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The synthesis of dihydropyridines, valuable molecules with diverse therapeutic properties, using eco-friendly heterogeneous catalysts as a green alternative received significant consideration. By selecting appropriate precursors, these compounds can be readily modified to induce the desired properties in the target product. This review focused on synthesising diverse dihydropyridine derivatives in single-pot reactions using magnetic, silica, and zirconium-based heterogeneous catalytic systems. The monograph describes preparation techniques for various catalyst materials in detail. It covers facile and benign magnetic, silica, zirconium-based, and ionic liquid catalysts, exhibiting significant efficacy and consistently facilitating excellent yields in short reaction times and in a cost-effective way. Most of the designated protocols employ Hantzsch reactions involving substituted aldehydes, active methylene compounds, and ammonium acetate. These reactions presumably follow Knoevenagel condensation followed by Michael addition and intra-molecular cyclisation. The multicomponent one-pot protocols using green catalysts and solvents have admirably increased the product selectivity and yields while minimising the reaction time. These sustainable catalyst materials retain their viability for several cycles reducing the expenditure are eco-friendly.
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INTRODUCTION
Synthesis of small heterocyclic organic molecules has advanced a long way with numerous applications in the academic and pharmaceutical industry, which are also valuable synthons for preparing elaborate bioactive molecules (Rotstein et al., 2014). The strategy of sustainable green methodologies for novel functionalised heterocyclic scaffolds is receiving substantial attention (Védrine, 2017; Kerru et al., 2019a; Bhaskaruni et al., 2020; Kerru et al., 2021a). Over the past two decades, heterogeneous catalysts have gained significant importance in synthetic organic chemistry due to their tunable acid–base properties, flexible textural characteristics, recyclability, excellent thermal stability, easy accessibility, and nontoxicity (Hutchings, 2009; José Climent et al., 2012; Maddila et al., 2020c; Devi et al., 2020; Ganta et al., 2021). Various materials have been explored as heterogeneous catalysts for synthesising small value-added heterocycles with improved atom efficiency and selectivity (Kerru et al., 2020a; Kerru et al., 2020b; Kerru et al., 2020c; Kerru et al., 2020i; Kerru et al., 2021b). These studies have provided insight for developing novel materials and understanding the reactivity and reaction mechanisms allowing the synthetic chemists to apply their innovations in scheming structures of organic synthesis reactions and utilise these molecules of potential activity (Rao et al., 2021a; Kerru et al., 2021c; Muralidhar et al., 2021; Suryanarayana et al., 2021).
The importance of sustainable heterogeneous catalysts and fiscal benefits is renascent through effective fusion procedures, which are deemed crucial in advanced organic chemistry (Kerru et al., 2020d; Kerru et al., 2020e; Kerru et al., 2020f). Recently, multicomponent reactions (MCRs) have been accepted as a significantly powerful tool in medicinal chemistry and thereby drug development programs (Slobbe et al., 2012; Maddila et al., 2020a). MCRs allow the building of multiple bonds and functionalised scaffolds in a one-pot manner, thus boosting efficiency and minimising the generation of by-products and purification techniques, meeting the green chemistry criteria (Maddila et al., 2020b; Maddila et al., 2020c; Devi et al., 2020). Using green principles has been gaining prominence in sustainable/combinatorial chemistry due to the global urge to enhance green credentials on production (Cioc et al., 2014; Shahid et al., 2017; Mokhtar et al., 2021). Sustainable methodologies by the MCR approach driven by green chemistry and green solvents, replacing the volatile and toxic solvents, are crucial in organic synthesis (Sheldon, 2005; Gu, 2012; Ferrazzano et al., 2019). Increasing environmental awareness drives designing of viable green protocols to gain prominence in organic synthesis (Kerru et al., 2019b; Maddila et al., 2019; Kerru et al., 2020g; Kerru et al., 2020h; Kerru et al., 2020j).
Nitrogen-based heterocyclic skeletons have prominence in synthetic organic chemistry because of their valuable biological applications (Kerru et al., 2019c; Kerru et al., 2020k; Kerru et al., 2020l; Rao et al., 2021b; Kumar et al., 2021). Among the several nitrogen heterocycles, dihydropyridines have received enormous attention due to their wide range of therapeutic properties. Such properties include calcium channel blocking, anti-mycobacterial, antioxidant, anti-dyslipidemic, Alzheimer’s disease, and antidiabetic activities (Kumar et al., 2010; Sirisha et al., 2011; Niaz et al., 2015; Schaller et al., 2018; Malek et al., 2019). Because of the growing reputation of dihydropyridines in the pharmaceutical field, numerous MCRs have been designed to synthesise 1,4-dihydropyridine scaffolds by utilising various heterogeneous catalysts (da Costa Cabrera et al., 2019; Rajesh et al., 2013; Mahinpour et al., 2018; Heydari et al., 2016; Bhaskaruni et al., 2017; Balaboina et al., 2019). Thus, the new MCRs with green protocols have drawn considerable interest, mainly in organic synthesis, drug development, and material science areas with green approaches using effective recyclable heterogeneous catalysts, sustainable procedures with remarkable atom, and carbon efficiency as added benefits. The review summarises the advances in constructing various dihydropyridine frameworks through the MCR approach by utilising diverse, robust heterogeneous catalysts.
SYNTHESIS OF DIHYDROPYRIDINES
The 1,4-dihydropyridine is a significant six-membered nitrogen-based heterocyclic molecule, a valuable moiety in medicinal chemistry. In 1881, Arthur R, Hantzsch first reported the dihydropyridine molecule through a one-pot reaction of two moles of ethyl acetoacetate with carbonyl compound and nitrogen source (ammonia or ammonium acetate) (Scheme 1) (Hantzsch, 1881). The process proceeded through the formation of enamine (I) and chalcone (II) intermediates and further underwent cyclisation to generate a 1,4-dihydropyridine product (Scheme 2) (Katrinsky et al., 1986). Currently, many dihydropyridine drugs are available in the market (felodipine, nimodipine, amlodipine, nifedipine, and nicardipine) (Figure 1). These scaffolds found importance in biological applications, particularly in calcium channel antagonists and treatment of hypertension (Janjua and Mayer, 2003; Triggle, 2003; Edraki et al., 2009). Therefore, the varied bioactive applications of dihydropyridine analogues have considerable attention for synthesising. The current review emphasises the various synthetic approaches for 1,4-dihydropyridine analogues using different metal-based heterogeneous catalyst materials.
[image: Scheme 1]SCHEME 1 | Hantzsch dihydropyridine synthesis.
[image: Scheme 2]SCHEME 2 | Synthetic route of dihydropyridine formation.
[image: Figure 1]FIGURE 1 | Commercially used 1,4-dihydropyridine drugs.
Magnetic Nanocatalysts
Lately, catalytic compounds in synthetic processes have been a topic of concern due to their nature and adverse effects on the environment, drawing attention to eco-friendly alternatives. The emerging challenge was to modify the naturally available compounds for multiple uses without compromising their vitality. The construction of magnetic nanoparticles with promising catalytic activity offers many advantages compared to traditional inorganic catalysts. A huge surface area-to-volume ratio and a high atomic accommodation capacity are advantageous for these particles. These catalysts can be easily separated from the final product using external magnetic fields owing to their magnetic efficiency. Magnetic nanocatalysts have gained paramount importance in organic and industrial reactions because of their interactions with various reagents and environmentally amiable properties, such as anchoring various functional groups or organic moieties onto the hydroxyl projections of their surface area. Integrating transitional metals or other plant-extracted enzymes with Fe3O4 nanoparticles has evolved as a good strategy. The magnetic nanoparticles coalesce with exchangeable electron ligands such as phosphorous or nitrogen offering the electron-donating sites to encourage affiliation to metal cations to form stable and streamlined catalyst structures. The fabrication of iron-based catalysts has enticed many scientists due to their easy accessibility, high performance, easy separation, and cost-effectiveness. The magnetic nanoparticles were prepared using Fe+3 and Fe+2 oxides in the ratio of 2:1 co-precipitated in an alkaline environment. The prepared nanoparticles elucidated using various analytical techniques such as FT-IR, SEM, and TEM analysis possess a spherical shape with a diameter of 10–15 nm. Their magnetic saturation was observed through value stream mapping (VSM) data. Catalyst accommodation capacity and microwave array capacity are the two fundamental factors for the optimisation of the catalyst.
Kavyani et al. (Kavyani and Baharfar, 2020) synthesised the (Fe3O4/GO/Au–Ag) nano-catalyst with Au–Ag particles clipped on Fe3O4 and graphene oxide. The nanocatalyst’s activity was utilised to synthesise dihydropyridine-spiro oxindole analogues (4). The condensation reaction was carried out between uracil-6-amine (1), substituted isatin derivatives (2), and various barbituric acids (3) underwater at room temperature. The nanocatalyst was significantly thermally stable up to 600°C, and the average particle size was about 15 nm. The use of 20 mg of the nanocatalyst gave superior results with high yields (81%–93%) for <5 h of reaction time (Scheme 3). The catalyst was stable up to five successive runs without loss of its catalytic activity. Broad functional group tolerance, excellent yields, green solvent medium, and recyclability are the merits of this protocol.
[image: Scheme 3]SCHEME 3 | Synthesis of spirooxindole-dihydropyridines by the Fe3O4/GO/Au-Ag catalyst.
Behbahani and coworkers (Farahnaz and Banafsheh, 2019) practised the Hantzsch reaction to synthesise 1,4-dihydropyridines (8) utilising iron(III) phosphate aiming for a solvent-free synthetic method (Scheme 4). They employed different types of aldehydes (5) with benzyl acetoacetate (6) and ammonium acetate (7) under the influence of a catalyst (Fe3PO4). The reaction proceeds by activating the carbonyl group of the aldehyde advocated by Fe3PO4, which acts as a Lewis acid, at a minimal catalytic usage of 10mol% to obtain an appropriate amount of yield. The reaction initially included benzaldehyde, benzyl acetoacetate, and ammonium acetate at an optimal temperature of 70°C. The aldehydes with +I substitution groups like -NO2, -OCH3, -CH=CH2 were observed to serve a better yield of 80% within a reaction time of 50 min using a minimal amount of 5 mol% of the catalyst.
[image: Scheme 4]SCHEME 4 | Synthesis of dihydropyridines by the FePO4 catalyst.
Allahresani et al. (Allahresani et al., 2020) synthesised a nanocatalyst with magnetic properties by adhering Co(II) onto CoFe2O4@SiO2 nanoparticles and characterised using various spectroscopic techniques. Catalyst synthesis is a combination of multiple components. The first step involved the preparation of CoFe2O4 nanoparticles by dissolving Fe (NO3)3.9H2O and Co (NO3)2.6H2O in a molar ratio of 2:1 in 100 ml of water and sonication. A volume of 20 ml of 1 M NaOH solution was added to the resulting solution and subjected to sonication once again. The resulting black precipitate was gathered using an external magnetic field and dried in the oven. The second step consisted of the addition of tetraethylorthosilicate to obtain CoFe2O4@SiO2. In the third step, NH2-Pr was synthesised by reacting triethanolamine, triethylenetetramine, and 3-chloropropyltriethoxysilane in ethyl alcohol. Upon adding Co (NO3)2.6H2O to the above-obtained product, NH2-Pr-Co(II) formed was dispersed in dry toluene to which a solution of CoFe2Co4@SiO2 in dry toluene was added dropwise, resulting in the precipitate of desired catalyst CoFe2O4@SiO2-NH2-Co(II). The XRD values of the synthesised catalyst explored its polycrystalline structure with an average particle size of 20–90 nm, as suggested by TEM analysis. The VSM values indicate that the magnetic properties of the catalyst depended on the surface arrangement of the catalytic particles, which were stable up to 560°C as per thermogravimetric analysis (TGA) analysis. The catalyst (180 mg) facilitated a 96% yield in 2 h, in aqueous ethanol (1:1). Several dihydropyridine derivatives (11) have been synthesised in a single-pot mild reaction, including aldehydes (9), ethyl acetoacetate (10), and ammonium acetate (7), aiding CoFe2O4@SiO4-NH2-Co(II) as a catalyst owing to its active metallic nucleus, sustainability, and high-yielding capacity (Scheme 5). The reaction was observed to follow the Knoevenagel condensation method and Michael addition to obtain various pyridine derivatives.
[image: Scheme 5]SCHEME 5 | Synthesis of dihydropyridines by the CoFe2O4@SiO4-NH2-Co(II) catalyst.
Wua and coworkers (Wu et al., 2020) developed a magnetic nanocatalytic alloy mediated by a wasted screw adopting the top-down method. The catalyst is an alloy combination of iron and molybdenum bridged by carbon and oxygen. The catalyst was prepared by suspending the screws in a solution containing dimethyl sulphoxide and sodium hypochlorite, which was further decomposed by adding 60% nitric acid. The formation of red fuming gas indicates the decomposition initiation due to the expulsion of nitrous acid. The complete dissolution of the screw and the appearance of a brown colour solution marked the completion of the reaction. The required catalyst (Fe–C–O–Mo alloy) was obtained by centrifugation, and the brown-coloured powder was filtered and stored. The performance of the catalyst was examined to prepare dihydropyridines (15) using benzaldehyde (12), ethyl acetate (10), and ammonium acetate (7) as reagents. Dihydropyrimidinone (14) compounds were also reported using urea (13) instead of ammonium acetate (7) (Scheme 6). The catalyst with stability up to 1,000°C showed worthy competence of 96% yield within a reaction time of 2.5 h with minimal use of 0.1 g of catalyst in the ethyl alcohol medium. Molybdenum acts as a Lewis acid that reacts with the carbonyl group and the beta diketones. Their nucleophilic attack on the reactants yields the desired result.
[image: Scheme 6]SCHEME 6 | Synthesis of dihydropyrimidinone and dihydropyridines by Fe–C–O–Mo catalyst.
