Reproduced with permission from ref. 75.
Copyright Elsevier Inc., 2022.

Scheme 17 Pd(OAc)2-Catalyzed pseudo-three-component synthesis
of 3-bis(indol-3-yl)methylquinoline-2(1H)-ones 62 as a-glucosidase
inhibitors.

Scheme 18 Plausible mechanism for the synthesis of 3-bis(indol-3-yl)
methylquinoline-2(1H)-ones 62.
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site of IL-6 (PDB ID code: 1N26) (Fig. 6).75 The docking research
of Phenylbutazone (standard drug) showed that arene–H
interaction with Ile194 increased xation within the active
region of IL-6. For compound 58f, the oxygen atom of the
hydroxyl group and nitrogen atom of the amino group formed
two H-bonding interactions with Thr188 and Cys102,
respectively.

2.5. a-Glucosidase inhibitory activity

Type 2 diabetes is the most common form of diabetes, which is
a challenging metabolic disease characterized by insulin resis-
tance, leading to hyperglycemia or abnormal blood glucose levels
and damage to various physiological processes and organs.76,77

The tremendous increase in the number of patients affected by
this disease and the side effects of antidiabetic drugs have
promoted the search for new heterocyclic compounds with better
safety and antidiabetic activity.76,77 In particular, the incorpora-
tion of azoles such as pyrazole, imidazole, and triazole, among
others, is required in the design of new antihyperglycemic agents
with higher activity than acarbose.78 Recently, Duan and
colleagues reported the cascade synthesis of functionalized 3-
bis(indol-3-yl)methylquinoline-2(1H)-ones 62 in 40–66% yields
through a pseudo-three-component between indoles 60 and 2-
acyl-N-acrylaniline derivatives 61 catalyzed by Pd(OAc)2
(10 mol%) in the presence of an excess of TFA as an additive and
TBPB as an oxidant in a mixture of DMF/DMSO (9 : 1, 3.0 mL) at
90 °C for 16–36 h (Scheme 17).79 Notably, three C–C bonds and
one ring are formed in one step by Pd-catalyzed C-3 alkenylation
of indoles with 2-acyl-N-acrylaniline derivatives. Lastly, selected
quinolone-bis(indolyl)methane hybrids 62were screened against
a-glucosidase using Acarbose as a reference drug. Most of the
compounds showed a higher a-glycosidase inhibition than
Acarbose. Remarkably, compounds 62c (R = R1 = R2 = R4 = H,
R3 = C6H5), 62e (R= R1 = R3 = R4 =H, R2 = Bn), and 62l (R= 5-
Me, R1 = R3 = R4 = H, R2 = PMB) showed the highest inhibitory
activity with IC50 values of 27.5, 21.8, and 15.6 mM, respectively,
when compared to Acarbose (IC50 = 154.7 mM).
35172 | RSC Adv., 2022, 12, 35158–35176
As illustrated in Scheme 18, the cascade reaction is triggered
by Pd-catalyzed C-3 alkenylation of indoles 60 with 2-acyl-N-
acrylanilines 61 to give a,b-unsaturated amides 63, which
underwent an intramolecular cyclization to generate interme-
diates 64. The benzylic alcohol moiety of 64 is easily eliminated
to form allylic-type carbocations 65. Lastly, the cascade process
is completed by the nucleophilic attack of indoles to the stabi-
lized intermediates 65 to deliver products 62.
2.6. Cardiotonic activity

Cardiotonic drugs are used for treating cardiac insufficiency
because they increase the contractile power of the myocardium
improving its capability and efficacy.80 In particular, 2-pyridone-
based drugs such as Amrinone, Milrinone, and Olprinone have
been employed as potent cardiotonic agents during the last
decades.81–84 In this way, a series of 3-cyano-2(1H)-pyridone
derivatives 66 were synthesized through a four-component
reaction of aromatic aldehydes 1, substituted acetophenones
7, ethyl cyanoacetate 8, and an excess of ammonium acetate in
reuxing ethanol for 6 h (Scheme 19).85 The reaction mixture
was cooled and the precipitate was ltered, washed successively
with water, dried, and recrystallized to afford products 66a–o in
31–40% yields. These compounds were evaluated for their
cardiotonic activity using the spontaneously beating atria
model from Reserpine-treated guinea pigs.86 Isoproterenol
sulfate at a concentration of 5 × 10−4 M was used as a reference
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Four-component synthesis of 2(1H)-pyridone derivatives
66 as nonsteroidal cardiotonic agents.
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standard to be able to follow the changes in both the atria
contractility and frequency rate. The best pharmacological
prole was obtained with compound 66i (R = 4-OHC6H4, R

1 =

3,4-(MeO)2C6H3), which displayed selectivity for increasing the
force of contraction (108.7% change over control) rather than
the frequency rate (40.8% change over control) at 5 × 10−4 M
concentration, in comparison to isoproterenol sulfate (83.7 and
76.4%, respectively).

3 Conclusions and perspectives

2-Pyridone-containing heterocycles play a signicant role in
drug discovery and medicinal chemistry due to their interesting
structural features and a broad range of biological activities. In
particular, 2-pyridones can act as bioisosteres for amides; serve
as both hydrogen bond donors and/or acceptors; and achieve
better drug-like properties such as low lipophilicity, solubility in
water, and metabolic stability under physiological conditions.
As a result, an increasing number of FDA-approved drugs con-
taining the 2-pyridone motif have been marketed as kinase
inhibitors. Most of the preparative routes toward commercial
drugs and biologically active compounds involve batch
processes and multistep sequences, respectively. To meet the
global demand for large-scale manufacturing of higher-value
products at a reduced cost, synthetic organic chemists have
shied their attention to continuous ow reactors due to their
several advantages over classical batch reactors. In this sense,
MCRs can be positively affected by the use of ow processes in
terms of yield, selectivity, reaction time, and real-time moni-
toring. Although there are several 2-pyridone-based drugs and
drug candidates, we nd very few reports on the multicompo-
nent synthesis of bioactive 2-pyridone derivatives. This review
aims to illustrate a variety of MCR-based approaches applied to
the synthesis of bioactive 2-pyridone-containing heterocycles,
demonstrating the value of this strategy in drug discovery and
medicinal chemistry. Although many works have been pub-
lished on the multistep synthesis of bioactive 2-pyridones, we
hope that the reader will gain an appreciation that multicom-
ponent reactions (MCRs) can lead to an overall process with
high atom-economy and step-efficiency.
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67 G. Bouz and M. Doležal, Advances in antifungal drug
development: an up-to-date mini review, Pharmaceuticals,
2021, 14, 1312.
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