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Abstract The use of mixed oxides is a well-appreciated approach in the fields of material science

and synthesis, due to remarkable tunable surface properties such as acidic and basic characteristics,

oxidation/reduction capabilities, and high agility of lattice oxygen, which makes them ideal choices

as heterogeneous catalysts. The activity of the mixed oxides broadly relies on the nature of support

and active material used and on the preparation method, calcination temperatures. Wide range of

techniques for preparation of mixed oxide materials are adoptable, viz. sol-gel, co-precipitation, wet

impregnation, microwave irradiation and hydrothermal methods. Use of mixed oxides as solid cat-

alysts have gained popularity in many valued organic transformations, via alkylation, oxidation,

condensation, dehydration, dehydrogenation, cycloaddition and isomerization. Application of

mixed oxides in the area of green organic synthesis is a valuable strategy, which contributed signif-

icantly to the design of many novel heterocyclic scaffolds. The chemistry of N-heterocycle scaffolds,

which generally possess five and six membered rings, is an interesting area for both synthetic and

medicinal chemistry research constituting over 60% organics used in various arenas. The position

and number of nitrogen atoms in the rings, distinguish them as pyrroles, pyrazoles, imidazoles, tri-

azoles, pyridines and pyramidines classes. In this review, we focus on the scope, importance and

versatile applications of mixed metal oxides and their synergetic effects as heterogeneous catalysts

in the synthesis of variety of N-heterocyclic derivatives. The scientific aspects of the mixed oxides as

catalytic active materials to design efficient synthetic protocols for the organic transformations is

also discussed.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The concept of green chemistry has made significant impact on
many frontages including the use of green solvents, bio-

renewable resources and sustainable catalyst materials (Cioc
et al., 2014; Varma 2014). Environmentally benign protocols
have been explored for heterocyclic synthesis to improve

energy consumption, atom economy and reaction yields
(Gawande et al., 2013; Anastas and Eghbali, 2010). Designing
the high efficiency reactions that work at room temperature

and use of alternative energy sources has become an attractive
choice. A radical evolution in the field of synthetic organic
chemistry is the practice of multicomponent reactions
(MCRs), which involve more than three reactants in one-pot

reaction (Ganem, 2009; Ryabukhin et al., 2012) In addition
to avoidance of separation and purification of intermediates,
MCRs are generally environment friendly, selective, atom-

efficient and time saving (Graaff et al., 2012; Toure, 2009;
Trost 2002). Thus, MCR approach has gained significant pop-
ularity in the fields of pharmaceutical chemistry and drug

development, including control of stereo isomers (Cho and
Morken (2014)). In the sequence of the reaction, inter-
coordination between the reactants, solvent and catalyst is cru-

cial for the success of MCRs (Gu, 2012; Climent et al., 2012;
Kozhevnikov, 1998). Consequently, with choice for diverse
molecular entities as reactants, MCRs have cherished in the
designing of different organic blocks to prepare various fasci-

nating heterocyclic frameworks (Kozhevnikov, 1998; Rotstein
et al., 2014a; Martins et al., 2009).

While the nature of hetero atoms and the strain in the ring

influence the properties of heterocycles, in broad sense, they
are all-pervading, as one heterocyclic structure or other are
integral part of almost every physiologically and biologically

active organic compounds known (De Coen et al., 2016;
Bhardwaj et al., 2015; Eftekhari-Sis et al., 2013a). Many of
the heterocyclic entities are starting materials in the synthesis
of varied drugs related to antimalarial (Karad et al., 2016),

antiulcer (Peng-Hui et al., 2016), diuretic (Anderson et al.,
2012), anthelmintic (Omar et al., 2015), antidepressants
(Engers et al., 2015), anticancer (Kuroiwa et al., 2015), anti-

neoplastic and antipsychotic (Castro et al., 2015; Chen et al.,
2015). Depending on the reaction, heterocycles can exhibit
both electrophilic and nucleophilic characteristics (Godoi

et al., 2011). Among the heterocycles, nitrogen based com-
pounds more dominant as sub-units in many of the pharma-
ceuticals and agrochemical products, due to their intriguing
capabilities (Akhtar et al., 2016; Eftekhari-Sis et al., 2013b;

Singh, 2012). The design and development of new synthetic
strategies based on green principles and using renewable and
recyclable materials will be the route for sustainable growth,
which is anticipated from the R&D research.

Supported catalysts in general, and bimetallic or trimetallic
mixed oxide catalysts in particular have attracted significant
attention, in the recent past due their superb capabilities to

steer the organic reactions with high selectivity and efficiency
(Wachs, 2005; Guo et al., 2014; Dastan et al., 2012). Metal oxi-
des are highly crystalline for their catalytic efficacy (Jabłonska

and Palkovits, 2016; Shi, 2013). The combination of two or
more metals and their curing processes allow the tuning of
the surface properties of the materials, making them opt for

specific purpose (Lin-Bing et al., 2015; Zhang et al., 2012).
Thus, mixed oxide catalysts and their nanocomposites offer
wide range of advantages including atom efficiency and green
principles (Climent et al., 2012; Wachs and Routray, 2012).

For instance, in perovskites like scheelites (ABO3) and spinels
(ABO4), the metal cations, spatial orientations and type of
bonding viz A-O-B-O, A-O-A-O or B-O-B-O in both can be

predicted precisely, which is useful in identification of their
structure-property relationship (Tessier and Marchand, 2003;
Kudo and Miseki, 2009). The surface properties such as

charged/adsorbed entities (Heiz and Bullock, 2004), acidic
and basic characteristics (Rafiee and Eavani, 2016; Copeland
et al., 2013), tendency of cations to undergo redox reactions

(Trizio and Manna, 2016), and oxygen vacancies all contribute
to their catalytic activity (Xiaoyang et al., 2013). Many cat-
alytic procedures established using such mixed oxide catalysts
are simple preparation (Johnson, 2003), prudent (Gawande

et al., 2011), efficient and environmentally friendly (Dastan
et al., 2012), selectively producing the anticipated products
(Bartoli et al., 2010; Nakamura and Yamamoto, 2004). These

are applied both for their acidic and basic possessions
(Gawande et al., 2015), and their reduction-oxidation proper-
ties which make them vital class in heterogeneous catalysis

(Shi, 2013). Mixed oxide catalysts address the sustainability
concerns and provide alternative and efficient methods for var-
ious important organic transformation reactions (Brauch
et al., 2013; Cho and Morken (2014); Eftekhari-Sis et al.,

2013). Many novel mixed oxide catalysts with superb activity,
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excellent chemical and thermal stability, high surface area,
low-cost and recyclability have been reported with precise
applications in synthetic organic chemistry (Sambasivarao

et al., 2015; Rotstein et al., 2014b; Singh and Chowdhury,
2012; Laurent et al., 2008; Corma and Garcia, 2008). Their
heterogeneous nature facilitates easy separation from the reac-

tants and products, making them attractive for reusability
(Polshettiwar et al., 2011; Prasad and Singh, 2013). The bond-
ing environment of metal cations in mixed oxides facilitate

selective reaction of the approaching molecule at the active
sites, enriching the reaction (Chandler et al., 1993; Manser
et al., 2016; Fernandez-Garcia et al., 2004). One or more
phases of mixed oxides could be active catalytic centers, which

enable the chosen reaction. For example, in fluorapatites, the
presence of both Lewis acidic and basic sites on its surface
due to Ca2+ and PO4 phases boost the reaction, but one of

its active catalytic phase characters renders the given reaction
more efficiently (Yin et al., 2006). Mixed oxides are exception-
ally better than the individual constituent oxides in terms of

their catalytic activity in diverse reactions and sustainability,
because of the subtle differences in surface area and nature
of the active sites (Yin et al., 2006; Gangu et al., 2016a;

Gangu et al., 2017a). Thus, in modern chemistry, the mixed
oxides have undeniably contributed as valuable catalysts for
different organic transformations, such as oxidation, dehydra-
tion, dehydrogenation, isomerization, condensation and may

other catalysis science applications (Gangu et al., 2017b;
Gangu et al., 2016b; Gawande et al., 2012).

For the catalytic activity of the mixed oxides, the interac-

tion between the active phase and support material are crucial
and such interactions occur through their surface and interfa-
cial free energies (Dai et al., 2013; Chetty et al., 2012). Many

transition metal oxides with known catalytic activity such as
CeO2, MnO2, MoO3, V2O5, NiO etc. have comparatively low
surface free energies relative to the oxide support materials

(Al2O3, SiO2, TiO2, and ZrO2) normally used (Maddila
et al., 2013, 2015, 2016a). The scale of these interfacial free
energies are not exactly known, but the role of the interactions
in overall activity of the material is acknowledged. Thermal

treatment of the oxide mixtures at higher temperatures is
known to facilitate the spreading and wetting phenomena,
which induces mobility of the active oxides (Maddila et al.,

2016b, 2016c).
The characteristics and capabilities of material as catalysts

squarely depend on the support material used and the active

metal used in addition to their relative proportions and the
preparation method adopted (Maddila et al., 2015a, 2015b;
Rana et al., 2015a). Main purpose of the support material is
to afford surface area, thermal stability and mechanical

strength, besides the active sites (Maddila et al., 2016d,
2016e, 2016f). Commonly used supports are active carbon,
Al2O3, SiO2, TiO2, CeO2, ZrO2, hydroxyapatites, etc. The list

of active materials is wide and many transition metals are com-
monly used, which also possess good thermal stability and
moderate mechanical strength (Maddila et al., 2016g, 2016h;

Pagadala et al., 2014a). Cost effectiveness also one of the cru-
cial factors that decide the choice of active metal (Maddila
et al., 2014). While broad choice of synthetic approaches such

as sol-gel, co-precipitation, wet impregnation, microwave irra-
diation and hydrothermal method are attractive options, the
preparation method and calcination temperature and proto-
cols significantly influence the distribution of the active mate-
rial on the support and the overall characteristics of the
material (Maddila et al., 2016i; Oseghe et al., 2015; Rana
et al., 2015b; Gangu et al., 2016c).

The present communication describes the scope of varied
mixed oxides as catalysts for the synthesis of one and two
nitrogen containing five and/or six membered heterocycles

via one-pot multi-component reactions. Literature reports
have been selected to illustrate the importance of mixed oxides
as solid catalysts and interpret the chemistry between the cat-

alyst and the reactant molecules. This review gives deep insight
into the comprehensive utility of mixed oxides as catalysts and
their structure functionality relationship.

2. Five membered heterocycles

Based on the number and position of nitrogen atoms in five-

membered ring of heterocycles, they have classified into pyr-
roles, pyrazoles, imidazoles and triazoles. The following sec-
tions describe their facile synthetic routes by employing
different mixed oxides as catalysts or catalyst supports and

illustrate the role of mixed oxides in achieving remarkable
yields of products in short reaction times.