Maleki and his team (Maleki et al., 2019a) have tailored a magnetic bio nanocomposite using copper nanoparticles embedded in a cellulose matrix (γ-Fe2O3/Cu@cellulose), which showed magnificent catalytic efficiency during the Hantzsch reaction. High yields of 1,4 dihydropyridine (19) and polyhydroquinoline (20) were observed upon employing γ-Fe2O3/Cu@cellulose for their preparation. They prepared a homogenous solution of cellulose in an aqueous mixture of sodium hydroxide and urea bearing a ratio of 81:7:21, whose temperature was dropped to −12°C using an ice bath incorporated with salt. An aqueous solution of iron chloride with Fe+3 and Fe+2 in the ratio of 1:2 was added to the above solution while continuously stirring for 6 h, resulting in γ-Fe2O3-implanted cellulose assisted by co-precipitation. The CuSO4.4H2O solution was added to the above mixture; owing to the oxidative nature of the γ-Fe2O3 nanoparticles, Cu+2 is protected from reduction. The mixture was stirred continuously for 2 h before washing and collecting the product. From TEM analysis, the obtained catalyst’s particle size was 25–30 nm, and the EXD data confirmed the presence of C, O, Cu, and Fe. It showed engaging activity with a high yield of around 92%–95% within a short reaction time of 15–20 min in a solvent-free environment (Scheme 7).
[image: Scheme 7]SCHEME 7 | Synthesis of dihydropyridine and hydroquinolines by the Fe2O3/Cu@cellulose catalyst.
Bodaghifard et al. (Bodaghifard, 2020) fabricated an organic bolstered magnetic nanocatalyst which was promising in preparing dihydropyridines. The catalyst was manufactured by preparing Fe3O4 nanoparticles by co-precipitation of Fe+2 and Fe+3 in a 1:2 ratio under basic pH. The gathered nanoparticles were laminated with silicon using the Stomper method. The obtained Fe3O4@SiO2 nanoparticles were treated with 3-chloropropyltrimethoxysilane resulting in Fe3O4@SiO2-PrCl. 4-Aminoquinaldine adheres to the gathered nanoparticles to bequeath the desired catalyst. The obtained catalyst was subjected to various spectroscopic assays to elucidate its morphology which described spherical nanoparticles with 25–35 nm in diameter, as suggested by SEM. The crystallite size was 20.1 nm as per XRD data. The VSM data advocated the magnetisation of the catalyst to be around 42 emu/g. The efficacy of the material was assessed via the synthesis of 1,4-dihydropyridines (23) and polyhydroquinoline (24) derivatives (Scheme 8). The synthesis process involved benzaldehyde (21), ethyl acetoacetate (17), malononitrile (22), and ammonium acetate (7) in equal quantities. The reaction is presumed to follow Knoevenagel condensation to form arylidene malononitrile. The intermediate further participates in Michael addition. The catalyst increased the yield to 96% and dropped the reaction time to 30 min in an aqueous medium. The catalyst material was isolated by applying an external magnetic field.
[image: Scheme 8]SCHEME 8 | Synthesis of dihydropyridine and hydroquinolines by the Fe3O4@SiO2 catalyst.
Khazaei et al. (Khazaei et al., 2018) worked on high-density ionic liquid that adhered onto magnetic nanoparticle Fe3O4 and its eminence in the production of hexahydroquinolines. The nanoparticle was initially fabricated using Fe+2 and Fe+3 in the ratio 1:2 dispersed in water and adding 28% (wt%) of ammonia solution to obtain a black precipitate of Fe3O4 nanoparticles after continuously stirring the solution at 80°C for 2 h under the influence of the N2 environment. A percentage of 28% (wt%) of tetramethyl orthosilicate was added to a solution of Fe3O4 nanoparticles suspended in ethanol:water (80:20 wt%) mixture to gather Fe3O4@SiO2 nanoparticles. The above-formed nanoparticles were taken in toluene and refluxed with (3-chloropropyl)triethoxysilane to obtain Fe3O4@SiO2@Si-(CH2)3Cl nanoparticles, which were further added to a solution of melamine and K2CO3, dissolved in 70 ml of DMSO to affix melamine to the above formed NPs. A methanolic solution of picoline aldehyde was added to the NPs, followed by 30 ml of dichloromethane to the pre-dried NPs under MgSO4. A 24-mmol chlorosulphonic solution in 20 ml of dichloromethane was further added dropwise to form Fe3O4@SiO2@Si-(CH2)3@melamine-picolineimine@SO3H nanoparticles. Different spectral data obtained from FT-IR and XRD suggest that the crystallite size of the catalyst is 14.98 nm whereas SEM analysis advocates for the high interaction of the HSO3 group on the surface along with TEM data which proves the lamination of the core–shell. The EDS analysis helped elucidate the nanoparticles’ morphology with dominant levels of Fe, Si, O, N, S, and Cl. The VSM analysis evaluated its magnetic nature, and the material was stable at 600°C as suggested by TGA data. A series of polyhydroquinolines (26) were reported using aryl aldehydes (25), β-keto esters (17), dimedones (19), and ammonium acetate (7) in equal proportions confirming the catalytic potential of the magnetic nanoparticles (Scheme 9). The obtained products were characterised using FT-IR, 1H, and 13C NMR while being evaluated by TLC. The highest yields were observed when the aryl aldehyde had an electron-donating group of +I category. With p-anisaldehyde, a 90% yield was registered under solvent-free abode with 40 mg of the catalyst at 65°C. The catalyst sustained its viability for four cycles.
[image: Scheme 9]SCHEME 9 | Synthesis of hydroquinolines by the Fe3O4-melamine@SO3H catalyst.
Fekri et al. (Fekri et al., 2020) have fabricated a Copper/Schiff–base complex immobilised on KIT-6-NH2 nanoparticles, which can be used as a catalyst to prepare dihydropyridine derivatives. Several steps were followed to tailor the desired catalyst complex. Initially, Fe3O4 nanoparticles were synthesised using a mixture of Fe+2 and Fe+3 salts in the ratio of 1:2 treated with ammonia solution to obtain a black precipitate of nanoparticles. The nanoparticles were laminated with a layer of silica and further overlapped with Kit-6 silica to impart a mesoporous nature to the product. The post-synthetic grafting method was used for the amine functionalisation of the magnetic nanoparticles, where 3-aminopropyl triethoxysilane was silylated using surface silanol. The Schiff’s base was adhered onto the amino functionalised magnetic nanoparticles (MNPs) using 1-(2-hydroxy-5-(4-nitrophenyl)-diazenyl)-phenyl)-ethenone. The final catalytic conclusion involves the induction of copper to the MNPs using CuCl2 to achieve a Copper/Schiff–base complex immobilised on KIT-6-NH2 magnetic nanoparticles. The gathered compound was morphologically elucidated using various methods such as BET analysis, representing its particle size of 51.43°m2/g. The VSM is used to assess its magnetic nature. TEM images explored the spherical shape of the particles with a diameter of 33–40 nm along with aggregation and stacking of particles. XRD showed a highly crystalline cubic spinel structure, and the elemental analysis energy-dispersive X-ray analysis (EDX) revealed that the catalyst contains Fe, O, N, C, Cu, and Si. TGA analysis suggested stability up to 520°C. The catalytic activity of MNPs was tested on Hantszch’s single-pot reaction method to synthesise polyhydroquinolines (28) using aryl aldehyde (27), cyclic ketone (19), and ammonium acetate (7) in the presence of the above-prepared catalyst (Scheme 10). The reaction was assumed to follow Knoevenagel condensation followed by Michael addition and intramolecular addition. The reaction conclusion was determined using TCL, where the products were characterised using FT-IR, 1H, and 13C NMR methods. The catalyst proved to enhance the reaction with high yields around 92%–97% within 15 min of reaction time. The catalyst was separated magnetically and used without any resentment for seven consecutive cycles.
[image: Scheme 10]SCHEME 10 | Synthesis of hydroquinolines by the Fe3O4-SiO2 Schiff–base catalyst.
Maleki and his colleagues (Maleki et al., 2019b) fabricated a heterogeneous magnetic nanocatalyst bolstered with sulphonyl skeleton to prepare pyrans and polyhydroquinolines. Initially, 1 g of diethylenetriamine in 5 ml of dried methane and 10 g methyl acrylate in 25 ml of dried methanol were stirred continuously till the solvent was evaporated entirely to obtain pioneer dendrimer. The dendrimer terminals with 5-OCH3 groups were modified to 5-NH2 by dissolving it in a solution of 20 ml methanol and 40 ml of ethylenediamine. The modified dendrite generation was isolated from unreacted reagent and methanol using vacuum. The acquired dendrite was further modified by adding 30 ml of methyl acrylate to 6.74 g of the modified pioneer dendrite. The stirring was continued for 7 days in an inert environment to gain a thick yellow liquid consisting of 10 branched dendrimers with -OCH3, which was further modified using 60 ml of ethylenediamine, and the procedure was repeated to gather a pale-yellow oily material. The prepared dendritic material was magnetised by dispersing it in a 1:2 ratio Fe+2 and Fe+3 solution and subjecting it to sonication. It was later functionalised by adding 2.3 ml of 1,4-butane sultone dropwise followed by sonication. The final Fe3O4@D-NH-(CH2)4-SO3H nanoparticles were isolated using an external magnetic field. The prepared catalyst was evaluated using SEM and TEM imaging, representing the uniform distribution of nanoparticles with spherical structure. The catalyst was stable up to 700°C owing to the dendrimers of D-NH-(CH2)4-SO3H side chains. The prepared catalyst was used in the production of tetrahydrobenzo pyrans (31), 2-amino-3-cyano-4H-pyrans (32), and polyhydroquinolines (33). The former pyrans were prepared by refluxing a reaction mixture of aldehydes (29), malononitrile (22), and 1,3-cyclohexanedione (19) or ethyl acetoacetate (17) in 5 ml of ethanol in the presence of the above-prepared catalyst. The polyhydroquinolines were produced by refluxing a reaction mixture containing aldehydes (29), 1,3-cyclohexanedione (19), ethyl acetoacetate (17), and ammonium acetate (7) in the presence of the same catalyst. The reaction was assumed to proceed through Knoevenagel condensation to produce 2-benzylidenemelanonitrile. The intermediate endures Michael with enolised dimedone to generate enamine intermediate. The enamine undergoes cyclisation and tautomerism to give the product a high yield (96%) within 20 min using 0.05 g of the catalyst (Scheme 11). The gathered products were subjected to FT-IR, 1H, and 13C NMR spectroscopy.
[image: Scheme 11]SCHEME 11 | Synthesis of hydroquinolines by the Fe3O4 catalyst.
Zeynizadeh et al. (Zeynizadeh et al., 2019) fabricated a catalyst for the synthesis of 1,4-dihydropyridines by adhering sulphonic acid onto silica-layered NiFe2O4, which could be isolated magnetically and reused multiple times. Initially, the magnetic nanoparticle base was produced by grinding a reaction mixture containing nickel acetate, ferric nitrate, sodium hydroxide, and sodium chloride taken in the ratio of 1:2:8:2. The ground mixture was washed with DM water and dried at 80°C for 2 h and further calcinated at 700°C–900°C for 2 h. The prepared nanocatalyst was functionalised with a silica solution. A volume of 1.5 g of the prepared nanoparticles along with 200 ml of i-PrOH and 20 ml of DM water was irradiated with ultrasound and added to a solution containing 5.36 g of PEG-400 in 20 ml DM water, 10 ml of 28% aqueous ammonia, and 2 ml of tetraethyl orthosilicate (TEOS) and stirred continuously for a day and a half to obtain NiFe2O4@SiO2 nanoparticles. A volume of 2 g of the prepared nanoparticles was suspended in 15 ml of chloroform to which 0.5 g of sulphonyl chloride was added dropwise and stirred while maintaining a temperature range ≥5°C. The resulting mixture was filtered and dried at room temperature to obtain a black precipitate of NiFe2O4@SiO2@SO3H nanoparticles. The gathered catalytic nanoparticles were elucidated using various techniques such as XRD analysis which describes its rhombic crystalline structure. The SEM analysis showed a 60–90-nm nanosize, and the material was stable up to 600°C. The gathered catalyst was subjected to trial to determine its efficiency for the preparation of 1,4-dihydropyridines (37 and 38) by employing a single-pot Hantzsch reaction mixture consisting of aromatic aldehyde (34), ethyl acetoacetate (17), or 4-hydroxycoumarin (36) and 28% aqueous ammonia 28% (35) in 2 ml of DM water (Scheme 12). The completion of the reaction was determined using TLC using n-hexane and ethyl acetate as eluent. The resulting product was isolated using the solvent extraction method and dried over Na2SO4 under reduced pressure. The prepared 1,4-dihydropyridine derivatives were characterised using FT-IR, 1H, and 13C NMR spectroscopy. The products were with a high yield of 95% within a reaction time of 20 min with the catalyst sustainability for seven consecutive cycles. Besides the synthesis of dihydropyridines, Cu–adenine–boehmite was also used in the Suzuki coupling reaction and oxidation of sulphides.
[image: Scheme 12]SCHEME 12 | Synthesis of dihydropyridines by the NiFe2O4-SiO2@SO3H catalyst.
Bhaskaruni et al. (Bhaskaruni et al., 2019) have constructed a green route to prepare 1,4-dihydropyridines under the catalytic influence of Fe2O3/ZrO2. The catalyst was prepared by wet impregnating 2 g of zirconium oxide with equal amounts of ferric nitrate in 50 ml of water while continuously stirring at room temperature for 7 h. The obtained slurry was filtered and vacuum dried at 120°C for 5 h followed by calcinating it at 450°C for 4 h. The prepared material was elucidated using various techniques, which described its polycrystalline structure as having a 10.23-nm diameter. The nanoparticles were irregular oval-shaped with a particle size of 8.5 nm as represented by TEM and SEM analysis. The surface area of the catalyst was 84.34 cm2/g with a mesoporous cavity size of 8.9 nm and a volume of 0.25 cm3/g, through BET data. The catalytic activity of Fe2O3/ZrO2 was assessed in preparing hydroquinolines (41). A single-pot system consisting of equimolar amounts of aromatic aldehyde (39), 1,3-cyclohexadiene (30), acetoacetanilide (40), and ammonium acetate (7) was subjected to stirring for 20 min at room temperature (Scheme 13). The catalyst was isolated from the products through filtration. The product was extracted using ethyl acetate and recrystallised from ethanol. The reaction is presumed to follow Knoevenagel condensation and Michael addition to form an enamine which further undergoes tautomerism. An excellent 98% yield was gained with minimal use of the catalyst within 20 min. The gathered product was confirmed using various spectroscopic techniques.
[image: Scheme 13]SCHEME 13 | Synthesis of hydroquinolines by the Fe2O3/ZrO2 catalyst.
