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ABSTRACT 

Many natural products and pharmaceuticals with a broad range of biological 

activities constitute one or other heterocyclic scaffolds. In pursuit of new synthetic 

methodologies for diverse heterocyclic compounds, the Multicomponent Reaction (MCR) is 

an advanced strategy to develop and design versatile organic molecules with high atom 

economy in a short period. Major advantages of MCRs is the reaction takes place in a one-

pot strategy with no need for the separation and purification of intermediates. The synthesis 

of diverse heterocyclic scaffolds using the MCR strategy can be achieved, and is on the 

increase.   

Green Chemistry is an emerging branch of synthetic chemistry, which is to design 

sustainable synthetic protocols from easily available starting materials and non-corrosive 

solvents. One fundamental aspect of green chemistry is the reusability of materials and 

reducing waste. This allows chemists to consider heterogeneous catalysis in reactions 

because it is easy to separate from the reaction mixture and is reusable.  Ease in handling, 

greater chemo-regio selectivity, and thermal stability are the added advantages of 

heterogeneous catalysis.  

Heterogeneous catalysis using mixed metal oxides is gaining importance due to the 

tuning of surface properties of materials, i.e., one is able to design the catalyst as per 

requirement by loading/doping of necessary metals on supports. Among many support 

materials, zirconia gained prominence due to its higher surface area and amphoteric surface 

properties, which make it an ideal catalytic support. Having a high surface area is 

advantageous for a reaction to takes place on the surface, which provides necessary active 

sites to accelerate the reaction.  This research was designed to synthesize various novel core 

N-heterocyclic moieties by using zirconia-supported mixed metal oxide catalysts. During the 

study, an attempt was made to develop fast reaction protocols to synthesize various pyridine, 
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pyrimidine and pyrazole derivatives with excellent yields using green solvents and mild 

conditions. These new protocols demonstrated efficacy and high selectivity under eco-

friendly conditions. The following six series of reactions were studied:    

1. Synthesis of eleven novel functionalized 1,4-dihydropyridine derivatives by using 

V2O5/ZrO2 as catalyst for the multicomponent reaction using various aromatic aldehydes, 

5,5-dimethyl-1,3-cyclohexanedione, acetoacetanilide and ammonium acetate.  

2. A one-pot protocol to synthesize novel functionalized halopyridine derivatives by using 

RuO2/ZrO2 as an efficient reusable catalyst for the condensation of aromatic aldehydes, 

malononitrile, diethyl acetylene dicarboxylate and 3-chloro-4-fluoroaniline under green 

conditions.  

3. A room-temperature synthesis of 2,4-dihydropyrano[2,3-c]pyrazole-3-carboxylates by the 

condensation of aromatic aldehydes, malononitrile, hydrazine hydrate and diethyl acetylene- 

dicarboxylate using Bi2O3/ZrO2 as a cost-effective catalyst with ethanol as a greener solvent.  

4. Greener synthesis of indenopyrimidine derivatives by using Ag2O on ZrO2 as a recyclable 

catalyst for the one-pot condensation between an aromatic aldehyde, 1,3-indanedione and 

guanidinium hydrochloride at room temperature.  

5. Synthesis of new 1,4-dihydropyridine derivatives via cyclo-condensation between an 

aromatic aldehyde, 1,3-cyclohexanedione, acetoacetanilide and ammonium acetate in an 

one-pot strategy through a green protocol using Fe2O3/ZrO2 as a reusable catalyst at room 

temperature.  

6. A four-component fusion protocol for the synthesis of novel 1,4-dihydropyridine 

derivatives by the one-pot condensation between substituted aldehydes, ethyl 

acetoacetate,1,3-cyclohexadione/5,5-dimethyl-1,3-cyclohexanedione and ammonium 

acetate in ethanol.  
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All the prepared catalytic materials were characterized by PXRD, TEM, SEM, Pyridine-IR 

and BET surface area analysis. All the synthesized organic compounds were characterized 

and confirmed by 1H NMR, 15N NMR, 13C NMR, FT-IR, single-crystal XRD, and HRMS. 

Advantages offered by these protocols are environmentally-friendly simple procedure, mild 

conditions and short reaction times with excellent yields. 
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Chapter 1 

1 INTRODUCTION 

1.1 Green Chemistry 

Green chemistry can be defined as an emerging science, which is aimed at developing 

new technologies for environment-friendly protocols by minimizing the usage and production 

of hazardous materials. The twelve fundamental principles, which make up the concept of 

Green chemistry are outlined in Figure 1.[1] 

 

Figure 1: Fundamental principles of Green Chemistry. 

Heterogeneous catalysis broadly supports green chemistry and its principles, and offers 

numerous benefits, which include reusability and higher selectivity as compared to 

stoichiometric reagents under optimal conditions, easier separation of the heterogeneous 

catalysts, together with their recyclability major advantages.[2] 

1.2 Catalysis 

In 1836, Berzelius defined a catalyst “…as a compound, as that which is not consumed 

in a reaction but alters the rate of that reaction”.[3] The two main aims for using a catalyst is to 

control the rate of a chemical reaction and understand its mechanism.[4] Berzelius and Oswald 

in 1895 gave the new definition as “a catalyst is a substance that changes the rate of a chemical 

reaction without itself appearing in the products”. On the other hand, in 1976, IUPAC offered 

the official definition of a catalyst as ‘‘a substance that, being present in small proportions, 
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increases the rate of attainment of chemical equilibrium without itself undergoing chemical 

change”.[5] It is observed that the main role of a catalyst is to decrease the activation energy of 

the reactants. Lowering of the activation energy leads to a faster reaction rate.[6]  

Catalyzed reactions are very prominent in the industrial sector. From the industrial 

processes, most fuels and chemicals are obtained by using catalysts.[7] The stoichiometric 

process utilized in homogeneous catalytic reactions poses many problems, such as difficulty in 

recovery of catalyst and waste of reagents, which can be overcome by selective catalytic 

methods.[8] Moreover, catalysis becomes progressively more important in minimization of 

environmental pollution by minimizing the usage of corrosive reagents.[9] In short, catalysis is 

valuable for sustainable production and economy and it will be even more important in the 

future.[10] 

1.2.1 Classification of catalysts 

Catalysis is classified into three main types. These are: 

 (i) enzymatic catalysis  

 (ii) homogeneous catalysis and  

(iii) heterogeneous catalysis 

The three categories of catalysts are hereafter discussed individually. 

1.2.1.1 Enzymatic catalysis 

 

Figure 2: Schematic representation of an enzymatic catalytic reaction.  

This type of catalysis mainly deals with enzyme-mediated reactions. It is also a part of 

homogenous catalysis, where the catalysts are typically targeted enzymes (Figure 2). These 

enzyme catalysts have excellent regio- and stereoselectivity under room temperature conditions 

without any side reactions. [11],[12]  Having an advantage such as high selectivity, enzymatic 
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catalysis also has drawbacks such as miscibility in the reaction mixture and difficult to separate, 

stability with respect to temperature, sensitivity towards strong chemicals and pH resistance 

which allows a narrow scope of enzymes as a catalyst.[13] Enzymes are stable at room 

temperature and pressure if the temperature and pressure of the reaction are different there is a 

loss of catalytic activity, and enzyme production are costly processes which make the protocol 

expensive.[14]  

1.2.1.2 Homogeneous Catalysis 

 

Figure 3: Schematic representation of a homogeneous catalytic reaction.  

In homogeneous catalysis, all of the reactants, as well as the catalyst are in the same 

phase, which is commonly the liquid phase (Figure 3).[15]  High activity and selectivity are the 

main advantages given by homogeneous catalysts, and the main limitations are difficulty with 

separation of catalyst, the corrosive nature of the materials and the long workup.[16] 

Homogeneous catalysts, which typically gained importance in industry, are: Wilkinson’s 

catalyst for hydrogenation of alkenes,[17] cobalt and rhodium catalysts for hydroformylation 

reactions[18] and Ziegler-Natta catalyst for polymerization reactions[19] to mention a few. 

Despite having high activity and selectivity, homogeneous catalysis suffers from main 

disadvantages like reusability issues with high-temperature reaction conditions and quenching 

steps,[20] furthermore by-product formation is another disadvantage which requires further 

purification steps.[21] Difficult neutralization processes involve corrosive reagents which are 

harmful to human as well as nature. [12] 
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1.2.1.3 Heterogeneous catalysis 

 

Figure 4: Schematic representation of a heterogeneous catalytic reaction.  

 Heterogeneous catalysis usually takes place between two different phases i.e. the 

reactants in one phase and the catalyst is in another phase. In general, the catalyst is in the solid 

phase and the reactants are in the liquid/gas phase. [12] In these reactions, the reactants are held 

together on the active sites in the catalyst surface by adsorption, which is a weak physical 

attraction (Figure 4).[22]  Important examples of the utilization of heterogeneous catalysts are: 

oxidation of ammonia to nitrous oxide by the Ostwald process and the use of alumina-silicates 

for petroleum cracking reactions.[23] Heterogeneous catalysts have more advantages compared 

to homogeneous catalysts, with the main advantages being easy separation of the catalyst from 

the reaction medium due to easy removal by filtration which makes the total recovery of catalyst 

simple and cost-effective.[24]  Thermal stability of the catalyst makes it attractive towards the 

usage of heterogeneous catalyst in the industrial sector. [25] 

The main benefits of heterogeneous catalysis compared to homogeneous and enzymatic 

catalyst is the well-defined surface active sites and its wide range of applicability towards 

industrial reactions.[26] The versatile surface active sites can be tuned by loading/doping with 

other metals or surface functionalization with other ligands makes heterogeneous catalysts a 

selective way in the synthesis. High surface area and porosity are the added attractive 

features.[27]  
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1.3 Multicomponent Reactions (MCRs) 

Urea was the first organic molecule that was synthesized in 1828 by Wöhler, and ever 

since, synthetic chemists all around the world became interested in taking on the challenging 

task of synthesizing new molecules with progressive and adaptable chemical strutures. [28]  This 

has remained one of the main motivations behind the discovery and invention of new reagents 

and catalysts which facilitate the design and development of complex scaffolds by the sequence 

of a number of different reactions.[29] Over the last thirty years, chemists are understanding 

more and becoming more responsible to develop environmentally adapted protocols for 

minimizing this harmful impact.[30]  As green chemistry started to become more significant, it 

has allowed chemists to design concise, efficient and convergent protocols.[31]  The main 

objective of green chemistry is the use of alternate and sustainable variations as compared to 

convergent protocols.[32]  Different synthetic strategies, which include environmental 

considerations as early as possible in the design stage, is where MCRs came into the picture.  

MCRs are reactions that occur in a single pot, having more than two starting materials 

and they typically yield products with the characteristics of the starting materials (Figure 5).[33]  

In organic synthesis, one-pot reactions are attaining more importance due to its high atom 

economy. The ideal MCR is one in which all the starting reagents are added together at the start 

of the reaction, and one in which all of the reactants react in an ideal way under the same 

reaction conditions.[34] The success of MCR mainly depends on the equilibrium balance, and 

on the reaction having a suitable sequence of reversible and irreversible steps. High atom 

economy, high rates of efficiency, mild conditions and the use of green solvents are the factors 

which validate MCRs as a great tool for sustainable synthetic methodology.[35] The validation 

and application of MCRs have increased in the medicinal, agrochemical and drug discovery 

fields, however, there still remain a lot more developments to be made and there are, however, 

still a lot more eco-friendly issues to be dealt with. [36] 

 

Figure 5: General concept of MCRs.[33] 
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1.3.1 Various named reactions in MCRs  

Based on the reactants and reaction conditions, MCRs are typically classified into the 

following types. [36] 

 Passerini reaction 

 Biginelli reaction 

 Strecker reaction 

 Hantzsch reaction 

 Mannich reaction 

 Ugi reaction 

 Petasis reaction 

 Gewald reaction 

 van Leusen reaction 

 Groebke-Blackburn-Bienayme reaction 

 Bucherer-Bergs reaction 

 Grieco multicomponent reaction 

 Kabachnik-Fields reaction 

These reactions each have something different about them, which mainly deals with the 

reagents used or their reaction conditions. These named MCRs are discussed here. 

1.3.1.1 Passerini reaction 

Mario Passerini discovered this reaction in 1921.[37] This reaction refers to as α-

acyloxycarboxamides synthesis using carbonyl compounds, carboxylic acid, and isocyanide 

(Scheme 1).  

 

Scheme 1: General scheme for the Passerini reaction. 
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1.3.1.2 Biginelli reaction 

This reaction is mainly used for the synthesis of 3,4-dihydropyrimidin-2(1H)-one 

derivatives, by reacting an aromatic aldehyde with ethyl acetoacetate and urea as the starting 

materials (Scheme 2). This one-pot procedure was developed in 1891 by Biginelli.[38] 

 

Scheme 2: General scheme for the Biginelli reaction. 

1.3.1.3 Strecker reaction 

It is a straight-forward synthetic protocol for the formation of α-amino acids. It was first 

discovered in 1850 (Scheme 3). This method involves the reaction between carbonyl 

compounds with amines and a cyanide source. Generally, an alkaline metal cyanide or hydrogen 

cyanide is used for this.[39] 

 

Scheme 3: General scheme for the Strecker reaction. 

1.3.1.4 Hantzsch reaction 

The Hantzsch reaction was discovered in 1882 by A.R. Hantzsch. The protocol involves 

a reaction between aldehydes and β-keto ester and ammonia as the nitrogen source (Scheme 4). 

The method has been proven to offer a wide type of symmetrical and unsymmetrical 

dihydropyridines by using different β-keto esters.[40] 
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Scheme 4: General scheme for the Hantzsch reaction. 

1.3.1.5 Mannich reaction 

The Mannich reaction was discovered in 1912 by Carl Mannich. The procedure offers 

the formation of new C-C and new C-N bonds to afford β-amino-carbonyl compounds (Scheme 

5). The three-component reaction involves the coupling of an enolizable carbonyl compound 

together with formaldehyde, which is non-enolizable with an amine (primary or secondary).[41] 

 

Scheme 5: General scheme for the Mannich reaction. 

1.3.1.6 Ugi reaction 

This reaction was first reported in 1959 by Ivar K. Ugi.[42] This is a straightforward 

protocol for the formation of bis-amide derivatives (Scheme 6). This procedure is similar to the 

Passerini reaction but it has an amine as a fourth component in C-C bond formation. This study 

reported on the reaction between carbonyl compound with amines, an isocyanide and 

carboxylic acids.  

 

Scheme 6: General scheme for the Ugi reaction. 
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1.3.1.7 Petasis reaction 

This reaction was first reported by Nicos Petasis in 1993, for the synthesis of substituted 

amines.[43] This was done using an aldehyde, amine and substituted boronic acid as reactants 

(Scheme 7). It is similar to the Michael addition reaction but with a small variation where 

boronic acid serves as the nucleophile to afford the substituted amines, while in a Michael 

addition reaction, the product forms through enolates. 

 

Scheme 7: General scheme for the Petasis reaction. 

1.3.1.8 Gewald reaction 

The Gewald reaction was first reported in 1966 by K.Gewald.[44] This protocol offers a 

method to synthesize polysubstituted 2-amino-thiophene derivatives (Scheme 8). The product 

formation involves the one-pot reaction between an aliphatic aldehyde/ketone with an α-cyano 

ester, in the presence of elemental sulfur.  

 

Scheme 8: General scheme for the Gewald reaction. 
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1.3.1.9 Van Leusen reaction 

This protocol was reported by Van Leusen in 1977.[45] The reaction involves a 

condensation reaction between ketones and toluenesulfonylmethyl isocyanide to yield nitriles 

(Scheme 9).  The main advantage of this method is that if the reaction was performed by 

utilizing an aldehyde as the reactant oxazole then imidazole derivatives are synthesized. 

 

Scheme 9: General scheme for the Van Leusen reaction. 

1.3.1.10 Groebke-Blackburn- Bienayme reaction 

Theis reaction is a one-pot protocol to synthesize of N-bridgehead heterobicyclic 

derivatives (Scheme 10). This protocol involves the reaction between aldehydes, heterocyclic 

amidines, and isocyanides.[46] 

 

Scheme 10: General scheme for the Groebke-Blackburn- Bienayme reaction. 

1.3.1.11 Bucherer-Bergs reaction 

This protocol highlights a synthetic route for the formation of hydantoins (Scheme 11). 

The method involves a reaction between cyanohydrin together with ammonium carbonate.[47] 
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Scheme 11: General scheme for the Bucherer-Bergs reaction. 

1.3.1.12 Grieco reaction 

This reaction was discovered by Paul Grieco in 1985, for the synthesis of N-heterocyclic 

six-membered rings.[48] This protocol involves a reaction between an aldehyde, aniline and 

alkenes (Scheme 12).   

 

Scheme 12: General scheme for the Grieco reaction. 

1.3.1.13 Kabachnik- Fields reaction 

This reaction offers a protocol for the synthesis of α-aminophosphonates derivatives by 

using carbonyl compounds, an amine functionality and dialkyl phosphonate (Scheme 13). [49] 

 

 

Scheme 13: General scheme for the Kabachnik-Fields reaction. 

1.4 Heterocyclic chemistry 

Heterocyclic compounds cover a wide area in organic and medicinal chemistry. 

Heterocyclic scaffolds have a significant number of applications in industries like 

pharmaceutical, medicinal and agrochemicals. In many alkaloids, heterocycles are the main 
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active constituents.[50] In heterocyclic molecules, N-heterocyclic scaffolds attain great interest 

because of having versatile pharmaceutical importance. The older methods in the synthesis of 

N- hetero cyclic moieties through the conventional approach is replaced by more sustainable 

methods through advantageous paths.   In N-heterocycles, dihydropyridines, pyrazoles, and 

pyrimidines are the most attractive scaffolds because of their anti-inflammatory,[51] 

anticancer,[52] and anti-tubercular[53] properties. Other than the medicinal importance, 

heterocyclic molecules are important in other applications like pesticides and insecticides in the 

agrochemicals sector,[54] animal products,[55] polymers,[56] dyes[57] and as corrosions 

inhibitors.[58]   In addition to these properties, an attempt has been made to synthesize pyrazoles, 

pyridines, and pyrimidines scaffolds by one-pot protocol under green conditions.  

1.5 Heterogeneous catalysis under green conditions 

Heterogeneous catalysis typically involves the reactants and the catalyst in different 

phases, which is what makes it easier to separate the catalyst from the reaction mixture and 

products. The chemistry of heterogeneous catalysis involves the diffusion and adsorption of 

reactants onto the active sites of the surface, followed by the reaction between the charged 

species of reactants on the surface and, finally, desorption from the surface sites.[59] As the 

adsorption and desorption occur on the surface area of the material, the catalyst plays a key role 

by providing catalytic activity.[60]  In heterogeneous catalysis, porosity plays a crucial role 

because generally, as the porosity of catalyst increases, the material obtains a greater surface 

area. The main advantage of porous materials used as catalysts is that molecules not only 

interact on the external surface but also within the interior surface of the material, therefore 

metal oxides with higher surface area and high porosity are extensively studied.[27]  It has been 

found that transition metal oxides are able to form an oxidation-reduction cycle between the 

higher and lower oxidation states due to them having multiple valence states, moreover, these 

metal oxides have versatile properties like (a) stoichiometric ratios of metal cations and oxy 

anions, (b) presence of cationic and anionic vacancies, (c) cations can easily undergo redox 

reactions, (d) presence of surface acidic and basic sites, and (e) presence of covalent and ionic 

bonding between metal cations and oxy anions.[25] 

Metal oxides are classified into 3 main types based on their pore size.[25] These are:  

i. Microporous (pore size is less than 2 nm) 

ii. Mesoporous (pore size is 2-50 nm), and 

iii. Macroporous (pore size is greater than 50 nm). 
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1.5.1 Metal oxide catalysts 

Traditionally, usage of oxide catalysts are limited to vapour phase reactions in the 

petrochemical industries, but as of recent times, metal oxide catalysts attain more of their 

importance in synthetic chemistry.[25]  Simple oxides are generally used as solid acids or bases 

because they have shown activity for some oxidations and reductions.  The oxide catalysts are 

of 2 types, mainly: (i) electrical insulators, and (ii) semiconductors. In insulators, the M:O ratio 

is stoichiometric due to the cation having a single valence, examples of this category are MgO, 

Al2O3 and SiO2. These materials are used as solid acids/bases rather than oxidation catalysts, 

whereas semiconductor oxides are widely used in oxidations, and this is due to their cation’s 

metallic property which creates a site that can easily be cycled between two or more valence 

states. This can be due to different oxidation states as in Fe2O3, V2O5, TiO2 or the 

interconversion between the positive ion and neutral metal, as is the case with the more easily 

reduced oxides such as ZnO and CdO. Generally, metal oxides contain metal cations (Mx+) and 

oxy anions (O2-) which cover the surface of the metal oxide. It is commonly found that the size 

of oxy anions are far larger as compared to Mx+, moreover, the surface possesses -OH groups 

which are anchored at the end of the surface and which act as conjugate acid-base pairs in 

corresponding oxy anions.  

 Oxides which are categorized on the basis of their composition fall into two different 

types, namely: 

(i) Simple oxides, which have shown some catalytic activity in certain oxidation reactions. 

Generally, they are used as solid acids/bases. These simples oxides do have one main 

disadvantage which is low synthetic importance due to its lower activity, and 

(ii) Oxides with two or more metal cations are referred to as mixed metal oxides (MMOs). 

These are simple oxides which have been modified by loading or doping other metals and this 

alters its catalytic activity thereby making MMOs more advantages over simple oxides. An in-

depth view of the morphology of MMOs shows it to contain two parts, where one is the support 

and the other is the active material. The support will typically provide mechanical strength, 

thermal stability and surface area, which is essential for the wide dispersion of the active 

material and this provides active interactions between the active material and the support, which 

makes the material an ideal catalyst for transformations. The crystal structure of prepared oxides 

can be explained on the basis of oxide composition i.e., ABO3 corresponds to perovskites, 

ABO4 corresponds to scheelites, AB2O4 corresponds to spinels and A3B2O8 are palmeirites. In 

most of these metal oxides, the surface arrangement is M-OH, M=O and M-O-M types of 



14 
 

bonding. The presence of variable oxidation states in the transition metal oxides has proven its 

efficiency as effective catalysts towards redox reactions. The efficiency of these catalysts 

depends on the active material and the support where the higher the surface area of the support, 

the higher the concentration of active material that will be loaded on the surface so that the 

active sites can be increased. 

The two main factors which are used to choose the catalytic supports are: 

(a) The support should be stable throughout the reaction without any loss of its activity under 

thermal, chemical and work-up process. 

(b) High surface-area, where the pore size must be >20Å, which is a typical quality of 

mesoporous materials, in which reactants can diffuse into the active sites. 

For many industrial catalysts, the main requirement to be a catalyst is having thermal and 

mechanical stability, high surface area and mesoporous texture.  These properties fit well with 

zirconium oxide or zirconia (ZrO2).  

1.6 Importance of zirconium oxide in organic synthesis 

Zirconium can exist in various oxidation states, from +I to +IV with different 

coordination numbers, which range from 4 to 8.   The ZrO2 compound is usually a ceramic 

oxide, which attained importance in heterogeneous catalysis as a catalyst/support, because of 

its bifunctional nature. Because of its mechanical and thermal stability, it is popularly known 

as “Ceramic Steel”.  Zirconia can exist in three polymorphic forms on the basis of thermal 

treatment. These are: (a) monoclinic, which is stable <1170 ºC, in which ZrX+ cation is 7 

coordinate and the O2- anion exists as 3 or 4 coordinated, (b) tetragonal, which exists in between 

1170 – 2370 ºC, and (c) cubic, which exists at temperatures  >2370 ºC.  In both the tetragonal 

and cubic phases, the cation is 8 coordinated and the anion is 4 coordinated.[61] The chemical 

inertness makes ZrO2 an ideal material when compared to other classical supports like Al2O3 

and SiO2. The surface of ZrO2 is covered with Zr3+ and Zr4+ which are the source of Lewis 

acidic sites and -OH groups are responsible for the weak Brønsted acid/base sites. Carbon 

monoxide (CO) adsorption studies reveal that t-ZrO2 is more acidic as compared to m-ZrO2.  It 

is observed that the surface area of ZrO2 is directly affected by calcination temperature and 

phase, as the temperature increases from 300 to 900 ºC, the surface area of the material 

decreases while Brønsted acidity increases. This is due to the escape of oxygen from the 

coordinates.[62]  In this study, the surface property was altered by loading the surface of zirconia 

with other metals, and it is known that if the surface is loaded with basic oxides the acidity 
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decreases, and vice versa. On the other hand, if the surface is loaded with acidic oxides its 

acidity increases. 

The advantages of utilizing zirconia in catalysis are: 

1) Zr has an electronic configuration [Kr] 4d25s2. The incomplete d sub-shell electrons can 

act as an attraction which facilitates the reactants to bind on its surface, thereby making 

Zr an ideal catalyst. 

2) Zr has a high melting point, which permits the studies at high-temperature conditions. 

3) The amphoteric nature of the material, which allows for the alteration of the surface 

properties by using other metals, and 

4) The non-toxic, non-corrosive and inexpensive nature makes zirconia an ideal material 

for these catalytic applications.  

Zirconia catalyses many organic reactions, facilitating the formation of C-C and C-X bonds, of 

which some reactions are detailed. 

Diamine functionalized mesoporous zirconia (AAPTMS/m-ZrO2) as a recyclable 

catalyst for the formation of new C-C and C-N bonds.[63] In the reaction between the 

electrophilic carbonyl group of aromatic aldehydes and the compounds having active methylene 

group i.e, malononitrile and thiazolidine-2,4-dione with ammonium acetate via the 

Knoevenagel-Michael addition pathway, in the presence of ethanol (Scheme 14). This protocol 

gives high yields of the pyridine derivatives up to 95 % in 3.5 h at 70 o C. 

 

Scheme 14: Synthesis of pyridine derivatives. 

CeO2/ZrO2 has been used as a catalyst for new C-C and C-N bond formation under 

milder reaction conditions [64] This protocol involves a reaction between carbonyl groups of an 

substituted benzaldehyde with ethyl acetoacetate, hydrazine and malononitrile to form novel 

pyranopyrazole derivatives, and the reaction proceeds in ethanol at room temperature and offers 
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yields of up to 98 % in 15 min (Scheme 15). This method is more advantageous for the 

preparation of different aromatic pyranopyrazole derivatives. 

 

Scheme 15: Synthesis of pyranopyrazole derivatives. 

Nano-zirconia-supported sulfonic acid was used for the synthesis of 1,4-

dihydropyridine derivatives under solvent-free condition.[65] This protocol offers yields up to 

93 % in 1 h (Scheme 16). The MCR involves reacting aromatic aldehydes, 1,3- cyclohexadione 

and ammonium acetate. The Lewis acidic sites activate the carbonyl group, which makes the 

carbonyl carbon partially positive and thereby allow Knoevenagel condensation-Michael 

addition type tandem reaction.   

 

Scheme 16: Synthesis of 1,4-dihydropyridine derivatives. 

Another good example is of a Knoevenagel-Michael type reaction between aromatic 

aldehydes, ethyl acetoacetate, and ammonium acetate by using zirconocene 

bis(perfluorobutanesulfonate) as a reusable catalyst at 80 ºC under solvent-free condition. [66] 

This protocol involves the reaction between a variety of aldehydes, with aromatic/hetero 

aromatic aldehydes which typically follow the 1,4 addition pathway to produce a synthesis of 

1,4-dihydropyridine derivatives. The method offers yields up to 95 % in 3 hours (Scheme 17). 
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Scheme 17: Synthesis of 1,4-dihydropyridine derivatives. 

Maddila et al., used Mn doped ZrO2 as a catalyst for the Knoevenagel-Michael addition 

for the synthesis of pyrano[2,3-c]pyrazoles.[67] This procedure involves the reaction between 

various ring activating and ring deactivating aromatic aldehydes with malononitrile as the active 

methylene group, and dimethylacetylenedicarboxylate/ethyl acetoacetate it usually occurs with 

ultrasound irradiation (Scheme 18). The reaction offers yields of 88 - 98 % in aqueous ethanol 

as the solvent in under 10 min. The synergetic effects between Mn and zirconia provide an 

added advantage for the activation of the carbonyl group and the malononitrile moiety for the 

present condensation.   

 

Scheme 18: Synthesis of pyranopyrazole derivatives. 

Manouchehr et al.,[68] reported zirconia nanoparticles as a catalytic material for the 

synthesis of multi-substituted 1,4-dihydropyridine derivatives. This reported protocol involves 

reacting substituted benzaldehyde, 2,6-diaminopyrimidine-4(1H)-one and 5,5-dimethyl-1,3-

cyclohexanedione. The mechanism of formation of new C-C bonds between 5,5-dimethyl-1,3-

cyclohexanedione and substituted benzaldehyde through Knovenengal condensation, further 

the intermolecular Michael addition  and intramolecular cyclization with 2,6-

diaminopyrimidine-4(1H)-one to afford substituted   1,4-dihydropyridine`s. This protocol 

offers 96 % yields in 1 h (Scheme 19). 
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Scheme 19: Synthesis of 1,4-dihydropyridine derivatives. 

Khazaei et al.,[69] used ZrOCl2.8H2O as a catalyst for the synthesis of pyridine 

derivatives under solvent-free conditions (Scheme 20). This procedure involves the reaction 

between aromatic aldehyde, ethyl acetoacetate, ammonium acetate and 5,5-dimethyl-1,3-

cyclohexanedione at 85 ºC. The reaction offers yields of 97 % in 5 min. Broad substrate scope 

under milder reaction conditions are the main advantage of this protocol.   

 

Scheme 20: Synthesis of pyridine derivatives. 

1.7 Ruthenium 

Ruthenium has an electronic configuration [Kr] 4d75s1, with possible oxidation states from +I 

to +VIII. Ruthenia exist as an amphoteric metal oxide which possesses both Lewis acid/base 

sites. Instead of using strong Lewis acids, low valent ruthenia can be used for this purpose. An 

attractive feature of using ruthenia as a heterogeneous catalyst is its leaching stability which 

can be used several times.[70]  
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Maddila et al., reported Ru-loaded hydroxyapatite (Ru-HAp) and its catalytic activity 

was studied via the synthesis of pyrano[2,3-c]pyrazoles at room temperature in the presence of 

EtOH:H2O as solvent.[24] The one-pot  reaction involved coupling between substituted 

benzaldehydes, malononitrile, hydrazine hydrate and ethyl acetoacetate. The mechanism of 

reaction involves Knoevenagel-Michael addition (Scheme 21). In this present study, Ru-HAp 

served as an excellent catalyst with high yields of about 98 % in 15 min.  

 

Scheme 21: Synthesis of pyrano[2,3-c]pyrazoles. 

Maddila et al., developed a protocol for the synthesis of pyrano[2,3-c]pyrazole-3-

carboxylate derivatives by using  Ru loaded calcium hydroxyapatite (Ru-CaHAp) as a catalyst 

(Scheme 22).[71]  The surface of the calcium hydroxyapatite was modified with ruthenia for 

better stability.  The presence of many surface active sites facilitates the Knoevenagel-Michael 

addition type of reaction between aromatic aldehydes, malononitrile, dimethyl 

acetylenedicarboxylate, hydrazine hydrate at room temperature. Yields up to 97 % were 

obtained in 30 min.  

 

Scheme 22: Synthesis of pyrano[2,3-c]pyrazole-3-carboxylate derivatives. 

1.8 Vanadium 

Vanadium has an electronic configuration [Ar] 3d34s2. Vanadium exists in different oxidation 

states from +II to +V and shows versatile magnetic and catalytic properties due to the vacancies 

in the d-orbitals. Oxides of vanadia exist in different forms like VO, V2O3, VO2, and V2O5. The 

catalytic efficiency is due to empty d-orbitals of metal cation which is capable to accept a pair 

of electrons and act as Lewis acidic sites, whereas oxy anions act as BrØnsted acidic sites.[72]  
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Derivatives of pyridine have been reported by Maddila et al., using Mg-V hydrotalcite 

(Mg-VCO3 HTlc) catalyst in the presence of ethanol as the solvent. [73] The classical three-

component reaction involved the reaction between aromatic aldehydes, malononitrile and 

acetoacetanilide at 60 ºC (Scheme 23). This protocol offered high yields of 85 - 93 % in 2-3 

hours. The prepared catalyst had efficiency for up to four cycles of this reaction.  

 

Scheme 23: Synthesis of substituted pyridines. 

Pagadala et al., prepared ZnVCO3 hydrotalcite and utilized to synthesize 1,4-

dihydropyridiene derivatives.[74] The prepared material showed excellent catalytic activity for 

the reaction between substituted benzaldehydes with acetoacetanilide and ammonium 

hydroxide to form substituted 1,4-dihydropyridines, in the presence of water. The catalyst was 

reusable for up to six cycles and the yields were in the range of 85-93 % in 2 - 3 h (Scheme 

24). 

 

Scheme 24: Synthesis of substituted 1,4-dihydropyridines. 

 

1.9 Bismuth 

Bismuth has an electronic configuration [Xe] 4f145d106s26p3. Bismuth can exist in +III to +V 

states. Because of the poor shielding effect of 4f-electrons bismuth can act as Lewis acidic 

material. The Lewis acidic nature of bismuth can be mimicked by combining bismuth with 

other electronegative groups such as triflates and chlorides. The low toxic nature of the bismuth 

is another attractive future. [75] 
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Brahmachari and Das used Bi(NO3)3·5H2O and utilized for the synthesis of 

functionalized piperidine derivatives at room temperature.[76] The reaction between substituted 

benzaldehydes with ethyl acetoacetate, aniline give substituted piperidine derivatives, in the 

presence of water. The catalyst shows excellent activity and the yields were in the range of 71-

80 % in 2 - 3 h (Scheme 25). 

 

Scheme 25: Synthesis of substituted pyridine derivatives. 

Derivatives of 1,8-dioxodecahydroacridine`s have been reported by Brahmachari et al., 

using Bi(NO3)3
.5H2O catalyst in presence of dry ethanol at RT.[77] The tandem MCR involved 

the reaction between aromatic aldehydes, cyclohexane-1,3-dione and amine compound 

(Scheme 26). This protocol offered high yields of up to 96 %. The reported protocol offers a 

synthesis of various aromatic and hetero-aromatic derivatives. 

 

Scheme 26: Synthesis of substituted pyridine derivatives. 

1.10 Silver 

Silver has an electronic configuration 4d105s1. The mode of preparation and pre-treatment 

conditions affect the catalytic property of Ag catalysts. The application of Ag as a catalyst are 

in organic transformations like oxidations and alkylation reactions.[78] 

Maddila et al., recently reported silver oxide on silica (Ag/SiO2) to synthesize isoxazole 

derivatives in a MCR pathway, this protocol offers a wide range of substituted isoxazoles using 
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aqueous solvent (Scheme 27).[79] The starting materials for the reaction are substituted aromatic 

aldehyde, ethylacetoacetate and hydrazine hydrate. This protocol offers yields up to 93% in 1 

hour.  

Scheme 27: Synthesis of substituted isoxazole derivatives. 

Silver oxide on zirconia (AgO-ZrO2) was prepared by Bhaskaruni et al.,[80] for the 

synthesis of indenopyrimidine derivatives in high yields of  90 to 96 % (Scheme 28). This 

protocol involved the use of ethanol as the solvent and the three-component condensation 

between a mixture of aromatic aldehyde, indane-1,3-dione and guanidinium hydrochloride in a 

short time of 30 minutes. 

Scheme 28: Synthesis of substituted Indenopyrimidine derivatives. 

 

 

1.11 Nickel 

Nickel has an electronic configuration [Ar] 3d8 4s2 or [Ar] 3d9 4s1. Low valent Ni can act as a 

catalyst in many organic transformations like hydrogenation, hydrocyanation, cross-coupling 

reactions. [81] 

Zhang et al.,[82] reported the synthesis of 1,2,3-triazole derivatives by using NiFe2O4 

loaded glutamate-functionalized Cu. The thee-component reaction involved terminal alkynes, 
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sodium azide and substituted benzyl chlorides in water at room temperature. 85 - 96% yields 

were observed in 1.5 - 6 h (Scheme 29). The catalyst proved its efficiency for up to ten cycles. 

The higher catalytic activity of the material is due to the copper nanoparticles being 

strengthened on the glutamate coated NiFe2O4. 

 

Scheme 29: Synthesis of 1,2,3-triazoles. 

Demirci et al., reported PdRuNi@GO nanoparticles to prepare substituted 

dihydropyridine derivatives at 70 °C in DCM (Scheme 30).[83] The four-component synthesis 

involved a reaction between various substituted benzaldehydes with dimedone, ammonium 

acetate and ethyl acetoacetate achieved yields up to 96 % in 45 min. The prepared catalyst was 

found to be reusable for up to five cycles. 

 

Scheme 30: Synthesis of substituted 1,4-dihydropyridine derivatives. 

1.12 Iron 

Iron is the second most abundant metal available on earth with an electronic configuration [Ar] 

3d64s2
. Elemental iron is hard to find because it reacts with oxygen and forms oxides. The 

availability of four electrons in the d-orbital makes iron to accept the available electrons fast 

which gives the Lewis acidic nature. The Lewis acidic nature of Fe catalyzes many organic 

transformations.[84]  
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A new Fe3O4/SiO2 catalyst was reported by Maleki et al,.[85] The catalyst contains 

evenly distributed iron oxide nanoparticles on silica which act as a promoter of the Lewis acidic 

nature of the catalytic material, which is stable for up to six catalytic cycles. (Scheme 31). The 

reaction involved the new C-C bonds forming between the aromatic aldehyde, benzyl and 

ammonium acetate. High yields of up to 95 % were obtained.  

 

Scheme 31: Synthesis of functionalized imidazoles. 

Saha et al.,[86] reported the synthesis of chromeno-[4,3-b]pyrrol-4(1H)-one derivatives 

by using copper ferrite (CuFe2O4) as a heterogeneous catalyst  (Scheme 32). This protocol 

involved the reaction between an amine, 4-aminocoumarin and glyoxal monohydrate in H2O at 

70 °C. This reaction, together with its short reaction times yielded 70 to 92 % of the desired 

product.  The presence of two cation sites namely Fe+3 and Cu+2 and their synergetic effects 

makes the material more Lewis acidic, which is one of the main reasons why it was chosen as 

the catalyst. The catalyst is reusable for up to six cycles.  

 

Scheme 32: Synthesis of chromeno[4,3-b]pyrrol-4(1H)-one derivatives. 

In this thesis a detailed study of Ru, V, Bi, Ag, Fe, Ni loaded on ZrO2 with different 

wt% were investigated as catalysts for green organic transformations.  

1.13 MMO-catalysed N-heterocyclic syntheses  

1.13.1 Pyrazoles  

Pyrazole derivatives have found interest as pharmacologically active scaffolds with the 

molecular formula C3H4N2, having two adjacent nitrogen atoms in the five-membered rings. Of 
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the two nitrogen atoms, one is acidic in nature and the other is neutral in nature. There are three 

tautomeric forms that exist in the pyrazoles (Scheme 33).  

 

Scheme 33: Tautomeric forms of pyrazoles. 

The Pyrazole ring is one of the most promising core moieties in N-heterocyclic 

chemistry, which posses a wide range of biological activities. The first pyrazole, from a natural 

product was 1-pyrazolyl-alanine, which was isolated from watermelon seeds in 1959.[87] These 

pyrazoles have been used in a number of different pharmaceutical agents like celecoxib, which 

is a potent anti-inflammatory drug,[88] rimonabant, the anti-obesity drug,[89] difenamizole, an 

analgesic drug, [90] betazole, which is an H2-receptor, [91] and phenazone which are analgesic 

and antipyretic agents. [92]  The pyrazole moiety has found many uses in agrochemicals and as 

a ligand in metal catalysis. 

Derivatives of 1H-3-pyrazolone have been reported by Akondi et al.,[93] using Ce-SiO2 

catalyst where water was used as the solvent. The classical one-pot four-component reaction 

involved the reaction between aromatic aldehydes, phenylhydrazine, 2-naphthol and ethyl 

acetoacetate as the active methylene substrate at 100 ºC (Scheme 34). This protocol offered 

high yields of 83 - 93 % in 35 - 60 min. The prepared catalyst had an efficiency for up to five 

cycles.  

                    

Scheme 34: General synthesis of 1H-3-pyrazolones. 

CuO/ZrO2 was used to synthesize pyrazole-4-carbonitrile derivatives [94]. This one-pot 

reaction involved an imine formation reaction between an aromatic aldehyde, phenyl hydrazine 

followed by a Michael-type reaction with malononitrile. The protocol offered yields of up to 

78 - 90 % in 2 h.  The catalyst showed efficiency for up to six cycles (Scheme 35).  
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Scheme 35: Synthesis of pyrazole-4-carbonitrile derivatives. 

Green synthetic procedures were used to synthesize 1,4-dihydropyrano[2,3-c]pyrazoles 

in a study conducted by Heravi et al.,[95]. This was done using MCR strategy with 84 – 95 % 

yields in 1 h. The protocol involved the reaction between substituted benzaldehydes and 3-

methyl-1-phenyl-1H-pyrazole-5(4H)-one, and malononitrile, which was the active methylene 

group. The reaction took place in the presence of H14[NaP5W30O110] and the catalyst proved its 

activity for up to five cycles (Scheme 36). The reaction was facilitated due to the strong 

Bronsted acidic nature of this material.   

 

Scheme 36: One-pot three-component synthesis of 1,4-dihydropyrano[2,3-c]pyrazoles. 

La0.7Sr0.3MnO3 (LSMO) was used as a catalyst for the synthesis of 4H-pyrano[2,3-c] 

pyrazoles under ultrasound irradiation at room temperature, reported by Azarifar et al.[96] The 

LSMO catalyst was prepared by a hydrothermal process. The three-component reaction 

involved coupling between substituted benzaldehydes and malononitrile to give the 

Knoevenagel intermediate, which further reacted with 3-methyl-1-phenyl-2-pyrazolin-5-ones 

in a Michael addition fashion (Scheme 37). In this present conversion, LSMO served as an 

excellent catalyst with high yields of about 97 % in 9 to 150 min.  
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Scheme 37: Synthesis of 4H-pyrano[2,3-c]pyrazoles. 