2.1. One nitrogen containing heterocycles (Pyrroles)

Pyrroles are one of the preferred heterocyclic compounds, both
in medicinal and synthetic chemistry, due to the possibility for

a huge number of usual and unusual molecules with notewor-
thy characteristics. The pyrrole structural fragments are com-
mon in many natural products and show varied biological
activities. The majority of these alkaloids are usually devel-

oped from a distinctive tetracyclic ring structure that contains
a pyrrole fragment. Azgomi and Mokhtary (2015) have
explored the advantages of Fe3O4@SiO2 nanoparticles and

ionic liquid, namely 1-methyl-3-(3-trimethoxysilylpropyl)-1H-
imidazol-3-ium chloride (IL) in organic synthesis for the
preparation of 1,3-thiazolidin-4-ones (Scheme 1). Initially,

Fe3O4@SiO2 nanoparticles were prepared and the resultant
products were treated with the selected IL, under stirring for
16 h at 60 �C producing MNP@SiO2-IL (Fig. 1). The catalytic

efficiency of prepared material has examined in the three-
component reaction between varied aldehydes, and anilines
with thioglycolic acid at 70 �C under no solvent condition.
The yield (86–94%) and reaction times (55–70 min) with

MNP@SiO2-IL have offered an economical protocol. The
magnetic property of the catalyst makes its easy recoverability
and reusability.

Rajesh et al. (2016) have prepared novel heterogeneous cat-
alyst, hydromagnetise (HM) supported copper (Cu/HM) by a
simple impregnation procedure. The structure viability of HM

with large cavities opens a new vista for its application in the
catalysis as supporting substrate for many transition metals.
The authors have stabilized the copper on HM and character-

ized the successful grafting of copper on HM. The XPS studies
revealed that the copper existed in +2 oxidation state and it
was confirmed by the Cu 2p1/2 and Cu 2p3/2 peaks in XPS spec-
trum. The catalytic performance was investigated in the prepa-

ration of pyrrolo[1,2-a]quinolone derivatives by employing the
mixture of quinoline-2-carboxaldehye, secondary amine and
phenyl acetylene at 110 �C in diethylene glycol as solvent.

The varied pyrrolo[1,2-a]quinolone molecules with 87–95%



Scheme 1 One-pot synthesis of 1,3-thiazolidin-4-ones catalyzed by MNPs@SiO2-IL.

Fig. 1 Preparation steps for synthesis of MNP@SiO2-IL nano catalyst. Source: Reprinted from Azgomi and Mokhtary (2015) with

permission from Elsevier.

Scheme 2 Cu/HM catalyzed synthesis of substituted propargy-

lamines via KA2 coupling.
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have produced by varying the amine and alkyne precursors.

The high catalytic activity showed by the Cu/HM has ascer-
tained the presence of more active sites generated from the syn-
ergistic effect of Cu(II) and Mg(II) (Scheme 2).

Bamoniri1 et al. (2015) have synthesized a nano-silica sup-
ported TiCl4 (Nano-TiCl4/SiO2) as heterogeneous catalyst by
stirring the mixture of TiCl4 and nano-silica for 1h at room
temperature in the presence of chloroform. The Nano-TiCl4/
SiO2 has promoted in the acid-based catalyzed reaction to pro-

duce the dihydro-2-oxopyrroles derivatives. The 80 mg of cat-
alyst was optimized for reaction between amine, dialkyl
acetylenedicarboxylates and formaldehyde in ethanol at 70

�C. The reaction times and yields of dihydro-2-oxopyrroles
were at the range of 30 min to 3 h and 65–95%, respectively
(Scheme 3). The catalyst facilitated the Mannich reaction for

intermolecular addition between the substrates. This protocol
simplified the preparation of nitrogen-containing heterocycles
like dihydro-2-oxopyrroles over other earlier reported
catalysts.

Li et al. (2014a) have reported an active catalyst, namely
[CoFe2O4@SiO2-PrNH2-Mo(acac)2] by using cobalt ferrite
(CoFe2O4), tetraethyl orthosilicate (TEOS), 3-

aminopropyltriethoxysilane (APTES) and molybdenyl acety-
lacetonate precursors. The authors have used the TEOS for sil-
ica coating on CoFe2O4 and APTES used for amine

functionalization of CoFe2O4@SiO2. Finally, the molybdenyl



Scheme 3 Nano-TiCl4/SiO2 catalyzed synthesis of substituted dihydro-2-oxopyrroles.

Fig. 2 Synthesis of CoFe2O4@SiO2-NH2-Mo(acac)2. Source: Reprinted from Li et al. (2014a) with permission from Royal Society of

Chemistry.

Scheme 4 Synthesis of pyrroles in the presence of CoFe2O4@SiO2-NH2-Mo(acac)2.

Fig. 3 Synthesis of CoFe2O4@SiO2–DABCO–Sb. Source: Reprinted from Li et al. (2014b) with permission from Royal Society of

Chemistry.
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acetylacetonate complex, [Mo(acac)2] used to anchor the
aminated-CoFe2O4@SiO2. The vibrating sample magnetome-

tery (VSM) analysis evaluated that the material exhibits super
paramagnetic nature with 21.0 emu/g magnetic saturation
value (Msat) and noticed that it was high for CoFe2O4@SiO2

(25.0 emu/g). The decrease in the Msat value in the [CoFe2-
O4@SiO2-PrNH2-Mo(acac)2] is attributed that the non-
magnetic character of [PrNH2-Mo(acac)2] has surrounded

the surface of the CoFe2O4 nanoparticles (Fig. 2). The material
was employed as catalyst in the four component one-pot syn-
thesis of pyrroles and its derivatives in thermal conditions (90

�C) (Scheme 4). The catalyst was well worked towards the pro-



Scheme 5 Synthesis of pyrroles in the presence of CoFe2O4@SiO2–DABCO–Sb.

Scheme 6 Synthesis of chromeno = [4,3-b]pyrrol-4(1H)-one derivatives.
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duction of yields from good to excellent. The magnetic nature
of catalyst is an added advantage, which made the separation
for reusability simpler. In similar lines, the same team have

proposed CoFe2O4 supported Sb nano-magnetic material
([CoFe2O4@SiO2–DABCO–Sb]) (Li et al., 2014b) as catalyst
for the synthesis of multi-substituted pyrroles via three-

component one-pot synthesis. The catalytic nature of anti-
mony (III) chloride was hindered by its hygroscopic nature
and it was overcome by immobilization of antimony trichlo-

ride on cobalt ferrite substrate. In the preparation of the cata-
lyst, the CoFe2O4 nanoparticles were prepared by using the co-
precipitation method by using the precursors FeCl3�6H2O and

CoCl2�6H2O (Fig. 3). The tetraethyl orthosilicate (TEOS) and
1,4-diazabicyclo-[2.2.2]octane (DABCO) and antimony
trichloride were used for the grafting of CoFe2O4 nanoparti-
cles. The prepared catalyst showed cobalt ferrite diffraction

pattern even after the functionalization and catalyst retained
magnetic behavior. The reaction between amines, nitro-olefin
and 1,3-dicarbonyl compounds under optimal conditions of

0.5 mol% of CoFe2O4@SiO2–DABCO–Sb as catalyst
(Scheme 5) and ethanol as solvent progressed well at 80 �C,
giving good to excellent yields. The catalyst usable up to five

cycles stimulates the industrial sector in the preparation of
novel pyrroles.

Saha et al. (2016) have recently prepared the nanostruc-
tured copper ferrites (CuFe2O4) for the catalyzed organic syn-

thesis. The presence of synergetic catalytic effect due to Fe3+

and Cu2+ in CuFe2O4 made it, the choice as catalyst. The cat-
alyst was prepared by using Fe(NO3)3�9H2O (4 mmol), Cu

(NO3)2�3H2O (2 mmol) and citric acid (9 mmol) as reactants
and their solution in distilled water were heated with continu-
ous stirring at 90 �C. The nano-sized CuFe2O4 particles were

obtained after calcination of the resultant powder at 500 �C.
Scheme 7 Synthesis of polysub
The catalytic activity of CuFe2O4 was examined in the one-
pot three-component synthesis of chromeno-[4,3-b]pyrrol-4
(1H)-one derivatives from the building blocks of amine, 4-

aminocoumarin and glyoxal monohydrate (Scheme 6). The
optimal conditions such as temperature (70 �C), water, and
10 mol% of catalyst produced the impressive yields of

chromeno-[4,3-b]pyrrol-4(1H)-one products in the range of
70–92%. The X-ray diffraction and IR studies disclosed that
the structural integrity was not disturbed even after the sixth

run of the catalyst, which induces the viability of catalyst as
eco-friendly synthesis of organic molecules.

Dou et al. (2008) have reported the synthesis of pyrroles by

using the TiCl4/Sm system as catalyst. The one-pot three-
component reaction between 1,3-diketones, aldehydes, and
amines yielding the poly-substituted pyrroles in desired man-
ner. After investigation of different low-valent titanium sys-

tems, the three equivalents of TiCl4/Sm reagent were more
superior for the preparation of new pyrrole derivatives. The
reaction at room temperature in anhydrous tetrahydrofuran

encouraged the reaction with good yields in short reaction time
(15 min) (Scheme 7). The protocol is useful for the develop-
ment of wide range of regio-isomeric products. The authors

have established that the protocol is applied for both the aro-
matic and aliphatic aldehydes and amines for the preparation
of many biologically imperative pyrroles.

Atar et al. (2015) have reported a new protocol for the

expeditious synthesis of tetra substituted pyrroles using one-
pot four-component technique in the presence of ceric ammo-
nium nitrate supported on silica (CAN�SiO2) as catalyst

(Scheme 8). The authors have chosen the CAN�SiO2 as catalyst
due to its ease of preparation, inexpensive, and recycling of
catalyst. The acidic nature of the catalyst has drawn enduring

consideration in the building of CAC bond and C-hetero atom
stituted pyrroles derivatives.



Scheme 8 Synthesis of fully tetrasubstituted pyrrole functionalities catalyzed by CAN.SiO2.

Scheme 9 The preparation of different substituted pyrroles derivatives.
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bonds in a range of organic transformations. The catalyst was

prepared by mixing the 9.01 g of silica gel with a solution of
CAN (1.02 g) in 2.0 mL of water. The yellowish powder
obtained after evaporation of water and it could be in active

up to six months provided stored in a tight sealed bottle. To
push the reaction smoothly between the aldehyde, amine, dia-
lkyl acetylenedicarboxylates and nitromethane under reflux

conditions, the 10 mol% of CAN.SiO2 was optimized and
more interestingly the reactant nitromethane was served as sol-
vent. By alternating the aldehydes and amines, several substi-
tuted pyrroles have been reported with good yields in the

range of 84–93%. This protocol has the scope in the synthesis
of substituted pyrroles, which are widely used in the image
diagnosis, for laser manufacture, and as chemosensors along

others in pharmaceutical industry.
In another study, Moghaddam et al. (2015) have outlined

the limitations of previously reported extensive procedure for

preparation of CoFe2O4@SiO2-PrNH2-Mo(acac)2 as catalyst
for the synthesis of poly-substituted pyrroles. Authors have
proposed the nickel ferrite (NiFe2O4) as a viable alternative

catalyst. The co-precipitation method was employed to pre-
pare the nano-sized NiFe2O4 particles from the solutions of
Fe(NO3)3�9H2O and Ni(NO3)2�6H2O The synergistic effect of
the two cations, chemical stability and magnetic nature of

NiFe2O4 were exploited in the conversion of reaction mixture
Scheme 10 The preparation of different div
containing aldehyde, amine, nitromethane and 1,3-dicarbonyl

into substituted pyrroles at 100 �C. The possessing of large sur-
face area of nano-structured NiFe2O4 and low activation
energy accelerated the reaction. High to excellent yields (70–

96%) in relatively shorter times (3–4 h) and intact of catalytic
efficiency up to nine cycles makes the NiFe2O4 an efficient cat-
alyst for the facile production of pyrrole derivatives under neat

conditions (Scheme 9).
Atar and Jeong (2013) have reported silica supported tungs-

tic acid (STA) as heterogeneous catalyst for the facile synthesis
of tetra substituted pyrrole derivatives. The prepared STA

could be mitigated the difficulties with earlier reported homo-
geneous catalysts. The STA is considered as acid catalyst,
which fructify the making of new bonds in the organic trans-

formations. While the catalyst is synonymous with ease of
preparation, recyclability, low cost and isolation of organic
products with high purity and yields add to the glitter. The

introduction of 10 mol% of STA in refluxed condition acceler-
ated the four-component reaction between aldehyde, amine,
methylene ketones and nitro methane to afford impressive

yields of substituted pyrrole compounds (Scheme 10). The mix-
ture of silica chloride and sodium tungstic in hexane in 4 h
reflux produced the STA. As far as yields are concerned, the
STA showed a real effectiveness in the organic conversion over

other silica supported ZnCl2, BF3 and TiO2 catalysts.
erse tetra substituted pyrrole derivatives.