Sadeghzadeh reported a magnetic KCC1 catalyst stabilised by bis(4-pyridylamino)triazine, a green catalyst with good chemo selectivity (Sadeghzadeh, 2016). The production of Fe3O4 nanoparticles was achieved by dissolving Fe+2 and Fe+3 in 200 ml of water with a ratio of 1:3 and adding 2 ml of concentrated ammonium solution along with 0.2 g of tetraethyl orthosilicate and continuously stirring for a day. The nanoparticles of Fe3O4/SiO2 were gathered by filtering the obtained black precipitate and air drying it at 60°C after washing. A volume of 0.25 g of the gathered nanoparticles was dispersed in 30 ml of urea solution containing 0.3 g of urea and subjected to sonication for an hour. To 0.5 g of acetylpyridine bromide dissolved in a mixture of 0.75 ml of n-pentanol and 30 ml of cyclohexane, 1.25 g of tetraethyl orthosilicate was slowly added under continuous stirring at 120°C for 5 h. The desired microspheres were isolated using an external magnetic field and washed in acetone and oven-dried at 40°C overnight followed by calcination at 550°C for 5 h. A volume of 1 g of the gathered nanoparticles along with 20 mmol of sodium hydride was dispersed in 20 ml of tetrahydrofuran (THF) and subjected to ultrasonication which was added with 22 mmol of 3-aminopropyltriethoxysilane while continuously stirring for 6 h at 60°C the resulting Fe3O4/SiO2/KCC-1/aminopropyl MNPs, which were washed and vacuum dried for another 2 h at 60°C. A volume of 1 g of the gathered product was added to a solution of 1 ml of N-ethyldiisopropylamine and 10 ml of dry THF while maintaining the temperature below 5°C and adding 1 g of triazine trichloride while continuously stirring for a whole day. Fe3O4/KCC-1/TCl2 nanoparticles were gathered and washed with hot toluene to isolate pure products. A volume of 1 g of the currently gathered nanoparticles along with 1 g of pyridine was dissolved in a solution of 1.3 ml of N-ethyl diisopropylamine and 10 ml of dry toluene while continuously stirring for 16 h at 80°C. Fe3O4/KCC-1/BPAT nanoparticles were separated from the reaction solution by an external magnet, washed with ethanol, and dried at 50°C. Represented by SEM and TEM data, the stoked nanoparticles had 20–30-nm particle size. The magnetic saturation was 55.1 and 42.4 emu/g following VSM data, and the material was stable up to 700°C. The catalytic efficiency of the prepared nanocomposite was assessed by a single-pot synthesis of 1,4-dihydropyridines (45). The equimolar mixture of primary amine (43), dimethyl acetylene dicarboxylate (44), and methyl (arylmethylide) pyruvate (42) was refluxed for 4 h in the presence of Fe3O4/KCC-1/BPAT (Scheme 14). The solvent was removed by dropping its pressure to obtain an oily residue, treated with methanol, and recrystallised to isolate pure product. The reaction proceeds through Knoevenagel condensation along with Michael addition. Various spectroscopic methods characterised the isolated 1,4-dihydropyridine derivative. A good yield of around 85% with 8 mg of the catalyst within a reaction time of 2 h was reported.
[image: Scheme 14]SCHEME 14 | Synthesis of dihydropyridines by the Fe3O4/KCC-1 catalyst.
Azizi and his colleagues (Heydari et al., 2016) have fabricated sulphated boric acid-functionalised magnetic nanoparticles and utilised them as a catalyst to synthesise esters from the Hantzsch reaction method. The magnetic nanoparticles were synthesised by refluxing a reaction mixture of Fe+2 and Fe+3 with a molar ratio of 1:2 and further treated with chlorosulphonic acid. The functionalised nanoparticles were reacted with boric acid, adhered to silica to obtain Fe3O4/SiO2-H3BO4-HSO3 nanoparticles, and filtered and washed with ethanol to isolate pure material. XRD analysis suggests a perovskite crystalline structure and stability up to 350°C as represented by TGA data with a boric acid concentration of 1.2 mmol/g. The catalytic efficiency was assessed in the Hantzsch ester formation reaction to synthesise 1.4-dihydropyridine derivatives (47). The single-pot reaction involved equimolar amounts of aldehyde (46) and ammonium acetate (7) and a double equimolar quantity of β-keto esters (10) (Scheme 15). The reaction proceeds through Knoevenagel condensation followed by Michael addition. The obtained precipitate was filtered and dried to gather the desired derivatives and characterised using various spectroscopic methods. The catalyst was isolated from the reaction mixture by an external magnetic field and reused for four to five reaction cycles without losing its efficiency.
[image: Scheme 15]SCHEME 15 | Synthesis of dihydropyridines by the Fe3O4/SiO2 catalyst.
Taheri-Ledari et al. (Taheri-Ledari et al., 2019) have investigated a comparative synthetic method for preparing pyrimidine-2,4-diamine-functionalised magnetic nanoparticles via refluxing, ultrasonication, and microwave methods to prepare 1,4-dihydropyridines. The Fe3O4 nanoparticles initially prepared were laminated with silica in the presence of PEG-300 and aqueous ammonia using TEOS as a silica source. The nanoparticles were manipulated with TMVS to adhere to vinyl terminals and were sonicated after adding 50 ppm melamine solution and then transferred into an ultrasound bath 50 KHz at 50°C. The obtained nanoparticles were separated using an external magnetic field, washed with ethanol, and then dried at 60°C. The gathered nanocomposites were characterised by FT-IR, 1H NMR, 13C NMR, mass, XRD, TGA, SEM, and AFM analyses. The analyses advocate enhanced texture conservation surface functionalisation along with reduced aggregation of the nanoparticles. High yielding capacity with 89% product formation dihydropyridines (49) and hydroquinolines (50) was observed within a short reaction time of 10 min (Scheme 16).
[image: Scheme 16]SCHEME 16 | Synthesis of dihydropyridine and hydroquinolines by the Fe3O4/SiO2-PDA catalyst.
Silica-Based Catalysts
Silica has been used as a bolster for other adhesive elements to construct an efficient catalytic structure. Owing to its colossal surface area of 800 m2/g, it can accommodate many reagent particles on its surface, exposing them to interact with one another to obtain the desired product. It is a readily available material that can be restructured with acidic functional groups such as phenolic or carboxylic groups or other cationic moieties. The silica-based nanostructures were fabricated to serve as efficient, recyclable material with intransigent sustainability. Usually, silica is doped with different d-block elements to enhance catalytic efficiency by offering amplification of reagent interaction. Various methods such as co-precipitation, sol–gel, micro-emulsion, laser pyrolysis, thermal decomposition, hydrothermal process, sonication, and microwave irradiation have been utilised (Neamani et al., 2020).
Neamani and his colleagues (Neamani et al., 2020) developed basic hollow mesoporous N-doped silica rods with magnetic properties. The material synthesis consisted of several steps where a mixture of multilayered carbon nanotubes was dissolved in methylene chloride and then subjected to sonication. A mix of acetic acid and KMnO4 was added and agitated at 80°C to ensure hydroxylation of multiwalled carbon nanotubes. An Fe+3 and Fe+2 solution in 1.75 ratios was then added, and the product was washed with ammonia. The magnetised nanotubes were then doped with silica using a TEOS and DEA solution mixture while using CTAB as a structural directing agent. The vast surface area of around 10.4 and 493.8 m3/g was established through BET analysis. Spiro oxindole-1,4-dihydropyridine derivatives (53) were synthesised in the presence of the prepared material as a catalyst. A good 80% yield was observed with minimal use of N-1.2% weight of m-SiO2 in the presence of ethyl alcohol. The sequential mechanism of Knoevenagel condensation followed by Michael addition and cyclisation was observed. +I substituents in the reactant heterocyclic compound aided better yield as high as 92% within 6 h (Scheme 17). Also, the catalyst showed a good deal of consistency after several consequent usages.
[image: Scheme 17]SCHEME 17 | Synthesis of spiro oxindole-1,4-dihydropyridines by the N-doped silica catalyst.
Sharma and Gupta have composed a silica-based sulphonic acid catalyst that was laminated with ionic liquid (Sharma and Gupta, 2015). The silica activated with 50% HCl (HCl: H2O 1:1) was treated with 3-mercaptopropyl (trimethoxyl) silica and toluene and refluxed for 24 h. The resulting 3-mercaptopropyl silica is then filtered and treated with 30% H2O2 solution and concentrated H2SO4 while constantly stirring for 20 h. The obtained material by filtration was dried and characterised. The catalyst was a porous powder with an amorphous structure of the particles as deemed by SEM and TEM imaging. The material retained its form up to 360°C. A [BMIM][PF6]-laminated (20%) silica-based sulphonic acid catalyst was found to be most efficient among other derivatives. The material showed excellent catalytic activity in synthesising 1,4-dihydropyridines (55), offering high yields of 95% within a reaction time of 15 min (Scheme 18). The catalyst showed similar activity even after several cycles.
[image: Scheme 18]SCHEME 18 | Synthesis of dihydropyridines by the silica-SO3H-[BMIM][PF6] catalyst.
Choghamarani and his team (Ghorbani-Choghamarani et al., 2019) have fabricated a green heterogeneous catalyst by adhering cobalt onto the surface of SBA-15, which showed exceptional ability in oxidising sulphides and the manufacture of polyhydroquinolines. The mesoporous SBA-15 was prepared by the sol–gel method and functionalised by refluxing it with 1.5 ml of 3-chloropropyltrimethoxysilane in 20 ml of dry toluene medium. The resulting CPTMS (SBA-15-Cl) was functionalised by refluxing it with 2-amino-2-methyl-1,3-propanediol and triethylamine dispersed in dry toluene. The final product was adhered to with cobalt by using 0.73 g of Co(NO3)2.6H2O as the cobalt source and refluxing it for 16 h, which was later washed with ethanol to obtain the pure product free from by-products. The homogenous dispersion of the Co metal onto the surface of the modified SBA-15 gave a mesoporous cavity with a volume of 0.534 cm3/g and a surface area of 238.47 m2/g, which was represented by X-ray mapping and BET analysis, respectively. The prepared catalyst was used to synthesise polyhydroquinolines using the Hantzsch reaction mixture and oxidation of sulphides. The polyhydroquinolines (57) were prepared by using a reaction mixture of dimedone (19), aldehyde (56), ammonium acetate (7), and ethyl acetoacetate (17) using 1 mmol each aided with 8 g of SBA-15@AMPD-Co nanocatalyst (Scheme 19). The prepared yellow solid was filtered and washed with ethanol to gather polyhydroquinolines in the range of 86%–97% within 35 min. Apart from the above method, sulphides were oxidised using SBA-15@AMPD-Co in the presence of H2O2 in a solvent-free environment. TLC determined the reaction completion, and the gathered products were confirmed using FT-IR, 1H, and 13C NMR spectroscopic data.
[image: Scheme 19]SCHEME 19 | Synthesis of hydroquinolines by the SBA-15@AMPD-Co catalyst.
Zirconium-Based Catalysts
Zirconium oxide or zirconia is a ceramic oxide material used as a catalyst by incorporating it in various polymeric structures, making it a biocompatible catalyst. Due to its high thermal capacity and thermal insulation properties, zirconia can be used at high temperatures where other similar materials fail. According to the literature and structural survey, zirconia acts as a Lewis acid and base and thus as a bifunctional catalyst. The optimisation of zirconia is still a work in progress because of its exiguous charge transfer and pH sensitivity. Zirconia is also used with other transitional metals such as silver, palladium, and iron or other metallic oxides such as ceria, titania, silica, and vanadia. Zirconia is used as a catalyst in many organic transformations and shift reactions such as epoxidation, isomerisation, and alkylations. Synthetic methods such as co-precipitation, which is used as a wet process, and the sol–gel method and hydrothermal processes aid in preparing solid zirconia particles. Its physical characteristics have been studied intensively to analyse its surface area, nanoparticle structure, and size using various analytical spectroscopic techniques such as FT-IR, SEM, and TEM analysis.
Majhi and his team (Majhi et al., 2019) worked on fabricating a microporous heterogeneous catalyst Al-pillared α-ZrP adhered with sulphamic acid to be employed during the preparation of 1,4-dihydropyridines. The tailoring protocol involves a set of subsequent steps initiated with the preparation of α-zirconium phosphate (ZP) by dissolving 10 g of ZrOCl2.8H2O in 100 ml of phosphoric acid in a round-bottomed flask equipped with a reflux condenser and refluxed for 24 h. The solid formed as a result is isolated via centrifugation and collected by decanting the supernatant. The gathered solid was washed with hot DM water to get rid of any unwanted reagents like AgCl. The accumulated product was dried in a hot air oven to obtain α-ZrP compound.
Further, 2 g of the earlier prepared compound was dissolved in 200 ml of 0.1 M n-propyl amine solution while continuously stirring for 24 h to form an opaque white colloidal solution subjected to in-situ polymerisation to obtain alumina pillared α-ZrP (AZP). Alternatively, 250 ml of 0.2 M AlCl3 solution was added to the colloidal solution with continuous stirring to which 1.2 M NaOH solution was introduced in a molar ratio of 1:2 with Al. The solid obtained is centrifuged to collect it and washed with hot DM water to eliminate unwanted Cl− molecules and dried at 100°C. The gathered product was ground to powder and subjected to calcination for 2 h at 300°C to achieve AZP. Furthermore, 1 g of AZP was dissolved in a 20-ml solution of SA in water to gain a mesoporous surface. The aqueous solution was continuously stirred for 6 h at 90°C to attain a solid and further dried at 120°C to achieve a SAxAZP composite. The catalyst was subjected to various elucidation techniques, including XRD, which exposed its crystalline structure with an H3-type surface area of 118 m2/g and a pore volume of 0.19 cm3/g with a particle size of 25–50 nm as represented by SEM analysis. TGA analysis showed that the catalyst was stable up to 600°C. Its catalytic activity was evaluated using the Hantzsch reaction to prepare 1,4-dihydropyridines (59), exercising single-pot synthesis with a reaction mixture of aryl aldehyde (58), acetoacetic esters (17), and ammonium acetate (7) in the presence of the above-obtained catalyst (Scheme 20). The reaction proceeded through Knoevenagel condensation and Michael addition with enhanced Bronsted acid sites. The yield obtained ranged from 75% to 90% depending on the aryl aldehyde used in ethyl alcohol. The products gained were characterised using FT-IR, 1H, and 13C NMR methods.
[image: Scheme 20]SCHEME 20 | Synthesis of dihydropyridines by the zirconium phosphate catalyst.
