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Preface

Catalysis is becoming a strategic field of research since it represents a new path to meet the challenges
of energy and sustainability. These challenges are becoming main concerns for the global vision of
societal challenges and the world economy. Catalysis research has become one of the most powerful
tools in the pharmaceutical, petrochemical, and finechemical industries. One of the stimulating
features of nanotechnology is its versatile use in almost any field. The discovery of nanoparticles
with different sizes, shapes, and composition has stretched the limits of technology. Natural varieties
of nanoparticles have emerged in daily life, which occur in every field from drugs and electronics to
paints and cosmetics, and they are now emerging in the field of catalysis. The field of nanocatalysis
(which involves a substance or material with catalytic properties that possesses at least one nano-
scale dimension, either externally or in the internal structures) is undergoing rapid development.
Nanocatalysis can help when designing catalysts that have excellent activity, greater selectivity, and
high stability. Their properties can easily be adjubsted by tailoring the size, shape, and morphology
of the nanomaterial.

Simple organic molecules are main basic building blocks that are found in nature and human
beings. Heterocyclic compounds play a vital role in biological processes and are widespread as
natural products. They are found widely in nature, in particular, in nucleic acids, plant alkaloids,
anthocyanins, flavones, haem, and chlorophyll. Heterocycles have enormous potential as the most
promising molecules as lead structures in heterocyclic chemistry, which is one of the most complex
and intriguing branches of organic chemistry. Heterocyclic compounds are the largest and most
varied family of organic compounds. Many broader aspects of heterocyclic chemistry have been
recognized as disciplines of general significance that effect almost all aspects of modern organic
chemistry, medicinal chemistry, and biochemistry. Heterocyclic compounds offer a high degree of
structural diversity and have proved to be broadly and economically useful as therapeutic agents.
Because heterocycles non-carbons are usually considered to replace carbon atoms, they are called
heteroatoms, for example, they are different from carbon and hydrogen. Heteroatom atom pairs
could be primarily responsible for the biological activity of the molecules.

Nanocatalysts exhibiting homogeneous and heterogeneous catalytic properties, which allow for
rapid and selective chemical transformations that have the benefits of excellent product yield and
ease of catalyst separation and recovery. This book will review the catalytic performance, synthesis,
and characterization of nanocatalysts, which examines the current state-of-the-art and highlights
new avenues for research, in particular, the synthesis of bioactive heterocycles. In addition, the
authors will discuss new and emerging applications for nanocatalysts in the synthesis of biologically
active heterocycles.

Therefore, this book will provide a summary of the nanocatalysed transformation of various bio-
active heterocycles.

Xxi
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’I Nanocatalysed Synthesis
of Lactams

R. Chandran and A. Sharma

Department of Medicinal Chemistry, National Institute of Pharmaceutical
Education and Research, Lucknow, Uttar Pradesh, India

1.1 INTRODUCTION

In various chemical reactions, catalysts play key roles in accelerating the transformation of reactants
into products chemically. The careful selection of a catalyst enhances the reaction selectivity and
eliminates chemical waste, which usually depends on the number of active sites and turnover fre-
quency (TOF) or turnover number (TON) of the catalyst.!?> Tailoring and utilizing catalysts in eco-
logical and economical approaches makes them a part of green chemistry as stated by Paul Anastas
and John Warner in 12 Principles of Green Chemistry.* Pharmaceutically, which is based on the
catalytic material (e.g., solid or liquid) and the conditions employed during the catalytic reaction
(e.g., liquid or gas phase), catalysis can be broadly classified as homogeneous or heterogeneous.*
In a homogeneous catalyst, the catalyst and reactants are in the same phase and the reaction occurs
in the gas or solid or mainly in the liquid phase. Therefore, a single-phase interaction between the
reactant and accessible active catalytic sites is responsible for its higher activity and chemo, regio,
enantioselectivity, or both. Complicated separation of the products from the catalyst remains a key
issue because the catalysts and reactants exist in the same phase, which means that there are limited
commercial applications.** Organometallics, a coordination complex, Bronsted and Lewis acids and
organic molecules, or enzymes, or both are used as homogenous catalysts. Heterogeneous catalysts
are usually in solid form and are similar to homogeneous catalysts in which the active catalytic
moiety is entrapped or attached to the insoluble solid support (e.g., ion exchange resin, ceramic
materials, and carbon (C) carriers) or soluble support (e.g., dendrimer, ionic liquid, soluble polymer,
and supercritical fluid), which might be soluble in the reaction solvent but immiscible with the reac-
tion product®’. A heterogeneous catalysis reaction generally occurs in a two-phase (e.g., liquid-solid
and gas—solid), or three-phase (i.e., liquid—solid—gas) system. These phases are responsible for the
efficient separation, reusability, ease of handling, enhanced chemical and mechanical stability, and
shelf-life, which makes them suitable for commercial applications.” Breaking the bond between the
catalyst and insoluble solid support during chemical reactions leads to the leaching or dissolution
of the catalyst in the reaction medium, and the catalytic activity for recycling and catalytic activity
is lost due to the reduced interactions between the reactant and the active catalyst site because of
the attached solid support, which are the main drawbacks faced in heterogeneous catalysis.® Metals,
metal oxides, metal salts, and biocatalyst are commonly used heterogenous catalysts. This increases
the need for advanced research into catalysts and catalytic activities to overcome the problems in
classic catalysis. The emerging research topics of nanoscience and nanotechnology have improved
the new catalytic system, which is known as nanocatalysts. This optimizes catalysis by increasing the
number of catalytic active sites by decreasing the particle size in nanometers and they are anchored

DOI: 10.1201/9781003141488-1 1



2 Nanocatalysis

or dispersed with nanosized support.® The recent rapid advances in nanotechnology and techniques
have enabled nanocatalysts to be modified (e.g., size, shape, and morphology) specifically for the
reaction of interest, to attain favorable and advantageous catalytic activity, selectivity, efficacy, sta-
bility, and sustainability.' Nanocatalyst are nanosized, with a large surface-to-volume ratio, which
enhances the specific contact areas of the catalyst (e.g., edge, corner, or terrace) and results in better
intrinsic catalytic performance and yield that is correlated with a homogeneous catalytic system. In
addition, it helped catalyst separation, handling, and reuse, which was typically correlated with a
heterogeneous catalytic system. Nanocatalysts offer the advantages of homogeneous and heteroge-
neous catalytic systems. Finally, nanocatalysts could be a candidate for green chemistry in chemical
transformations.

The nucleation and uncontrolled growth of nanocatalyst into macroscopic structures (i.e., agglom-
eration) reduce catalytic activity and precipitate in the reaction mixture. This could be stabilized by
adding stabilizers or protecting agents, or both, such as polymers, surfactants, dendrimers, ligands,
and ionic liquids.'"'> Nanosizing the catalytic noble and transition metals mean that they transition
from metallic to atomic level and results in exceptional physical and chemical properties. Metal
nanocatalysts are traditionally prepared by the deposition of metallic nanoparticles (NPs) in micro
to nanosized inert supporting material (e.g., stable silicon oxide (SiO,), aluminum oxide (Al,0,),
titanium oxide (TiO,), zirconium oxide (ZrO,), valence-variable cerium oxide (CeO,), iron oxides
(Fe,0, and Fe,0,), cobalt oxide (CoO), Co,0,, and ternary and quaternary metal oxides)'. Later, the
capping of nanometallic catalysts in dendrimers, polymers, molecular monolayer, nanoshells, and
nanocages were employed.'*!

Nanosized noble metals include silver (Ag), gold (Au), palladium (Pd), platinum (Pt), thenium
(Re), ruthenium (Ru), rhodium (Ru), osmium (Os), iridium (Ir), and transition metals include Fe,
Co, nickel (Ni), copper (Cu), and Zinc (Zn), alloys include AuPt and noble metals (e.g., Pt, Pd),
other transition metals alloys (e.g., Ni, Cu, and Co), core—shell (Rh—Pd), concentric core—shell
nanostructures of metal—- oxide (e.g., Ag, Au, Ni, Pt, and Co nanocores laminated with SiO,, TiO,,
7r0,, CeO,, Cr203, manganese oxide (MnQO), FeSO ,» CoO, NiO, Cu,O, or ZnO nanoshells), metal
oxides (e.g., TiO,, CeO,, niobium pentoxide (NbZOS), F6203, and Co3O ,) have been employed as a
catalyst in C—C coupling reactions, C—heteroatom bond-forming reactions, oxidation and hydrogen-
ation reactions, amination, hydrogenolysis, and rearrangement of organic compounds.

Strong interactions between metals show their crucial role in catalytic reactions. The synthesis
of encapsulated metal NPs from metal NPs that used an organic capping agent provides the most
effective approach to manage the shape, size, metal NP composition, and surface properties. Capping
agents include polymers, ligands, surfactants, dendrimers, polycarboxylic acids, and polyhydroxy
compounds'®,

Lactams are structurally cyclic amides that are nitrogen heterocycles. Most biologically active
scaffolds in medicinal chemistry and drug discovery depend on the size of the ring. B-lactams
are four-membered cyclic amides, which are known as 2-azetidinones, five-membered lactams
are 2-pyrrolidinones, six-membered lactams are piperidinones, and seven-membered lactams are
2-azepanones in (Figure 1.1).

R\ R R FI{ R: (6]
N N’ N N__O N
yo A, e L f
% /jE L %
R R "o R R R
o-Lactams B-Lactams Y-Lactams d-Lactams e-Lactams
(aziridinones) (2-azetidinones) (2-pyrrolidinones) (2-piperidinones) (2-azepanones)

FIGURE 1.1 Class of lactams
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FIGURE 1.2 Biologically active lactam containing drugs

Lactams have diverse potential therapeutic values to treat various diseases. Their derivatives have
potential medicinal values (Figure 1.2) as antibiotics, antidepressant, anticancer, and cholesterol-
lowering agents.'

Lactams are synthesized from the amino acids, the Beckmann rearrangement of oximes, Schmidt
ligation of hydrazoic acid, and cyclic ketones. Re(II) complexes mediated the coupling of amino
alcohols to lactams, which leads to the byproduct hydrogen gas (H,).

1.2 GOLD NANOPARTICLES

The exploration of Au NPs dates back to the fourth-century Romanian Lycurgus Cup, which gives
off different colors depending upon the position of the light.'® Scientifically, Francisci Antonii was
the first philosopher and doctor who published a book on the preparation and medical use of col-
loidal Au in 1618. During the initial stages of exploration of transition, or noble metals, or both as
catalysts, the catalytic activity of Au was relatively lower, chemically inert, and Au metal in bulk
form cannot chemisorb reactant to accelerate chemical transformations.!” In 1857, Micheal Faraday
reported the preparation of a deep red colored colloidal Au by the reduction of a chloroauric aqueous
solution with phosphorus (P) in carbon disulfide (CS,)."* Conventionally, a prepared Au catalyst is
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TABLE 1.1

Supported Gold Catalyst and Its Application in Functional Group Conversion
Gold Size Reaction

Gold on titania® 30 nm Hydrogenation

Gold on alumina® 3.8 nm Hydrogenation
Au/Zno” 10-20 nm Hydrogenation

Gold nanoparticles on an amorphous silica® 2-30 nm Hydrogenation

Silica supported gold catalysts* 2-10 nm Hydrogenation
Au/SiO,” 6.6 nm Oxidation
Au/BaCO,* 3.5nm Oxidation

supported on TiO,, CeO,, FezO3, 7r0,, A1203, SiO,, and a C solid supporting material to disperse,
stabilize, and provide active sites for the reactants.! Improved catalytic activity of nanosized Au has
been proved, where deposition—precipitation and coprecipitation techniques*-*' were utilized to pre-
pare Au NPs on a supporting material for carbon monoxide (CO) oxidation at —=70°C. At nanosize,
the catalytic activity of Au was improved as a result of changes in the chemical property, metallic
state, increased active surface, and most importantly depends upon the type of supporting material
used.? Various models, such as perimeter sites, two atomic layers, quantum size, extra or lacking
electron, and the low coordination sites models have been proposed to understand the activity of
nano Au catalysts

An Au catalyst has been used as a catalyst of choice for oxidation, epoxidation, C—C bond for-
mation, and hydrochlorination.”* Hydrogenation was usually catalyzed by Ni, Pd, Ru, and Pt, and
compared with a traditional catalyst nanosized Au catalyst showed active results (Table 1.1). An
alternative for the preparation of an Au NPs catalyst by a common Au precursor was mainly auric
chloride (e.g., AuCl, or Au,Cl)) or chloroauric acid, a complex salt of ethylenediamine complex
[[Au(en),]CL], and potassium aurocyanide (KAu(Cn)2).

Oxidation is one of the crucial reactions in the organic synthesis of chemical compounds. One
of the important reactions is the oxidation of amines at the a-position to give the corresponding
amides, which is for the synthesis of lactam from cyclic amines. For most of these reactions, chro-
mium (Cr) and Mn catalysts are preferred but the use transition metal catalysts, such as Re complex,
Cu or Pd catalysts are now used. It is important to have oxygen (O,) as a terminal oxidant for the
reaction to proceed. Although heterogeneous catalysts have several advantages, it is critical to devise
methods that will lower the utilization and generation of hazardous chemicals or mediums during
synthesis.?!¥

Of note, an interesting change was observed for Au as a catalyst in green oxidation chemistry.**
Au has been used as a catalyst for many reactions that include the oxidation of alcohols* and
aldehydes,*” the epoxidation of olefins,* and C—H bond activation in alkanes®. Lactams as a moiety
are present in many synthetic and natural products and they act as a starting unit for many polymers,
for example, e-caprolactam is used to manufacture nylon 6,6. Lactams can be synthesized from
oximes,* amino acids,*' or cyclic ketones and hydrazoic acids*’. In 1991, a method was reported
for lactam synthesis, which involved the direct coupling of amino alcohols that used a Re II com-
plex. Recently, Au NPs have been explored for the synthesis of lactams under aerobic conditions.
The following sections will present the use of Au NPs for the synthesis of lactams.

1.2.1 PoryMerR CONFINED CARBON BLACK—GoLD AND GoLD AND COBALT NANOPARTICLES

The selective formation of lactams from amino alcohols using polymer confined carbon black —Au
(PICB-Au) and PICB-Au or Co NPs as catalysts were reported.* PICB—Au and PICB-Au or Co
NPs catalyst were prepared from the previously reported method in this study. In addition, the study
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SCHEME 1.1  Synthesis of lactams from amino alcohols

was extended to synthesize lactams, such as PICB—-Au and PICB—Au or Co catalysts. The effect
of temperature, dilution, and catalyst was examined using 6-aminohexanol as a model substrate.
Of interest, there was the reaction at room temperature (RT), and the reaction proceeded when the
temperature was >40°C for the formation of lactam. However, lactam formation was not observed
with a further increase in temperature. In addition, the high dilution of amino alcohols increased the
selectivity toward lactam formation and increased the catalyst load for the reaction. The optimized
reaction condition was 5 mol% of PICB—Au catalyst, one equivalent of a sodium hydroxide (NaOH)
base at 40°C for 24 h. The obtained lactam product was >95 % pure after filtration, extraction, and
acidic workup. However, the 8 lactam was not obtained in this reaction due to ring strain and poly-
merization. Finally, in the presence of benzyl alcohol presence, 5 mol% of PICB—Au or Co at RT,
the amino alcohols converted into the desired lactam, such as 3,4-dihydroisoquinolin-1(2H)-one and
isoindolin-1-one with >80 % yield.*

Five ring lactam synthesis were favored by this method; however, a ring size >8 exhibited poor
yields due to the formation of oligomers. In addition, bicyclic lactam systems were synthesized by
this method in sufficient yields (Scheme 1.1).