Maleki et al.,[97] reported the preparation of NiFe2O4@SiO2–H3PW12O40 and studied its 

catalytic efficiency towards the synthesis of substituted pyrazole derivatives, which have been 

found to be reusable for up to six catalytic cycles. Initially, the catalyst was prepared by 

magnetic Si-NiFe2O4 nanoparticles, and a one-pot reaction for the synthesis of substituted 

pyrazoles was studied by the Knoevenagel condensation between substituted aromatic 

aldehydes, malononitrile, and the Michael addition between 1,3-dicarbonyl compounds in 60 

min with a 95 % yield (Scheme 38). The main advantage of this protocol was that the catalyst 

could be separated from the reaction mixture by a magnet. 

 

Scheme 38:  One-pot synthesis of pyrano-[2,3-c]pyrazoles. 

Dihydropyrano[2,3-c]pyrazole derivatives were synthesized by Pradhan et al.,[98] via a 

green procedure, using nanomagnetic crystalline CuFe2O4 which served as a Lewis acidic 

catalyst with 85 - 97 % yields in 2 - 3 h, within an aqueous system. This one-pot reaction 

involved the coupling of malononitrile, ethyl acetoacetate, dialkyl acetylenedicarboxylates, and 

different hydrazine derivatives (Scheme 39). The catalyst was removed by an external magnetic 

field and its activity was sustained for up to six cycles.  
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Scheme 39:  Synthesis of dihydropyrano-[2,3-c]pyrazole derivatives. 

Fused pyrazoles were reported by Suman et al.,[99] In this protocol, the authors prepared 

CuFe2O4@SiO2-SO3H (sulfonic acid functionalized silica-coated CuFe2O4 magnetic) magnetic 

separable material (Scheme 40). The catalyst proved its efficacy towards the condensation-

addition method with excellent yields of 90 - 97 % in 10 min with ethanol as solvent. The 

catalyst was reusable for up to six cycles. 

 
Scheme 40: Synthesis of 2-pyrazole-3-amino-imidazo-[1,2-a]pyridines. 

Rakhtshah et al.,[100] prepared a molybdenum based material supported on iron oxide 

nanoparticles and these were further functionalized to afford Fe3O4@Si@MoO2. The catalytic 

activity of the prepared material was studied by synthesizing different substituted pyrazoles in 

a MCR between malononitrile, substituted aromatic aldehyde, and phenylhydrazine (Scheme 

41). Solvent-free and room temperature conditions were the main advantages of this method. 

This method afforded yields of 85 - 95 % in 10 – 25 min and the catalyst was reusable up to 

eight times. 
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Scheme 41: The synthesis of pyrazole derivatives. 

Ghomi et al.,[101] synthesized functionalized pyrazole derivatives using ZnAl2O4 as a 

base catalyst for the condensation reaction between substituted aromatic aldehydes, hydrazine 

hydrate and ethyl acetoacetate (Scheme 42). The reaction was completed in 14 - 28 min, hence, 

shorter reaction times are the main advantage of this protocol with yields of 80 - 92 %. 

 

Scheme 42: Synthesis of 4,4′-(arylmethylene)-bis(3-methyl-1H-pyrazol-5-ol). 

1.13.2 Pyridines  

Pyridines are six-membered rings containing one nitrogen and having the molecular 

formula C5H5N. Pyridine exists in the following resonance forms.[102] 

 

Scheme 43: Resonance forms of pyridine. 

Thomas Anderson first discovered pyridine in 1849.[103] Pyridine derivatives are widely 

known for their broad range of biological activities like anti-inflammatory,[104] antiviral,[105] 

antimicrobial,[106] anticancer,[107] antidepressant,[108] antifungal,[109] and antioxidant[110] 

activities. 
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Naik and shivashankar.,[111] reported a new strategy for the synthesis of 1,4 

dihydropyridine derivatives by using ethyl acetoacetate as the active methylene compound, 

substituted aromatic aldehydes and NH4OAc as the nitrogen source, in the presence of nano 

Zn-Fe2O4 metal oxide catalyst in water (Scheme 44). This protocol offers high yields of 87 – 

95% in 0.5 h. 

 

Scheme 44: Synthesis of 1,4-dihydropyridine. 

Seyed et al.,[112] reported the use of Fe3O4/KCC-1/BPAT as a reusable catalyst for the 

synthesis of symmetrical 1,4 dihydropyridine derivatives via the Hantzsch reaction. This 

protocol involved a reaction between substituted anilines, dimethyl acetylenedicarboxylate and 

methyl (arylmethylide) pyruvates. Excellent yields of 79 – 88 % were obtained in 4h. Another 

advantage of this protocol is the use of water as a solvent (Scheme 45), and the catalyst was 

reusable for up to ten runs. 

 

Scheme 45: 1,4 dihydropyridine derivatives synthesis. 

Zhang et al.,[113] prepared the Fe3O4/GO-Mo composite to develop spirooxindole 

dihydropyridine derivatives. This protocol involved the reaction between malononitrile, isatins 

and anilinolactones under microwave irradiation. Choline chloride (ChCl) and urea was used 

as a cost effective deep eutectic solvent. This protocol offered high yields of 85 – 96 % in a 

short time of 50 - 80 min (Scheme 46). 
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Scheme 46: Synthesis of spirooxindole dihydropyridine derivatives. 

Novel indeno[1,2-b]pyridine derivatives were synthesized by using a Cu/ZnO catalyst 

in one-pot strategy at RT, in the presence of H2O:EtOH as the solvent.[114] This protocol 

involved the reaction between 1,3‐ indandione, NH4OAc, acetophenone and substituted 

aldehydes (Scheme 47) and it offered high yields of 85 - 95 %  in 1.5 - 3 h with the catalyst 

being able to be reused for up to four cycles.  

 
Scheme 47: Synthesis of indenopyridines. 

Bamoniri and Fouladgar [115] prepared Fe3O4@SiO2–SnCl4 mixed metal oxide and its 

catalytic property was investigated via the synthesis of different 1,4-dihydropyridine 

derivatives. The one-pot reaction involved aromatic aldehydes, 1,3-dicarbonyl compound, and 

NH4OAc under ultrasonic irradiation by using Fe3O4@SiO2–SnCl4 as a  catalyst. Initially, 

Fe3O4 nanoparticles were prepared by the co-precipitation method. A solution of 

tetraethylorthosilicate and Fe3O4 was stirred to achieve Fe3O4@SiO2, it was then ultra-sonicated 

with SnCl4 to afford Fe3O4@SiO2–SnCl4. The highlight of this protocol is the shorter reaction 

times of 3 - 25 min, with excellent yields of up to 98 % (Scheme 48).  
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Scheme 48: Synthesis of 1,4-dihydropyridine derivatives. 

Substituted 1,4-dihydropyridine derivatives were synthesized via a green procedure by 

using Sm2O3/ZrO2 as a reusable catalyst[116]. This protocol involved the condensation of 

substituted benzaldehydes, malononitrile, dimethylacetylenedicarboxylate and 4-fluoroaniline 

in the presence of ethanol, at room temperature (Scheme 49). This method offered high yields 

of up to 96 % in a short time of 20 min, and the catalyst was recyclable for up to seven cycles.  

 

Scheme 49: Synthesis of functionalized 1,4-dihydropyridine derivatives. 

Pagadala et al., [63] synthesized pyridine derivatives by using AAPTMS composites on 

m-zirconia as the reusable catalyst. The prepared catalyst consisted of diamine functionalized 

[N-(2 amino ethyl)-3-amino propyl trimethoxy silane (AAPTMS) on mesoporous zirconia, 

where the amine functionalization facilitates the condensation of reactions in an efficient way. 

The one-pot reaction of condensation occurred between aromatic aldehydes, malononitrile, 

thiazolidine-2,4-dione and NH4OAc to obtain functionalized pyridine derivatives, utilizing 

water as the solvent at 70 °C (Scheme 50). High yields of 84 to 93 % in 1.5 - 3 h were obtained, 

and the prepared catalyst was reusable for up to six cycles. 



33 
 

 

Scheme 50: Four-component synthesis of heterocycle-fused pyridines. 

Cu(II)/L-His@Fe3O4 catalyst was prepared by Norouzi et al.,[117] and it was utilized in 

the one-pot synthesis of substituted 2-amino-6-(arylthio)pyridine-3,5-dicarbonitriles (Scheme 

51). The condensation reaction involved aromatic aldehydes, ethyl acetoacetate, dimedone and 

NH4OAc being stirred in the presence of ethanol under reflux conditions. This protocol offered 

high yields of up to 98 % in 15 - 100 min. The reported catalyst is reusable for up to six cycles. 

 

Scheme 51: Synthesis of polyhydroquinoline derivatives. 

Kantevari and co-workers[118] conducted a study where they prepared new potassium 

dodecatangestocobaltate trihydrate (K5CoW12O40
.3H2O) Keggin-type heteropoly acid to 

synthesize substituted 2,3,6-trisubstituted pyridine derivatives. These are the type of materials 

which possess cobalt metal heteropolyanions synchronized by octahedral oxygen as the simple 

structural unit. The protocol offered an efficient strategy for MCR between aromatic aldehydes, 

β-dicarbonyl compounds and NH4OAc under solvent-free conditions (Scheme 52). High yields 

of 85 – 95 % were offered within 30 - 60 min time and the catalyst was reusable for up to five 

cycles.   
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Scheme 52: Synthesis of 2,3,6-trisubstituted pyridines. 

Zolfigol et al., reported the preparation of {Fe3O4@SiO2@(CH2)3Im}C(CN)3 material 

and its catalytic property was examined by the one-pot synthesis of 2-amino-3-cyanopyridine 

derivatives[119]. This protocol involved a reaction between substituted aromatic aldehyde, 

malononitrile, acetophenone and NH4OAc under solvent-free conditions at 100 ºC within short 

reaction times of 30 minutes, (Scheme 53) with yields of 80 to 91 %.  

 

Scheme 53: One-pot synthesis of 2-amino-3-cyanopyridines. 

1.13.3 Pyrimidines 

Pyrimidines possess the general formula of C4H4N2 and they contain a six-membered 

ring. They typically have two nitrogens at the 1 and 3 positions and can exist in the following 

resonance hybrids (scheme 54).[120] 

 

Scheme 54: Resonance structures of pyrimidine. 
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Pyrimidine derivatives possess a broad range of biological activity. Stavudine is a 

commercially available drug, which is used as an anti-HIV drug. While Fervennuline is an 

antibiotic, minoxidil is an anti-hypertensive,[121] and anti-cancer [122] drug. Pyrimidine and its 

analogues are known to possess insecticidal and pesticide activities [123]. Due to their wide 

applications, many protocols are reported for the synthesis of pyrimidines under MCR strategy.  

Naeimi et al.,[124] reported the synthesis of pyrido-dipyrimidines by a one-pot green 

approach using microwave irradiation (Scheme 55). The reaction was performed using 

substituted benzaldehydes, 2-thiobarbituric acid, and NH4OAc as reactants by using CuFe2O4 

as a catalyst. The co-precipitation method was adopted to synthesize CuFe2O4. This protocol 

offers good yields of 90 - 98 % in the short time 1 - 2 min. The prepared material was reused 

for up to four cycles. 

Scheme 55: Synthesis of novel pyrido[2,3-d]pyrimidine derivatives. 

Shaterian and Aghakhanizadeh [125] prepared novel mixed oxide catalyst for the one-pot 

condensation between malononitrile, amines, and salicylaldehyde at room temperature. The 

reaction was performed under solvent-free conditions at room temperature. The chromeno[2,3-

d]pyrimidine derivatives were obtained with 87 – 93 % yields in a short duration of 8 - 14 min 

and the catalyst was reusable for up to five cycles (Scheme 56).  

 

Scheme 56: Synthesis of chromeno-[2,3-d]pyrimidine derivatives. 

Ghomi et al.,[126] reported the 3,4-dihydropyrimidine-2(1H)-one/thione synthesis by 

using a silica-tin(II) chloride catalyst. This protocol involved condensation between aryl 
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aldehydes, urea/thiourea, and ethyl acetoacetate (Scheme 57). The acidic sites and the 

synergetic effect on the surface of the catalyst makes for a fruitful reaction with shorter reaction 

times and high yields of 94 % in 40 min. The catalyst was proven to be efficient for up to four 

cycles. 

 

Scheme 57: Synthesis of 3,4-dihydropyrimidine-2(1H)-one/thione derivatives. 

Valeria et al., [127] reported H3PMo12O40 as catalyst for the synthesis of pyrimidine 

derivatives under solvent-free conditions. This one-pot reaction involves condensation and 

cyclization between substituted benzaldehydes, ethyltrifluoroacetoacetate and urea. This 

protocol typically offers good yields of 75 - 90 % in 15 h (Scheme 58).  

                            

Scheme 58: Synthesis of fluorinated hexahydropyrimidine. 

Sabour et al.,[128]  prepared Al-HMS-20 as a catalyst for the synthesis of fused 

pyrimidine derivatives at room temperature. This reaction involved the reaction between 

benzaldehyde and malanonitrile to give the Knoevenagel product, which can be further cyclized 

with pyrimidine in a Michael addition fashion to yield pyrimidines (Scheme 59). The targeted 

molecules were synthesized with excellent yields of 87 – 95 % in 12 h and the catalyst was 

reusable for up to six cycles.  
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Scheme 59: Synthesis of pyrano-[2,3-d]pyrimidines. 

Maleki and Agheni [129]  proposed an environmentally benign Michael-type protocol, 

which utilizes ultrasound irradiation for the preparation of polycyclic 

imidazo(thiazolo)pyrimidine derivatives through the reaction between dimedone, 2-

aminobenzothiazole and substituted benzaldehydes. This was done in the presence of 

Fe3O4@clay, with 93 – 98 % of yield within 15 min. The prepared Fe3O4@clay shows its 

activity for up to six cycles (Scheme 60). 

 

Scheme 60: Ultrasonic-assisted synthesis of imidazo-(thiazolo) pyrimidines. 

Mohsenimehr et al., [130] reported substituted pyrimidine derivatives by using γ-

Fe2O3@HAp-SO3H as a catalyst at room temperature, in the presence of DMF. This reaction 

involves condensation between aryl aldehydes, 5,5-dimethyl-1,3-cyclohexadione and 

butylthiopyrimidin-4(3H)-one (Scheme 61). The method offered high yields of 89 - 95 % in a 

short time 30 - 45 min.  
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Scheme 61: Synthesis of pyrimido-[4,5−b]quinolines derivatives. 

Dam et al.,[131] developed a solvent-free synthetic protocol for the synthesis of 

dihydropyrimidine derivatives by using  Fe3O4@SiO2-HSO3 as a catalyst (Scheme 62).  The 

surface of the ferrate nanoparticles is modified with SiO2 for better stability of the material. It 

was then further reacted with hydrogen sulphite for the formation of Fe3O4@SiO2-HSO3. The 

presence of many active acidic sites on the surface is what facilitates the Knoevenagel-Michael 

addition type of reaction between aromatic aldehydes, β-dicarbonyl compounds and 2-

aminobenzimidazole at 60 ºC. Yields of 83 - 96 % were obtained in 1.5 - 3 h.  

 

Scheme 62: Synthesis of fused pyrimidine derivatives. 

Ramalingam et al.,[132] reported a green one-pot strategy by using ultrasound irradiation 

as an alternative energy source. This method offers the synthesis of 3,4-dihydropyrimidin-2-

(1H)-one derivatives by using yttria-doped-zirconia in  H2O:CH3CN solvent (Scheme 63). The 

Lewis acidic nature of yttria with the help of amphoteric zirconia accelerates the reaction for 

the formation of new C-C and C-N bonds in the current transformation. This step involved the 

reaction between aromatic aldehyde, urea/thio urea and 1,3 dicarbonyl compound to achieve 

the targeted molecules, in yields of 62 - 95 % in 5 - 16 hours. 
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Scheme 63: Synthesis of dihydropyrimidones (DHPM). 

1.14 Objectives of the study 

This work described in the thesis aimed to study and designed zirconia-supported mixed metal 

oxide catalysts to synthesize various novel core N-heterocyclic moieties. During the study, an 

attempt was made to develop fast reaction protocols to synthesize various pyridine, pyrimidine 

and pyrazole derivatives with excellent yields using green solvents and mild conditions. These 

new protocols demonstrated efficacy and high selectivity under eco-friendly conditions. The 

following six series of reactions were studied which are detailed as follows: 

i) Synthesis of functionalized 1,4-dihydropyridine derivatives. 

ii) Synthesis of functionalized halopyridine derivatives. 

iii) Synthesis of 2,4-dihydropyrano[2,3-c]pyrazole-3-carboxylate derivatives. 

iv) Synthesis of indenopyrimidine derivatives. 

v) Synthesis of 1,4-dihydropyridines derivatives.  

vi) Synthesis of polysubstituted 1,4-dihydropyridine derivatives. 
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Abstract 

A practical method is designated for the one-pot, multi-component synthesis of 1,4-

dihydropyridine derivatives by cyclo-condensation of aromatic aldehydes, 5,5-dimethyl-1,3-

cyclohexanedione, acetoacetanilide and ammonium acetate. Using ethanol as solvent and 

V2O5/ZrO2 as heterogeneous catalyst, ten novel 1,4-dihydropyridines were synthesized at room 

temperature (Reaction time <20 min). XRD, TEM, SEM and BET analysis were used to 

characterize the catalyst materials. Simple work-up, green solvent, short reaction times, 

moderate reaction conditions and excellent yields (90–96%) are the attractive features of this 

novel approach. With no need for chromatographic separation, the reaction product is easily 

separable in pure form. 

Keywords: Green synthesis, One-pot multicomponent reactions, Heterogeneous catalysis, 

Reusability, Zirconia, Pyridines. 
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2.1  Introduction 

In recent years, mixed oxides and bimetallic compounds were amongst the most 

extensively explored class of solid catalyst materials, either as active phases or as supports [1–

3]. The presence of two or more metal cations in mixed oxides provide an opportunity to control 

and design the morphologies and properties of the materials [4,5]. In general, the mixed oxides 

are crystalline [6,7], but the nature depends on calcination temperatures as at moderate 

calcination, some phases may remain amorphous [8]. Due to their varied characteristics and 

composition, the benefits accrued from the crystalline mixed oxides are many [9]. Literature 

shows the use of numerous mixed oxides and bimetallic materials in various applications, as 

adsorbents, catalysts or photo catalysts in water treatment and as catalysts in value added 

conversions [10–15]. In the recent past, zirconium oxide (ZrO2) received significant attention 

due to its amphoteric nature, as it can act as bi-functional material [16]. High specific surface 

area, better flexibility, active metal centre, thermal satiability and cost-effectiveness make it 

appropriate choice over wide-ranging temperatures [17]. Literature reports show its usage both 

as active material and support of mixed catalysts in synthetic chemistry [18]. Zirconia as 

catalyst has been employed in many organic shift reactions, such as epoxidation [19], 

isomerization [20], alkylation [21], C-C bond formation [22], to mention a few. The scope for 

dispersion of active material as nanoparticles on zirconia makes it an ideal support material for 

various applications. Vanadia is well known material as catalyst, alone or doped on different 

supports. It is used in variety reactions including oxidations, reductions, and many synthetic 

transformation reactions [23]. In the current study, the synergic properties of Zr plus V as 

catalyst are explored and its activity as bimetallic catalyst is optimized. Classical organic 

chemistry is in pursuit of opt environmentally friendly synthetic methodologies for chemical, 

pharmaceutical industries [24]. Main principles of green chemistry are to create 

environmentally benign products with high atom efficiency, prevention of waste, use of 

nontoxic materials and use of catalysts rather than stoichiometric reagents [25]. In order to fulfil 

the green chemistry principles, carrying out a reaction in heterogeneous environment makes the 

route more economical and eco-friendly [26], as recovery and reusability of heterogeneous 

catalysts is simple [27]. In contrast to multi-step reactions, multi-component reactions (MCRs) 

can synthesize complex molecules in one-pot with good atom-economy, selectivity and in high 

yields [28], providing a quick access to new organic molecules [28–30]. The combination of 

the MCR approach and with the use of heterogeneous catalyst is most effective option in 

synthetic chemistry [31,32]. Heterocyclic compounds are key moieties in many bioactive 
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pharmaceuticals, medicinal, computational and natural products, which inspires synthetic 

chemist towards the synthesis of larger and novel molecules. The 1,4-dihydropyridine nucleus 

is one of the most attractive heterocyclic framework that is present in many drugs and 

pharmaceuticals. The dihydropyridine scaffold has received greater attention due to its breadth 

of biological activities, ranging from cardiovascular disease [33], anti-cancer [34], anti-

microbial [35], anti-oxidant [36], anti-coagulant [37], anti-leishmanial and anti-trypanosomal 

[38], anti-tubercular agents [39], HIV-1 protease inhibitors [40] to antioxidant activities [41]. 

Due their pecuniary and scientific relevance, many synthetic methods were described in 

literature for production of different dihydropyridines. The Hantzsch synthesis is the well-

known technique for the preparation of 1,4-dihydropyridines [42]. Some of such methods 

employed I2 [43], TMSI [44], Et3N [45], polyethylene glycol (PEG-600) [46] nano-γ-Fe2O3-

SO3H [47], [PVPH]ClO4 [48], L-proline [49], NaOH [50] etc., as catalysts. Many those 

reactions either demand high energy and expensive reagents or punitive reaction conditions and 

long reaction times or give low yields. Consequently, continued pursuit for improved and 

greener approaches for the synthesis of dihydropyridine derivatives is paramount. To the best 

of our knowledge, there are no reports on the use of vanadia loaded zirconia as a catalyst for 

the synthesis of dihydropyridines via multi-component reactions. Encouraged by the promising 

results in developing synthetic methods for a variety of heterocyclic molecules [51–58], we 

recently, we have reported different approaches for preparation of various medicinally 

interesting heterocyclic protocols [59–64]. In this communication, we report the synthesis and 

characterization of vanadia doped zirconia and its versatility as catalyst in one-pot synthesis of 

novel functionalized dihydropyridine derivatives using a four-component reaction and ethanol 

as solvent at room temperature. 

2.2  Experimental Section 

2.2.1  Catalyst preparation 

     Using simple wet-impregnation technique, materials with different loading of vanadia 

on zirconia (1, 2.5, & 5 wt% of V on Zr) were prepared by previously reported method [65-67]. 

To prepare the materials, a mixture of zirconia, ZrO2 (3 g), (Alfa Aesar) and appropriate amount 

(wt%) of vanadium (V) oxide, 99.9% [V2O5 (Alfa Aesar)] in distilled water (100-150 mL) were 

used. The reaction mixture was stirred at room temperature (RT) for 6 h, followed by filtering 

the resultant slurry under vacuum. The material was dried for 5 h in an oven at 120–150 °C and 

calcined at 450 °C for 5 h in the presence of air, to obtain different weight loadings of 

V2O5/ZrO2 catalysts.  
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2.2.2  General procedure for the synthesis of dihydropyridine derivatives (5a-j) 

     

       Scheme 1. Synthesis of novel 1,4-dihydropyridine derivatives. 

In initial study, equimolar mixture of 2-methoxy benzaldehyde (1 mmol) (1), 5,5-

dimethyl-1,3-cyclohexanedione (1 mmol) (3), acetoacetanilide (1 mmol) (2) and ammonium 

acetate (1 mmol) (4) were stirred at room temperature in 5 mL of  ethanol as a green reaction 

medium followed by addition of catalyst (60 mg) at RT (15 min), reaction progress was 

monitered by TLC (Scheme 1). After the completion of the reaction, catalyst was filtered and 

the crude product was extracted by ethyl acetate, followed by evaporation of solvent under 

vacuum to recover the product. Ethanol was used to dissolve the crude product and to obtain 

pure compounds (5a-j). Reaction products from every reaction were characterised by 1H-NMR, 

15N NMR, 13C-NMR, HRMS and FT-IR. The related details and spectra are assimilated to the 

supplementary information file. 

4-(2-Methoxyphenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide (5a): 

1H NMR (400 MHz, CDCl3): δ 0.87 (s, 3H, CH3), 0.99 (s, 3H, CH3), 2.05 (t, J = 17.72 Hz, 2H, 

CH2), 2.25 (t, J = 16.52 Hz, 2H, CH2), 2.34 (s, 3H, CH3), 3.98 (s, 3H, -OCH3), 5.28 (s, 1H, 

CH), 6.14 (s, 1H, NH), 6.82 (t, J = 8 Hz, 2H, Ar-H), 6.96 (t, J = 7.36, 1H, Ar-H), 7.03-7.07 (m, 

1H, Ar-H), 7.18 (s, 1H, Ar-H), 7.20 (t, J = 2.88 Hz, 2H, Ar-H), 7.38 (d, J = 7.64Hz, 2H, Ar-H), 

8.57 (s, 1H, NH); 13C NMR (400 MHz, CDCl3): δ 20.11, 27.07, 29.22, 29.46, 32.71, 40.96, 

50.58, 56.93, 108.19, 112.02, 112.06, 120.60, 122.22, 123.63, 128.07, 128.69, 129.78, 136.12, 

138.93, 142.32, 148.68, 154.10,165.94, 195.05; 15N NMR (400 MHz, CDCl3): δ 6.14 (s, 1H, 
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NH), 8.57 (s, 1H, NH). FT-IR: 3374, 3290, 3073, 2953, 1605, 1530, 1436, 1380, 1230. HRMS 

of [C26H28N2O3 + Na]+ (m/z): 439.2010; Calcd.: 439.1998.  

4-(4-Methoxyphenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide (5b): 

 1H NMR (400 MHz, CDCl3): δ 0.86 (s, 3H, CH3), 1.04 (s, 3H, CH3), 2.15 (t, J = 16.32 Hz, 2H, 

CH2), 2.26 (t, J = 16.56 Hz,  2H, CH2), 2.36 (s, 3H, CH3) 3.78 (s, 3H, -OCH3), 4.88 (s, 1H, 

CH), 6.32 (s, 1H, NH), 6.86 (d, J = 8.6 Hz, 2H, Ar-H), 7.00- 7.04 (m, 2H, Ar-H), 7.21-7.27 

(m,4H, Ar-H), 7.37 (d, J= 5.12 Hz, 1H, NH), 7.40 (s, 1H, Ar-H); 13C NMR (400 MHz, CDCl3): 

δ 18.77, 27.05, 29.26, 32.66, 36.99, 41.04, 50.62, 55.24, 108.38, 111.21, 114.37, 123.90, 

129.03, 132.03, 137.57, 138.16 ,140.96, 148.26, 158.69, 166.44, 190.93, 195.36; 15N NMR (400 

MHz, CDCl3): 6.32 (s, 1H, NH), 7.37 (s, 1H, NH). FT-IR: 3245, 1595, 1487, 1380, 1221. 

HRMS of [C26H28N2O3 + Na]+ (m/z): 439.1461; Calcd.: 439.1465.  

4-(2-Chlorophenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide (5c): 

 1H NMR (400 MHz, CDCl3): δ 0.84 (s, 3H, CH3), 0.97 (s, 3H, CH3), 2.05(d, J = 16.36  Hz,  

2H, CH2), 2.10-2.16 (m, 2H, CH2), 2.21 (s, 3H, CH3), 5.30 (s, 1H, CH), 6.31 (s, 1H, NH), 6.97-

7.04 (m, 2H, Ar-H), 7.10-7.14 (m, 2H, Ar-H), 7.20-7.23 (m, 1H, Ar-H), 7.34-7.37 (m, 3H, Ar-

H), 7.36 (s, 1H, NH); 13C NMR (400 MHz, CDCl3): δ 19.27, 27.11, 29.31, 32.56, 35.43, 41.04, 

50.53, 108.57, 110.68, 120.38, 124.03, 128.26, 128.80, 129.40, 129.71, 131.06, 131.65, 138.15, 

140.46, 143.60, 149.11, 166.00, 195.04; 15N NMR (400 MHz, CDCl3): 6.31 (s, 1H, NH), 7.36 

(s, 1H, NH). FT-IR: 3264, 3063, 2958, 1595, 1439, 1380, 1220. HRMS of [C25H25ClN2O2 + 

Na]+ (m/z): 443.1510 ; Calcd.: 443.1502. 

4-(2,3-Dimethoxyphenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline -

3-carboxamide (5d): 

 1H NMR (400 MHz, CDCl3): δ 1.00 (s, 3H, CH3), 1.09 (s, 3H, CH3), 2.17 (t, J = 4.24 Hz,  2H, 

CH2), 2.27 (d, J = 17.88 Hz, 2H, CH2), 2.44 (s, 3H, CH3), 3.84 (s, 3H, -OCH3), 4.32 (s, 1H, 

CH), 5.31 (s, 1H, CH), 6.17 (s, 1H, NH), 6.73 (dd, J = 1.44 Hz, J = 1.4 Hz 1H, Ar-H), 6.87 (dd, 

J = 1.48 Hz, J = 1.4 Hz, 1H, Ar-H), 6.96 (t, J = 7.96 Hz, 1H, Ar-H), 7.04 (t, J = 7.36 Hz, 1H, 

Ar-H), 7.31 (d, J = 7.52 Hz, 2H, Ar-H), 7.65 (t, J = 7.6 Hz, 2H, Ar-H), 9.32 (s, 1H, NH); 13C 

NMR (400 MHz, CDCl3): δ 20.57, 27.13, 29.35, 29.55, 32.76, 41.10, 50.66, 55.75, 60.92, 

108.23, 110.79, 111.82, 120.69, 120.98, 123.39, 124.89, 128.61, 139.36, 140.43, 142.86, 

143.07, 149.10, 152.37, 165.75, 195.09; 15N NMR (400 MHz, CDCl3): 6.17 (s, 1H, NH), 9.32 

(s, 1H, NH). FT-IR: 3262, 3063, 2956, 1995, 1488, 1380, 1220. HRMS of [C27H30N2O4+ Na]+ 

(m/z): 469.2114 ; Calcd.: 469.2103. 
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4-(3,4-Dimethoxyphenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydro quinoline -

3-carboxamide (5e): 

1H NMR (400 MHz, CDCl3): δ 0.81 (s, 3H, CH3), 0.98 (s, 3H, CH3), 2.06-2.10 (m, 2H, CH2), 

2.21 (t, J = 16.76 Hz, 2H, CH2), 2.30 (s, 3H, CH3), 3.78 (s, 6H, 2-OCH3), 4.80 (s, 1H, CH), 

6.08 (s, 1H, NH), 6.75 (d, J = 8.24 Hz, 1H, Ar-H), 6.89- 6.98 (m, 3H, Ar-H), 7.15 (t, J = 15.44 

Hz, 1H, Ar-H), 7.30 (s, 1H, Ar-H); 13C NMR (400 MHz, CDCl3): δ 18.74, 27.00, 29.29, 32.67, 

37.29, 41.13, 50.61, 55.96, 108.35, 111.40, 111.46, 119.80, 119.91, 123.92, 128.86, 137.94, 

138.14, 140.83, 148.15, 148.19, 149.28, 166.39,191.00, 195.36; 15N NMR (400 MHz, CDCl3): 

6.08 (s, 1H, NH), 7.30 (s, 1H, NH). FT-IR: 3274, 2957, 1594, 1488, 1380, 1137. HRMS of 

[C27H30N2O4 + Na]+ (m/z): 469.0338; Calcd.: 469.0331. 

2,7,7-Trimethyl-5-oxo-N-phenyl-4-(2,4,6-trimethoxyphenyl)-1,4,5,6,7,8-hexahydro 

quinoline -3-carboxamide (5f): 

1H NMR (400 MHz, CDCl3): δ 0.89 (s, 3H, CH3), 1.03 (s, 3H, CH3), 2.08 (d, J = 16.24 Hz,  2H, 

CH2), 2.15-2.28 (m, 2H, CH2), 2.40 (s, 3H, CH3), 3.75 (s, 9H, 3-OCH3), 5.51 (s, 1H, CH), 6.13 

(s, 2H, Ar-H), 6.26 (s, 1H, NH), 7.02 (t, J = 7.36 Hz, 1H, Ar-H), 7.26 (t, J = 7.52 Hz, 2H, Ar-

H), 7.46 (d, J = 7.8 Hz, 2H, Ar-H), 8.64 (s, 1H, NH); 13C NMR (400 MHz, CDCl3): δ 20.23, 

26.47, 27.01, 29.61, 32.40, 41.08, 50.68, 55.18, 55.79, 104.78, 109.15, 114.43, 120.50, 123.28, 

128.62, 139.22, 142.91, 149.61, 159.81, 166.54, 195.23; 15N NMR (400 MHz, CDCl3): 6.26 (s, 

1H, NH), 8.64 (s, 1H, NH). FT-IR: 3387, 2941, 2838, 1662, 1594, 1484, 1203. HRMS of 

[C28H32N2O5+ Na]+ (m/z): 499.2213 ; Calcd.: 499.2209. 

4-(4-Bromophenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide (5g): 

1H NMR (400 MHz, CDCl3): δ 0.87 (s, 3H, CH3), 1.06 (s, 3H, CH3), 2.17 (t, J = 6.5 Hz, 2H, 

CH2), 2.20-2.32 (m, 2H, CH2), 2.36 (s, 3H, CH3), 4.94 (s, 1H, CH), 6.25 (s, 1H, NH), 7.06 (s, 

1H, NH), 7.23-7.27 (m, 5H, Ar-H), 7.33 (d, J =8.4 Hz, 2H,Ar-H), 7.44 (d, J = 8.4 Hz, 2H, Ar-

H), 7.47 (s, 1H, NH) ; 13C NMR (400 MHz, CDCl3): δ 18.80, 27.02,29.30, 32.66, 37.45, 41.06, 

50.56,  108.03, 110.52, 120.02, 121.10, 124.19, 128.91, 129.58, 132.04, 137.90, 140.82, 144.17, 

148.69, 166.11, 195.22; 15N NMR (400 MHz, CDCl3): 6.25 (s, 1H, NH), 7.06 (s, 1H, NH). FT-

IR: 3278, 295, 1595, 1438, 1379, 1220.  

4-(4-Ethylphenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide (5h): 

1H NMR (400 MHz, CDCl3): δ 0.80 (s, 3H, CH3), 0.97 (s, 3H, CH3), 1.13 ( t, J = 7.64 Hz,  2H, 

CH2), 2.08 (d, J = 3.12 Hz, 2H, CH2), 2.11-2.18 (m, 2H, CH2), 2.27 (s, 3H, CH3), 2.50-2.56 
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(m, 3H, CH3), 4.80 (s, 1H, CH), 6.11 (s, 1H, NH), 7.08 (t, J = 15.28 Hz, 2H, Ar-H), 7.14-

7.21(m, 5H, Ar-H), 7.26 (s, 1H, NH), 7.29 (d, J = 8.04 Hz, 2H); 13C NMR (400 MHz, CDCl3): 

δ= 15.43, 18.83,  27.20, 28.46,  29.19, 32.70, 37.49, 41.13, 50.62, 108.50, 111.20, 119.82, 

123.83, 127.90, 128.53, 128.80, 129.99, 138.23, 140.91, 142.65, 143.24, 148.28, 166.38, 

192.12, 195.27; 15N NMR (400 MHz, CDCl3): 6.11 (s, 1H, NH), 7.26 (s, 1H, NH). FT-IR: 3271, 

2960, 1595, 1438, 1380, 1220. HRMS of [C27H30N2O2 + Na]+ (m/z): 437.1474; Calcd.: 

437.1465. 

4-(2-Bromophenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide (5i): 

 1H NMR (400 MHz, CDCl3): δ 0.84 (s, 3H, CH3), 0.98 (s, 3H, CH3), 2.05 ( d, J = 16.36  Hz,  

2H, CH2), 2.09-2.16 (m, 2H, CH2), 2.19 (s, 3H, CH3), 5.27 (s, 1H, CH), 6.22 (s, 1H, NH), 6.92-

7.00 (m, 2H, Ar-H), 7.15-7.21 (m, 4H, Ar-H), 7.34-7.42 (m, 3H, Ar-H), 7.47 (s, 1H, NH); 13C 

NMR (400 MHz, CDCl3): δ 19.21, 27.18, 29.28, 32.56, 37.98, 41.13, 50.57, 109.19, 110.92, 

120.56, 122.32, 124.08, 128.35, 128.77, 131.19, 133.06, 138.06, 139.85, 145.41, 148.99, 

166.05, 195.06; 15N NMR (400 MHz, CDCl3): 6.22 (s, 1H, NH), 7.47 (s, 1H, NH). FT-IR: 3243, 

3063, 2957, 1647, 1598, 1495, 1380, 1209.  

4-(4-(Dimethylamino)phenyl)-2,7,7-trimethyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydro 

quinoline-3-carboxamide (5j): 

 1H NMR (400 MHz, CDCl3): δ 0.79 (s, 3H, CH3), 0.95 (s, 3H, CH3), 2.02-2.15 (m, 2H, CH2), 

2.23 (d, J = 19.72 Hz, 2H, CH2), 2.28 (s, 3H, CH3), 2.83 (s, 6H, N(CH3)2), 4.72 (s, 1H, CH), 

6.34 (s, 1H, NH), 6.61 (d, J = 8.6 Hz, 2H, Ar-H), 6.92 (t, J = 7.12 Hz, 1H, Ar-H), 7.14 (t, J = 

8.16 Hz, 2H, Ar-H), 7.19 (d, J = 7.48 Hz, 2H, Ar-H), 7.24 (d, J = 8.6 Hz, 2H, Ar-H), 7.40 (s, 

1H, NH); 13C NMR (400 MHz, CDCl3): δ 18.74, 27.26, 29.18, 32.67, 36.80, 40.07, 40.55, 

41.01, 50.67, 108.50, 111.02, 111.47, 113.01, 123.69, 128.76, 132.04, 133.37, 138.37, 140.93, 

148.40, 149.78, 154.41, 166.68, 190.42,195.40; 15N NMR (400 MHz, CDCl3): 6.34 (s, 1H, NH), 

7.40 (s, 1H, NH). FT-IR: 3263, 2959, 1594, 1438, 1380, 1221. HRMS of [C27H31N3O2 + Na]+ 

(m/z):  452.1432; Calcd.: 452.1437. 

2.3  Results and discussion 

2.3.1 Powder X-ray diffractogram (XRD) 

The phase and crystallinity of the prepared catalyst was analysed by X-ray diffraction 

studies. XRD patterns of the calcinated 2.5% V2O5/ZrO2 catalyst is shown in Fig. 1. The  

distinctive X-ray diffraction patterns at 2θ = 24.8°, 28.6°, 31.9°, 34.7°, 41.3°, 50.8° and 60.4° 
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of ZrO2 (JCPDS 37-1484) recognized by an assessment with literature records and conform that 

the particles are polycrystalline structure [68]. As can be observed from the image, intensive 

peaks of V2O5, the diffractions at 2θ = 17.29°, 26.48°, 36.17°, and 49.79° (JCPDS41-1426) 

[69]. The average crystallite size of the sample was calculated by using Scherrer equation. It 

was about 7.6 nm, based on maximum intensity diffraction peak of V2O5/ZrO2.  

 

Fig. 1. Powder X-ray diffractogram of 2.5% V2O5/ZrO2 catalyst. 

2.3.2 SEM and TEM analysis 

Fig. 2a. reveals a distinctive SEM surface morphology micrograph of the catalytic 

sample vanadia loaded on zirconia material. On keen examination of SEM micrograph the 

catalyst material displayed and settled as a large irregular shapes. It demonstrates that the 

agglomeration state of the zirconia units with vanadia due to its homogenous dispersion. The 

micrographs of SEM–EDX approved the similar dispersal of vanadia on the zirconia surface 

(Fig. 2b.). The SEM-EDX supports with the records from ICP elemental analysis it shows the 

2.32 wt% of vanidia in the prepared catalyst. Additionally, the morphology of the catalyst as 

per the SEM micrographs to a crystalline and homogenous material. 

The TEM images of the V2O5/ZrO2 catalysts showed the arrangement of vanadium 

particles on the surface of zirconia support (Fig. 3.). The blacker parts of the image represent 

the existence of vanadium spread evenly on the surface.  
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Fig. 2(a). SEM micrograph of 2.5% V2O5/ZrO2 catalyst. 

 

 

Fig. 2(b). EDS spectra of 2.5% V2O5/ZrO2 catalyst. 
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Fig. 3. TEM micrograph of 2.5%V2O5/ZrO2 catalyst. 

2.3.3 BET Analysis 

  The BET surface area and porous properties of the prepared catalyst (Fig. 4.) were 

obtained from N2 adsorption studies. The V2O5/ZrO2 catalyst was characterized by N2 

adsorption at 77 K using analyser. To remove the moisture in the catalytic sample, they are kept 

to degassing at 200o C for a certain amount of time. The BET adsorption statistics was obtained 

by the creator’s software by applying the BET equation. The nature of the material was meso 

porous which was confirmed by the type-IV adsorption isotherm, which having 0.6-0.9 P/Po 

range, surface are of 89.2219 m²/g, pore size of 103.249 Å and a pore volume of 0.326684 

cm³/g. The pore size distribution plot is incorporated in fig. 4, illustrating the distribution of the 

calculated pore size from desorption data using BJH method. 

 

Fig. 4. N2 adsorption-desorption isotherms and pore size distribution curve of 2.5% 

V2O5/ZrO2 catalyst. 
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2.3.4  Reusability of the catalyst 

Important benefit of using heterogeneous catalysts is that they are easily recyclable, 

which generates their use a superb alternate, particularly in view of cost-effective and 

environmental features. Thus to find the stability of catalyst recycling investigates was carried 

out. After the completion of each run, the catalyst was detached from the reaction mixture using 

with the vacuum, washed with ethanol solvent and dried in oven at 120 to 130 °C for 4 h. The 

recycled catalyst exhibited no significant loss of catalytic activity even after the five runs (Fig. 

5), suggesting that there is no leaching or loss of vanadia during reaction and it is intact in the 

zirconia lattice. The XRD of the recycled catalyst after 5th run, illustrated in Fig. 5 is much 

similar to the new material, confirming that no chemical or physical changes occurred on the 

catalyst surface.  
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Fig. 5. XRD diffractogram of 2.5% V2O5/ZrO2 catalyst recycled (after 5th run). 