Kusampally et al. (Kusampally et al., 2020) studied diverse reaction conditions to synthesise 1.4-dihydropyridines (62 and 63) using zeolite-anchored Zr-ZSM-5 as an illustrious catalyst. To tailor the material, ammonium ZSM-5 was initially calcinated using a muffled furnace set to 500°C under aerobic conditions subjected to a heating ramp rate of 5°C per minute for 4 h to acquire H-ZSM-5. A solution of zirconium nitrate in water was added dropwise into H-ZSM-5 while constantly stirring the solution to incorporate zirconium nitrate into H-ZSM-5. The generated catalyst was dried at 120°C for 12 h, and the dry product was recalcinated in a muffled furnace at 500°C. The gathered catalyst was subjected to XRD, SEM/EDS, and BET SA-PSD spectroscopic techniques, exploring its crystalline structure. The high surface area of 341 m2/g allows the zeolite catalyst to interact with the reagents increasing the active sites. The classic Hantzsch reaction was examined using the Zr-ZSM-5 Zeolite catalyst in a single-pot reaction. The process involved benzaldehyde (60), ethyl acetoacetate (17), and ammonium hydroxide (61) in obtaining 1,4-dihydropyridines (Scheme 21). The use of catalyst gained a high yield of the product, around 96%, with minimal use of 30 mg within 25–35 min. With the microwave-assisted protocol, the reaction mixture and catalyst were placed in a preheated microwave oven at a temperature of 300°C. The enamine formed as an intermediate participated in Michael addition to give the target compound. The catalyst retained its viability even after five consequent cycles. Apart from its sustainability, the catalyst’s efficiency to reduce the reminiscent reagent brands it an eco-catalyst.
[image: Scheme 21]SCHEME 21 | Synthesis of dihydropyridines by th eZr-ZSM-5 catalyst.
Amoozadeh and his colleagues (Amoozadeh et al., 2016) have fabricated a solid heterogeneous catalyst, the sulphonic acid immobilised on nano zirconia. Initially, nano-ZrO2 particles were produced via chemical precipitation of a 100-ml solution of ZrOCl2.8H2O, whose pH was adjusted to 10 by adding 2 M NaOH solution. The precipitate was filtered and dried at 120°C, which was later calcinated over a temperature range of 500–1,200°C. Later 0.5 ml of chlorosulphonic acid was introduced into nano-ZrO2 dispersed in dry dichloromethane. The obtained reaction mixture was transferred into a suction flask facilitated with a constant-pressure dropping funnel and a gas inlet tube, allowing the conduction of HCl gas to be adsorbed onto the solvent, i.e., water, while continuously stirring the solution. A light cream colour powder was isolated after 30 min, which was washed with ethanol and dried at 100°C. It was found stable up to 150°C. FE-SEM data established the spherical shape of 30–40 nm in diameter. Its crystalline structure through XRD analysis showed a growth rate of 554. In a single-pot preparation of polyhydroquinoline derivatives in a solvent-free environment, the catalyst exhibited good performance. A reaction mixture consisting of 1,3-cyclic diketone (65), different aromatic aldehydes (64), ammonium acetate (7), and malononitrile (22) was used to produce polyhydroquinoline derivatives (66) (Scheme 22). The obtained products were filtered and washed with hot ethanol to eliminate any unreacted reagents and dried at optimum temperatures. The gathered hydroxyquinoline derivatives were structurally elucidated using FT-IR, 1H, and 13C NMR spectroscopic analysis; high yields of products ranging from 87% to 95% were obtained advocating its catalytic potential. Optimal conditions for the preparation were determined through the central composite deposit.
[image: Scheme 22]SCHEME 22 | Synthesis of hydroquinolines by the nano-ZrO2 catalyst.
Bhaskaruni et al. (Bhaskaruni et al., 2017) have constructed a heterogeneous catalyst, RuO2/ZrO2, for the preparation of dihydropyridine derivatives (69), adopting a single-pot synthetic method using a reaction mixture consisting of equimolar amounts of aldehyde (67), malononitrile (22), diethyl acetylene dicarboxylate (44), and 3-chloro 4-fluoroaniline (68) under the influence of RuO2/ZrO2 in 10 ml of ethyl alcohol medium. The reaction mixture was continuously stirred, and the produced derivatives were filtered and washed with ethanol (Scheme 23). The gathered derivatives were spectroscopically analysed using FTIR, 1H, and 13C NMR techniques. The catalyst was prepared through the wet impregnation technique by dissolving equal amounts of ZrO2 and RuCl3.xH2O in 100 ml of water while continuously stirring at room temperature for 8 h. The slurry obtained from filtration was oven-dried for 5 h at 110°C–120°C followed by calcination at 450°C for another 5 h to gain the Ru2O/ZrO2 whose structure was explored using various analytical techniques such as XRD analysis describing its polycrystalline structure with a diameter of 6.3 nm while the particle size of the nanoparticles was 11 nm with irregular shapes with a uniform dispersion of RuO2 onto the zirconium surface as assessed through TEM and SEM data. The BET analysis of the catalyst exposed its mesoporous surface area of 41.99 m2/g with a pore volume of 0.134 cm3/g and a pore size of 12.7 nm. It was observed to retain its catalytic viability for seven consecutive cycles without losing its efficiency.
[image: Scheme 23]SCHEME 23 | Synthesis of dihydropyridines by the RuO2/ZrO2 catalyst.
Bhaskaruni et al. (Bhaskaruni et al., 2018) have constructed a contemporary reaction method under the catalytic influence of V2O5/ZrO2 adopting a single-pot cyclic condensation of a reaction mixture consisting of equimolar amounts of benzaldehyde (70), 5,5-dimethyl-1,3-cyclohexanedione (19), acetoacetanilide (40), and ammonium acetate (7) in the presence of V2O5/ZrO2 nanoparticles using 5 ml of ethanol as solvent (Scheme 24). The reaction mixture is continuously stirred for 15 min, and then the desired hydroxyquinoline products (71) were isolated through solvent extraction using ethyl acetate followed by evaporation. The reaction proceeded through Knoevenagel condensation along with Michael addition and cyclisation. The gathered product was recrystallised from ethanol to gain a pure product which was subjected to various spectroscopic analyses for characterisation. The catalyst was prepared by wet impregnation method by dissolving equal amounts of V2O5 and ZrO2 in 100–150 ml of DM water while continuously stirring at room temperature for 8 h. The slurry obtained from filtration was oven-dried for 5 h at 120°C–150°C followed by calcination at 450°C for another 5 h to gain V2O5/ZrO2. Its structure explored using various analytical techniques such as XRD analysis confirms its polycrystalline structure with a 7.6 nm diameter. The SEM imaging and TEM imaging display massive irregular structures due to the aggregation of zirconium and vanadium moieties. The surface area of the catalyst was 89.2219 m2/g with a mesoporous pore volume of 0.327 cm3/g and a pore size of 10.32 nm. The catalytic use gained high yields around 90%–96% with a short reaction time of ≤20 min while retaining its catalytic efficiency for five to six consecutive cycles. The exciting feature of this method is the easy access to pure products without chromatographic separation.
[image: Scheme 24]SCHEME 24 | Synthesis of hydroquinolines by the V2O5/ZrO2 catalyst.
Ionic Liquid-Based Catalysts
Ionic liquids are a brilliant alternative for the vintage volatile solvents, made of ionic components such as anions or cations with covalent crystalline structures. The only difference between molten salts and ionic liquids is the melting point which is presumed to be <100°C for ionic liquids, making them stable and efficient solvents. The low-volatility, low-melting-point, and low-vapour pressure impart heterogeneous characteristics to these ionic liquids aiding their hassle-free separation. The ionic components of the liquids account for their intense polarity, which validates their physical and chemical properties. Because of high solubility and eminent anti-corrosion activity, ionic liquids are used as anti-corrosion agents for metals and alloys and as a significant solvent catalyst in various industrial and laboratory preparations. Followed by the ammonium-hinged ionic liquid invention, researchers designed different ionic liquids incorporating imidazolium, pyridinium, phosphonium, and tetra-ammonium components.
In contrast to their ionic nature, ionic liquids are poor conductors of electricity and can dissolve polar and non-polar materials. Ionic liquids are differentiated depending on the functional groups of the side chains, which act as electron-exchangeable sites, where the electron-donating groups impart basic nature. In contrast, electron-withdrawing nature imparts an acidic nature to the liquids.
Tan and his colleagues (Tan et al., 2019) have formulated a technique for incorporating titanium into a mesoporous material to catalyse Hantzsch reaction mediated by an ionic liquid (Scheme 25). The tailored catalyst Ti-SBA-15@IL-BF4 was used to form 1,4-dihydropyridine derivatives (73) which showed high yielding capacity and sustained its catalytic ability even after running for five consequent cycles. The catalytic activity is aided by the mesoporosity of the material and the acidic nature of the ionic liquid with a product yield that gained excellent yields around 93% within a short reaction time.
[image: Scheme 25]SCHEME 25 | Synthesis of dihydropyridines by the Ti-SBA-15@IL-BF4 catalyst.
Mondal and her colleagues (Mondal et al., 2019) fabricated quasi-heterogeneous DABCO-based ZnO nanoparticles mediated by the acidic ionic liquid using the solvothermal technique. DABCO is a 3-amine with a localised electron lone pair of nitrogen in a cage-like structure. The DABCO is di-substituted with the carboxylic group when reacted with 3-bromopropionic acid. The combined size of the catalyst particle was 200–400 nm, whereas the size of the ZnO NP was 5–6 nm offering a greater surface area-to-volume ratio. The magnificence of this catalyst lies in the fact that it carries acidic moiety imparted by the ionic liquid apart from the basic nature inherited by the amorphous zinc oxide; hence, it possesses both acidic and basic nature in a single structure. They analysed the catalytic performance of synthesising hydroxyquinoline derivatives (77), namely, N-aryl poly-hydro quinoline-based drugs, which resulted in excellent yields as high as 91% within a minimum reaction time of 2 h using water as a solvent (Scheme 26).
[image: Scheme 26]SCHEME 26 | Synthesis of hydroquinolines by the ZnO-DABCO catalyst.
Agarwal and Kasana synthesised ferromagnetic nanocomposite, [Fesipmim]Cl, by the sol–gel method, and used it as a catalyst for generating dihydropyridines (79) via the Hantzsch reaction (Agrwal and Kasana, 2020). To prepare the desired nanocomposite, initially, a 1:2 ratio of Fe+2 and Fe+3 was dispersed in 200 ml of water, while vigorously stirring 25 ml of ammonium solution (30%) which was added and further subjected to mechanical stirring for 24 h to obtain black nanoparticles, which were washed and dried at 80°C. The gathered nanoparticles were laminated with silica employing the sol–gel method. A volume of 1.2 ml of tetraethyl orthosilicate is introduced into a nanoparticle-dispersed solution of ethanol, water, and ammonia while constantly stirring for 12 h. The obtained ferrite@SiO2 nanoparticles were washed and dried. The dried nanoparticles were gathered and dispersed in water. Simultaneously, ionic liquid, [Sipmim]Cl, was also prepared by refluxing 4.8 ml of 0.06 mol 1-methylimidazole and 14.5 ml of 0.07 mol (3-chloropropyl) triethoxysilane. Later, 2 g of ferrite@SiO2 NPs and 25 ml of dry toluene were mixed in a beaker, and 1 g of [Sipmim]Cl was introduced dropwise into it. The obtained nanoparticles were washed and dried at 60°C for 2 h. The size catalyst nanoparticle was 7–11 nm from TEM analysis, and the catalyst’s magnetisation was assessed to be 13 emu/g from VSM data. Its catalytic efficiency was investigated on the three-component Hantzsch reaction involving benzaldehyde (78), ethyl acetoacetate (10), and ammonium acetate (7) (Scheme 27). A good 95% yield of dihydropyridines within a solvent-free abode with a minimum catalyst (100 mg) and a short reaction time was observed. The ferrite@SiO2 NPs sustained their vitality for seven consequent cycles.
[image: Scheme 27]SCHEME 27 | Synthesis of dihydropyridines by the [Fesipmim]Cl catalyst.
Baghery and Zolfigol have reported the ability of 3,6-dioxaoctamethylenediamminium trifluoromethanesulfonate, a convenient ionic liquid, as a catalyst for synthesising 1,4-dihydropyridines (83) (BagheryZolfigol and Zolfigol, 2017). To prepare the ionic liquid, 6 mmol of trifluoromethanesulfonic acid was dropwise added to 3 mmol of 3,6-dioxaoctamethylenediamine at 5°C under stirring. Stirring continued for 25 min at room temperature. The acquired yellow-coloured product was washed with diethyl ether to decant the ruminants and vacuum dried at 50°C for 1 h. FT-IR, 1H, 13C and 19F NMR, MS, TG, difference thermo gravimetric (DTG), and difference thermo analysis (DTA) data were used to characterise the material. The single-pot four-component reaction involved substituted aldehyde (80), malononitrile (22), acetylene dicarboxylates (82), and anilines (81) in equal 1-mmol quantities in solvent-free abode at 50°C. 3,6-Dioxaoctamethylenediamminium trifluoromethanesulfonate showed remarkable activity. The reaction was assumed to follow Knoevenagel condensation along with Michael addition and intramolecular cyclisation. The yield of 1,4-dihydropyridines was high, around 93%–96%, with minimal use of a catalyst (2–5%) within 30 min (Scheme 28). The product was confirmed by using FT-IR, 1H, and 13C NMR. The catalyst sustained its activity even after six consecutive cycles.
[image: Scheme 28]SCHEME 28 | Synthesis of dihydropyridines by the [3,6-DOMDA]OTf catalyst.