1.2.2 GoLp-TITANIA CATALYST FOR THE SYNTHESIS OF CAPROLACTAM

The use of Au-TiO, as a catalyst was discussed for the oxidation of 1,6-hexadiamine with 02.45 The
deposition—precipitation method was used for the preparation of Au nanocatalyst. HAuCl,.3H,0 was
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SCHEME 1.2 Methods for synthesis of caprolactam

the Au source (commercially available). In addition, they investigated the role of Au and TiO, in the
reaction. Caprolactam was not formed when the reaction mixture was heated to 290°C for 18 h due to
the formation of polymerized products. This same observation was evident when TiO, was used as a
catalyst. Therefore, for the reaction, an Au-TiO, as a catalyst system was essential. A novel approach
for the synthesis of caprolactam was mentioned, which involved the use of cyclohexylamine as the
substrate. The catalyst Au-TiO, aided in the chemoselective hydrogenation of the substrate to yield
cyclohexanone oxime, which was further converted into caprolactam (Scheme 1.2).4

1.2.3 GoLDp-PALLADIUM NANOCATALYST

Levulinic acid (LA) and ethyl levulinate (EL) are the products that are obtained by the hydrolysis of
biomass. They are important precursors that are used in the pharmaceutical industry, especially for
the preparation of pyrrolidones. The traditional methods that are used for the conversion of LA/EL
involved the use of metal catalysts (Pt- or Ru-based) and hazardous solvents like dimethyl sulfoxide
(DMSO) used as reaction solvent under harsh conditions (e.g., 90°C-180°C and 5-55 atm. H,). Poor
yields were obtained due to the generation of undesirable byproducts. The use of AuPd as a catalyst
was reported for the reductive amination of EL and LA to pyrrolidones under mild conditions (e.g.,
85°C, 1 atm. H,, and no solvent),* as shown in Scheme 1.3.

The catalyst was prepared by the coreduction of Pd acetylacetonate and Au tetra-chloroaurate with
borane morpholine in oleylamine. After the synthesis of the alloy, the nanocatalyst was supported on
C and oleylamine was removed by acid treatment and washed to form a stable alloy C-Au, Pd,,. High
yields were isolated when a primary amine was used as the substrate with high TOF. In addition,
the Pd present in the alloy functioned as LA and improved the rate of catalysis. The nanocatalyst
could be reused and recycled 10 times without affecting its catalytic properties and composition.
The approach was considered a greener process since there was no involvement of harmful solvents
or harsh conditions, and the catalyst alloy of C-Au,Pd,, could be reused (Scheme 1.3).

1.2.4 PoLy (N-VINYL-2-PYRROLIDONE)-STABILIZED NANO GoOLD

The synthesis of different types of lactams that were obtained from the selective oxidation of cyclic
amine with nanoclusters of Au stabilized with polyN-vinyl-2-pyrrolidone (PVP) as the catalyst have
been reported.*’ The catalyst promoted the formation of intermediate imines followed by the gener-
ation of lactams in an aqueous medium under milder conditions. The effect of the solvent system,
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SCHEME 1.5 Synthesis of indole

base, temperature, and aromatization were investigated. The size of the nano Au catalyst played an
important role.*’ Larger sizes (i.e., >20nm) reduced the catalytic activity of the nano Au particles.
The reaction could not proceed if Au:PVP (i.e., 20 nm) was used under an argon atmosphere. The
results indicated that oxygenation was promoted when O, was adsorbed onto the Au:PVP catalyst.
A hydroalcoholic solvent system was preferred for synthesis and changing the system to water
decreased the reaction rate and poor yields were obtained. The yield with water as the solvent was
improved when the temperature was increased to 50°C. When the amount of Au:PVP was reduced
to 1 atom%, the reaction was completed within 38 h at 50°C, with an 84% yield.

In Scheme 1.4, Au:PVP was used to catalyze the oxidation of benzo-fused cyclic amines to
the corresponding lactam with an excellent yield. However, no reaction was observed with
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1,2,3,4,5,6- hexahydrobenzo[b]azocine even at higher temperatures. The reaction of indoline (3),
favored the synthesis of indole 99% (4b) rather than the desired lactam (4a), as shown in Scheme 1.5.

1.3 CATALYTIC APPLICATIONS OF COPPER NANOPARTICLES

NPs (i.e., mainly AU) have been used in China and Egypt for aesthetics, and the decoration of cer-
amics and glass. At the start of the seventeenth century, colloidal nanoparticles were developed. In
1987, catalytic activity in Au NPs <5 nm was developed for the oxidation of carbon monoxide (CO)
to carbon dioxide (CO,) by O,.*

Cu and Cu-based NPs are some of the most abundant and inexpensive metals, which are exploited
as a catalyst in organic reactions to combine with rare and expensive metals.* Various Cu conjugates,
such as metallic Cu, Cur oxides, and hybrid nanostructures and Cu supported materials (i.e., SiO,)
are applied in catalysis. Cu is used as a catalyst in gas phase catalysis, electrocatalysis, and photo-
catalysis. Cu is abundant, low cost, and it is easy to make Cu-based nanomaterial, which means that
this metal requires more research.*>° The application of Cu-based nanoparticles as a catalyst in
chemical reactions,’ * shown in Figure 1.3.

Available methods for the synthesis of 2-azetidinones include the Kinugasa reaction between
Cu acetylides and nitrones,*>* the Staudinger reaction ([2+2] cycloaddition of ketene-imine cyclo-
addition),>**® and metallo—ester enolate—imine cyclocondensation.’® In 1972,% the synthesis of
B-lactams, which were catalyzed by Cu(I) via a one-pot method from terminal alkynes and nitrones,
that used pyridine as a base was developed,® and led to optimal atom economy with readily access-
ible starting precursors.®" CuSO,. SH,0 or Cu(Ac),.H,O mediated synthesis of 2-azetidinones used
sodium ascorbate as a reducing agent®>. Then, a Kinugasa reaction was developed without a redu-
cing agent that only used Cu(CIO,),.6H,0 as the catalyst.”* Other research groups used other metals
of Cu, such as CuBr, and Cu (OTf),.**

Recently, CuFe O, nanoparticles mediated Kinugasa reaction was developed for the synthesis of
2-azetidinones. The main characteristics of the CuFe O, nanoparticle are economic, inexpensive,
stable in the air, and magnetically separable. Other research is being carried out into various organic
reactions and transformations, such as the cross-coupling of phenol with aryl halides by C—O bonds,
the synthesis of aryl azides, 1,4 diaryl-1,2,3- triazoles, click reactions by alkynes—azides by C-N
cross-coupling, A3 coupling, and multicomponent reaction (i.e., Biginelli condensation).®>-6

Electro-catalysis

Gas —Phase reactions . . .
Domino Azidolysis

Application of
Cu-based nano
particles

Ullman coupling <
e Click chemistry

AN
Cross coupling reactions photocatalysts

A3 coupling reactions

FIGURE 1.3 Application of Cu-based nano particles
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1.3.1 CorpPeR FERRITE NANOPARTICLES

Highly efficient heterogeneous catalyst CuFe O, nanoparticles (15-20 nm)® were developed for the
synthesis of 2-azetidinones, as shown in Scheme 1.6.

Here, terminal alkynes and nitrones were reacted in the presence of K,CO, as the base and CuFe,O,
NPs as a heterogenous catalyst in N, N-dimethyl formamide (DMF), which led to the target product
(only 43%). This was further evaluated with various solvents, such as DMF, tetrahydrofuran (THF),

1 3
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ACN o ‘R2
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FIGURE 1.4 Substrate scope
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FIGURE 1.5 Plausible mechanism

acetonitrile (ACN), dimethyl sulfoxide (DMSO), and toluene for the yield of the product. ACN was
the best solvent and CuFe,O, NPs were readily separated by a magnetic field. Next, optimized bases
(i.e., diethylamine (Et,NH) were compared with other bases, such as K,CO,, triethylamine (TEA),
and pyridine. Among the bases, organic bases gave maximum yield. Overall, 15% catalytic loading
gave better results when the reaction was performed at RT compared with 0°C, and 50°C gave good
to excellent yields of stereoselective cis 2-azetidinones. Purification was carried out by recrystal-
lization with ethylacetate.” The substrate scope of the reaction is shown in Figure 1.4 Moderate to
good yields of electron-donating and electron-withdrawing group substituents on the aromatic and
aliphatic chain were obtained.

The mechanism involved the formation of acetylide (first step) followed by the coordination of
CuFe, O, NPs, the second step was the formation of an isooxazoline ring followed by an iminoketene
intermediate. In the third step, CuFe O, assisted by iminoketene underwent cyclization to give the
B-lactam ring shown in Figure 1.5.

1.3.2 Biocenic Corper (II) OxiDe NANOPARTICLES FOR C—N CROss-COUPLING

In the literature, recyclable CuNPs and CuO NPs (CuONPs) have been applied in C-N cross-coupling
reactions.*”1-73 The available methods have expensive, labor-intensive, use thermal conditions, and
strong reducing agents.” " Plant materials are widely available, which are cost-effective and easy to
use and handle. Only a few plant extracts are known to convert metal ions into metal NPs.””-8! Plant
metabolites contain various phytochemicals that are used to make NPS or convert metal ions into
metals or metal oxide NPs, the phytochemicals include phenolic acids, alkaloids, sugars, proteins,
polyphenols, terpenoids, flavonols, flavones, chalcones, anthocyanin, and isoflavonoids.?>-%
Recently, a highly efficient green protocol was developed for the synthesis of biogenic Cu (II)
nanoparticles by the addition of a Cu (II) solution that used an Ocimum sanctum leaf extract at RT.
0. santum leaves were boiled at 100°C for 10 min with triple distilled water. The extract was filtered
and the filtered extract was mixed with 20 mL of 10uM solution of CuSO, in a 100 mL conical flask.
Then, the mixture was maintained in a dark room until it changed color from brown to blackish
brown. These color changes indicated the formation of Cu NPs. This is an effective method for the
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SCHEME 1.7 Synthesis of cyclic lactams
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SCHEME 1.8 CuO catalyzed N-vinylation of cyclic amides

11

N-arylation of cyclic and acyclic amides with aryl and styryl halides as shown in Schemes 1.7 and
1.8. The advantages include that they are compatible with a wide range of substrates, have functional
group tolerance, and have an acceptable yield. This protocol was extended to another heterocyclic

synthesis for imidazole, pyrrole, indole, and carbazole.

The general protocol for the cyclic amide N-arylation was as follows: the 1 mmoL solution of

amide and iodobenzene were stirred, 1.2 mmoL of K ,CO, and 3 mol% of CuO NPs in DMF was
added and stirred at 110°C and the reaction was momtored by thin layer chromatography. The reac-
tion mixture was allowed to cool and was extracted with ethyl acetate. Purification was carried out
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by column chromatography. After the reaction was complete, the catalyst was recycled by simple
centrifugation and dried at 80°C.%

1.3.3 Corper (II) Oxipe NANOPARTICLES TO COUPLE AMINES TO PYRROLIDINONE

The CuO NP mediated oxidative coupling of amines to pyrrolidinone was exploited (Scheme 1.9).
Other various protocols that employed structurally diverse y-lactams include Co catalyzed reductive
coupling of nitrile with acrylamides®’and intramolecular vinylation of iodonamides catalyzed by
Cu iodide.®® The synthesis of 8-substituted valero lactam by the reaction of aminophenyl ethyl ester
with piperidinones involved 20% of CuO NP and 4 equivalent of tert-butyl hydroperoxide (TBHP),
as shown in Scheme 1.10.

The following steps were involved in the reaction: (1) generation of tert-butoxyl radical;
(2) abstraction of H at y-C of 2-pyrrolidinone to form C-centered radical®*-** (Figure 1.6); (3) for-
mation of an iminium type intermediate by single electron transfer reaction (SET) of C-centered
radical y-carbon of 2-pyrrolidinone with CuO NP; and (4) the nucleophilic reaction of aniline to

0,
RINH, + QA\O CuO NP(20%) RTN/(\FO

N
R? R S
R'= aromatics R%>=H, Me up to 76% yield

N H

N

Ar< I\FO | h
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NH, o 0
R'= Ar, R>= H, 48% 56% 70%

R!= Ar-4-Me, R>= H, 46%
R!'=Ar- 4-1, R>=H, 52%
R'= Ar-4-Br, R>= H, 58%
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H Cl
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SCHEME 1.9 Coupling of amines to pyrrolidinone

H
N
NH, (l CuO NP (20 mol%)
T NN Temp 80°C, 15h HN
EtOOC o S0

EtOOC

o)
68% yield

SCHEME 1.10 Preparation of J-substituted valero lactam
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FIGURE 1.6 Plausible mechanism of reaction

give N-aryl-y-amino-y-lactam.”*-" The mechanism involved SET, which depended on the nature of
the Cu used as the precursor.

1.4 PLATINUM NANOPARTICLES FOR THE SYNTHESIS OF LACTAM

Pt was first used as a catalyst by C. F. Kuhlmann for ammonia oxidation, who filed a patent appli-
cation for this invention in 1838.°® PtNPs revolutionized nanotechnology, and played a crucial role
in the chemical industry, biomedical applications, and the automotive sector. PtNPs display unique
catalytic properties. Its stability at high temperatures and the large surface area is responsible for
its unique nature.” They are used for various chemical reactions, such as oxidation, reductive
amination, dehydrogenation, cyclization of keto acids, hydrogenation for the synthesis of biofuel,
vitamins, and fats.'®

1.4.1 PLATINUM AND PHOSPHOROS—TITANIUM D10XIDE NANOCATALYSTS FOR THE
SYNTHESIS OF PYRROLIDONES FROM LEVULINIC ACID

In general, organosilanes or formic acid are used as the H for reductive amination when converting
LA to pyrrolidones.!?"12 However, limitations, such as corrosiveness, high cost, and harsh conditions
hampered the large-scale application. Then, H, was used as the H source along with metal catalysts,
such as Pt,'%1% Pd,'% Rh, Ru,'® Co, and Ni.!”” However, this conversion is challenging. N-alkyl-
5-methyl-2-pyrrolidone synthesis from LA was reported using Pt/P-TiO, at RT and pressure.'®
Pt/P-TiO, nanosheets showed excellent performance in the transformation of LA into substituted
pyrrolidones. In addition, Pt/P-TiO, nanosheets were highly efficient in the reductive amination
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of levulinic esters, para-acetylbutyric acid, ortho-carboxybenzaldehyde, ortho-acetylbenzoic acid.
The synthesis of N-substituted y-lactams was reported for the first time'” by a one-pot reaction by
reductive amination of EL with nitro derivatives <10 bars of H, using a heterogenous Pt as a cata-
lyst. However, this method required more equivalents of EL. Manzer''® received a patent for his
invention, the one-pot synthesis of N-substituted y-lactams by reductive amination between LA and
aryl cyano compounds that utilized metal catalysts, such as Pd, Rh, Ru, or Pt loaded onto A1203 or
C under H,. Then, another method was developed for the direct synthesis of N-substituted y- and
d-lactams from keto acids with nitriles by reductive amination/cyclization under H, in the presence
of a Pt-molybdenum oxide (Pt-MoO /TiO,) catalyst.""" This was a solvent-free reaction under mild
conditions that included 7 bar H, and 110°C. Recently, Pt nanocatalysts were discovered on porous
TiO, nanosheets for the reductive amination of levulinic acid or ester to pyrrolidones.'”™ The effi-
cient catalytic reactivity was observed due to the strong acidity of P-TiO, and Pt site lower electron

Q NH, PY/P-TiO, (0.1 mol%) R1~©\ ?
)K/\H/OH + R1‘©/ H N
2 gas
(6] rt
16 examples
R = Aromatic/ substituted aromatic anilines up to 99% yield
1=
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. . .
R1‘ 4-MeO. 98%, 3h R'= 4-acetamide, 92%, 24h
- 0,
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SCHEME 1.11 Substrate scope of aromatic derivative of pyrrolidones
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O
THYON N o \
N N
95%, 3h 94%, 3h O

90%, 24h 94%, 3h
98%, 3h 98%, 3h 96%, 5h 99%, 3h

SCHEME 1.12  Substrate scope of aliphatic derivative of pyrrolidones
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FIGURE 1.7 Plausible mechanism of reaction

density with the porous structure of the catalyst. The examples of various aromatic amines is shown
in Scheme 1.11. Further methodology extended to aliphatic amines with a good to excellent yield of
products as shown in Scheme 1.12.