2.3.5  Reaction optimization 

In a preliminary endeavor, the reaction of 2-methoxy benzaldehyde, 5,5-Dimethyl-1,3-

cyclohexanedione, acetoacetanilide and ammonium acetate was performed with various 

solvents, catalysts and temperature conditions. No reaction was observed under solvent-free 

and catalyst-free conditions, even after 12 h stirring either at RT or under reflux conditions 

(Table 1, entries 1 & 2). Furthermore, the primary reactants were mostly unaffected by the 

presence of acidic catalysts such as acetic acid, TsOH, HCl and FeCl3 under ethanol solvent at 

RT for 8 h reaction time (Table 1, entries 3-6), but with ionic liquids like (Bmim)BF4 or 

DABCO (Table 1, entry 7 & 8) trace yields were observed. With different basic inorganic and 

organic catalysts, such as NaOH, K2CO3, TEA and pyridine and EtOH solvent, the yield of 
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expected product was low at RT (Table 1, entries 9-12). The presence of heterogeneous 

catalysts, like silica (SiO2), titania (TiO2) and zirconia (ZrO2) was effective and anticipated 

product yields at RT after 3 h were 50-68% (Table 1, entries 13-15). Amongst the 

heterogeneous catalysts examined, ZrO2 was conceivable giving relatively higher yields (Table 

1, entry 15). As doped metals with support will amend the activity of the catalytic substance, 

relative activity of Cu, Ce and V metals as active metals was examined. 2.5% metal loaded on 

Zr, i.e. 2.5% CuO/ZrO2, CeO2/ZrO2, and V2O5/ZrO2 were synthesised and was activity tested.  

Good to excellent yields (79-96%) were afforded by using three mixed oxide bimetallic 

catalysts in ethanol at RT (Table 1, entry 16-18). From the results of above three catalysts, 

vanadia doped zirconia proved efficient, which gave 96% yield of the target dihydropyridine 

compound in 15 min reaction time at RT.  When effect of varied loading of V2O5 on ZrO2 was 

examined, using 1% V2O5/ZrO2 catalyst yielded 88% product in 45 min under same reaction 

conditions (Table 1, entry 19). An increase of metal loading (5%) led to a minor decreased yield 

(95%) with no benefit in reaction time (Table 1, entry 20). Finest activity was observed with 

2.5% V2O5/ZrO2, hence it was taken as optimum loading. This could be due to optimum 

dispersion of V2O5 on ZrO2, when compared to the 5% V2O5/ZrO2, where dispersion of vanadia 

was less uniform due to possible oligomerisation of vanadia particles. Thus, catalytic activity 

was lower compared to 2.5% loading. 2.5% loading recorded greater activity than the 1% 

V2O5/ZrO2. Possibly, the former had more active sites than latter had insufficient sites for 

optimum activity. The perceived preeminence 2.5% metal oxide on zirconia could due to 

adequate and uniform presence of active metal oxides on surface of the support, while the 

superiority of V2O5/ZrO2 catalyst could be due to relatively higher acidity of vanadia relative 

to copper oxide and ceria. Although, CuO on ZrO2 was cheaper and next best, it was losing 

activity by 3rd run due to leaching of Cu. 
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Table 1: Optimal condition for the synthesis of 5a by 2.5% V2O5/ZrO2 catalyst a. 

Entry Catalyst Solvent Condition Time (h) Yield (%)b 

1 -- -- RT 12 -- 

2 -- -- Reflux 12 -- 

3 AcOH EtOH RT 8.0 -- 

4 TsOH EtOH RT 8.0 -- 

5 HCl EtOH RT 8.0 -- 

6 FeCl3 EtOH RT 8.0 -- 

7 (Bmim)BF4 EtOH RT 6.5 09 

8 DABCO  EtOH RT 6.0 12 

9 NaOH EtOH RT 5.0 31 

10 K2CO3 EtOH RT 4.5 36 

11 TEA EtOH RT 5.5 19 

12 Pyridine EtOH RT 6.0 26 

13 SiO2 EtOH RT 3.5 57 

14 TiO2 EtOH RT 4.0 50 

15 ZrO2 EtOH RT 3.0 68 

16 2.5% CuO/ZrO2 EtOH RT 2.5 79 

17 2.5% CeO2/ZrO2 EtOH RT 1.0 88 

18 2.5% V2O5/ZrO2 EtOH RT 0.15 96 

19 1.0% V2O5/ZrO2 EtOH RT 0.45 88 

20 5.0% V2O5/ZrO2 EtOH RT 0.15 95 
a All products were characterised by 1H-NMR, 15N NMR, 13C-NMR, HRMS and FT-IR spectral 

analysis. 

b Isolated yields. 

-- No reaction. 

Based on the observations that 2.5% V2O5/ZrO2 was ideal; we screened the efficancy of 

model reaction using different amounts of the catalyst under RT conditions (Table 2). An 

examination of the results in Table 2 indicate that an increase in mass of catalyst from 20 mg 

to 60 mg, resulted in increase of yield from 55% to 96% with decrease in reaction time. This 

product yield increase can be accredited to the proportional increase in the numeral of accessible 

active sites required for this reaction. No significant improvement in the yield of the product 

was perceived with further increase the catalyst amount from 60 mg to 120 mg. Thus, 60 mg of 

catalyst should be the most appropriate quantity of 2.5% V2O5/ZrO2 with the conditions 

employed in this work. 
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Table 2:  Optimization of various amounts of 2.5% V2O5/ZrO2 for the model reaction a. 

Entry Catalyst (mg) Time 

(min) 

Yield (%) 

1 20 90 55 

2 40 45 77 

3 60 15 96 

4 80 15 96 

5 100 15 96 

6 120 20 96 

aReaction conditions: arylaldehyde (1 mmol), 5,5-Dimethyl-1,3-cyclohexanedione (1 mmol), 

and aceto acetanilide (1 mmol), ammonium acetate ( 1 mmol) and solvent (5 mL) were stirred 

at room temperature. 

Based on the promising results, to compare the efficiency of solvents, the title reaction 

was evaluated using 2.5% V2O5/ZrO2 (60 mg) as catalyst was examined in the presence of 

various polar and non-polar solvents, and without solvent at RT condition (Table 3). The 

reaction did not occur under the solvent-free conditions (Table 3, entry 1). In various non-polar 

solvents, such as toluene and n-hexane, with no reaction was perceived (Table 3, entries 2 & 

3), whereas with polar aprotic solvents, DMF and THF moderate yields were obtained (Table 

3, entries 4 & 5). Interestingly, excellent yield of the product was afforded using with polar 

protic solvents MeOH and EtOH. The hydrophobicity of the catalyst and organic starting 

materials in ethanol might indorse their interaction with each other and even alteration to the 

desired product. Based on the criteria such as reaction times, greener approach, cost-

effectiveness and excellent yields, EtOH proved to be the best solvent for the present procedure 

and it was used for all further investigations. 
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Table 3: Optimization of various solvent condition for the model reactiona. 

 

 

 

 

aReaction conditions: arylaldehyde (1 mmol), 5,5-Dimethyl-1,3-cyclohexanedione (1 mmol), 

and aceto acetanilide (1 mmol), ammonium acetate (1 mmol) and solvent (5 mL) were stirred 

at room temperature. 

The wider efficacy and capability of the 2.5% V2O5/ZrO2 catalyst was tested by using 

different substituted aromatic aldehydes under otherwise similar conditions and the results are 

summarised in Table 4. In almost all cases, good to excellent yields are obtained in very short 

reaction times (< 20 min), irrespective of aromatic aldehydes with electron-donating and 

withdrawing groups, at ortho, meta or para positions (5a-j). The outcomes were good to 

excellent in yields with all aromatic aldehydes, either bearing electron-withdrawing substituents 

or electron-donating substituents. All the products were well characterized by IR, 1H NMR, 13C 

NMR, 15N NMR and HRMS. A comparison in table 5 in terms of catalytic activity of the 

V2O5/ZrO2 with other various catalysts reported in the literature.  

Table 4: Synthesis of novel functionalized 1,4-dihydropyridine derivatives by 2.5% V2O5/ZrO2 

catalysta
. 

Entry R Product Yield* (%) Mp °C 

1 2-OMe 5a 96 210-212 

2 4-OMe 5b 96 196-198 

3 2-Cl 5c 90 218-220 

4 2.3-OMe 5d 95 228-229 

5 3,4-OMe 5e 91 235-237 

6 2,4,6-OMe 5f 90 202-203 

7 4-Br 5g 91 232-233 

8 4-Et 5h 95 251–253 

9 2-Br 5i 93 241–243 

10 4-N(CH3)2 5j 92 186-189 

aReaction conditions: arylaldehyde (1) (1 mmol), (2) 5,5-Dimethyl-1,3-cyclohexanedione (1 

mmol), and aceto acetanilide (3) (1 mmol) , ammonium acetate ( 1 mmol) and solvent (5 mL) 

were stirred at room temperature; R = substituted benzaldehydes;  *  = Isolated yields. 

Entry Solvent Time 

(minutes) 

 Yield* (%) 

1 No solvent 120  0 

2 n-hexane 120  0 

3 toluene 90  0 

4 THF 60  2 

5 DMF 60  5 

6 MeOH  45  6 

7 EtOH 25  13 
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Table 5: A comparison table with various other catalysts to synthesis 1,4-dihydropyridines 

Catalyst Solvent Reaction Conditions Yield (%) [Ref] 

I2 EtOH RT, 1 h, 82-92 [43] 

TMSI CH3CN RT, 2-3 h, 73-85 [44] 

Et3N EtOH Reflux, 24 h, 63-82 [45] 

PEG-600 PEG-200 RT, 8-16 h, 50-85 [46] 

nano-γ-Fe2O3-SO3H solvent free Heat, 0.5-5.30 h, 90-94 [47] 

[PVPH]ClO4 Solvent free 100°C, 2-30 min, 90-96 [48] 

L-proline Solvent free RT, 30 min, 83-96 [49] 

NaOH EtOH RT, 8 h 75-85 [50] 

2.5% V2O5/ZrO2 EtOH RT, < 20 min 90-96[This work] 

 

A probable mechanism for the creation of the target molecule is illustrated in Scheme 2 

[26]. The Knoevenagel reaction follows through a preliminary generation of benzylidene or 

imine intermediate, (a), from the condensation of and acetoacetanilide, (1) and aromatic 

aldehydes, (2). Further, the imine, (a) and 5,5-Dimethyl-1,3-cyclohexanedione, (3) lead to 

intermolecular Michael addition of carbonyl compounds facilitated by V2O5 doped ZrO2 to 

produce another intermediate, (5). Then, protonated carbonyl is attacked by the amine from 

ammonium acetate (4) to form the enamine, (6).  Intermediate, (6) further undergoes intra-

molecular cyclization to finally afford functionalized 1,4-dihydropyridine derivative, (7). 

 

Scheme 2. Possible reaction mechanism. 
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2.4  Conclusions 

          In summary, we developed a robust and efficient recyclable catalyst, 2.5% vanadia 

doped zirconia to use in four-component one-pot procedure for syntheses of ten novel 

functionalized pyridine derivatives under green solvent conditions at RT in good to excellent 

yields (90-96%). The described protocol has various advantages including simple work-up, 

short reaction times, green solvent, impressive yields, easy purification, atom efficiency, 

making the procedure attractive. We believe this method will open wider catalytic applications 

in the fields of organic synthesis and drug discovery. 
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2.7 Supplementary information 

2.7.1 Catalyst instrumentation details  

        Employing a Bruker D8 Advance instrument (Cu K radiation source with a wave length 

of 1.5406 Å), the X-ray diffraction data related the structural phases of the catalyst were 

acquired. Using a JEOL JEM-1010 electron microscope and JEOL JSM-6100 microscope, the 

TEM and SEM analysis data was recorded. iTEM software was used analyse the TEM data and 

images. Employing the X-ray analyser (energy-dispersive), EDX-analysis on the SEM images 

was conducted.  

 

2.7.2 Experimental Section 

 All chemicals and reagents required for the reaction were of analytical grade and were 

used without any further purification. Bruker AMX 400 MHz NMR spectrometer was used to 

record the 1H NMR, 13C NMR and 15N NMR spectral values. High-resolution mass data were 

obtained using a Bruker micro TOF-Q II ESI instrument operating at ambient temperature. The 

CDCl3−d6 solution was utilized for this while TMS served as the internal standard. TMS was 

further used as an internal standard for reporting the all chemical shifts in δ (ppm). Purity of all 

the reaction products was confirmed by TLC using aluminium plates coated with silica gel 

(Merck Kieselgel 60 F254). 
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Fig.S1 1H NMR spectra of compound 5a 

 

 

Fig.S2 13C NMR spectra of compound 5a 
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Fig.3 15N NMR spectra of compound 5a 

 

Fig.4 HRMS spectra of compound 5a 
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Fig.5 FT-IR spectra of compound 5a 
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Fig.6 1H NMR spectra of compound 5b 

 

 

 

 

 

Fig.7 13C NMR spectra of compound 5b 

 



75 
 

 

Fig.8 15N NMR spectra of compound 5b 

 

 

 

 

Fig.9 HRMS spectra of compound 5b 
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Fig.10 FT-IR spectra of compound 5b 
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Fig.11 1H NMR spectra of compound 5c 

 

 

 

 

Fig.12 13C NMR spectra of compound 5c 
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Fig.13 15N NMR spectra of compound 5c 

 

 

 

Fig.14 HRMS spectra of compound 5c 
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Fig.15 FT-IR spectra of compound 5c 

 

 

 

 

 

 

 

 

 

 

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 380.0

36.6

40

45

50

55

60

65

70

75

80

85

90

95

100.0

cm-1

%T 

Ak 3

3264.50
3063.71

2958.40

1595.85

1489.25

1438.63

1380.48

1317.76

1220.58

1170.37

1141.71

1035.42

886.56

837.61

691.16

645.68

556.88

507.43

473.54

419.02



80 
 

 

Fig.16 1H NMR spectra of compound 5d 

 

 

 

 

 

Fig.17 13C NMR spectra of compound 5d 
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Fig.18 15N NMR spectra of compound 5d 

 

 

 

Fig.19 HRMS spectra of compound 5d 
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Fig.20 FT-IR spectra of compound 5d 
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Fig.21 1H NMR spectra of compound 5e 

 

 

 

 

 

Fig.22 13C NMR spectra of compound 5e 
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Fig.23 15N NMR spectra of compound 5e 

 

 

 

 

 

Fig.24 HRMS spectra of compound 5e 
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Fig.25 FT-IR spectra of compound 5e 
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Fig.26 1H NMR spectra of compound 5f 

 

 

 

 

 

Fig.27 13C NMR spectra of compound 5f 
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Fig.28 15N NMR spectra of compound 5f 

 

 

 

Fig.29 HRMS spectra of compound 5f 
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Fig.30 FT-IR spectra of compound 5f 
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Fig.31 1H NMR spectra of compound 5g 

 

 

 

 

 

Fig.32 13C NMR spectra of compound 5g 
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Fig.33 15N NMR spectra of compound 5g 

 

 

 

 

Fig.34 FT-IR spectra of compound 5g 
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Fig.35 1H NMR spectra of compound 5h 

 

 

 

 

 

 

Fig.36 13C NMR spectra of compound 5h 
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Fig.37 15N NMR spectra of compound 5h 

 

 

 

 

 

 

Fig.38 HRMS spectra of compound 5h 
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Fig.39 FT-IR spectra of compound 5h 
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Fig.40 1H NMR spectra of compound 5i 

 

 

 

 

 

 

Fig.41 13C NMR spectra of compound 5i 
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Fig.42 15N NMR spectra of compound 5i 

 

 

 

 

 

 

Fig.43 FT-IR spectra of compound 5i 
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Fig.44 1H NMR spectra of compound 5j 

 

 

 

 

 

Fig.45 13C NMR spectra of compound 5j 
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Fig.46 15N NMR spectra of compound 5j 

 

 

 

 

 

Fig.47 HRMS spectra of compound 5j 
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Fig.48 FT-IR spectra of compound 5j 
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Chapter 3 
RuO2/ZrO2 as an efficient reusable catalyst for the facile, green, one-pot synthesis of 

novel functionalized halopyridine derivatives 
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Abstract 

Employing ethanol as solvent and RuO2/ZrO2 as heterogeneous catalyst, eleven novel 

halopyridines were synthesized in short reaction times (< 20 min). RuO2/ZrO2 was 

characterized by XRD, SEM, TEM and BET techniques. In the proficient one-pot, four-

component approach, 11 functionalized halopyridine derivatives were synthesized by 

cyclocondensation of aromatic aldehydes, malononitrile, diethyl acetylenedicarboxylate and 3-

chloro-4-fluoroaniline. The key benefits of the new method are green solvent, simple work-up, 

moderate reaction conditions and impressive yields (89–96%). The reaction products in the 

highly selective reaction are easily separable in pure form without involving any 

chromatographic separations. 

Keywords: Green synthesis; Heterogeneous catalysis; Sustainable catalyst; Ruthenia/Zirconia; 

halopyridines; One-pot reaction. 
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3.1  Introduction 

Multicomponent reaction (MCR) is one of the most effective synthetic approach for 

organic compounds and plays significant role in the discovery and development of new 

molecules in medicinal and pharmaceutical fields [1,2]. Relative to the multi-step counterparts, 

MCRs are widely used to produce various chemical libraries of drug-like compounds for 

biological screening, due to greater yields affordable avoiding the separation and purification 

of intermediates [3]. Other benefits include greener approaches, energy efficiency, short 

reaction time, good selectivity, simpler workups and high yields [4]. Moreover, MCRs 

recognize the principles of green chemistry in terms of atom economy, as well as numerous 

other criteria of the best heterocyclic syntheses [5,6]. 

Heterogeneous catalysis plays an important role in organic synthesis, as about 90% of the large 

scale chemical processes use these catalysts, in at least one step of the process [7,8]. 

Heterogeneous catalysts possess diverse chemical and physical characteristics that render them 

ideal in MCRs [8]. These properties include controlled miscibility, thermal stability, easy 

recovery, recyclability and minimal loss of material [9]. Heterogeneous catalysis receives 

greater attention due to simple approach, improved selectivity, high conversion and long 

catalyst life, contributing to green synthesis principles [9-11]. 

Many ruthenium compounds were used as homogeneous catalysts or reagents as their 

efficiency can be recommended by their activity, ease of handling, normal cost, low toxicity 

and appropriateness in condensation systems [4]. These catalysts have been employed in many 

industry processes including Fischer-Tropsch synthesis [12], hydrogenation [13] and steam 

reforming and fine chemicals manufacture [14]. The need to use these compounds in 

stoichiometric quantities and in non-recoverable format will impose significant financial and 

environmental constraints. Consequently, the use of ruthenium salts in a heterogeneous system 

become a desirable choice in green synthesis. Zirconia (ZrO2) is widely used as a support 

material, owing to its cost-effectiveness, flexibility, high specific surface area and thermal 

durability, making it appropriate over wide-ranging temperatures [15-17]. Amid other metal 

oxides, it stands out tall as ideal support material for catalysts, facilitating good dispersion of 

active material on its enormous surface [18,19]. Easily separable heterogeneous materials as 

catalysts tend to reduce the operation costs [17-19]. 

Among the bulk of heterocyclic compounds used the fields of medicinal and pharmaceutical 

chemistry, pyridine ring is most commonly found unit in both natural products and synthesised 

materials [20,21]. Pyridines exhibit a wide and diverse window of biological activities, such as 
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antimicrobial, anti-tumor, anti-viral, anti-inflammatory and anti-oxidant activities [22- 26]. A 

number of pyridine derivatives are used in agrochemical industry as herbicidal and insecticidal 

agents [27,28]. Many synthetic procedures have been reported in the literature for production 

of different dihydropyridine derivatives, due to their financial and scientific relevance. Some 

of these methods employed TEA, PEG-600, Meglumine and NaOH as catalysts [29-32]. Some 

of those reactions demand costly reagents, high temperatures, long reaction times, tedious 

handling processes and harsh reaction conditions, while others suffer low yields, necessitating 

newer and efficient protocols. Consequently, pursuit for better and greener approaches for the 

synthesis of pyridine derivatives is paramount. 

Encouraged by the promising results in developing synthetic routes for varied 

heterocyclic protocols, we recently reported various protocols for synthesis of different 

therapeutically interesting heterocycles [33,34]. In this communication, we report a new method 

for synthesis of functionalized halopyridine derivatives using one-pot four-component reaction 

at room temperature, with 2% RuO2/ZrO2 (i.e. 2% RuO2 loaded onto ZrO2 support) as 

recyclable catalyst and ethanol as solvent. 

3.2  Experimental Section 

3.2.1 Catalyst preparation 

A range of supported catalysts with different weight percentages of ruthenium on zirconium, as 

RuO2 loaded on ZrO2 (1, 2, & 4 wt%), were prepared using the simple wet-impregnation 

technique. The heterogeneous catalyst was synthesized from a mixture of zirconia (ZrO2 (2 g), 

catalyst support, Alfa Aesar) and an appropriate amount (wt%) of ruthenium chloride [RuCl3‧

XH2O (Alfa Aesar)] in distilled water (100 mL). The reaction mixture was stirred at room 

temperature (RT) for 8 h, followed by filtering the resultant slurry under vacuum. The material 

was dried for 5 h in an oven at 110–120°C and calcined at 450°C for 5 h in the presence of air, 

to obtain different wt% of RuO2/ZrO2 catalysts. 
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3.2.2 General procedure for the synthesis of 1,4-dihydropyridine derivatives (5a-k) 

 

Scheme 1 Synthesis of novel 1,4-dihydropyridine derivatives. 

In a typical reaction, to equimolar ratios of aldehydes (1 mmol) (1), malononitrile (1 

mmol) (2), 3-chloro-4-fluoroaniline (1mmol) (3) and diethyl acetylenedicarboxylate (1 mmol) 

(4) were dissolved in ethanol (10 ml) at RT followed by addition of RuO2/ZrO2 (30 mg) as a 

catalyst. The reaction mixture was stirred for 15 min at RT (Scheme 1). The progress of the 

reaction was monitored by thin layer chromatography. The catalyst was initially removed from 

the reaction mixture by filtration and crude product was extracted using ethyl acetate followed 

by evaporation of solvent under vacuum. Ethanol was used to dissolve the crude product and to 

obtain pure compounds (5a-k). All the reaction products were characterised by analysis using 

1H NMR, 13C NMR, 15N NMR, 19F NMR, HR-MS and FT-IR. The details and spectra are 

assimilated to the supplementary information file. 

Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-4-(2-chlorophenyl)-5-cyano-1,4-dihydro- 

pyridine-2,3-dicarboxylate (5a): 

1H NMR (400 MHz, DMSO-d6) δ = 0.89–0.97 (m, 6H, 2×CH3), 3.83–3.92 (m, 4H, 2×CH2), 

5.10 (s, 1H, CH), 5.84 (s, 2H, NH2), 7.24–7.29 (m, 1H, ArH), 7.40–7.47 (m, 4H, ArH), 7.55 (t, 

1H, ArH), 7.73 (dd, J = 6.56 Hz, 2.52 Hz, 1H, ArH); 13C NMR (100 MHz, DMSO-d6): 13.10, 

13.52, 18.49, 30.63, 35.49, 55.99, 58.48, 60.36, 61.60, 103.60, 117.40, 117.63, 120.33, 128.07, 

128.41, 129.16, 130.04, 131.36, 131.96, 132.03, 133.49, 142.22, 143.04, 150.58, 156.87, 

159.36, 162.17, 164.23; 15N NMR (40.55 MHz, DMSO-d6) δ 5.84 (s, 2H, NH2); 
19F NMR 

(376.58 MHz, DMSO-d6): ─123.09; FT-IR: 3334, 3066, 2984, 2187, 1734, 1616, 1492, 1363, 

1216. HRMS of [C24H20Cl2FN3O4 + H]+ (m/z): 504.2189; Calcd.:504.2178. 
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Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-5-cyano-4-(2-fluorophenyl)-1,4-dihydro 

pyridine-2,3-dicarboxylate (5b): 

1H NMR (400 MHz, DMSO-d6) δ = 0.89-0.97 (m, 6H, 2×CH3), 3.83–3.92 (m, 4H, 2×CH2), 

5.10 (s, 1H, CH), 5.84 (s, 2H, NH2), 7.24–7.29 (m, 1H, ArH), 7.40–7.47 (m, 4H, ArH), 7.55 (t, 

1H, ArH), 7.72-7.74 (dd, J = 2.52 HZ, 2.52 HZ 1H, ArH); 13C NMR (100 MHz, DMSO-d6): 

8.60, 13.10, 13.51, 33.17, 33.27, 45.75, 58.05, 60.41, 61.58, 62.50, 102.90, 113.27, 113.33, 

114.03, 117.15, 122.66, 127.91, 132.08, 133.33, 133.93, 134.01, 136.87, 142.03, 146.25, 

148.33, 148.36, 150.86, 156.83, 156.93, 158.55, 159.31, 160.92, 160.99, 162.20, 163.43, 

164.13, 164.22, 187.81; 15N NMR (40.55 MHz, DMSO-d6) δ 5.88 (s, 2H, NH2); 
19F NMR 

(376.58 MHz, DMSO-d6): ─120.95, ─134.41; FT-IR: 3473, 3363, 2984, 2186, 1730, 1615, 

1489, 1366, 1216. HRMS of [C24H20ClF2N3O4 + H]+ (m/z): 488.1405; Calcd.: 488.1390. 

Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-5-cyano-4-(4-ethylphenyl)-1,4-dihydro- 

pyridine-2,3-dicarboxylate (5c): 

1H NMR (400 MHz, DMSO-d6) δ = 0.90 (t, 3H, CH3), 1.04 (t, 3H, CH3), 1.18 (t, 3H, CH3), 

2.56–2.62 (q, 2H, CH2), 3.82-3.87 (q, 2H, CH2), 3.93-3.98 (q, 2H, CH2), 4.43 (s, 1H, CH), 5.83 

(s, 2H, NH2), 7.21 (s, 4H, ArH), 7.34–7.37 (m, 1H, ArH), 7.54 (t, 1H, ArH), 7.62–7.64 (dd, J 

= 2.52 Hz, 2.56 Hz,1H, ArH); 13C NMR (100 MHz, DMSO-d6): 13.11, 13.66, 15.49, 27.76, 

30.64, 59.55, 60.46, 61.56, 105.01, 117.45, 117.68, 120.08, 120.27, 120.95, 126.96, 128.01, 

131.69, 131.77, 132.24, 133.25, 140.89, 142.34, 142.76, 150.57, 156.77, 162.34, 164.46; 15N 

NMR (40.55 MHz, DMSO-d6) δ 5.83 (s, 2H, NH2); 
19F NMR (376.58 MHz, DMSO-d6): 

─123.66; FT-IR: 3466, 3345, 3098, 2970, 2188, 1730, 1694, 1651, 1583, 1488, 1367. 

Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-4-(4-chlorophenyl)-5-cyano-1,4-dihydro 

pyridine-2,3-dicarboxylate (5d): 

1H NMR (400 MHz, DMSO-d6) δ = 0.89 (t, 3H, CH3), 1.03 (t, 3H, CH3), 3.81-3.85 (m, 2H, 

CH2), 3.92–3.96 (m, 2H, CH2), 4.50 (s, 1H, CH), 5.91 (s, 2H, NH2), 7.33 (d, J = 8.44 Hz, 2H, 

ArH), 7.37–7.41 (m, 1H, ArH), 7.44 (d, J = 8.44 Hz, 1H, ArH), 7.54 (t, J = 8.92 Hz,1H, ArH), 

7.68–7.70 (dd, J = 2.6 Hz, J = 2.6 Hz); 13C NMR (100 MHz, DMSO-d6): 13.10, 13.65, 30.64, 

58.90, 60.52, 61.62, 104.26, 117.42, 117.65, 120.73, 128.59, 129.04, 131.46, 131.98, 133.39, 

141.30, 144.50, 150.63, 156.84, 162.18, 164.29; 15N NMR (40.55 MHz, DMSO-d6) δ 5.91 (s, 

2H, NH2); 
19F NMR (376.58 MHz, DMSO-d6): ─120.19; FT-IR: 3483, 3315, 2985, 2195, 1746, 

1693, 1578, 1491, 1369, 1209. 
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Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-5-cyano-4-(3,4-dimethoxy phenyl)-1,4-

dihydropyridine-2,3-dicarboxylate (5e): 

1H NMR (400 MHz, DMSO-d6) δ = 0.90 (t, 3H, CH3), 1.07 (t, 3H, CH3), 3.75 (s, 6H, 2×OCH3), 

3.82–3.86 (q, 2H, CH2), 3.95–4.01 (q, 2H, CH2), 4.42 (s, 1H, CH), 5.84 (s, 2H, NH2), 6.84 (t, 

2H, ArH),   6.98 (d, J = 8.8 Hz, 1H, ArH), 7.30–7.33 (m, 1H, ArH), 7.57–7.60 (dd, J =2.56, 

2.72 Hz, 2H, ArH), 13C NMR (100 MHz, DMSO-d6): 13.10, 13.72, 30.62, 38.14, 55.34, 55.50, 

59.73, 60.47, 61.55, 105.22, 110.75, 112.30, 117.48, 117.71, 118.95, 120.27, 120.93, 131.64, 

132.33, 133.11, 138.01, 140.75, 147.78, 148.48, 150.57, 162.35, 164.53; 15N NMR (40.55 

MHz, DMSO-d6) δ 5.84 (s, 2H, NH2); 
19F NMR (376.58 MHz, DMSO-d6): ─123.11; FT-IR: 

3438, 3321, 3232, 2960, 2190, 1741, 1690, 1775, 1496, 1227. 

Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-5-cyano-4-(2,3-dimethoxy phenyl)-1,4-

dihydropyridine-2,3-dicarboxylate (5f): 

1H NMR (400 MHz, DMSO-d6) δ = 0.91 (t, 3H, CH3), 0.98 (t,  3H, CH3), 3.80 (s, 3H, OCH3), 

3.81 (s, 3H, OCH3), 3.83–3.87 (q, 2H, CH2), 3.89–3.94 (q, 2H, CH2), 4.82 (s, 1H, CH), 5.73 

(m, 2H, NH2), 6.83–6.86 (dd, 1H, J = 1.32,1.32 Hz,1H,ArH),  6.93–6.95 (dd, J = 1.32 Hz, J = 

1.36 Hz, 1H, ArH), 7.07 (t, 1H, ArH), 7.36–7.39 (m, 1H, ArH), 7.56 (t, 1H, ArH), 7.0–7.62 (dd, 

J = 2.6 Hz, J = 2.56 Hz, 1H, ArH); 13C NMR (100 MHz, DMSO-d6): 13.12, 13.64, 18.50, 20.71, 

30.63, 33.43, 55.56,55.98, 59.36, 59.71, 61.50, 104.50, 111.46, 117.47, 120.03, 120.22, 123.94, 

131.70, 131.78, 132.44, 133.20, 138.17, 141.58, 146.05, 150.73, 152.26, 156.72, 159.20, 

162.44, 164.52, 170.30; 15N NMR (40.55 MHz, DMSO-d6) δ 5.73 (s, 2H, NH2); 
19F NMR 

(376.58 MHz, DMSO-d6): ─126.81; FT-IR: 3449, 3358, 2982, 2180, 1730, 1691, 1585, 1482, 

1370, 1217. HRMS of [C26H25N3O6ClF + H]+ (m/z): 530.2393; Calcd.: 530.2409. 

Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-5-cyano-4-(4-fluorophenyl)-1,4-dihydro 

pyridine-2,3-dicarboxylate (5g): 

1H NMR (400 MHz, DMSO-d6) δ = 0.90 (t, 3H, CH3), 1.03 (t, 3H, CH3), 3.82–3.96 (m, 4H, 

2×CH2), 4.50 (s, 1H, CH), 5.88 (s, 2H, NH2), 7.20 (t, 2H, ArH),7.33–7.36 (m, 2H, ArH), 7.38–

7.40 (m,1H, ArH), 7.54 (t, 1H, ArH), 7.68–7.70 (dd, J = 2.6 Hz, J = 2.6 Hz, 1H, ArH) ;13C 

NMR (100 MHz, DMSO-d6): 13.10, 13.63, 14.03, 18.49, 20.70, 30.62, 38.26, 55.98, 59.27, 

59.70, 60.46, 61.58, 104.60, 115.20, 117.41, 117.63, 120.09, 120.28, 120.78, 129.00, 129.08, 

131.79, 131.87, 133.37, 141.12, 141.80, 150.54, 156.82, 159.30, 162.22, 162.33, 164.35, 

170.29 15N NMR (40.55 MHz, DMSO-d6) δ 5.88 (s, 2H, NH2); 
19F NMR (376.58 MHz, DMSO-

d6): ─114.10, ─115.86 ; FT-IR: 3459,3322,2181,1733,1654, 1576,1495, 1367. 
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Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-5-cyano-4-(3-fluorophenyl)-1,4-dihydro 

pyridine-2,3-dicarboxylate (5h): 

1H NMR (400 MHz, DMSO-d6) δ = 0.90 (t, 3H, CH3), 1.02 (t, J = 7.08 Hz 3H, CH3), 3.83–3.88 

(q, 2H, CH2), 3.95–3.97 (q, 2H, CH2),  4.54 (s, 1H, CH), 5.92 (s, 2H, NH2), 7.06–7.10 (m, 2H, 

ArH), 7.18 (d, J = 7.76 Hz, 1H, ArH), 7.36– 7.39 (m, 1H, ArH), 7.42–7.47 (m, 1H, ArH), 7.55 

(t, 1H , ArH), 7.69–7.71 (dd, J = 2.56 Hz, J = 2.56 Hz, 1H, ArH); 13C NMR (100 MHz, DMSO-

d6): 13.10, 13.62, 58.79, 60.51, 61.64, 104.06, 113.63, 113.85, 117.45, 117.67, 120.10, 120.29, 

123.24, 130.65, 130.73, 131.77, 131.86, 131.98, 133.40, 141.44, 148.34, 148.40, 150.66, 

156.83, 160.99, 162.17, 163.42, 164.30 ; 15N NMR (40.55 MHz, DMSO-d6) δ 5.92 (s, 2H, 

NH2); 
19F NMR (376.58 MHz, DMSO-d6): ─113.11, ─114.04; FT-IR: 3463, 3323, 3234, 2986, 

2184, 1701, 1655, 1579, 1485, 1369. 

Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-4-(3-chlorophenyl)-5-cyano-1,4-dihydro 

pyridine-2,3-dicarboxylate (5i): 

1H NMR (400 MHz, DMSO-d6) δ =  0.90 (t, 3H, CH3), 1.03 (t, 3H, CH3),  3.82–3.88 (m, 2H, 

CH2), 3.94–3.99 (m, 2H, CH2), 4.53 (s, 1H, CH), 5.95 (s, 2H, NH2), 7.30–7.37 (m, 4H, ArH), 

7.45 (t, 1H, ArH), 7.56 (t, 1H, ArH), 7.67–7.70 (dd, J = 2.6 Hz,J = 2.64 Hz, 1H, ArH); 13C 

NMR (100 MHz, DMSO-d6): 13.10, 13.61, 58.72, 60.53, 61.65, 104.08, 117.47, 117.70, 

120.68, 125.99, 126.91, 126.94, 130.76, 131.73, 131.81, 131.98, 132.01, 132.95, 133.37, 

141.47, 147.93, 150.73, 156.85, 158.33, 162.14, 164.24; 15N NMR (40.55 MHz, DMSO-d6) δ 

5.95 (s, 2H, NH2); 19F NMR (376.58 MHz, DMSO-d6): ─119.94; FT-IR: 3475, 3335, 2187, 

1737, 1655, 1578, 1492.1257. 

Diethyl 6-amino-1-(3-chloro-4-fluorophenyl)-5-cyano-4-(2-methoxy phenyl)-1,4-dihydro 

pyridine-2,3-dicarboxylate (5j): 

1H NMR (400 MHz, DMSO-d6) δ = 0.92 (t, 3H, CH3), 0.97 (t, 3H, CH3), 3.82 (s, 3H, OCH3), 

3.85–3.88(q, 2H,CH2), 3.89–3.93 (q, 2H, CH2), 4.92 (s, 1H, CH), 5.68 (s, 2H, NH2), 6.97–7.02 

(m, 2H, ArH), 7.18–7.22 (m, 2H, ArH), 7.31–7.35 (m, 1H, ArH),7.55 (t, 1H, ArH), 7.58–7.61 

(dd, J = 2.6 Hz, 2.6 Hz, 1H, ArH); 13C NMR (100 MHz, DMSO-d6): 13.14, 13.58, 30.64, 32.01, 

55.69, 59.48, 60.23, 61.51, 104.31, 111.46, 117.44, 117.66, 120.01, 120.20, 120.79, 127.96, 

128.02, 131.66, 131.75, 132.42, 132.46, 133.19, 133.40, 141.84, 150.80, 156.20, 156.69, 

159.17, 162.48, 164.52; 15N NMR (40.55 MHz, DMSO-d6) δ 5.68 (s, 2H, NH2); 
19F NMR 

(376.58 MHz, DMSO-d6): ─120.88; FT-IR: 3460, 3313, 2986, 2186, 1704, 1652, 1579, 1490, 

1243. HRMS of [C25H23ClFN3O5 + H]+ (m/z): 500.2573; Calcd.: 500.2559. 
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Diethyl 6-amino-4-(2-bromophenyl)-1-(3-chloro-4-fluorophenyl)-5-cyano-1,4-dihydro 

pyridine-2,3-dicarboxylate (5k): 

1H NMR (400 MHz, DMSO-d6) δ = 0.90 (t, 3H, CH3), 0.96 (t, 3H, CH3), 3.80–3.86 (m, 2H, 

CH2), 3.88 (q, 2H, CH2), 5.10 (s, 1H, CH), 5.84 (s, 2H, NH2), 7.16–7.20 (m, 1H, ArH), 7.47 (t, 

3H, ArH), 7.56 (t, 2H, ArH), 7.74–7.77 (m, 1H, ArH); 13C NMR (100 MHz, DMSO-d6): 13.11, 

13.62, 37.83, 58.66, 60.34, 61.59, 103.87, 117.38, 117.52, 120.09, 120.21, 122.02, 122.74, 

125.49, 128.16, 130.13, 131.92, 131.96, 132.06, 132.39, 133.34, 133.48, 144.85, 148.24, 

156.88, 159.36, 160.29, 162.16, 164.28; 15N NMR (40.55 MHz, DMSO-d6) δ = 5.84 (s, 2H, 

NH2); 19F NMR (376.58 MHz, DMSO-d6): ─119.77; FT-IR: 3467, 3321, 2981, 2194, 1740, 

1653, 1583, 1494, 1242. HRMS of [C24H20BrClFN3O4 + 2H]+ (m/z): 549.1563; Calcd.: 

549.1558. 

3.3  Results and Discussion 

3.3.1  XRD analysis 

Fig. 1 illustrates the powder XRD pattern, which is used to recognize the structure of 

zirconia with 2 wt% ruthenia as second phase. The diffraction peaks for 2 theta (degree) 

diffraction angles were observed from 5° to 90°. The major peak values perceived at 2θ of 

24.2°, 28.2°, 31.3°, 35.4°, 40.5°, 45.0°, 50.3°, 55.4° and 60.1° correspond to different 

diffraction planes of zirconia (JCPDS card no. 37-1484). The 2% RuO2/ZrO2 catalyst displayed 

major Bragg angle diffraction peaks at 2 theta of 35.1°, 38.3°, 44.1°, 58.5°, 66.1°, 69.5° and 

78.1° corresponding to the RuO2 (JCPDS # 40-1290). Diffractogram shows that the material 

was of polycrystalline nature and the average crystallite size was 6.3 nm. 
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Fig. 1. Powder X-ray diffractogram of 2% RuO2/ZrO2 catalyst. 
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3.3.2  TEM analysis 

Transmission Electron Microscopy (TEM) micrograph of ruthenia supported on 

zirconia catalyst is shown in Fig. 2. The TEM micrograph showed puffy spherical shaped 

zirconia particles had different shape variations. The RuO2 particles displayed a black spotted 

cubic shape with an average particle size of 11 nm and are homogeneously distributed on the 

zirconia support. 

 

Fig. 2. TEM micrograph of 2% RuO2/ZrO2 catalyst. 

 

3.3.3  SEM analysis 

Fig. 3 displays a SEM micrograph of the sample of RuO2/ZrO2, which illustrates the 

catalyst’s surface morphology. As observed from the high magnification SEM micrograph, 

zirconia particles are large with irregular shapes. This micrograph illustrates that small needle 

shapes particles of ruthenia on the surface of zirconia in an aggregative state. Homogeneous 

distribution of RuO2 and ZrO2 on the surface of the catalyst was quantified by the EDS analysis 

(Fig. 4). Moreover, the morphology of the catalyst as per the SEM micrographs points to a 

crystalline and homogenous sample. 
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Fig. 3. SEM micrograph of 2% RuO2/ZrO2 catalyst. 

 

Fig. 4. EDS spectra of 2% RuO2/ZrO2 catalyst. 

 

3.3.4  BET surface area analysis 

The BET surface area properties of the synthesised catalyst were obtained from N2 

adsorption studies (Fig. 5.). The RuO2/ZrO2 composite was characterized by N2 adsorption at 

77 K using analyser. The N2 sorption results confirms a typical type IV isotherm with a narrow 

H2 hysteresis loop lying in the p/po range of 0.62-0.98, which is typical for mesoporous 

materials. The BET surface area of 2% RuO2/ZrO2 catalyst was 41.99 m2/g, pore volume 0.134 

cm³/g and pore size 12.7 nm.  These results suggest that the 2% RuO2/ZrO2 catalyst could act 

as good promoter for the growth of additional crystalline faces, which cooperate to enhance the 

catalytic activity of RuO2/ZrO2. 
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Fig. 5. N2 adsorption-desorption isotherms of 2% RuO2/ZrO2 catalyst. 

 

3.3.5  Pyridine adsorbed FT-IR spectroscopy 

The nature of acidity of 2% RuO2/ZrO2 was examined from ex situ pyridine FT-IR spectroscopy 

(Fig. 6) [35]. The presence of Brønsted acidic sites are confirmed by the IR band at 1525 cm-1 

and both Brønsted and Lewis acidic sites are attributed to the peak observed at 1485 cm-1.  The 

absorption band at 1460 cm-1 is due to the Lewis acidic sites of the catalyst. The figure reveals 

the presence of more Lewis acidic sites in the catalyst than the Brønsted acidic sites. Generally, 

more Lewis acidic sites are predicted in the RuO2/ZrO2 catalyst due to availability of vacant 

metal orbitals on the surface of catalyst, which is capable to accept a electron pair from the 

electron rich species. The few less intensive peaks observed in the spectrum are mainly due to 

the higher signal to noise ratio. 



111 
 

 

Fig. 6. Pyridine adsorbed FT-IR spectra of 2% RuO2/ZrO2 catalyst. 