Scheme 12 Synthesis of pyrazole-4-carbonitrile derivatives.

A review on multi-component green synthesis of N-containing heterocycles 1149
2.2. Two nitrogen containing heterocycles (Pyrazoles)

Pyrazole ring possess three C atoms and two N atoms in adja-
cent positions. It was firstly prepared by Knorr, which led to
the discovery of antipyrine and its derivatives. Pyrazoles are

very important group of heterocyclic compounds and different
substituted pyrazoles are eminent as metal chelating and
extracting reagents (Kramer, 2016; Ahmed and Mezei, 2015).
Pyrazole represents as interesting template for combinatorial

chemistry. Many condensed heterocyclic systems with pyra-
zoles as constituents have varied medicinal and agricultural
applications (Kramer, 2016; Ahmed and Mezei, 2015; Liu

et al., 2016). Due to excellent antibacterial (Panda et al.,
2014), antifungal (Nasr et al., 2014), herbicidal (Ma et al.,
2015; Janin, 2012), and antiviral (Lucas-Hourani and

Munier-Lehmann, 2015; Kucukguzel and Senkardes, 2015)
activities exhibited by pyrazoles, pharmacologically they are
most important class among the heterocyclic compounds.

Some of the pyrazole derivatives are known to possess antiar-
rhythmic (Liu et al., 2015), sedative (Meanwell, 2011a), hypo-
glycemic (Datar and Jadhav, 2015), and anti-inflammatory
properties (Li et al., 2015; Viveka et al., 2015). Pyrazolines

and annelated pyrazoles exhibit antimicrobial activity
(Lucas-Hourani and Munier-Lehmann, 2015; Khan and
Faidallah, 2015; Veenugopal and Vasavi, 2015). N-

substituted pyrazole derivatives are capable to inhibit and
deactivate of liver alcohol dehydrogenase (Bondock et al.,
2012). Difenamizole and Metamizole exhibit higher analgesic

activity than aspirin (Soltesz et al., 2008). Tactically function-
alized fluorine substituents, especially the trifluoromethyl sub-
stituted group, in heterocyclic compounds show a significant
role in pharmaceuticals and agrochemicals (Meanwell, 2011b;

Giornal et al., 2013; Fustero et al., 2011). The fluorinated pyra-
zoles, in particular possess high biological activity as herbi-
cides, fungicides, insecticides and analgesics agents

(Yamamoto et al., 1992; Yang et al., 2015; Zhang et al.,
2014; Faour et al., 2015; Gurib-Fakim, 2006; Majumdar
et al., 2014).

Using CeO2/SiO2 as catalyst and a four-component con-
densation of phenylhydrazine, b-keto ester, 2-napthol and aro-
matic aldehydes, Akondi et al., have reported the synthesis of

1H-3-pyrazolones in excellent yields with water as solvent
under reflux conditions (Scheme 1d) (Akondi et al., 2016). A
new Ce/SiO2 complex synthesized via the sol–gel process was
effectively applied as a heterogeneous Lewis acid (Scheme 11).

The intrinsic possessions of Ce/SiO2 mixed oxide catalyst such
as superior selectivity, eco-friendly compatibility, non-
corrosiveness, recyclability, operational simplicity, low cost

and ease of isolation makes this catalyst useful to carry out
the reaction.

Twelve novel pyrazole-4-carbonitrile derivatives were syn-

thesized using CuO/ZrO2 catalyst and three-component Man-
nich type reaction of phenyl hydrazine, malononitrile and
substituted aromatic aldehydes in good to excellent yields
Scheme 11 General synthe
within in 2 h (Scheme 12). The new mixed oxide catalyst, which

was prepared by a simple wet-impregnation technique,
revealed higher activity and long term stability. The heteroge-
neous catalyst is amply reusable for over five cycles with its

high activity undiminished (Maddila et al., 2015c).
A one-pot, three-component reaction of 1,4-dihydropyrano

[2,3-c]pyrazole derivatives using aldehydes, malononitrile and

3-methyl-1-phenyl-1H-pyrazol-5(4H)-one was developed using
H14[NaP5W30O110] as a mixed oxide heteropolyacid catalyst
(Scheme 13) (Heravi et al., 2010). This catalyst has remarkable
properties like strong Bronsted acidity and flexible conver-

sions, which are vital in catalytic reactions. Importance of
heteropolyacids as environmentally benign catalysts is also
due to their other advantages such as cost-effectiveness, long

thermal stability, simple synthesis and reusability. Aldehydes
with both electron-withdrawing and electron-donating sub-
stituents gave good to excellent yields (84–95%). The use of

barbituric acid in place of 3-methyl-1-phenyl-1H-pyrazol-5(4
H)-one again gave good yields. Catalyst was reusable with sim-
ilar activity up to five cycles.

Highly efficient ultrasound irradiation technique using rare-
earth based manganite, La0.7Sr0.3MnO3 (LSMO) as catalyst
was reported for 4H-pyrano[2,3-c]pyrazoles. The three
component/one-pot reaction involved aromatic aldehyde,

malononitrile and 3-methyl-1-phenyl-2-pyrazolin-5-ones at
room temperature (Scheme 14). EtOH as a solvent gave better
yields in less time relative to H2O and CH3CN. LSMO, the

mixed oxide nano catalyst was synthesized by hydrothermal
process (Azarifar et al., 2013). The magnetic nano mixed oxide
can act also as superb adsorbent for an extensive diversity of

heterocyclic molecules to develop their activity in organic reac-
tions. LSMO offers several benefits such as higher yields
(97%), long-term stability, robust oxidizing power, non-
toxicity, easy recyclability, and high catalytic activity owing

to their more number of surface atoms.
NiFe2O4@SiO2–H3PW12O40, a magnetic nano-sized acid

catalyst was successfully employed in synthesis of pyrazole

moieties by Maleki et al. NiFe2O4@SiO2–H3PW12O40, was
synthesized by combination of Keggin heteropolyacid with sil-
ica loaded NiFe2O4 magnetic nanoparticles. Pyrano[2,3-c]

pyrazole derivatives were prepared through one-pot, three
component catalyzed condensation of aldehyde, malonitrile
and 1,3-dicarbonyl compounds. The catalyst is separable using

external magnetic field. (Scheme 15) (Maleki et al., 2016).
Shaterian and Kangani (2014) have investigated the use of

P2O5/SiO2, H3PO4/Al2O3, starch/H2SO4 and Cellulose/H2SO4

as catalysts for synthesis of 1,4-dihydropyrano[2,3-c]pyrazoles.
sis of 1H-3-pyrazolones.



Scheme 13 H14[NaP5W30O110] Catalyzed one-pot three-component synthesis.

Scheme 14 Nano-LSMO catalyzed synthesis of 4H-pyrano[2,3-

c]pyrazoles.
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Equi molar ratio of aryl aldehyde, malononitrile, ethyacetoac-
etate and hydrazine monohydrates in the presence of either 80
mg of P2O5/SiO2, 80 mg of H3PO4/Al2O3, 50 mg of Cellulose/

H2SO4 or 50 mg of starch/H2SO4 under solvent-free conditions
at 100 �C were reported as ideal reaction conditions for good
yields (Scheme 16).

Nano magnetic crystalline CuFe2O4 as a Lewis acidic

heterogeneous mixed oxide catalyst was employed by Pradhan
et al., for the synthesis of functionalized dihydropyrano[2,3-c]
pyrazoles by MCR in excellent yields using dialkyl acetylenedi-

carboxylates, malononitrile, substituted hydrazine derivatives
and ethyl acetoacetate with water as solvent (Scheme 17).
These catalyst particles were easily separated using with exter-

nal magnet. As these magnetic materials reportedly contain
highly active and precise centers, these features may assist to
enhance the scope of this material for other applications. Cat-

alyst stayed with similar activity for six cycles. All the reactions
occurred with high efficiency under very simple and mild con-
ditions (Pradhan et al., 2014).

An improved approach was reported by Suman et al.,

where they employed a strategy of sulfonic acid functionalized
silica-coated CuFe2O4 magnetic (CuFe2O4@SiO2-SO3H)
mixed oxide nanoparticles (Scheme 18). The evident benefit

of the approach is the paramagnetic nature of magnetic
nanoparticles assists the separation of catalyst through exter-
nal magnet which makes the recovery of the catalyst easier

and prevents loss of catalyst associated with conventional fil-
tration. As a result, minor CuFe2O4 nanoparticles vastly dis-
Scheme 15 One-pot synthesis of tetrahydrob
tributed onto the silica could be homogeneously obtained.
The catalyst also revealed high performance in the three-

component Knoevenagel–Michael cyclization coupling reac-
tion of 2-pyrazole-3-aminoimidazo-fused polyheterocyclic
compounds with excellent yields in the presence of the ethanol

as solvent (Suman et al., 2016).
Recently, dioxomolybdenum complex supported on func-

tionalized Fe3O4 magnetite nanoparticles was reported by

Jamshid and coworkers (Rakhtshah et al., 2016). They modi-
fied iron oxide nanoparticles with dioxomolybdenum complex
through a Stober method followed by silica core–shell to gen-
erate Fe3O4@Si@MoO2 mixed oxide catalyst (Fig. 4). The cat-

alytic method conserves active sites free for efficient catalysis.
In the one-pot multicomponent reaction of malononitrile, aro-
matic aldehyde and phenylhydrazine to pyrazoles, the Knoeve-

nagel–Michael cyclization reactions in solvent-free condition
using Fe3O4@Si@MoO2 as catalyst afforded the target prod-
ucts with excellent yields (Scheme 19).

Zinc aluminate nanoparticles (ZnAl2O4) were used as a
mixed oxide basic solid, recyclable for catalyzing the three-
component cyclocondensation reaction of hydrazine hydrate,

ethyl acetoacetate and substituted aromatic aldehydes to syn-
thesize 4,40-(arylmethylene)bis(3-methyl-1H-pyrazol-5-ol)
derivatives (Ghomi et al., 2014). The products were obtained
in good yields in few minutes. The benefits offered by this

approach are easy method, very short reaction times, good
yields, cost-effective catalyst, atom economy, use of no hazard
solvent and no need of chromatographic purification

(Scheme 20).