The synthesis of pyrrolidinones from the reductive amination of LA involved LA and its ester
undergoing condensation with an amine to form imine A and enamine B tautomerism. Two reaction
pathways proceeded for the Pt/PTiO, catalyst. The first route indicated the formation of direct products
by reductive amination. Due to the acidic site of Pt, N-substituted pyrrolidone formation was con-
trolled by intramolecular cyclization. Then, form a cyclic intermediate D was formed and eventually
hydrogenated through the Pt sites, which led to the final production of pyrrolidones!® (Figure 1.7).

1.4.2 HEeTeROGENEOUS PLATINUM CATALYSTS FOR SYNTHESIS OF Y-LACTAMS FROM NITRILE

The reductive amination and cyclization of ketoacids (LA) with nitriles was reported (7 bar H,, 110°C
under solvent-free condition) for the synthesis of N-substituted dand y-lactams, where in Pt and
MoOx coloaded TiO, (Pt-MoOx/TiO,) catalyst was used,""" as shown in Schemes 1.13 and 1.14.
The basic reaction mechanism involved nitrile, which was hydrogenated to form imine A and pri-
mary amine B and led to two pathways. Pathway one (fast) begins from the thermal condensation of
primary amine B and keto acid to form imine intermediate C. This undergoes hydrogenation to give
intermediate D, which leads to cyclic amidation to form y-lactam. Pathway two (slow) involves the
formation of side product and starts from the reaction of imine A and primary amine B to form sec-
ondary imine E. This was hydrogenated to give secondary amine F. Then, it formed tertiary amine 5
after reacting with amine as shown in Figure 1.8.

1.5 IRON (111) OXIDE NANOPARTICLES FOR THE SYNTHESIS OF g-LACTAM
THAT CONTAINS AN ARYL AMINO GROUP

Amines are valuable synthetic intermediates in organic synthesis. In general, amines are prepared by
the reduction and hydrogenation of nitroarenes.!>!'* Most of the methods have disadvantages, such
as they are hazardous reagents, the formation of byproducts, and harsh reaction conditions. Fe,O,
NPs were developed for the reduction of an aryl nitro group that was attached to the f-lactam.!!s
The desired product (i.e., 98% yield) was synthesized in the presence of 10 mol% Fe,O, NPs and
hydrazine hydrate and the various examples are shown in Scheme 1.15. Fe,O, NPs can be separated
by magnetic separation. In addition, the effect of other solvents was investigated, such as DMSO,
DMEF, chloroform (CHCI,), and CH,CN, which led to failed reactions.'"
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SCHEME 1.13 Synthesis of N-substituted y-lactams

o o 1 mol% Pt-MoOXx/TiO, i Py
M +* RCN + Mo 11600 heat 24n N R
OH R= aromatic and aliphatic
up to 96% yield

96% 94% 92% 95%
im a0 arEe
Cl _N /
78% 86% 88% 92%

SCHEME 1.14 Synthesis of J-lactams from 4-acetylbutyric acid and nitriles
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SCHEME 1.15 Synthesis of f-lactam containing aryl amino group



18 Nanocatalysis

©
W o o S —
I hydride transfer N~
O 6 -~ 66’ JOH 5
-OH CH3;CHO H,O
3\ _O0— CHs intermediate A nitroso intermediate B
o—"
Complex of Fe;0, nanoparticle reduction
and ethanol
R= Aromatics CH3;CHO
R-NH, <=—— l}jHOH
R
hydroxylamine

FIGURE 1.9 Plausible mechanism of reaction

The potential general mechanism involved hydride transfer by the reduction of nitro groups to
amines. Fe,O, NPs coordinated with the O atom of the nitro group and intermediate A was generated
via hydride transfer from the solvent (i.e., ethanol) to the nitro group, and the simultaneous release of
water formed nitroso intermediate B, which again underwent reduction to form amine (Figure 1.9).

1.6 CONCLUSIONS

This chapter highlighted the recent advances in the use of metal NPs as catalysts for applications
in various chemical reactions. NPs including Au and Au-like/Co nanoparticles, Au-TiO, NPs, and
PVP stabilized NPs were exploited in the synthesis of lactams (i.e., cyclic amides). The applica-
tion of Cu and Pt-based NPS, and FeSO . NPs the synthetic transformation of lactam ring and the
synthesis of various lactams with good to excellent yields and highly stable reusable catalyst were
discussed. In the literature, a limited number of NPS have been used for the synthesis of lactams
(i.e., cyclic amides) instead of other heterocycles.
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2.1 INTRODUCTION

Heterocyclic motifs demonstrate noteworthy chemistry with important applications in medicinal,
organic chemistry, pharmaceuticals, and related industries." > They show the major diversity of
organic molecules with chemical, biomedical and industrial significance. These compounds are usu-
ally found in many natural products, such as vitamins, hormones, antibiotics, alkaloids, herbicides,
pigments, and dyes. In addition, the diversity of heterocyclic rings originates from the scaffolds of
various drugs and bioactive molecules.*> In this context, the most bioactive molecules commonly
contain five-, six-, or seven-member heterocyclic rings with one, two, or three heteroatoms.
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Seven-member rings are normally found in various natural products and pharmaceutical drug
molecules; however, practical methods for their synthesis in the laboratory are relatively low
compared with those for five- or six-member rings molecules. Currently, there is constant attention
on the synthesis of seven-member heterocyclic compounds that have one, two, or three nitrogen
atoms and the applications of these compounds in drug discovery. This chapter will describe the use
of various nanomaterials as a heterogeneous catalyst, which are efficient and modular routes for the
preparation of useful seven-membered heterocyclic intermediates in drug discovery and develop-
ment. Therefore, the development of flexible methodologies for their synthesis is an important and
required task. In this chapter, the merit and demerits of the use of nanomaterials as a catalyst in the
synthesis of seven-membered heterocyclic compounds will be discussed.

2.2 SEVEN-MEMBERED SYSTEMS THAT CONTAIN ONE HETERO ATOM
2.2.1 AzePINES AND DERIVATIVES

In the family of heterocyclic drugs that contain one nitrogen (N) atom, azepine and its derivatives
are very important pharmacophore fragments that are present in various natural products and in
a wide range of bioactive compounds,®® which are shown in Figures 2.1. For example, seven-
membered aza-ring systems are found in the structure of Balanol,’ a potent inhibitor of protein
kinases, or in (-)-cobactin T,'®!! a siderophore growth promoter that is isolated from mycobacteria.
An N-sulfonylhydroazepine motif is found in synthetic relacatib,'? a potent inhibitor of human
cathepsin K. Stemoamide is one of the typical Stemona alkaloids that is isolated from Stemona
tuberosa Lour and used for the treatment of respiratory diseases.” (-)-Securinine can be used for
the treatment of serious diseases, such as amyotrophic lateral sclerosis and poliomyelitis.'* The
2H-azepine alkaloid chalciporone is responsible for the pungent taste of the common mushroom
Chalciporus piperatus.” Azepine and its derivatives are present in some pharmaceutical and a few
agrochemical products. Therefore, the development of efficient methodologies for the synthesis of
azepine-containing heterocycles is highly attractive. Currently, synthetic access to (hydro) azepine
systems that start from simple and robust building blocks remains challenging, especially when

H

Relacatin
Balanol (cathepsin K inhibitor)
(Protein kinases inhibitor)

H
\/\\(N{)
= O
OH o N
OH

(-)-Cobactin T

R= (CH,),COEt

(siderphore) Chalciporone (respiratory diseases)

Stemoamide (-) securinine

(amyotrophic lateral
sclerosis (ALS) &
poliomyelitis)

FIGURE 2.1 Bioactive azepine derivatives
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targeting densely functionalized motifs. From the tailor-made synthesis of azetidine, derivatives
were developed using diastereoselective protocols to reach broad spectrum azepines in notable
yields that used the super capacity of a range of nanocatalysts, quasi-nontoxic metal oxides to favor
nucleophilic addition reactions onto unsaturated carbon—carbon (C—C) bond construction reaction.

2.2.2  BENZAZEPINES AND DERIVATIVES

Benzazepines, which are seven-membered azaheterocyclic fused aromatic ring motifs, has received
more attention due to their broad range of biological activity and are used as building blocks in
the synthesis of various natural products, drug discovery, and developments.'®*® For the total
synthesis of natural products, such as the synthesis of alkaloids with a benzazepine skeleton, for
example, aphanorphine,*—* cephalotaxine,* * and lennoxamine,” * have been reported because of
their outstanding chemical, structural, and useful pharmacological activities. In addition, a hydro-
benzazepine core is quite common in drug structures, as exemplified by the commercial benazepril
drug,* which is an angiotensin-converting enzyme inhibitor that is used to treat renal insufficiency
or hypertension as shown in Figures 2.2 and 2.3.

Orimi et al. reported the synthesis of potassium fluoride supported on a clinoptilolite (KF/CP)
nanocatalyst with readily available source materials and found an effective catalyst for the prepar-
ation of benzazepine derivatives 5 via a four-component reaction of isoquinoline 1,0-haloalkanes
2, isatin or its derivatives 3, and activated acetylenic compound 4 that used water as a green
solvent.*’ In this report the authors mentioned the synthesis of KF supported on a KF/CP catalyst
was easy and was performed with source materials without any activation. CP has a large internal
surface, naturally abundant occurring zeolite, which has much more capacity to exchange the
cations, for instance, K*, effectively. Therefore, by trapping anions, fluoride anions (F~) were free
and could be used as an appropriate candidate to act as a base. For the optimization of catalyst

OCH; 4
HO O N

O OCHs
Aphanorphine

O
o—/

Lennoxamine

Cephalotaxine

FIGURE 2.2 Alkaloids containing bioactive benzapine derivatives
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anglotensin-converting enzyme inhibitor) FsC CF;

Evacetrapib
(cholesterylester transfer protein inhibitor)

FIGURE 2.3 Bioactive benzazepine derivatives
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SCHEME 2.1  Synthesis of benzazepine (5) in acidic solution of H,O, using KF/CP composite nanocatalyst

TABLE 2.1
Various benzazepine derivatives (5) synthesized in acidic solution of H,O, using KF/CP
nanocomposite
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load, and the selection of the best solvent and temperature conditions, a number of reactions
were carried out with reactant condensation processes for ethyl bromopyruvate 2j isoquinoline
1, 5-methyl isatin 3j, and dimethyl acetylenedicarboxylate 4j in an acidic solution of hydrogen
peroxide (H,0O,) to find the best reaction conditions. After performing a set of reactions, it was
confirmed that a KF/CP-NPs nanocomposite (NC) with a 10 mol% load gave the best results at
room temperature (RT) in water as the solvent (Scheme 2.1). For a general protocol, the optimized
conditions were maintained to prepare various derivatives of benzazepine 5§ and summarized in
Table 2.1.

2.3 SEVEN-MEMBERED SYSTEMS THAT CONTAINS TWO HETEROATOMS
2.3.1 BENZODIAZEPINES AND DERIVATIVES

Benzodiazepines (BZDs) represent one of the important and highly explored classes of seven-
membered aromatic heterocycles that contain a two-ring N that are critical for numerous applications
in the pharmaceutical industry and the organic synthesis of complex molecules.* Due to their diverse
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spectrum of biological activities, they are considered privileged structures in medicinal chemistry.
Further, they are key synthons for the synthesis of various fused ring compounds.**** Therefore, the
further development of BZDs has gained significant attention from organic and medicinal chemists
in an attempt to discover new and effective BZD-based therapeutic agents.*

BZDs have been prescribed in many parts of the world; first as anxiolytics and then as hypnotics.*
They are extensively indicated for various central nervous system disorders, such as anxiolytics
(e.g., chlordiazepoxide and diazepam), anticonvulsants (e.g., clonazepam and clobazam), muscle
relaxants, anesthesia (i.e., midazolam), insomnia, some motor disorders, and in psychoses (e.g.,
olanzapine and clozapine).*® The BZDs are classified as short-acting, intermediate-acting and long-
acting, which depends on their duration of action.”” Some of the marketed BZD-based drugs are
shown in Figure 2.4.

R | o
oM O ? ) ‘/;
Cl ‘

Cl

Traizolam Oxazepam Lorazepam Temazepam
I o H 0
N N
o o o L0 T e
= O,N = of =N O,N =N
Halazepam Clonazepam Diazepam Nitrazepam
L R-
)
H
oA f/@coo O
o =N "¢ /N
Chordizepoxide
CIorazepate Prazepam Flurzepam
D
N\/SN
| O N NH,
C H,CO
O I HO
Alaprazolam Anthramycin Tomaymycin

FIGURE 2.4 Some of the BZD-based drugs available in the market
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The BZDs exert their effect by binding to the central BZD receptors, which are located at the post
and presynaptic membranes. However, certain side effects are associated with the short and long
term use of BZDs, such as confusion, drowsiness, amnesia, and ataxia.*®

Following the guidance provided by structure—activity relationship studies, compounds with high
potency and an expanded spectrum of activity, improved absorption, and distribution properties were
biologically evaluated against various disease areas. BZD derivatives possessed various pharmaco-
logical activities, such as antimicrobial, anticancer, anti-anxiolytic, antidepressant, anticonvulsant,
antitubercular, anti-inflammatory, analgesic, antihistaminic, and anti-anxiety.*->' Various BZD-
based compounds have different groups or substituents attached to their core structural motif at
positions 1, 2, 5, or 7 respectively.””> These different side groups affect the binding properties of
molecules with the relevant target proteins or receptors, and therefore, modulate their pharmaco-
logical properties, the potency of the biological response, and pharmacokinetic profile.*

2.3.2  SYNTHETIC APPROACHES OF BENZODIAZEPINES

BZD and its derivatives have been successfully employed in the treatment of various psychotic
disorders, infections, and microbial infections that are caused by resistant bacteria. Emerging bac-
terial resistance represents an alarming situation and requires better treatments. Therefore, signifi-
cant effort has been devoted by various researchers into the development of novel methodologies
for the synthesis of BZDs. In this chapter, the synthetic approaches of BZD that used different
nanocatalysis methodologies were discussed.

2.3.3 METHODS FOR THE SYNTHESIS OF 1, 5-BENZODIAZEPINE DERIVATIVES

Ghasemzadeh et al. reported Cul nanoparticles (NPs) as highly efficient heterogeneous catalysts
for the one-pot synthesis of some benzo[b][1,5]diazepine derivatives 9 by multicomponent conden-
sation of aromatic diamines 6, Meldrum’s acid 7 and isocyanides 8 (Scheme 2.2)%* by coprecipi-
tation that used acetonitrile and dimethylformaamide (DMF) organic solvents, both solvents do
not fulfill the conditions of green chemistry. The synthesized Cul NPs were characterized by X-
ray diffraction (XRD), energy dispersive X-ray (EDX), Fourier-transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) ana-
lysis and were pure and showed excellent catalytic activity with good yields (92%—98%). The
recovery and reuse of Cul NPs was carried out by simple filtration followed by washing with
methanol and ethyl acetate and reported a decrease in catalytic activity from 97% to 88% yield
after the fifth run.

