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Abstract: Polyhydroquinolines represent an important class of heterocyclic compounds due to their
significant biological and pharmacological activities, including antihypertensive, antimicrobial,
anticancer, and anti-inflammatory properties. Consequently, the development of efficient and sustainable
methods for their synthesis has attracted considerable attention in modern organic chemistry.
Multicomponent reactions (MCRs), particularly the Hantzsch reaction, have emerged as powerful
synthetic tools for constructing polyhydroquinoline frameworks because they enable the formation of
complex molecules in a single step with high atom economy, operational simplicity, and reduced reaction
time.

This review summarizes recent advances in the synthesis of polyhydroquinoline derivatives using
environmentally friendly catalytic systems and green chemistry approaches. Various catalytic strategies,
including heterogeneous catalysts, nanocatalysts, metal-supported catalysts, and recyclable catalytic
systems, have been explored to enhance reaction efficiency and product yield under mild conditions. In
addition, solvent-free, catalyst-free, microwave-assisted, and deep eutectic solvent-based methodologies
have been reported as sustainable alternatives for the synthesis of these compounds.

Overall, these approaches highlight the growing importance of green and sustainable catalytic strategies
for the efficient synthesis of polyhydroquinoline derivatives with potential pharmaceutical and industrial
applications.
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1. Introduction
The demand for sustainable and high-yielding synthetic methodologies for the construction of biologically significant
molecular frameworks continues to grow in modern organic chemistry [1]. In this context, multicomponent reactions
(MCRs) have proven to be exceptionally valuable, as they enable the rapid generation of structurally complex
compounds through one-pot processes [2,3]. These transformations integrate three or more reactants into a single
operation, minimizing purification steps and maximizing resource efficiency. Compared with traditional sequential
synthetic routes, MCRs provide superior atom economy and reduced reaction time, thereby aligning closely with the
principles of green chemistry.

The philosophy of green chemistry emphasizes the development of environmentally responsible chemical processes
that reduce waste, toxicity, and energy consumption [4]. To achieve these objectives, the implementation of recyclable
catalytic systems has become increasingly important. Heterogeneous catalysts, in particular, offer distinct advantages
such as simple recovery, operational stability, and repeated reuse without significant loss of activity [5,6]. Their
performance is often enhanced by strong interactions between the catalytically active phase and the support surface,
which influence dispersion, stability, and catalytic efficiency [6].
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Zirconia (ZrO,) has emerged as an attractive support material in heterogeneous catalysis due to its high thermal
resistance, mechanical robustness, chemical inertness, and recyclability [7-9]. Zirconia-supported systems have
demonstrated effectiveness in various organic transformations, including carbon—carbon bond-forming reactions and
epoxidation processes [10,11]. The uniform distribution of active species over the zirconia surface enhances catalytic
accessibility and durability, contributing to improved reaction outcomes [12]. Among sustainable catalytic metals, iron
occupies a prominent position because of its abundance, low toxicity, and economic viability [13]. Iron-based catalysts
have been widely applied in numerous organic transformations, such as nucleophilic substitution reactions [14],
hydrogenation and hydrosilylation processes [15,16], cycloisomerization reactions [17], and the formation of C—C and
C—heteroatom bonds [18]. Despite these advances, the integration of iron-supported zirconia systems into
multicomponent reaction protocols remains comparatively underdeveloped, presenting an opportunity for further
exploration.

In addition to transition metals, alkaline earth metals have attracted attention as environmentally benign catalytic
alternatives. Magnesium chloride has been utilized effectively in aldol-type transformations [19], while chlorides of
magnesium, calcium, barium, and strontium have shown efficiency in Biginelli condensations under green conditions
[20]. Furthermore, calcium-based catalytic systems have been reported for the synthesis of various heterocyclic
derivatives in aqueous media [21]. Due to their widespread natural abundance and lower toxicity compared with many
transition metals, alkaline earth metals represent promising candidates for sustainable catalytic design [22,23].
Nevertheless, their broader application in multicomponent synthesis remains insufficiently explored.