2.3. Two nitrogen containing heterocycles (Imidazoles)

Imidazole is an aromatic heterocyclic compound with the for-
mula C3H4N2, which is an alkaloid. While imidazole refers to
the parent compound, imidazoles are a class of heterocycles

with similar ring structure, but with varying substituents. This
ring system is present in many important biological building
blocks such as histidine, related hormone histamine etc. Imida-
zole can serve as a base and as a weak acid. Many drugs such
enzo[b]pyrans and pyrano-[2,3-c]pyrazoles.



Scheme 16 Preparation of 6-amino-4-aryl-3-methyl-1,4-dihydropyrano[2,3-c]pyrazole-5-carbonitriles using heterogeneous catalysts

under solvent-free and thermal conditions.

Scheme 17 Synthesis of dihydropyrano-[2,3-c]pyrazole derivatives.

Scheme 18 Synthesis of 2-pyrazole-3-amino-imidazo-[1,2-a]

pyridines derivatives.
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as antifungal drugs and nitroimidazole, contain an imidazole
ring. Mohmoud et al., have used CuO in Fe3O4 nanoparticles

as Lewis acids to motivate the carbonyl group in aldehydes for
nucleophilic attack. CuFe3O4 magnetic nano mixed oxide cat-
alysts can simply be alienated and recycled from the products
by an external magnet. Its catalytic performance is enhanced

by the accessible surface area of the nonporous magnetic
nanoparticles. They established that the nanoparticles could
catalyze the cyclic condensation reaction of aldehyde, benzyl,

propargylamine and ammonium acetate (NH4OAc) in mixture
of aqueous ethanol to form high yields of 1,2,4,5-tetrasubstitu
tedimidazole derivatives (Scheme 21) (El-Remaily and Abu-

Dief, 2015). Easy workup, short reaction time, and high
reusability of the catalyst are the attractive features.

1,2,4,5-Tetrasubstituted-1H-imidazoles were produced
from aldehydes, benzil, primary amines and NH4OAc cat-

alyzed by a silica-supported SbCl3 (SbCl3/SiO2) as a heteroge-
neous mixed oxide catalyst under microwave irradiation
(Scheme 22) (Safari et al., 2014). The catalyst was simply a

mechanical mixture of SbCl3 and silica and the solvent-free
process gave products in good to excellent yields in 15 min.

A novel urea-functionalized Fe3O4/SiO2 magnetic nanocat-

alyst was also synthesized by Ali and coworkers (Maleki et al.,
2015). This mixed oxide catalyst contains highly distributed,
nanosized iron oxide/silica nanoparticles that could be evenly
imbedded in urea material. The catalyst also exhibited excel-
lent performance in the coupling reactions in the presence of

the green solvents (Scheme 23). The study displayed that the
catalyst worked well in the preparation of substituted imida-
zoles. The catalyst is reusable and separable and by the use

of an external magnet.
Using iron oxide nanoparticle as support copper function-

alized recoverable catalysts, CuFe2O4 nanoparticles initially
were prepared and employed in the preparation of Cu/Co-

Fe2O4 mixed oxide catalysts. A representative example of such
nanoparticles is magnetically recoverable Cu/Co-Fe2O4

nanoparticles described by the Paul and co-workers

(Scheme 24). Those were applied in condensation to synthesize
2,4,5-tri substituted imidazole derivatives with ethanol as sol-
vent. These catalysts exhibited very efficient catalytic activity

and excellent reusability. These mixed oxide nanocatalysts
use common chemicals and thus have prospective applications
in industries (Sanasi et al., 2014).

Safari et al., have proposed a protocol for the preparation
of tetrasubstituted imidazoles using aldehyde, 1,2-diketone,
NH4OAc and primary amine via cyclo-condensation employ-
ing SbCl3/SiO2 as catalyst. High catalytic activity of SbCl3/

SiO2 was reported to be due to a superb dispersion of anti-
mony trichloride over high surface area SiO2 support. Further,
it reveals that distributed antimony trichloride harmonizes

with the surface of OH groups leading to formation ClAOASb
as a stable Lewis acidic positions under the reaction condi-
tions. In the solvent free reaction, optimum reaction condi-

tions were reported as 120 �C, where the anticipated product
was obtained in good to excellent yields with short reaction
time (Scheme 25) (Safari et al., 2013).

(PS@SiTPA30), tungstophosphoric acid supported on

core-shell polystyrene-silica microspheres silica catalyst was
also synthesized by Marina and coworkers. This method used
polystyrene-silica as a coating and tungstophosphoric acid as

reductant and stabilizer to form PS@SiTPA30 mixed oxide



Fig. 4 The sequence of events in the preparation of immobilized dioxomolybdenum complex supported on MNPs. Source: Reprinted

from Rakhtshah et al. (2016) with permission from Royal Society of Chemistry.

Scheme 19 The synthesis of pyrazole derivatives using molybdenum complex supported on functionalized Fe3O4 magnetite

nanoparticles containing Schiff base ligand.

Scheme 20 Synthesis of 4,40-(arylmethylene)bis(3-methyl-1H-pyrazol-5-ol).

Scheme 21 Synthesis of 1,2,4,5-tetrasubstituted imidazoles.
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Scheme 22 Synthesis of substituted imidazoles.

Scheme 23 Synthesis of functionlized imidazoles.

Scheme 24 One-pot synthesis of 2,4,5,-trisubstituted imidazoles.

Scheme 25 Synthesize 1,2,4,5-tetrasubstituted imidazoles in the

presence of aromatic amine.
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catalyst. Active material highly dispersed and evenly embed-
ded in polystyrene-silica core-shells with Lewis acidic sites is
expressed as cause for high activity. The cyclic condensation

of aromatic aldehyde, benzyl and NH4OAc under absence of
solvent and at 130 �C heating conditions gave good yield of
the target products in 10–15 min (Scheme 26) (Gorsd et al.,
2016).
Scheme 26 Trisubstitute
Using potassium dodecatugstocobaltate trihydrate (K5-

CoW12O40H2O) mixed oxide catalyst. Lingaiah and co-
workers have designed a facile preparation for 1,2,4,5-
tetrasubstituted imidazole derivatives. K5CoW12O40H2O con-
tains large reactive surface area, Brønsted acidic nature and

good active sites proved good catalyst up to six cycles
(Nagarapu et al., 2007). The reaction mixture of arylaldehyde,
benzyl amines and NH4OAc gave the imidazoles in good to

excellent yields under both conventional heating and micro-
wave irradiation conditions in short reaction time. The catalyst
offers reusability, atom economy, flexibility, fast and eco-

friendly protocols (Scheme 27).
Recently, the synthesis of imidazo[1,2-a]pyridines was

achieved by cyclocondensation of benzaldehyde, aminopy-
ridine and cyclohexyl isocyanide in presence of Perovskite type

LaMnO3 mixed oxide nano catalyst in a solvent-free reaction
(Scheme 28) (Sanaeishoar et al., 2014). All products were
obtained in excellent yields (92–99%). Further, the use of nano

LaMnO3 as Lewis acidic catalysts gave the higher yield. High
d imidazole synthesis.



Scheme 27 K5CoW12O40�3H2O catalysed synthesis of 1,2,4,5-tetrasubstituted imidazoles.

Scheme 28 Synthesis of imidazo-[1,2-a]pyridines compounds.
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activity of the LaMnO3 along with Lewis acidic center depends

on the high surface area and the perovskite structure, these
structures playing a significant role to synthesis of anticipated
targets. The main advantages of this procedure include excel-

lent yields, short reaction time, mild condition, non-volatile,
thermally stable, very low loading of catalyst and high perfor-
mance of catalyst. Moreover the catalysts are separated by fil-

tration, are reusable and lead to low leaching into solution.
Zhang and coworkers have reported interesting results,

using magnetic carbon nanotube supported copper (CoFe2O4/

CNT-Cu) mixed oxide catalyst, which was synthesized by a
chemical co-precipitation method (Fig. 5). This catalyst have
become one of the popular ones mainly due to its excellent
chemical thermal stability, high surface area, high catalytic

activity, noncorrosive, eco-friendly and inert nature. This cat-
alyst could be rapidly separated from the reaction mixture by
Fig. 5 Synthesis of CoFe2O4/CNT–Cu. Source: Reprinted
the use of an external magnet and reused eight times without
obvious decrease in its catalytic activity. Consequently, the
reactions were accomplished with various aldehydes, 2-

aminopyridines and nitromethane, the corresponding 3-nitro-
2-arylimidazo-[1,2-a]pyridines with yields between 80 and
95% for 2 h (Scheme 29) (Zhang et al., 2016).

Guntreddi and co-workers have established the catalytic
use of magnetic nano-Fe3O4.KHSO4.SiO2 for a facile, efficient
one-pot synthesis of imidazo-[1,2-a]pyridine derivatives with
excellent yields (Scheme 30) (Guntreddi et al., 2012). Bharate

et al., also improved another novel method for the preparation
of imidazo-[1,2-a]pyridines using the similar method of cou-
pling reaction (Scheme 31) (Bharate et al., 2013). The mixed

Cu and Mn spinel oxide catalyzed domino multicomponent
coupling of various aldehydes, 2-aminopyridines and alkyne
examined by 5-exo-dig cyclo isomerization formed imidazo-

[1,2-a]-pyridine derivatives in excellent yields.

2.4. Three nitrogen containing heterocycles (Triazoles)

Triazoles consist of the three heteroatoms in adjacent position.
The biological properties of triazole and its derivatives were
broadly studied. Pharmacologically, its derivatives represent
one of the most important classes of organic heterocyclic com-

pounds, possessing antibacterial, antifungal, herbicidal, and
antiviral activities. Some of its derivatives have been reported
from Zhang et al. (2016) with permission from Elsevier.



Scheme 29 Synthesis of 3-nitro-2-arylimidazo-[1,2-a]pyridines.

Scheme 30 One pot synthesis of imidazo-[1,2-a]pyridines.

Scheme 31 Synthesis of imidazo-[1,2-a]pyridines.
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to exhibit significant antiarrhythmic, sedative, hypoglycemic,
and anti inflammatory activities. In this reaction, a representa-
tive copper-(II)-1,4-dihydroxyanthraquinone supported on

super paramagnetic Fe3O4@SiO2 was described by Saeed
and co-workers. In their work, they immobilized copper-(II)-
1,4-dihydroxyanthraquinone on silica layered iron oxide

nanoparticles via an ion-pair strategy to form Cu(II)-DAQ-
Fe3O4@SiO2 catalyst. This mixed oxide catalyst showed good
selectivity in the reaction of alkyne, aryl boronic acid, sodium
azide to form 1-aryl-1,2,3-triazole derivatives as product with

aqueous acetonitrile as a solvent. The benefits of this reaction
are that no need of surfactants, toxic reagents or solvents, no
chromatography for purification. This magnetic renewable cat-

alyst could be reused effectively at least six runs without obvi-
ous decrease in its catalytic performance in the further reaction
(Scheme 32) (Zahmatkesh et al., 2016).