H
Ri NH R,—N=C Cul NPs Ri N~ °
+ * HN-R,
NH; DCM, rt. N
6 7 8 3 - 3.5 Hours 9(a-j)
92 - 98% yields

9a : R4= H, R, = cyclohexyl 9f : R1 = CH3, R, = cyclohexyl
9b : Ry = H, R, = tert-butyl 9g : Ry = CH3, R, = tert-butyl
9c; Ry = H, Ry, = benzyl 9h ; Ry = CHs, R, = benzyl
9d : R4 = H, Ry= n-pentyl 9i : Ry = CH3, Ry= n-pentyl
9e : Ry = H, R, = 4-methoxyphenyl 9j : Ry = CH3, R, = 4-methoxypheny

SCHEME 2.2 Preparation of benzo[b][1,5]diazepines using Cul NPs catalyst
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FIGURE 2.5 Proposed reaction pathway for the synthesis of 1,5-benzodiazepin-2-ones by Cul NPs
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SCHEME 2.3 Preparation of benzo[b][1,5]diazepines using ZnO NPs catalyst

The possible mechanism is shown in Figure 2.5, which shows that the Cul NPs act as Lewis’s
acid for the initiation of the reaction by interacting with the electronegative oxygen of the carbonyl
group of Meldrum’s acid to give a condensed product as an intermediate, followed by a reaction with
isocyanides to give the desired benzo[b][1,5]diazepine products

Ghasemzadeh and Ghomi reported the fabrication of zinc oxide (ZnO) NPs by coprecipitation and
investigated the catalytic applicability in the one-pot synthesis of benzo[b][1,5]diazepine derivatives
9 through MCRs of 1,2-phenylenediamines 6, isocyanides 8, and Meldrum’s acid 7 (Scheme 2.3).%
This work agreed with the previously cited research work by the same research group in which Cul
NPs were replaced by ZnO NPs.

Naeimi and Foroughi reported the hydrothermal synthesis of zinc sulfide (ZnS) NPs semicon-
ductor material, which was characterized by FTIR, XRD, photoluminescence (PL), SEM, and TEM.
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The FTIR and XRD techniques were used to investigate the structure of ZnS NPs, SEM and TEM
were used to determine the surface morphology and structure, and particle size analysis. PL was
used for the identification of the photochemical properties of prepared ZnS NPs. Prepared ZnS NPs
was tested as heterogeneous catalysts for the synthesis of 4-substituted-1, 5-BZD derivatives 12 via
one-pot three-component reaction of o-phenylenediamine (OPD) 6, dimedone 10 and aldehyde 11
in ethanol (EtOH) as the green solvent under reflux conditions. ZnS NPs were efficient heteroge-
neous catalysts for the synthesis of 4-substituted-1, 5-BZD derivatives because of their low Curie
temperature, high coercively, and high surface area.>

First, optimized reaction conditions, such as the quantity of catalyst, solvent, and reaction tem-
perature were considered by a representative model reaction of dimedone 10, OPD 6 and ben-
zaldehyde 11 in equal ratios to manufacture the BZDs under various reaction conditions for an
appropriate time (Scheme 2.4).

From the outcome of various reactions, 100 mg of ZnS NPs was sufficient for use as a catalyst,
and EtOH was the best solvent under reflux conditions for the synthesis of 1, 5-BZD derivatives.
The possibility of recycling the catalyst was examined through the reaction of OPD 6, dimedone 10,
and 4-chlorobenzaldehyde 11 catalyzed by ZnS NPs under optimized conditions. On completion of
the reaction, the catalyst was centrifuged, filtered, and washed several times with ethyl acetate. In
addition, the recycled catalyst was saved for the following reaction.

In 2015, Gasemzadehh et al. reported the preparation of iron oxide (ferrite) Fe,O, NPs and
employed them as a heterogeneous catalyst for the synthesis of tetrahydro-2,4-dioxo-1H-ben-
zo[b][1,5]diazepine-3-yl-2-methylpropanamides 9 using a one-pot three-component reaction of
aromatic diamines 6, Meldrum’s acid 7, and isocyanides 8 in dichloromethane at room temperature
(RT). The products were obtained in a short time with excellent yields. Further, the recovered cata-
lyst was reused successfully in six subsequent reactions without significant loss of catalytic activity
(Scheme 2.5).”” The main advantage of this catalyst is that it can be separated using an external
magnet because Fe,O, NPs exhibit excellent magnetic properties.

Shaabani et al. presented the catalytic activity results of Fe304@wool as a nanocatalyst in the
synthesis of tetrahydro-1H-1, 5-benzodiazepine-2-carboxamide and 4, 5, 6, 7-tetrahydro-1H-1,
4-diazepine-5-carboxamide derivatives (Scheme 2.6).® In this report, the composite nanocatalyst
(Fe304@wool) was synthesized, characterized, and investigated for catalytic utility. Some
supported magnetic metal oxides have received significant attention from researchers due to their
potential applications in chemical processes as catalysts. Simple separation (i.e., using an external
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SCHEME 2.5  Preparation of benzo[b][1,5]diazepines using Fe,O, NPs catalyst
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SCHEME 2.7 Synthesis of tetrahydro-1H-1, 5-benzodiazepine-2-carboxamide and 4, 5, 6, 7-tetrahydro-1H-
1, 4-diazepine-5-carboxamide derivatives

magnet), high catalytic activity, high chemical stability, reusability, and environmental friendliness
are some important advantages of these heterogeneous nanocatalysts. Since unsupported NPs are
usually unstable and coagulation of the NPs during the reaction is frequently unavoidable, aggre-
gation and agglomeration of Fe,O, NPs into less active large particles and bulk Fe O, during the
reaction decreases its catalytic activities. Wool is a chiral natural biopolymer that is composed of
repetitive units of amino acids cross-linked by sulfur—sulfur (S—S) bonds. Keratin is the main com-
ponent of wool and is insoluble in any solvent; therefore, this biopolymer could be used as natural
solid support. As mentioned previously, wool contains numerous amino acids units with amide
(-NH-CO-), amine (-NH,), and —S—S~ functional groups and the metal oxide NPs uptake by wool
fibers can be carried by these functional groups; due to the structurally ordered amino acid chains,
the aggregation of Fe,O, could be prevented and improve catalytic activity.

Preparation of wool-supported Fe, O, NPs was carried out in an aqueous solution of iron (III)
chloride (FeCl,) and iron (II) chloride (FeCl,) in a molar ratio of Fe(IIT)/Fe(Il)=2 at pH 11-12 by
copreciptation. In a magnetically stirred suspension of 1.00 g wool pieces in 100 cm? of deionized
water, 0.31 g of FeCl, and 0.12 g of FeCl, were successively dissolved in the solution with stirring.
A solution of sodium hydroxide (NaOH) was added dropwise for 4 h into the resulting mixture
under vigorous stirring at RT to give black Fe,O,@wool. It showed magnetic properties in situ by
placing a magnet near the Fe,O,@wool. The catalyst was isolated in the magnetic field and the
supernatant was removed from Fe,O,@wool by decanting and the residue was washed with water
several times. Then, the Fe,O,@wool catalyst was added to the aqueous acid (HCI) solution with
stirring to neutralize the anionic charges on the NPs (Scheme 2.7). Fe,O, @wool was again separated
and washed with water several times and dried at 80°C.

The optimization of catalyst load, temperature, and solvent for the synthesis of BZD and
diazepine derivatives that used the synthesized catalyst and found (0.22 g Fe,O,@wool) in
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SCHEME 2.8 Synthesis of 1, 5-BZDs by condensation of OPD with various ketones catalyzed by SnO, NPs

methanol and water as the preferred solvents at RT, respectively. Finally, the synthesis of the
various tetrahydro-1H-1,5 benzodiazepine-benzodiazepine-2-carboxamide 16 and 4,5,6,7-
tetrahydro-1H-1,4-diazepine-5-carboxamide derivatives 17 that used the synthesized catalysts
was carried out (e.g.,0.22 g Fe3O 4@wool, HZO solvent, RT) under optimized reaction conditions.

Singh et al. fabricated stannic oxide NPs (SnO, NPs) by advanced thermal decomposition under
microwave irradiation. Prepared SnO, NPs were characterized by XRD and TEM for the investi-
gation of structural and morphological properties (Scheme 2.8).%° The catalytic activity of prepared
SnO, NPs was confirmed by applying a one-pot multicomponent synthesis of 1, 5-BZDs 19, 20
strategies under solvent-free conditions at RT. First, an optimization study was performed to confirm
the ability of SnO, NPs as catalysts during synthesis of 1, 5-BZDs using OPD 6 and acetophenone
13 as a model reaction, by varying the amount of SnO, NPs catalyst and found that 20 mol% of SnO,
NPs gave a good outcome (i.e., 90% yields) and with no catalyst, no product was formed. Therefore,
a high surface area and better dispersion of NPs in the reaction mixture cause better activities of
SnO, NPs. Catalyst SnO, NPs showed good reusability after three cycles; however, was not suffi-
cient to examine catalytic reusability.

Korbekandi et al. fabricated and characterized nicotine-based organocatalyst supported silica
NPs (Fe(IID- NicTC@nSiO,) by different techniques. The synthesized catalyst was tested as an
efficient catalyst by exploring the synthesis of functionalized 1, 5-BZD (12a-k) in water as a green
solvent at RT. The optimization conditions studied showed that the use of Fe(III)-NicTC@nSiO,
(3 mol%) was a sufficient catalyst for the smooth condensation of OPD, 6, (1 mmoL), dimedone
(10, 1 mmoL), and aldehyde (11,ImmoL) with water as the green solvent after 10 min of stirring
provided best results (Scheme 2.9). In addition, chemoselectivity of the nanocatalyst was reported
and it was demonstrated with high chemoselectivity. In addition to this selectivity, the synthesis
of mono and bis-1, 5-BZDs was demonstrated. Using a 1:1:1 M ratio of starting materials in the
presence of the catalyst, the corresponding mono-1, 5-BZDs (121 and 12m) was formed with excel-
lent selectivity and yields. However, when, a 2:2:1 M ratio of starting materials was used, the desired
bis-1, 5-BZDs were efficiently produced.®

The catalytic applications of metal-organic frameworks (MOFs) that possess Lewis’s acid
sites as the metallic centers in their structures for the cyclocondensation of acetone with different
1,2-diamines have been explored. They are valuable heterogeneous catalysts for the synthesis of
biologically active 1,5-BZDs. In addition, calix[4]arenes with acidic groups were successfully
employed as acid catalysts for the synthesis of heterocycles by Isaeva et al. In their research, the
catalytic properties of novel nanoporous materials composed of metal organic framework of para-
sulfonatocalixarene (MIL/K-SO,H) and a metal organic framework of para-tert-butylthiacalix-[4]-
arene (MIL/Ks-CN) were utilized by developing a highly efficient microwave-assisted one-pot
synthesis of 1,5-BZDs via the encapsulation of para-sulfonatocalixarene (K-SO,H) and para-tert-
butylthiacalix-[4]-arene (Ks-CN) with strong (-SO,H) and weak (-CN) acidic functionalities,
respectively, in the MOF (NH,-MIL-101(Al)) cavities, MIL/K-SO,H as shown in Figure 2.6.
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SCHEME 2.10 1, 5-BZDs synthesis using MIL/K-SO,H or MIL/Ks-CN as metal—-organic frameworks

MIL/K-SO,H and MIL/Ks-CN composite materials were prepared from an aluminium(III)
2-aminoterephthalate metal organic framework (NH,-MIL-101(Al)) matrix and calix[4]arene using
microwave-assisted synthesis. Catalytic use of the novel composite materials was investigated
during condensation of 1, 2-phenylenediamine (6) and ketone 13 (e.g., acetone, ethylmethylketone,
diethylketone, and acetophenone) at 50°C for the synthesis of substituted 1, 5-BZDs (20) (Scheme
2.10). The catalytic activity depended on the nature of the functional groups in the calix[4]arene
structure. The MIL/Ks-CN catalyst showed higher activity compared with MIL/K-SO,H, whose
activity was comparable with that of MIL-100(Al) material. The decrease in surface acidity was
because of the catalytic activity of the MIL/K-SO,H, which was related to the strong H bond
between the proton of the SO,H group and amino (NH,) group in this composite. The efficiencies
of the MIL/K-SO,H and MIL/Ks-CN catalysts were compared with zeolites and the results showed
that the MIL/Ks-CN composite had superior results compared with all zeolites, whereas the activity
of the MIL/K-SO,H system was lower.'

Maleki reported the synthesis of 2,3,4,5-tetrahydro-1H-1,5-benzodiazepine-2-carboxamide
derivatives and 4,5,6,7-tetrahydro-1H-1,4-diazepine-5-carboxamide derivatives 24 that used simple
and readily available chemicals 1,2-diamine 6, a linear 21, 22 or cyclic ketone 23 and an isocyanide
8 in the presence of a catalytic amount of ferrite-silica (Fe,0,~SiO,) NC particles in EtOH as the
green solvent at ambient temperature with excellent yields. In this work, diazepine derivatives were
prepared from one of the starting materials is isocyanide, which was why this reaction is known as
an isocyanide-based MCRs (I-MCRs) reaction (Scheme 2.11).%2
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SCHEME 2.12  Synthesis of diazepines and diazepine carboxamides in the presence of the supported Fe,O,/
SiO, (S-MNPs) nanocatalyst

The preparation of Fe,0,~SiO, NC particles was carried out by coprecipitation using readily
available Fe, O, NPs and tetraethylorthosilicate (TEOS). The prepared Fe,0,~SiO, NC particles
were characterized by TEM analysis for the size and structural identification of the catalyst.

The utility of the catalyst was confirmed using different substituted OPD 6, ketone 21 and
isocynide 8 to give the corresponding product 24 with good to excellent yields of the product.

The reusability of this catalyst was confirmed by a simple reaction and was very active after sev-
eral cycles without a remarkable loss of catalytic performance. The speciality of this catalyst was
mentioned as non-toxic, economically efficient, environmentally benign, and could be separated
from the reaction mixture by an external magnet to avoid centrifugation and filtration by traditional
methods.

Maleki reported the catalytic application of the previously mentioned nanocatalyst (i.e., Fe,O —~
Si0,) NC in a one-pot multicomponent synthesis for diazepine derivatives with excellent yields
was described. The reactions of various 1,2-diamines 25, terminal alkynes 26, and an isocyanide 14
occur in the presence of a catalytic amount of magnetically recoverable Fe,0,~SiO, NC supported
magnetic nanoparticles (S-MNPs) in EtOH as a green reaction solvent at ambient temperature
(Scheme 2.12).%

In 2015, Maleki et al. reported the preparation, characterization, and catalytic application of an
environmentally benign, clean biopolymer-based heterogeneous Fe,O,~chitosan NPs in the syn-
thesis of 1,5-BZD derivatives 29 were carried out using 1,2-diamines 6 and aldehydes or ketones
21 in EtOH as the green solvent at ambient temperature with good yields (Scheme 2.13).% The
Fe,O,—chitosan NC was recovered easily by applying an external magnetic field and reused without
any major loss of catalytic performance after a number of cycles.
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SCHEME 2.13  Synthesis of 1, 5-BZDs derivatives in the presence of Fe O, /chitosan nanocatalyst
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SCHEME 2.14 Synthesis of 1, 5-BZDs using Fe304@SiO2SO3H MNPs

To explore the generality of this protocol, extensively described the synthesis of 1, 5-diazepines,
as the main part of a seven-membered heterocyclic compound, under similar reaction conditions. In
this context, diversified 1,5-BZD derivatives 29a—p were successfully synthesized using aromatic 1,
2-diamines 6, and various ketones 21 in the presence of a catalytic amount of nano Fe,O,~chitosan
NC in EtOH at RT. The process was found to be excellent in terms of yields and time using ketones
substituted with electron-donating as well as electron-withdrawing moieties.