This review aims to comprehensively summarize recent progress in zirconia-supported and earth-abundant metal-based
catalytic systems applied in multicomponent reactions, with particular emphasis on green reaction conditions, catalyst
recyclability, mechanistic insights, and synthetic scope. Furthermore, the challenges and future perspectives in
designing efficient and sustainable catalytic systems for heterocyclic synthesis are discussed to provide direction for
continued advancement in this field.

Synthetic Methodologies for the Construction of Polyhydroquinoline

Z. Dehghanizadeh et al. [24] demonstrated an efficient synthesis of polyhydroquinoline derivatives through a
multicomponent Hantzsch reaction involving aromatic aldehydes, dimedone, ethyl acetoacetate, and ammonium acetate
under solvent-free conditions at 110 °C. The reaction was catalyzed by zinc oxide nanoparticles, which served as a
green and effective Lewis acid. This approach offered several notable advantages, including high product yields, short
reaction times, a clean reaction profile with minimal by-product formation, and a simple work-up procedure without the
use of organic solvents. The study highlighted the potential of ZnO nanocatalysts in promoting environmentally benign
transformations, aligning well with the principles of green chemistry for the synthesis of 1,4-dihydropyridines and
polyhydroquinoline frameworks.

CHO
O O ZnO, NPs
N + + + NH4OAC
GR oﬁio )J\/U\oczHS Solvent free, 110 °C
1 2

3 4

R. Mahinpour et al. [25] developed an efficient one-pot synthesis of 1,4-dihydropyridine derivatives via
multicomponent condensation of aldehydes, ammonium acetate, and either dimedone or ethyl acetoacetate, using
aminated multiwalled carbon nanotubes (MWCNTSs) as a solid base catalyst. The catalyst, prepared through a simple
and eco-friendly method, was employed in very small amounts (0.001 g) under thermal conditions, yielding products in
good to excellent yields. The approach is notable for its simplicity, high efficiency, easy work-up, and reusability of the
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catalyst. In addition, antimicrobial screening revealed that most synthesized compounds exhibited activity against
gram-positive bacteria, with select derivatives also showing antifungal properties.

gHo (0} (0} NH.OA MWCNT@Meglumuine
X + + 4OAC
| /_R )J\/U\OCﬂ‘%

N. Ahadi ef al. [26] reported the development of a novel heterogeneous catalyst by functionalizing manganese ferrite
nanoparticles, encapsulated within a silica shell, with a Schiff base followed by copper incorporation. Comprehensive
characterization of the hybrid catalyst was conducted using techniques such as FT-IR, XRD, FE-SEM, TEM, EDX,
TGA, VSM, and ICP-OES. This organic—inorganic nanocatalyst demonstrated high efficiency and reusability in the
green synthesis of 1,4-dihydropyridines and N-arylquinolines under mild reaction conditions. The products were
obtained in good to excellent yields and characterized by FT-IR, '"H NMR, and elemental analysis. Recyclability studies
showed the catalyst maintained its performance over five consecutive runs with minimal copper leaching and only
slight loss in catalytic activity.

CHO
0O O .
. ii . )J\/U\ + NH4OAc MnFe;0,@SiO5-Pr-NH,
o o OCzH;5

EtOH, 50°C

1 2 3 4

S. Asgharnasl et al. [27] developed a novel magnetic chitosan-terephthaloyl-creatine bionanocomposite, which was
synthesized by functionalizing chitosan with creatine-terephthaloyl chloride ligands and magnetizing the substrate with
Fe;04 magnetic nanoparticles. The bionanocomposite was thoroughly characterized using FT-IR, EDX, FE-SEM,
TEM, XRD, TGA, and VSM, revealing key structural features, including a magnetic saturation value of 92.96 emu/g
and uniform nanoparticle size (~25-30 nm). This bionanocomposite was tested as a catalyst in the one-pot synthesis of
polyhydroquinolines, 1,4-dihydropyridines, and 1,8-dioxo-decahydroacridine derivatives, achieving high yields and
short reaction times under green chemistry principles. The catalyst's eco-friendly nature, excellent reusability, and
efficiency highlight its potential for sustainable organic synthesis.
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Z @) o) OC;Hs EtOH, rt