Moheiseni et al. (Moheiseni et al., 2021) designed a dicationic liquid bolstered with β-cyclodextrin/imidazolium, which was adhered to a silicon gel. The composite was used as a facile catalyst in the condensation of the Hantzsch reaction. The preparation of the catalyst involved several steps. Initially, mono-Ts-βCD was prepared using a solution of β-cyclodextrin taken in NaOH dissolved in 10 ml of distilled water. The temperature of the mixture was dropped to 0°C–5°C while adding THF and continuously stirred. While maintaining the same temperature range, a solution of TsCl in THF was added dropwise while stirring. The reaction mixture was neutralised using 2 N HCl and later poured into ice to obtain a white-coloured precipitate filtered and washed with acetone. Simultaneously, a reaction mixture of imidazole and NaOH was added to 10 ml of DMSO and stirred at 60°C while adding 1,4-dibromobutane. The mixture was allowed to drop its temperature and poured into water to obtain 1,4-bis(imidazol-1-yl)-butane as a white solid. [βCD/Im](OTs)2 was prepared by mixing solutions of mono-Ts-βCD and 2.5 ml of dimethylformamide (DMF) into a mixture of 1,4-bis(imidazol-1-yl)-butane and 2.5 ml of DMF while maintaining the temperature between 40°C and 60°C. The white precipitate obtained was filtered and washed with CCl4. To adhere the prepared ionic product onto silica gel, to the solution containing [βCD/Im](OTs)2 in 30 ml of DMF and NaOH, 3-chloro propyl trimethoxysilane was added slowly under continuous stirring and temperature maintained at 90°C in an N2 environment after 30 min. The product was filtered and added to a solution containing tetraethoxysilane and 1-butanol in 0.7 ml of water. The mixture was neutralised using 2 M HCl. The hydrogel was stirred continuously for 3 h at 80°C to obtain a final white precipitate filtered and washed with lukewarm water and acetone. The gathered catalyst was characterised by FTIR, SEM, and NMR using TMS as a standard. The authors established the catalytic efficiency of the di-ionic liquid on a single-pot Hantzsch condensation reaction between aromatic aldehyde (84), a β-dicarbonyl compound (19), and ammonium acetate (7) at a temperature of 90°C to obtain the product, hydroquinolines (85). The product was filtered and recrystallised in ethyl alcohol (Scheme 29). The catalyst showed high efficiency with 0.02 g of the catalyst offering a high 90% yield at 90°C in 20 min, which is relatively high compared with Tripodo’s technique which gives 35%.
[image: Scheme 29]SCHEME 29 | Synthesis of hydroquinolines by silica supported ionic liquid catalyst.
Miscellaneous Catalysts
Mansoor et al. (Sheik Mansoor et al., 2017) observed the advantageous characteristics of gadolinium(III) trifluoromethanesulphonate {Gd(OTf)3} to synthesise polyhydroquinolines (87) at room temperature. It showed significant potential to perform ideally in both polar and nonpolar solvents, making it a desirable catalyst. Gd(OTf)3 acted efficiently as a mild Lewis acid catalyst for the four-component coupling reaction between benzaldehyde (86), an active methyl group (ethyl acetoacetate) (17), 5,5-dimethyl-1,3-cyclohexanedione (dimedone) (19), and ammonium acetate (7) (Scheme 30). After confirming the completion of the reaction through TLC, the obtained product was recrystallised for purification. A good yield (82%–89%) of the target product was achieved at a minimal catalytic use as small as 1 mol%. Good retention of the catalytic activity was observed at 5 mol% using ethanol as solvent. Other solvents like acetone generated undesirable by-products due to rapid reactivity accompanied by the usage of a catalyst. The catalyst was retrieved comfortably from the filtrate, aiding its slightly higher potential to be soluble in water than organic solvents. The filtrate was subjected to evaporation under reduced pressure to gather the catalyst for further usage.
[image: Scheme 30]SCHEME 30 | Synthesis of hydroquinolines by the Gd(OTf)3 catalyst.
Balaboina and his colleagues (Balaboina et al., 2019) have prepared spiro oxindole-hydroquinolines (90), which paves a contemporary pathway for the drugs against cancer cells employing a single-pot method aside from Ag(I) and organo-N-heterocyclic carbenes used as a catalyst. This new catalyst was a progeny from labile Ag(I)-NHC in ethanol; therefore, it accommodates acidic Ag(I) alongside a basic NHC. A 3%–5% metal to organic–complex ratio was maintained for a smooth reaction. A single-pot four-component reaction between isatin (88), malononitrile (22), cyclo ketones (89), and ammonium acetate (7) was utilised (Scheme 31). The formation of spiro oxindole was established by TLC, EA, ESI-Mass, 1H, and 13C-NMR spectroscopic techniques apart from the MP value and XRD data. It was assumed to follow Knoevenagel condensation along with Michael addition yielding a high amount of product around 91% within 10 min. The prepared drugs were studied for their combating capacity toward two types of cancer cells, namely, MCF-7 and HepG2, which showed appreciable cytotoxicity.
[image: Scheme 31]SCHEME 31 | Synthesis of spiro oxindole-hydroquinolines by the Ag-NHC catalyst.
Dekamin and his team (Dekamin et al., 2016) have explored a chitosan macromolecular-based CuSO4 catalyst to synthesise Hantzsch products. A volume of 5 g of chitosan in 100 ml of water was dispersed, to which 1 g of CuSO4 was added under continuous stirring. The desired catalyst was isolated upon centrifuging the resultant mixture after 2 h. The catalyst was characterised using FT-IR, ICP-AES, FESEM, and EDX. 1,4-Dihydropyridines (92) and phenyl hydroxyquinoline derivatives (93) were synthesized by refluxing a mixture of aldehydes (91), β-dicarbonyls (10), and ammonium acetate (7) in an ethanolic medium; the catalyst facilitated high 97% yields with minimal loading of 0.02 g within a reaction time of 15 min (Scheme 32). The reaction pathway was assumed to follow Knoevenagel condensation along with Michael addition and tautomerism. The hygroscopic nature of chitosan assisted in the adsorption of water molecules allowing better interaction which promotes activation of carbonyl compounds.
[image: Scheme 32]SCHEME 32 | Synthesis of dihydropyridine and hydroquinolines by the chitosan-CuSO4 catalyst.
Pasunooti and his colleagues (Pasunooti et al., 2010) have explored a single-pot multicomponent synthetic method for hydroquinolines (95) using a copper catalyst under microwave irradiation. Cupric (II) trifluoromethanesulphonate [Cu(OTf)2] was perceived to be a promising catalyst to obtain a high yield around 90% with a minimal amount of catalytic molar percentage, i.e., 2% at 100°C within 15 min of reaction time (Scheme 33). They optimised the Hantzsch reaction conditions, using benzaldehyde (94), ethyl acetoacetate (17), dimedone (65), and ammonium acetate (7) along with ethyl alcohol and Cu(OTf)2. The components were irradiated under microwave to achieve 1,4-dihydropyridines.
[image: Scheme 33]SCHEME 33 | Synthesis of hydroquinolines by the Cu(OTf)2 catalyst.
Bitaraf et al. (Bitaraf et al., 2016) appraised the significance of tungsten trioxide-bolstered sulphonic acid nano (n-WSA) composites in the preparation of 1,4-dihydropyridines (98). This nanocatalyst was prepared using powdered nano-WO3, and dichloromethane took in a suction flash connected to a pressure dropping funnel and a gas inlet tube facilitating the conduction of HCl gas over the water adsorbent. Chlorosulphonic acid was introduced into it dropwise, which resulted in the evolution of HCl gas. After the HCl gas ceased, the reaction mixture was stirred continuously for 30 min. The unreacted dichloromethane was removed under reduced pressure to obtain a dark green powder, washed with ethanol, and dried for 6 h at 120°C. The FE-SEM images suggest that the particle size of the nanocatalyst is around 60–70 nm. A single-pot three-component reaction involving aromatic aldehydes (96), β-dicarbonyls (97), and ammonium acetate (7) in a solvent-free abode in the presence of n-WSA was considered (Scheme 34). The method was presumed to follow Knoevenagel condensation along with Michael addition. The catalyst showed promising performance with an excellent yielding capacity of 98% within 15 min of reaction time. The reaction parameters were optimised under a central metal composite design.
[image: Scheme 34]SCHEME 34 | Synthesis of dihydropyridines by the nano-WO3 catalyst.
Momeni and his colleagues (Momeni et al., 2020) developed a routine to synthesise 1,4-dihydropyridines (100) and polyhydro quinolines (101), employing H5BW12O40 as a novel catalyst. They implemented a single-pot Hantzsch reaction mechanism using substituted aldehydes (99), acetoacetic esters (17), and ammonium acetate (7) refluxed using borotungstic acid (H5BW12O40) as a catalyst. The negative charge of the catalyst aids in its activity as a Bronsted acid. The resultants were assessed using TLC in combination with n-hexane and ethyl acetate in the ratio 7:3. The reminiscent was washed using ethyl acetate, and the products were dried using Na2SO4. The electron-withdrawing group, such as NO2 at aldehyde, was observed to gain the highest yield of 98% within 45 min (Scheme 35). The reaction was presumed to follow Knoevenagel condensation along with Michael addition. The gathered products were characterised using FT-IR, 1H, and 13C NMR spectral data.
[image: Scheme 35]SCHEME 35 | Synthesis of dihydropyridine and hydroquinolines by the H5BW12O40 catalyst.
Mirjalilil et al. (Mirjalili et al., 2018) used a Lewis acid catalyst, TiCl2/nano-γ-Al2O3, to prepare hydroxyquinoline derivatives. A volume of 60 ml of 1 M NaOH solution was initially added into a beaker containing 66 g of Al2(SO4)3.18H2O and stirred vigorously to obtain a white precipitate of Al(OH)3, which was washed with distilled water and dried. A volume of 20 g of Al(OH)3 was dissolved in 100 ml of 1 M NaOH, and 3% (v/v%) polyethylene glycol was added. The pH of the mixture was adjusted to eight and subjected to vigorous stirring to obtain a solid separated by centrifugation. The solid was collected and washed using distilled water and calcinated at 800°C for 3 h to get nano-γ-Al2O3. To 1 g of nano-γ-Al2O3 dissolved in 10 ml of dichloromethane, 0.5 ml of TiCl2 was added dropwise. The resulting solution was vigorously stirred till precipitation. The residue separated by filtration was washed using CHCl3 and dried at room temperature. The SEM revealed its amorphous shape with 50 nm of particle size and a surface area of 75.6 m2/g through BET analysis. The material was found stable up to 400°C. The catalyst’s capacity was assessed in the preparation of hydroquinolines (103) in a single-pot reaction method using 1 mmol of aryl aldehyde (102), 2 mmol of 1,3-dicarbonyl ester (17), and 1.5 mmol of ammonium acetate (7) in the presence of 0.05 ml of TiCl2/Nano-γ-Al2O3 in a solvent-free abode (Scheme 36). The product obtained was filtered and appraised using FT-IR, 1H, and 13C NMR spectroscopic methods. Aldehyde substituted with the +I group gained a higher yield of around 95% within 26 min.
[image: Scheme 36]SCHEME 36 | Synthesis of hydroquinolines by the TiCl2-Al2O3 catalyst.
Oskuie and his colleagues (Oskuie et al., 2020) worked on the catalytic preparation of the Hantzsch reaction to produce polyhydroquinolines (106) catalysed by Zn/MCM-41. The impregnation method was used to induce ZnNO3 onto MCM-41. The vintage Hantzsch reaction mixture consisting of aryl aldehyde (104), dimedone (19), and methyl-3-aminocrotonate (105) was employed in the presence of the prepared catalyst in a solvent-free environment. The reaction proceeded by activating the carbonyl groups through Zn+2 for Knoevenagel condensation, and the enamine intermediate participates in Michael addition. The acquired product was filtered and dried. High yields were achieved by using 3- and 4-fluorobenzaldehyde, salicylaldehyde, and 4-hydroxybenzaldehyde in combination with methyl 3-aminocrotonate and 5-methyl furfural, while the lowest yield was attained with 3-indole-carboxaldehyde (Scheme 37). The highest 97% yield was observed within a reaction time of 2 h. The obtained product was explored using FT-IR, 1H, and 13C NMR spectroscopic analysis. Cytotoxicity of the prepared polyhydroquinolines was assessed against MCF 7, SK BR-3, and HT 29 cancer cell lines employing cell cytotoxicity assay by MTT to determine their IC50 values 2.5 mg/cm3 and 180 mm3 RPMI value.
[image: Scheme 37]SCHEME 37 | Synthesis of hydroquinolines by the Zn-MCM-41 catalyst.
Safaiee and his coworkers (Safaiee et al., 2018) have constructed a vanadium oxo catalyst bolstered on chitosan and effectively used to synthesise series of 1,4-dihydropyridines (110) and 2,4,6-triarylpyridines (109) adopting anomeric-based oxidation. Chitosan was refluxed with vanadium pentoxide in water to form a black precipitate after 24 h, which was filtered and washed with hot DM water followed by drying it at 80°C. By FT-IR, XRD, SEM, EDX, ICP-MS, and TGA analyses, the material was characterised. XRD amorphous structure SEM and wavelength-dispersive X-ray analysis (WDX) confirmed the presence of V, N, O, and C atoms. Tg and DTG stability of the catalyst was at 225°C. The reaction mixture of aldehyde (107), β-ketoester (17), and ammonium acetate (7) in the presence of 5 mg of ChVO catalyst in a solvent-free abode at 80°C gave 1,4-dihydropyridines in good yields (Scheme 38). The obtained product was filtered and dissolved in hot ethyl acetate to isolate the catalyst and refiltered to retrieve the heterogeneous catalyst. The product solution was evaporated, washed, and recrystallised from a solution mixture of ethanol and water taken in the ratio of 1:10. In the other reaction, a mixture containing aromatic aldehydes, acetophenone derivatives, and ammonium acetate were reacted in the presence of 5 g of the ChVO catalyst to obtain 2,4,6-triarylpyridines at a temperature of 130°C in a hot oil bath. Hot ethanol was added to the reaction solution to dissolve the product formed and isolate the heterogeneous catalyst. The reaction solution was evaporated and recrystallised to gather 2,4,6-triarylpyridines. As per TG and DTA analyses, the catalyst material is stable up to 225°C. The amorphous structure of the catalyst was represented by SEM images, whereas the WDX images gave a note about the elements present in the catalyst. The TLC method concluded the reactions with a medium containing n-hexane and ethyl acetate in the ratios 3:7 and 4:15. The obtained derivatives of 1,4-dihydropyridines and 2,4,6-triarylpyridines were examined using FT-IR, 1H, and 13C NMR analyses. The use of the ChVO catalyst greatly enhanced the yield (89%) while reducing the reaction time to 45 min. The retrieved catalyst retained its viability and catalytic potential for several consequent cycles.
[image: Scheme 38]SCHEME 38 | Synthesis of dihydropyridine and triaryl pyridines by the chitosan vanadium catalyst.