Sathe et al. invented the catalytic power of sulfonic acid supported on ferrite—silica super mag-
netic NPs (Fe304@Si02SO3H MNPs) via a one-pot synthesis of 1, 5-BZD derivatives. This cata-
lyst was a composite of Fe,O, NPs and sulfated silica, which acted as an acid catalyst for the one-pot
condensation of substituted OPD 6 with various ketones 12 and 18 in methanol occurred at RT to
manufacture the corresponding 1,5-BZD derivatives 19 and 20 with good to excellent yield (70%—
98%, Scheme 2.14). The catalyst quantity was optimized to 20 mol% of Fe,0,@SiO,SO,H MNPs
and the solvent effect was studied by performing the reaction with various ketones in different
solvents, in which methanol showed the greatest performance. The reaction showed broad substrate
scope and was applied to various aliphatic cyclic, acyclic, and aromatic ketones to produce a range
of functionalized BZD derivatives.%

Maleki et al., in 2018, reported a green and efficient procedure for the synthesis of various
substituted 1, 5-BZD derivatives 12 by a one-pot three-component reaction between OPD 6, dimedone
10, and aldehyde derivatives 11 in the presence of copper ferrite (CuFe,O,) MNPs as a heterogeneous
nanocatalyst under ball-milling conditions at RT (Scheme 2.15).% CuFe O, MNPs were prepared
by thermal decomposition of copper nitrate (Cu(NO,),) and Fe(NO,), in water in the presence of
NaOH and calcinated at 700°C for 5 h. For the optimization of reaction conditions, a model reaction
of OPDA 6 (1 mmol), 4-chlorobenzaldehyde 11d (1 mmol), and 5, 5- dimethylcyclohexane-1,3-
dione 10 (1 mmol) were obtained under ball-milling conditions at RT. Using 0.046 g (20 mol %) of
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SCHEME 2.16 Optimization of reaction conditions

CuFe, O, MNPs was sufficient to complete the reaction after 25 min to give 12d (98% yield). Then,
to examine the scope and generality of these conditions for the synthesis of a variety of 4-substituted
1, 5-BZD derivatives were studied under the optimized reaction conditions.

Shoeb et al. reported the relative study of mesoporous titanium dioxide (TiO,) NPs and graphene-
mesoporous TiO, NCs (Gr@TiO, NCs) as a heterogeneous catalyst in the synthesis of pharma-
ceutically important BZD derivatives. Mesoporous TiO, NPs and Gr@TiO, NCs catalysts were
synthesized via a wet chemical method. In the study of catalytic activity of TiO, NPs and Gr@TiO,
NC:s in the synthesis of BZDs by the reaction of dimedone 10, OPD 6 and aromatic aldehydes 11
were compared, and with the addition of Gr, the catalytic activity of TiO, was appreciably enhanced
(Gr@TiO, NCs). Therefore, potentially there were only strong m— interactions between the aro-
matic derivatives and GR sheet, and the Gr@TiO, NCs had a better catalytic performance for the
synthesis of BZD derivatives 12 compared with mesoporous TiO, NPs (Scheme 2.16).””

The authors optimized the reaction conditions for h the catalysts, such as the quantitative load
of catalysts, reaction temperature, and suitable solvents by considering model reactions of OPD
6, dimedone 10, and m-nitro benzaldehyde 11b to give the corresponding BZD product 12b
(Scheme 2.16).

After conducting a set of experiments, the optimized conditions for the reaction used 0.14 g Gr@
TiO, NCs stirred in EtOH at 20°C with a short reaction time (10 min) to produce a high yield (98%)
of product 12b. In addition, they investigated the individual catalytic potential of TiO, NPs and Gr@
TiO, NCs in the model reaction mentioned previously. Individually, TiO, NPs catalyzed the reac-
tion at the same time and temperature; however, the yield of the reaction was very low, and in the
presence of Gr@TiO, NCs yield was improved, because the incorporation of Gr into Gr@TiO, NCs
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SCHEME 2.18 Multicomponent domino reactions

was due to the specific surface area and active center of Ti, which was well dispersed among the
catalyst, which led to a remarkable improvement in the catalytic performance.

Jamatia et al. reported that graphite oxide (GO) catalyzed the synthesis of 1,5-BZDs 31 at RT
and under solvent-free reaction conditions at 80°C from substituted aromatic diamines 6 and various
chalcone derivatives 30. The main advantages of this protocol were the metal-free carbocatalyst,
reusability of the catalyst, high substrate variation, solvent-free, mild reaction conditions, and higher
yield (Scheme 2.17).5¢

They proposed metal-free synthesis of BZD derivatives, to explore GO as a potential catalyst.
GO was prepared and characterized by various spectral techniques to confirm the formation of GO
nanoplatelets.

For the optimization of catalyst load, reaction solvent, temperature conditions, and the cata-
Iytic role of GO for the synthesis of biologically active 1,5-BZDs 31a that started from OPD 6a,
(1 mmoL) and a,B-unsaturated ketone (30a, 1mmol) was studied.

Zhang et al. reported the synthesis of bioactive 1, 5-BZD derivatives by multicomponent domino
reactions that were catalyzed by value-added p-toluenesulfonic acid MNPs (Fe,0,@SiO,-PTSA)
(Scheme 2.18). In addition, the magnetic nanocatalyst was used in the synthesis of a number of
1,5-dihydrospiro[benzo[b][1,4]diazepine-2,3’- indole derivatives with good to excellent yields
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SCHEME 2.20 Substrate variation for the domino synthesis of 1, 5-BZDS

(Scheme 2.19). In a one-pot synthesis strategy, two new N heterocycle (E.G., indole and diazepine)
rings and four new chemical bonds (E.G., one C—C, two C=N, and one C=C) were constructed by a
series of multicomponent domino reactions. This was the first reported method for the synthesis of
functional 1, 5-BZD derivatives that used an indole ring.®

After the successful synthesis of BZDs by a three-component reaction as discussed previously,
the next reaction tried to execute the same type of reaction with benzoyl acetone 33 instead of ethyl
acetoacetate 32 (Scheme 2.20).

Four-component domino reactions (4CDR) have been effectively carried out by the condensation
of OPD 6, isatin 3, and ketones 21 or 40 with N,N-dimethylformamide dimethyl acetal 35 to give
compound 39 with an excellent yield of 97%. Then, compound 39 was successfully synthesized
from compounds 3 and 1, 2-phenylenediamine 6 with an outstanding yield of 96% (Scheme 2.21).
Due to the straightforward process and high yield of the previous steps, the formation of targeted
molecule 6 was achieved as the key step for this protocol. For optimization of the reaction conditions
for this protocol, which included the catalysts load, solvents selection, and temperature, 10 mol%
of the catalyst Fe,O,@SiO,-PTSA MNPs were sufficient for an excellent yield, EtOH gave the best
results at RT.
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SCHEME 2.21 One-pot synthesis of 1,5-dihydrospiro[benzo[b][1,4]diazepine-2,3’-indole] derivatives
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SCHEME 2.22 Synthesis of benzodiazepine derivatives 4a—k in the presence of CoFe204@SiO2@NH-
NH2-PCuW under solvent-free conditions

The merit of these protocols have been discussed, along with the green reaction process, recyc-
lable magnetic catalysts, mild reaction conditions, short reaction times, and high yields of products.

2.3.4 METHODS FOR THE SYNTHESIS OF 1,4-BENZODIAZEPINES

Savari et al. reported the manufacture and characterization and investigated the catalytic per-
formance of CoFe O,@Si0,@NH-NH,-PCuW NC (diamine modified silica coated cobalt ferrite
polyoxometalate nanocomposite) as a magnetic heterogeneous nanocatalyst that had Bronsted and
Lewis acid properties for the synthesis of 1, 4-BZDs.The authors prepared CoFe,0,@SiO,@NH-
NH,-PCuW by the reaction of heteropoly acid (H,PW, CuO, ) with diamine modified silica-coated
magnetic nanoparticles (MNPs) in an EtOH-water solvent system. The catalytic activity of the
developed NC catalyst was confirmed in the synthesis of 1, 4-BZD derivatives 12 via the three-
component condensation of OPD 6, dimedone 10, and various aldehydes 11 under solvent-free
conditions (Scheme 2.22).7°

Singh et al. explored the synthesis and catalytic utility of lanthanum oxide [La,0,] and lanthanum
hydroxide [La(OH),] NPs as heterogeneous bases for the three-component reaction of aldehyde
11, dimedone 10, and OPD 6 for the synthesis of 1,4-BZD derivative 12 (Scheme 2.23).”" Both
synthesized catalysts showed a pure phase formation by XRD pattern. The basicity of La,0, and
La(OH), were measured by CO —~temperature-programmed desorption (TPD) experiment at RT.
These compounds are basic and show considerable CO, uptake and show two major peaks with peak
temperatures at 350°C and 500°C. This experiment suggested that there were two different basic
sites with varying strengths and a broad peak was present in La,0, NPs and had an ample choice of
sharing in basic site strength. Surface area measurements that used Brunauer—-Emmett—Teller (BET)
revealed a low surface area for both the materials. TEM measurements indicated agglomerated
particles with heterogeneous size distribution. The multicomponent reaction proceeded smoothly in
aqueous media and organic solvents. The heterogeneous catalyst was successfully recycled 11 times
without losing catalytic activity.
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Kausar et al. reported carbon nanomaterials, particularly Gr-based materials (i.e., GO) nanosheets
that were used as carbocatalysis in a one-pot, three-component reaction for the synthesis of biologic-
ally relevant dibenzo[1,4]diazepine scaffold 12 and 41 from the reaction between OPD 6, aldehydes
11, ketones 21, and 1,3-dicarbonyls 10 in aqueous medium effectively with high selectivity.”

GO nanosheets were prepared by the oxidation of Gr powder that used an improved Hummer’s
method. Characterization of the prepared GO nanosheets was carried out with field emission
scanning electron microscopy (FESEM), TEM, XRD, and FTIR spectral analysis. The structural
properties of the synthesized GO nanosheets were carried out with XRD analysis and FTIR. The
surface morphological properties were investigated by the FESEM and TEM images of the GO
nanosheets and confirmed that GO was composed of a few layers, which resulted in a high surface
area, which is an essential criterion for efficient catalytic activity.

Three-component synthesis of BZD derivatives via OPD, dimedone, and benzaldehyde has been
carried out. The outcome of the reaction showed that GO nanosheets were low-weight (15 mg) in
water at 70°C and gave excellent yield (95%) within 30 min (Scheme 2.24).

In contrast, Kryptofix 22 (K 22) as a precise class of aza-crown ether are known for their high
binding affinity and selectivity toward transition metals (Figure 2.7).
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SCHEME 2.25 Synthesis of 1,4-BZD derivatives in the presence of CoFe204@GO-K 22.Ni nanocatalyst

The unique structure and properties of K 22 have made them a favorable candidate for a broad
array of applications over the last few decades. They have been extensively used in several dis-
ciplines, such as supramolecular chemistry, biochemistry, materials science, catalysis, separation,
and biomedicine applications and have are versatile when selectively binding a range of metal
ions for the development of the new concept of host—guest chemistry.”*’® Therefore, Mozafari and
Ghadermazi reported the fabrication of GO-based nickel (Ni) NPs incorporated into a Kryptofix 22
conjugated magnetic nano GO composite (CoFe,0,@GO-K 22.Ni), by the grafting Kryptofix 22
moieties onto the magnetic nano GO surface, followed by the reaction of the NC with nickel nitrate
(Ni(NO,),) solution. The Kryptofix 22 host material unit cavities can stabilize the Ni NPs effect-
ively and prevent their aggregation and separation from the surface. Fabricated NC catalysts were
characterized by FTIR, FE-SEM, thermo-gravimetric analysis (TGA), inductively coupled plasma
(ICP), EDX, XRD, vibrating sample magnetometer (VSM), and BET to determine their structural,
morphological, thermal, elemental composition, and magnetic properties. The surface area, pore
volume and size were found by BET analysis, which are important conditions for a good catalyst.
CoFe,0,@GO-K 22.Ni NC catalyst was efficiently applied for the synthesis of 1, 4-BZD derivative
12 (Scheme 2.25). 7 The main advantages of this method were the mild reaction conditions, inex-
pensive catalyst, environmentally benign, and shorter reaction time. This organometallic catalyst
could be easily separated from a reaction mixture and was successfully examined for six runs with
a slight loss of catalytic activity.

In 2016, Shaabani reported the fabrication of two catalysts from the Nobel metals, gold and
silver with copper bimetallic (Au-Cu and AgCu) NPs supported on guanidine-grafted and were
characterized by various instrumental techniques to investigate the structural, morphological, and
surface properties. The synthesized bimetallic NPs supported on guanidine-grafted reduced GO
nanosheets (e.g., AuCu@G-rGO and AgCu@G-rGO) nanocatalysts reported excellent catalytic
property for a one-pot tandem reductive/multicomponent reactions (MCRs) with 2-nitroanilines
43 for the synthesis of tetrahydro-1H-benzo[b][1,4]diazepine-2-carboxamide 47 and 1H-tetrazolyl-
benzo[b][1,4]diazepine derivatives48 (Scheme 2.26).%

In the previous protocol, an Au-containing bimetallic nanocatalyst showed the best results for
high yields and better selectivity compared with an Au-containing bimetallic nanocatalyst.

De et al. investigated the catalytic utility of zeolite-Y nanopowder in a one-pot three-component
MCR for the synthesis of spiro dibenzo[ 1,4]diazepine derivatives 49 by reacting isatins 3, cyclic-1,3-
diketones 10 and 1,2-phenylenediamines 6. The zeolite-Y nanopowder catalyst was synthesized by a
hydrothermal method that used NaOH, tetramethylammonium hydroxide, aluminum isopropoxide
and demineralised (DM) water. The synthesized catalyst was characterized by XRD, high reso-
lution transmission electron microscopy (HRTEM), EDS, and BET analysis for the structural, mor-
phological, and elemental compositions and stoichiometry and the surface properties, respectively.
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SCHEME 2.26 Synthesis of tetrahydro-1H-benzo[b][1,4]diazepine-2-carboxamide and 1H-tetrazolyl-
benzo[b][1,4]diazepine derivatives using tandem reductive/MCRs strategy
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SCHEME 2.28 Synthesis of one-pot multicomponent 1, 4-benzodiazepine derivatives

X-ray photoelectron spectroscopy (XPS) analysis was carried out to investigate the actual electronic
environment and oxidation state of the elements (Scheme 2.27).%!