4

T. Ramanaik et al. [28] developed a novel approach was introduced for the synthesis of 1,4-dihydropyridine (1,4-DHP)
derivatives, compounds known for their potential anti-cancer activity. The methodology employed a one-pot,
multicomponent condensation reaction involving substituted benzaldehydes, acetylacetone, and ammonium acetate.
Zinc nanoparticles (Zn NPs) as a catalyst significantly enhanced the reaction efficiency. Under the optimized
conditions, the reaction reached completion in just few minutes, resulting in the formation of the target 1,4-DHP
derivatives with an excellent yield of approximately 90%. This efficient synthetic protocol not only demonstrates the
usefulness of Zn nanoparticles in promoting rapid and high-yielding reactions but also highlights the potential of
microwave-assisted organic synthesis in medicinal chemistry, especially for the development of compounds with
pharmacological importance like anti-cancer agents.

GHO 0 0 nano ZnO, MW
X +  NH4OA >
| —R + Z)J\/U\OR 4000 Ethanol
= 1 N
1 10 4 H

11

S.V.H.S. Bhaskaruni et al. [29] reported an innovative catalytic pathway for the synthesis of fused 1,4-dihydropyridine
(1,4-DHP) derivatives. This method utilizes a multi-component condensation reaction involving cyclohexane-1,3-
dione, benzaldehyde, ammonium acetate, and 3-oxo-N-phenylbutanamide. The reaction proceeds in ethanol at room
temperature, with Fe,O3/ZrO, acting as an efficient heterogeneous catalyst. The use of the Fe,03/ZrO, catalyst
significantly enhances the reaction efficiency, enabling the formation of the fused 1,4-DHP products under mild
conditions without the need for elevated temperatures or harsh reagents. Remarkably, this protocol achieves a high
product yield, reaching up to 98%, demonstrating both the effectiveness and practicality of this catalytic system.

CHO o o
2.5% Fe,04/ZrO
o 0 H EtOH, rt
8 12 13

M. Ersatir et al. [30] reported a green and efficient method for synthesizing 1,4-dihydropyridines via a one-pot reaction
of aromatic aldehydes, ethyl acetoacetate, and urea in sub-critical ethanol. This solvent system enabled high yields,
short reaction times, and easy product isolation without additional catalysts. The mechanism involves ammonia
generation and a Knoevenagel-type condensation. Although tested on only two heteroaromatic aldehydes, the method
showed promising results and potential for broader application. GC-MS analysis also detected minor aromatized side
products.

Copyright to IJARSCT 249

www.ijarsct.co.in

| 2581-9429 |1
R\ 1JARSCT /3
& <




:(( IJARSCT

Xx International Journal of Advanced Research in Science, Communication and Technology

IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

ISSN: 2581-9429 Volume 6, Issue 8, April 2026 lmpactglcﬂt;ﬂ 8.2
o o o O R O
SBC
R-CHO * )J\/U\OCZH5 N )J\NHz —»EtOH, — C,Hs0 |N [ OCaHs
15 3 16 '1-'7

N. Kerru et al. [31] developed a green, catalyst-free method for synthesizing 1,2,4-triazole-tagged 1,4-dihydropyridine
derivatives via a one-pot, four-component reaction involving 3-amino-1,2,4-triazole, diethyl acetylenedicarboxylate,
malononitrile, and various aldehydes in water under microwave irradiation. This protocol delivered excellent yields
(94-97%) within 12 minutes at room temperature, with no need for column chromatography. Structural confirmation
was achieved through HRMS, 'H NMR and C NMR. The method is notable for its simplicity, eco-friendliness,
rapidity, and broad functional group tolerance.