In addition to the use of Fe3O4 nano catalyst particle as
magnetic support for the synthesis of Cu-functionalized
renewal catalysts, CuFe2O4 mixed oxide nanoparticles and
CoFe2O4 magnetic nano catalyst could also be utilized in the
Scheme 32 Fe3O4@SiO2–DAQ–Cu(II) catalyz
preparation of Cu-functionalized renewal catalysts. A repre-
sentative example of these nano catalyst is magnetically recov-
erable CuFe2O4 mixed oxide catalyst reported by the Kumar

and co-workers (Kumar et al., 2012). Catalysts were used in
alkyne, organic halide and azide cycloaddition to synthesize
1,4-disubstituted-1,2,3-triazoles (Scheme 33). This Cu-
functionalized mixed oxide catalyst exhibited greater activity

and good reusability. In the one-pot, multicomponent synthe-
sis of 1,4-diaryl-1,2,3-triazoles, substituted benzyl-halides were
reacted with NaN3 via in situ formation of benzyl azides, which

could be easily reacted with alkynes using water as solvent in
excellent yields. The CuFe2O4 nano catalysts could also be
applied to synthesize 1,4-diaryl-1,2,3-triazole derivatives from

acetylenes, sodium azide and boronic acid via the one-pot
cycloaddition reaction as detailed by Kumar and coworkers
(Scheme 34) (Kumar et al., 2013).

Notably, the Zhang et al., reported the synthesis of NiFe2-

O4 loaded Glutamate-functionalized Cu and its application in
the organic transformations. Importantly, Cu nano catalyst
particles were reproducibly strengthened on Glutamate coated

NiFe2O4 through ultrasonication and simple wet-impregnation
of divalent of copper ions on glutamate loaded NiFe2O4 fol-
lowed by in situ reaction (Fig. 6). The catalytic activity of

NiFe2O4-Gltamate-Cu has studied in the one-pot three-
component click reactions of terminal alkynes, sodium azide
and various benzyl chlorides to synthesize 1,2,3-triazole

derivatives. At room temperature, with water as solvent and
0.005 mg of catalyst produced the impressive yields (85–
96%) (Scheme 35) (Lu et al., 2015).

Recently, two similar Cu-functionalized magnetic catalysts

were designed by Xingquan and Lei. They altered ferrate
nanoparticles either with [3-aminopropyl]-trimethoxysilane or
[3-(2-aminoethylamino)propyl]-trimethoxysilane through a
ed one-pot synthesis of 1-aryl-1,2,3-triazole.



Scheme 33 Synthesis of triazoles using CuFe2O4 nano particles in water.

Scheme 34 Magnetically catalyzed one-pot synthesis of 1,4-aryl-1,2,3-triazoles.

Fig. 6 Synthesis of NiFe2O4–glutamate–Cu. Source: Reprinted from Lu et al. (2015) with permission from Royal Society of Chemistry.

Scheme 35 Synthesis of 1,2,3-triazoles catalyzed by NiFe2O4–glutamate–Cu in water.
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Fig. 7 Synthetic route of MNPs–CuBr catalysts. Source: Reprinted from Xiong and Cai (2013) with permission from Royal Society of

Chemistry.

Scheme 36 MNPs–CuBr catalyzed one-pot synthesis of 1,4-disubstituted 1,2,3-triazoles.

Scheme 37 Solvent-free one-pot synthesis of 1,2,3-triazole

derivatives.
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post grafting technique followed by complexation with copper

bromide to produce novel magnetic supported Cu catalysts
(Fig. 7). Those catalysts were employed in the one-pot reaction
of phenylacetylene, sodium azide and benzyl chloride to syn-

thesize 1,2,3-triazole derivatives via cycloaddition reactions
in green solvent condition under microwave irradiation and
obtained the target molecules in 45–65 min in good to excellent
yields (85–96%). The microwave irradiation specifically

reduced the reaction time and concurrently increased the reac-
tion yields in contrast with conventional methods (Scheme 36)
(Xiong and Cai, 2013).

Mukherjee et al. (2013) have reported solvent-free, one-pot
synthesis of 1,2,3-triazoles by using the Cu/Al2O3 mixed oxide
as catalyst. The catalyst was prepared by using ball-milling

method in the absence of any solvent and additive. A facile,
multicomponent coupling reaction between 1,3-terminal alky-
nes, sodium azide and alkyl halides/aryl boronic acids yielded
the 1,2,3-triazole derivatives. The azide reactants were gener-

ated in situ and thus this method dodges the handling of harm-
ful azides. The authors have established that the protocol
offers wide scope for access to various substituted 1,2,3-

triazoles, the use of ball-milling method, use of no hazardous
organic solvent, reusability of the catalyst and good yields in
short reaction time (25 min) (Scheme 37) are attractive features

of the study.
Xiong et al. (2014) have reported a nanocomposite, GO/

Fe3O4–CuBr for Cu(I)-catalyzed azide-alkyne 1,3-dipolar
cycloaddition (CuAAC) reaction. The preparation of 1,2,3-

triazole derivatives via CuAAC is recognized as a green syn-
thetic approach but the homogeneous propensity of copper
catalysts limited their applicability. The immobilization of cop-

per salts on support is an attractive option for CuAAC reac-
tion as well as the residual copper metal with the products.
The authors have chosen the graphene oxide (GO) as viable

support material and initially, prepared the GO/Fe3O4

nanocomposite by using the co-precipitation method. The
GO/Fe3O4 obtained was treated with the CuBr (200 mg) to

afford the GO/Fe3O4–CuBr catalyst (Fig. 8). The thermal
studies disclosed that GO/Fe3O4-CuBr nanocomposite exhibits
higher thermal stability than GO and GO/Fe3O4. The copper
content in the GO/Fe3O4-CuBr before and after six cycles were

identified to be 10.115 and 8.504 wt%, respectively by using
atomic absorption spectroscopy studies, which disclosed the
reusability potential of the catalyst. Using the catalyst, one-

pot three-component reaction between primary halides, alky-
nes and sodium azide in the presence of 480 W of microwave
irradiation at 80 �C in water was reported with good to excel-

lent yields (92–98%) of the 1,2,3-triazoles. Large surface area
and good accessibility of GO was mentioned as the cause of
profound catalytic activity of GO/Fe3O4-CuBr (Scheme 38).

Naeimi and Nejadshafiee have reported a Cu(I)@phospho-

rated SiO2 (CPSi) catalyst for the synthesis of b-hydroxy-1,2,3-
triazoles (Scheme 39). The silica gel was modified with PCl3 in
dry triethyl amine as base to afford the phophorated silica. The

CPSi was employed as catalyst in the multi-component reac-
tion between sodium azide, epoxide, and alkyne in water at
60 �C to produce b-hydroxy-1,2,3-triazoles. The catalyst in this



Fig. 8 Schematic representation of the preparation and magnetic separation of GO/Fe3O4–CuBr catalyst from water by an external

magnet after 30 s.) Source: Reprinted from Xiong et al. (2014 with permission from Royal Society of Chemistry.

Scheme 38 One-pot synthesis of 1,4-disubstituted mono/bis-1,2,3- triazoles catalyzed by GO/Fe3O4–CuBr in water under microwave

irradiation condition.) Source: Reprinted from Xiong et al. (2014 with permission from Royal Society of Chemistry.

Scheme 39 Three-component synthesis of b-hydroxy-1,2,3-
triazoles.

Scheme 40 Synthesis of different structu
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protocol acted as bifunctional role since the catalyst promoted
the epoxide ring opening as well as its activation for the

cycloaddition. The copper loading of 0.64 mol% in CPSi facil-
itated the forward of the reaction smoothly. Distinguishing
from the other copper contain catalysts, the CPSi showed a

superiority in the yields and reaction times (Naeimi and
Nejadshafiee, 2014).

Jahanshahi and Akhlaghinia have reported a novel hetero-
geneous catalyst, namely CuII immobilized on guanidinated
rally 1,4-disubstituted 1,2,3-triazoles.



Fig. 9 Preparation of CuII immobilized on guanidinated epibromohydrin functionalized g-Fe2O3@TiO2 (g-Fe2O3@TiO2-EG-CuII).

Source: Reprinted from Jahanshahi and Akhlaghinia (2016) with permission from Royal Society of Chemistry.
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epibromohydrin functionalized c-Fe2O3@TiO2 (c-
Fe2O3@TiO2-EG-CuII) for strengthening the Cu(I)-catalyzed
azide–alkyne cycloaddition (CuAAC) reaction for the synthe-
sis of 1,4-disubstituted 1,2,3-triazoles (Scheme 40). The mag-

netic nanoparticles on other hand have significant
importance in catalysis and their usability is increased with
incorporation of MNPs into some core shell structures. The

authors have synthesized the catalyst in four steps starting
from c-Fe2O3@TiO2 nanoparticle preparation to immobiliza-
tion of CuII (Fig. 9). The preparation of catalyst is followed

the order c-Fe2O3@TiO2 ? c-Fe2O3@TiO2-E ? c-Fe2O3@-
TiO2-EG ? c-Fe2O3@TiO2-EG-CuII (where, E = epibromo



Fig. 10 Stepwise preparation of MNP@BiimM nanoparticles as a magnetically separable system. Source: Reprinted from Tajbakhsh

et al. (2015) with permission from Royal Society of Chemistry.

Scheme 41 Synthesis of 1,4-disubstituted 1,2,3-triazoles in water.
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hydrin, G = guanidine). The 4.0 mol% of catalyst was
employed in the solution containing the three components

viz. terminal alkynes, sodium azide and bromides at 50 �C in
water. The TGA studies of catalyst disclosed that about 0.70
mmol/g of organic part supported on the surface of the c-
Fe2O3@TiO2. The catalyst showed the enhanced performance
when compared with other catalysts in 1,3-dipolar cycloaddi-
tion step between the intermediates. The leaching of Cu metal

from the catalyst is very low up to sixth run and it was evi-
denced from the ICP results which stated that 0.74 mmol of
Cu per gram of freshly prepared c-Fe2O3@TiO2-EG-CuII

has reduced to 0.64 mmol only in the sixth cycle of c-
Fe2O3@TiO2-EG-CuII (Jahanshahi and Akhlaghinia, 2016).

Tajbakhsh et al. (2015) have found the efficacy of 2,20-
biimidazole (H2Biim) complexes as homogeneous catalyst in

the synthetic organic chemistry. The limitation accrues from
the separation and recyclability of such catalyst lessens their
prominence in the catalysis. To overcome the limitation,

authors have functionalized the H2Biim complexes with solid
supports for creating attractive heterogeneous catalysts. Pri-
marily, the magnetic nanoparticles (MNPs) of ferrite (Fe3O4)
were synthesized by using the FeCl3 and FeCl2 precursors
via co-precipitation method (Fig. 10). The so prepared Fe3O4

nanoparticles were modified with silica and 3-(chloropropyl)-
triethoxysilane (CPTES) to improve the chemical stability of
MNPs. Finally, the Fe3O4 nanoparticles were treated with

biimidazole followed by the metal salts affording
MNP@BiimM M: Cu(I), Cu(II), Ni(II), Co(II). The magnetic
studies revealed that the magnetic nature of MNPs still persist

even after immobilization of non-magnetic materials. The cat-
alytic performance of MNP@BiimCu(I) was investigated in
the coupling of terminal alkyne, sodium azide and alkyl halide
to produce 1,2,3-triazoles (Scheme 41). With 5 mg of catalyst

at room temperature in water was reported optimal condition
for reaction. Authors have commented on the other metal cat-
alytic activities and asserted that Cu(I) nanoparticles exhibited

better catalytic activity compared to Cu(II), Ni(II) and Co(II)
nanoparticles. The Cu(I) species facilitated the azide-alkyne
1,3-dipolar cycloaddition reaction during the formation of

1,2,3-triazoles. No agglomeration, no metal leaching and sev-
eral recycling ability of catalyst marked to be more advanta-
geous to the industrial sector.