Nasir et al. studied the synthesis of heterogeneous versatile NiO-SiO, nanocatalysts by a sol-gel
auto-combustion method and used it as a catalyst for the synthesis of one-pot multicomponent 1, 4-
BZD derivatives (12a-u) from a mixture of OPD 6, aromatic aldehydes 11, and dimedone 10 under
microwave irradiation (Scheme 2.28).%8

The experiment was carried out by conventional and microwave irradiation methods. In general,
the materials that have high dielectric constants and absorb microwave irradiation were used for
microwave applications. One drawback of this protocol was noted, which was the conventional syn-
thesis method required less time for completion of the reaction over the microwave strategy.
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SCHEME 2.30 Synthesis of 1,4-diazepine derivatives in the presence of MNPs-NHC,H,SO,H under
microwave irradiation

Safaei-Ghomi et al. presented their results on the catalytic activity of Fe,O,@SiO,- NHC H,SO,H
MNPs in the microwave irradiation/assisted heterogeneous catalysis for the synthesis of 1,4-
diazepines that contained a tetrazole ring 50.** These compounds possess more importance in many
applications, mostly in medicinal chemistry and drug discovery (Scheme 2.29). In this report, the
preparation and characterization of magnetic NC materials (Fe,0,@SiO -NHCH,SO,H MNPs)
were depicted. First, magnetic nano ferrite material particles (Fe,O, MNPs) were synthesized
by chemical coprecipitation that started with from FeCl, and FeCl,, then SiO,-coated MNPs
(Fe,0,@8i0, MNPs) were prepared by the addition of tetraethylorthosilicate (TEOS). After vig-
orous stirring at RT for16 h, the core/shell MNPs (Fe,O,@SiO, MNPs) were isolated by magnetic
decantation to remove the unbounded silica particles and dried at RT under a vacuum and finally
washed with deionized water, EtOH, and acetone. In the next step preparation of Fe,O,@SiO,-Cl
MNPs were reported by the treatment of (3-Chloropropyl)trimethoxysilane on Fe,O,@SiO, MNPs
in an inert N atmosphere. Finally, MNPs-NHC H,SO.H as the final catalyst was prepared by the
chemical treatment of sulfanilic acid in triethylamine solvent in an atmosphere. After 2 days a
brown solid catalyst was obtained (Scheme 2.30). The prepared MNPs-NHC H,SO_H catalyst was
characterized by XRD, FTIR, SEM, and VSM for structural, morphological, and magnetic prop-
erties, respectively.

For optimization studies for the synthesis of 1, 4-diazepines, the model reaction of acetone 13,
2, 3-diaminomalononitril 6, cyclohexylisocyanid 14, and trimethylsiliazide 44 was used as standard
reagents. Different reaction conditions were performed, and the best results were obtained under
microwave irradiation (400 W) in methanol, and the reaction gave a satisfactory result in the presence
of MNPs-NHC,H,SO,H (0.008 g). In this study, microwave irradiation was utilized as green and
complementary technique for the synthesis of a 1, 4-diazepines containing tetrazole ring 50.
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SCHEME 2.31 CoFe,0,@Si0O,-PrNH, NC catalyzed synthesis of BZDs

The efficiency of MNPs-NHC H, SO H catalysts was confirmed in the synthesis of 1, 4-diazepine
derivatives using a number of substituted ketones and diamines.

2.4 SYNTHETIC APPROACHES FOR FUSED BENZODIAZEPINES

Miri et al. reported a novel, simple, and efficient method for the synthesis of BZD derivatives that
was catalyzed by CoFe O, @SiO -PrNH, MNPs. The fabricated NC CoFe,O,@SiO,-PrNH, MNPs
acted as an efficient catalyst for the synthesis of BZD using MCRs between 1, 2-phenylenediamine 6
with dimedone 10 and different aldehydes 11, or with Meldrum’s acid 7 and isocyanide 8 substrates
(Scheme 2.31). Various reaction conditions were optimized by performing the MCRs at RT with
different catalysts. The NC CoFe O,@SiO,-PrNH, catalyst provided the best results and the
optimized reaction conditions were applied to a wide range of substrates to yield a diversity-oriented
library of BZD.%

2.5 CONCLUSIONS AND FUTURE PERSPECTIVES

The discovery of bioactive natural products that contain a seven-membered ring has helped to estab-
lish valuable synthesis methods for their construction. Particular focus has been placed on the syn-
thesis of azepine and diazepine derivatives because these are important skeletal units that are found
in numerous natural products and compounds with important chemical, biological, and medicinal
activities.

BZDs have an advantageous structural framework in progressive medicinal chemistry and have
a large spectrum of biological activities and wide applications in several areas. Their potential has
increased interest from organic and medicinal chemists to design a library of medicinally active
compounds. In the last two decades, significant developments have been made in the improvement
of the synthesis strategies for BZDs compared with the conventional approach. Currently, the scope
of one-pot MCRs has been explored to design easy, straightforward, and efficient protocols for the
synthesis of BZD derivatives. MCRs are frequently used as potent protocols for the synthesis of
biologically important organic compounds, These processes are fast and trouble-free in conjunction
with their scaffold diversity, which has been used by the pharmaceutical industry to design and dis-
cover biologically relevant compounds.
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The previous remarks and discussion reflect that there is significant and extended scope in the
development of MCRs protocols to extend the substrate range of seven-membered rings. This
chapter summarized the catalytic uses of various nanocatalysts in the synthesis of many pharma-
ceutically active seven-membered compounds, such as various derivatives of azepines, analogs
of benzoazepines, and diazepines can be obtained via one-pot MCRs as a competent synthetic
approach. The applications of nanocatalysts are increasing in catalysis as they are designed at the
nanolevel, especially for heterogeneous catalysts. Nanosized supported NPs or NCs have attracted
much attention due to their versatile physical surface and catalytic properties and applications in
catalysis, especially the oxides of transition metals. These nano oxides exhibit good catalytic activity
due to their large surface area, inherent adsorptive properties, and active sites. Recently, MNCs have
increased their demands in catalysis, especially for heterogeneous catalysis. MNCs could assist
researchers in the design of catalysts with good activity, stability, selectivity, and reusability due to
their isolation using an external magnet. Most of the heterogeneous systems require filtration or a
centrifugation step or a complicated workup for the final reaction mixture to recover the catalyst.
These active magnetic nanocatalytic systems possess several advantages over conventional cata-
lyst systems. Magnetic nanocatalysts are small and have a large surface area to volume ratio. Since
the available surface area of the active component of the catalyst is large, the contact between the
reactant molecules and catalyst is enhanced to a significant extent to facilitate the heterogeneous
catalytic system. The easy control over size, shape, and morphology makes it possible to ration-
ally design materials that are needed for a particular catalytic application. Tuning the properties of
metals is possible at the nanoscale, which would be impossible with their macroscopic counterparts.
Their magnetic nature allows them to be separated using an external magnet: therefore, facilitating
recyclability and reusability.

This smart synthetic method is much more prolific for the synthesis of many seven-membered
drug-like azepines, analogs of benzoazepines, and diazepines scaffolds as pharmaceutically
interesting heterocycles. This chapter should motivate more interesting research in this field and
could provide useful information on the synthesis of seven-membered heterocyclic compounds for
the improvement of clinically viable agents for the treatment of various diseases.
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3.1 INTRODUCTION
3.1.1 PYRROLINE

Heterocyclic ring systems are the fundamental building blocks in the majority of drugs that are used
to treat animal and human diseases. Among these heterocyclic rings, those that contain nitrogen
(N) are the most significant. Pyrrolines, which are the dihydro derivatives of pyrroles, have received
considerable attention recently since they exhibit a large range of biological activities. Pyrrolines
have three structural isomer classes (Figure 3.1), which is based on the double bond: (1) 1-pyrrolines
(3,4-dihydro-2H-pyrroles); (2) 2-pyrrolines (2,3-dihydro-1H-pyrroles); and (3) 3-pyrrolines
(2,5-dihydro-1H-pyrroles).

Pyrrolines are considered privileged structures, which is reflected by their presence in many
bioactive compounds from natural sources,'~* such as hemes, chlorophyll,'® alkaloids,'"'? and in bio-
active synthetic molecules.!>"?

I-pyrrolines are cyclic imines whose reactivity allows synthetic manipulation through a nucleo-
philic attack on the prochiral endocyclic imine. Therefore, stereoselective transformations can
occur.?’ 2-pyrrolines possess an enamine moiety that permits the further functionalization of the
ring system. 2-pyrrolidines are found frequently within the literature as 2,3-dihydropyrroles since
the monohydrogenation of pyrroles leads to 2,3-dihydropyrroles. In contrast, the cyclic amine and
alkene functional groups of the 3-pyrrolines react separately. When this cyclic core is employed
as a precursor, further modifications often involve the covalent bond, which might be easily
transformed, for example, by hydrogenation, (di)halogenation and dihydroxylation. Therefore,
the 1-, 2-, and 3-pyrrolines represent appealing intermediates to produce pyrroles and pyrrolidines
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FIGURE 3.2 Selected examples of biologically active 1-pyrrolines

through oxidation®! and reduction,?>? respectively. Due to the remarkable breadth of their reactivity,
pyrrolines are useful intermediates within the preparation of more complex heterocycles.?*’

The 1-pyrroline core is found in numerous compounds with biological activity (Figure 3.2).
Examples include the iminosugar nectrisine (1),*® which was discovered as an immunomodulator;
the iminosaccharide 2 that has glycosidase inhibitory activity,’*** and 1-pyrroline 3 that has
antihypertensive properties,*' b-trifluoromethylated 1-pyrrolines (4—6)* are gas synthase inhibitors*
and possess anti-infective,*¢ antitumor,*” and anti-inflammatory activities.*®

The five-membered, nitrogen-containing (N) pyrroline ring might be a privileged structure.
This ring is present in many bioactive compounds from natural sources. This chapter aims to
elucidate the most recent advances for the synthesis of pyrrolines by transition metal-catalyzed
cyclizations. Only reactions during which the pyrroline ring is made by metal promotion will be
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described. Transformations of the pyrroline ring in other heterocycles, and therefore, the structural
manipulations of the pyrroline itself are not discussed. The chapter is organized into three parts,
each covers the metal-mediated synthesis of the three pyrroline isomers. Each part is subdivided
according to the metal involved and concludes with a brief description of notable biological activ-
ities within the class.*

1-pyrrolines can be synthesized by copper (Cu) catalysis. Chiba et al*® developed a way for
the synthesis of oxymethyl substituted pyrrolines that employed Copper(Il) acetate (Cu(OAc),)-
mediated intramolecular aminooxygenation of alkenylimines with 2,2,6,6-tetramethylpiperidinyloxy
(TEMPO) (Scheme 3.1). The addition of a Grignard reagent (i.e., p-tolylmagnesium bromide) to a
variety of alkenyl carbonitriles 1 was performed in a sealed tube at 60°C, methanol (MeOH) was
used to protonate the products, and dimethyl formamide (DMF) was added in a degree of 0.1 molar
concentration. Then, 1 equivalent of Cu(OAc), and 1.5 equivalents of TEMPO were added. The
aminooxygenation proceeded smoothly at 60°C producing (after 2 h) diverse oxymethyl pyrrolines
2 in moderate yields (typically 50%). Various other Grignard reagents were equally successful in
this process.

Stevens et al®' synthesized a library of 10 1-pyrrolines from a,0,-dichlorinated imines 3 that
employed a heteroatom transfer radical cyclization (HATRC) (Scheme 3.2). The free radical ring
closure reaction was performed with copper chloride (CuCl) in the presence of N,N,N’,N”,N”-
pentamethyldiethylenetriamine (PMDTA) as a ligand. Other ligands, such as N,N,N’,N’-
tetramethylethylenediamine (TMEDA) proved equally efficient. The addition of these ligands
modified the solubility, and therefore, the redox potential of the Cu catalyst; therefore, improving
its activity. The formation of the five-membered ring proceeded through a radical 5-exo-trig cyc-
lization 4. Two stereogenic centers were generated during the ring closure. The reaction displayed
a superb cis/trans diastereoselectivity (i.e., diastereoisomeric ratios are in the range of 90 to 100).
The diastereoselectivity was attributed to the steric hindrance caused by the ethoxy substituents of
the phosphonate.

The development of anovel selective Cu-catalyzed, azide radical-mediated, [2 + 2 + 1] annulation of
benzene-linked 5, n-enynes (n = 6, 7) to give fused pyrrolines 7 (Scheme 3.3). Azidobenziodoxolone
6 was the source of the azide radical. Other azide reagents, such as trimethylsilyl azide (TMSN,)
and sodium azide (NaN,) failed to produce the fused pyrrolines. This one-step synthesis of fused
pyrrolines proceeded via the generation of the azide radical from azidobenziodoxolone 6 with the
aid of the Cu** species as catalyst.>

Ry
R, 1. p-ToI-MgBrl(1.2 equiv) Et20 R4 R,
R 60 0C time, MeOH N R4 N\ Tol
~0 p-To
CN 5 Cu (OAC), (1.0 equiv) R
R R4 TEMPO (1.5 equiv) R 4
3 DMF (0.1 M), R.T. 2h 3

1 2

SCHEME 3.1 Cu(II)-mediated intramolecular aminooxygenation of alkenylimines toward 1-pyrrolines
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SCHEME 3.2 Cu-catalyzed HATRC toward 1-pyrrolines
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SCHEME 3.4 Cu-catalyzed heteroannulation reaction between aryl ketone-derived ketoxime acetates and
2-arylideneindane-1,3-dione
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SCHEME 3.5 Au-catalyzed cyclization of N-propargylic f-enaminones 1 toward 1-pyrrolines 2 in presence
of aryne precursor 3

The development of an efficient Cu-catalyzed heteroannulation reaction between 2-
arylideneindane-1,3-diones 8 and ketoxime acetates 9 for the straightforward synthesis of
spiro[indane-1,3-dione-1-pyrrolines] 10 was developed (Scheme 3.4). The methodology showed
broad substrate scope and tolerated functionalities in the 2-arylideneindane- 1,3-diones and aromatic
ketoxime acetates. Alkyl ketoxime acetates did not deliver the spiro compounds.>

3.1.2  SYNTHESIS OF 1-PYRROLINES BY GOLD CATALYSIS

Through catalyst screening, the mixture of gold triphenylphosphine gold(T) chloride (AuCl-Pet,) (10
mol%) and silver hexa fluoroantimonate (AgSbF,) (15 mol%) in the presence of the aryne precursor
13 in CH,CN at 80°C gave the best yields (Scheme 3.5). Evaluation of the scope of the reaction
using different N-propargylic f-enaminones demonstrated that enaminone with electron-donating
groups increased the yield of cyclization products.>

Yang et al showed oxime esters as electrophilic partners for iron (Fe) catalysis (Scheme 3. 6).
Reductive cleavage of the oxime nitrogen—oxygen (N-O) bond by Fe generated useful iminyl
radicals,’ Coupling of iminyl radical derivatives of ¥,5-unsaturated oxime 14 with silyl enol ether
15 lead to pyrroline 16 through an intramolecular C—-N bond formation. The Oche and therefore
the Okamoto group disclosed a Fe-catalyzed methodology to realize 1-pyrrolines 16 (Scheme 3.6),
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SCHEME 3.7 Synthesis of 1-pyrrolines 19

which involved the formation of iminyl radicals from alkene-tethered oxime esters 14 and subse-
quent aminative cyclization and intermolecular homolytic aromatic substitution (Scheme 3.7).>” The
optimized conditions used 10 mol% of iron(Il) trifluoro methanesulfonate (Fe(OTf),) and ligand
L1 in the presence of aromatic compounds (150 equiv.). The mixture was heated a 120°C for 12
h. The reaction tolerated different arenes 18 with electron-rich and electron-poor substituents, poly-
cyclic aromatic compounds and as N or sulfur-containing (S) heteroarenes. For the scope of alkene-
tethered oxime ester 17, R = picolinoyl ester 17a-2-Py and R= pivaloyl ester 17a-tBu could be
used with the picolinoyl ester that gave better yields with substituted arenes. Oxime esters with
substituted alkenes (R1# H and/or R2 # H) provided 1-pyrrolines 19 in good yields.