O R O
7 O O MW H5CO OCH
X + NH 3 | 3
_N + 3 NaOH, DMF
Ry )J\/U\OCHg N
Z H
1 18 19 20

B. F. Mirjalili et al. [32] developed a green heterogeneous catalyst, TiCl,/nano-y-Al,O3, by immobilizing TiCl, onto
nano-sized y-alumina. The catalyst was characterized using standard techniques (FT-IR, XRD, FE-SEM, EDX, XRF,
BET, and TGA) to confirm its structure and stability. Owing to their cost-efficiency, high activity, and recyclability,
nano-catalysts have become increasingly valuable in organic synthesis. The catalytic efficiency of TiCl,/nano-y-Al,O3
was demonstrated in the solvent-free, multi-component synthesis of 1,4-dihydropyridine derivatives from aldehydes,
1,3-dicarbonyl compounds, dimedone and ammonium acetate, affording excellent yields in a short time. Product
structures were confirmed by FT-IR and '"H NMR spectroscopy.

CHO O O TiCly/ nano-y-Al,O4
N + + )J\/U\ + NH4OAc

—R
1 2

3 4

Z. Arzehgar et al. [33] introduced an efficient and straightforward protocol for the synthesis of Hantzsch 1,4-
dihydropyridines using HKUST-1, a metal-organic framework, as a reusable solid catalyst. This solvent-free, one-pot
approach was noted for its mild reaction conditions, short reaction times, and high product yields, even with minimal
catalyst loading. Key advantages of this method include ease of catalyst preparation and handling, straightforward
work-up, and the catalyst’s recyclability, making it an attractive strategy for green synthesis of 1,4-DHP derivatives.
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HKUST (10mg)

NH,OAc >

CoH50

EtOH, rt

CHO

§ 0O 0 .
2

| L )J\/U\oczH5

1 3 4 6

S. Pednekar et al. [34] developed an environmentally friendly and efficient protocol for the synthesis of structurally
diverse 1,4-dihydropyridine derivatives using deep eutectic solvents (DESs) under solvent-free conditions. This one-pot
multicomponent strategy not only delivered excellent yields but also highlighted the green potential of DESs
(ChCl/urea) as biocompatible and recyclable media. Recyclability studies confirmed that the DES retained its catalytic
activity with minimal efficiency loss over five consecutive reaction cycles. The method stands out due to its operational

simplicity, mild reaction conditions, and minimal environmental impact, offering a sustainable alternative to
conventional synthetic approaches for 1,4-DHP compounds.

CHO
(0] (0] ChCl / urea
IR * if\l\ o NI MO
=R
© o 0 OCzHs
1 2 3 4

S. Kumar et al. [35] reported a solvent-free, catalyst-free protocol for the synthesis of polyhydroquinoline derivatives
via a four-component Hantzsch condensation involving aldehydes, dimedone, active methylene compounds, and
ammonium acetate. The reaction was carried out under ambient conditions by simple grinding of the reactants,
eliminating the need for hazardous organic solvents or complex purification steps. Products were isolated in high yields
with short reaction times and purified through straightforward recrystallization using ethanol, avoiding
chromatographic techniques. This method is notable for its operational simplicity, eco-friendliness, tolerance to a wide
range of functional groups, and overall efficiency, making it a valuable approach for the green synthesis of
polyhydroquinolines.

CHO
grinding, rt

+ NH40Ac - B EWG

+ NC7EWG 4+

0 Solvent free

2. Conclusion
Polyhydroquinolines remain a highly significant class of heterocyclic compounds owing to their broad pharmacological
relevance and structural versatility. Considerable progress has been achieved in their synthesis through multicomponent
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strategies, particularly Hantzsch-type reactions, which offer operational simplicity, high atom economy, and structural
diversity. The shift toward sustainable methodologies, employing recyclable heterogeneous catalysts, earth-abundant
metals, green solvents, and energy-efficient activation techniques has substantially enhanced the environmental
compatibility of these processes.

Despite these advances, further efforts are required to improve catalyst robustness, expand substrate scope, and ensure
scalability for practical applications. Continued innovation in green catalytic design is expected to further streamline
the synthesis of polyhydroquinoline derivatives and strengthen their accessibility for pharmaceutical and industrial
development.
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