Scheme 42 On-water synthesis of 1,4-DHPs.
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3. Six membered heterocycles

The six membered heterocycles are categorized into pyridines

and pyrimidines based on number of nitrogen atoms in the
ring. A number of synthetic procedures have been reported
by using different heterogeneous catalysts including zeolites,

mixed oxides etc. The low cost, ease of synthesis, and recy-
clable mixed oxides has produced variety of six membered
heterocycles in good to excellent yields. The following sections
interpret the efficient synthesis of pyridines and pyrimidines by

using diverse mixed oxides as catalyst materials.

3.1. One nitrogen containing heterocycles (Pyridines)

Pyridine is a six membered, one-nitrogen containing hetero-
cyclic ring compound. It was developed by Thomas Anderson
in 1849 (Elwahy and Shaaban, 2015). Various pyridine deriva-

tives have been explored as novel molecules with anti-
inflammatory, antiviral, antimicrobial, analgesic, antineoplas-
tic, antipsychotic, antidepressant, antifungal, antioxidant and

insecticidal activities (Heller and Hapke, 2007; Hill, 2010)
Consequently, varied pyridine derivatives have been prepared
as target structures by many researchers and were evaluated
for their biological activities.

Dam et al. reported the synthesis of 1,4-dihydropyridine
(1,4-DHP) derivatives via an one-pot reaction of aldehydes,
dimedone or 4-hydroxycoumarine and NH4OAc involving

Knoevenagel-Michael reaction using Fe3O4@SiO2 mixed
oxide as a heterogeneous catalyst and water as solvent med-
ium. In this protocol, a wide range of substituted 1,4-

dihydropyridines were reported with high yields (82–95%)
under reflux condition in short reaction times (10–30 min)
(Scheme 42). For the preparation of Fe3O4@SiO2 mixed oxide,

at first ferrate nanoparticles were prepared from mixture of
ferric nitrate and ferrous sulphate in ammonia solution by
Scheme 43 Synthesis of
using co-precipitation method. Then, to develop the chemical
thermal stability of ferrate particles, its external alteration

was effectively done with appropriate deposition of SiO2 on
to the ferrate mixed oxide particles by the NH3 catalyzed
hydrolysis of precursor silicate. The TEM micrograph of Fe3-

O4@SiO2 catalyst showed that the samples constitute a well
dark spherical metal particle core bounded by SiO2 core–shell
structure (Dam et al., 2014).

Naik and Shivashankar have developed a MCR for synthe-
sis of 1,4 dihydropyridines from ethyl acetoacetate, substituted
aldehydes and NH4OAc by using the 10 mg of nano Zn-Fe2O4

metal oxide catalyst in aqueous medium (Scheme 43). TEM

image revealed that the ZnO nanoparticles were entrapped suc-
cessfully in the iron oxide. The effective features of this method
are the mild reaction conditions, clean reaction profiles, high

atom efficiency, non-toxicity and high yields (87–95%) (Naik
and Shivashankar, 2016).

A facile Zn-VCO3 hydrotalcite was used as an environmen-

tal friendly catalyst for the synthesis of triphenylpyridine-3,5-
dicarboxamide derivatives via Hantzsch reaction of aldehydes
and acetoacetanilide with ammonium hydroxide in good to

excellent yields (Scheme 44). Zn-VCO3 hydrotalcite was pre-
pared through a modified co-precipitation process. The high
specific surface area and total pore volume of the prepared cat-
alyst confirmed from N2 adsorption–desorption isotherms

were 13.4 m�2 g�1 and 0.044 cm�3 g�1, respectively. The reac-
tions were carried out in water gave corresponding products in
good to excellent yields (83–95%) in 2–3 h. The catalyst could

also be successfully recycled up to five runs without significant
loss of activity (Pagadala et al., 2014b).

Zhang et al., have synthesized a series of spirooxindole

dihydropyridines by reaction of malononitrile, isatins and
anilinolactones in mixture of choline chloride/urea as a green
solvent under Fe3O4/GO-Mo catalyst in the presence of micro-
wave irradiation. The catalyst was synthesized via a consecu-
1,4-dihydropyridine.



Scheme 44 Multicomponent reaction catalyzed by hydrotalcite.

Fig. 11 Preparation of Fe3O4/GO-Mo. Source: Reprinted from Zhang et al. (2016) with permission from Royal Society of Chemistry.

Scheme 45 Synthesis of spirooxindole dihydropyridine derivatives.

Scheme 46 Synthesis of 3,4-dihydropyridine-2(1H)-ones under solvent free conditions.
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tive four-step manner. Initially, graphene oxide (GO) was pre-

pared with oxidation of graphite residue adapting to a margin-
ally amended Hummer’s method. Next the prepared GO was
deferred into H2O and treated with FeCl3 and FeCl2 to afford

ferrate Fe3O4/GO nanocomplex. Further, amine-
functionalized Fe3O4 based on GO material were synthesized
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by sonicating Fe3O4/GO with dopamine in H2O. Moreover,
the addition of bis-(acetylacetonato)-dioxomolybdenum into
the Fe3O4/GO suspension in methanol yielded magnetically

separable Fe3O4/GO-Mo mixed oxide nanocatalyst (Fig. 11).
Low crystalline structure of the synthesized catalyst particles
was identified by powder XRD instrument. The peaks in

Fe3O4/GO-Mo at 2h= 30.1�, 35.5�, 43.5�, 57.0� and 62.6�
could be indexed as (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), (4
4 0) and (5 3 3), which are characteristics of single-phase cubic

spinel structure (JCPDS card no. 19-0629). The SEM image of
Fe3O4/GO and Fe3O4/GO-Mo approves that these particles
are non-uniform sized and most of the particles have a spher-
ically shaped. Using this molybdenum on magnetic Fe3O4/GO

as a reusable catalyst, a wide range of substituted target mole-
cules were reported with high yields (85–96%) (Scheme 45)
(Zhang et al., 2017).

Jain et al. (2008) explored a green mixed oxide catalyst alu-
mina loaded with MoO3 to synthesize the 3,4-dihydropyridine-
2(1H)-one derivatives (Scheme 46). The MoO3 doped alumina

was prepared by the wet-impregnation method using ammo-
nium heptamolybdate and calcined at 550 �C. Mo content of
catalyst analysed by ICP-AES was 16%. Powder XRD pattern

of the MoO3/Al2O3 revealed the amorphous nature. No speci-
fic peak of MoO3 was displayed as MoO3 is well dispersed over
alumina surface. The molybdenum surface area 248.9 m2/g
with pore size distribution 10 Å was investigated by the BET

analysis. The prepared novel heterogeneous material was
found to display high catalytic activity in one-pot, three com-
ponent reaction of ethylacetoacetate, benzaldehyde and urea

under solvent-free conditions. It provided an efficient method
for the synthesis of 3,4-dihydropyridine-2(1H)-ones in high to
excellent yields (up to 98%). The catalytic system can be suc-

cessfully reused several times with a small decrease of its cat-
alytic performance.

Substituted novel indeno[1,2‐b]pyridines were synthesized

with good to excellent yields from 1,3‐indandione, substituted
aldehydes, acetophenone and NH4OAc in one pot using novel
nanocrystalline Cu/ZnO catalyst (Scheme 47), at room temper-
ature in the presence of mixture of aqueous ethanol solvent.

The significant feature of this method comprises mild reaction
conditions, short reaction time and high purity of product,
good yield and recyclable catalyst without noticeable decrease

in catalytic activity. Cu loaded ZnO nanocrystalline complex
was synthesized using with commercially available salts (Zn
(NO3)2�6H2O and CuSO4�5H2O) based on co-precipitation

method under mild conditions (Alinezhad et al., 2014).
Bamoniri and Fouladgar (2015) reported the usage of Fe3-

O4@SiO2–SnCl4 mixed oxide catalyst for the preparation of
Scheme 47 Synthesis of indenopyridines using Cu-doped ZnO

nanocrystalline catalyst.
1,4-dihydropyridine derivatives shorter reaction time with
excellent yield up to 98% (Scheme 48). The reaction was car-
ried out with mild conditions and product yields were quite

high. The one-pot multicomponent reaction between aldehyde,
1,3-dicarbonyl compound, and NH4OAc under ultrasonic irra-
diation by using Fe3O4@SiO2–SnCl4 as a heterogeneous cata-

lyst, which can act as a Lewis acid catalyst. Fe3O4

nanoparticles were synthesized by co- precipitation method.
Fe3O4@SiO2 was prepared by stirring the solution of

tetraethylorthosilicate and Fe3O4, and then the preparation
of Fe3O4@SiO2–SnCl4 was done by Fe3O4@SiO2 with SnCl4
using ultrasonication for 30 min (Fig. 12). The powder XRD
pattern of Silica-coated Fe3O4nanoparticles displayed a broad

peak due to non-crystalline nature. This method is hygienic,
safe, cost effective and selective and hence very suitable for
practical organic synthesis. The energy dispersive EDX exam-

ination of Fe3O4@SiO2–SnCl4 conformed of the estimated the
presence of the elemental for Fe, O, Si, Sn and Cl individually.

Demirci et al. (2016) reported a novel, efficient PdRu-

Ni@GO catalyst for the synthesis of wide-range of substituted
1,4-dihydropyridine via multicomponent condensation of
dimedone, aldehydes, ethyl acetoacetate and NH4OAc refluxed

at 70 �C in DMF as reaction medium in a short time period
with high yields (Scheme 49). The PdRuNi@GO nanocatalysts
were synthesized using the sono-chemical binary solvent reduc-
tion approach. The morphology and particle size of PdRu-

Ni@GO material were evaluated by TEM micrograph. The
results show that these mixed oxide catalysts contain of spher-
ical particles with the crystallite size between 5 and 10 nm,

approving the results calculated from Scherrer’s formula based
on the XRD pattern. Additionally, the high resolution image
for monodisperse PdRuNi@GO was also used to analyze the

atomic lattice fringes. This one pot novel catalytic procedure
for Hantzsch synthesis is simple and efficient, as well as
remarkably reusable.

Azarifar et al., reported the usage of catalyst guanidinium
chloride-functionalized c-Fe2O3/HAp magnetic nanoparticles
for the synthesis of fully substituted pyranopyridine deriva-
tives. The most arguable magnetic nanoparticles as the core

magnetic support, Fe2O3 is the most extensively premeditated,
because of their high surface-area resulting in low catalyst
loading capacity, conductivity, magnetic susceptibility, cat-

alytic activity and striking stability (Fig. 13). In addition,
guanidinium chloride is used to form the core-shell magnetic
nanostructure, which is an important class of chaotropic agent.

In this work, the c-Fe2O3@HAP-GndCl mixed oxide nanocat-
alyst, as recyclable catalyst was very effective in the solvent-
free condensation reaction of aromatic aldehydes, malononi-
trile and 3-cyano-6-hydroxy-4-methylpyridin-2(1H)-one

accomplished with good yields of the corresponding pyranopy-
ridine derivatives at 80 �C in short reaction times (10–40 min)
(Azarifar et al., 2016). This new technique has remarkable

gains such as excellent yields and simple work-up. Further-
more, thermal chemical stability, easy separation of the cata-
lyst makes it a good heterogeneous system and a useful

alternative to other heterogeneous catalysts.
An effective protocol for the synthesis of synthesis of func-

tionalized 1,4-dihydropyridine derivatives using a four-

component, one-pot condensation reaction of substituted alde-
hydes, malononitrile, dimethylacetylenedicarboxylate and 4-
fluoroaniline in the presence of Sm2O3/ZrO2 under ethanol sol-
vent conditions is pronounced (Scheme 50) (Shabalala et al.,



Scheme 48 Synthesis of 1,4-dihydropyridine derivatives under Fe3O4@SiO2–SnCl4.