3.2 INDOLIZINE

An indolizine-based oligomer was synthesized by stirring of 1-(a-alkoxybenzyl)-indolizine deriva-
tive in chloroform. The oligomer was characterized as an octamer; it had been the most compo-
nent within the obtained mixture of oligomers. The oligomerization was accelerated by acid and
lightweight. The green color of the oligomer under acidic conditions turned raw sienna under
basic conditions. This color change might be repeated by changing the acidic/basic conditions. An
indolizine framework that consisted of an electron-deficient pyridine ring and an [a]-fused electron-
rich pyrrole ring (Scheme 3.8), provided a biased electron density. Because of this electronic struc-
ture, indolizine derivatives exhibit potential biological activities,™® and optical properties.5-¢>
Therefore, numerous indolizines have been synthesized by several methods.®% Previously, an arti-
ficial method was demonstrated for functionalized indolizines from 2-ethynylpyridines that used
functionalities; a nucleophilic ring N and reactive ethynyl group.®® When a solution of indolizine
in chloroform-d was stirred at room temperature (RT) for 1 day, the color of the solution changed
from yellowish-brown to bluish-green. This experimental result prompted the study of this phenom-
enon; an indolizine-based oligomer was formed.” However, detailed information was not obtained
due to a poor experimental environment. After the preliminary findings, any report that handled
indolizine-based oligomer was not found during the last half century, which prompted a focus and
reinvestigation of this phenomenon. Indolizine has gained increased attention as a key pharmaco-
phore in a number of small molecule drug discovery research.’®% Distinctive substitution patterns
of basic indolizine backbone allowed a variety of biological activities. Therefore, synthetic methods
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SCHEME 3.9 Potential mechanism for the formation of indolizine 4

SCHEME 3.10 Synthesis of indolizine derivatives

to allow suitable functional groups to be inserted around this chemical core are highly desirable.”"!
Therefore, a highly efficient domino Knoevenagel condensation or intramolecular aldol cyclization
route for novel indolizines with polyfunctionalized pyridine units has previously been reported.”
The synthesized indolizine chemical library has unprecedented substitution patterns on the pyridine
moiety, which enabled research into their pharmacological activity. The potential mechanism for the
formation of indolizine 4 is shown in Scheme 3.9. The synthesis of indolizine derivatives 6 is shown
in Scheme 3.10. The synthesis of indolizine 8 is shown in Scheme 3.11.

3.2.1 GENERAL PROCEDURE FOR PREPARATION OF INDOLIZINES

To a solution of 2-phenylethynylpyridine 1a (179 mg, 1.0 mmoL) in dichloromethane (10 mL),
dimethyl acetylenedicarboxylate 2a (213 mg, 1.5 mmol) and methanol 3a (0.81 mL, 20 mmoL)
were added, and the resultant mixture was stirred at 30°C for 1 day. After removal of the solvent,
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SCHEME 3.11 Synthesis of indolizine

the residue was treated with chromatography on a colloid wrapped with aluminum foil to produce
indolizine 4a (e.g., eluted with dichloromethane, 177 mg, 0.6 mmol, 60%) as pale yellow oil. Other
indolizines were prepared similarly.

Efficient and atom economical access to indolizines was developed by a Cu-catalyzed cycliza-
tion of 2-(2-enynyl)pyridines with various nucleophiles through the simultaneous formation of a
C-N bond and a foreign C—nucleophile bond. 1,3-dicarbonyl compounds, indoles, amides, alcohol,
and even water, were used as nucleophiles during this reaction. Good to excellent yields of the
corresponding indolizines were obtained under mild reaction conditions.”

3.2.2 INHIBITORY ACTIVITIES OF INDOLIZINE DERIVATIVES

3.2.2.1 Anticancer Activity

The indolizine derivative 1 that has 2-pyridyl amide moiety (Figure 3.1) was synthesized and
discovered as a potent inhibitor of the hedgehog pathway for tumor regression with a Gli-luciferase
(Gli-Luc) S12 IC,, value of 4.2 uM. The screening was carried out according to Gli-Luc activity in
S12 cells assay.™

Inhibitions of tubulin polymerization and HL60 cell growth assays were reported using the
synthesized indolizine compounds 2 and 3 (Figure 3.3) were determined by molecular docking
analysis. Indolizines 2 and 3 exhibited potent inhibition of tubulin polymerization in vitro with IC_,
values of 20 and12.8 uM, respectively. Compounds 2 and 3 demonstrated strong antiproliferative
activities with IC, values of 1.4 and 0.6 uM, respectively, against HL60 cancer cell lines compared
with positive control. The results of the molecular docking study revealed that compounds 2 and 3
interacted directly with the colchicine binding pocket on tubulin where the 3,4,5-trimethoxyphenyl
group was bound to the binding site of colchicine through a hydrophobic interaction with Leu 248,
Ala 250, Leu 255, and Ala 316 of tubulin, respectively. The indolizine ring of compound 2 interacted
with the non-aromatic part of the sidechain of Asn 258 in B-tubulin.

For compound 3, the cyano group interacted with Val 181 and Lys 352 sidechains and Asn 258
sidechain in B-tubulin, and the carbonyl function acted as an H bond acceptor to the amino group of
Asp 251 main chain.”

A series of 3-cyclopropylcarbonyl-indolizines 4 (Figure 3.3) were prepared and investigated
for their antiproliferative and epidermal growth factor receptor (EGFR) kinase inhibitory activity
against Hep-G2 cell line (i.e., human hepatocellular liver carcinoma) using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and the reference compound S5-fluorouracil.
Compared with the 5-fluorouracil reference, the most active compounds were 4 (R=H, R =1,2-N-
phenylamleimide), 4 (R=R =H, R =CN), 4 (R=7-CH,, R =H, R,=CN) and 4 (R=5-CH,,8-Br, R =H,
R,=CN) with IC, values of 0.48, 0.39, 0.29, and 0.20 mg/mL. In addition, compound 4 (R=5-CH,,
8-Br, R =H, R,=CN) exhibited potent EGFR kinase inhibitory activity with IC_ = 0.085 uM, which
was closely related to the reference anticancer drug Iressa (IC, = 0.033 uM).”

The synthesized benzoyl-indolizine derivatives 5 (Figure 3.3) were established as potent human
farnesyltransferase (FTase) inhibitors. The p-bromophenyl derivatives 5§ (R =CH,, R =H, X=Br, Y=
O, n=1) that incorporated an ester moiety on the indolizine ring showed the most potent inhibition
potential with IC, = 1.3 uM. The FTase inhibitors were developed for anticancer therapy.”
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The phenothiazine-based indolizine derivatives 6 (Figure 3.3) were synthesized by [3+2] cycloadd-
ition reaction and then tested for their antiproliferative activity against 60 cell lines and as microtubule-
targeting agents. Compounds 6 showed modest tubulin polymerization inhibition of 31% and 42%,
respectively, at 10.40 M. The phenothiazine derivative 6 was the most potent with Gl values between
0.67 and 7.90 uM on 60 cell lines, where the best activity was for a melanoma (SK-MEL-2) cell line
(G, 0.67 uM) and the least was for ovarian cancer (OVCAR-4) cell line (GI ;, 7.9 uM).™ The pyrido-
fused-indolizine derivatives 7 (Figure 3.4) were reported as potent anticancer agents. They were effective
against all colorectal cancer (CRC) cell lines. Compound 7 (R=3,4-of hydrophilic (OH)) showed the
highest activity against HT-29 and HCT116 with IC, values 14.3 and 14.8 pM, respectively. Structure-
activity relationship (SAR) established that the presence of OH groups at the 3- and 4- positions of the
aromatic ring and at C4 of the indolizine moiety were fundamental for the potency against CRC cell lines.
The cytotoxicity results confirmed that compound 7 (R = 3,4-OH) was not toxic at the concentrations
needed to minimize the viability of the CRC cell lines by 50%."

3.2.2.2 Antiviral activity

A number of indolizine-esters 1 (Figure 3.5) were synthesized by a multistep reaction and examined
for their anti-HIV-1 activity. Compound 1 (Ar = Ph) (VEC-5) was established as a potent HIV-1 viral
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FIGURE 3.6 Indolizine derivatives

infectivity factor (VIF) inhibitor under clinical trials and was promising as a potent prodrug (with
IC, = 36.1 uM and CC = 167.4 uM). SAR proved that the insertion of hydrophilic groups (OH or
NH,) at the benzoyl moiety led to a remarkable decrease in antiviral activity than the unsubstituted
benzoyl. However, replacing phenyl with 4-pyridyl moiety significantly improved the antiviral
activity.

Therefore, compound 1 (Ar = 4-pyridyl) revealed the best inhibitory potency against HIV-1
VIF with an IC50 of 11.0 uM and ST of 12.5, which was far better than VEC-5, and proved that
it was a highly promising candidate for HIV-1 clinical trials. The modification of the ester group
led to promising results to further improve the inhibitor’s activity.?* 8 The synthesis of various
indolizine heterocycles 2 and 3 (Figure 3.5) was reported and their activity as HIV-1 VIF inhibitors
was evaluated. Most of the reported derivatives showed good inhibition activities for VIF-mediated
A3G degradation, compared with the known VIF inhibitor VEC-5 with low cytotoxicities. The best
inhibitory activity was observed in compounds 2a and 2b with IC, of 19.3 and 20.1 uM, respect-
ively. The reported results were important for the development of more potent anti-HIV drugs.®>83
A series of indolizine derivatives that had pyrimidine or 1,3,5-triazine moieties 1 and 2 (Figure 3.6)
were useful as non-nucleoside inhibitors of HIV-1 reverse transcriptase (HIV-RT). Compounds 1 and
2 were potent HIV-RT inhibitors with EC,, values <10 nM with greater activity than the reference
Efavirenz (EC,; 30 uM) and had normal cytotoxicity and good solubility.** Numerous indolizine
compounds that have general structure 3 (Figure 3.5) [R,=NH,, NHalkyl, OH, OEt; R,= aryl, alkyl,
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NH,, NHCOR; R, = H and R, = substituted alkyl or CHO; or R, = substituted alkyl or CHO and
R, = H] were invented and evaluated as anti-HIV-1 agents. The prepared compounds inhibited the
activity of VIF and significantly reduced virus replication. Compound 3, for example, demonstrated
high HIV-1 inhibition activity with IC, = 20.1 uM and 50% CC_;250.5 uM*.

3.2.2.3 Anti-inflammatory activity

A large number of indolizine derivatives were patented as effective inhibitors of 5-lipoxygenase
activating protein (FLAP) that inhibit leukotriene production for the treatment of asthma. Among
the reported compounds, 1 (Figure 3.7) exhibited high inhibitory activity against inhibitor of
5-lipoxygenase-activating protein (LAP) with IC,, = 44 nM.* 3-alkoxyindolizine derivatives 2
(Figure 3.7) were reported as interesting inhibitors of interleukin-6 (IL-6) on lipopolysaccharide
(LPS)-induced IL-6 expression using dexamethasone as a reference drug with inhibition of 100% at
1.0 uM. The compounds 2a and 2b revealed better IL-6 inhibitory action at 100 uM in macrophages
with 66% and 74% inhibition ratio, respectively. Compounds 2 were found lead ones for further
optimization as potent anti-inflammatory agents.®’

The anti-inflammatory activity of synthesized four derivatives of 3-aminoindolizines 3a-d
(Figure 3.7.) was examined against LPS in RAW264.7 cells for the inhibition of IL-6. The four
derivatives (3a-d) revealed moderate inhibition effects (45%—-61% at 50 uM) compared with the ref-
erence dexamethasone (100% at 1.0 uM). The best candidate was 3b, which showed 61% inhibition
at 50 uM for IL-6, which was the lead compound for the investigation of potential anti-inflammatory
drugs.®

3.2.2.4 Antimicrobial agents

A number of indolizine compounds 1-3 (Figure 3.8) were reported as effective antibacterial and
antifungal agents. An antimicrobial assay was conducted against four fungal and 13 bacterial strains.
Three derivatives 1a (R=CO,Me), 1b (R=CO,Et), and 2a (R =H, R=CN) were effective against
all 13 bacterial strains (e.g., Gram-positive and negative bacterial strains). Compound 3 showed
minimum inhibitory concentration (MIC) values of 32—128 pg/ml against seven bacterial strains
(Escherichia coli, Bacillus subtilis, Vibrio cholera, Klebsiella pneumoniae, Staphylococcus aureus,
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Shigella dysenteriae, and Pseudomonas aeruginosa) and showed inhibition activity toward three
fungi (Candid. albicans, Aspergillus niger and Candida tropicalis) with MIC values 500-1,000
pg/mL and zone diameters 12, 30, and 10 mm, respectively.® The antimicrobial activity of the
synthesized indolizine derivatives 4 and 5 (Figure 3.8) was evaluated. The reported results showed
that most of the examined compounds had variable inhibitory activity on the growth of bacterial
and fungal strains. Inhibition activity against the Gram-positive bacteria was better than the Gram-
negative one. The tested compounds showed moderate inhibition activity against Aspergillus
fumigates, Geotrichum candidum, and C. albicans compared with the standard itraconazole and
clotrimazole drugs. Compound 4 was the most potent against S. aureus, B. subtilis, P. aeruginosa,
and E. coli compared with penicillin G and streptomycin standard drugs.”® A number of indolizine-
1-carbonitrile derivatives 6 (Figure 3.8) were synthesized and evaluated for in vitro antibacterial
activity against a number of Gram-positive and negative bacteria and antifungal activity against a
variety of filamentous fungi and yeasts. The best in vitro antifungal activity was observed for com-
pound 6b (Ar = 2,4-CL,C H,) with MICs = 8-32 ug/mL; however compound 6g (Ar = 4-HOCH,)
was the most active against bacteria with MICs = 16-256 ug/mL. In addition, compound 6g exhibited
bactericidal activities with minimum bactericidal concentrations similar to their corresponding
MICs.*!

A series of indolizine derivatives 5-7 (Figure 3.8) were synthesized and screened for their antibac-
terial effects. The studied microbes included several bacterial (Gram-positive and negative bacteria)
and fungal strains. The synthesized indolizines 5-7 exhibited selective toxicity to Gram-positive
bacteria S. aureus and inhibited the acido-resistant rod Mycobacterium smegmatis.*

3.2.2.5 Antitubercular activity

Several indolizine derivatives 1-4 87-90 (Figure 3.9) were synthesized and their in vitro
antimycobacterial activity were screened against Mycobacterium tuberculosis H37Rv (MTB) by
determining the MIC in triplicate. All indolizines revealed potent antimycobacterial activities and
among them, three derivatives, 3 (R = 4-F), 4 (R = 4-Cl), and 4 (R = 4-F), with MIC values of 3,
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3.9 and 1.0 uM, respectively, were stronger than the reference drug ethambutol (MIC 7.6 uM). Of
interest, the best inhibition activity was detected in compound 4 (R= 4-F) which displayed 7.6 and
4.7 times more powerful than ethambutol and ciprofloxacin reference drugs, respectively.”

Then, the indolizine heterocycles 5-6 (Figure 3.9) were synthesized and evaluated for
antimycobacterial effects. The mono-indolizine mono-salts 6a-d on primary antimycobacterial
screening exhibited superior potency to the second-line antitubercular drugs (e.g., cycloserine and
pyrimethamine) is equal because of the first cell line anti-TB ethambutol. In particular, compound 6d
displayed a strong inhibition against M. tuberculosis (MIC 12.50 uM) and it had antimycobacterial
activity adequate to that of anti-TB drug ethambutol (MIC 12.50 uM) and was superior to the anti-
TB drugs cycloserine (MIC 25 uM) and pyrimethamine (MIC 100 uM). Therefore, the salt 6d was
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SCHEME 3.12 Multicomponent synthesis of indolizines derivatives from pyridine-2-carbaldehyde

potent against replicating and non-replicating M. tuberculosis and had no toxicity.” The synthesis of
the indolizine derivatives 8a,b, and 9 (Figure 3.9) was conducted and their tubercle bacillus H37Rv
growth and InhA inhibitory activities were evaluated. The MIC values of the obtained compounds on
M. tuberculosis H37Rv strain were 109.2, 52.6, and 46.5 uM, respectively. In contrast, compounds
8a,b and 9 exhibited moderate InhA inhibition activities.*

Cu nanoparticles supported on activated catalyzed the multicomponent synthesis of
indolizines from pyridine-2-carbaldehyde derivatives, secondary amines, and terminal alkynes in
dichloromethane, in the absence of solvent, afford the heterocyclic chalcones (Scheme 12).