3.3.6  Reaction chemistry 

The model reaction of equivalent quantities of diethylacetylenedicarboxylate, 3-chloro-

4-fluoroaniline, malononitrile and 2-methoxybenzaldehyde was performed with different 

catalysts (Table 1). Initially, under catalyst-free and solvent-free conditions no reaction was 

observed, neither at RT nor reflux conditions (at 100o C), even after 10 h of reaction time under 

magnetic stirring (Table 1, entries 1 & 2). For the optimization of the catalyst, in the preliminary 

studies, the reaction was investigated using various acidic catalysts. In the presence of AcOH, 

FeCl3, p-toluenesulphonic acid (PTSA) and trifluoro acetic acid (TFA), no reaction was 

observed even after 8 h, at RT under ethanol solvent condition (Table 1, entries 3-6). When the 

reaction was conducted using ionic liquids (Bmim)BF4 or L-proline as catalysts, only a trace 

amount of product yield was observed (Table 1, entries 7 & 8). Using various organic and 

inorganic basic catalysts like TEA, pyridine, DABCO, NaOH and K2CO3 at RT in EtOH solvent 

the yield of anticipated product was not satisfactory (Table 1, entries 9-13). With pure oxide 

materials such as silica, zirconia and alumina, moderate yields were obtained after 2.5 h reaction 

time (Table 1, entries 14-16).  Results with zirconia were promising with one of the highest 

yield among the oxide catalysts (Table 1, entries 15).  To enhance the observed activity of 

zirconia it was loaded with selected metals to form their bimetallic mixed oxides and activities 

of 2% CuO/ZrO2, MnO2/ZrO2, and RuO2/ZrO2 in ethanol solvent at RT waere screened. These 

mixed oxide catalysts afforded good to excellent yields 81-96% (Table 1, entry 17-19) and 2% 

RuO2/ZrO2 proved superior with 96% yield of the target compound in 15 min under RT. While 
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using 1% RuO2/ZrO2 catalyst yielded 90% product in 30 min under similar conditions (Table 

1, entry 20), 4% RuO2/ZrO2 led to a slight decreased yield (95%) in 15 min (Table 1, entry 21). 

Based on its performance, 2% RuO2/ZrO2 was chosen as ideal loading for the further studies. 

The observed superiority of RuO2/ZrO2 catalyst could be due to even dispersal of active 

ruthenia on the wide surface area of zirconia. 

Table 1: Optimal condition for the synthesis of 5a by 2% RuO2/ZrO2 catalysta 

Entry Catalyst Solvent Condition Time 

(h) 

Yield 

(%)b 

1 -- -- RT 10 -- 

2 -- -- Reflux 10 -- 

3 AcOH EtOH RT 8.0 -- 

4 FeCl3 EtOH RT 10 -- 

5 PTSA -- RT 8.0 -- 

6 TFA -- RT 8.0 -- 

7 (Bmim)BF4 EtOH RT 8.0 09 

8 L-proline EtOH RT 7.0 14 

9 TEA EtOH RT 6.0 37 

10 Pyridine EtOH RT 4.5 22 

11 DABCO EtOH RT 5.0 29 

12 NaOH EtOH RT 3.5 28 

13 K2CO3 EtOH RT 3.0 40 

14 SiO2 EtOH RT 2.5 49 

15 ZrO2 EtOH RT 2.0 76 

16 Al2O3 EtOH RT 2.5 58 

17 CuO/ZrO2 EtOH RT 1.0 81 

18 MnO2/ZrO2 EtOH RT 0.75 88 

19 2% RuO2/ZrO2 EtOH RT 0.15 96 

20 1% RuO2/ZrO2 EtOH RT 0.30 90 

21 4% RuO2/ZrO2 EtOH RT 0.20 95 

a All products were characterised by 1H-NMR, 15N NMR, 19F NMR, 13C-NMR, HRMS and 

FT-IR spectral analysis; b Isolated yields; -- No reaction. 

 

Next, the effect of the amount of catalyst on the reaction was screened. As shown in 

Table 2, the results (Table 2, entries 1-3) show that an increase in mass of catalyst from 10 mg 

to 30 mg, resulted in an increased yield from 55% to 96% and a decrease in reaction time. No 

further significant improvement in the yield of the product was observed on increasing the 

catalyst amount from 30 mg to 60 mg. Therefore, 30 mg of 2% RuO2/ZrO2 catalyst was 

observed ideal quantity for the reaction conditions employed. 
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Table 2: Optimization of various weight % for the model reaction by 2% RuO2/ZrO2 catalysta 

Entry Catalyst (mg) Time (min) Yield (%) 

1 10 90 55 

2 20 45 77 

3 30 15 96 

4 40 15 96 

5 50 15 96 

6 60 20 96 

aReaction conditions: 2-methoxybenzaldehyde (1 mmol), malononitrile (1 mmol), diethyl 

acetylenedicarboxylate (1 mmol), 3-chloro-4-fluoroanilene (1 mmol) and catalyst and solvent 

(10 mL) were stirred at room temperature. 

To compare of efficiency of other solvents, the model reaction was evaluated in 

presence of various polar and non-polar solvents as well as solvent-free conditions (Table 3).  

No reaction was observed under the solvent-free condition (Table 3, entry 1). In the presence 

of non-polar solvents like n-hexane and toluene, with no reaction was observed (Table 3, entries 

2 & 3), whereas polar aprotic solvents, such as THF and DMF showed a moderate yields (Table 

3, entries 4 & 5). Interestingly, better results were noticed with polar protic solvents, MeOH, 

EtOH and isopropyl-alcohol (Table 3, entries 6-8), but none were better than EtOH as solvent. 

Hence, EtOH solvent system was used for further reactions of substituted pyridines. 

Table 3: Optimization of various solvent condition for the model reaction by 2% RuO2/ZrO2 

catalysta 

Entry Solvent Time (minutes)  Yield* (%) 

1 No solvent 120  0 

2 n-hexane 120  0 

3 toluene 90  0 

4 THF 60  36 

5 DMF 60  45 

6 MeOH 45  84 

7 EtOH 25  96 

8 isoproponal 60  69 

aReaction conditions: 2-methoxybenzaldehyde (1 mmol), malononitrile (1 mmol), diethyl 

acetylenedicarboxylate (1 mmol), 3-chloro-4-fluoroanilene (1 mmol), catalyst (30 mg) and 

solvent (10 mL) were stirred at room temperature. 

To evaluate the inclusive applicability of this process, the efficacy of the reaction with 

a series of substituted aromatic aldehydes was studied under the optimised conditions and the 

results are summarized in supporting information Table 4. In all cases, the reactions afforded 

the products in good to excellent yields in short reaction times (< 20 min). Interestingly, the 

aldehydes both with electron-donating and electron-withdrawing (ortho, meta and para) 
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substituents performed efficiently under reaction conditions giving the corresponding target 

products with high selectivity (5a-k). 

Table 4: Synthesis of novel functionalized pyridine derivatives by 2% RuO2/ZrO2 catalysta 

Entry R Product Yield* 

(%) 

Mp °C 

1 2-OMe 5a 96 178-180 

2 2-F 5b 89 201-202 

3 4-Et 5c 90 231-232 

4 4-Cl 5d 91 216-218 

5 3,4-OMe 5e 94 198-199 

6 2,3-OMe 5f 96 240-241 

7 4-F 5g 92 224-225 

8 3-F 5h 90 191-192 

9 3-Cl 5i 91 206–208 

10 2-Cl 5j 94 221-222 

11 2-Br 5k 89 208-209 

aReaction conditions: substituted benzaldehyde (1 mmol), malononitrile (1 mmol), diethyl 

acetylenedicarboxylate (1 mmol), 3-chloro-4-fluoroanilene (1mmol), catalyst (30 mg) and 

ethanol solvent (10 mL) were stirred at room temperature. 

R = substituted benzaldehydes 

*  = Isolated yields. 

Based on the results, a probable reaction mechanism for the RuO2/ZrO2 catalysed 

synthesis of functionalized halo pyridines is proposed in Scheme 2 [6]. In the first step, 2-

arylidenemalononitrile (a) is formed by a fast Knoevenagel condensation of malononitrile (2) 

with arylaldehyde (1) catalyzed by the Lewis acidic sites of RuO2/ZrO2. The next step involves 

formation of a 1,3-dipole intermediate compound (b) by reaction of amine (3) with 

diethylacetylenedicarboxylate (4). In the third step, a Michael addition of (a) to (b) on catalyst 

surface produces an intermediate. Finally, an intramolecular cyclization affords the desired 

functionalized halo 1,4-dihydropyridine derivative.  
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Scheme 2: Possible reaction mechanism. 

 

3.4  Reusability of catalyst 

The reusability of the heterogeneous catalysts is an important requirement from the 

environmental and economic point of view. In heterogeneous catalysis, poisoning of the catalyst 

and leaching of metal are the common constraints, which diminish the catalyst activity for 

further reuse. To examine the stability of the catalyst, recycling experiments were performed. 

After each run, the catalyst was separated by filtration, and recovered catalyst was washed in 

replicate with ethanol and dried at 120°C for 4 h. When the recovered catalyst was reemployed 

repeatedly, no significant loss was observed either in the material recovered or in its activity in 

the first six runs. The catalytic activity of the RuO2/ZrO2 decreased by about 4%, when the 

recovered catalyst material was reused in the 7th run. 
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3.5  Conclusion 

In summary, we have described a simple and feasible four-component procedure using 2% 

RuO2/ZrO2 as catalyst, for the preparation of eleven novel functionalized pyridine derivatives 

under green solvent conditions in excellent yields (89-96%). The procedure comprises 

numerous benefits including simple workup, short reaction times, green solvent, high yields 

and easy purification, waste minimization and catalyst reusability, which makes it advantageous. 

We believe this method will open wider applications in the fields of medicinal chemistry, 

molecular diversity synthesis and drug design. 
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3.8 Supplementary information 

3.8.1 Catalyst instrumentation details 

Employing a Bruker D8 Advance instrument (Cu K radiation source with a wave length of 

1.5406 Å), the X-ray diffraction data related the structural phases of the catalyst were acquired. 

Using a JEOL JEM-1010 electron microscope and JEOL JSM-6100 microscope, the TEM and 

SEM analysis data was recorded. iTEM software was used analyse the TEM data and images. 

Employing the X-ray analyser (energy-dispersive), EDX-analysis on the SEM images was 

conducted. 

 

3.8.2 Experimental Section 

All chemicals and reagents required for the reaction were of analytical grade and were 

used without any further purification. Bruker AMX 400 MHz NMR spectrometer was used to 

record the 1H NMR, 13C NMR and 15N NMR spectral values. High-resolution mass data were 

obtained using a Bruker micro TOF-Q II ESI instrument operating at ambient temperature. The 

CDCl3−d6 solution was utilized for this while TMS served as the internal standard. TMS was 

further used as an internal standard for reporting the all chemical shifts in δ (ppm). Purity of all 

the reaction products was confirmed by TLC using aluminium plates coated with silica gel 

(Merck Kieselgel 60 F254). Infrared (IR) spectra were recorded on a Perkin Elmer Precisely 

equipped with a Universal ATR sampling accessory using a diamond crystal. The powdered 

material was placed on the crystal and a force of 120 psi was applied to ensure proper contact 

between the material and the crystal.The spectra were analyzed using Spectrum 100 software. 

Before recording the IR spectra, pyridine was adsorbed by placing a drop of pyridine on 10 mg 

of the sample followed by evacuation in air for 1 h at room temperature to remove reversibly 

adsorbed pyridine on the surface of the catalyst. 
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1H NMR spectra of compound 5a 

 

 

 

 

 
13C NMR spectra of compound 5a 
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15N NMR spectra of compound 5a 

 

 

 

 

 
19F NMR spectra of compound 5a 
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HRMS spectra of compound 5a 

 

 

 

 

 

FT-IR spectra of compound 5a 
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1H NMR spectra of compound 5b 

 

 

 

 

 
13C NMR spectra of compound 5b 
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15N NMR spectra of compound 5b 

 

 

 

 

 
19F NMR spectra of compound 5b 

 



125 
 

 

HRMS spectra of compound 5b 

 

 

 

FT-IR spectra of compound 5b 

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 380.0

36.4

40

45

50

55

60

65

70

75

80

85

90

95

97.4

cm-1

%T 

PY ...2

3473.01

3363.82

2984.16

2600.13

2186.07

1730.97

1690.87

1651.47

1615.15

1568.34

1489.85

1453.88

1419.02

1366.69

1343.50

1303.28

1279.30

1233.22

1216.50

1098.95

1056.03

1028.14

955.99

918.02

906.65

885.29

859.10

817.69

720.32

699.70

673.06

653.27

592.30

572.27

545.78

517.66

505.02

463.59

439.03

404.73



126 
 

 
1H NMR spectra of compound 5c 

 

 

 

 

 
13C NMR spectra of compound 5c 
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15N NMR spectra of compound 5c 

 

 

 

 

 
19F NMR spectra of compound 5c 
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FT-IR spectra of compound 5c 
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1H NMR spectra of compound 5d 

 

 

 

 

 
13C NMR spectra of compound 5d 
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15N NMR spectra of compound 5d 

 

 

 

 

 
19F NMR spectra of compound 5d 
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FT-IR spectra of compound 5d 
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1H NMR spectra of compound 5e 

 

 

 

 

 
13C NMR spectra of compound 5e 
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15N NMR spectra of compound 5e 

 

 

 

 

 
19F NMR spectra of compound 5e 
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FT-IR spectra of compound 5e 
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1H NMR spectra of compound 5f 

 

 

 

 

 
13C NMR spectra of compound 5f 
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15N NMR spectra of compound 5f 

 

 

 

 

 
19F NMR spectra of compound 5f 
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HRMS spectra of compound 5f 

 

 

FT-IR spectra of compound 5f 
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1H NMR spectra of compound 5g 

 

 

 

 

 
13C NMR spectra of compound 5g 
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15N NMR spectra of compound 5g 

 

 

 

 

 
19F NMR spectra of compound 5g 
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FT-IR spectra of compound 5g 
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1H NMR spectra of compound 5h 

 

 

 

 

 
13C NMR spectra of compound 5h 
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15N NMR spectra of compound 5h 

 

 

 

 

 
19F NMR spectra of compound 5h 
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FT-IR spectra of compound 5h 
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1H NMR spectra of compound 5i 

 

 

 

 

 
13C NMR spectra of compound 5i 
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15N NMR spectra of compound 5i 

 

 

 

 

 
19F NMR spectra of compound 5i 
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FT-IR spectra of compound 5i 
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1H NMR spectra of compound 5j 

 

 

 

 

 
13C NMR spectra of compound 5j 
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15N NMR spectra of compound 5j 

 

 

 

 

 
19F NMR spectra of compound 5j 
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HRMS spectra of compound 5j 

 

 

 

 

 

FT-IR spectra of compound 5j 
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1H NMR spectra of compound 5k 

 

 

 

 

 
13C NMR spectra of compound 5k 
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15N NMR spectra of compound 5k 

 

 

 

 

 
19F NMR spectra of compound 5k 



152 
 

 

HRMS spectra of compound 5k 

 

 

 

 

 

FT-IR spectra of compound 5k 
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Abstract  

A novel material of bismuth loaded on zirconia (Bi2O3/ZrO2) is synthesized by simple 

wet-impregnation method and characterized by several techniques (P-XRD, TEM, SEM, BET, 

etc.). Bi2O3/ZrO2 proved to be a good catalyst for the four-component, one-pot reaction to 

produce a new series of 2,4-dihydropyrano[2,3-c]pyrazole-3-carboxylate derivatives with 

excellent yields (91 to 98%) under mild conditions at RT with short reaction times (≈20 min). 

The structures of the target molecules were confirmed by 1H NMR, 13C NMR, 15N NMR, 

HRMS and FT-IR. The catalyst is easily separable and can be reused for six cycles without 

ostensible loss of activity. This method is inexpensive, atom-efficient and no chromatographic 

separations are needed. 
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4.1 Introduction 

In pharmaceutical research, methods for the synthesis of medicinally important 

scaffolds in high yields under moderate conditions fascinate all.1 Multicomponent reactions 

(MCRs) are one-step reactions, in which three or more starting materials are integrated together 

to obtain the target molecule with no need for separation of intermediates.2 In MCRs, the 

product formation takes place through reaction of multiple reactive components present in the 

reaction media in sequence. The main characteristics are high atom economy, eco-

compatibility, and efficient forming of multiple-bonds, which are the near ideal targets in the 

modern organic synthesis.3,4 

Heterogeneous catalysts play a key role in the development of cost-effective and eco-

friendly protocols in organic synthesis.5 The main benefits are the recyclability and reusability 

of the catalytic material, which are not observed in other organic or inorganic homogenous 

catalysts.6 The principal assets of heterogeneous catalysts are their high surface area, simple 

handling, low toxicity, short reaction times, easy separation, and thermal and mechanical 

stability, relative to many homogenous catalysts.7 

To vary the surface characteristics of heterogeneous catalysts, the use of mixed oxides 

is an attractive option.8,9 The recent literature reveals that zirconium oxide has been used either 

as an active material or a support in catalysts in the design of various organic transformations, 

with good product selectivity.10–12 ZrO2 even shows potential catalyst activity in water. Its redox 

properties, high surface area, and acidic and basic sites make it superior to other catalytic 

systems.12 Furthermore, ZrO2 is less-expensive, stable, non-hazardous, reusable and viably 

available.3,13 Bismuth is a green grade element and its related compounds play a prominent role 

in many organic transformations, such as oxidation, reduction, and C–C bond formation 

reactions,14 owing to the presence of Lewis acidic character. Moreover, it is non-toxic and 

highly stable.15 Hence, the use of bismuth oxide-loaded zirconia catalysts is an elective choice 

for the present synthetic scheme. 

Heterocyclic molecules have become important in the fields of pharmaceutical, agro, 

industrial and combinatorial chemistry.16Accomplishing facile and easy methods for the design 

of new composite heterocyclic moieties is a key aspect and ongoing challenge in the field of 

heterocyclic chemistry. Pyrano [2,3-c]pyrazoles and their derivatives are significant nitrogen 

containing heterocyclic molecules with interesting biological and pharmaceutical properties, 

such as anti-inflammatory,17 anticancer,18antioxidant,19anti-bacterial20and anti-tubercular 

agents.21 Subsequently, the preparation of several substituted pyrano[2,3-c]pyrazole derivatives 
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has been explored by different methods, using silica-supported tetramethylguanidine,22 BS-

2GTi,23Ba(OH)2,
24 g-alumina,25 Amberlyst A21,26 acetic acid,27 visible light-assisted 

synthesis28 etc. as catalysts. All these reactions reported have low yields, with many demanding 

expensive chemicals, harsh reaction conditions and long reaction times. Therefore, an 

improvement over existing procedures with a greener approach with enhanced yields under 

milder conditions is necessary and vital. 

With consistent interest in development of improved methods for the synthesis of 

different biologically active scaffolds, we have previously reported varied enriched protocols 

for the synthesis of novel heterocycles.29–32 In this communication, we report a new catalyst 

material Bi2O3/ZrO2 for MCRs for synthesis of new functionalized pyrano[2,3-c]pyrazole 

derivatives by using in a one-pot four component reaction. 

4.2 Experimental Section 

4.2.1  Catalyst preparation 

 A series of bismuth oxide-loaded zirconia (Bi2O3/ZrO2) catalyst materials with different 

weight percentages were prepared (1, 2.5, & 5 wt%) by employing wet impregnation method. 

31–35 A mixture of zirconium oxide (ZrO2, 2 g, Alfa Aesar) and appropriate amount (wt%) of 

bismuth chloride (BiCl3, Alfa Aesar) in deionised water (60 mL) were agitated with vigorous 

stirring at room temperature (RT) for 7 h. The resultant slurry was heated to and preserved at 

75°C for 1.5 h and then allowed to cool to RT. Then, the slurry was filtered under vacuum and 

was dried in an oven at 120-140 °C for 8 h, and further calcined at 450 °C for 6 h in the presence 

of air, to afford different wt% of Bi2O3/ZrO2. Instrumentation details are included in the 

supporting information. 

4.2.2 General procedure for the synthesis of pyranopyrazole derivatives (5a-k)  

 

Scheme 1 Synthesis of 2,4-dihydropyrano[2,3-c] pyrazole-3-carboxylates. 
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In order to examine the efficiency of the prepared Bi2O3/ZrO2 catalyst, in a 25 mL 

reaction flask at RT, the equi-molar mixture of chosen aromatic aldehyde (1 mmol) (1), 

malononitrile (1 mmol) (2), Diethyl acetylenedicarboxylate (1 mmol) (3), hydrazine hydrate (1 

mmol) (4) and Bi2O3/ZrO2 (30 mg) catalyst were added under stirring using ethanol as solvent 

(5 mL) for 15 minutes (Scheme 1). The progression of reaction was observed by TLC. After 

completion of the reaction, the catalyst material was recovered by simple filtration and the 

organic compound was separated by using addition of appropriate ethanol. Then, the pure target 

products was obtained after evaporation of ethanol under vacuum. All the reaction products 

were characterised by using various spectral techniques (1H-NMR, 15N NMR, 13C-NMR, 

HRMS and FT-IR). The details and spectra are assimilated to the supplementary information 

file. 

Ethyl-6-amino-5-cyano-4-(2-methoxyphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5a): 

1H NMR (400 MHz, DMSO-d6) δ = 1.01 (t, J = 7.12 Hz, 3H, CH3), 3.69 (s, 3H, OCH3), 4.01-

4.06 (m, 2H, CH2), 5.05 (s, 1H, CH), 6.82 (d, J =  8.56 Hz, 2H, ArH), 6.85 (s,2H, NH2), 6.89 

(dd, J = 1.56 Hz, J = 1.56 Hz, 1H, ArH), 6.94 (d, J = 8.04, 1H, ArH), 7.15-7.22 (m, 1H, ArH), 

13.57 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6): 13.57, 31.62, 55.43, 56.00, 60.62, 103.58, 

111.33, 120.21, 127.87, 128.59, 132.41, 136.46, 156.25, 156.60, 158.25, 160.56; 15N NMR 

(40.55 MHz, DMSO-d6) δ = 6.85 (s, 2H, NH2), 13.57 (s, 1H, NH). HRMS of [C17H16N4O4─H+] 

(m/z): 339.1082; Calcd.: 339.0992. 

Ethyl-6-amino-5-cyano-4-(4-methoxyphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5b): 

1H NMR (400 MHz, DMSO-d6) δ = 1.08 (t, J = 7.08Hz, 3H, CH3), 3.70 (s, 3H, OCH3), 4.07-

4.12 (m, 2H, CH2), 4.69 (s, 1H, CH), 6.83 (d, J = 8.56 Hz, 2H, ArH), 6.97 (s,2H, NH2), 7.00 

(d, J = 8.6 Hz, 2H, ArH), 13.69 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6): 13.77, 36.16, 

54.95, 58.16, 60.79, 113.53, 115.16, 120.31, 124.08, 128.31, 133.32, 137.07, 157.87, 158.12, 

159.87.  15N NMR (40.55 MHz, DMSO-d6) δ = 6.97 (s, 2H, NH2), 13.69 (s, 1H, NH). HRMS of 

[C17H16N4O4─H+] (m/z): 339.1082; Calcd.: 339.1093. 

Ethyl-6-amino-5-cyano-4-(2,3-dimethoxyphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5c): 

1H NMR (400 MHz, DMSO-d6) δ = 1.06 (t, J = 7.04 Hz, 3H, CH3),3.54 (s, 3H, OCH3), 3.76 ( 

s, 3H, OCH3), 4.07-4.09 (m, 2H, CH2), 4.91 (s, 1H, CH), 6.60 (d, J = 7.13 Hz, 2H, ArH), 6.89 
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(d, J = 8.28 Hz, 1H, ArH), 6.91 (s, 2H, NH2), 6.95 (d, J = 7.92 Hz, 1H, ArH), 13.55 (s, 1H, 

NH); 13C NMR (100 MHz, DMSO-d6): 13.72, 32.79, 55.48, 56.90, 59.69, 60.67, 103.87, 

111.46, 120.56, 121.37, 123.18, 128.68, 137.21, 146.42, 152.26, 155.91, 158.19, 160.48; 15N 

NMR (40.55 MHz, DMSO-d6) δ = 6.91 (s, 2H, NH2), 13.55 (s, 1H, NH). HRMS of 

[C18H18N4O5+Na+] (m/z): 393.1188; Calcd.: 393.1175. 

Ethyl-6-amino-5-cyano-4-(3,4-dimethoxyphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5d): 

1H NMR (400 MHz, DMSO-d6) δ = 1.08 (t, J = 7.12 Hz, 3H, CH3), 3.68 (d, J = 5.72 6H, OCH3), 

4.08-4.13 (m, 2H, CH2), 4.70 (s, 1H, CH), 6.56 (dd, J = 1.84 Hz, J = 1.84, 1H, ArH), 6.71 (d, J 

= 1.84 Hz, 1H, ArH), 6.55 (d, J = 8.32 Hz, 1H, ArH), 6.96 (s, 2H, NH2), 13.55 (s, 1H, NH); 13C 

NMR (100 MHz, DMSO-d6): 13.76, 36.46, 55.44, 58.04, 60.79, 103.84, 111.73, 119.22, 

127.24, 128.93, 137.55, 148.25, 154.42, 155.48, 158.15, 159.93, 160.59; 15N NMR (40.55 

MHz, DMSO-d6) δ = 6.96 (s, 2H, NH2), 13.55 (s, 1H, NH). HRMS of [C18H19N4O5+H+] (m/z): 

371.0389; Calcd.: 371.0395. 

Ethyl-6-amino-5-cyano-4-(2,5-dimethoxyphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5e): 

1H NMR (400 MHz, DMSO-d6) δ = 1.04 (t, J = 7.12 Hz, 3H, CH3), 3.61 (d, J = 6.61 Hz, 6H, 

OCH3), 4.03-4.09 (m, 2H, CH2), 4.97 (s, 1H, CH), 6.46 (d, J = 2.66 Hz, 1H, ArH), 6.74 (dd, J 

= 3 Hz, J = 3.04Hz, 1H, ArH), 6.85 ( s, 1H, ArH), 6.87 (s, 2H, NH2), 13.58 (s, 1H, NH); 13C 

NMR (100 MHz, DMSO-d6): 13.58, 32.12, 55.18, 56.05, 56.57, 60.69, 103.39, 111.52, 112.60, 

115.48, 120.33, 128.61, 133.54, 150.99, 152.82, 156.18, 158.25, 160.62; 15N NMR (40.55 

MHz, DMSO-d6) δ = 6.87 (s, 2H, NH2), 13.58 (s, 1H, NH). 

Ethyl-6-amino-5-cyano-4-(2,4,6-trimethoxyphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5f): 

1H NMR (400 MHz, DMSO-d6) δ = 1.06 (t, J = 7.09 Hz, 3H, CH3), 3.73 (s, 3H, OCH3), 3.89 

(d, J = 7.96 Hz, 6H, OCH3), 4.02-4.11 (m, 2H, CH2), 5.27 (s, 1H, CH), 6.33 (s, 2H, ArH), 6.88 

(s,2H, NH2), 13.25 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6): 13.78, 25.41, 55.04, 55.79, 

56.11, 60.38, 103.69, 104.51, 112.39, 113.84, 116.38, 120.70, 156.67, 158.59, 159.55, 167.37. 

;15N NMR (40.55 MHz, DMSO-d6) δ = 6.88 (s, 2H, NH2), 13.25 (s, 1H, NH). HRMS of 

[C19H20N4O6+Na+] (m/z): 423.1297; Calcd.: 423.1281. 
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Ethyl-6-amino-5-cyano-4-(3-hydroxyphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5g): 

1H NMR (400 MHz, DMSO-d6) δ = 1.07 (t, J = 7.08 Hz, 3H, CH3), 4.08-4.13 (m, 2H, CH2), 

4.63 (s, 1H, CH), 6.40 (s, 1H, ArH), 6.51-6.58 (m, 2H, ArH), 6.99 (s, 2H, NH2), 7.05 (t, J = 

7.79 Hz,1H, ArH), 9.27 (s, 1H, OH), 13.71 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6): 

13.74, 36.85, 55.98, 60.80, 103.74, 113.59, 114.06, 117.99, 120.26, 128.95, 129.07, 146.30, 

155.56, 157.16, 158.16, 160.02;15N NMR (40.55 MHz, DMSO-d6) δ = 6.99 (s, 2H, NH2), 13.71 

(s, 1H, NH) 

Ethyl-6-amino-5-cyano-4-(3,4-dihydroxyphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3- 

carboxylate (5h): 

1H NMR (400 MHz, DMSO-d6) δ = 1.12 (t, J = 7.12 Hz, 3H, CH3), 4.10-4.15 (m, 2H, CH2), 

4.54 (s, 1H, CH), 6.37-6.42 (m, 2H, ArH), 6.60 (d, J = 8.04 Hz, 1H, ArH), 6.93 (s, 2H, NH2), 

8.67 (s, 1H, OH), 8.79 (s, 1H, OH), 13.65 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6): 13.82, 

36.34, 58.42, 60.80, 104.41, 114.50, 115.04, 118.12, 120.41, 128.81, 136.05, 143.91, 144.55, 

155.47, 158.23, 159.83; 15N NMR (40.55 MHz, DMSO-d6) δ = 6.93 (s, 2H, NH2), 13.65 (s, 1H, 

NH). HRMS of [C16H14N4O5─H+] (m/z): 341.0886; Calcd.: 341.0886. 

Ethyl-6-amino-5-cyano-4-(2-nitrophenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5i): 

1H NMR (400 MHz, DMSO-d6) δ = 0.92 (t, J = 7.08 Hz, 3H, CH3), 3.96-4.05 (m, 2H, CH2), 

5.57 (s, 1H, CH), 7.14 (s, 2H, NH2), 7.22 (dd, J = 1.08, J = 1.08 Hz, 1H, ArH), 7.44-7.48 (m, 

1H, ArH), 7.61-7.65 (m, 1H, ArH), 7.92 (dd, J = 1.12 Hz, J = 1.12 Hz, ArH), 13.79 (s, 1H, 

NH); 13C NMR (100 MHz, DMSO-d6): 13.63, 31.49, 56.12, 60.85, 102.33, 119.60, 128.02, 

128.99, 131.07, 133.64, 138.89, 148.20, 155.58, 157.73, 160.55; 15N NMR (40.55 MHz, 

DMSO-d6) δ = 7.14 (s, 2H, NH2), 13.79 (s, 1H, NH). HRMS of [C16H13N5O5─H+] (m/z): 

354.0850; Calcd.: 354.0838. 

Ethyl-6-amino-4-(4-bromophenyl)-5-cyano-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5j): 

1H NMR (400 MHz, DMSO-d6) δ = 1.05 (t, J = 3.56 Hz, 3H, CH3), 4.06-4.12 (m, 2H, CH2), 

4.76 (s, 1H, CH), 7.05 (s, 2H, ArH), 7.07 (s, 2H, NH2), 7.47 (d, J = 8.32, 2H, ArH), 13.77 (s, 

1H, NH); 13C NMR (100 MHz, DMSO-d6): 13.76, 36.37, 57.27, 60.85, 102.99, 119.59, 120.09, 

129.06, 129.62, 131.11, 144.26, 155.45, 157.97, 160.00; 15N NMR (40.55 MHz, DMSO-d6) δ 
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= 7.07 (s, 2H, NH2), 13.77 (s, 1H, NH). HRMS of [C16H13BrN4O3─H+] (m/z): 387.0106; Calcd.: 

387.0093. 

Ethyl-6-amino-5-cyano-4-(4-ethylphenyl)-2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate (5k): 

1H NMR (400 MHz, DMSO-d6) δ = 1.06 (d, J = 6.44 Hz, 3H, CH3), 1.15 (d, J = 6.44 Hz, 3H, 

CH3), 2.54 (d, J = 7.04 Hz, 2H, CH2), 4.09 (d, J =  5.56 Hz, 2H, CH2), 4.70 (s, 1H, CH), 6.99 

(s, 2H, NH2), 7.11 (d, J = 6.60 Hz,4H, ArH), 13.70 (s, 1H, NH); 13C NMR (100 MHz, DMSO-

d6): 13.71, 15.49, 27.70, 36.55, 57.95, 60.76, 103.83, 120.31, 127.17, 127.55, 128.91, 141.93, 

142.23, 155.54, 158.12, 159.97; 15N NMR (40.55 MHz, DMSO-d6) δ = 6.99 (s, 2H, NH2), 13.70 

(s, 1H, NH). HRMS of [C18H18N4O3─H+] (m/z): 337.1310; Calcd.: 337.1301. 

4.3 Results and Discussion 

4.3.1  XRD analysis 

X-ray diffraction studies were performed to analyze the phases and crystallinity size of 

the catalyst materials. The powdered XRD patterns of the different wt% of prepared Bi2O3–

ZrO2 are shown in Fig. 1 and the diffraction peaks (2 theta) were measured from 0° to 90°. The 

major diffraction peaks placed at 2θ of 24.5°, 27.8°, 31.3°, 35.4° and 50.3° are indexed to the 

(110), (-111), (111), (200) and (022) diffraction planes of ZrO2 and also the peaks were 

correlated with international standard file (JCPDS 37-1484). The Bi2O3 peaks were displayed 

in the XRD diffractogram at 2θ = 27.16°, 30.3°, 35.4°,40.3°, 46.9°, 53.4°, 56.1°, 59.4°, 62.9°, 

64.5° and 65.9° further these were matched with (120), (012), (031), (013), (302), (124), (222), 

(134), (052), (412) and (251) diffraction planes of corresponding to the standard file (JCPDS 

41-1449). The diffraction pattern reveals the polycrystalline nature of the prepared catalytic 

material. 
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Fig. 1 Powder X-ray diffractogram of 2.5% Bi2O3-ZrO2 catalyst. 

4.3.2  TEM analysis 

The TEM image of 2.5 wt% bismuth loaded on zirconia is shown in Fig. 2a. It shows 

that bismuth particles settled as irregular black particles on the spherical shaped zirconia 

particles. The highly dispersed bismuth particles occur due to fine interaction between bismuth 

and the zirconia oxides. In order to analyse the particle size distribution (Fig. 2b) quantitatively, 

the histogram was fitted with the Gaussian function and the mean particle size was calculated 

to be 8.54 nm. 
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Fig. 2(a) TEM micrograph of 2.5% Bi2O3/ZrO2 catalyst. 

 

Fig. 2(b) Particle size distribution of Bi2O3/ZrO2. 

4.3.3  SEM analysis 

Fig. 3a displays a scanning electron microscopy (SEM) image of Bi2O3/ZrO2 combined, 

which demonstrates the catalyst surface morphology. The units are huge with oval-like irregular 

shapes. This micrograph displays that the Bi2O3 particles are aggregated and accumulated on 

the zirconia. A homogeneous distribution of Bi2O3 on the surface of the ZrO2 catalyst was 

calculated by EDS analysis (Fig. 3b), with minor but prominent quantities of surface 

improvement of bismuth.  
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Fig. 3(a) SEM micrograph and (b) EDS spectra of 2.5% Bi2O3/ZrO2 catalyst. 

4.3.4  BET surface area analysis 

Fig. 4 illustrates a nitrogen adsorption–desorption isotherms of Bi2O3/ZrO2 catalyst 

material. The N2 isotherm associated to type IV a typical H2-hysteresis loop, which describes 

characteristic mesoporous material lying within the p/po range of 0.59-0.97. The BET surface 

area of 2.5% Bi2O3/ZrO2 catalyst material was showed to be 80.40 m2/g, pore volume 0.320 

cm³/g and pore size 106.4 Å. For the 1% Bi2O3/ZrO2 catalyst loading, the particles are small 

and have a high surface area (89.02 m2/g), but had less number of active sites relative to the 

2.5% Bi2O3/ZrO2. With the 5% Bi2O3/ZrO2 loading, the bismuth particles are visibly larger, 

hence had smaller surface area (70.38 m2/g) when compared to the 2.5% loading and thus 

slightly lower yield. Hence, Bi2O3 on ZrO2, acts as good promoter for the present 

transformation. These results suggest that bismuth on zirconia could act as good promoter for 

the growth of additional crystalline faces, which cooperate to enhance the catalytic activity.  
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Fig. 4. N2 adsorption-desorption isotherms of 2.5% Bi2O3/ZrO2 catalyst. 

4.3.5  Pyridine IR analysis 

The ex situ pyridine36 adsorbed FT-IR spectra range of 1600–1400 cm-1 of prepared 

Bi2O3/ZrO2 were analysed in the Fig. 5 Corresponding bands at 1449 cm-1, 1487 cm-1 and 1530 

cm-1 were attributed to Lewis, Brønsted and Lewis and Brønsted acidic sites respectively. Upon 

the careful examination, the prepared catalyst material reveals strong Lewis acidic and weak 

Brønsted acidic sites.  

 

Fig. 5 Pyridine IR spectra of 2.5% Bi2O3/ZrO2 catalyst. 

4.3.6  Reaction optimization 

The four-component reaction protocol of substituted aromatic aldehydes, malononitrile, 

hydrazine hydrate and diethyl acetylenedicarboxylate using a Bi2O3/ZrO2 catalyst is shown in 
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Scheme 1. To optimise the reaction, decrease the reaction time and increase the product yield, 

the effects of variation of catalysts, solvents etc., were examined on this model reaction. 

Initially, the reaction of 2-methoxy benzaldehyde, malanonitrile, hydrazine hydrate and diethyl 

acetylenedicarboxylate was performed under catalyst-free conditions. Only a trace of product 

was observed under RT reflux conditions or after 10 h of stirring (Table 1, entries 1 and 2). 

Different catalysts were employed in the presence of EtOH as the solvent at RT. The reaction 

was studied with commercially available acidic catalysts like acetic acid, FeCl3, and p-

toluenesulfonic acid (PTSA). Low product yields were observed even after 9.5 h of stirring at 

RT (Table 1, entries 3–5). Next, trace amounts of yields were observed when the reaction was 

carried out with ionic liquids such as (Bmim)BF4 or L-proline (Table 1, entries 6 and 7) as 

catalysts. When the same reaction was performed in the presence of various basic organic and 

inorganic catalysts, such as TEA, pyridine, DABCO, NaOH and K2CO3 at RT, very low yields 

were observed (Table 1, entries 8–12). The reaction was conducted by using several pure metal 

oxide catalysts, such as SiO2, ZrO2 and Al2O3. Moderate yields were afforded at RT after 2.0–

3.0 h reaction time (Table 1, entries 13–15). Among the selected heterogeneous catalysts, ZrO2 

exhibited promising results with the highest yield (Table 1, entry 14). It is well known that 

mixed oxides are better catalysts compared to single oxides. Based on the results with ZrO2, to 

improve the yield and reaction times the reaction was attempted with various mixed metal 

oxides (2.5% CuO/ZrO2, MnO2/ZrO2, and Bi2O3/ZrO2), which all gave good to excellent yields 

(81–98%) at RT with EtOH as the solvent (Table 1, entries 16–18), and Bi proved to be superior. 

Hence, the effect of varied loading of Bi2O3 on ZrO2 was examined by using different wt% 

(1%, 2.5% and 5%) of Bi2O3 on ZrO2 supports; the results were impressive with excellent yields 

within short times (Table 1, entries 18–20). Using 1% Bi2O3 loaded on ZrO2 (Table 1, entry 

19), the product yield was 90% in 45 min of stirring under the optimized conditions. A further 

increase of Bi loading (5%) led to a slightly decreased yield (96%) without any improvement 

in reaction time. While with 1% loading there were less active sites, the good activity with 2.5% 

loading may be because the dispersion of Bi2O3 on the surface of ZrO2 is uniform; with 5% 

loading, oligomerisation of Bi2O3 on the surface of ZrO2 may have happened, which decreases 

the activity of the sites. Thus, the catalytic activity was lower when compared with 2.5% 

loading. Based on this evaluation of the results, it is noticeable that 2.5% Bi2O3 loaded on 

zirconia catalyst has a higher surface area and subsequently the most reactive acidic sites owing 

to its nature and exhibited better catalytic activity compared to the other mixed catalysts. 

Furthermore, these catalysts have higher surface area, smaller particle sizes and more catalytic 
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active sites than the related oxide homologues. Therefore, 2.5% Bi2O3/ZrO2 catalyst was 

preferred for all further reactions to attain excellent product yields.  

Table 1: Optimal condition for the synthesis of 5a by 2.5% Bi2O3/ZrO2 catalysta 

Entry Catalyst Condition Time (h) Yield (%)b 

1 -- RT 10 11 

2 -- Reflux 10 12 

3 AcOH RT 9.5 36 

4 FeCl3 RT 9.5 41 

5 PTSA RT 9.5 30 

6 (Bmim)BF4 RT 8.0 6 

7 L-proline RT 7.0 8 

8 TEA RT 6.0 17 

9 Pyridine RT 4.5 21 

10 DABCO  RT 5.0 23 

11 NaOH RT 4.5 20 

12 K2CO3  RT 4.0 25 

13 SiO2 RT 3.0 49 

14 ZrO2 RT 2.0 76 

15 Al2O3 RT 2.5 58 

16 2.5% CuO/ZrO2 RT 1.0 81 

17 2.5% MnO2/ZrO2 RT 0.90 88 

18 2.5% Bi2O3/ZrO2 RT 0.25 98 

19 1% Bi2O3/ZrO2 RT 0.75 90 

20  5% Bi2O3/ZrO2 RT 0.25 96 
a All products were characterised by 1H-NMR, 15N NMR, 13C-NMR, HRMS and FT-IR spectral analysis. 
b Isolated yields. 

-- No reaction. 

The model reaction with 2.5% Bi2O3/ZrO2 was conducted using varied non-polar and polar 

(protic and aprotic) solvents, such as n-hexane, toluene, THF, DMF, H2O, MeOH and EtOH, at 

RT (Table 2). No reaction was observed with non-polar solvents (n-hexane and toluene; Table 

2, entries 1 and 2). However, polar aprotic solvents (THF and DMF) revealed a very low yield 

(Table 2, entries 3 and 4). Further, the reaction occurred efficiently with polar solvents (H2O, 

MeOH and EtOH) and with excellent yields in short reaction times except with H2O (Table 2, 

entries 5–7). When using H2O, as a polar green solvent, the reaction time increased and the 

yield was decreased. Based on these results, ethanol was chosen as the ideal solvent, which is 

also environmentally friendly and cost-effective.  
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Table 2: Optimization of various solvent condition for the model reaction. 