Fig. 12 A schematic diagram for the synthesis and suggested structure of Fe3O4@SiO2–SnCl4. Source: Reprinted from Bamoniri1 et al.

(2015) with permission from Royal Society of Chemistry.

Scheme 49 Synthesis of 1,4-dihydropyridine derivatives.
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2016). The reaction using a catalyst was employed under mild
conditions with high yields up to 96%. The methodology has

number of advantages such as environmentally benign, shorter
reaction times, higher yields, no chromatographic purification,
milder reaction conditions, and catalyst reusability up to seven

cycles.
A simple and convenient approach has been achieved to
prepare an AAPTMS composite on m-zirconia as support

(Pagadala et al., 2015a). The surface of the mesoporous zir-
conia was improved by reaction with the diamine function-
alized [N-(2 amino ethyl)-3-amino propyl trimethoxy silane

(AAPTMS). The FTIR spectra of prepared catalyst con-



Fig. 13 Steps for the synthesis of the catalyst g-Fe2O3@HAp-GndCl MNPs. Source: Reprinted from Azarifar et al. (2016) with

permission from Royal Society of Chemistry.

Scheme 50 Synthesis of functionalized 1,4-dihydropyridine derivatives.

Scheme 51 Four-component synthesis of heterocycle-fused pyridines.
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tained representative peaks at 1386, 1621 and 3410 cm�1,
most possibly attributable to symmetric and asymmetric

stretching vibrations of A(OAHAO)A, A(HAOAH)A and
AOH bonds. The peak at 730 cm�1 was ascribed to the
presence of OAZr bond. The information supports the suc-
cessful grafting of organic amine group onto the surface of

m-ZrO2. The modified catalyst was used as an effective and
reusable catalyst for one-pot, four-component condensation
of aldehydes, malononitrile, thiazolidine-2,4-dione and NH4-

OAc to obtain functionalized pyridine derivatives under
water as solvent conditions at 70 �C with high yields
(Scheme 51).

A new, efficient and green Cu(II)/L-His@Fe3O4 catalyst
has been established by Norouzi et al. (2016). The XRD
pattern with quite narrow lines and strong intensities identi-
fies good crystallinity of the calcined powder. The morphol-

ogy and spherical particle size of Cu(II)/LHis@Fe3O4

powder prepared by molten-salt synthesis technique were
examined by scanning electron microscopy (SEM). The

SEM image showed that prepared catalyst were observed



Fig. 14 Synthesis of Cu(II)/L-His@Fe3O4. Source: Reprinted from Norouzi et al. (2016) with permission from Royal Society of

Chemistry.

Scheme 52 Synthesis of polyhydroquinoline derivatives.
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as spherical particles with an average diameter of 8–20 nm.
The SEM-electron dispersive spectroscopy spectra of the Cu
(II)/L-His@Fe3O4 was taken at random points on the sur-
face. SEM-EDX spectrum Cu(II)/LHis@Fe3O4 presented

the elemental compositions are (Si, C, O, N, Fe, and Cu)
of core–shell nanoparticles (Fig. 14). The protocol for the
synthesis of 2-amino-6-(arylthio)pyridine-3,5-dicarbonitrile
derivatives using a four-component and one-pot condensa-
tion reaction of aromatic aldehydes, ethyl acetoacetate,

dimedone and NH4OA in the presence of the above catalyst



Scheme 53 Synthesis of 2,3,6-trisubstituted pyridines using K5CoW12O40�3H2O catalyst.

Scheme 54 Catalytic applicability of the {Fe3O4@SiO2@(CH2)3Im} C(CN)3 in one-pot synthesis of 2-amino-3-cyanopyridines.

Fig. 15 Preparation of silica-coated magnetic nanoparticles with a tag of ionic liquid catalyst.) Source: Reprinted from Zolfigol et al.

(2016 with permission from Royal Society of Chemistry.

A review on multi-component green synthesis of N-containing heterocycles 1167
under ethanol solvent conditions is described. The reaction
using a catalyst was carried out under mild condition with
high yields up to 98% (Scheme 52). The reported method

offers several advantages such as short reaction times, excel-
lent yields, environmentally benign, easy recovery of catalyst
with external magnet.

Kantevari et al. (2007) have synthesized novel potassium
dodecatangestocobaltate trihydrate (K5CoW12O40�3H2O)
mixed oxide electrophilic catalyst. These Keggin-type hetero-

poly acid catalysts are a class of highly acidic solid acid cata-
lysts having cobalt metal heteropolyanions synchronized by
octahedral oxygen as the simple structural unit. It has been sig-

nificant importance in the use of heteropolyacids as environ-
mentally benign catalysts due to their unique properties such
as high chemical thermal stability, cost-effective, ease of prepa-
ration and ease of recyclability. An efficient method for the
one-pot, multicomponent reaction of aldehydes, b-dicarbonyl
compounds and NH4OAc were carried out under solvent-
free conditions to afford target active 2,3,6-trisubstituted pyr-

idine derivatives (Scheme 53). The existing technique delivers a
number of advantages like a simple workup, short reaction
times, excellent yields (85–95%), easy catalyst separation,

and slight catalyst loading.
Zolfigol et al. (2016) has reported {Fe3O4@SiO2@(CH2)3-

Im}C(CN)3 mixed oxide catalyst for the four-component syn-

thesis of 2-amino-3-cyanopyridine derivatives through the
reaction of aromatic aldehyde, malononitrile, acetophenone
and NH4OAc. The reaction was completed solvent-free and

refluxed at 100 �C with in short reaction times (30 min)
(Scheme 54). The investigations showed that the reaction of
a variety of aldehydes with acetophenone resulted in the for-
mation of the corresponding products in moderate to good



Scheme 55 Reaction leading to the synthesis of novel pyrido[2,3-d]pyrimidine derivatives.

Fig. 16 The preparation of 3-aminopropyltriethoxysilane coated on magnetic Fe3O4 nanoparticles [APTES-MNPs]. Source: Reprinted

from Shaterian and Kangani (2014) with permission from Royal Society of Chemistry.

Scheme 56 The preparation of chromeno-[2,3-d]pyrimidine derivatives.

1168 S.V.H.S. Bhaskaruni et al.
yields (80–91%). The prepared mixed oxide catalyst can be
detached by using external magnet (Fig. 15).

3.2. Two nitrogen containing heterocycles (Pyrimidines)

Pyrimidine is a six membered heterocyclic aromatic compound
with molecular formula C4H4N2 and it consists of two nitro-

gen atoms at positions 1 and 3. Many substituted pyrimidines
are explored as important starting materials for medicinal,
industrial and agricultural chemicals (De Coan et al., 2016;
Ismail et al., 2016; Mohana et al., 2013).

Naeimi and co-workers have reported a new route for the
synthesis of pyrido dipyrimidines through a one-pot, multi-
component reaction (Naeimi et al., 2016). The reaction was

premeditated using 2-thiobarbituric acid with aromatic aldehy-
des and NH4OAc in the presence of CuFe2O4 mixed oxide
nanoparticles as a Lewis acidic catalyst in water as a green sol-

vent under microwave-assisted conditions, which resulting
good to excellent yields (Scheme 55). The CuFe2O4 catalyst
was prepared by co-precipitation method and possess an ample

of magnetic property. This microwave orientated heterocyclic
synthesis with recyclable the catalyst is ideal method for an
enhance yields and reduced reaction times.
Novel mixed oxide magnetic nano catalysts were described
by Shaterian and Aghakhanizadeh. In their work, they used 3-
aminopropyltriethoxysilane (APTES) material as a support

(Fig. 16), synthesized APTES supported on SBA-15 and
APTES supported on magnetic Fe3O4 nano catalysts and were
applied in the condensation of malononitrile, salicylaldehyde

and secondary amines under solvent-free room temperature
condition to afford chromeno[2,3-d]pyrimidines with good to
excellent yields (87–93%) (Scheme 56). The catalyst is easily
recoverable and reusable (Shaterian and Aghakhanizadeh,

2013).
Ghomi et al. (2013) have proposed nanosilica-supported tin

(II) chloride as mixed oxide catalyst for the green synthesis of

3,4-dihydropyrimidine-2(1H)-one/thiones from the reaction of
urea/thiourea, substituted aldehydes, and ethyl acetoacetate.
The catalyst was prepared by the addition of anhydrous SnCl2
to a suspension of nano particles of silica gel in dichloro-
methane solvent. The powder X-ray diffraction for SnCl2/nano
SnO2 that designates the presence of highly crystalline nature
and sharp intense peaks. Catalyst Lewis acidic sites were con-

firmed by temperature programmed desorption. The optimal
conditions such as reflux at 78 �C, ethanol as a solvent and
0.45 mol% of catalyst produced the impressive yields of target

molecules in the range of 88 –97% (Scheme 57). The X-ray



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

Scheme 58 Synthesis of fluorinated hexahydropyrimidine.

Scheme 59 Synthesis of pyrano-[2,3-d]pyrimidines.
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diffraction and SEM analysis disclosed that the structural
integrity was not disturbed even after the fifth run of the cat-

alyst, which induces the viability of catalyst as eco-friendly
synthesis of heterocyclic molecules.

Many heteropolyacids have been used in organic transfor-

mations and petrochemical industry as reusable catalysts
(Palermo et al., 2015). Recently, Valeria and coworkers have
reported the immobilization of H3PMo12O40 on the surface
of silica-encapsulated vanadia mixed oxide particles. These
Scheme 60 Ultrasonic-assisted synthesis of imidazo-(thia
catalysts are mostly sphere-shaped and have a typical size of
nearly 50 nm. Fascinatingly, these catalysts have more active

surface sites and uniform analogs. This contributed to their
catalytic efficacy in one-pot multicomponent acid-
condensation reaction of benzaldehyde, ethyltrifluoroacetoac-

etate and urea in solvent-free condition to form substituted
hexahydropyrimidine derivatives with good yields in short
reaction times (Scheme 58).

Al-HMS-20 mixed oxide catalyst was utilized as a solid,

reusable acid for catalyzing the multicomponent cyclo-
condensation reaction of malononitrile with pyrimidine com-
pounds and substituted aromatic aldehydes to prepare a seri-

ous pyrano[2,3-d]pyrimidine and pyrido[2,3-d]pyrimidine
derivatives (Scheme 59) (Sabour et al., 2015). The target mole-
cules were obtained at room temperature in good to excellent

yields (87–95%) and also catalyst was recycled up to 6 runs
without loss of its activity.

Recently, clay supported nanocomplexes with ample struc-
tures have found varied applications in the fields of medicine,

food progression, agriculture, wastewater treatment and textile
industries. Owing to their considerably high catalytic activity,
the insertion of metal as ferrate into the clay complex increases

the capacity of clay supported catalysts of interaction by com-
zolo)pyrimidines by using Fe3O4@clay nanocatalyst.



Scheme 61 Synthesis of pyrimido-[4,5-b]quinolines and indeno fused pyrido[2,3-d]-pyrimidines.