Devarajan and Suresh (Devarajan and Suresh, 2019) studied the performance of a solid heterogeneous Bronsted acid catalyst, MIL-101-SO3H metal-organic framework, in the synthesis of 1,4-dihydropyridines (56) using Hantzsch reaction. Initially, a reaction mixture of monosodium 2-sulfoterephthalic acid and CrO3 was dissolved in a solution of 0.53 ml of HCl and 20 ml of water and autoclaved at 180°C for 168 h. It was allowed to drop to room temperature and filtered. The product was washed with 400 ml of DM water and 100 ml of methanol. The green powder was dissolved in DMF, heated at 120°C for 24 h, and again added to a solution of aqueous methanol at the same temperature to achieve microcrystalline powder. The collected green powder was dissolved in a solution containing 0.08 M of HCl. The obtained product was treated with aqueous methanol for three consecutive cycles. Finally, the green powder was washed with water and vacuum dried at 120°C. It showed a crystalline structure with 1,497 m2/g of surface area, as XRD represented and BET values. The MIL-101-SO3H aggregation was explored by SEM analysis. EDAX showed that the catalyst contains 13.47 wt% of chromium and 3.47% of sulphur which has stability up to 500°C. The catalytic potential was assessed by administering 20% (wt%) of MIL-101-SO3H MOF in Hantzsch single pot reaction, including aldehyde (111), 1,3-dicarbonyl compound (97), and ammonium acetate (7) to produce 1,4-dihydropyridines (Scheme 39). After the reaction completion, the catalyst was isolated by centrifugation and washed with ethanol repeatedly. The retrieved catalyst was heated with DMF at 100°C for 1 h. After removal of DMF by filtration, the material was dried at 120°C for 3 h. The catalyst gained a high 99% yield on sonication, and in addition to the excellent yield, the catalyst retained its viability and potential for several consecutive cycles.
[image: Scheme 39]SCHEME 39 | Synthesis of dihydropyridines by the MIL-101-SO3H catalyst.
Maleki et al. (Maleki et al., 2019c) have produced 1,4-dihydropyridines (114) and hydroquinolines (115) using a single-pot system under the influence of magnetic nanoparticles infused with glutathione. The desired catalyst was prepared by adding ferric oxide to water and methyl alcohol solution and subjecting it to sonication. A volume of 0.4 g of glutathione was added, and the mixture was further sonicated for 2 h. The magnetic material was separated using an external magnetic field, and the resulting solution was filtered by washing it with water and methyl alcohol and oven-dried at 50°C–60°C. The adhesion of glutathione onto the magnetic particles was confirmed by various analytical methods such as FT-IR, XRD, TGA, TEM, VSM, EDX, and elemental analysis. The EXD images show the presence of Fe, O, N, and S. The catalytic activity and viability of the material were established using the Hantzsch reaction to synthesise 1,4-dihydropyridines (Scheme 40). The reaction mixture in a solvent-free environment consisted of benzaldehyde (113), ethyl acetoacetate (17), ammonium acetate (7), and dimedone (19). A Knoevenagel condensation followed by Michael addition generates the dihydropyridine derivative. The method offers a 90% yield within 35 min with minimal use of 0.02 g of the prepared catalyst.
[image: Scheme 40]SCHEME 40 | Synthesis of dihydropyridines by the glutathione catalyst.
Demirci and the team (Demirci et al., 2016) investigated mono-dispersed PdRuni@GO prepared by the double solvent reduction method as a catalyst in Hantzsch reaction to prepare dihydropyridine (117) and hydroxyquinoline (118) derivatives in a single-pot system. A lysed mixture of 0.25 mmol of Pd, Ni, and Ru in dehydrated tetrahydrofuran in 0.25 mmol of octane thiol was subjected to ultrasonication till the solution turned black-brown, suggesting the formation of Pd–Ni–Ru nanoparticles which was vacuum dried. The gathered nanoparticles were combined with graphene oxide in an equal molar ratio and subjected to sonication to gain Pd-Ni-Ru@GO nanoparticles. The XRD values of the gathered nanoparticles describe their perovskite crystalline structure with 3.64 nm of diameter with a surface area of 136.2 cm2/g as represented by BET images. The catalytic performance of the prepared nanoparticles was assessed in preparing 1,4-dihydropyridines. The reaction mixture involved an equimolar amount of ammonium acetate (7), ethyl acetoacetate (17), and 1 mmol of aldehyde (116) suspended in 2 ml of DMF, plus 6 mg of Pd-Ni-Ru@GO nanoparticles as a catalyst, under 70°C for 45 min (Scheme 41). After the completion of the reaction, the mixture was centrifuged and poured into 20 ml of ice-cold water to form a vacuum filtered, washed, and dried precipitate. With substituted aldehydes, high yields of 93%–98% were obtained within a reaction time of 45 min. The gathered product was subjected to various spectroscopic analyses to elucidate the derivatives. The catalyst was gathered and reused for five consecutive cycles without losing its vitality when subjected to trial under ICP-OES analyses.
[image: Scheme 41]SCHEME 41 | Synthesis of dihydropyridine and hydroquinolines by the PdRuNi@GO catalyst.
CONCLUSION
The review highlighted the eminence of mainly the heterogeneous catalyst materials in preparing different novel dihydropyridine derivatives. The monograph described preparation techniques for various catalyst materials in detail. It covered facile and benign magnetic, silicon- and zirconium-bolstered, and ionic liquid-based heterogeneous catalysts, which can coherently facilitate excellent yields in short reaction times in a cost-effective and eco-friendly way. The target products are valuable molecules proficient in curing long-term disorders and drug delivery to the target tissue. The catalyst materials and protocols considered in this review are easy to handle, nontoxic, and easily prepared. High-temperature and pressure resistance ranges make them ideal and sustainable catalysts for preparing heterocyclic compounds, dihydropyridine in particular. These innovative pathways tailored for the synthesis of dihydropyridine derivatives have paved fresh approaches for further research.
AUTHOR CONTRIBUTIONS
All authors are equal contribution authors.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Agrwal, A., and Kasana, V. (2020). [Fesipmim]Cl as Highly Efficient and Reusable Catalyst for Solventless Synthesis of Dihydropyridine Derivatives Through Hantzsch Reaction. J. Chem. Sci. 132, 67. doi:10.1007/s12039-020-01770-9
 Allahresani, A., Mohammadpour Sangani, M., and Nasseri, M. A. (2020). CoFe 2 O 4 @SiO 2 ‐NH 2 ‐Co II NPs Catalyzed Hantzsch Reaction as an Efficient, Reusable Catalyst for the Facile, Green, One‐pot Synthesis of Novel Functionalized 1,4‐dihydropyridine Derivatives. Appl. Organomet. Chem. 34, e5759. doi:10.1002/aoc.5759
 Amoozadeh, A., Rahmani, S., Bitaraf, M., Abadi, F. B., and Tabrizian, E. (2016). Nano-zirconia as an Excellent Nano Support for Immobilization of Sulfonic Acid: A New, Efficient and Highly Recyclable Heterogeneous Solid Acid Nanocatalyst for Multicomponent Reactions. New J. Chem. 40, 770–780. doi:10.1039/C5NJ02430G
 BagheryZolfigol, S. M. A., and Zolfigol, M. A. (2017). 3,6-Dioxaoctamethylenediamminium Trifluoromethanesulfonate [3,6-DOMDA]OTf as a Novel Ionic Liquid Catalyst for the Synthesis of Functionalized 1,4-dihydropyridines. J. Mol. Liquids 232, 174–181. doi:10.1016/j.molliq.2017.02.073
 Balaboina, R., Thirukovela, N. S., Kankala, S., Balasubramanian, S., Bathula, S. R., Vadde, R., et al. (2019). Synergistic Catalysis of Ag(I) and Organo‐ N ‐heterocyclic Carbenes: One‐Pot Synthesis of New Anticancer Spirooxindole‐1,4‐dihydropyridines. ChemistrySelect 4, 2562–2567. doi:10.1002/slct.201803507
 Bhaskaruni, S. V. H. S., Maddila, S., van Zyl, W. E., and Jonnalagadda, S. B. (2017). RuO2/ZrO2 as an Efficient Reusable Catalyst for the Facile, Green, One-Pot Synthesis of Novel Functionalized Halopyridine Derivatives. Catal. Commun. 100, 24–28. doi:10.1016/j.catcom.2017.06.023
 Bhaskaruni, S. V. H. S., Maddila, S., van Zyl, W. E., and Jonnalagadda, S. B. (2018). V 2 O 5 /ZrO 2 as an Efficient Reusable Catalyst for the Facile, Green, One-Pot Synthesis of Novel Functionalized 1,4-dihydropyridine Derivatives. Catal. Today 309, 276–281. doi:10.1016/j.cattod.2017.05.038
 Bhaskaruni, S. V. H. S., Maddila, S., van Zyl, W. E., and Jonnalagadda, S. B. (2019). A Green Protocol for the Synthesis of New 1,4-dihydropyridine Derivatives Using Fe2O3/ZrO2 as a Reusable Catalyst. Res. Chem. Intermed. 45, 4555–4572. doi:10.1007/s11164-019-03849-6
 Bhaskaruni, S. V. H. S., Maddila, S., Gangu, K. K., and Jonnalagadda, S. B. (2020). A Review on Multi-Component Green Synthesis of N-Containing Heterocycles Using Mixed Oxides as Heterogeneous Catalysts. Arabian J. Chem. 13, 1142–1178. doi:10.1016/j.arabjc.2017.09.016
 Bitaraf, M., Amoozadeh, A., and Otokesh, S. (2016). A Simple and Efficient One-Pot Synthesis of 1,4-dihydropyridines Using Nano-WO3- Supported Sulfonic Acid as an Heterogeneous Catalyst Under Solvent-free Conditions. Jnl Chin. Chem. Soc 63, 336–344. doi:10.1002/jccs.201500453
 Bodaghifard, M. A. (2020). Organic Base Grafted on Magnetic Nanoparticles as a Recoverable Catalyst for the Green Synthesis of Hydropyridine Rings. J. Iran. Chem. Soc. 17, 483–492. doi:10.1007/s13738-019-01788-y
 Cioc, R. C., Ruijter, E., and Orru, R. V. A. (2014). Multicomponent Reactions: Advanced Tools for Sustainable Organic Synthesis. Green. Chem. 16, 2958–2975. doi:10.1039/C4GC00013G
 da Costa Cabrera, D., Santa-Helena, E., Leal, H. P., de Moura, R. R., Nery, L. E. M., Gonçalves, C. A. N., et al. (2019). Synthesis and Antioxidant Activity of New Lipophilic Dihydropyridines. Bioorg. Chem. 84, 1–16. doi:10.1016/j.bioorg.2018.11.009
 Dekamin, M. G., Kazemi, E., Karimi, Z., Mohammadalipoor, M., and Naimi-Jamal, M. R. (2016). Chitosan: An Efficient Biomacromolecule Support for Synergic Catalyzing of Hantzsch Esters by CuSO 4. Int. J. Biol. Macromolecules 93, 767–774. doi:10.1016/j.ijbiomac.2016.09.012
 Demirci, T., Çelik, B., Yıldız, Y., Eriş, S., Arslan, M., Sen, F., et al. (2016). One-pot Synthesis of Hantzsch Dihydropyridines Using a Highly Efficient and Stable PdRuNi@GO Catalyst. RSC Adv. 6, 76948–76956. doi:10.1039/C6RA13142E
 Devarajan, N., and Suresh, P. (2019). MIL-101-SO3H Metal-Organic Framework as a Brønsted Acid Catalyst in Hantzsch Reaction: An Efficient and Sustainable Methodology for One-Pot Synthesis of 1,4-dihydropyridine. New J. Chem. 43, 6806–6814. doi:10.1039/C9NJ00990F
 Devi, L., Nagaraju, K., Maddila, S., and Jonnalagadda, S. B. (2020). A Green, Efficient Protocol for the Catalyst-free Synthesis of Tetrahydro-1h-Pyrazolo-[3,4-B]-Quinolin-5(4h)-Ones Supported by Ultrasonicirradiation. Chem. Data Collections 30, 100566. doi:10.1016/j.cdc.2020.100566
 Edraki, N., Mehdipour, A. R., Khoshneviszadeh, M., and Miri, R. (2009). Dihydropyridines: Evaluation of Their Current and Future Pharmacological Applications. Drug Discov. Today 14, 1058–1066. doi:10.1016/j.drudis.2009.08.004
 Farahnaz, K. B., and Banafsheh, Y. (2019). Iron(III) Phosphate Catalyzed Synthesis of 1,4-dihydropyridines. Arab. J. Chem. 12, 1353–1357. doi:10.1016/j.arabjc.2014.11.027
 Fekri, L. Z., Pour, K. H., and Zeinali, S. (2020). Synthesis, Characterization and Application of Copper/Schiff-Base Complex Immobilized on KIT-6-NH2 Magnetic Nanoparticles for the Synthesis of Dihydropyridines. J. Organomet. Chem. 915, 121232. doi:10.1016/j.jorganchem.2020.121232
 Ferrazzano, L., Corbisiero, D., Martelli, G., Tolomelli, A., Viola, A., Ricci, A., et al. (2019). Green Solvent Mixtures for Solid-phase Peptide Synthesis: A Dimethylformamide-free Highly Efficient Synthesis of Pharmaceutical-Grade Peptides. ACS Sust. Chem. Eng. 7, 12867–12877. doi:10.1021/acssuschemeng.9b01766
 Ganta, R. K., Kerru, N., Maddila, S., and Jonnalagadda, S. B. (2021). Advances in Pyranopyrazole Scaffolds' Syntheses Using Sustainable Catalysts-A Review. Molecules 26, 3270. doi:10.3390/molecules26113270
 Ghorbani-Choghamarani, A., Mohammadi, M., Tamoradi, T., and Ghadermazi, M. (2019). Covalent Immobilization of Co Complex on the Surface of SBA-15: Green, Novel and Efficient Catalyst for the Oxidation of Sulfides and Synthesis of Polyhydroquinoline Derivatives in Green Condition. Polyhedron 158, 25–35. doi:10.1016/j.poly.2018.10.054
 Gu, Y. (2012). Multicomponent Reactions in Unconventional Solvents: State of the Art. Green. Chem. 14, 2091–2128. doi:10.1039/C2GC35635J
 Hantzsch, A. (1881). Condensationsprodukte aus Aldehydammoniak und ketonartigen Verbindungen. Ber. Dtsch. Chem. Ges. 14, 1637–1638. doi:10.1002/cber.18810140214
 Heydari, A., Azizi, K., Azarnia, J., Karimi, M., and Yazdani, E. (2016). Novel Magnetically Separable Sulfated Boric Acid Functionalized Nanoparticles for Hantzsch Ester Synthesis. Synlett 27, 1810–1813. doi:10.1055/s-0035-1561441
 Hutchings, G. J. (2009). Heterogeneous Catalysts-Discovery and Design. J. Mater. Chem. 19, 1222–1235. doi:10.1039/B812300B
 Janjua, N., and Mayer, S. A. (2003). Cerebral Vasospasm After Subarachnoid Hemorrhage. Curr. Opin. Crit. Care 9, 113–119. doi:10.1097/00075198-200304000-00006
 José Climent, M., Corma, A., and Iborra, S. (2012). Homogeneous and Heterogeneous Catalysts for Multicomponent Reactions. RSC Adv. 2, 16–58. doi:10.1039/C1RA00807B
 Katrinsky, A. R., Ostercamp, D. L., and Yousaf, T. I. (1986). The Mechanism of the Hantzsch Pyridine Synthesis: A Study by 15N and 13C NMR Spectroscopy. Tetrahedron 42, 5729–5738. doi:10.1016/S0040-4020(01)88178-3
 Kavyani, S., and Baharfar, R. (2020). Design and Characterization of Fe 3 O 4 /GO/Au‐Ag Nanocomposite as an Efficient Catalyst for the Green Synthesis of Spirooxindole‐dihydropyridines. Appl. Organometal. Chem. 34, e5560. doi:10.1002/aoc.5560
 Kerru, N., Bhaskaruni, S. V. H. S., Gummidi, L., Maddila, S. N., Maddila, S., and Jonnalagadda, S. B. (2019). Recent Advances in Heterogeneous Catalysts for the Synthesis of Imidazole Derivatives. Synth. Commun. 49, 2437–2459. doi:10.1080/00397911.2019.1639755
 Kerru, N., Bhaskaruni, S. V. H. S., Gummidi, L., Maddila, S. N., Rana, S., Singh, P., et al. (2019). Synthesis of Novel Pyrazole‐based Triazolidin‐3‐one Derivatives by Using ZnO/ZrO 2 as a Reusable Catalyst Under Green Conditions. Appl. Organometal. Chem. 33, e4722. doi:10.1002/aoc.4722
 Kerru, N., Maddila, S. N., Maddila, S., Sobhanapuram, S., and Jonnalagadda, S. B. (2019). Synthesis and Antimicrobial Activity of Novel Thienopyrimidine Linked Rhodanine Derivatives. Can. J. Chem. 97, 94–99. doi:10.1139/cjc-2018-0220
 Kerru, N., Lalitha Gummidi, M., Kumar Gangu, K., Maddila, S., and Jonnalagadda, S. B. (2020). Synthesis of Novel Furo[3,2‐c]coumarin Derivatives Through Multicomponent [4+1] Cycloaddition Reaction Using ZnO/FAp as a Sustainable Catalyst. ChemistrySelect 5, 4104–4110. doi:10.1002/slct.202000796
 Kerru, N., Gummidi, L., Bhaskaruni, S. V. H. S., Maddila, S. N., and Jonnalagadda, S. B. (2020). Green Synthesis and Characterization of Novel 1,2,4,5-tetrasubstituted Imidazole Derivatives with Eco-Friendly Red Brick Clay as Efficacious Catalyst. Mol. Divers. 24, 889–901. doi:10.1007/s11030-019-10000-5
 Kerru, N., Gummidi, L., Maddila, S., and Jonnalagadda, S. B. (2020). Gadolinium Oxide Loaded Zirconia and Multi-Component Synthesis of Novel Dihydro-Pyrazolo[3,4-D]pyridines Under Green Conditions. Sust. Chem. Pharm. 18, 100316. doi:10.1016/j.scp.2020.100316
 Kerru, N., Gummidi, L., Bhaskaruni, S. V. H. S., Maddila, S. N., and Jonnalagadda, S. B. (2020). Ultrasound-assisted Synthesis and Antibacterial Activity of Novel 1,3,4-Thiadiazole-1h-Pyrazol-4-Yl-Thiazolidin-4-One Derivatives. Monatsh. Chem. 151, 981–990. doi:10.1007/s00706-020-02625-2