Entry Solvent Time (minutes) Yield* (%) 

1 n-hexane 120 -- 

2 toluene 90 -- 

3 THF 60 8 

4 DMF 60 12 

5 H2O 60 45 

6 MeOH  45 86 

7 EtOH 15 98 

aReaction conditions: aromatic aldehydes (1 mmol), malononitrile (1 mmol), hydrazine hydrate 

(1 mmol), Diethyl acetylenedicarboxylate (1 mmol) and solvent (5 mL) were stirred at room 

temperature. 

 

Next, the model reaction was evaluated by employing different amounts of 2.5% Bi2O3/ZrO2 

catalyst. The summarized outcomes (Table 3, entries 1–3) show that the increase in amount of 

catalyst from 10 mg to 30 mg leads to an increase in the product yield from 58% to 98% plus 

decreased reaction time. No significant change was observed in the yield of product with further 

increase in the amount of catalyst from 30 mg to 60 mg. Therefore, 30 mg of Bi2O3/ZrO2 

catalyst was used for the further reactions.  

 

Table 3: Optimization of various weight % for the model reaction by 2.5% Bi2O3/ZrO2  

catalysta 

Entry Catalyst (mg) Time 

(min) 

Yield (%) 

1 10 90 58 

2 20 45 80 

3 30 15 98 

4 40 15 98 

5 50 15 98 

6 60 20 98 

aReaction conditions: aromatic aldehydes (1 mmol), malononitrile (1 mmol), hydrazine hydrate 

(1 mmol), Diethyl acetylenedicarboxylate (1 mmol), and solvent (5 mL) were stirred at room 

temperature. 

For the optimised reaction conditions, to establish the wider scope of the protocol, the method 

was applied for the synthesis of different pyranopyrazoles using various substituted aromatic 

aldehydes (Table 4) and the results are summarized in Table 4. The 2.5% Bi2O3/ZrO2 catalyst 

material catalysed the facile one-pot synthesis of pyranopyrazole derivatives with excellent 

yields in short reaction times (<20 min). Remarkably, the aldehydes with both electron donating 
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and electron withdrawing (ortho, meta and para) substituents worked efficiently under the 

reaction conditions, producing the corresponding target products (5a–k).  

Table 4: Synthesis of novel functionalized pyridine derivatives by 2.5% Bi2O3/ZrO2 catalysta
. 

Entry R Product Yield* (%) Mp °C 

1 2-OMe 5a 97 205-207 

2 4-OMe 5b 98 208-210 

3 2,3-OMe  5c 94 230-232 

4 3,4-OMe  5d 91 243-245 

5 2,5-OMe  5e 93 257-259 

6 2,4,6-OMe 5f 96 240-242 

7 3-OH 5g 92 221-223 

8 3,4-OH  5h 98 204-206 

9 2-NO2 5i 95 235–237 

10 4-Br 5j 94 225-227 

11 4-Et 5k 96 210-212 

  aReaction conditions: aromatic aldehydes (1 mmol), malononitrile (1 mmol), hydrazine 

hydrate (1 mmol), Diethyl acetylenedicarboxylate (1 mmol), and solvent (5 mL) were stirred at 

room temperature. 

4.4 Reusability of catalyst 

        The reusability and recyclability of a solid catalyst material is an important parameter 

as per green chemistry principles. Several recycling experiments were conducted to examine 

the stability and sustainability of the catalyst material. After completion of every run, filtration 

was employed to separate the catalyst from the crude product. Then the catalyst was washed 

with ethanol and dried at 120 ̊ C for 3 h for up to seven runs. Marginal loss of less than 5% of 

the catalyst was observed in the recovery procedure. Then it was washed with ethanol and dried 

at 120 ̊ C for 3 h. The loss was supplemented to 30 mg by adding the minute amount required. 

Activity was retained with no loss in the first six runs, then the material's catalytic activity 

weakened by 4% in the 7th cycle. No loss of catalytic activity could be observed up to the 6th 

run owing to the minor losses in the recovery process and nonleaching of the active material.  

4.5 Mechanism 

 From the experimental results, a plausible mechanism is suggested in Scheme 2. The 

presence of Lewis acidity on the catalyst surface would facilitate the reaction. It may be 

assumed that in the first step Knoevenagel condensation37 is achieved by the coordination of 

Lewis acidic sites with the oxygen of the carbonyl group, forming a carbocation intermediate 

(a). In the next step, the active methylene group reacts with the carbocation intermediate giving 

(b); next it will dissociate from the catalyst surface taking a proton from the protic solvent 

(EtOH) and gives (c). It will further undergo dehydration giving (d). In the next step, ethyl 5-
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oxo-2,5-dihydro-1H-pyrazole-3-carboxylate (e) is possibly formed by the reaction between 

hydrazine hydrate (4) with diethyl acetylenedicarboxylate (3). Finally, a Michael addition 

between (d) and (e) occurs, yielding the desired product selectively through 6-exo-dig 

cyclization. The catalytic efficiency of the Bi2O3/ZrO2 on the title reaction in comparison with 

other reported catalysts is summarized in the Table 5. 

 

Scheme 2 Plausible reaction mechanism for the formation of 2,4-dihydropyrano[2,3-c]           

pyrazole-3-carboxylate derivatives. 
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Table 5  Comparison of various catalysts for the synthesis of pyrano[2,3-c]pyrazole derivatives. 

Catalyst Solvent Reaction 

Condition 

Time Yield (%)[Ref] 

Silica-supported 

tetramethylguanidine 

Neat RT 15-60 min 79-9822 

BS-2G-Ti H2O Heating 60-100 min 45-9623 

Ba(OH)2 H2O Reflux 60-120 min 81-9324 

γ-Alumina H2O Reflux 35-90 min 61-9025 

Amberlyst A21 EtOH RT 10-65 min 73-9826 

AcOH AcOH Reflux 72-90 min 71-9227 

Visible light assisted  Neat condition RT 15-25 min 56-9028 

2.5% Bi2O3-ZrO2 EtOH RT ≈ 20 min 91-98 [Present] 

 

4.6 Conclusion 

In summary, we designed a highly efficient and cost-effective method for the synthesis 

of pyranopyrazole derivatives via a one-pot, four-component reaction in ethanol as a green 

solvent, using environmentally benign Bi2O3/ZrO2 as selective catalyst. Of the 11 derivatives 

synthesised, eight are new molecules. The operational simplicity of this approach, short reaction 

times, high yields, eco-friendly solvent, mild reaction conditions make this method attractive. 

Additionally, the catalyst can be easily recovered and recycled for at least six runs without loss 

of efficiency. Moreover, expansion of the reaction scope and synthetic and medicinal 

applications of this methodology are in progress in our laboratory. 
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4.9 Supplementary information  

4.9.1 Catalyst instrumentation details  

        Employing a Bruker D8 Advance instrument (Cu K radiation source with a wave length 

of 1.5406 Å), the X-ray diffraction data related the structural phases of the catalyst were 

acquired. Using a JEOL JEM-1010 electron microscope and JEOL JSM-6100 microscope, the 

TEM and SEM analysis data was recorded. iTEM software was used analyse the TEM data and 

images. Employing the X-ray analyser (energy-dispersive), EDX-analysis on the SEM images 

was conducted.  

4.9.2 Experimental Section 

 All chemicals and reagents required for the reaction were of analytical grade and 

were used without any further purification. Bruker AMX 400 MHz NMR spectrometer was 

used to record the 1H NMR, 13C NMR and 15N NMR spectral values. High-resolution mass data 

were obtained using a Bruker micro TOF-Q II ESI instrument operating at ambient temperature. 

The DMSO−d6 solution was utilized for this while TMS served as the internal standard. TMS 

was further used as an internal standard for reporting the all chemical shifts in δ (ppm). Purity 

of all the reaction products was confirmed by TLC using aluminium plates coated with silica 

gel (Merck Kieselgel 60 F254). Infrared (IR) spectra were recorded on a Perkin Elmer Precisely 

equipped with a Universal ATR sampling accessory using a diamond crystal. The powdered 

material was placed on the crystal and a force of 120 psi was applied to ensure proper contact 

between the material and the crystal.The spectra were analyzed using Spectrum 100 software. 

Before recording the IR spectra, pyridine was adsorbed by placing a drop of pyridine on 10 mg 

of the sample followed by evacuation in air for 1 h at room temperature to remove reversibly 

adsorbed pyridine on the surface of the catalyst. 
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1H NMR spectra of compound 5a 

 

 

 

 

 

13C NMR spectra of compound 5a 
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15N NMR spectra of compound 5a 

 

 

 

 

HRMS spectra of compound 5a 
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FT-IR spectra of compound 5a 
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1H NMR spectra of compound 5b 

 

 

 

 
13C NMR spectra of compound 5b 
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15N NMR spectra of compound 5b 

 

 

 

HRMS spectra of compound 5b 
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FT-IR spectra of compound 5b 
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1H NMR spectra of compound 5c 

 

 

 

 

 

13C NMR spectra of compound 5c 
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15N NMR spectra of compound 5c 

 

 

HRMS spectra of compound 5c 
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FT-IR spectra of compound 5c 
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1H NMR spectra of compound 5d 

 

 

 

 

 

13C NMR spectra of compound 5d 
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15N NMR spectra of compound 5d 

 

 

 

 

 

HRMS spectra of compound 5d 
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FT-IR spectra of compound 5d 
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1H NMR spectra of compound 5e 

 

 

 

 

 

13C NMR spectra of compound 5e 
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15N NMR spectra of compound 5e 

 

 

 

FT-IR spectra of compound 5e 
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1H NMR spectra of compound 5f 

 

 

 

 

 

13C NMR spectra of compound 5f 
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15N NMR spectra of compound 5f 

 

 

 

HRMS spectra of compound 5f 
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FT-IR spectra of compound 5f 
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1H NMR spectra of compound 5g 

 

 

 

 

 

13C NMR spectra of compound 5g 



192 
 

 

15N NMR spectra of compound 5g 

 

 

 

FT-IR spectra of compound 5g 
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1H NMR spectra of compound 5h 

 

 

 

 

 

 

13C NMR spectra of compound 5h 
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15N NMR spectra of compound 5h 

 

 

 

HRMS spectra of compound 5h 
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FT-IR spectra of compound 5h 
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1H NMR spectra of compound 5i 

 

 

 

 

 

13C NMR spectra of compound 5i 
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15N NMR spectra of compound 5i 

 

 

HRMS spectra of compound 5i 
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FT-IR spectra of compound 5i 
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1H NMR spectra of compound 5j 

 

 

 

 

 

 

13C NMR spectra of compound 5j 
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15N NMR spectra of compound 5j 

 

 

 

HRMS spectra of compound 5j 
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1H NMR spectra of compound 5j 
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1H NMR spectra of compound 5k 

 

 

 

 

 

13C NMR spectra of compound 5k 
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15N NMR spectra of compound 5k 

 

 

 

HRMS spectra of compound 5k 



204 
 

 

FT-IR spectra of compound 5k 
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Abstract:   

We describe the synthesis of silver loaded on zirconia and its use as an efficient catalyst for a 

one-pot three-component reaction to synthesize 11 indenopyrimidine derivatives, of which 7 

are new compounds. The procedure involves substituted benzaldehydes, indane-1,3-dione, and 

guanidinium hydrochloride, with ethanol as solvent. The proposed green protocol at room 

temperature is simple and efficient, giving excellent yields (90–96%) in short reaction times 

(<30 min). The protocol works well according to the green chemistry principles with respect to 

high atom economy, no need for column separation, and reusability of the catalyst, which are 

attractive features. XRD, TEM, SEM, and BET analysis were used to characterize the catalyst 

materials. 
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5.1 Introduction 

Multicomponent reactions (MCRs) are cherished protocols in organic synthesis due to their 

vast potential in the fields of medicinal, pharmaceutical, and agro-chemistry [1]. MCRs are 

different from the other classical synthesis approaches due to their facile synthesis protocols, 

high atom efficiency, high yields, and minimal by-product formation [2]. Further, the efficacy 

of MCRs when compared with multistep synthetic protocols lies in the selective formation of 

several bonds in a single reaction flask with highly desirable yield over a short interval of time 

[3]. 

Currently, heterogeneous catalysts play a key role in organic synthesis because they meet 

most of the goals of green and sustainable chemistry [4]. Researchers have made remarkable 

improvements in the design of well-defined catalyst materials. Innovative methods have 

allowed the coherent design and preparation of very active and selective catalyst materials by 

governing the structure and composition of the active particles [5]. Furthermore, heterogeneous 

catalysts offer many benefits in synthetic transformations such as outstanding chemical and 

thermal stability, noncorrosiveness, nonflammability, eco-friendliness, nontoxicity, ease of 

separation, reusability, and commercial availability [6]. 

In recent years, zirconium oxide (ZrO2) have been effusively revealed as a catalyst or a 

supported catalyst in various potential chemical applications due to its extensive properties such 

as acidic and basic sites [7], high stability in the presence of redox conditions, active phase 

support, and chemical consistency related to other supports like alumina and silica. Further, 

ZrO2 is low cost, stable, nonhazardous, reusable, and readily available [8]. Silver salts are 

widely used as catalysts and their efficacy has been demonstrated in terms of being cost-

effective, non-toxic, simple to handle, and appropriate for usage as a one-electron redox system 

[9]. However, their use in large amounts is unwarranted, but if used in a green-manner as a 

recyclable catalyst, it has many advantages. Hence, the use of silver-loaded zirconia catalysts 

is a desirable choice for eco-friendly synthesis. 

Among the known heterocyclic compounds, N-heterocyclic scaffolds are very important 

in medicinal chemistry [10]. In the N-heterocyclic class of scaffolds, pyrimidine and its 

derivatives play a prominent role [11]. Being the main constituents of several natural products, 

these pyrimidines represent a significant class of molecules which have been of increased 

interest in recent years owing to their valuable pharmacological and biological applications in 

antimicrobial [12], antifungal [13], anti-tumor [14], anti-HIV [15], anti-tubercular [16], anti-

inflammatory [17], and antimalarial [18] activities. Moreover, aryl-indenopyrimidines have 
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been used as adenosine A2A receptor antagonists [19], which are useful, and many reports have 

dealt with the preparation of different types of pyrimidine derivatives via multicomponent 

reactions. Owing to their economic viability and scientific importance, methodologies have 

been described for the synthesis of various types of substituted pyrimidines. Diverse catalytic 

systems such as NaOH, [20–22] sodium methoxide [23], 1-sulfonic acid-3-methyl imidazolium 

ferric chloride/NaY [24], α-Fe2O3-MCM-41-P [25], and uranyl acetate/succinimide sulfonic 

acid [26] have been used in the synthesis of pyrimidine derivatives. However, these protocols 

invariably demand expensive reagents, high energy input, and lengthy reaction times. Other 

limitations are lower yields and the need for solvents and column separations. There is, thus, a 

demand for a greener preparation method for indenopyrimidines. We found no literature reports 

to date using metal complexes or metal oxides as catalysts in their synthesis. Although silver-

loaded ZrO2 have been reported as a catalyst for varied reactions [27,28], no protocols have 

been described for the synthesis of indenopyrimidines via MCRs. 

We recently reported several green synthetic approaches of various medicinally interesting 

heterocyclic scaffolds [29–37]. Encouraged by those favorable results with different substituted 

heterocyclic scaffolds, here we describe the synthesis and characterization of silver loaded on 

zirconia and its efficiency in the one-pot synthesis of functionalized indenopyrimidines via a 

three-component reaction at room temperature (RT). 

5.2 Experimental Section 

5.2.1  Catalyst preparation 

 Supported catalysts with different wt % (weight percentage) of silver-loaded zirconia 

(1, 2.5, and 5.0 wt %) were synthesized following a wet impregnation process [38,39]. The 

solid heterogeneous catalyst was prepared by combining zirconia (ZrO2, 3 g, Alfa Aesar, Ward 

Hill, MA, USA) and a suitable quantity of silver chloride (AgCl2, Alfa Aesar) dissolved in 

distillated water (60 mL). The mixture was stirred at room temperature (RT) for 5–7 h. After 

this time, the ensuing slurry was filtered under vacuum. It was dried in an oven at 120–130 °C 

for 6 h and calcined in the presence of air at 450 °C for 5 h to afford the (1.0, 2.5, and 5.0 wt 

%) silver on zirconia. 
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5.2.2 General procedure for the synthesis of indeno-pyrimidine derivatives (4a-k) 

Scheme 1 Synthesis of novel indenopyrimidine derivatives. 

In a typical reaction, an equi-molar mixture of aldehydes (1 mmol) (1), indane-1,3-dione 

(1 mmol) (2), and guanidinium hydrochloride (1 mmol) (3) were dissolved in ethanol (5 ml) at 

R.T., followed by addition of Ag2O-ZrO2 (60 mg) as a catalyst. The reaction mixture was held 

at R.T. for 30 min under stirring (Scheme 1), while the reaction progress was monitored by 

TLC at regular time intervals. When the reaction was complete, the mixture was filtered and 

ethyl acetate was used to extract the filtrate, evaporated under reduced pressure to obtain the 

crude product and washed with ethanol. The reaction product was recrystallized in ethanol to 

obtain the pure target compound, which was further characterized by 1H-NMR, 13C-NMR, 

HRMS and FT-IR analysis. The related details and spectra are given in the supplementary 

information file.  

2-Amino-4-(2-methoxyphenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4a) 

1H NMR (DMSO-d6, 400 MHz) δ = 3.83 (s, 3H, -OCH3), 7.09 (d, J= 7.6Hz, 1H, Ar-H), 7.16 

(d, J = 8.16Hz,1H, Ar-H), 7.61 (t, J = 1.2, 1H, Ar-H), 7.92-7.95 (m, 4H, Ar-H), 8.22 (s, 2H, -

NH2), 8.77-8.79 (m, 1H, Ar-H).13C NMR δ = 56.03, 111.56, 120.10, 121.00, 122.94, 122.98, 

128.16, 133.09, 135.69, 135.78, 135.86, 138.96, 139.32, 141.79, 160.05, 188.50, 189.61; FT-

IR:  3269.10 (-NH), 2957.02 (-CH), 1710 (-C=O), 1593.28 (-C=C), 1483.73(-C=N), 733.81 (-

CH). 

2-Amino-4-(4-methoxyphenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4b) 

1H NMR (DMSO-d6, 400 MHz) δ = 3.89 (s, 3H, -OCH3), 7.13 (d, J= 8.92 Hz,2H, Ar-H,), 7.80 

(s, 2H, -NH2), 7.71 (s, 2H, NH2), 7.93-7.95 (m, 4H, Ar-H), 8.60 (d, J= 8.92 Hz, 2H, Ar-H.13C 

NMR δ = 55.72,114.49, 122.86, 125.86, 126.28, 135.54, 135.69, 136.98, 139.27, 141.69, 

145.72, 163.77, 188.96, 189.80; FT-IR: 3010.13 (-NH), 2941.01 (-CH), 1712.14 (-C=O), 

1673.42 (-C=C), 1468.81 (-C=N), 771.95 (-CH);HRMS of [C18H13N3O2 + H]+ (m/z) :304.0766; 

Calcd.: 304.0763. 
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2-Amino-4-(2,3-dimethoxyphenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4c) 

1H NMR (DMSO-d6, 400 MHz) δ = 3.91 (s, 6H, -OCH3), 7.21 (t, J = 8.08 Hz, 1H, Ar-H,), 7.32-

7.34 (m, 1H, Ar-H), 7.94-8.14 (m, 4H, Ar-H), 8.36 (s, 2H, -NH2), 8.38 (t, J = 1.04 Hz, 1H, Ar-

H).13C NMR δ = 55.95, 61.49,118.22,123.05, 123.10, 123.61, 124.23, 126.21, 129.53, 136.02, 

139.00, 139.42, 141.89, 150.23, 152.19; FT-IR: 3087.99 (-NH), 2939.24 (-CH), 1711.98 (-

C=O), 1673.55 (-C=C), 1469.79 (-C=N), 771.94 (-CH); HRMS of [C19H15N3O3 + H]+ (m/z) 

:334.0992; Calcd.: 334.1008. 

2-Amino-4-(2,5-dimethoxyphenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4d) 

1H NMR (DMSO-d6, 400 MHz) δ = 3.82 (s, 3H, -OCH3), 3.89 (s, 3H, -OCH3),7.11 (d, J = 

9.12 Hz, 1H, Ar-H,), 7.21 (d, J= 3.12 Hz, 1H, Ar-H), 7.93-7.97 (m, 4H, Ar-H), 8.23 (s, 2H, -

NH2), 8.64 (d, J = 3.2 Hz, 1H, ArH).13C NMR δ = 55.51, 56.38, 112.72, 116.49, 121.32, 123.07, 

128.11, 135.75, 135.89, 138.84, 139.29, 141.87, 152.29, 154.92, 188.82, 189.64, 206.58; FT-

IR: 3087.87 (-NH), 2950.12(-CH), 1746.67(-C=O), 1683.90 (-C=C), 1588.60 (-C=N) ,780.18 

(-CH); HRMS of [C19H15N3O3 + H]+ (m/z) :334.0434; Calcd.: 334.0441. 

2-Amino-4-(2-bromophenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4e) 

1H NMR (DMSO-d6, 400 MHz) δ = 7.52-7.59 (m, 2H, NH2), 7.89-7.98 (m,7H, Ar-H),8.00 (s, 

1H, Ar-H).13C NMR δ = 122.83, 122.91, 124.36, 130.67, 132.12, 132.32, 135.70, 135.92, 

140.42, 141.20, 141.35, 141.67, 142.03, 142.98, 197.19, 198.68; FT-IR: 3089.08(-NH), 

2941.43 (-CH), 1745.65(-C=O), 1673.02(-C=C), 1564.46 (-C=N), 771.47 (-CH), 619.03 (-C-

Br); HRMS of [C17H10BrN3O + H]+ (m/z) :353.1042; Calcd.: 353.1042. 

2-Amino-4-(2-fluorophenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4f) 

1H NMR (DMSO-d6, 400 MHz) δ =7.39 (s, 1H, NH2), 7.68 (t J= 1.08 Hz, 2H, Ar-H), 7.92-7.99 

(m, 6H, Ar-H).13C NMR δ =115.65, 115.86, 123.24 , 124.49, 124.52, 133.07, 136.07, 136.21, 

139.60, 141.99, 160.66, 188.07, 188.85, 197.56, 198.69;FT-IR: 3275.94 (-NH), 2956.87 (-CH), 

1740.56 (-C=O), 1620.19 (-C=C),1485.01(-C=N), 1008.10 (-C-F), 757.33(-CH); HRMS of 

[C17H10BrN3O + H]+ (m/z) :292.0732; Calcd.: 292.0732. 

2-Amino-4-(3,4-dimethoxyphenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4g) 

1H NMR (DMSO-d6, 400 MHz) δ = 3.90 (d, J= 3.84 Hz, 6H, -OCH3), 7.16 (d, J = 8.52 Hz, 1H, 

Ar-H,), 7.80 (s, 1H, NH2), 7.92-7.97 (m, 4H, Ar-H), 8.02-8.04 (m, 1H, Ar-H), 8.68 (d, J =  1.92 

Hz, 1H, ArH).13C NMR δ =55.18, 111.53, 115.74, 122.78, 122.91, 126.09, 131.08, 135.56, 

135.69, 139.22, 146.43, 148.31, 153.91, 189.85 ; FT-IR: 3088.10 (-NH), 2942.06 (-CH),  

1712.66(-C=O), 1673.31(-C=C),1468.88 (-C=N), 772.61 (-CH ), 801.96 (-CH). 
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2-Amino-4-(3-hydroxyphenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4h) 

1H NMR (DMSO-d6, 400 MHz) δ = 7.01-7.04 (m,1H, Ar-H,), 7.35 (t, J= 7.88 Hz, 1H, Ar-H), 

7.71 (s, 2H, NH2), 7.82 (d, J= 7.72 Hz, 1H, Ar-H), 7.92-7.96 (m, 5H, Ar-H), 9.86 (s, 1H,-

OH).13C NMR δ =119.61, 120.67, 123.00, 123.04, 125.46, 128.94, 129.69, 133.84, 135.77, 

135.93, 139.33, 141.89, 145.82, 157.33, 188.45, 189.43.; FT-IR: 3241.25 (-OH), 3088.13 (-

NH), 1745.77(-C=O), 1665.42 (-C=C), 1484.83(-C=N), 780.62 (-CH); HRMS of [C17H11N3O2 

+ H]+ (m/z) :290.0732; Calcd.: 290.0732. 

2-Amino-4-(4-bromophenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4i) 

1H NMR (DMSO-d6, 400 MHz) δ = 7.77 (d, J= 8.52 Hz, 2H, Ar-H), 7.81 (s, J= 8.56 Hz, 2H, -

NH2), 7.95-7.99 (m, 4H, Ar-H), 8.41 (d, J= 8.52 Hz, 2H, Ar-H).13C NMR δ = 103.27, 109.58, 

110.67, 112.60, 116.48, 136.51, 143.42, 151.63, 151.95, 152.67, 167.34, 194.19; FT-IR: 

3087.96 (-NH), 1724.92 (-C=O), 1685.17 (-C=C), 1485.31 (-C=N), 828.42 (-CH), 606.46 (-C-

Br). 

2-Amino-4-(4-chlorophenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4j) 

1H NMR (DMSO-d6, 400 MHz) δ = 7.36 (d, J= 8.52 Hz, 2H, -NH2), 7.64 (d, J= 8.56 Hz, 1H, 

Ar-H), 7.85-7.97 (m, 6H, Ar-H), 7.82 (d, J= 7.72 Hz, 1H, Ar-H), 8.51 (d, J= 8.6 Hz,1H, Ar-

H).13C NMR δ =122.57, 122.79, 123.13, 127.74, 127.82, 128.85, 130.79, 135.36, 135.59, 

137.85, 141.51, 143.73, 197.94, 198.14, 199.07. 4; FT-IR: 3089.02 (-NH), 1712.07(-C=O), 

1673.33 (-C=C), 1469.06 (-C=N), 802.02 (-CH), 702.10 (-C-Cl); HRMS of [C17H10ClN3O + 

H]+ (m/z) :308.1139; Calcd.: 308.114. 

2-Amino-4-(4-ethylphenyl)-5H-indeno[1,2-d]- pyrimidine-5-one (4k) 

1H NMR (DMSO-d6, 400 MHz) δ = 1.22 (t, J= 7.56 Hz, 3H, -CH3), 2.68-2.79 (m, 2H, -CH2), 

7.42 (d, J= 8.2 Hz, 2H, Ar-H), 7.83 (s, 2H, -NH2), 7.93-7.96 (m, 4H, Ar-H), 8.46 (d, J= 8.24 

Hz, 2H, Ar-H).13C NMR δ = 15.03, 28.42, 30.63, 122.56,122.98, 123.04, 128.30, 130.48, 

134.22, 135.57, 135.75, 135.90, 139.39, 141.86, 142.99, 145.64, 150.32, 188.69, 189.56, 

206.47 ; FT-IR:  3088.40 (-NH), 2941.60 (-CH) , 1712.33(-C=O), 1673.31(-C=C), 1469.87 (-

C=N), 802.02 (-CH). 

  5.3 Results and Discussion 

5.3.1  Crystallinity by powder XRD (PXRD) studies  

Figure 1. Illustrate the crystalline phases of calcined silver oxide-zirconia catalyst 

material. The PXRD patterns of catalytic sample displays the major 2θ peak values at 24.2°, 
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28.2°, 31.3°, 35.4°, 40.5°, 45.0°, 50.3°, 55.4° and 60.1° correspond to zirconia and the peak 

values were correlated with international standard file (JCPDS file no. 37-1484). In addition, 

the catalyst material revealed diffraction patterns at 2θ angles of 38.1°, 44.3°, 64.4°, and 77.4° 

corresponding to the Ag2O (JCPDS file no 72-2108). The peaks recognized in the diffractogram 

indicate the polycrystalline nature of the catalyst materials. Further, the average crystallite size 

of the catalyst was measured by the Debye-Scherrer formula using the strongest maximum 

intensity diffraction peak, about 9.2 nm for 2.5 % Ag2O/ZrO2.  

 

Figure 1. Powder X-ray diffractogram of 2.5 % Ag2O-ZrO2 catalyst. 

5.3.2  TEM analysis 

The transition electron microscopy image (Figure 2) provides the morphology of 

prepared Ag2O/ZrO2 of different wt % . In this image, the silver oxide particle dimensions are 

mostly in the range between 10-16 nm, with black sphere-shape and seemingly well distributed. 

Further, zirconia revealed as white globular shape particles. It is clearly observed that 1% has 

less dispersion of Ag, whereas for 5 % has more Ag agglomerated on the surface of Zr, which 

fails to provide the active sites to facilitate the reaction. Changes in the morphology of the 

recovered catalyst after reaction were marginal. 
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Figure 2. TEM micrograph of 1, 2.5 & 5 % Ag2O-ZrO2 catalyst. 

5.3.3  SEM analysis 

The morphology and size dispersion of the catalyst material were determined with SEM 

analysis. In Figure 3, a large number of, white and irregular shapes are observed for 2.5 % Ag2O 

loaded on ZrO2. Small silver oxide particles were revealed as white irregular aggregates on the 

zirconia surface. The micrographs of SEM–EDX validate the even distribution of silver oxide 

on zirconia surface. Results also confirms with the data from ICP elemental analysis (2.18 wt% 

Ag). The mapping also shows the presence of Ag on ZrO2. Furthermore, the morphology of the 

catalyst from the SEM images also show the crystallinity and homogeneity of the sample. 
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Figure 3. (A) SEM micrograph; (B) SEM Mapping (c) EDS spectra of of 2.5 % Ag2O-

ZrO2 catalyst. 

5.3.4  BET surface area analysis 

The nitrogen adsorption/desorption isotherm and resulting pore size dispersion of the 2.5 

% Ag2O/ZrO2 catalyst material is shown in Figure 4. The catalyst material exhibits type-IV 

isotherm with the presence of a typical H2-hysteresis loop, which designates the mesoporous 

nature of the material as per the IUPAC classification. The BJH pore size distribution describes 

a mesoporous texture for the material, and the isotherms P/Po range was 0.61-0.98. The BET 

surface area was measured at 89.52 m2/g with a pore volume of 0.330 cm³/g and pore size of 

10.3 nm. The ICP study indicates the presence of >1.98 wt % of silver in the catalyst material. 
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Figure 4. N2 adsorption-desorption isotherms of 2.5 % Ag2O-ZrO2 catalyst. 

5.3.5  Pyridine IR analysis 

The nature of acidic sites on the 2.5% Ag2O-loaded ZrO2 surface was examined by 

employing ex situ pyridine FT-IR spectroscopy (Figure 5) [40]. The IR band at 1540 cm−1 

confirmed the presence of Brønsted acidic sites (B). The peak observed at 1485 cm−1 is 

attributed to both Brønsted and Lewis acidic sites (B + L). The prominent absorption band at 

1450 cm−1 is due to the pyridine adsorbed on Lewis acidic sites (L) of the catalyst. The presence 

of more Lewis acidic sites on the catalyst surface than Brønsted acidic sites is shown in Figure 

5. Generally, more Lewis acidic sites are anticipated in the Ag2O–ZrO2 catalyst due to the 

availability of vacant metal orbitals on the surface of the catalyst, which are capable of 

accepting electron pairs from the electron-rich species [41]. Except for the assigned peaks, the 

other IR bands are mostly less intensive, mainly due to the signal-to-noise ratio, which was 

unavoidable.  
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Figure 5.  Pyridine FT-IR spectra of 2.5 % Ag2O/ZrO2 catalyst. 

5.3.6  Reaction optimization 

For optimization of the reaction conditions for a one-pot, three-component reaction 

involving 2-methoxy benzaldehyde (1 mmol), indane-1,3-dione (1 mmol), and guanidinium 

hydrochloride (1 mmol), various reaction conditions such as effect of temperature, solvents and 

catalysts were investigated. In the absence of solvent and catalyst, no product occurred at R.T. 

or reflux conditions, even after 10 h of reaction (Table 1, entry 1 & 2). The reaction was carried 

out in ethanol, in presence of various basic catalysts, like TEA, pyridine, NaOH and K2CO3 at 

R.T., only trace amounts of material was obtained (Table 1, entries 3–6).  Reactions with ionic 

liquids such as (Bmim)BF4 or L-proline (Table 1, entries 7 & 8) as a catalysts gave low yields.. 

When the reaction was conducted using acidic catalysts, such as AcOH, FeCl3 and PTSA, 

moderate yields of product were attained after 4 h (Table 1, entries 9–11). Consequently, 

reaction was attempted in presence of pure metal oxide catalysts, such as SiO2, ZrO2 and Al2O3, 

and the reaction showed good yields after 2.0-3.0 h reaction time (Table 1, entries 12-14). Based 

on the promising outcome with zirconia oxide, to enhance the reaction performance, efficiency 

of different metal oxides loaded on zircania, such as 2.5% CuO/ZrO2, MnO2/ZrO2, and 

Ag2O/ZrO2 were examined. These mixed oxide heterogeneous catalysts gave very good to 

excellent yields (82-96%) (Table 1, entry 15-17), while the best result was obtained with 

Ag2O/ZrO2 (96% yield, 30 min). Bimetallic metal oxides showed higher activity than their 

parent metal oxides presumably due to better distribution of the active metal on the support and 
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the synergistic activity between the loaded and support materials, providing optimum 

distribution and increased number of active sites compared to their oxide homologues.  

Table 1. Effect of catalysts on the synthesis of 4aa. 

Entry Catalyst  Solvent Condition Time (h) Yield (%)b 

1 --  -- RT 10 -- 

2 --  -- Reflux 10 -- 

3 TEA  EtOH RT 8.0 09 

4 Pyridine  EtOH RT 8.5 13 

5        NaOH  EtOH RT 7.5 25 

6 K2CO3   EtOH RT 7.0 19 

7 (Bmim)BF4  EtOH RT 10 23 

8 L-proline  EtOH RT 10 27 

9 AcOH  EtOH RT 5.0 43 

10 FeCl3  EtOH RT 4.5 50 

11 PTSA  EtOH RT 5.0 45 

12 SiO2  EtOH RT 2.5 62 

13 ZrO2  EtOH RT 2.0 79 

14 Al2O3  EtOH RT 3.0 59 

15 2.5%CuO/ZrO2  EtOH RT 1.5 82 

16 2.5%MnO2/ZrO2  EtOH RT 1.0 87 

17 2.5%Ag2O/ZrO2  EtOH RT 0.20 96 
a All products were characterised by 1H-NMR, 13C-NMR, HRMS and FT-IR spectral 

analysis. b Isolated yields after recrystallization. -- No reaction. 

The effect of solvents on the title reaction was investigated in presence of varied nonpolar 

solvents.  No reaction occurred in n-hexane or toluene. When the reaction was performed in 

polar aprotic solvents such as THF, DMF, MeCN, the yield of product was low.  In polar protic 

solvent, MeOH, yield was good, but lower than with EtOH.  Hence, EtOH was chosen as solvent 

for the remainder of the studies.  The optimized results are shown in Table 2. (entries 1-8). 

Table 2 Optimization of various solvent condition for the model reaction. 

Entry Solvent Time (minutes)  Yield* (%) 

1 No solvent 120  -- 

2 n-hexane 120  -- 

3 toluene 90  -- 

4 THF 75  10 

5 DMF 65  18 

6 MeCN 60  25 

7 MeOH  45  81 

8 EtOH 30  96 

aReaction conditions: arylaldehyde (1) (1 mmol),1,3-Indandione (1 mmol) (2), and 

gunadium hydrochloride (3) (1mmol) and solvent (5 mL) were stirred at room temperature. 

-- No isolated yields. 
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Assuming silver oxide loaded on zirconia as the ideal model catalyst, the contribution of 

% silver loading on zirconia was 1.0, 2.5 and 5.0% Ag2O/ZrO2. While 1% Ag loading gave 

90% yield in 45 min, relative to the 2.5 % Ag, the 5% Ag neither improved the yield nor 

decreased the reaction time.  The best activity was observed with 2.5% Ag2O/ZrO2, hence this 

was taken as the optimum loading. This could be due to optimum dispersion of Ag2O on ZrO2, 

when compared to 5% Ag2O//ZrO2, where dispersion was less uniform due to possible 

aggregation of silver particles. Hence, catalytic activity was lower compared to the 2.5% 

loading. 2.5% loading recorded greater activity than 1% Ag2O//ZrO2.  Possibly the former had 

more active sites than the latter.  A discussion on the role of the Lewis acidic sites in the reaction 

is part of the mechanism section.  The efficacy of the reaction, including yield and reaction 

times for 2.5 wt% Ag2O/ZrO2 are summarized in Table 3.  An increase in catalyst amount from 

20 mg to 60 mg, improved the yield from 52% to 96% and reduced the reaction time. The 

increase in the product may be attributed to the comparative increase in the number of available 

active sites possibly accelerating the reaction. An increase in the amount of catalyst from 60 

mg to 120 mg registered no significant change in the yield of product or reaction time. Hence, 

60 mg of the catalyst was considered the ideal amount for the chosen synthesis. 

Table 3 Optimization of various weight % for the model reaction by 2.5 % Ag2O/ZrO2 

catalysta. 

Entry Catalyst (mg) Time (min) Yield (%) 

1 20 100 56 

2 40 50 79 

3 60 30 96 

4 80 30 96 

5 100 30 96 

6 120 40 96 

aReaction conditions: arylaldehyde (1) (1 mmol), 1,3-indanedione (2) (1 mmol), and 

guanidine hydrochloride (3) (1 mmol) and catalyst and solvent (5 mL) were stirred at room 

temperature.  

Encouraged by the results, we further explored the applicability of the protocol for other 

substituted aldehydes under the optimized reaction conditions, by using 10 other substituted 

aldehydes.  The corresponding indeno-pyrimidines afforded excellent yields in similar reaction 

times (30 min). (Table 4, entries 1–11).  All the reactions, irrespective of electron withdrawing 

or electron-donating groups at ortho, meta or para positions, generally gave excellent yields.  

All the product molecules were fully characterized employing 1H NMR,13C NMR, FT-IR and 

HR-MS spectral analysis. 
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Table 4 Synthesis of novel functionalized pyridine derivatives by 2.5 % Ag2O/ZrO2 

catalysta. 

Entry R Product Yield* (%) Mp °C Lit Mp 

(◦C) 

1 2-OMe 4a 94 119-121 - 

2 4-OMe 4b 93 136-137 100[20] 

3 2,3-(OMe)2 4c 94 183-184  - 

4 2,5-(OMe)2
  4d 92 200-201  - 

5 2-Br 4e 94 197-198  - 

6 2-F 4f 92 239-241  - 

7 3,4-(OMe)2 4g 96 176–178 178[20] 

8 3-OH 4h 95 246–248  - 

9 4-Br 4i 94 221-223 210[20] 

10 4-Cl 4j 90 239-241 244[20] 

11 4-Et 4k 94 204-206  - 

 

aReaction conditions: arylaldehyde (1) (1 mmol), 1,3-indanedione (2) (1 mmol), and guanidine 

hydrochloride (3) (1mmol), catalyst (60 mg) and ethanol solvent (5 mL) were stirred at room 

temperature.  R = substituted benzaldehydes.  - New compounds/no literature data.  *  = Isolated 

yields after recrystallization. 

A proposed mechanism for the one-pot three-component reaction is outlined in Scheme 

2. The presence of Lewis acidic sites on the catalyst surface facilitates the reactants to undergo 

reaction in a shorter time. It is assumed that in the first step, the Lewis acidic sites with the 

carbonyl oxygen generate the carbocation (a) [42]. In a fast reaction with the carbocation, the 

active methylene group affords intermediate (b), which desorbs from the catalyst surface by 

abstracting a proton from the protic solvent, EtOH (b), to form (c). On further dehydration (c), 

it produces the condensation product (A). Next, a Michael addition occurs between the 

intermediate (A) and the guanidinium, followed by cyclization and aromatization, and the 

transient intermediate yields the target compound—the substituted pyrimidine-5-one derivative 

[20]. The catalytic efficiency of the Ag2O/ZrO2 on the title reaction in comparison with other 

reported catalysts is summarized in the Table 5. 
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Scheme 2. Probable mechanism for the synthesis of novel indeno-pyrimidine derivatives. 

Table 5 A comparison table with various other catalysts to synthesis pyrimidine 

derivatives. 
 

Catalyst Solvent Reaction Condition Yield (%) [Ref] 

NaOH EtOH Reflux, 6-10h 81-94 [20] 

NaOH EtOH Reflux, 7-8.4h 75-86 [21] 

NaOH EtOH Reflux, 0.5-1h 85-94 [22] 

NaOMe EtOH Reflux, 10-14h 60-70[23] 

α-Fe2O3-MCM-41-P  Solvent free 80oC, 1 h        82-95 [25] 

Uranyl acetate/ 

succinimide sulfonic 

acid 

Solvent free 90°C, 4 h        75-96[26] 

2.5% Ag2O-ZrO2 EtOH Rt, 30 min 90-96 [Present Work] 
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5.4 Reusability of catalyst 

The main objective and attraction of heterogeneous catalysts are its reusability. We thus 

examined the recovery and reusability of the Ag2O/ZrO2 catalyst. The solid catalyst from the 

reaction mixture was separated by simple filtration under vacuum, followed by washing with 

acetone solvent and drying at 100 °C for 3 h. The recovered catalyst was re-used in subsequent 

reactions.  Six runs in successive reactions gave yields without significant loss in product yield.  

 
Figure 6. Recyclability of Ag2O/ZrO2 catalyst. 

5.5 Conclusion 

In conclusion, we report a simple and green protocol for the synthesis of indeno-

pyrimidines by three-component reaction. All the reactions with eleven different aromatic 

aldehydes with 1,3-indandione, and gunadium hydrochloride using (2.5 %) silver loaded on 

zirconia catalyst gave excellent yields (90-96%).  The proposed catalyst proved efficient, stable 

and reusable.  This method offers easy workup, excellent selectivity and high yields in short 

reaction times at room temperature using ethanol, a green solvent. All the products were 

purified by re-crystallization from ethanol and no need for chromatographic separation by this 

method. Consequently, the use of volatile and hazardous solvents has been evaded. This 

synthesis method is useful to synthesize privileged pyrimidine scaffolds in a short time in a one 

pot strategy under green conditions. 
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5.8 Supplementary information 

5.8.1 Catalyst instrumentation details  

        Employing a Bruker D8 Advance instrument (Cu K radiation source with a wave length 

of 1.5406 Å), the X-ray diffraction data related the structural phases of the catalyst were 

acquired. Using a JEOL JEM-1010 electron microscope and JEOL JSM-6100 microscope, the 

TEM and SEM analysis data was recorded. iTEM software was used analyse the TEM data and 

images. Employing the X-ray analyser (energy-dispersive), EDX-analysis on the SEM images 

was conducted.  