Scheme 62 Synthesis of pyrimido-[4,5�b]quinolines derivatives.

Scheme 63 Synthesis of fused pyrimidine derivatives.
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plexation to form efficient catalytic reagents. Maleki and
Aghaei reported a simple, efficient, environmentally benign,

ultrasound assisted, one-pot multicomponent Michael-type
addition reaction for the synthesis of polycyclic imidazo(thia-
zolo)pyrimidines by the reaction of dimedone, 2-

aminobenzothiazole and aromatic aldehydes using catalytic
amount of Fe3O4@clay as reusable catalyst in aqueous med-
ium at room temperature in excellent yields (93–98%)
(Scheme 60) (Maleki and Aghaei, 2016).

Firouzeh and Raheleh reported a silica-coated sulfonic
acid-functionalized magnet renewal mixed oxide catalyst (Fe3-
O4@SiO2–SO3H) (Nemati and Saeedirad, 2013). It was used in

the preparation of different functionalized pyrimido-[4,5-b]
quinoline and indeno fused pyrido[2,3-d]pyrimidine derivatives
through Knoevenagel condensation and Michael addition in

green solvent. The investigations displayed that the reaction
of a diversity of dimedone with arylaldehydes and 6-amino-
1,3-dimethyl uracil resulted in the formation of the corre-

sponding target molecules in good yields (Scheme 61). More-
over, Fe3O4@SiO2–SO3H could be readily recovered by
using an external magnet and reused several runs without

any loss of catalytic activity.
Mohsenimehr et al. (2015) have prepared pyrido-[2,3-d:6,5-

dl]-dipyrimidine derivatives through one-pot reaction of aro-

matic aldehydes with butylthiopyrimidin-4(3H)-one, under
DMF as solvent conditions at room temperature by using
mixed oxide Brønsted acidic heterogeneous catalyst as c-
Fe2O3@HAp-SO3H with good to excellent yields in short reac-

tion times (Scheme 62). The magnetic nanoparticles (c-Fe2O3)
were synthesized by a chemical co-precipitation method using
ferric ions. Then, hydroxyapatite coated on the surface of the

ironoxide particles, functionalization with a sulfonic acid
group was accomplished by treatment with ClSO3H loading
to afford efficient magnetic c-Fe2O3@HAp-SO3H nanocata-

lyst. The SEM analysis of the catalyst noticeably revealed
the size (30–45 nm) of the nano particles. The catalyst has con-
sistent chemical thermal stability and flexibility in surface

modification. Moreover, catalyst could be easily recovered by



Scheme 64 Synthesis of dihydropyrimidones (DHPM) by using

yttria-zirconia–based Lewis acid.

Table 1 Our group previous work on mixed oxides.

Mixed oxide Products Yield R

Fe-CaOx (Gangu et al.,

2017b)

Synthesis of 8 substituted

pyranopyrazoles

91–

98%

Su

m

D

Sm2O3/ZrO2 (Sebenzile

et al., 2016)

Synthesis of 11 functionalized

1,4-dihydropyridine derivatives

87–

96%

Su

di

flu

CuO/ZrO2 (Maddila et al.,

2015c)

Synthesis of 9 different

pyrazole-4-carbonitrile

88–

92%

Su

m

Mn-ZrO2 (Maddila et al.,

2015d)

Synthesis of 11 different pyrano

[2,3-d]-pyrimidines

84–

90%

1,

al

Diamine functionalized

mesoporous ZrO2

(Pagadala et al., 2015b)

Synthesis of 8 different

pyridines derivatives

84–

95%

Su

th

Decorated MWCNT Sm-

fluorapatites (Gangu et al.,

2016d)

Synthesis of 5 different 1,2,4-

triazole

90–

96%

Su

th

Sm2O3/Fluoroapatite

(Maddila et al., 2017a)

Synthesis of 14 different

triazolidine-3-thione

derivatives

92–

97%

A

Iron doped fluorapatite

(Gangu et al., 2017c)

Synthesis of 6 different 1,2,4-

triazolidine-3-thione

derivatives

91–

96%

A

RuCaHAp (Maddila et al.,

2016f)

Synthesis of 11 different pyrano

[2,3-c]pyrazole-3-carboxylates

88–

97%

D

hy

al

Chitosan/CaHAp (Maddila

et al., 2017b)

Synthesis of 9 different 2,6-

diamino-pyran-3,5-

dicarbonitriles

86–

96%

M

cy

Sm-fluorapatites (Gangu

et al., 2016c)

Synthesis of 5 different 1,2,4-

triazole moiety

92–

98%

D

th

Ru-hydroxyapatite

(Maddila et al., 2016g)

Synthesis of 11 different

pyranopyrazoles

89–

98%

A

hy

Ce-V/SiO2 (Maddila et al.,

2016h)

Synthesis of 9 diverse 2-amino-

3-cyano-4H-pyrans

87–

95%

5,

ar

Ag/SiO2 (Maddila et al.,

2016i)

Synthesis of 13 diverse 3-

methyl-4-(phenyl)-methylene-

isoxazole-5(4H)-ones

88–

93%

Su

H

Ag-SiO2 (Maddila et al.,

2016j)

Synthesis of 10 different

chloro-8-substituted-9H-

purines

89–

94%

P

ar

Mg-V/CO3 Hydrotalcite

(Maddila et al., 2015e

Synthesis of 11 different

multisubstituted pyridines

82–

94%

D

m

Ce-V/alumina (Maddila

et al., 2016k)

synthesis of 11 different

substituted pyridines

86–

94%

Su

an
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using a simple external magnet and reused several times with-
out any significant loss of catalytic activity.

Recently, Dam et al. (2016) have developed a magnetic sep-

arable ferrate loaded silica sulfuric acid (Fe3O4@SiO2-HSO3)
as mixed oxide catalyst and used for one-pot synthesis of fused
dihydropyrimidines in solvent-free condition (Scheme 63).

SiO2 is the best communal solid for coating the surfaces of fer-
rate materials. Such a layering is well-known for its facility to
inhibit magnetic aggregation in solution and its ability to

increase chemical thermal stability. Further, the surface of
silica-coated Fe3O4 can react with HSO3 coupling agent for
covalent attachment of functional groups to form Fe3O4@-
SiO2-HSO3 (Fig. 17). The ferrate particles offer a huge surface
eactants Reaction conditions
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Room temperature
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room temperature
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Water as a solvent at

Room temperature
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Room temperature

romatic aldehyde and thiosemicarbazide Water as a solvent at

Room temperature

romatic aldehyde and thiosemicarbazide Ethanol as a solvent at

Room temperature
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dehydes

Aqueous ethanol as a

solvent at Room

temperature

alononitrile, substituted aldehydes, and

anoacetamide

Ethanol as a solvent at

Room temperature
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Ethanol as a solvent at

Room temperature

romatic aldehydes, malononitrile,

drazine hydrate and ethyl acetoacetate

Ethanol-water mixture

as a solvent at Room

temperature

5-dimethylcyclohexane-1,3-dione,

omatic aldehyde, and malononitrile

Ethanol as solvent at

Room temperature

bstituted aromatic aldehydes,

ydroxylamine and ethylacetoacetate

Water as a solvent at

Room temperature

yrimidine-4,5-diamine and substituted

omatic acid

Ethanol as a solvent at

Room temperature

ifferent aldehydes, acetanilide and

alononitrile

Ethanol as a solvent at

Room temperature

bstituted Benzaldehyde, malononitrile

d ethanol

Water as a solvent at

Room temperature



Fig. 17 Schematic diagram for synthesis of nano-Fe3O4 encapsulated silica particles bearing sulfonic groups.) Source: Reprinted from

Dam et al. (2016 with permission from Royal Society of Chemistry.
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area to anchor the acidic sites. The synthesis was done by

Knoevenagel- Michael condensing aldehydes, b-dicarbonyl
compounds and 2-aminobenzimidazole in solvent-free condi-
tion at 60 �C. The main advantage of these catalyst is that they

could be magnetically separated from the reaction mixture
with minimal effort and be recycled in subsequent reactions.

Ramalingam (2009) have reported ideal reaction using an

efficient, one-pot ultrasound irradiation procedure for the syn-
thesis of 3,4-Dihydropyrimidin-2-(1H)-ones under Yttria-
Zirconia loaded Lewis acidic catalyst (Scheme 64). The acidic
nature of the catalyst has drawn persistent consideration in the

building of CAC and CAN bonds in a range of organic trans-
formations. The catalyst was prepared by mixing the appropri-
ate amount of yttrium nitrate with zirconium nitrate in a

solution of NH3 (pH 8.5). The white powder formed after
evaporation of ammonia was modified with H2SO4 to obtain
yttria-zirconia based Lewis acid catalyst. It efficiently cat-

alyzed the MCR between the aldehyde, keto ester and urea
or thiourea in the presence of aqueous CH3CN at reflux con-
dition. The catalyst can be simply removed by filtration after

the reaction and reused many times without significant loss
of its activity.

3.3. Synthsis of various heterocyclic compounds by mixed-oxide
catalysts

The following table illustrates our research group’s contribu-
tions in the syntheses of wide range of heterocyclic compounds

and valued added organic transformations, using
multicomponent/one-pot protocols and employing varied
mixed oxides as heterogeneous catalysts in impressive yields

(see Table 1).

4. Conclusions

The review searches the scope for the synthesis of a wide vari-
ety of nitrogen containing heterocycles and illustrates the sig-
nificance of varied mixed oxides as catalyst carriers and

catalysts. The mixed oxides employed as reusable catalysts rep-
resent an interesting class of materials for sustainable develop-
ment of chemical industry, due to their intriguing and
designable surface properties. The impressive acid-base charac-

teristics of active sites, ability of metal cations to undergo
redox reactions etc. positively contribute to the acceleration
and selectivity of the chosen reactions. Ample of synthetic pro-

cedures like sol-gel, wet impregnation and hydrothermal, etc.
practiced, and choice of characterizing tools such as XRD,
FT-IR, microscopic analysis, TG analysis, acidic and basic
measurements and XPS have enormously enhanced the scope

of mixed oxides as potential catalyst materials with benefits
to academia and industry. The mixed oxides play a vital role
in organic reactions, green chemistry, petroleum industry and

fine chemical synthesis and occupy over 30% share among
industrially employed heterogeneous catalysts. The most com-
monly used oxides like SiO2, CeO2, ZrO2, TiO2, Al2O3 hydrox-

yapatites etc as catalyst supports and the deposition of active
constituents’ viz. Fe, Co, V, Mn, Cu, Ni on their surfaces
and their interchanging roles contribute the active sites for
the selectivity of catalyzed reactions. The heterocycles with

nitrogen in their ring have profound applications in many sec-
tors including medicinal and agricultural fields, which necessi-
tate their efficacious synthetic routes. Universally, diverse

metal oxides have been explored and exploited to facilitate
the C-C bond formation in the substrate molecules and to
achieve the synthesis of many novel pyrrole, pyrazole and tri-

azole derivatives through multicomponent reactions. The one-
pot green approach using varied mixed oxides as catalysts pro-
vides a broad platform for design and development of innova-

tive novel heterocyclic compounds with promising features and
characteristics. Much to be understood in interpreting the on-
going reaction mechanisms on the catalyst surfaces and huge
latitude exists for modification and improvement of the poten-

tial of mixed oxides as catalysts and catalyst supports.
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