 Kerru, N., Gummidi, L., Maddila, S. N., Bhaskaruni, S. V. H. S., and Jonnalagadda, S. B. (2020). Bi 2 O 3 /FAp, a Sustainable Catalyst for Synthesis of Dihydro‐[1,2,4]triazolo[1,5‐a]pyrimidine Derivatives Through Green Strategy. Appl. Organometal. Chem. 34, e5590. doi:10.1002/aoc.5590
 Kerru, N., Gummidi, L., Maddila, S., and Jonnalagadda, S. B. (2020). Polyethylene Glycol (PEG‐400) Mediated One‐pot Green Synthesis of 4,7‐Dihydro‐2 H ‐pyrazolo[3,4‐ B ]pyridines Under Catalyst‐free Conditions. ChemistrySelect 5, 12407–12410. doi:10.1002/slct.202002538
 Kerru, N., Bhaskaruni, S. V. H. S., Gummidi, L., Maddila, S. N., Singh, P., and Jonnalagadda, S. B. (2020). Efficient Synthesis of Novel Pyrazole-Linked 1,2,4-Triazolidine-3-Thiones Using Bismuth on Zirconium Oxide as a Recyclable Catalyst in Aqueous Medium. Mol. Divers. 24, 345–354. doi:10.1007/s11030-019-09957-0
 Kerru, N., Gummidi, L., Bhaskaruni, S. V. H. S., Maddila, S. N., and Jonnalagadda, S. B. (2020). One-pot Green Synthesis of Novel 5,10-Dihydro-1h-Pyrazolo[1,2-B]phthalazine Derivatives with Eco-Friendly Biodegradable Eggshell Powder as Efficacious Catalyst. Res. Chem. Intermed. 46, 3067–3083. doi:10.1007/s11164-020-04135-6
 Kerru, N., Gummidi, L., Maddila, S. N., Gangu, K. K., and Jonnalagadda, S. B. (2020i). Four-component Rapid Protocol with Nickel Oxide Loaded on Fluorapatite as a Sustainable Catalyst for the Synthesis of Novel Imidazole Analogs. Inorg. Chem. Commun. 116, 107935. doi:10.1016/j.inoche.2020.107935
 Kerru, N., Gummidi, L., Maddila, S., Gangu, K. K., and Jonnalagadda, S. B. (2020j). A Review on Recent Advances in Nitrogen-Containing Molecules and Their Biological Applications. Molecules 25, 1909. doi:10.3390/molecules25081909
 Kerru, N., Maddila, S., and Jonnalagadda, S. B. (2020k). Design of Carbon-Carbon and Carbon-Heteroatom Bond Formation Reactions Under Green Conditions. Coc 23, 3154–3190. doi:10.2174/1385272823666191202105820
 Kerru, N., Gummidi, L., Maddila, S. N., Bhaskaruni, S. V. H. S., Maddila, S., and Jonnalagadda, S. B. (2020l). Green Synthesis and Characterisation of Novel [1,3,4]thiadiazolo/benzo[4,5]thiazolo[3,2-A]pyrimidines via Multicomponent Reaction Using Vanadium Oxide Loaded on Fluorapatite as a Robust and Sustainable Catalyst. RSC Adv. 10, 19803–19810. doi:10.1039/D0RA02298E
 Kerru, N., Gummidi, L., Maddila, S., and Jonnalagadda, S. B. (2021). A Review of Recent Advances in the Green Synthesis of Azole- and Pyran-Based Fused Heterocycles Using MCRs and Sustainable Catalysts. Coc 25, 4–39. doi:10.2174/1385272824999201020204620
 Kerru, N., Gummidi, L., Maddila, S., and Jonnalagadda, S. B. (2021). Efficient Synthesis of Novel Functionalized Dihydro-pyrazolo[3,4-D]pyridines via the Three-Component Reaction Using MgO/HAp as a Sustainable Catalyst. Inorg. Chem. Commun. 123, 108321. doi:10.1016/j.inoche.2020.108321
 Kerru, N., Maddila, S., and Jonnalagadda, S. B. (2021). A Facile and Catalyst-free Microwave-Promoted Multicomponent Reaction for the Synthesis of Functionalised 1,4-Dihydropyridines with Superb Selectivity and Yields. Front. Chem. 9, 638832. doi:10.3389/fchem.2021.638832
 Khazaei, A., Sarmasti, N., and Yousefi Seyf, J. (2018). Anchoring High Density Sulfonic Acid Based Ionic Liquid on the Magnetic Nano-Magnetite (Fe3O4), Application to the Synthesis of Hexahydroquinoline Derivatives. J. Mol. Liquids 262, 484–494. doi:10.1016/j.molliq.2018.04.125
 Kumar, A., Maurya, R. A., Sharma, S., Kumar, M., and Bhatia, G. (2010). Synthesis and Biological Evaluation of N-Aryl-1,4-Dihydropyridines as Novel Antidyslipidemic and Antioxidant Agents. Eur. J. Med. Chem. 45, 501–509. doi:10.1016/j.ejmech.2009.10.036
 Kumar, T. S., Robert, A. R., Ganja, H., Muralidhar, P., Nagaraju, K., and Maddila, S. (2021). Purification Free, Chemoselective N-Acylation of Non-nucleophilic Nitrogen Heterocycles Using Oxyma and Benzotriazole Activations. Chem. Data Collections 32, 100654. doi:10.1016/j.cdc.2021.100654
 Kusampally, U., Dhachapally, N., Kola, R., and Kamatala, C. R. (2020). Zeolite Anchored Zr-ZSM-5 as an Eco-Friendly, Green, and Reusable Catalyst in Hantzsch Synthesis of Dihydropyridine Derivatives. Mater. Chem. Phys. 242, 122497. doi:10.1016/j.matchemphys.2019.122497
 Maddila, S., Nagaraju, K., Chinnam, S., and Jonnalagadda, S. B. (2019). Microwave‐Assisted Multicomponent Reaction: A Green and Catalyst‐Free Method for the Synthesis of Poly‐Functionalized 1,4‐Dihydropyridines. ChemistrySelect 4, 9451–9454. doi:10.1002/slct.201902779
 Maddila, S., Nagaraju, K., and Jonnalagadda, S. B. (2020). Synthesis and Antimicrobial Evaluation of Novel Pyrano[2,3-D]-Pyrimidine Bearing 1,2,3-triazoles. Chem. Data Collections 28, 100486. doi:10.1016/j.cdc.2020.100486
 Maddila, S. N., Maddila, S., Kerru, N., Bhaskaruni, S. V. H. S., and Jonnalagadda, S. B. (2020). Facile One‐pot Synthesis of Arylsulfonyl‐4H‐pyrans Catalyzed by Ru Loaded Fluorapatite. ChemistrySelect 5, 1786–1791. doi:10.1002/slct.201901867
 Maddila, S. N., Maddila, S., Bhaskaruni, S. V. H. S., Kerru, N., and Jonnalagadda, S. B. (2020). MnO2 on Hydroxyapatite: A green Heterogeneous Catalyst and Synthesis of Pyran-Carboxamide Derivatives. Inorg. Chem. Commun. 112, 107706. doi:10.1016/j.inoche.2019.107706
 Mahinpour, R., Moradi, L., Zahraei, Z., and Pahlevanzadeh, N. (2018). New Synthetic Method for the Synthesis of 1,4-dihydropyridine Using Aminated Multiwalled Carbon Nanotubes as High Efficient Catalyst and Investigation of Their Antimicrobial Properties. J. Saudi Chem. Soc. 22, 876–885. doi:10.1016/j.jscs.2017.11.001
 Majhi, D., Bhoi, Y. P., Das, K., Pradhan, S., and Mishra, B. G. (2019). Sulfamic Acid Well Dispersed in the Micropores of Al-Pillared α-ZrP as Efficient Heterogeneous Catalyst for Synthesis of Structurally Diverse 1,4-dihydropyridines Under Mild Conditions. J. Porous Mater. 26, 1391–1405. doi:10.1007/s10934-019-00741-x
 Malek, R., Maj, M., Wnorowski, A., Jóźwiak, K., Martin, H., Iriepa, I., et al. (2019). Multi-target 1,4-dihydropyridines Showing Calcium Channel Blockade and Antioxidant Capacity for Alzheimer's Disease Therapy. Bioorg. Chem. 91, 103205. doi:10.1016/j.bioorg.2019.103205
 Maleki, A., Eskandarpour, V., Rahimi, J., and Hamidi, N. (2019). Cellulose Matrix Embedded Copper Decorated Magnetic Bionanocomposite as a Green Catalyst in the Synthesis of Dihydropyridines and Polyhydroquinolines. Carbohydr. Polym. 208, 251–260. doi:10.1016/j.carbpol.2018.12.069
 Maleki, B., Reiser, O., Esmaeilnezhad, E., and Choi, H. J. (2019). SO3H-dendrimer Functionalized Magnetic Nanoparticles (Fe3O4@D NH (CH2)4SO3H): Synthesis, Characterization and its Application as a Novel and Heterogeneous Catalyst for the One-Pot Synthesis of Polyfunctionalized Pyrans and Polyhydroquinolines. Polyhedron 162, 129–141. doi:10.1016/j.poly.2019.01.055
 Maleki, B., Atharifar, H., Reiser, O., and Sabbaghzadeh, R. (2019). Glutathione-coated Magnetic Nanoparticles for One-Pot Synthesis of 1,4-dihydropyridine Derivatives. Polycyclic Aromatic Comp. 41, 721–734. doi:10.1080/10406638.2019.1614639
 Mirjalili, B. B. F., Bamoniri, A., and Salmanpoor, L. S. (2018). TiCl2/Nano-γ-Al2O3 as a Novel lewis Acid Catalyst for Promotion of One-Pot Synthesis of 1,4-dihydropyridines. J. Nanostruct 8, 276–287. doi:10.22052/JNS.2018.03.007
 Moheiseni, F., Reza Kiasat, A., and Badri, R. (2021). Synthesis, Characterization and Application of β-Cyclodextrin/Imidazolium Based Dicationic Ionic Liquid Supported on Silica Gel as a Novel Catalyst in Hantzsch Condensation Reaction. Polycyclic Aromatic Comp. 41, 1–13. doi:10.1080/10406638.2019.1650784
 Mokhtar, M., Saleh, T. S., Narasimharao, K., and Al-Mutairi, E. (Forthcoming2021). New Green Perspective to Dihydropyridines Synthesis Utilizing Modified Heteropoly Acid Catalysts. Catal. Today . doi:10.1016/j.cattod.2021.07.006
 Momeni, T., Heravi, M. M., Hosseinnejad, T., Mirzaei, M., and Zadsirjan, V. (2020). H5BW12O40-Catalyzed Syntheses of 1,4-dihydropyridines and Polyhydroquinolines via Hantzsch Reaction: Joint Experimental and Computational Studies. J. Mol. Struct. 1199, 127011. doi:10.1016/j.molstruc.2019.127011
 Mondal, P., Chatterjee, S., Sarkar, P., Bhaumik, A., and Mukhopadhyay, C. (2019). Preparation of DABCO‐Based Acidic‐Ionic‐Liquid‐Supported ZnO Nanoparticles and Their Application for Ecofriendly Synthesis of N ‐Aryl Polyhydroquinoline Derivatives. ChemistrySelect 4, 11701–11710. doi:10.1002/slct.201902427
 Muralidhar, P., Kumar, B. S., Nagaraju, K., and Maddila, S. (2021). A Novel Method for the Synthesis of 3-aminoindoles Using Iodine and Cs2CO3 as Catalyst. Chem. Data Collections 33, 100731. doi:10.1016/j.cdc.2021.100731
 Neamani, S., Moradi, L., and Sun, M. (2020). Synthesis of Magnetic Hollow Mesoporous N-Doped Silica Rods as a Basic Catalyst for the Preparation of Some Spirooxindole-1,4-Dihydropyridine Derivatives. Appl. Surf. Sci. 504, 144466. doi:10.1016/j.apsusc.2019.144466
 Niaz, H., Kashtoh, H., Khan, J. A. J., Khan, A., Wahab, A.-t., Alam, M. T., et al. (2015). Synthesis of Diethyl 4-Substituted-2,6-Dimethyl-1,4-Dihydropyridine-3,5-Dicarboxylates as a New Series of Inhibitors Against Yeast α-glucosidase. Eur. J. Med. Chem. 95, 199–209. doi:10.1016/j.ejmech.2015.03.018
 Oskuie, E. F., Azizi, S., Ghasemi, Z., Pirouzmand, M., Kojanag, B. N., and Soleymani, J. (2020). Zn/MCM-41-catalyzed Unsymmetrical Hantzsch Reaction and the Evaluation of Optical Properties and Anti-cancer Activities of the Polyhydroquinoline Products. Monatsh. Chem. 151, 243–249. doi:10.1007/s00706-020-02549-x
 Pasunooti, K. K., Nixon Jensen, C., Chai, H., Leow, M. L., Zhang, D.-W., and Liu, X.-W. (2010). Microwave-assisted Copper(II)-catalyzed One-Pot Four-Component Synthesis of Multifunctionalized Dihydropyridines. J. Comb. Chem. 12, 577–581. doi:10.1021/cc100060s
 Rajesh, U. C., Manohar, S., and Rawat, D. S. (2013). Hydromagnesite as an Efficient Recyclable Heterogeneous Solid Base Catalyst for the Synthesis of Flavanones, Flavonols and 1,4-dihydropyridines in Water. Adv. Synth. Catal. 355, 3170–3178. doi:10.1002/adsc.201300555
 Rao, B. S., Reddy, K. V. N. S., Nagaraju, K., and Maddila, S. (2021). An Efficient Synthesis of Drug-like Small Molecules Library Based on 2-(substituted Benzylthio)-4,6-Dichloropyrimidin-5-Amines. Chem. Data Collections 33, 100704. doi:10.1016/j.cdc.2021.100704
 Rao, D. J., Nagaraju, K., and Maddila, S. (2021). Microwave Irradiated Mild, Rapid, One-Pot and Multi-Component Synthesis of Isoxazole-5(4h)-Ones. Chem. Data Collections 32, 100669. doi:10.1016/j.cdc.2021.100669
 Rotstein, B. H., Zaretsky, S., Rai, V., and Yudin, A. K. (2014). Small Heterocycles in Multicomponent Reactions. Chem. Rev. 114, 8323–8359. doi:10.1021/cr400615v
 Sadeghzadeh, S. M. (2016). Bis(4-pyridylamino)triazine-stabilized Magnetite KCC-1: A Chemoselective, Efficient, Green and Reusable Nanocatalyst for the Synthesis of N-Substituted 1,4-dihydropyridines. RSC Adv. 6, 99586–99594. doi:10.1039/C6RA20488K
 Safaiee, M., Ebrahimghasri, B., Zolfigol, M. A., Baghery, S., Khoshnood, A., and Alonso, D. A. (2018). Synthesis and Application of Chitosan Supported Vanadium Oxo in the Synthesis of 1,4-dihydropyridines and 2,4,6-triarylpyridines via Anomeric Based Oxidation. New J. Chem. 42, 12539–12548. doi:10.1039/C8NJ02062K
 Schaller, D., Gündüz, M. G., Zhang, F. X., Zamponi, G. W., and Wolber, G. (2018). Binding Mechanism Investigations Guiding the Synthesis of Novel Condensed 1,4-dihydropyridine Derivatives with L-/T-type Calcium Channel Blocking Activity. Eur. J. Med. Chem. 155, 1–12. doi:10.1016/j.ejmech.2018.05.032
 Shahid, A., Ahmed, N., Saleh, T., Al-Thabaiti, S., Basahel, S., Schwieger, W., et al. (2017). Solvent-free Biginelli Reactions Catalyzed by Hierarchical Zeolite Utilizing a Ball Mill Technique: A green Sustainable Process. Catalysts 7, 84. doi:10.3390/catal7030084
 Sharma, P., and Gupta, M. (2015). Silica Functionalized Sulphonic Acid Coated with Ionic Liquid: An Efficient and Recyclable Heterogeneous Catalyst for the One-Pot Synthesis of 1,4-dihydropyridines Under Solvent-free Conditions. Green. Chem. 17, 1100–1106. doi:10.1039/C4GC00923A
 Sheik Mansoor, S., Aswin, K., Logaiya, K., and Sudhan, S. P. N. (2017). An Efficient One-Pot Multi Component Synthesis of Polyhydroquinoline Derivatives Through Hantzsch Reaction Catalysed by Gadolinium Triflate. Arabian J. Chem. 10, S546–S553. doi:10.1016/j.arabjc.2012.10.017
 Sheldon, R. A. (2005). Green Solvents for Sustainable Organic Synthesis: State of the Art. Green. Chem. 7, 267–278. doi:10.1039/B418069K
 Sirisha, K., Bikshapathi, D., Achaiah, G., and Reddy, V. M. (2011). Synthesis, Antibacterial and Antimycobacterial Activities of Some New 4-Aryl/heteroaryl-2,6-Dimethyl-3,5-Bis-N-(aryl)-Carbamoyl-1,4-Dihydropyridines. Eur. J. Med. Chem. 46, 1564–1571. doi:10.1016/j.ejmech.2011.02.003
 Slobbe, P., Ruijter, E., and Orru, R. V. A. (2012). Recent Applications of Multicomponent Reactions in Medicinal Chemistry. Med. Chem. Commun. 3, 1189–1218. doi:10.1039/C2MD20089A
 Suryanarayana, K., Robert, A. R., Kerru, N., Pooventhiran, T., Thomas, R., Maddila, S., et al. (2021). Design, Synthesis, Anticancer Activity and Molecular Docking Analysis of Novel Dinitrophenylpyrazole Bearing 1,2,3-triazoles. J. Mol. Struct. 1243, 130865. doi:10.1016/j.molstruc.2021.130865
 Taheri-Ledari, R., Rahimi, J., and Maleki, A. (2019). Synergistic Catalytic Effect Between Ultrasound Waves and Pyrimidine-2,4-Diamine-Functionalized Magnetic Nanoparticles: Applied for Synthesis of 1,4-dihydropyridine Pharmaceutical Derivatives. Ultrason. Sonochem. 59, 104737. doi:10.1016/j.ultsonch.2019.104737
 Tan, J., Liu, X., Yao, N., Hu, Y. L., and Li, X. H. (2019). Novel and Effective Strategy of Multifunctional Titanium Incorporated Mesoporous Material Supported Ionic Liquid Mediated Reusable Hantzsch Reaction. ChemistrySelect 4, 2475–2479. doi:10.1002/slct.201803739
 Triggle, D. J. (2003). 1,4-dihydropyridine Calcium Channel Ligands: Selectivity of Action. The Roles of Pharmacokinetics, State-dependent Interactions, Channel Isoforms, and Other Factors. Drug Dev. Res. 58, 5–17. doi:10.1002/ddr.10124
 Védrine, J. (2017). Heterogeneous Catalysis on Metal Oxides. Catalysts 7, 341. doi:10.3390/catal7110341
 Wu, P., Feng, L., Liang, Y., Zhang, X., Mahmoudi, B., and Kazemnejadi, M. (2020). Magnetic Fe-C-O-Mo alloy Nano-Rods Prepared from Chemical Decomposition of a Screw (A Top-Down Approach): An Efficient and Cheap Catalyst for the Preparation of Dihydropyridine and Dihydropyrimidone Derivatives. Appl. Catal. A: Gen. 590, 117301. doi:10.1016/j.apcata.2019.117301
 Zeynizadeh, B., Rahmani, S., and Eghbali, E. (2019). Anchored Sulfonic Acid on Silica-layered NiFe2O4: A Magnetically Reusable Nanocatalyst for Hantzsch Synthesis of 1,4-dihydropyridines. Polyhedron 168, 57–66. doi:10.1016/j.poly.2019.04.035
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Sonali Anantha, Kerru, Maddila and Jonnalagadda. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-09-800236-g035.gif
e
S P nwsa