 

5.8.2 Experimental Section 

 All chemicals and reagents required for the reaction were of analytical grade and 

were used without any further purification. Bruker AMX 400 MHz NMR spectrometer was 

used to record the 1H NMR, and 13C NMR spectral values. High-resolution mass data were 

obtained using a Bruker micro TOF-Q II ESI instrument operating at ambient temperature. The 

CDCl3−d6 solution was utilized for this while TMS served as the internal standard. TMS was 

further used as an internal standard for reporting the all chemical shifts in δ (ppm). Purity of all 

the reaction products was confirmed by TLC using aluminium plates coated with silica gel 

(Merck Kieselgel 60 F254). Infrared (IR) spectra were recorded on a Perkin Elmer Precisely 

equipped with a Universal ATR sampling accessory using a diamond crystal. The powdered 

material was placed on the crystal and a force of 120 psi was applied to ensure proper contact 

between the material and the crystal.The spectra were analyzed using Spectrum 100 software. 

Before recording the IR spectra, pyridine was adsorbed by placing a drop of pyridine on 10 mg 

of the sample followed by evacuation in air for 1 h at room temperature to remove reversibly 

adsorbed pyridine on the surface of the catalyst. 
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1H NMR spectra of compound 4a 

 

 

 

 

 

13C NMR spectra of compound 4a 
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FT-IR spectra of compound 4a 
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1H NMR spectra of compound 4b 

 

 

 

 

13C NMR spectra of compound 4b 
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HRMS spectra of compound 4b 

 

 

 

FT-IR spectra of compound 4b 
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1H NMR spectra of compound 4c 

 

 

 

 

13C NMR spectra of compound 4c 
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HRMS spectra of compound 4c 

 

 

FT-IR spectra of compound 4c 
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1H NMR spectra of compound 4d 

 

 

 

 
13C NMR spectra of compound 4d 
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HRMS spectra of compound 4d 

 

 

 

 
FT-IR spectra of compound 4d 
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1H NMR spectra of compound 4e 

 

 

 

 

 

 
1C NMR spectra of compound 4e 
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HRMS spectra of compound 4e 

 

 

FT-IR spectra of compound 4e 
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1H NMR spectra of compound 4f 

 

 

 

 

 
13C NMR spectra of compound 4f 
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HRMS spectra of compound 4f 

 

 

 
FT-IR spectra of compound 4f 
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FT-IR spectra of compound 4g 

 

 

 

 

 
13C NMR spectra of compound 4g 
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FT-IR spectra of compound 4g 
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1H NMR spectra of compound 4h 

 

 

 

 

 
13C NMR spectra of compound 4h 
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HRMS spectra of compound 4h 

 

 

 
FT-IR spectra of compound 4h 
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1H NMR spectra of compound 4i 

 

 

 

 

 
13C NMR spectra of compound 4i 

 

 

 

 

 



245 
 

 
FT-IR spectra of compound 4i 
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1H NMR spectra of compound 4j 

 

 

 

 
13C NMR spectra of compound 4j 
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HRMS spectra of compound 4j 

 

 

 

 
FT-IR spectra of compound 4j 
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1H NMR spectra of compound 4k 

 

 

 

 
13C NMR spectra of compound 4k 
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FT-IR spectra of compound 4k 
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Abstract:   

An efficient protocol to synthesize a series of new 1,4-dihydropyridine derivatives under mild 

conditions is developed. The catalyst consists of iron loaded on zirconia (Fe2O3/ZrO2) and is 

reusable for up to six cycles. Excellent yields (92–98%) were obtained under room-temperature 

conditions in a short time (~ 20 min) with ethanol as solvent. Different wt% of catalyst material 

was prepared by simple wet-impregnation technique, and materials were characterised by 

powder-XRD, TEM, SEM, BET and FT-IR techniques. The structures of the new 1,4-

dihydropyridine derivatives were confirmed employing various spectroscopic techniques. 

Facile preparation and avoidance of any column separation are the main advantages of this 

protocol. 
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6.1 Introduction 

The design and development of efficient protocols for synthesis of bio-active scaffolds 

with excellent yields under green conditions using recyclable materials is a challenge [1]. 

Multicomponent reactions (MCRs) are good strategies involving single- pot reactions to afford 

the targeted molecules with high functional group tolerance [2]. When compared to linear and 

convergent synthetic methods, MCRs are advantageous due to high atom economy and short 

reaction times, as both are the sought-after green parameters in synthesis. Thus, MCRs offer a 

powerful tool for preparation of complex heterocyclic molecules [3]. 

Green chemistry, in the context of synthetic procedures, focuses on the use of materials 

and reaction conditions that do not have a negative impact on human health and the environment 

[4]. Eco-friendly processes and reusable materials, the two main goals of green synthesis, have 

motivated the use of heterogeneous catalysts in various MCRs [5, 6]. Heterogeneous catalysts 

are crucial for efficiency in various MCRs, due to the active phase and support interactions. 

The surface and interfacial free energies are responsible for such interactions. [7, 8]. In the 

MCRs, zirconia-based materials as catalysts have gained importance in MCR reactions due to 

their unique properties, such as thermal stability, high porosity, less corrosion, low cost, ease 

of recovery and recyclability [9–11]. Zirconia has been solely used as catalyst in many 

reactions, including C–C bond formation [12], epoxidation [13, 14] and isomerization [9]. The 

even distribution of the active material on the surface of zirconia makes it an ideal support for 

various applications. The active catalyst material needs to provide not only the active sites, but 

also large surface area and increased mechanical strength [15, 16]. 

Iron is a non-toxic, earth-abundant metal which plays a crucial role in human health and 

also in many organic transformations [17, 18]. It acts as a nucleophile in the lower oxidation 

states, and catalyses a variety of transformations like nucleophilic substitutions [19], 

hydrogenation/hydro-silylation [20, 21], cyclo-isomerization reactions [22] and C–C and C–

heteroatom bond-forming reactions [23]. Although iron-loaded ZrO2 has been reported as a 

catalyst for some reactions [24,25], Fe2O3/ZrO2 as a catalyst in an MCR synthesis protocol is 

demonstrated for the first time in this communication. 

Substituted dihydropyridines are a class of calcium channel blockers and are known for 

an wide range of biological activities, including anti-cancer [29] and anti-tubercular properties 

[30]. In the recent past, a few reviews have been dedicated towards the synthetic methods of 

producing various dihydropyridine derivatives [26–28]. The literature also reveals various 

methods for the synthesis of substituted 1,4-dihydropyridine derivatives using different 
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catalysts. Such materials include MIIZr4(PO4)6 [31],                                                                                  

zirconocene bis(perfluorobutanesulphonate) [32], sulphated polyborate [33], silica-

functionalized sulphonic acid coated with ionic liquid [34], chitosan-supported oxo-vanadium  

[35], sulphated boric acid nanoparticles [36], DBU [37], nicotinic acid [38] γ-

Fe2O3/Cu@cellulose  [39], SBA-15@AMPDCo[40], Fe3O4@ D-NH-(CH2)4-SO3H [41] and 

Cu-adenine@boehmite [42]. However, many of the reported methodologies suffer from either 

low yields, demand for expensive chemicals, prolonged reaction times or extreme conditions. 

In this study, we report the synthesis and characterization of Fe2O3/ZrO2 and its catalytic 

activityin synthesis of 1,4-dihydropyridine derivatives. 

 

6.2 Experimental Section 

6.2.1  Catalyst preparation 

 A simple wet impregnation technique was adopted to synthesize a series of different 

wt% (1, 2.5, 5.0) iron-loaded zirconia materials. The method involved mixing of zirconium 

oxide (ZrO2, 2 g, Alfa Aesar) and appropriate amounts (wt%) of iron nitrate [Fe(NO3)3·9H2O, 

Alfa Aesar] in deionised water (50 mL), while stirring at room temperature (RT) for 7 h. The 

resultant slurry was filtered by vacuum and kept in an oven at 120 °C for 5 h, and further 

calcined at 450 °C for 4 h in the presence of air to afford materials of different wt% of 

Fe2O3/ZrO2. 

 

6.2.2 Synthesis of novel 1,4‑dihydropyridine derivatives (5a-j) 

 

Scheme 1: Synthesis of new 1,4-dihydropyridine derivatives. 

To evaluate the activity of the prepared Fe2O3/ ZrO2 as catalyst, a one-pot reaction was 

performed using the chosen aromatic aldehyde (1 mmol) (1), 1,3-cyclohexadione (1 mmol) (2), 
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acetoaccetanilide (1 mmol) (3) and ammonium acetate (1 mmol) (4). The reaction mixture and 

45 mg of Fe2O3/ ZrO2 catalyst were added to 5 mL of ethanol in a 25-mL reaction flask, and 

stirred at RT for 20 min (Scheme 1). Thin-layer chromatography (TLC) was used to monitor 

the reaction progress. Catalyst was separated from the reaction mixture by simple filtration. The 

product was extracted with ethylacetate, and the solvent was evaporated under reduced pressure 

to obtain the crude product. The crude product was recrystallized from ethanol to obtain the 

pure target compound, which was characterised by various spectral techniques. 

4-(3-hydroxyphenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5a): 1H NMR (400 MHz, DMSO-d6): δ= 1.75-1.94 (m, 2H, CH2), 2.03 (s, 3H, 

CH3), 2.19-2.22 (m, 2H, CH2), 2.42-2.49 (m, 2H, CH2), 4.90 (s, 1H, CH), 6.45-6.48 (m, 1H, 

Ar-H), 6.60 (t, J= 6.88 Hz, 2H, Ar-H), 6.93-7.01 (m, 2H, Ar-H), 7.24 (d, J= 7.68 Hz, 2H, Ar-

H), 7.56 (d, J = 7.8 Hz, 2H, Ar-H), 8.74 (s, 1H, NH),  9.11 (s, 1H, NH), 9.50 (s, 1H, NH);  13C 

NMR (100 MHz, DMSO-d6): 16.97, 20.86, 26.44, 36.86, 37.63, 108.92, 111.02, 112.67, 

114.37, 118.05, 119.59, 122.88, 128.42, 128.71, 134.52, 139.37, 148.47, 152.36, 157.00, 

167.50, 194.10; 15N NMR (40.55 MHz, DMSO-d6) δ= 123.8, 134.3 ;HRMS of 

[C23H22N2O3+Na+] (m/z): 397.1546; Calcd.: 397.1528. 

4-(2-methoxyphenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5b):1H NMR (400 MHz, DMSO-d6): δ= 1.70-1.90 (m, 2H, CH2), 1.95 (s, 3H, 

CH3), 2.17-2.21 (m, 2H, CH2), 2.54-2.60 (m, 2H, CH2), 3.71 (s, 3H, -OCH3), 5.22 (s, 1H, CH), 

6.82 (d, J= 7.12 Hz, 2H, Ar-H), 6.99 (dd, J = 6.56 Hz, J = 5.96 Hz, 2H, Ar-H), 7.03-7.07 (m, 

1H, Ar-H), 7.25 (t, J = 7.72 Hz, 2H, Ar-H), 7.61 (d, J = 7.88 Hz, 2H, Ar-H), 8.70 (s, 1H, NH), 

9.44 (s, 1H, NH);  13C NMR (100 MHz, DMSO-d6): δ= 16.83, 21.06, 26.51,31.21, 36.95, 55.59, 

108.36, 110.89, 111.11, 119.21, 120.63, 122.55, 126.89, 128.23, 128.38, 134.17, 135.42, 

139.80, 153.13, 155.62, 167.27, 193.72; 15N NMR (40.55 MHz, DMSO-d6) δ= 124.6, 132.5; 

HRMS of [C24H24N2O3+Na+] (m/z): 411.0985; Calcd.: 411.0983. 

4-(4-methoxyphenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5c): 1H NMR (400 MHz, DMSO-d6): δ= 1.87-1.93 (m, 2H, CH2), 2.03 (s, 3H, 

CH3), 2.13-2.25 (m, 2H, CH2), 2.40-2.47 (m, 2H, CH2), 3.65 (s, 3H, -OCH3), 4.92 (s, 1H, CH), 

6.73 (d, J= 8.52 Hz, 2H, Ar-H), 6.98 (t, J= 7.28 Hz, 1H, Ar-H), 7.07 (d, J= 8.48 Hz, 2H, Ar-

H), 7.23 (t, J= 7.68 Hz, 2H, Ar-H), 7.55 (d, J= 8Hz, 2H, Ar-H), 8.71 (s, 1H, NH), 9.48 (s, 1H, 

NH); 13C NMR (100 MHz, DMSO-d6): δ=17.00, 20.90, 26.40, 36.90, 54.84, 109.34, 111.09, 

113.27, 114.49, 119.52, 122.82, 128.30, 128.40, 134.54, 138.30, 139.39, 152.03,  157.29, 
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167.48, 194.00; 15N NMR (40.55 MHz, DMSO-d6) δ= 123.7, 134.3;  [C24H24N2O3+Na+] (m/z): 

411.1684; Calcd.: 411.1685. 

4-(2-chlorophenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5d):1H NMR (400 MHz, DMSO-d6): δ= 1.76-1.87 (m, 2H, CH2),  1.91 (s, 3H, 

CH3), 2.12-2.19 (m, 2H, CH2), 2.51-2.57 (m, 2H, CH2), 5.33 (s, 1H, CH), 6.95-6.99 (m, 1H, 

Ar-H), 7.06-7.08 (m, 1H, Ar-H), 7.16-7.24 (m, 5H, Ar-H), 7.52 (s, 1H, Ar-H), 7.54 (d, J = 1.04 

Hz, 1H, Ar-H), 8.76 (s, 1H, NH), 9.67 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6):δ=18.51, 

21.02, 26.27, 33.37, 56.00, 109.62, 114.21, 119.45, 123.01, 126.90, 128.41, 128.57, 131.30, 

133.07, 135.88, 141.22, 147.84, 152.33, 166.31, 171.98, 193.74.15N NMR (40.55 MHz, 

DMSO-d6) δ=122.1, 133.7;   HRMS of [C23H21N2O2Cl+Na+] (m/z): 415.1188; Calcd.:415.1189. 

4-(4-bromophenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5e): 1H NMR (400 MHz, DMSO-d6): δ= 1.79-1.92 (m, 2H, CH2),  2.03 (s, 3H, 

CH3), 2.19 (t,  J= 10 Hz, 2H, CH2), 2.78-3.03 (m, 2H, CH2), 4.96 (s, 1H, CH), 6.99 (t, J= 7.32 

Hz, 1H, Ar-H), 7.11 (d, J= 8.36Hz, 2H, Ar-H), 7.23 (t, J= 7.68 Hz, 2H, Ar-H), 7.37 (d, J= 8.36 

Hz, 2H, Ar-H), 7.54 (d, J= 7.8 Hz, 2H, Ar-H), 8.81 (s, 1H, NH), 9.58 (s, 1H, NH); 13C NMR 

(100 MHz, DMSO-d6): δ=16.99, 20.84, 26.39, 37.54, 55.99, 108.62, 110.43, 118.70, 119.60, 

122.96, 128.42, 129.62, 130.72, 134.88, 139.28, 146.40, 152.54, 167.20, 194.00; 15N NMR 

(40.55 MHz, DMSO-d6) δ= 125.4, 133.8; HRMS of [C23H21N2O2Br+Na+] (m/z): 459.0689; 

Calcd.: 459.0684. 

4-(2-bromophenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5f):1H NMR (400 MHz, DMSO-d6): δ= 1.84-1.88 (m, 2H, CH2), 1.90 (s, 3H, 

CH3), 2.13 (t, J=6.16Hz, 2H, CH2), 2.43 (t, J= 5.28 Hz, 2H, CH2), 5.28 (s, 1H, CH), 7.00-7.04 

(m, 2H, Ar-H), 7.20-7.25 (m, 4H, Ar-H), 7.34 (d, J= 7.88 Hz, 1H, Ar-H), 7.53 (d, J= 7.8Hz, 

2H, Ar-H),  8.75 (s, 1H, NH), 9.68 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6): δ=16.43, 

20.52, 28.42, 36.69, 56.19, 101.10, 109.23, 110.70, 111.63, 119.52, 121.93, 126.22, 127.21, 

128.33, 131.71, 132.58, 139.40, 142.20, 152.90, 166.87, 193.54; 15N NMR (40.55 MHz, 

DMSO-d6) δ=  120.1, 130.1.   

4-(4-fluorophenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5g): 1H NMR (400 MHz, DMSO-d6): δ= 1.87-1.94 (m, 2H, CH2), 2.04 (s, 3H, 

CH3), 2.17-2.21 (m, 2H, CH2), 2.34-2.42 (t, 2H, CH2), 4.98 (s, 1H, CH), 6.91-7.01 (M, 3h, Ar-

H), 7.16-7.25 (m, 4H, Ar-H), 7.54 (d, J= 7.8 Hz, 2H, Ar-H),  8.78 (s, 1H, NH), 9.55 (s, 1H, 

NH); 13C NMR (100 MHz, DMSO-d6): δ=17.00, 20.85, 26.39, 36.79, 37.18, 108.95, 110.78, 

114.37, 114.58, 119.58, 122.91, 128.41, 129.07, 134.75, 139.312, 143.25, 152.40, 167.31; 15N 
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NMR (40.55 MHz, DMSO-d6) δ=  122.3, 133.7; HRMS of [C23H21N2O2F+Na+] (m/z): 

399.1470; Calcd.: 399.1485. 

4-(2,5-dimethoxyphenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5h):1H NMR (400 MHz, DMSO-d6): δ= 1.84-1.94 (m, 2H, CH2), 1.96 (s, 3H, 

CH3), 2.20 (t, J= 6.32 Hz, 2H, CH2), 2.54-2.63 (m, 2H, CH2), 3.52 (s, 3H, -OCH3), 3.61 (s, 3H, 

-OCH3), 5.17 (s, 1H, CH), 6.52 (d, J= 3.04 Hz, 1H, Ar-H), 6.61-6.14 (m, 1H, Ar-H), 6.75 (d, 

J= 8.84 Hz, 1H, Ar-H), 6.98 (t, J= 7.36 Hz, 1H, Ar-H), 7.24 (t, J= 7.6 Hz, 2H, Ar-H), 7.59 (d, 

J= 7.72 Hz, 2H, Ar-H), 8.71 (s, 1H, NH), 9.42 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6): 

δ=16.90, 21.12, 26.47, 31.33, 36.92, 54.93, 56.39, 108.44, 110.38, 110.89, 112.11, 115.10, 

119.24, 122.58, 128.37, 134.48, 136.93, 139.77, 149.88, 153.05, 153.49, 167.10, 193.70; 15N 

NMR (40.55 MHz, DMSO-d6) δ= 125.3, 131.5; HRMS of [C25H26N2O4+Na+] (m/z): 441.1800; 

Calcd.: 441.1790. 

4-(3,4-dimethoxyphenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5i):1H NMR (400 MHz, DMSO-d6): δ= 1.80-1.91 (m, 2H, CH2), 2.03 (s, 3H, 

CH3), 2.20 (t, J= 4 Hz, 2H, CH2), 2.63-2.67 (m, 2H, CH2), 3.57 (s, 3H, -OCH3), 3.65 (s, 3H, -

OCH3), 4.94 (s, 1H, CH), 6.63-6.66 (m, 1H, Ar-H), 6.75 (t, J= 8.48 Hz, 2H, Ar-H), 6.97-7.03 

(m, 1H, Ar-H), 7.22-7.26 (m, 2H, Ar-H), 7.40 (d, J = 7.64 Hz, 1H, Ar-H), 7.57 (d, J = 7.68, 1H, 

Ar-H), 8.71 (s, 1H, NH), 9.51 (s, 1H, NH);   13C NMR (100 MHz, DMSO-d6): δ=16.99, 21.10, 

26.43, 32.90, 37.12, 55.15, 55.45, 108.88, 111.10, 111.41, 111.74, 119.54, 122.87, 128.40, 

134.41, 139.40, 139.78, 146.90, 148.13, 152.27, 165.02, 167.57, 194.10; 15N NMR (40.55 

MHz, DMSO-d6) δ= 124.6, 134.9; HRMS of [C25H26N2O4─H+] (m/z): 441.1798; Calcd.: 

441.1790. 

4-(4-(dimethylamino)phenyl)-2-methyl-5-oxo-N-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-

carboxamide(5j): 1H NMR (400 MHz, DMSO-d6): δ= 1.88-1.92 (m, 2H, CH2), 2.03 (s, 3H, -

OCH3), 2.11-2.24 (m, 2H, CH2), 2.45 (t, J= 5.24 Hz, 2H, CH2), 2.79 (s, 6H, N(CH3)2), 4.86 (s, 

1H, CH), 6.55 (d, J= 8.68 Hz, 2H, Ar-H), 6.97 (t, J= 8.44 Hz, 3H, Ar-H), 7.23 (t, J= 7.68Hz, 

2H, Ar-H), 7.55 (d, J= 7.8 Hz, 2H, Ar-H), 8.65 (s, 1H, NH),  9.40 (s, 1H, NH); 13C NMR (100 

MHz, DMSO-d6): δ=17.01, 20.93, 26.42, 36.59, 36.91, 54.84, 109.63, 111.20, 112.33, 119.48, 

122.74, 127.87, 128.39, 134.50, 135.45, 139.49, 148.72, 151.70, 167.57, 193.95; 15N NMR 

(40.55 MHz, DMSO-d6) δ=  124.2, 134.4; HRMS of [C25H27N3O2+Na+] (m/z): 424.1998; 

Calcd.: 424.2001. 
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  6.3 Results and Discussion 

6.3.1  XRD analysis 

Fig. 1 illustrates the X-ray diffraction pattern of 2.5 wt% Fe2O3-ZrO2 with diffraction 

peaks 2θ from 10° to 80°. The major peaks placed at 2θ = 24.8°, 28.6°, 31.9°, 34.7°, 41.3°, 

50.3° and 55.4° agree with peaks for ZrO2 (JCPDS 37-1484). The Fe2O3 peaks were shown in 

the XRD diffractogram at 2θ = 35.5°, 45.3°, 54.2°, 57.1°, 59.6° and 62.7° (JCPDS 39-1346). 

The diffraction peaks confirm the polycrystalline nature of the material. Based on the Scherrer 

equation, average crystallite size (10 .23 nm) was calculated from the maximum intensity 

diffraction peak. 

 

 

Fig. 1 Powder X-ray diffractogram of 2.5% Fe2O3-ZrO2 catalyst. 

 

6.3.2  TEM analysis 

Fig. 2a illustrates the surface morphology of 2.5% Fe2O3/ZrO2 catalyst material by TEM 

analysis. The image displayed a uniform distribution of iron on the surface of the zirconia 

support, with an average particle size 8.5 nm showed in Fig. 2b. The magnified particles 

exhibited irregular oval shapes. The even dispersion of iron oxide on the surface of support was 

confirmed by the darker parts on the image. 
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Fig. 2a TEM micrograph of 2.5% Fe2O3/ZrO2 catalyst. 

 

 

Fig. 2b Particle size distribution of Fe2O3/ZrO2. 
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6.3.3  SEM analysis 

 

 

Fig. 3 SEM micrograph, EDS mapping and EDS spectra of the 2.5% Fe2O3/ZrO2 catalyst. 

Fig. 3 shows the SEM image of a 2.5% Fe2O3/ZrO2 material.  A number of irregular 

white shaped particles on the monograph suggests a homogeneous distribution of iron oxide on 

the ZrO2 surface, which was further supported by SEM–EDS mapping, The EDS spectra 

demonstrated that the prepared catalyst composed of Fe, Zr and O elements, as well as ICP 

elemental analysis (2.13 wt% Fe). Moreover, the catalyst morphology from the SEM images 

illustrated the crystallinity and homogeneity of the sample.           

6.3.4  BET surface area analysis 

Fig.4 illustrates the Brunauer–Emmett–Teller (BET) analysis of 2.5% Fe2O3/ZrO2, by 

adsorption–desorption of N2 at 77 K to characterise its surface area. With an H2 hysteresis loop 

showing a type-IV adsorption isotherm, the surface area of the material was found to be 84.34 

m2/g, and the P/Po ratio was in the range of 0.63–0.98, which is > 0.25. This confirms 2.5% 
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Fe2O3/ZrO2 as a mesoporous material, and average pore size and average pore volume were 

8.92 nm and 0.25 cm3/gm, respectively. 

 

Fig. 4 N2 adsorption-desorption isotherms of 2.5% Fe2O3/ZrO2 catalyst. 

6.3.5  Pyridine IR analysis 

The surface-active sites are identified by adsorbing the pyridine as a probe on the 

prepared material. Mainly, pyridine adsorbed on the surface in two different ways: (a) pyridine 

can act as a Lewis base and coordinate with the electrophilic Lewis acidic sites present on the 

surface; (b) pyridine can act as a Brønsted base and coordinate and forms a pyridinium ion 

produced by the transfer of a proton from the surface hydroxyl group (Brønsted acid sites) to 

the pyridine molecule. The ex situ pyridine adsorbed FT-IR [43] spectra of Fe2O3/ZrO2 is 

depicted in Fig. 5. The main feature was a broad band in the range 1550–1400 cm−1. The 

spectrum showed a peak at 1448 cm−1 which corresponds to Lewis acidic sites. The peak at 

1487 cm−1 was attributed to Brønsted and Lewis acidic sites, and the peak at 1548 cm−1 

corresponds to Brønsted acidic sites. Overall, it illustrated the Lewis acidic nature of the 

prepared catalyst. 
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Fig. 5 Pyridine IR spectra of 2.5% Fe2O3/ZrO2 catalyst; L = Lewis acidic sites; B + L Brønsted 

and Lewis acidic sites and B = Brønsted acidic sites. 

6.3.6  Reaction optimization 

The trial reaction was performed using 3-hydroxy benzaldehyde (1a), 1,3-

cyclohexanedione (2), acetoacetanilide (3) and ammonium acetate (4). For optimisation of the 

reaction conditions, the effect of different solvents, catalysts and temperature was examined. 

Reaction progress was monitored by TLC. Only trace amounts of product were afforded when 

the reaction was performed under catalyst-free conditions, both under RT and reflux conditions 

(Table 1, entries 1 and 2). Various commercially available acidic catalysts like acetic acid, 

FeCl3 and p-toluenesulphonic acid (PTSA) in EtOH at RT for 9 h gave 29–49% yield only 

(Table 1, entries 3–5). Use of ionic liquids, like (Bmim)BF4 or l-proline, failed to give any 

satisfactory yield of desired product (10–16%, Table 1, entries 6 and 7). Use of various organic 

and inorganic base catalysts, like TEA, pyridine, DABCO, NaOH and K2CO3, studied at RT 

could yield only 19–32% product (Table 1, entries 8–12). With our interest in heterogeneous 

catalysts, the activity of different metal oxides like Al2O3, SiO2, and ZrO2 was examined, which 

gave satisfactory to good yields (54–79%) in 3 h at RT (Table 1, entries 13–15). Based on the 

encouraging results with zirconia as catalyst (yield 79%, Table 1, entry 14), we further explored 

its effectiveness in combination with different metals. Different materials like 2.5 wt % of 

CuO/ZrO2, MnO2/ZrO2 and Fe2O3/ZrO2 were examined as catalysts, and all afforded good 

overall yields of (80–98%) in EtOH at RT (Table 1, entries 16–18). 2.5% Fe2O3/ZrO2 catalyst 

offered an excellent yield (98%) compared with the other mixed oxides assessed. Hence, the 

effect of different percentage loading of Fe2O3 on ZrO2 (1% and 5%) as catalysts was 

investigated under similar conditions. 1% Fe2O3/ZrO2 catalyst (Table 1, entry 19) gave 90% 

yield in 40 min, whereas 5% loading showed a slight decrease in the yield relative to 2.5% 
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loading, from 98 to 94% for the same reaction times. The lower yield with 1% Fe2O3/ZrO2 was 

due to the lower number of active sites, whereas with 5% Fe2O3/ZrO2 loading, the lower yield 

was presumably due to oligomerization of Fe2O3 on the surface of ZrO2. Higher efficacy with 

2.5% Fe loaded material could be attributed to the homogeneous distribution and exposing of 

iron oxide active sites on the surface of zirconia. The 2.5% Fe2O3/ZrO2 catalytic system was 

therefore subsequently used to synthesise all the other 1,4-dihydropyridine derivatives in the 

series.  

Table 1 Effect of catalysts on the synthesis of 5a * 

Entry Catalyst Condition Time (h) Yield (%) # 

1 -- RT 11 10 

2 -- Reflux 11 18 

3 AcOH RT 9.0 41 

4 FeCl3 RT 9.0 49 

5 PTSA RT 9.0 29 

6 (Bmim)BF4 RT 8.0 10 

7 L-proline RT 7.0 16 

8 TEA RT 8.0 19 

9 Pyridine RT 4.5 24 

10 DABCO  RT 4.5 32 

11  NaOH RT 4.5 22 

12 K2CO3  RT 4.5 30 

13 Al2O3 RT 3.0 54 

14 SiO2 RT 3.0 62 

15 ZrO2 RT 3.0 79 

16 2.5% CuO/ZrO2 RT 1.5 84 

17 2.5% MnO2/ZrO2 RT 1.0 80 

18 2.5% Fe2O3/ZrO2 RT 0.33 98 

19 1% Fe2O3/ZrO2 RT 0.66 90 

20  5% Fe2O3/ZrO2 RT 0.33 94 
 

* Reaction conditions: 3-hydroxy benzaldehyde (1 mmol), 1,3-cyclohexanedione (1 mmol), 

and acetoacetanilide (1 mmol), ammonium acetate (1 mmol) and solvent (5 mL) were stirred at 

RT. 
# Isolated yields. 

-- No catalyst. 

The effect of solvent medium was investigated, with a focus on reaction yields (Table 

2). Non-polar solvents facilitated no reaction, possibly due to the poor solvent–solid interactions 

(Table 2, entries 1 and 2). Polar aprotic solvents such as tetrahydrofuran (THF) and dimethyl 

formamide (DMF) and polar protic solvents like MeOH, EtOH and H2O showed low yields 

(Table 2, entries 3 and 4), and with protic solvents (H2O, MeOH and EtOH), reasonable yields 
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were obtained (Table 2,entries 5, 6 and 7). EtOH proved to be the ideal solvent for the reaction. 

Moreover, it has better acceptability as green solvent over MeOH. 

Table 2 Optimization of various solvent condition for the model reaction* 

Entry Solvent Time(h)  Yield 

(%) 

1 n-hexane 1.6  -- 

2 Toluene 1.6  -- 

3 THF 1.0  15 

4 

5 

DMF 

H2O 

1.0 

1.0 

 18 

64 

6 MeOH  0.66  83 

7 EtOH 0.33  98 

*Reaction conditions: 3-hydroxy benzaldehyde (1 mmol), 1,3-cyclohexanedione (1 mmol), and 

acetoacetanilide (1 mmol), ammonium acetate (1 mmol) and solvent (5 mL) were stirred at 

room temperature. 

DMF= Dimethyl formamide; THF= Tetrahydrofuran; H2O= Water; CH3OH= Methanol; 

C2H5OH= Ethanol. 

-- No product. 

The effect of the amount of 2.5% Fe2O3/ZrO2 used on the yield and reaction time was 

further examined (Table 3). With increase in the amount of catalyst used from 15 up to 45 mg, 

the reaction yield steadily improved from 65 to 98% with concurrent reduction in reaction time. 

A further increase of catalyst amount (45–65 mg) registered no improvement in yield or reaction 

time. Thus, 45 mg of 2.5% Fe2O3/ZrO2 catalyst was taken as the optimum amount for the chosen 

reaction conditions.  

Table 3 Optimization of various amounts of 2.5% Fe2O3/ZrO2 for the model reaction* 

 

Entry Catalyst (mg) Yield (%) Time (h) 

1 15 65 0.83 

2 25 73 0.58 

3 35 90 0.33 

4 45 98 0.33 

5 55 98 0.33 

6 65 98 0.33 

* Reaction conditions: 3-hydroxy benzaldehyde (1 mmol), 1,3-cyclohexanedione (1 mmol), and 

acetoacetanilide (1 mmol), ammonium acetate (1 mmol) and solvent (5 mL) were stirred at 

room temperature. 
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To further broaden the utility of the optimized protocol, reactions were conducted using 

different substituted aldehydes to synthesize their respective 1,4 dihydropyridine derivatives. 

Reaction with ten different aldehydes with varied substituents all gave excellent yields (92–

98%, 5a–j). Thus, 2.5% Fe2O3/ZrO2 proved to be an excellent material to catalyze the facile 

one-pot synthesis of targeted 1,4 dihydropyridine scaffolds at RT in ethanol with a short 

reaction time of 20 min (Table 4). The nature of the substituents on the phenyl ring showed 

significant effect on the reaction yields. It was due to less functional group tolerance towards 

the reaction. In all reactions, the halogen substitution at the para position gave higher yields 

compared to at the ortho position. In summary, the aldehydes with electron-donating groups at 

the ortho position offered higher yields compared to the halogen groups. It also showed that the 

catalyst system works well with both electron-donating and electron-withdrawing groups on 

the phenyl ring of the aldehydes. The single crystal structure of 5j is shown in Fig. 6. 

 

Fig. 6 Crystal structure of 5 j (CCDC no.1903627). 
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Table 4 Synthesis of novel functionalized pyridine derivatives by 2.5% Fe2O3/ZrO2 catalyst* 

 

Entry R Product Mp °C Yield* (%) 

1 3-OH 5a 185-187 98 

2 2-OMe 5b 193-195 96 

3 4-OMe 5c 190-192 93 

4 2-Cl  5d 210-212 92 

5 4-Br  5e 206-208 94 

6 2-Br  5f 213-215 93 

7 4-F 5g 200-202 96 

8 2,5-OMe 5h 220-222 98 

9 3,4-OMe 5i 225-227 97 

10 4-N(CH3)2 5j 218-220 93 
 

 * Reaction conditions: arylaldehyde (1 mmol), 1,3-cyclohexanedione (1 mmol), and aceto 

acetanilide (1 mmol), ammonium acetate (1 mmol) and solvent (5 mL) were stirred at room  

temperature. R = substituted benzaldehydes.  * = Isolated yields. 

 

  The identity of each reaction product was confirmed by 1H NMR and 13C NMR analysis 

(Figs. 7, 9 and 10). For example, for 5a, the characteristic singlets at δ = 2.03, 4.90, 8.74, 9.50 

and 9.11 indicate the –CH3, –CH, two –NH protons and –OH proton, respectively. The 

heteronuclear multiple-bond correlation (HMBC) interactions are unambiguous proof to 

substantiate the formation of 5a. In Fig. 8, the proton in the region of δ = 4.90 was assigned to 

the –CH proton in the 1,4-dihydropyridine ring, further confirmed by the HMBC interaction 

with carbon atoms at δ = 108.92, 111.02, 118.05, 134.52, 148.47, 152.36, 167.50 and 194.10. 

The proton in the region of δ = 8.74 was assigned to the nitrogen proton in the dihydropyridine 

ring, further endorsed by its HMBC interaction with carbon atoms at δ = 16.97, 26.44 and 

152.36. The nitrogen in the acetoacetanilide appeared in the region of δ = 9.50 with the specific 

HMBC interactions at δ = 119.59, 139.37 and 167.50. The –OH proton was assigned to δ = 

9.11, which was further confirmed by the HMBC interactions at δ = 112.67, 114.37 and 157.00. 

The carbon resonances at δ = 37.63, 108.92, 111.02, 148.47 and 152.36 were indicative of the 

1,4-dihydropyridine ring, whereas the prominent signal at δ = 194.10 is attributed to the 

carbonyl group of cyclohexanone. The carbonyl group in the acetoacetanilide resonates at 

167.50. The HRMS showed the m/z 397.1546 [C23H22N2O3 + Na]+, which corresponded well 

with the theoretical value for 5a, based on its formulae (Figs. 8, 9 and 10). 
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Fig. 7 Characteristic 1H and 13C NMR signals of compound 5a 

 

Fig. 8 Selected HMBC interactions of –CH, –NH & -OH Protons of 5a 
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Fig. 9 1H NMR spectra of compound 5a 

 

 

Fig. 10 13C NMR spectra of compound 5a 

6.3.7 Mechanism of the reaction 

From the above results, a proposed mechanism is shown in Scheme 2 from the previous 

reports[44], [45]. The Lewis acidic sites present on the surface of the catalyst will facilitate the 

overall reaction. Initially, a Knoevenagel condensation product was formed by the coordination 

of Lewis acidic sites with the carbonyl oxygen affording a carbocation intermediate (a), and 
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then the interaction of active methylene group of the acetoacetanilide with the intermediate (a). 

Next, the intermediate will dissociate from the surface of the catalyst and obtain a proton from 

the EtOH, affording the intermediate (b). Subsequently an intramolecular dehydration 

generates the key intermediate (c), further condensation of the intermediate with (2) finally 

produce the target molecules (5a-j). Table 5 summarize a comparison of other catalysts with 

the prepared Fe2O3/ZrO2 on the title reaction. 

 

Scheme 2 Proposed reaction mechanism for the formation of 1,4-dihydropyridine derivatives. 
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Table 5  Comparison table with various other catalysts to synthesis 1,4-dihydropyridine 

derivatives. 

Catalyst [Ref] Solvent Reaction 

Temp. 

Reaction 

Time 

Yield 

(%)  

MIIZr4(PO4)6[31] EtOH Reflux 30-45 min 82-93 

Zirconocene 

bis(perfluorobutanesulfo

nate)[32]  

solvent-free 

conditions 

80 °C 

 

2-3h 86-96 

Sulfated 

polyborate[33] 

solvent free 

conditions 

90 °C 

 

15-40 min 85-95 

Silica functionalized 

sulfonic acid coated with 

ionic liquid[34]  

solvent-free 

conditions 

60 °C 5-50 min 80-95 

Chitosan supported oxo-

vanadium[35] 

 

Solvent-free 

 

130 °C 

 

55-75 min 

 

53-88 

 

Sulfated boric acid 

nanoparticles[36] 

EtOH 60 °C 30-60 min  86-98 

DBU[37] EtOH RT 2.5-3 h 80-94 % 

Nicotinic acid[38] Solvent-free 80 °C 

 

2-7 min 87-96 

γ-

Fe2O3/Cu@cellulose 

[39] 

Solvent-free RT 9-30 min 80-98 

SBA-15@AMPD-Co 

[40] 

Solvent-free 100 °C 35-90 min 90-97 

Fe3O4@D-NH-(CH2)4-

SO3H  [41] 

EtOH Reflux 

 

40 min 86-90 

Cu-Adenine@boehmite 

[42] 

EtOH Reflux 20-120 

min 

89-97 

 

6.4 Reusability of catalyst 

After the reaction, the used material of the Fe2O3/ZrO2 catalyst was separated by 

filtration and washed with EtOH solvent. It was then dried at 120 °C for 3 h and was recycled 

up to six successive cycles without loss of catalytic activity. The decrease in the catalytic 

activity after the 6 successive cycles observed may be due to the accumulation of impurities on 

the pores of catalyst surface, which deactivate the catalytic activity. This may the main reason 

and there may be partial loss of active material during the reaction process. Fig.10 shows the 

Recycling study of 2.5% Fe2O3/ZrO2 catalyst. 
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Fig.10 Recycling study of 2.5% Fe2O3/ZrO2 catalyst for the synthesis of 1,4-dihydropyridine 

5a. 

6.5 Conclusion 

We have developed a robust green protocol at RT using green ethanol solvent for the 

synthesis of novel 1,4-dihydropyridine derivatives by using Fe2O3/ZrO2 as catalyst, employing 

earth-abundant and inexpensive Fe as active material. The main advantage of this protocol is 

shorter reaction time, simple work‐up procedure, reusable catalyst material and most 

importantly excellent yields making this protocol practical for the synthesis. 

6.6 Supplementary Information 

The CCDC number 1903627 contains the information regarding the supplementary 

crystallographic data. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/conts/retrieving.html or [from the Cambridge Crystallographic Data 

Center (CCDC), 12 Union Road, Cambridge CB21 EZ, UK; Fax: +44(0)1223-336,003; E-18 

mail:deposit@ccdc.cam.ac.uk]. Structure factor table is available from the authors.  
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6.9 Supplementary information 

6.9.1. Catalyst instrumentation details  

        Employing a Bruker D8 Advance instrument (Cu K radiation source with a wave length 

of 1.5406 Å), the X-ray diffraction data related the structural phases of the catalyst were 

acquired. Using a JEOL JEM-1010 electron microscope and JEOL JSM-6100 microscope, the 

TEM and SEM analysis data was recorded. iTEM software was used analyse the TEM data and 

images. Employing the X-ray analyser (energy-dispersive), EDX-analysis on the SEM images 

was conducted.  

 

6.9.2. Experimental Section 

 All chemicals and reagents required for the reaction were of analytical grade and 

were used without any further purification. Bruker AMX 400 MHz NMR spectrometer was 

used to record the 1H NMR, 13C NMR and 15N NMR spectral values. High-resolution mass data 

were obtained using a Bruker micro TOF-Q II ESI instrument operating at ambient temperature. 

The DMSO-d6 solution was utilized for this while TMS served as the internal standard. TMS 

was further used as an internal standard for reporting the all chemical shifts in δ (ppm). Purity 

of all the reaction products was confirmed by TLC using aluminium plates coated with silica 

gel (Merck Kieselgel 60 F254). Infrared (IR) spectra were recorded on a Perkin Elmer Precisely 

equipped with a Universal ATR sampling accessory using a diamond crystal. The powdered 

material was placed on the crystal and a force of 120 psi was applied to ensure proper contact 

between the material and the crystal.The spectra were analyzed using Spectrum 100 software. 

Before recording the IR spectra, pyridine was adsorbed by placing a drop of pyridine on 10 mg 

of the sample followed by evacuation in air for 1 h at room temperature to remove reversibly 

adsorbed pyridine on the surface of the catalyst. 
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1H NMR spectra of compound 5a 

 

 

 

 

13C NMR spectra of compound 5a 
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HMBC spectra of compound 5a 

 

 

 

 

15N NMR spectra of compound 5a 
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HRMS spectra of compound 5a 
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1H NMR spectra of compound 5b 

 

 

 

 

13C NMR spectra of compound 5b 
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15N NMR spectra of compound 5b 

 

HRMS spectra of compound 5b 
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1H NMR spectra of compound 5c 

 

 

 

 

13C NMR spectra of compound 5c 
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15N NMR spectra of compound 5c 

 

 

HRMS spectra of compound 5c 
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1H NMR spectra of compound 5d 

 

 

 

 

 

1H NMR spectra of compound 5d 

 



282 
 

 

1H NMR spectra of compound 5d 

 

 

1H NMR spectra of compound 5d 
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1H NMR spectra of compound 5e 

 

 

 

 

 

13C NMR spectra of compound 5e 
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15N NMR spectra of compound 5e 

 

 

HRMS spectra of compound 5e 
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1H NMR spectra of compound 5f 

 

 

 

 

13C NMR spectra of compound 5f 
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15N NMR spectra of compound 5f 
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1H NMR spectra of compound 5g 

 

 

 

13C NMR spectra of compound 5g 
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15N NMR spectra of compound 5g 

 

 

 

HRMS spectra of compound 5g 

 

 



289 
 

 

1H NMR spectra of compound 5h 

 

 

 

 

13C NMR spectra of compound 5h 
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15N NMR spectra of compound 5h 

 

 

 

 

HRMS spectra of compound 5h 
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1H NMR spectra of compound 5i 

 

 

 

13C NMR spectra of compound 5i 
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15N NMR spectra of compound 5i 

 

 

 

HRMS spectra of compound 5i 

 

 

 

 



293 
 

 

1H NMR spectra of compound 5j 

 

 

 

 

13C NMR spectra of compound 5j 
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15N NMR spectra of compound 5j 

 

 

 

 

 

HRMS spectra of compound 5j 
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Crystal data: 

Identification code 5j 

Empirical formula C25H27N3O2 

Formula weight 401.49 

Temperature/K 99.99 

Crystal system monoclinic 

Space group P21/c 

a/Å 10.9896(2) 

b/Å 17.8516(3) 

c/Å 11.6313(2) 

α/° 90 

β/° 115.0000(10) 

γ/° 90 

Volume/Å3 2068.06(6) 

Z 4 

ρcalcg/cm3 1.290 

μ/mm-1 0.083 

F(000) 856.0 

Crystal size/mm3 0.34 × 0.26 × 0.17 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.09 to 56.608 

Index ranges -14 ≤ h ≤ 13, -23 ≤ k ≤ 23, -10 ≤ l ≤ 15 

Reflections collected 27824 

Independent reflections 5136 [Rint = 0.0309, Rsigma = 0.0349] 

Data/restraints/parameters 5136/0/274 

Goodness-of-fit on F2 1.033 

Final R indexes [I>=2σ (I)] R1 = 0.0434, wR2 = 0.1017 

Final R indexes [all data] R1 = 0.0655, wR2 = 0.1132 

Largest diff. peak/hole / e Å-3 0.37/-0.28 

 

 

.  
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Abstract 

Nickel oxide loaded on zirconia (NiO/ZrO2) as an expedient catalyst is reported for the 

synthesis of 18 unsymmetrical 1,4-dihydropyridine derivatives.  The Lewis acidic nature of the 

catalyst proved an excellent choice for the one-pot, 4-component fusion reaction with excellent 

yields of 89-98% and completed in 20-45 minutes. Mechanistic studies show that enamine and 

imine functionality are the two possible pathways for the formation of 1,4-dihydropyridines 

with high selectivity.  Crystal structures of two novel compounds (5a, 5c) were reported. 

Catalyst demonstrated reusability up to 6 cycles. Reaction at room temperature (RT) and 

ethanol as solvent make this protocol green and economical.  

Keywords: 1,4 dihydropyridine, NiO/ZrO2,  4-component reaction, Hantzsch dihydropyridine, 

mixed metal oxide. 
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7.1 Introduction 

Catalysts play a crucial role in facilitating product selectivity and decreasing the 

activation energy of the reactions.1 Although homogeneous catalysts show better efficiency in 

chemo- and regioselectivity and their reaction mechanisms are better understood, their recovery 

from the reaction mixture is often difficult and involves several neutralization procedures.2 To 

overcome these drawbacks, heterogeneous catalysts are more chosen in organic synthesis. 

Because of their surface-to-volume ratio, the amount of heterogeneous catalyst required for the 

transformation is reduced, enabling the transformation to become both efficient and 

economical, and it is easy to separate from the reaction medium.3 In this context, mixed metal 

oxides as heterogeneous catalysts contributed significantly to organic synthesis because of their 

tuneable characteristics of the versatile surface sites.4 The synergy between active metal and 

support typically dictates the catalytic properties of the material.5 In this context, nickel has 

been used both as a homogeneous and heterogeneous catalyst in many organic transformations 

like C−C bond formations, reductive eliminations including C−N and C−O bond formation 

reactions, and cross-coupling reactions.6 Zirconia has attracted more interest than other support 

materials because of its higher tolerance toward corrosion and high temperatures,7 as 

demonstrated by the use of ZrO2 in the heat shield of space shuttles. Moreover, zirconia gained 

importance as a catalyst due to its surface properties by possessing both acidic and basic sites. 

The surface properties can be modified by loading/doping with suitable metals.8,9 Based on 

these advantages, we prepared materials with different loadings of Ni on ZrO2 support and 

investigated their efficacy as a reusable catalyst for selective organic transformation. Previous 

reports demonstrated the use of NiO/ZrO2 as a catalyst for simple conversions such as oxidative 

dehydrogenation10 and C−S cross-coupling reactions.11This is the first report of using NiO/ZrO2 

as a catalyst in a multicomponent, one-pot reaction system. 

Multicomponent reactions (MCRs) are important synthetic tools with the ability to craft 

complex organic molecules with high atom economy. An MCR is an ecofriendly means to 

synthesize libraries of biologically important scaffolds.12Among the heterocyclic compounds, 

N-heterocyclic scaffolds in general acquired more prominence in the medicinal and 

pharmaceutical chemistry. In particular, 1,4-dihydropyridines (1,4-DHPs) are scaffolds of 

biological importance 13 as antimicrobial,14 anti-tubercular, 15 anticancer,16 anticoagulant,17 

neuroprotector,18 antioxidant,19 L/T-type calcium channel blocking,20 AChE inhibiting, 21 and 

bone anabolic agents.22 1,4-DHPs were first reported by Hantzsch in 1882 via the 

multicomponent reaction of aromatic aldehyde, β-ketoester, and ammonia as nitrogen sources. 
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23 Well-known commercial drugs like felodipine, diludine, and nifedipine constitute 1,4-DHPs 

as the core moiety (Figure 1). 

 

Fig.1 Structures of commercially available 1,4-dihydropyridine drugs. 

Due to the vast biological and synthetic importance of 1,4-DHP derivatives, several 

protocols have been reported via a one-pot strategy and employing different catalysts like nano-

tungsten trioxide-supported sulfonic acid (n-WSA),24sulfated boric acid nanoparticles,25 

chitosan-supported copper(II)sulfate,26 Fe3O4@SiO2@Si-(CH2)3@melamine-picolineimine@ 

SO3H, 27 sulfated polyborate,28 Fe3O4/KCC-1/BPAT,29 chitosan-supported vanadium oxo,30 

magnetic guanidinylated chitosan,31 nano-ZrO2-SO3H (n-ZrSA),32 Gd(OTf)3,
33 nicotinic acid,34 

γ-Fe2O3/Cu@cellulose,35 SBA-15@AMPD-Co,36 sulfamic acid,19 Fe3O4@D-NH-(CH2)4-

SO3H,37 Cu-adenine@boehmite,38 hydromagnesite,39 Cu(OTf)2,
40 ascorbic acid,41 NS-

C4(DABCO-SO3H)2·4Cl,42 CBr4,
43 and aminated CNTs.14 Many of these methods either suffer 

from usage of reflux conditions, lower yields, or long reaction times.  

We report for the first time NiO/ZrO2 as a reusable catalyst in a one-pot four-component 

fusion reaction for the synthesis of novel 1,4-dihydropyridine derivatives at room temperature. 

We also report significant advances into the proposed mechansm based on the reaction 

intermediates, including a single-crystal structure. 

7.2 Experimental Section 

7.2.1 Catalyst preparation 

A series of nickel oxide-loaded zirconia (NiO/ZrO2) catalysts with different weight percentages 

(1, 2.5, and 5 wt %) of Ni were prepared by the wet impregnation method. A mixture of 

zirconium oxide (ZrO2, 2 g, Alfa Aesar) and appropriate amount (wt %) of nickel sulfate 

(NiSO4·6H2O, Alfa Aesar) in 60 mL of deionized water was stirred for 7 h at room temperature. 

The resultant slurry was filtered under vacuum and dried at 100 °C for 6 h, followed by 
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calcination at 450 °C for 6 h in the presence of air, to obtain different weight percents of 

NiO/ZrO2. Instrumentation details are included in the Supporting Information. 

7.2.2 General method for the synthesis of series of 1,4-dihydropyridine derivatives (5a-r)  

 

Scheme 1 Synthesis of novel 1,4-dihydropyridines. 

1,4-Dihydropyridine Derivatives (5a-r). For the synthesis of a series of 1,4-dihydropyridine 

derivatives, the reaction was performed in a 25 mL round-bottom flask containing 5 mL of 

EtOH as a solvent. To these equimolar quantities of substituted aldehyde (1), ethyl acetoacetate 

(2), 1,3-cyclohexadione (3) and ammonium acetate (4) was added 30 mg of NiO/ZrO2 and 

stirred at room temperature (RT) (Scheme 3). TLC was used to monitor the progress of the 

reaction at regular time intervals. After completion of the reaction, the catalyst was filtered by 

adding excess ethanol. The solvent was then evaporated, and the pure product was afforded by 

recrystallization from EtOH. The details and spectra are given in the Supplementary 

Information. 

Ethyl 2-methyl-5-oxo-4-(2,3,4-trimethoxyphenyl)-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate (5a) : The compound was obtained as described in the 

general procedure using 2,3,4-trimethoxybenzaldehyde (1 mmol;100 

mg), ethyl acetoacetate (1 mmol; 57.14 mg), 1,3-cyclohexadione (1 

mmol; 66.32 mg), ammonium acetate (1 mmol; 39.28 mg) in 98 % yield 

as a yellow solid (200.51 mg): mp. = 211-213 oC;  1H NMR (400 MHz, 

DMSO): δ= 1.13 (t, J= 7.12 Hz, 3H, CH3), 1.66-1.91 (m, 2H, CH2), 

2.09-2.16 (m, 2H, CH2), 2.19 (s, 3H, CH3), 2.46 (t,  J= 4.8 Hz, 2H, CH2), 3.68 (s, 3H, OCH3), 

3.71 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 3.90-3.96 (m, 2H, CH2),  4.99 (s, 1H, CH), 6.60 (d, J 

= 7.72 Hz,1H, Ar-H), 6.78 (d, J = 8.68 Hz, 1H, Ar-H), 8.99 (s, 1H, NH) ;  13C NMR (100 MHz, 

DMSO): 14.02, 18.04, 20.75, 26.29, 32.40, 36.79, 55.59, 58.78, 59.87, 60.09, 103.90, 106.89, 



301 
 

110.54, 124.53, 133.19, 141.42, 143.42, 151.41, 151.53, 167.29, 194.25; 15N NMR (40.55 

MHz, DMSO) δ= 129.8 ; HRMS of [C22H27NO6-H
+] (m/z): 400.1770; Calcd.: 400.1760. 

Ethyl 4-(2-bromophenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate 

(5b) : The compound was obtained as described in the general 

procedure using 2-bromobenzaldehyde (1 mmol; 100 mg), ethyl 

acetoacetate (1 mmol; 60.6 mg), 1,3-cyclohexadione (1 mmol; 70.33 

mg), ammonium acetate (1 mmol; 41.66 mg) in 93 % yield as a 

yellow solid (196.16 mg): mp. = 197-199 oC;  1H NMR (400 MHz, 

DMSO-d6): δ= 1.07 (t, J= 7.08 Hz, 3H, CH3), 1.67-1.86 (m, 2H, 

CH2), 2.06-2.17 (m, 2H, CH2), 2.22 (s, 3H, CH3), 2.45 (t,  J= 8.88 Hz, 2H, CH2), 3.90-3.98 (m, 

2H, CH2),  5.15 (s, 1H, CH), 6.95-6.99 (m, 1H, Ar-H), 7.19-7.26 (m, 2H, Ar-H), 7.38 (d, J= 7.8 

Hz,1H, Ar-H), 9.13 (s, 1H, NH) ;  13C NMR (100 MHz, DMSO-d6): 14.19, 18.10, 20.69, 26.23, 

36.77, 37.00, 58.87, 103.71, 111.03, 122.30, 127.47, 131.54, 132.22, 144.50, 147.18, 151.50, 

166.81, 194.11; 15N NMR (40.55 MHz, DMSO-d6) δ= 129.6 ;HRMS of [C19H20NO3Br+Na+] 

(m/z): 412.0530; Calcd.: 412.0524. 

 Ethyl 2-methyl-5-oxo-4-(o-tolyl)-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5c) : The 

compound was obtained as described in the general procedure using 

o-Tolualdehyde (1 mmol; 100 mg), ethyl acetoacetate (1 mmol; 

93.32 mg), 1,3-cyclohexadione (1 mmol; 108.31 mg), ammonium 

acetate (1 mmol; 64.15 mg) in 97 % yield as a yellow solid (262.70 

mg): mp. = 191-193 oC;  1H NMR (400 MHz, DMSO-d6): δ= 1.07 (t, 

J= 7.08 Hz, 3H, CH3), 1.61-1.90 (m, 2H, CH2), 2.08 (S, 3H, -CH3), 

2.11-2.23 (m, 2H, CH2), 2.27 (s, 3H, CH3), 2.46 (t,  J= 4.96 Hz, 2H, CH2), 2.59 (s, 3H, CH3), 

3.91-3.97 (m, 2H, CH2),  4.93 (s, 1H, CH), 6.91-6.93 (m, 2H, Ar-H), 6.99-7.03 (m, 1H, Ar-H), 

7.09 (d, J= 7.52 Hz,1H, Ar-H), 9.06 (s, 1H, NH) ;  13C NMR (100 MHz, DMSO-d6): 14.09, 

18.28, 20.64, 26.22, 30.60, 32.29, 36.70, 37.06, 105.21, 112.65, 125.52, 126.04, 128.59, 129.13, 

134.80, 144.22, 147.87, 151.22, 167.11, 194.91; 15N NMR (40.55 MHz, DMSO-d6) δ= 129.1 

;HRMS of [C20H23NO3-H
+] (m/z): 324.1595; Calcd.: 324.1600. 
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Ethyl 2-methyl-5-oxo-4-(2,4,5-trimethoxyphenyl)-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate(5d): The compound was obtained as described in the general procedure using 

2,4,5-trimethoxybenzaldehyde (1 mmol;100 mg), ethyl acetoacetate 

(1 mmol;57.14 mg), 1,3-cyclohexadione (1 mmol; 66.32 mg), 

ammonium acetate (1 mmol; 39.28 mg) in 96 % yield as a yellow 

solid (196.41 mg): mp. = 214-218 oC;  1H NMR (400 MHz, DMSO-

d6): δ= 1.19 (t, J= 7.12 Hz, 3H, CH3), 1.72-1.96 (m, 2H, CH2), 2.17-

2.20 (m, 2H, CH2), 2.23 (s, 3H, CH3), 2.48-2.51 (m, 2H, CH2), 3.68 

(s, 3H, OCH3), 3.72 (s, 3H, OCH3), 3.76 (s, 3H, OCH3), 3.96-4.03 

(m, 2H, CH2),  4.97 (s, 1H, CH), 6.59 (s,1H, Ar-H), 6.70 (s, 1H, Ar-H), 9.04 (s, 1H, NH) ;  13C 

NMR (100 MHz, DMSO-d6): 14.15, 17.85, 20.19, 26.22, 30.61, 32.75, 36.83, 55.67, 56.38, 

56.59, 58.74, 99.38, 103.08, 109.74, 115.60, 127.39, 142.0, 143.52, 147.89, 151.68, 152.13, 

167.42, 194.35; 15N NMR (40.55 MHz, DMSO-d6) δ= 130.7; HRMS of [C22H27NO6-H
+] (m/z): 

400.1767; Calcd.: 400.1760. 

Ethyl 2-methyl-5-oxo-4-(2,4,6-trimethoxyphenyl)-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate (5e) : The compound was obtained as described in the general procedure using 

2,4,6-trimethoxybenzaldehyde (1 mmol;100 mg), ethyl acetoacetate 

(1 mmol;57.14 mg), 1,3-cyclohexadione (1 mmol; 66.32 mg), 

ammonium acetate (1 mmol; 39.28 mg) in 95 % yield as a yellow 

solid (194.37 mg): mp. = 206-208 oC; 1H NMR (400 MHz, DMSO-

d6): δ= 1.04 (t, J= 7.12 Hz, 3H, CH3), 1.59-1.84 (m, 2H, CH2), 2.01-

2.08 (m, 2H, CH2), 2.13 (s, 3H, CH3), 2.35 (t, J= 5.88 Hz, 2H, CH2), 

3.68 (s, 9H, 3 X OCH3), 3.79-3.90 (m, 2H, CH2),  5.33 (s, 1H, CH), 6.07 (s,2H, Ar-H), 8.81 (s, 

1H, NH) ;  13C NMR (100 MHz, DMSO-d6): 14.00, 18.09, 20.90, 26.36, 37.09, 54.83, 55.98, 

58.32, 101.67, 109.61, 117.02, 144.20, 151.64, 158.60, 159.30, 167.70, 193.75; 15N NMR 

(40.55 MHz, DMSO-d6) δ= 131.9 ;HRMS of [C22H27NO6+Na+] (m/z): 424.1742; Calcd.: 

424.1736. 
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 Ethyl 4-(2-methoxyphenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate 

(5f): The compound was obtained as described in the general 

procedure using 2-methoxybenzaldehyde (1 mmol;100 mg), ethyl 

acetoacetate (1 mmol; 82.35 mg), 1,3-cyclohexadione (1 mmol; 

95.58mg), ammonium acetate (1 mmol; 56.61mg) in 98 % yield as a 

yellow solid (245.73 mg): mp. = 188-190 oC; 1H NMR (400 MHz, 

DMSO-d6): δ= 1.11 (t, J= 7.08 Hz, 3H, CH3), 1.67-1.91 (m, 2H, 

CH2), 2.06-2.13 (m, 2H, CH2), 2.16 (s, 3H, CH3), 2.43-2.47 (m, 2H, CH2), 3.69 (s, 3H, OCH3), 

3.90-3.96 (m, 2H, CH2),  5.07 (s, 1H, CH), 6.75-6.77 (m, 1H, Ar-H), 6.82 (t, J= 708 Hz, 1H, 

Ar-H), 7.02-7.06 (m, 2H, Ar-H), 8.99 (s, 1H, NH) ;  13C NMR (100 MHz, CDCl3): 14.26, 19.16, 

21.08, 27.19, 35.58, 37.11, 55.14, 59.80, 106.09, 113.19, 113.28, 128.92, 139.86, 143.51, 

150.59, 157.80, 167.67, 196.22 ; 15N NMR (40.55 MHz, DMSO-d6) δ= 131.3.  HRMS of 

[C20H23NO4+Na+] (m/z): 364.1527; Calcd.: 364.1525. 

 Ethyl 4-(3-bromophenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate 

(5g): The compound was obtained as described in the general 

procedure using 3-bromo benzaldehyde (1 mmol; 100 mg), ethyl 

acetoacetate (1 mmol; 60.60mg), 1,3-cyclohexadione (1 mmol; 

70.33mg), ammonium acetate (1 mmol; 41.66mg) in 94 % yield as a 

yellow solid (198.27 mg): mp. = 192-194 oC;  1H NMR (400 MHz, 

DMSO-d6): δ= 1.12 (t, J= 7.12 Hz, 3H, CH3), 1.74-1.93 (m, 2H, 

CH2), 2.14-2.22 (m, 2H, CH2), 2.29 (s, 3H, CH3), 2.36-2.48 (m, 2H, CH2), 3.95-4.01 (m, 2H, 

CH2),  4.87 (s, 1H, CH), 7.14-7.17 (m, 2H, Ar-H), 7.27 (t, J= 8.01 Hz, 2H, Ar-H), 9.21 (s, 1H, 

NH) ;  13C NMR (100 MHz, DMSO-d6): 14.56, 18.73, 21.23, 26.55, 36.32, 37.08, 59.63, 103.35, 

111.01, 121.54, 126.95, 129.04, 130.72, 146.00, 150.87, 152.24, 167.10, 195.21; 15N NMR 

(40.55 MHz, DMSO-d6) δ= 131.3.  

 Ethyl 2-methyl-5-oxo-4-(pyridin-3-yl)-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5h): 

The compound was obtained as described in the general procedure 

using pyridine-3-carboxyaldehyde (1 mmol; 100mg), ethyl 

acetoacetate (1 mmol; 104.68mg), 1,3-cyclohexadione (1 mmol; 

121.50 mg), ammonium acetate (1 mmol; 71.96 mg) in 95 % yield as 

a yellow solid (277.04 mg): mp. = 224-226 oC ; 1H NMR (400 MHz, 

DMSO-d6): δ= 1.09 (t, J= 7.08 Hz, 3H, CH3), 1.68-1.92 (m, 2H, 

CH2), 2.12-2.26 (m, 2H, CH2), 2.29 (s, 3H, CH3), 2.42-2.48 (m, 2H, CH2), 3.94-3.98 (m, 2H, 
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CH2),  4.87 (s, 1H, CH), 7.20-7.23 (m, 1H, Ar-H), 7.46-7.49 (m, 1H, Ar-H), 8.27-8.28 (m, 1H, 

Ar-H), 8.36 (d, J= 1.64 Hz, 1H, Ar-H), 9.22 (s, 1H, NH);  13C NMR (100 MHz, DMSO-d6): 

14.05, 18.21, 20.74, 26.02, 33.88, 36.53, 59.11, 102.55, 110.32, 123.30, 134.79, 142.90, 145.74, 

146.83, 148.84, 151.80, 166.50, 194.60; 15N NMR (40.55 MHz, DMSO-d6) δ= 131.3 ;HRMS 

of [C18H20N2O3-H
+] (m/z): 311.1385 ; Calcd.: 311.1396. 

Ethyl 4-(3-hydroxy-4-methoxyphenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate (5i) :  The compound was obtained as described in the 

general procedure using 3-hydroxy-4-methoxybenzaldehyde (1 

mmol; 100 mg), ethyl acetoacetate (1 mmol; 73.69mg), 1,3-

cyclohexadione (1 mmol; 85.53 mg), ammonium acetate (1 mmol; 

50.66 mg) in 95 % yield as a yellow solid (223.15 mg): mp. = 204-206 

oC ; 1H NMR (400 MHz, CDCl3): δ= 1.22 (t, J= 7.08 Hz, 3H, CH3), 

1.86-2.02 (m, 2H, CH2), 2.25-2.32 (m, 2H, CH2), 2.34 (s, 3H, CH3), 2.38-2.42 (m, 2H, CH2), 

3.81 (s, 3H, -OCH3), 4.05-4.11 (m, 2H, CH2),  5.01 (s, 1H, CH), 5.76 (s, 1H, -OH), 6.43 (s, 1H, 

NH), 6.69 (d, J= 8.28 Hz, 1H, Ar-H), 6.82-6.88 (m, 2H, Ar-H);  13C NMR (100 MHz, 

CDCl3):14.25, 19.30, 21.03, 27.35, 35.77, 37.06, 55.85, 59.81, 106.04, 110.02, 113.27, 113.93, 

119.90, 140.75, 143.30, 144.94, 145.22, 149.92, 167.60, 195.98; 15N NMR (40.55 MHz, 

CDCl3) δ= 127.7 ;HRMS of [C20H23N2O5+Na+] (m/z): 380.1479; Calcd.: 380.1474. 

 Ethyl 2-methyl-5-oxo-4-(pyridin-4-yl)-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5j): 

The compound was obtained as described in the general procedure 

using pyridine-4-carboxyaldehyde (1 mmol; 100 mg), ethyl 

acetoacetate (1 mmol; 104.68 mg), 1,3-cyclohexadione (1 mmol; 

121.50 mg), ammonium acetate (1 mmol; 71.96 mg) in 93 % yield as 

a yellow solid (271.21 mg): mp. =  216-218 oC ; 1H NMR (400 MHz, 

DMSO-d6): δ= 1.10 (t, J= 7.08 Hz, 3H, CH3), 1.74-1.92 (m, 2H, 

CH2), 2.14-2.27 (m, 2H, CH2), 2.30 (s, 3H, CH3), 2.35-2.43 (m, 2H, CH2), 3.95-4.00 (m, 2H, 

CH2),  4.90 (s, 1H, CH), 7.12 (d, J = 5.32 Hz, 2H, Ar-H), 8.38 (d, J = 3.68 Hz, 2H, Ar-H), 9.26 

(s, 1H, NH);  13C NMR (100 MHz, DMSO-d6): 14.05, 18.23, 20.68, 26.05, 35.49, 36.53, 59.18, 

101.88, 109.79, 122.70, 146.10, 149.13, 149.24, 149.75, 152.10, 155.51, 166.48, 194.62; 15N 

NMR (40.55 MHz, DMSO-d6) δ= 133.0 ;HRMS of [C18H20N2O3-H
+] (m/z): 311.1391 ; Calcd.: 

311.1396. 
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    Ethyl 4-(3,4-dimethoxyphenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate (5k) : The compound was obtained as described in the 

general procedure using 3,4-dimethoxybenzaldehyde (1 mmol;100 

mg), ethyl acetoacetate (1 mmol; 67.47 mg), 1,3-cyclohexadione (1 

mmol; 78.31 mg), ammonium acetate (1 mmol; 46.38 mg) in 94 % yield 

as a yellow solid (209.96 mg): mp. = 191-193 oC;  1H NMR (400 

MHz,CDCl3): δ= 1.20 (t, J= 7.12 Hz, 3H, CH3), 1.73 (s, 1H, CH2), 1.92-2.03 (m, 2H, CH2), 

2.27-2.37 (m, 2H,CH2),  2.38 (s, 3H, CH3), 2.42 (t,  J= 6.8 Hz, 2H, CH2), 3.80 (s, 3H, OCH3), 

3.85 (s, 3H, OCH3), 4.05-4.10 (m, 2H, CH2),  5.06 (s, 1H, CH), 6.33 (s, 1H, NH), 6.70-6.78 (m, 

2H, Ar-H), 6.96 (d, J = 1.56 Hz, 1H, Ar-H);  13C NMR (100 MHz, CDCl3): 14.30, 19.30, 21.07, 

27.41, 35.80, 37.10, 55.78, 55.84, 59.80, 106.04, 110.87, 112.05, 113.43, 119.59, 140.21, 

143.23, 147.24, 148.27, 149.71, 167.56, 195.94; 15N NMR (40.55 MHz, CDCl3) δ= 

127.60;HRMS of [C21H25NO5+Na+] (m/z): 394.1628 ; Calcd.: 394.1630. 

Ethyl 4-(3-hydroxyphenyl)-2-methyl-5-oxo-1,4,5,6,7,8 hexahydroquinoline-3-carboxylate 

(5l) : The compound was obtained as described in the general procedure 

using 3-Hydroxybenzaldehyde (1 mmol;100 mg), ethyl acetoacetate (1 

mmol; 91.81 mg), 1,3-cyclohexadione (1 mmol; 106.56 mg), 

ammonium acetate (1 mmol; 63.11 mg) in 90 % yield as a yellow solid 

(241.10 mg): mp. = 230-232 oC;  1H NMR (400 MHz, DMSO-d6): δ= 

1.20 (t, J= 7.08 Hz, 3H, CH3), 1.79-1.99 (m, 2H, CH2), 2.24-2.27 (m, 2H, CH2), 2.23 (s, 3H, 

CH3), 2.48-2.54 (m, 2H, CH2), 4.02-4.07 (m, 2H, CH2), 4.89 (s, 1H, CH), 6.52 (dd, J= 8Hz, 

9.36 Hz, 1H, Ar-H), 6.63 (t, J=2.48 HZ, 2H, Ar-H), 7.00 (t, J= 7.96 Hz, 1H, Ar-H), 9.13 (s, 1H, 

-OH), 9.14 (s,1H, NH)  
13C NMR (100 MHz, DMSO-d6): 14.14, 18.19, 20.75, 26.12, 35.24, 

36.72, 58.99, 103.53, 110.95, 112.58, 114.39, 118.05, 128.57, 144.61, 149.01, 151.29, 156.85, 

166.97, 194.61; 15N NMR (40.55 MHz, DMSO-d6) δ= 131.20. 

Ethyl 4-(4-ethylphenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5m) 

: The compound was obtained as described in the general procedure 

using 4-Ethylbenzaldehyde (1 mmol;100 mg), ethyl acetoacetate (1 

mmol; 83.56 mg), 1,3-cyclohexadione (1 mmol; 96.98 mg), ammonium 

acetate (1 mmol; 57.44 mg) in 96 % yield as a yellow solid (242.66 

mg): mp. = 229-231 oC;  1H NMR (400 MHz, DMSO-d6): δ= 1.10-1.15 

(m, 6H, CH3), 1.74-1.92 (m, 2H, CH2), 2.17-2.20 (m, 2H, CH2), 2.27 

(s, 3H,CH3),  2.48 (t, J= 3.8 Hz, 4H, CH3), 3.96-4.01 (m, 2H, CH2),  4.87 (s, 1H, CH), 6.99-
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7.06 (m, 4H, Ar-H), 9.08 (s, 1H , Ar-H);  13C NMR (100 MHz, DMSO-d6): 14.64, 16.03, 18.70, 

21.29, 26.60, 28.19, 35.58, 37.21, 59.47, 104.20, 111.67, 127.67, 127.77, 141.37, 145.14, 

145.61, 151.77, 167.44, 195.10; 15N NMR (40.55 MHz, DMSO-d6) δ= 132.1. 

Ethyl 4-(4-(dimethylamino)phenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate (5n) : The compound was obtained as described in the 

general procedure using 4-(Dimethylamino)benzaldehyde (1 

mmol;100 mg), ethyl acetoacetate (1 mmol; 75.15 mg), 1,3-

cyclohexadione (1 mmol; 87.23 mg), ammonium acetate (1 mmol; 

51.66 mg) in 95 % yield as a yellow solid (225.53 mg): mp. = 230-232 

oC;  1H NMR (400 MHz, DMSO-d6): δ= 1.14 (t, J= 7.08 Hz, 3H, CH3), 1.73-1.92 (m, 2H, CH2), 

2.12-2.19 (m, 2H, CH2), 2.25 (s, 3H, CH3), 2.47 (d, J= 5.04Hz, 2H, CH2), 2.79 (s, 6H, 2XCH3), 

3.95-4.00 (m, 2H, CH2), 4.77 (s, 1H, CH), 6.54 (d, J= 8.64 Hz, 9.36 Hz, 1H, Ar-H), 6.94 (t, J 

= 8.6 HZ, 2H, Ar-H), 9.01 (t, J= 7.96 Hz, 1H, Ar-H); 13C NMR (100 MHz, DMSO-d6): 14.18, 

18.16, 20.84, 26.10, 34.27, 36.77, 40.29, 58.89, 104.14, 111.51, 112.56, 127.82, 136.16, 144.06, 

148.68, 150.82, 167.10, 194.61 ; 15N NMR (40.55 MHz, DMSO-d6) δ= 131.0. HRMS of 

[C21H26N2O3+Na+] (m/z): 377.1842; Calcd.: 377.1841. 

Ethyl 4-(4-chlorophenyl)-2-methyl-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate 

(5o) : The compound was obtained as described in the general 

procedure using 4-Chlorobenzaldehyde (1 mmol;100 mg), ethyl 

acetoacetate (1 mmol; 79.77 mg), 1,3-cyclohexadione (1 mmol; 92.58 

mg), ammonium acetate (1 mmol; 54.83 mg) in 92 % yield as a yellow 

solid (225.88 mg): mp. = 248-250 oC;  1H NMR (400 MHz, CDCl3): δ= 

1.19 (t, J= 7.08 Hz, 3H, CH3), 1.91-2.01 (m, 2H, CH2), 2.31-2.37 (m, 2H, CH2), 2.38 (s, 3H, 

CH3),  2.41-2.45 (m, 2H, CH2), 4.04-4.09 (m, 2H, CH2), 5.07 (s, 1H, CH), 6.16 (s,1H, NH),7.17 

(d, J = 8.44 Hz, 2H, Ar-H), 7.25-7.32 (m, 2H, Ar-H) 9.01 (t, J= 7.96 Hz, 1H, Ar-H); 13C NMR 

(100 MHz, CDCl3):14.20, 19.37, 21.01, 27.42, 36.09, 36.98, 59.91, 105.70, 113.13, 128.03, 

129.44, 131.62, 143.56, 145.71, 149.80, 167.23, 195.76; 15N NMR (40.55 MHz, CDCl3) δ= 

126.8; HRMS of [C19H20N2O3Cl+Na+] (m/z): 368.1030 ; Calcd.: 368.1029. 

Ethyl 2-methyl-5-oxo-4-propyl-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5p) : The 

compound was obtained as described in the general procedure using n-butraldehyde (1 

mmol;100 mg), ethyl acetoacetate (1 mmol; 155.49 mg), 1,3-cyclohexadione (1 mmol; 180.47 
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mg), ammonium acetate (1 mmol; 106.89 mg) in 89 % yield as a yellow 

solid (359.38 mg): mp. = 178-180 oC;  1H NMR (400 MHz, DMSO-d6): 

δ= 0.76 (t, J= 6.68 Hz, 3H, CH3), 1.74-1.92 (m, 2H, CH2), 1.02-1.08 

(m, 2H, CH2), 1.09-1.16 (m, 2H, CH2), 1.19 (t, J= 7.08 Hz, 3H, CH3), 

1.79-1.91 (m, 2H, CH2), 2.13-2.18 (m, 1 H, CH2), 2.20 (s, 3H,CH3), 

2.23-2.28 (m, 1H, CH2), 2.37-2.43 (m, 2H, CH2), 3.81 (t, J= 4.4 Hz,1H, 

CH), 4.01-4.12 (m, 2H, CH2), 8.91 (s, 1H, NH); 13C NMR (100 MHz, DMSO-d6): 14.75, 17.95, 

18.61, 21.44, 26.34, 26.62, 26.77, 31.14, 37.30, 59.35, 103.44, 110.72, 145.87, 152.77, 167.74, 

195.54 ; 15N NMR (40.55 MHz, DMSO-d6) δ= 132.7. 

Ethyl 2,7,7-trimethyl-5-oxo-4-(2,3,4-trimethoxyphenyl)-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate (5q) : The compound was obtained as described in the 

general procedure using 2,3,4-trimethoxybenzaldehyde (1 mmol;100 

mg), ethyl acetoacetate (1 mmol; 57.14 mg), 5,5-Dimethyl-1,3-

cyclohexanedione (1 mmol; 71.43 mg), ammonium acetate (1 mmol; 

39.28 mg) in 96 % yield as a yellow solid (210.0 mg): mp. = 208-210 

oC;  1H NMR (400 MHz, DMSO-d6): δ= 0.88 (s, 3H, CH3), 1.00 (s, 3H, 

CH3), 1.13 (t, J= 7.08 Hz, 3H, CH3), 1.91-2.14 (m, 2H, CH2), 2.20 (s, 3H, CH3), 2.27-2.40 (m, 

2H, CH2), 3.65 (s, 3H, OCH3), 3.70 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.89-3.96 (m, 2H, 

CH2),  4.97 (s, 1H, CH), 6.59 (d, J = 8.68 Hz,1H, Ar-H), 6.80 (d, J = 8.64 Hz, 1H, Ar-H), 8.93 

(s, 1H, NH) ;  13C NMR (100 MHz, DMSO-d6): 14.51, 18.64, 26.91, 29.61, 32.48, 32.91, 50.85, 

56.03, 59.31, 60.29, 60.60, 61.00, 104.38, 107.24, 109.92, 125.11, 133.62, 141.92, 143.96, 

150.33, 151.87, 151.98,  167.80, 194.50; 15N NMR (40.55 MHz, DMSO-d6) δ= 130.3. 

Ethyl 2,7,7-trimethyl-5-oxo-4-(2,4,5-trimethoxyphenyl)-1,4,5,6,7,8-hexahydroquinoline-3-

carboxylate (5r) : The compound was obtained as described in the 

general procedure using 2,4,5-trimethoxybenzaldehyde (1 mmol; 100 

mg), ethyl acetoacetate (1 mmol; 57.14 mg), 5,5-Dimethyl-1,3-

cyclohexanedione (1 mmol; 71.43 mg), ammonium acetate (1 mmol; 

39.28 mg) in 97 % yield as a yellow solid (212.19 mg): mp. = 218-220 

oC;  1H NMR (400 MHz, DMSO-d6): δ= 0.86 (s, 3H, CH3), 1.00 (s, 3H, 

CH3), 1.14 (t, J= 7.12 Hz, 3H, CH3), 1.88-2.14 (m, 2H, CH2), 2.19 (s, 3H, CH3),  2.25-2.41 (m, 

2H, CH2), 3.62 (s, 3H, OCH3), 3.68 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 3.91-3.95 (m, 2H, CH2),  

4.92 (s, 1H, CH), 6.12 (s, 1H, Ar-H), 6.68 (s, 1H, Ar-H), 8.94 (s, 1H, NH) ;  13C NMR (100 

MHz, DMSO-d6): 14.64, 18.49, 26.56, 29.84, 32.44, 33.13, 50.85, 56.06, 56.67, 56.80, 59.23, 
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103.40, 109.23, 116.25, 127.47, 142.25, 144.43, 148.32, 150.27, 152.28, 167.84, 194.46 ; 15N 

NMR (40.55 MHz, DMSO-d6) δ= 130.1. 

7.3 Results and Discussion 

7.3.1 XRD analysis 

Figure 2 shows the X-ray diffraction pattern of 2.5 wt % NiO−ZrO2 and the diffraction 

peaks (2 theta) from 0 to 80°. The major diffraction peaks at 2θ of 24.5, 27.8, 31.3, 35.4, 40.5, 

50.3, 54.4, 55.6, 57.8, 59.9, 65.4, and 71.2° for ZrO2 are correlated with the inter-national 

standard file (JCPDS 37-1484). The NiO peaks are displayed in the XRD diffractogram at 2θ 

= 37.2, 45.3, 62.8, 71.3, and 75.5° were further matched with the standard file (JCPDS 47-

1049). The diffraction pattern revealed the poly-crystalline nature of the prepared catalytic 

material. 

 

Figure 2. Powder X-ray diffractogram of 2.5% NiO-ZrO2 catalyst. 

7.3.2 TEM analysis 

The TEM investigation was performed to explore the catalyst morphology. Figure 3 illustrates 

a distinctive TEM image NiO/ZrO2 (2.5 wt %). The image indicated an irregular cubic 

morphology with nominal agglomeration of NiO. It was further observed that the black 

irregular-shaped nickel oxide particles are evenly distributed on the surface of oval-shaped 

zirconia particles, which may improve catalytic activity. 
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Fig. 3 TEM micrograph of 2.5% NiO-ZrO2 catalyst. 

7.3.3 SEM analysis 

The surface morphology of 2.5 wt % NiO/ZrO2 was assessed by SEM, which is shown in Figure 

4. Figure 4a shows the irregular round particles aggregated on the surface of ZrO2. The surface 

was further analyzed by mapping and energy-dispersive X-ray spectroscopy (EDS) (Figure 

4b,c), which show the even distribution of Ni on the surface of zirconia. 
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Fig. 4 (a) SEM micrograph (b) Mapping (c) EDS spectra of 2.5% NiO/ZrO2 catalyst. 

7.3.4 BET surface area analysis 

The 2.5 wt % NiO/ZrO2 N2 adsorption−desorption isotherm illustrated in Figure 5 shows a type-

IV adsorption isotherm with a hysteresis loop of H2, which is a characteristic of a mesoporous 

material (p/po range of 0.67−0.98). The surface area is 76.35 m2 g−1 with a pore volume of 0.29 

cm3 g−1 and a pore size 12.14 nm.  

 

 

 

 

(C) 
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Fig. 5 N2 adsorption-desorption isotherms of 2.5% NiO/ZrO2 catalyst. 

7.3.5 Pyridine IR 

 

Fig. 6 Pyridine FT-IR spectra of 2.5% NiO/ZrO2 catalyst. L = Lewis acidic sites; B + L = 

Brønsted and Lewis acidic sites; B = Brønsted acidic sites. 

            The nature of the surface active sites was examined by ex-situ Pyridine IR.44 Pyridine 

is widely used as a probe to characterize the surface acidity of the materials. Pyridine as a base 

interacts with Brønsted acid sites and through H+ transfer lead to the formation of pyridinium 

ion. Pyridine can act as a Lewis base, and it is capable to donate a pair of electrons toward the 
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electrophilic Lewis acidic sites. Such characteristic bands are perceived in the range of 1550−

1400 cm−1. Based on this, the characteristic peak at 1448 cm−1 corresponds to the Lewis acidic 

sites with bands at 1481 and 1531 cm−1 that correspond to the Lewis + Brønsted and Brønsted 

acidic sites, respectively. Figure 6 confirms that the catalyst possesses prominent Lewis acidic 

sites, which could facilitate its catalytic activity. 