. N R MOA entiee, 10076

o o7

R=H, 2.01, 4L 4F, 481, 2NO, 4O,
R'= OMe. OFL Mo






OPS/images/fchem-09-800236-g034.gif
e R Qo

o ~0 o o
fuom Mm

rowo [ 4 + N R

o oM

s, M. -SMCH, FONCH, 210 Sophany 1napnny Y108 51-98%






OPS/images/fchem-09-800236-g037.gif
w0 oo ——
SO NI S WP
vt

[ TP

1oa
Yies 50.85%





OPS/images/fchem-09-800236-g036.gif
@/W 34 WO
1 . « wone
omr ¢ 1 10, Retr

E -
R=H4.0H, 40CH, 310, N0, 401451, 200H,






OPS/images/fchem-09-800236-g031.gif
o P r W

90
ssom o
>ﬁi e e M

(e, 4-ICH,, 3OHC,H,, 4.CH,CH, +-OCH,CiH, 4BICHe Vieds 82.89%
O NOSCHL. 3 ACICH. 34,5 M0 CHo, 8-F O, CaHo(CH=CH)-






OPS/images/fchem-09-800236-g030.gif
[BCOImOTs)Siica
St
tirae,90°C

1 3040, 4-OMe, $-NOs. 87

a






OPS/images/fchem-09-800236-g033.gif
R 4014, 40, 481,201,400y

RI=bo, Bt

RE=H Gy Moo
e B






OPS/images/fchem-09-800236-g032.gif
gg 2 g;.m

R=1NO,, GH, OCH, CI %
Py Yields 75-92%








OPS/images/fchem-09-800236-g028.gif
o OR" * MUOR “Saiventie, 80°C
" o 7

R = 4.CHj, 4-0H, 3-OH, .G, 4Oy, 4-0CH; 3.0CH;, , 30,
RC= Mo, EL

Vieis 7095%

o
\ "
P

o
(Fesipmimicl







OPS/images/fchem-09-800236-g027.gif
w00 9 cHo

2n00a8c0
S T o P
o

1,0, Retox
o OToR

R = 4.GHy, 4-0CH, 4OH, 401, 3.0H;
RE=ELMo
R < H_4CHy. 40, 401, 481, 60Me

Yilés 75.92%







OPS/images/fchem-09-800236-g029.gif
N, CORT

cHo I [3.5D0MOAJOTE

L NC_oN +

o Soventiree,50°C HAN
Rot m
-l N0, 2.6-6-00H;, 34.610CH,, 2.444C1 . 401

® 2

R’oes
... Yiekds 5797%






OPS/images/logo.jpg
, frontiers
in Chemistry





OPS/images/fchem-09-800236-g024.gif
2

o W coome
N q i ON Ru04210;
O}w‘ @\ A SN
O doome N EOH.RT
i
L LI
R = 4.0Mo, 481 4o, 34-4-Oe, 3454OMe, 24-4-OMe ]

il BO.GR0





OPS/images/fchem-09-800236-g023.gif
Yioas 87-95%





OPS/images/fchem-09-800236-g026.gif
o o
39 TSBAIS@ILEF, _ O
A=CHO + Ot + NHIOAC —

n ” N Emanol 80°C we Y o
CHOCHe  Vieds 91.97%

Ar= G, -OMGCety, 4-MoCy

4G, 4T H,.

Tl
3o
[nd

TISBATS@ILBF,





OPS/images/fchem-09-800236-g025.gif





OPS/images/fchem-09-800236-g020.gif
!
P 1 7 one
’*@)k @070 4

Gl 4-be. 4-OMe. H. 3-OH. 4-OH. &-Br. 28¢. &5

SBA15QANPD.Co
Soventree, 100






OPS/images/fchem-09-800236-g022.gif
L)

S s z25M8
O won 2
o EOHA0%C
w0

R = H,2:N0;, 4:OH, 4-0CH, 41

ANCHy),

il 878





OPS/images/fchem-09-800236-g021.gif
= ” 7
R = H, 401, 4-NOy, 2N0s. 481, 4-OH, 4F. 201






OPS/images/fchem-09-800236-g017.gif
'S sikd Fe,0,5i0,7DA
- None
EOH.RT
“® 7

R=H, 4.0}, 303, 4NOy, e, 4OMe, 3OH, 4-CN






OPS/images/fchem-09-800236-g016.gif
H,2.014 Mo, .0Mo, 3O,
RIELMo

Foi0M80zHBO,HSD

0, 60°C

RIO’





OPS/images/fchem-09-800236-g019.gif
~0 9 9 Silca- SOHBMMIPF] ¢.or
g o A g v mone ———
> ot o

s ” 4
R=H, 4-NOs. 3-NOs, 2-NOs. 4-Cl, 4-CHa, 4-OCH;

Yields 80.95%





OPS/images/fchem-09-800236-g018.gif
WO/ EOH

8
Mo 2wy, o
o
é \©5(F %N

X=01,Br,NO, F.H
R=H,48,3.01, 401, 4.0CH;

ekl PR





OPS/images/fchem-09-800236-g013.gif
R =H,2.01,4.01, 4-0Mo, 3.0Mo, Mo, 40H, 4:HO;, 3NO;






OPS/xhtml/nav.xhtml
Contents

		Cover

		Recent Progresses in the Multicomponent Synthesis of Dihydropyridines by Applying Sustainable Catalysts Under Green Conditions		Introduction

		Synthesis of Dihydropyridines		Magnetic Nanocatalysts

		Silica-Based Catalysts

		Zirconium-Based Catalysts

		Ionic Liquid-Based Catalysts

		Miscellaneous Catalysts





		Conclusion

		Author contributions

		Publisher’s Note

		References









OPS/images/fchem-09-800236-g012.gif
pr-CHO
2

Ar= 4O, 4BCGH. Gl
3OHCH, INO,Cety, 3BICeH,

Fo,0,@DNH{CH;),-S0,H

o a
b\ o
01 ()

Hz
CHACN), 22 o
E1OH, Reflux. Yields 84-92%
ncMW, aojm
P
EIOH, Refhux Yuldsu 90%
i o a o
O, wee oo™
= o
"JCJ\)LOCzNa 3
hid Yields 86-90%

Sohentiine. 120°C.





OPS/images/fchem-09-800236-g015.gif
e come
“ Fo,0,KCC-1BPAT MeOC
cotle -l 0. Rel -
@ O 100:C Oge
R= 18040, a
RP=0H3. CH,0.01 .

1
et 7oA





OPS/images/fchem-09-800236-g014.gif
o .
i Fe04210;

J o "o con e
w e MO,

R = 3.0M. 2.0Me. 4.0Me. 2.C1 4-Br 280 4.F 2 5.610Me. 3 4-chOMe

Vieds 92.98%





OPS/images/fchem-09-800236-g011.gif
Fo,0,@510,BKIT6-NH @S oase

Wter, RT

R 4OCH. 4L 3NO, 3.OH &M [P—





OPS/images/fchem-09-800236-g010.gif
o

R K RO e AL . 0N, e, SCL B Vields 48.90%





OPS/images/crossmark.jpg
©

|





OPS/images/fchem-09-800236-g005.gif
cHo
o o

3§ N oo,
e Ao+ wmone

Soenties, 70°C h)

s s 4
(0, 4-CI, 4-OMe, 3,4-0-OMe, 3-Me, 4-N(Me),






OPS/images/fchem-09-800236-g006.gif
cHo
o o

N CoFe,0,@50, Ny Co
ol e+ none SF0@SONCTY
EOHM,O, Reflux

s 1o 7

R H. 4NO,, 401 4-0Mo, 4-0H, &-Mo, 2NOy, 3NO;, 20H.28¢
R'=Me: R? © £t Me.






OPS/images/fchem-09-800236-g003.gif
T mf.)v"ka.a ‘\(ET e
" .Mu,@

E I

apippaia






OPS/images/fchem-09-800236-g040.gif
MILIOLSOH g

ko MO Teoneoe
7

i o TS

R = H, Mo, .OMo, 34-6-OMa, 2.4-OMo, 4-OFL, 4.OH, 401 481 Yields 80.99%

'Ot OMo. Me






OPS/images/fchem-09-800236-g004.gif





OPS/images/fchem-09-800236-g009.gif
Erancinto.rotox

O A won

R=H 580, 4NO; 4.1 481,401, 40Me 4CH, 30H

=N ¥ P
@ ol
ghon ¥
F7 reciaso,






OPS/images/fchem-09-800236-g007.gif
oo B oo
o o Hoe
4 Fecono
< e or o

CaHLOH,rofux
10

u

NHOAS
7

31NO,, 3.0, .01, 4-0CH, 4-CH, 4O, 4.8, 480,

Ri=ELMe

15
ialde 89080





OPS/images/fchem-09-800236-g008.gif
T "y

Feo e
:

P 1
i —
-0+ eI Koo + ke et
” s ety A
o
NGt L I ANt At Pt ]
W W
w0

iia anRs





OPS/images/cover.jpg
* frontiers
in Chemistry

Recent Progresses in the
Multicomponent Synthesis of
Dihydropyridines by Applying
Sustainable Catalysts Under
Green Conditions





OPS/images/fchem-09-800236-g001.gif
o
Me00C, A\ _GO0E!
()
N
N
Felodiine Nimodipine
o,
Me00C. coome
()
n
Li
Nitetpine

Nicardipine.






OPS/images/fchem-09-800236-g042.gif
Poraso

Ko ZENESO |

Ho

=481 N0, 301 4.CN, ECHS) CH. 400K,

»






OPS/images/fchem-09-800236-g002.gif
2 o aoﬁ(ﬁf\oa

o i

NH.OAC






OPS/images/fchem-09-800236-g041.gif
e €O
41

p—
)ukﬁ e
Sortee 10

R =340;,400H, 4CH, 381,481,201 451 K

s
.





OPS/images/fchem-09-800236-g039.gif
cHo
+ nmone
07 7

R = H, 4.0, 24041, 2.4-4hF, 481, 4NO, 3NO;
4O, 4.0H, 4CHO, &Me

R €L Mo

oo

Sowentires, 85°C.

il AR





OPS/images/fchem-09-800236-g038.gif
1171
BRPS WL Y"INg§
108

o Ethanol AT
108 108 ®

Yields 75:96%
Ar = 4-CiCqHy. 3-BrCeHy, 4-FCeH,, 4-HOCsH,, 4-MeOCH,, 5-Methylfuran-2-vl. indole-3-yl