 7.3.6 Reaction optimization 

The catalytic efficiency of prepared NiO/ZrO2 toward the title multicomponent reaction 

was evaluated. The reaction was performed by taking four components, 2,3,4-OMe 

benzaldehyde (1a), ethyl acetoacetate (2) cyclohexanone (3), and ammonium acetate (4) in the 

same molar ratio (Scheme 1). In separate studies, the effects of various catalysts, the amount of 

catalyst, and role of solvents were examined. Initially, the reaction was studied under neat 

conditions at room temperature and reflux up to 8 h. Only a trace amount of product was 

obtained. Next, the effect of different homogeneous catalysts and organic or inorganic bases 

such as triethyl amine (TEA), pyridine, DABCO, NaOH, and K2CO3 were explored on the title 

reaction at room temperature (RT) conditions (5−7 h) and low yields were observed (Table 1, 

entries 3−7). Further studies with various acidic catalysts such as AcOH, FeCl3, PTSA, and 

TFA, moderate yields were obtained in 4−6 h (Table 1, entries 8−11). Different heterogeneous 

metal oxides like SiO2, ZrO2, and Al2O3 (normally used as support materials) were explored 

under the same reaction conditions. SiO2 gave 53% yield, Al2O3 gave 60% in 3.5−4 h time, 

ZrO2 gave a higher yield of 68% in 2 h time, and NiO gave 65% in 2.5 h time (Table 1, entries 

12−15). Considering the interesting results from NiO and ZrO2, to identify the efficient catalyst, 

the scope of various ZrO2-based mixed oxide catalysts, 2.5 wt % CuO/ZrO2, CeO2/ZrO2, and 

NiO/ZrO2 (Table 1, entries 16−18) were investigated. An impressive yield of 98% was observed 

with 2.5% NiO/ZrO2 in a relatively short time of 20 min compared to 73% in 60 min with 2.5% 

CuO/ZrO2 (Table 1, entry 16) and 81% yield in 45 min (Table 1, entry 17) with 2.5% 

CeO2/ZrO2. While using 1% NiO/ZrO2 catalyst yielded 91% product in 30 min under similar 

conditions (Table 1, entry 19), 5% NiO/ZrO2 led to slight decreased yield (94%) in 25 min 

(Table 1, entry 20). Therefore, 2.5% NiO/ZrO2 was the preferred catalyst for further studies. 

The higher catalytic activity may be due to the even distribution of the active material on the 

surface of the support and availability of more optimally active NiO sites in combination with 

ZrO2, which help in speeding up the rate of reaction selectively compared to 1 and 5% catalyst. 

For the 1% NiO/ZrO2 catalyst loading, the particles are small and have a high surface area but 
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less number of active sites compared to the 2.5% NiO/ZrO2, whereas for 5% NiO/ZrO2 loading, 

the nickel particles are visibly larger and hence have a smaller surface area, thus slightly lower 

yield when compared to the 2.5% NiO/ZrO2. Hence, 2.5%NiO/ZrO2 acts as a good promoter 

for the present transformation. 

   Scheme 2 Optimisation reaction conditions for 5a synthesis. 

     Table 1: Effect of different catalysts on the synthesis of 5aa. 

Entry Catalyst Solvent Condition Time (h) Yield 

(%)b 

1 _ _ RT 8 12 

2 _ _ Reflux 8 17 

3 TEAc EtOH RT 5.0 30 

4 Pyridinec EtOH RT 7.0 27 

5 DABCOc  EtOH RT 5.0 25 

6 NaOHc EtOH RT 6.0 33 

7 K2CO3
c  EtOH RT 6.0 29 

8 AcOHc EtOH RT 5.5 36 

9 FeCl3
c EtOH RT 5.0 38 

10 PTSAc EtOH RT 6.0 45 

11 TFAc EtOH RT 4.0 40 

12 SiO2
d EtOH RT 4.0 53 

13 ZrO2
 d EtOH RT 2.0 68 

14 Al2O3
d EtOH RT 3.5 60 

15 2.5%CuO/ZrO2
 e EtOH RT 1.0 73 

16 2.5%CeO2/ZrO2
e EtOH RT 0.75 81 

17 2.5% NiO/ZrO2
 e EtOH RT 0.33 98 

18 1% NiO/ZrO2
 e EtOH RT 0.50 91 

19 5% NiO/ZrO2
 e EtOH RT 0.41 94 

  aReaction conditions: 2,3,4-trimethoxybenzaldehyde (1 mmol) (1), Ethyl acetoacetate (1 

mmol) (2), and 1,3-Cyclohexadione (1 mmol) (3) and  Ammonium acetate (1 mmol) (4), 5 mL 

solvent were stirred at RT. b Isolated yields. _ No catalyst. c = 100 mg catalyst. d = 60 mg catalyst. 

 e = 30 mg catalyst. 
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To further optimize the conditions, we examined the role of the solvent in the organic 

conversion employing different nonpolar and polar solvents (Table 2). In the presence of 

nonpolar solvents like n-hexane and toluene at RT, no product was identified even after 4 h 

possibly due to the poor solubility of the reactants. Among the polar solvents such as DMF, 

THF, MeCN, EtOH, and MeOH, the highest yields were observed with EtOH. 

Table 2: Role of different solvent in the synthesis of 5aa 

Entry Solventb Time (h)  Yield 

(%) 

1 n-hexane 4.0  _ 

2 toluene 4.0  _ 

3 DMF 1.3  19 

4 THF 1.1  24 

5 MeCN 1.0  31 

6 CH3OH  0.75  76 

7 C2H5OH 0.33  98 
 

aReaction conditions: 2,3,4-trimethoxybenzaldehyde (1 mmol) (1), Ethyl acetoacetate (1 mmol) 

(2), and 1,3-Cyclohexanedione (1 mmol) (3) and  Ammonium acetate (1 mmol) (4), 5 mL 

solvent were stirred at RT. bDMF= Dimethyl formamide; THF= Tetrahydrofuran; 

MeCN=Acetonitrile; CH3OH= Methanol; C2H5OH= Ethanol._No product. 

 

Next, the required amount of catalyst for the reaction was optimized. Results are summarized 

in Table 3 and show that the yields of products increased with the increase in amount of catalyst 

from 10 to 30 mg. There was no increase in the yield with >30 mg. To broaden the viability and 

scope of the method,the optimized conditions were employed to synthesize 18 substituted 1,4-

dihydropyridines using different substituted aldehydes, different active methylene groups up on 

that 12 are novel derivatives. All of the 18 derivatives gave excellent yields in a relatively short 

time of ≈45 min, and the results are summarized in Figure 7. The structures of all synthesized 

compounds were confirmed by 1H NMR, 13C NMR, and 15N spectroscopy and high-resolution 

mass spectrometry (HRMS) analyses. The single-crystal X-ray structures of 5a and 5c are 

shown in Figures 8 and 9, respectively. Table 4 shows the crystal data, and further information 

is incorporated in the supporting Information. 
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Table 3: Optimization of amount of 2.5 % NiO/ZrO2 catalyst on the synthesis of 5aa 

Entry Catalyst (mg) Time (h) Yield (%) 

1 10 0.83 74 

2 20 0.5 85 

3 30 0.33 98 

4 40 0.33 98 

5 50 0.33 97 

6 60 0.33 97 
  aReaction conditions: 2,3,4-trimethoxybenzaldehyde (1 mmol) (1), Ethyl acetoacetate (1 

mmol) (2), and 1,3-Cyclohexadione (1 mmol) (3) and  Ammonium acetate (1 mmol) (4), 5 mL 

EtOH were stirred at RT. 
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Figure 7. Library synthesis of novel unsymmetrical 1,4-dihydropyridine derivatives *    

 

* Reaction conditions: Substituted aldehydes (1 mmol) (1), Ethyl acetoacetate (1 mmol) (2), 

and 1,3-Cyclohexadione/ 5,5-dimethyl-1,3-cyclohexanedione  (1 mmol) (3) and  Ammonium 

acetate (1 mmol) (4), 5 mL Ethanol, 2.5% NiO/ZrO2  (30 mg ) catalyst stirred at RT; Melting 

point (m.p.) in oC. 

Crystal Data: 

C22H27NO6 (M =401.44g/mol): orthorhombic, space group Pna21 (no. 33), a = 

14.6836(6) Å, b = 8.4477(3) Å, c = 15.5290(6) Å, V = 1926.26(13) Å3, Z = 4, T = 100.0 K, 

μ(MoKα) = 0.101 mm-1, Dcalc = 1.384 g/cm3, 13133 reflections measured (5.246° ≤ 2Θ ≤ 
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56.7°), 4622 unique (Rint = 0.0196, Rsigma = 0.0237) which were used in all calculations. The 

final R1 was 0.0312 (I > 2σ(I)) and wR2 was 0.0796 (all data).  

C20H23NO3 (M =325.39 g/mol): triclinic, space group P-1 (no. 2), a = 7.29920(10) Å, b = 

9.58180(10) Å, c = 12.3976(2) Å, α = 83.9450(10)°, β = 86.8650(10)°, γ = 71.9730(10)°, V = 

819.69(2) Å3, Z = 2, T = 100.0 K, μ(MoKα) = 0.088 mm-1, Dcalc = 1.318 g/cm3, 26777 

reflections measured (3.304° ≤ 2Θ ≤ 57.038°), 4083 unique (Rint = 0.0179, Rsigma = 0.0131) 

which were used in all calculations. The final R1 was 0.0365 (I > 2σ(I)) and wR2 was 0.1008 

(all data). 

 

Fig. 8 Single-crystal X-ray structure of 5a. 

 

 

Fig. 9 Single-crystal X-ray structure of 5c. 
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Table 4: Single crystal data of 5a and 5c 

Identification code 5a 5c 

Empirical formula C22H27NO6 C20H23NO3 

Formula weight 401.44 325.39 

Temperature/K 100.0 100.0 

Crystal system orthorhombic triclinic 

Space group Pna21 P-1 

a/Å 14.6836(6) 7.29920(10) 

b/Å 8.4477(3) 9.58180(10) 

c/Å 15.5290(6) 12.3976(2) 

α/° 90 83.9450(10) 

β/° 90 86.8650(10) 

γ/° 90 71.9730(10) 

Volume/Å3 1926.26(13) 819.69(2) 

Z 4 2 

ρcalcg/cm3 1.384 1.318 

μ/mm-1 0.101 0.088 

F(000) 856.0 348.0 

Crystal size/mm3 0.38 × 0.24 × 0.16 0.31 × 0.23 × 0.12 

Radiation MoKα (λ = 0.71073) 
MoKα (λ = 

0.71073) 

2Θ range for data collection/° 5.246 to 56.7 3.304 to 57.038 

Index ranges 
-19 ≤ h ≤ 15, -11 ≤ k ≤ 11, 

-20 ≤ l ≤ 20 

-9 ≤ h ≤ 9, -12 ≤ k ≤ 12, 

-16 ≤ l ≤ 16 

Reflections collected 13133 26777 

Independent reflections 
4622 [Rint = 0.0196, 

Rsigma = 0.0237] 

4083 [Rint = 0.0179, 

Rsigma = 0.0131] 

Data/restraints/parameters 4622/1/267 4083/0/220 

Goodness-of-fit on F2 1.024 1.048 

Final R indexes [I>=2σ 

(I)] 

R1 = 0.0312, wR2 = 

0.0772 

R1 = 0.0365, wR2 = 

0.0972 

Final R indexes [all data] 
R1 = 0.0345, wR2 = 

0.0796 

R1 = 0.0408, wR2 = 

0.1008 

Largest diff. peak/hole / e Å-3 0.29/-0.21 0.40/-0.19 
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Fig. 10 13C chemical shifts, selected HMBC interactions of –CH, –NH protons of 5a. 

The heteronuclear multiple bond correlation (HMBC) interactions of trial reaction 5a 

are shown in Figure 10. In the 1H NMR spectra, the distinguishing singlet peaks at δ = 2.18, 

3.67, 3.70, 3.77, 4.98, and 8.99 indicate the presence of −CH3, −OCH3, −CH, and −NH protons. 

The selected HMBC interactions of 5a are a definite proof for the product formation. The −CH 

proton in the 1,4-dihydropyridine ring was assigned to the peak at δ = 4.98, and it further 

interacted with carbon atoms at δ = 18.04, 103.90, 110.54, 124.53, 133.18, 151.41, 167.28, and 

194.25. The singlet peak at δ = 8.99 was attributed to the −NH proton in the dihydropyridine 

ring, which further interacts with the carbon atoms at δ = 18.04, 26.29, 110.54, 103.90, 143.42, 

167.28, and 194.25. The HRMS showed the m/z = 400.1770 [C22H27NO6-H
+], which 

corresponds well with the theoretical value for 5a. 

7.4 Insight into the mechanism 

 

Fig. 11 LC-MS spectra of reaction mixture with compound 5a 
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To examine the mechanism of the present reaction, an attempt was made to identify the reaction 

intermediates by analyzing the reaction mixture after 10 min (Figure 11). Characterization 

relied on liquid chromatography−mass spectrometry (LC−MS) studies and was based on peaks 

identified at 112 and 130 corresponding to the presence of enamine, the peak at 309 

corresponding to imine, and the peak at 291 to the existence of a Knoevenagel condensation 

transient intermediate. Based on experimental observations, the generation of the final product 

is proposed to occur through two pathways: (i) by enamine and (ii) by imine, which is supported 

by the literature reports.45,46 In the proposed scheme, the key intermediates in the reaction are 

designated as (6), (7), (8), and (9). It is assumed that for the formation of a knoevenagel 

intermediate47 between 2,3,4-OMe benzaldehyde (1) and 1,3-cyclohexanedione (2), Lewis 

acidic sites present on the surface plays a key role, which can activate the carbonyl group of 

aldehyde and make it electrophilic to form an inter mediate (a) and then react with nucleophilic 

1,3-cyclo-hexanedione (2), which further will dissociate from the catalyst surface by taking a 

proton from the solvent ethanol to give the intermediate (b) and to give (6) upon further 

dehydration. Similarly, (7) is also formed by the same procedure with the reaction of ethyl 

acetoacetate through the intermediate (c). Furthermore, ammonium acetate (4) acts as a nitrogen 

source to further dissociate to ammonia (4a). The enamine intermediates (8) and (9) are formed 

by the reaction of ammonia (4a) with (2) and (3) on the catalyst surface. Enamine (8) possibly 

reacts with (7) and undergoes Michael addition to give the key structure (11). The ring closure 

of (11) leads to the formation intermediate (12), which undergoes dehydration, finally yielding 

the stable product, 5a. Similarly, the enamine (9) upon reaction with (6) gives (13) via Michael 

addition and subsequent ring closure generates intermediate (14), which upon dehydration 

offers 5a. The enamine (9) reacts with (1) to give an imine intermediate (10), which further 

reacts with (2) to give (13). Further ring closure provides the intermediate (14) followed by 

dehydration, which gives 5a (Scheme 2). The comparative catalytic efficiency of the 2.5% 

NiO/ZrO2 with other reported catalysts is given in Table 5. 

Moreover, green metrics calculation given in supporting information. For the proposed method, 

the calculated atom economy and atom efficiency ranges from 74.1 to 83.2%, which are below 

100% due to the loss of three H2O molecules and one acetate ion as by products, and E factors 

ranging from 0.26 to 0.44 g/g are also validated and indicate the good green credential of the 

present protocol. The other green metrics are shown in supporting Information. 
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Scheme 3 Formation of unsymmetrical 1,4-DHPs 5a in the presence of NiO/ZrO2 catalyst. 
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Table 5: Comparison of present work with previous reports  

Catalyst  Ref Solvent Reaction 

Condition 

Time Yield 

(%) 

Sulfamic acid19 MeOH Reflux 24 h 47-92 

γ-Fe2O3/Cu@cellulose35 Solvent-free RT 9-30 min 80-98 

SBA-15@AMPD-Co36 Solvent-free 100 °C 35-90 min 90-97 

Fe3O4@D-NH-(CH2)4-

SO3H 37 

EtOH Reflux 

 

40 min 86-90 

Cu-

Adenine@boehmite38 

EtOH Reflux 20-120 min 89-97 

Nano-tungsten trioxide-

supported sulfonic acid 

(n-WSA)24 

Solvent-free 100 °C 

 

10-25 min 86-98 

Sulfated boric acid 

nanoparticles25 

EtOH 60 °C 

 

20-60 min 86-98 

Chitosan supported 

copper(II) sulfate 

(CSCS)26 

EtOH Reflux 

 

20-87 min 80-97 

Fe3O4@SiO2@Si-

(CH2)3@melamine-

picolineimine@SO3H
27 

Solvent-free 60 °C 4-11 min 48-90 

Sulfated polyborate28 Solvent-free 90 °C 

 

15-35 min 

 

85-95 

 

Fe3O4/KCC-1/BPAT29 Water Reflux 4h 79-88 

Chitosan supported 

vanadium oxo30 

Solvent-free 85 °C 20-55 min  81-94 

Magnetic 

guanidinylated 

chitosan31 

EtOH Reflux 15 min 82-89 

Nano-ZrO2-SO3H (n-

ZrSA)32 

Solvent-free 80 °C 

 

35-65 min 84-93 

Gd(OTf)3
33 EtOH RT 5-6 h 82-89 

nicotinic acid34 Solvent-free 80 °C 

 

2-7 min 87-96 

Hydromagnesite39 Water 90 °C 

 

20-45 min 80-98 

 

Cu(OTf)2
40 EtOH 100 °C 

 

15 min 81-98 

Ascorbic acid41 Solvent-free 80 °C 

 

1.5-4.5 h 70-96 

NS-C4(DABCO-

SO3H)2)·4Cl42 

Solvent-free 100 °C 

 

8-50 min 80-100 

CBr4
43 EtOH RT 3-6 h 70-98 
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Aminated CNTs 14 

 

EtOH Reflux 3-6 h 80-96 

2.5%NiO/ZrO2     

(Present work) 

EtOH  RT  20-45 min 89-98% 

 

7.5 Reusability of catalyst 

To examine the catalyst stability, recyclability experiments were conducted. After every run, 

the catalyst was recovered from the reaction mixture, washed with ethanol, and dried at 120 °C 

for 2 h. For the first six cycles, the catalyst proved efficient and the activity was retained with 

no loss. Afterward, the material catalytic activity decreased in the seventh cycle (Figure 12). 

To examine the heterogeneity of the used 2.5% NiO/ZrO2 catalyst, a hot filtration method was 

employed for the synthesis of 5a. Twelve minutes after the start of the reaction, the catalyst was 

removed from the reaction mixture through centrifugation and the remaining reaction mixture 

was kept under the same stirred condition to monitor the reaction progress. Even after 60 min, 

no reaction or increase in the product yield was observed (Figure 13). From the above result, it 

shows that the catalyst leaching is very low. Furthermore, the catalyst after the reaction was 

analyzed by XRD and TEM given in supporting information. The XRD pattern of the reused 

material is much similar to that of the fresh one; furthermore, from the TEM image of the reused 

catalyst, there is as much similar to that of the fresh one, which indicates that there is no such 

erosion of the active material from the support, which shows the presence of the heterogeneous 

nature of material. 

 

Fig. 12. Recycling study of 2.5% NiO/ZrO2 catalyst for the synthesis of 1,4-dihydropyridine 

5a 
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Figure 13. Hot filtration test results of 2.5 % NiO/ZrO2 catalyst for 5a.Reaction conditions: 

2,3,4-trimethoxybenzaldehyde (1 mmol) (1), Ethyl acetoacetate (1 mmol) (2), and 1,3-

Cyclohexadione (1 mmol) (3) and  Ammonium acetate (1 mmol) (4), 5 mL EtOH were stirred 

at RT. 

7.6 Conclusions 

We introduced NiO/ZrO2 as an efficient and cost-effective catalyst for the synthesis of 

12 novel 1,4-dihydropyridine derivatives in a four-component, one-pot strategy. This method 

proved effective toward the reaction of aromatic, heteroaromatic, and aliphatic aldehydes 

obtained with high yields. ESI-MS/MS studies are conducted, and insights into the mechanism 

of the reaction are proposed, which revealed that1,4-DHPs mainly follow the enamine and 

imine pathways.We anticipate that this catalytic system will find further applications in both 

academic and industrial fields, and the prepared series of 1,4-DHPs may provide potential 

biological activity in the area of pharmaceutical sector. 

7.7 Supplementary Information 

The CCDC number 1903627, 1889376 contains the information regarding the 

supplementary crystallographic data. These data can be obtained free of charge via 

www.ccdc.cam.ac.uk/conts/retrieving.html or [from the Cambridge Crystallographic Data 

Center (CCDC), 12 Union Road, Cambridge CB21 EZ, UK; Fax: +44(0)1223-336,003; E-18 

mail:deposit@ccdc.cam.ac.uk]. Structure factor table is available from the authors.  
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7.10. Supplementary information 

7.10.1. Catalyst instrumentation details  

        Employing a Bruker D8 Advance instrument (Cu K radiation source with a wave length 

of 1.5406 Å), the X-ray diffraction data related the structural phases of the catalyst were 

acquired. Using a JEOL JEM-1010 electron microscope and JEOL JSM-6100 microscope, the 

TEM and SEM analysis data was recorded. iTEM software was used analyse the TEM data and 

images. Employing the X-ray analyser (energy-dispersive), EDX-analysis on the SEM images 

was conducted.  

 

7.10.2. Experimental Section 

 All chemicals and reagents required for the reaction were of analytical grade and 

were used without any further purification. Bruker AMX 400 MHz NMR spectrometer was 

used to record the 1H NMR, 13C NMR and 15N NMR spectral values. High-resolution mass data 

were obtained using a Bruker micro TOF-Q II ESI instrument operating at ambient temperature. 

The DMSO-d6 and CDCl3−d6 solution was utilized for this while TMS served as the internal 

standard. TMS was further used as an internal standard for reporting the all chemical shifts in 

δ (ppm). Purity of all the reaction products was confirmed by TLC using aluminium plates 

coated with silica gel (Merck Kieselgel 60 F254). Infrared (IR) spectra were recorded on a Perkin 

Elmer Precisely equipped with a Universal ATR sampling accessory using a diamond crystal. 

The powdered material was placed on the crystal and a force of 120 psi was applied to ensure 

proper contact between the material and the crystal.The spectra were analyzed using Spectrum 

100 software. Before recording the IR spectra, pyridine was adsorbed by placing a drop of 

pyridine on 10 mg of the sample followed by evacuation in air for 1 h at room temperature to 

remove reversibly adsorbed pyridine on the surface of the catalyst. 

Single crystals of C22H27NO6 (5a) were [The material was recrystallized from 

DMSO by slow evaporation]. A suitable crystal was selected and [The crystal was mounted 

on a MITIGEN holder in paratone oil] on a 'Bruker APEX-II CCD' diffractometer. The 

crystal was kept at 100.0 K during data collection. Using Olex2 1, the structure was solved with 

the ShelXS 2 structure solution program using Direct Methods and refined with the ShelXL 3 

refinement package using Least Squares minimisation. 

Single crystals of C20H23NO3 (5c) were [The material was recrystallized from 

DMSO by slow evaporation]. A suitable crystal was selected and [The crystal was mounted 

on a MITIGEN holder in paratone oil] on a 'Bruker APEX-II CCD' diffractometer. The 
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crystal was kept at 100.0 K during data collection. Using Olex2 1, the structure was solved with 

the ShelXS 2 structure solution program using Direct Methods and refined with the ShelXL 3 

refinement package using Least Squares minimisation. 

 

 

 

 

Figure S1. XRD and TEM images of reused used 2.5 % NiO/ZrO2 (after 6 cycles). 

Crystal Data: 

C22H27NO6 (M =401.44g/mol): orthorhombic, space group Pna21 (no. 33), a = 

14.6836(6) Å, b = 8.4477(3) Å, c = 15.5290(6) Å, V = 1926.26(13) Å3, Z = 4, T = 100.0 K, 

μ(MoKα) = 0.101 mm-1, Dcalc = 1.384 g/cm3, 13133 reflections measured (5.246° ≤ 2Θ ≤ 

56.7°), 4622 unique (Rint = 0.0196, Rsigma = 0.0237) which were used in all calculations. The 

final R1 was 0.0312 (I > 2σ(I)) and wR2 was 0.0796 (all data).  

C20H23NO3 (M =325.39 g/mol): triclinic, space group P-1 (no. 2), a = 7.29920(10) Å, b = 

9.58180(10) Å, c = 12.3976(2) Å, α = 83.9450(10)°, β = 86.8650(10)°, γ = 71.9730(10)°, V = 

819.69(2) Å3, Z = 2, T = 100.0 K, μ(MoKα) = 0.088 mm-1, Dcalc = 1.318 g/cm3, 26777 

reflections measured (3.304° ≤ 2Θ ≤ 57.038°), 4083 unique (Rint = 0.0179, Rsigma = 0.0131) 

which were used in all calculations. The final R1 was 0.0365 (I > 2σ(I)) and wR2 was 0.1008 

(all data). 
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General procedure for the synthesis of 5(a-j) derivatives: 

For the synthesis of series of 1,4-dihydropyridine derivatives, reaction was performed 

in a 25 mL round bottom flask containing 5 mL of EtOH as a solvent. To this equi-molar 

quantities of aldehyde, ethyl acetoacetate, ammonium acetate and 1,3 cyclohexadione are 

added together with 30 mg of NiO/ZrO2 and stirred at room temperature (RT). TLC was used 

to monitor the progress of reaction in regular time intervals. After the completion of reaction, 

the catalyst was filtered by adding extra ethanol. Then, the solvent was evaporated and the pure 

product was afforded by recrystallization from EtOH. 
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1H NMR spectra of compound 5a (400 MHz, DMSO) 

 

 

 

 

 

 

15N NMR spectra of compound 5a (40.55 MHz, DMSO) 
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13C NMR spectra of compound 5a (100 MHz, DMSO) 

 

 

 

 

 

 

HMBC spectra of compound 5a 
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HRMS spectra of compound 5a 

 

 

 

 

1H NMR spectra of compound 5b (400 MHz, DMSO) 
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15N NMR spectra of compound 5b (40.55 MHz, DMSO) 

 

 

 

 

13C NMR spectra of compound 5b (100 MHz, DMSO) 
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HRMS spectra of compound 5b 

 

 

 

 

 

 

 

1H NMR spectra of compound 5c (400 MHz, DMSO) 

 

 



336 
 

 

 

 

 

15N NMR spectra of compound 5c (40.55 MHz, DMSO) 

 

 

 

13C NMR spectra of compound 5c (100 MHz, DMSO) 
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HRMS spectra of compound 5c 

 

 

1H NMR spectra of compound 5d (400 MHz, DMSO) 
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15N NMR spectra of compound 5d (40.55 MHz, DMSO) 

 

 

13C NMR spectra of compound 5d (100 MHz, DMSO) 
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HRMS spectra of compound 5d 

 

 

 

 

1H NMR spectra of compound 5e (400 MHz, DMSO) 
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15N NMR spectra of compound 5e (40.55 MHz, DMSO) 

 

 

13C NMR spectra of compound 5e (100 MHz, DMSO) 
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HRMS spectra of compound 5e 

 

 

1H NMR spectra of compound 5f (400 MHz, DMSO) 
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15N NMR spectra of compound 5f (40.55 MHz, DMSO) 

 

 

 

 

 

13C NMR spectra of compound 5f (100 MHz, CDCl3) 
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HRMS spectra of compound 5f 

 

 

1H NMR spectra of compound 5g (400 MHz, DMSO) 
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15N NMR spectra of compound 5g (40.55 MHz, DMSO) 

 

 

 

 

13C NMR spectra of compound 5g (100 MHz, DMSO) 
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1H NMR spectra of compound 5h (400 MHz, DMSO) 

 

 

 

 

 

 

15N NMR spectra of compound 5h (40.55 MHz, DMSO) 
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13C NMR spectra of compound 5h (100 MHz, DMSO) 

 

 

 

 

HRMS spectra of compound 5h 
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1H NMR spectra of compound 5i (400 MHz, CDCl3) 

 

 

 

 

 

 

15N NMR spectra of compound 5i (40.55 MHz, CDCl3) 
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13C NMR spectra of compound 5i (100 MHz, CDCl3) 

 

 

 

 

HRMS spectra of compound 5i 
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1H NMR spectra of compound 5j (400 MHz, DMSO) 

 

 

 

 

 

15N NMR spectra of compound 5j (40.55 MHz, DMSO) 
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13C NMR spectra of compound 5j (100 MHz, DMSO) 

 

 

 

HRMS spectra of compound 5j 
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1H NMR spectra of compound 5k (400 MHz, CDCl3) 

 

 

 

 

 

 

15N NMR spectra of compound 5k (40.55 MHz, CDCl3) 
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13C NMR spectra of compound 5k (100 MHz, CDCl3) 

 

 

HRMS spectra of compound 5k 
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1H NMR spectra of compound 5l (400 MHz, DMSO) 

 

 

 

 

 

 

 

15N NMR spectra of compound 5l (40.55 MHz, DMSO) 
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13C NMR spectra of compound 5l (100 MHz, DMSO) 

 

 

 

HRMS spectra of compound 5l 
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1H NMR spectra of compound 5m (400 MHz, DMSO) 

 

 

 

15N NMR spectra of compound 5m (40.55 MHz, DMSO) 
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13C NMR spectra of compound 5m (100 MHz, DMSO) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



357 
 

 

1H NMR spectra of compound 5n (400 MHz, DMSO) 

 

 

 

15N NMR spectra of compound 5n (40.55 MHz, DMSO) 

 

13C NMR spectra of compound 5n (100 MHz, DMSO) 
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HRMS spectra of compound 5n 

 

 

 

1H NMR spectra of compound 5o (400 MHz, CDCl3) 
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15N NMR spectra of compound 5o (40.55 MHz, CDCl3) 

 

 

 

 

 

 

13C NMR spectra of compound 5o (100 MHz, CDCl3) 
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HRMS spectra of compound 5o 

 

 

1H NMR spectra of compound 5p (400 MHz, DMSO) 
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15N NMR spectra of compound 5p (40.55 MHz, DMSO) 

 

 

 

 

 

15N NMR spectra of compound 5p (100 MHz, DMSO) 
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1H NMR spectra of compound 5q (400 MHz, DMSO) 

 

 

 

15N NMR spectra of compound 5q (40.55 MHz, DMSO) 
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13C NMR spectra of compound 5q (100 MHz, DMSO) 
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1H NMR spectra of compound 5r (400 MHz, DMSO) 

 

 

 

 

 

 

 

 

15N NMR spectra of compound 5r (40.55 MHz, DMSO) 
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13C NMR spectra of compound 5r (100 MHz, DMSO) 
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Table S1. Green metrics (EMY, AE, AEF, RME, OE, and E-factor) for compounds (5a-r) 

S.No Products Yield 

(%) 

EMY 

(%) 

AE 

(%) 

AEF 

(%) 

RME 

(%) 

OE 

(%) 

E-

factor 

(g/g)a 

TONb 

1 5a 98 76.309 77.867 76.309 76.309 98 0.310 3.307 

2 5b 93 71.961 77.378 71.961 71.961 93 0.389 3.328 

3 5c 97 71.817 74.039 71.817 71.817 97 0.392 5.346 

4 5d 96 74.752 77.867 74.752 74.752 96 0.337 3.240 

5 5e 95 73.973 77.867 73.973 73.973 95 0.351 3.206 

6 5f 98 73.451 74.951 73.451 73.451 98 0.361 4.766 

7 5g 94 72.735 77.378 72.735 72.735 94 0.374 3.364 

8 5h 95 69.582 73.245 69.582 69.582 95 0.437 5.873 

9 5i 93 68.118 73.245 68.118 68.118 93 0.468 5.750 

10 5j 95 72.010 75.801 72.010 72.010 95 0.388 4.134 

11 5k 89 66.201 74.383 66.201 66.201 89 0.510 8.173 

12 5l 94 71.861 76.448 71.861 71.861 94 0.391 3.746 

13 5m 90 66.694 74.105 66.694 66.694 90 0.499 4.880 

14 5n 96 71.795 74.787 71.795 71.795 96 0.392 4.738 

15 5o 95 71.814 75.595 71.815 71.814 95 0.392 4.217 

16 5p 92 69.035 75.039 69.035 69.035 92 0.448 4.433 

17 5q 96 78.396 83.253 79.923 78.396 94 0.275 3.240 

18 5r 97 79.212 83.253 80.755 80.755 95 0.262 3.273 
a Lower is the value, better greener is the process. 

b TON= Number of moles of products/Number of moles of catalyst. 
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Chapter 8 

Conclusion 

The thesis describes the effectiveness of mixed transition-metal oxide catalysts and green 

solvents at room temperature (RT) to accomplish synthesis of some important N-heterocyclic 

scaffolds in excellent yields in short reaction times.  

 Chapter one, describes the general literature review, about green chemistry and different 

types of MCRs. Detailed description about heterogeneous catalytic applications towards the 

synthesis of various N-heterocyclic scaffolds under greener conditions. Heterogeneous 

catalysts using Ru, V, Bi, Ag, Fe, Ni and Zr with their unique properties are described and 

applications in organic synthesis is summarised. Heterocyclic compound more specifically 

literature about multi substituted pyridine derivatives, pyrano pyrazole derivatives and 

pyrimidine derivatives were given.  

Chapter two describes MCR protocol for synthesis of ten novel 1,4-dihydropyridine 

derivatives under RT conditions. This protocol involved condensation of selected aromatic 

aldehyde, 5,5-dimethyl-1,3-cyclohexanedione, acetoacetanilide and ammonium acetate in the 

presence of 60 mg 2.5 wt % V2O5/ZrO2 catalyst. The 1,4-dihydropyridine derivative formation 

occurred through Knoevenagel condensation and subsequent Michael addition. Product 

formation was confirmed by several spectral analyses. In the presence of various homogeneous 

inorganic and organic acidic catalysts no product has obtained even after 8h, but ionic liquids 

gave 9-12 % yields in 6-6.5 h time. The organic and inorganic basic catalysts gave 19-36 % 

yields in 4.5-6 h. Further catalytic activity of different metal oxides like SiO2, TiO2 and ZrO2 

were studied. Promising results were obtained with ZrO2 because of higher surface area and the 

amphoteric nature of the oxide compared to other classical support materials. Of the 1-5% 

loading of vanadia on ZrO2 , 2.5 % V2O5/ZrO2  proved superior with 96 % yield in 20 min, 

because of the even distribution of vanadia particles on the zirconia surface, making it an ideal 

promoter for the formation of 1,4-dihydropyridine, derivatives.  2.5% of V2O5/ZrO2 catalyst 

was reusable for up to five catalytic cycles. 

Chapter three describes synthesis of eleven novel halopyridine derivatives under rt 

conditions by taking an equimolar mixture of benzaldehydes, malononitrile, diethyl 

acetylenedicarboxylate and 3-chloro-4-fluoroaniline in presence of 30 mg of 2 wt % RuO2/ZrO2 

catalyst. From the pyridine-IR experiment it confirms that the surface of RuO2/ZrO2 covers 

with Lewis acidic sited, which accelerates the reaction, initially Knoevenagel condensation 
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between benzaldehyde and malononitrile group to give Knoevenagel adduct, further Michael 

addition between the previously formed Knoevenagel adduct and 1,3-dipole intermediate 

compound formed from diethyl acetylenedicarboxylate and 3-chloro-4-fluoroaniline. 

Formation of product was confirmed by several spectral techniques. 2% RuO2/ZrO2 catalyst 

showed 96% yields in 10 min due to the more crystalline nature for the catalytic activity and 

also equal distribution of acidic sites compared to 1% and 4% loadings. The lower yields with 

1% loading due to the insufficient active sites, whereas with 4% loading oligomerisation of 

ruthenia particles took place on the surface, which decreased its efficiency. The 2% loading 

recorded highest catalytic activity due to uniform distribution of active species on the support.  

Additionally, the presence of higher surface area, smaller particle size, equal distribution of 

ruthenia on the support surface and the synergetic effect between ruthenia-zirconia facilitated 

the reaction in shorter period of time and was reusable up to six cycles.  

Chapter four describes the synthesis of eleven 2,4-dihydropyrano[2,3-c]pyrazole-3-

carboxylate derivatives under Rt condition by taking an equimolar mixture of aromatic 

aldehydes, malononitrile, hydrazine hydrate and diethyl acetylenedicarboxylate in presence of 

30 mg 2.5 wt % Bi2O3/ZrO2 catalyst. In the pyridine IR analysis, a promising band at bands at 

1449 cm-1 shows the presence of Lewis acidic character of surface active sites. The mechanism 

of 2,4-dihydropyrano[2,3-c]pyrazole-3-carboxylate formation taken place through 

Knoevenagel condensation between aromatic aldehyde and malononitrile which are catalysed 

by the Lewis acidic sites  of  Bi2O3/ZrO2. Further, Michael addition between the Knoevenagel 

adduct and ethyl 5-oxo-2,5-dihydro-1H-pyrazole-3-carboxylate took place during the reaction 

between diethyl acetylenedicarboxylate and hydrazine hydrate. Product formation was 

confirmed by several spectral techniques. In the presence of different homogeneous acidic and 

basic compounds and ionic liquids as catalysts, the reaction yields were 6-41 % in 9.5 h time. 

Various metal supported metal oxides like 2.5 % CuO/ZrO2, MnO2/ZrO2, and Bi2O3/ZrO2 gave 

good yields, of which 2.5% Bi2O3/ZrO2 gave excellent yields (91-98%) within 15 min time. 

From the TEM-particle size analysis, the average particle size was 8.54 nm, which is a 

characteristic of equal distribution of active material on the zirconia. The 2.5% Bi2O3/ZrO2 

showed good catalytic activity and was reusable up to six cycles. Compared to other MMOs 

because the special character of bismuth that possess poor shielding effects of 4f-electrons. The 

surface active sites of the bismuth correlates with the amphoteric nature of zirconia and provides 

necessary active sites to decrease the activation energy between the reactants, which facilitates 

the reaction in good yields.  
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Chapter five describes the synthesis of eleven indenopyrimidine derivatives at room 

temperature by taking an equimolar mixture of aromatic aldehydes, indane-1,3-dione, and 

guanidinium hydrochloride in the presence of 60 mg of 2.5 % Ag2O/ZrO2 catalyst. The 

mechanism of indenopyrimidine formation occurred through Knoevenagel condensation 

reaction between the aromatic aldehyde and indane-1,3-dione which were catalysed by the 

Lewis acidic sites on the surface of the Ag2O/ZrO2. Further Michael addition between the 

Knoevenagel adduct and guanidinium hydrochloride took place. The homogeneous catalysts 

gave good yields of up to 50 %, but the reaction took longer time and needed column 

separations. 2.5 % Ag2O/ZrO2 catalyst showed the highest yields (96%) within 15 min. The 

Lewis acidic nature of silver loaded on zirconia facilities the reactions by providing the active 

sites, which can attack the carbonyl carbon to give the carbocation. It further reacted with the 

active methylene group to give the Knoevenagel adduct. Further, Michael addition and 

intramolecular cyclisation yielded final product. From the TEM micrographs of the three 

loadings of Ag on ZrO2, it was found that 1 % had less dispersion of silver on the surface, 

whereas in 5 % silver agglomerated on the surface, preventing the contribution of active sites 

in the reaction.  The surface of 2.5% loaded catalyst was evenly dispersed by the Ag, which 

made it an ideal catalytic material to accelerate the reaction by providing more synergetic active 

sites. The prepared 2.5 % Ag2O/ZrO2 is reusable up to six catalytic cycles. 

Chapter six describes the multicomponent synthesis of ten new 1,4-dihydropyridine 

derivatives under Rt condition by employing an equimolar mixture of aromatic aldehydes, 1,3-

cyclohexanedione, acetoacetanilide and ammonium acetate in presence of 45 mg of 2.5 wt % 

Fe2O3/ZrO2 catalyst. The formation of 1,4-dihydropyridine derivative took place through 

Knoevenagel condensation and subsequent Michael addition. Product formation was confirmed 

by several spectral analysis. An overall 92-98% yield was obtained with 2.5 % Fe2O3/ZrO2 in 

20 min. The even dispersion of active metal facilitated the fast Knoevenagel-Michael addition 

reactions, by the strong Lewis acidic sites. The single crystal structure of the -4N (CH3)2 

derivative was also elucidated. The 2.5 % Fe2O3/ZrO2 showed the same efficacy up to six 

catalytic cycles 

Chapter seven describes the multicomponent synthesis of eighteen 1,4-dihydropyridine 

derivatives prepared at rt by taking an equimolar mixture of aromatic aldehydes, 1,3-

cyclohexanedione, ethylacetoacetate and ammonium acetate in the presence of 30 mg 2.5 wt% 

NiO/ZrO2 catalyst. An attempt was made to understand the mechanism of the 1,4-

dihydropyridine formation. 2.5% NiO/ZrO2 showed good activity in only 20 min with high 
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yields of 98% compared to other materials due to equal dispersion of active nickel on the surface 

of zirconia. Additionally, it was identified that the product formation mainly takes place through 

enamine and imine pathways. At first Knoevenagel condensation occurs at Lewis acidic sites 

present on the surface which activates the carbonyl group of the aldehyde, forming a 

carbocation, which is electrophilic in nature. The intermediate carbocation reacting with the 

active methylene groups of 1,3-cyclohexanedione and ethylacetoacetate forms the Knoevenagel 

condensation intermediate. On the other hand, enamine intermediates formed by the reaction 

between ammonium acetate and cyclohexanedione or ethylacetoacetate, followed by the 

Michael addition with Knoevenagel product, giving the targeted dihydropyridine derivative 

through intramolecular cyclisation. The single-crystal X-ray structures of two novel molecules 

were also reported. The 2.5 % NiO/ZrO2 showed its efficacy up to six catalytic cycles. 

The rationale of choosing and designing of a catalyst is based on the available literature. 

For example, the use of RuO2/ZrO2 in the formation of functionalized halopyridine derivatives, 

presence of strong Lewis acidic nature of Ru played a key role to form a knoevenagel adduct 

and further the ring formation by Michael addition. In the synthesis of 1,4-dihydropyridine 

derivatives, knoevenagel adduct between a benzaldehyde and active methylene group like ethyl 

acetoacetate need milder acidic sites compared to ruthenia. RuO2/ZrO2 could work, but other 

catalysts with less acidic surface sites compared to ruthenia could do better. Where as with 

Bismuth, Lewis acidic nature is due to the poor shielding of the 4 f-orbital electrons, which 

allows bismuth to accept electron pair quickly, the poor shielding of the 4 f-orbital electrons 

makes the catalys an electron pair acceptor which activates aromatic aldehydes and the 

hydrazine quickly, makes an efficient catalyst for the synthesis of 2,4-dihydropyrano[2,3-c] 

pyrazole-3-carboxylate derivatives in a shorter period. Vanadium oxide, Iron oxide and Nickel 

oxide supported on the surface of zirconia serves as the best lewis acidic catalyst for activation 

of molecules with 1,3 di-carbonyl group by attacking the high electron density sites, capable of 

the formation of C-C bonds by providing milder surface active sites which palyed a key role in 

the formation of functionalized dihydropyridine derivatives.  

Future work 

 To investigate the biological activity of the new synthesized compounds. 

 To broaden the scope of this protocols by using different hetero aromatic aldehydes and 

other active methylene groups. 
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 To investigate the photocatalytic activity of prepared catalyst materials for other 

potential applications 

 

 

 

 

 

 

 