Compelling evidence has been offered that both processes occurred via aldehyde—amine—
alkyne coupling intermediates. In contrast to other well-known mechanisms for chalcone forma-
tion from aldehydes and alkynes, a replacement reaction pathway that involved propargyl amines
as intermediates that did not undergo rearrangement was presented. The formation of indolizines
or chalcones is driven by inductive and solvent effects, with a good array of both being reported.
In both reactions, the nanoparticulate catalyst was superior to some commercially available Cu
catalysts, and it could be recycled during chalcone synthesis.”®

3.3 QUINOLIZINIUM SALTS

Ever since their first reported synthesis,”” the quinolizinium salts 1 have occupied a prominent place
within synthetic chemistry and medicine. The quinolizinium salts and their benzologs are classified
as azonia-aromatic compounds where a bridgehead C is replaced by a quaternary N atom. This
class of organic salts has been widely studied for their biological activities. Many alkaloids, such
as berberine alkaloids,”® ! palmatine,'® columbamine,'®® jatrorrhizine, coptisine,'” worenine,'
dehydrocorydaline,'”” dehydrothialictrifoline,'® simper-virine, coralyne, and flavopereurine!®-!12
are known to possess a quinolizinium structure. Benzo[c]quinolizinium compounds are used for
the treatment of diseases that are linked to smooth muscle fiber contractions, such as hypertension
and asthma.''® In addition, they act as activators of the CF transmembrane conductance regulator
(CFTR).!"* Various berberine alkaloids exhibit antileukemic activity !> and antitumor activity.''6!”
It will even be habituated to design DNA-targeting drugs for tumor treatment.!'®

The efficient synthesis of quinolizinium salts from 2-vinylpyridines and alkynes via
Rhodium(IIT) or Rhodium(Il)-catalyzed C—H activation and annulation reaction has been
described. described. A possible mechanism that involved pyridine assisted vinylic ortho-C—H
activation, alkyne insertion, and reductive elimination was proposed.!"

A sealed tube that contained pentamethylcyclopentadienyl rhodium dichloride dimer
([Cp*RhCL,]) (1.8 mg, 0.0028 mmoL) and copper(Il) tetrafluoroborate hydrate (Cu(BF,),.6H,0)
(49.0 mg, 0.14 mmoL) was evacuated and purged with O, three times. Then, 2-vinylpyridine 1
(0.28 mmoL) and alkyne 2 (0.34 mmoL) in MeOH (1.0 mL) were added to the system via syringe
under an O, atmosphere and the reaction was stirred at 60°C for 18 h under O,. When the reac-
tion was completed, the mixture was diluted with CH,CI, (10 mL) and filtered through a celite
pad and the celite pad was washed several times with CH,Cl, (50 mL). The combined filtrate was
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concentrated in vacuo and the residue was purified by chromatography on a colloid column using
DCM/MeOH (95:5) as eluent to select the specified pure product 3. The synthesis of quinolizinium
salts is shown in Scheme 3.13. The synthesis of quinolizinium is shown in Scheme 3.14.

The efficient synthesis of quinolizinium-type heteroaromatics by Pt(Il)-catalyzed cyclization of
2-arylpyridine propargyl alcohol has been developed. The presence of a protic acid is crucial for the
success of the reaction. Mechanistic studies disclosed that the reaction proceeds via a platinum—
carbene intermediate. Additionally, the fluorescence properties of the synthesized heteroaromatics
were investigated to provide perspectives for potential applications. The synthesis of quinolizinium-
type heteroaromatics by Pt(II)-catalyzed cyclization of 2-arylpyridine propargyl alcohol is shown
in Scheme 3.15.1%

To a 50 mL-flask 1 (100 mg, 0.27 mmoL), Pd/C (6 mg, 0.027 mmoL), and MeOH (10 mL) were
added. H, was bubbled through the suspension, then the mixture was stirred at 30°C for 16 h under
one hydrogen gas atmosphere. After the reaction was completed, the mixture was filtered through a
celite pad and the celite pad was washed several times with MeOH (30 mL). The combined filtrate
was concentrated in vacuo and the mixture was separated by chromatography on a colloid column
that used a mix of DCM/MeOH (95:5) as eluent to select the specified pure product 2. The synthesis
of Tetrahydroquinolizinium salt is shown in Scheme 3.16.

The association of heteroaromatic ligands with DNA might be a crucial and biologically rele-
vant process, because it is has a strong influence on the function of the macromolecule. Therefore,
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efficient and selective DNA-targeting ligands are considered promising lead structures for drugs.
The quinolizinium ion was established as a versatile building block for the design of DNA-binding
ligands, with the long-term goal to understand the structural parameters that govern the associ-
ation of cationic hetarenes with DNA. During this, annelated quinolizinium derivatives were easily
available and their structure and substitution pattern were highly variable. Of note, the availability
of several derivatives of different sizes and shapes enabled the assessment of structure—property
relationships for their DNA-binding properties. From the literature, the systematic variation in the
ligand structure, in conjunction with analysis of the binding parameters, were often employed to
research the structural requirements of a ligand to bind to different DNA forms, such as triplex,
quadruplex, and a basic site-containing DNA.

3.4 CONCLUSION

Azidobenziodoxolone is the source of the azide radical. Other azide reagents, such as TMSN, and
NaN, failed to produce the fused pyrrolines. This one-step synthesis of fused pyrrolines proceeded
via the generation of the azide radical from azidobenziodoxolone with the aid of Cu?* as a catalyst.
Pyrroline and its derivatives are considered privileged structures, which is reflected by their presence
in many bioactive compounds. The pyrroline showed antimicrobial, antihypertensive, anti-infective,
antitumor, and anti-inflammatory activities.

Indolizine synthesis is an efficient and atom economical access that was developed by a Cu-
catalyzed cyclization. Indolizine and its derivatives gave good to excellent yields under mild reaction
conditions. Indolizine derivatives exhibit potential biological activities. Indolizine pharmacophore
has become a crucial synthetic target for novel synthetic analogs with various pharmacological
properties, such as CNS suppression, analgesic and anti-inflammatory, anticancer, antibacterial,
antioxidant, larvicidal, and anti-HIV.

Quinolizinium salts have occupied a prominent place in synthetic chemistry and medicine. This
class of organic salts has been widely studied because of their biological activities. They are known
to act as activators of CFTR. Various berberine alkaloids exhibit antileukemic activity and antitumor
activity. It cannot design the DNA-targeting drugs for tumor treatment. In addition, the fluorescent
properties of the synthesized heteroaromatics were investigated to provide perspectives for potential
applications.

REFERENCES

1. Clark VC, Raxworthy CJ, Rakotomalala V, Sierwald P, Fisher BL. Convergent evolution of chemical
defense in poison frogs and arthropod prey between Madagascar and the Neotropics. Proc Nat. Acad
Sci USA. 2005. 102:11617-22. doi.10.1073/pnas.0503502102

2. Rinehart KL, Kobayashi J, Harbour GC, Gilmore J, Mascal M, Holt TG. et al. Eudistomins A-Q, .beta.-
carbolines from the antiviral Caribbean tunicate Eudistoma olivaceum. J Am Chem Soc. 1987. 109
3378-87. doi.10.1021/ja00245a03 1

3. Marti C, Carreira EM. Total Synthesis of (—)-Spirotryprostatin B: Synthesis and Related Studies. J Am
Chem Soc. 2005. 127:11505-15. doi.10.1021/ja0518880

4. Tsukamoto D, Shibano M, Okamoto R, Kusano G. Studies on the constituents of Broussonetia species
VIII. Four new pyrrolidine alkaloids, broussonetines R, S, T, and V and a new pyrroline alkaloid,



68

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nanocatalysis

broussonetine U, from Broussonetia kazinoki Sieb. Chem Pharm Bull. 2001. 49:492—6. do0i.10.1248/
cpb.49.492

. Adams A, Kimpe ND. Chemistry of 2-acetyl-1-pyrroline, 6-acetyl-1,2,3,4-tetrahydropyridine, 2-acetyl-

2-thiazoline, and 5-acetyl-2,3-dihydro-4H-thiazine: Extraordinary Maillard flavor compounds. Chem
Rev. 2006. 106:2299-319. doi.10.1021/cr040097y

. Huang TC, Teng CS, Chang JL, Chuang HS, Ho CT, Wu ML. Biosynthetic Mechanism of 2-Acetyl-

1-pyrroline and Its Relationship with A'-Pyrroline-5-carboxylic Acid and Methylglyoxal in Aromatic
Rice (Oryza sativa L.) Callus. J Agric Food Chem. 2008. 56:7399-404. doi.10.1021/j8011739.

. Cui B, Kakeya H, Osada H. Spirotryprostatin B, a Novel Mammalian Cell Cycle Inhibitor Produced by

Aspergillus fumigatus. J Antibiot. 1996. 49:832-5. doi.10.7164/antibiotics.49.832.

. Hurley LH, Petrusek R. Proposed structure of the anthramycin—-DNA adduct. Nature. 1979. 282:529—

31. doi.10.1038/282529a0

. Ozawa M, Etoh T, Hayashi M, Komiyama K, Kishida A, Ohsaki A. Trail-enhancing activity of

Erythrinan alkaloids from Erythrina velutina. Bioorg Med Chem Lett. 2009. 19:234-6. doi.10.1016/
j-bmcl.2008.10.111

Kadish KM, Smith KM, Guilard R, Academic, San Diego (2002) The Porphyrin Handbook, ed. 354.
Tyroller S, Zwickenpflug W, Richter E. New sources of dietary myosmine uptake from cereals, fruits,
vegetables, and milk. J Agric Food Chem. 2002. 50:4909-15. doi.10.1021/jf020281p

Bacos JJ, Basselier JP, Celerler C, Lange E, Marx G, Lhommet P. et al. Ant venom alkaloids from
Monomorium species: natural insecticides. Tetrahedron Lett. 1988. 29:3061-4. doi.10.1016/
0040-4039(88)85085-8

Castellano S, Fiji HDG, Kinderman SS, Watanabe M, de Leon P, Tamanoi F. et al. Small-Molecule
Inhibitors of Protein Geranylgeranyltransferase Type 1. J Am Chem Soc.2007. 129:5843-5. doi.10.1021/
ja070274n

Schann S, Bruban V, Pompermayer K, Feldman J, Pfeiffer B, Renard P. et al. Synthesis and biological
evaluation of pyrolinic isosteres of rilmenidine. Discovery of cis-/trans-dicyclopropylmethyl-(4,5-
dimethyl-4,5-dihydro-3H-pyrrol-2-yl)-amine (LNP 509), anll imidazoline receptor selective ligand
with hypotensive activity. J Med Chem. 2001. 44:1588-93. doi.10.1021/jm001111b

Behr JB, Pearson MSM, Bello C, Vogel P, Plantier-Royon R. Synthesis and I-fucosidase inhibitory
potency of a cyclic sugar imine and its pyrrolidine analogue. Tetrahedron: Asymmetry. 2008. 19:1829—
32. doi.10.1016/j.tetasy.2008.06.019

Magedov V, Luchetti G, Evdokimov NM, Manpadi M, Steelant WFA, Van Slambrouck S. et al. Novel
three-component synthesis and antiproliferative properties doi.10.1016/j.bmcl.2008.01.019

Mou QY, Chen J, Zhu YC, Zhou DH, Chi ZQ, Long YQ. 3-Pyrroline containing arylacetamides: a novel
series of remarkably selective kappa-agonists. Bioorg Med Chem Lett. 2002. 12:2287-90. doi.10.1016/
$0960-894x(02)00429-8.

Rondeau P, Gill M, Chan, Curry K, Lubell WD. Synthesis and pharmacology of new enantiopure A3-4-
arylkainoids. Bioorg Med Chem Lett. 2000. 10:771-3. doi.10.1016/S0960-894X(00)00093-7

Cox CD, Coleman PJ, Breslin MJ, Whitman DB, Garbaccio RM, Fraley ME. Kinesin Spindle
Protein (KSP) Inhibitors. 9. Discovery of (2S)-4-(2,5-Difluorophenyl)-N-[(3R,4S)-3-fluoro-
1-methylpiperidin-4-yl]-2-(hydroxymethyl)-N-methyl-2-phenyl-2,5-dihydro- 1H-pyrrole-1-
carboxamide (MK-0731) for the Treatment of Taxane-Refractory Cancer. J Med Chem. 2008.
51:4239-52. doi.10.1021/jm800386y

Peddibhotla S, Tepe JJ. Stereoselective Synthesis of Highly Substituted A-Pyrrolines: exo-Selective 1,3-
Dipolar Cycloaddition Reactions with Azlactones. J Am Chem Soc. 2004. 126:12776-7. doi.10.1021/
ja046149i

Imbri NN, Kucukdisli M, Kammer LM, Jung P, Kretzschmann A, Opatz T. One-Pot Synthesis of
Pyrrole-2-carboxylates and -carboxamides via an Electrocyclization/Oxidation Sequence. J Org Chem.
2014. 79:11750-8. doi.10.1021/j05021823

Bai XF, Li L, Xu Z, Zheng ZJ, Xia CG, Cui YM. et al. Asymmetric Michael Addition of Aldimino
Esters with Chalcones Catalyzed by Silver/Xing-Phos: Mechanism-Oriented Divergent Synthesis of
Chiral Pyrrolines. Chem Eur J. 2016. 22:10399—404. doi.10.1002/chem.201601945

Majhail MK, Ylioja PM, Willis MC. Direct Synthesis of Highly Substituted Pyrroles and Dihydropyrroles
Using Linear Selective Hydroacylation Reactions. Chem Eur J. 2016. 22:7879-84. doi.10.1002/
chem.201600311



Synthesis of Pyrroline, Indolizine, and Quinolizinium Derivatives 69

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dannhardt KW. 1-Pyrrolines (3,4-dihydro-2H-pyrroles) as a template for new drugs. Arch Pharm.
2001. 334:183-8. doi.10.1002/1521-4184(200106)334:6<183::aid-ardp183>3.0.co;2-u

Snider BB, Neubert BJ.Syntheses of ficuseptine, juliprosine, and juliprosopine by biomimetic intramo-
lecular Chichibabin pyridine syntheses. Org Lett. 2005. 7:2715-18. doi.10.1021/010509311

Davis FA, Theddu N, Edupuganti R. Asymmetric total synthesis of (S)-(+)-cocaine and the first syn-
thesis of cocaine C-1 analogs from N-sulfinyl f-amino ester ketals. Org Lett. 2010. 12:4118-21.
doi.10.1021/011017118

Mei Z, Ma N, Weijun F, Chen X, Guanglong Z. Gold-Catalyzed Homocoupling Reaction of Terminal
Alkynes to 1,3-Diynes. Bull Korean Chem Soc. 2012. 33(4), 1325-8. doi.10.5012/bkcs.2012.33.4.1325
Nebe MM, Kucukdisli M, Opatz T. 3,4-Dihydro-2H-pyrrole-2-carbonitriles: Useful Intermediates in
the Synthesis of Fused Pyrroles and 2,2'-Bipyrroles. J Org Chem. 2016. 81:4112-21. doi.10.1021/acs.
joc.6b00393

Humphrey JM, Liao Y, Ali A, Rein T, Wong YL, Chen HJ. et al. Enantioselective total syntheses of
manzamine a and related alkaloids. J Am Chem Soc. 2002. 124:8584-92. d0i.10.1021/ja0202964.
Martin R, Jager A, Bohl M, Richter S, Fedorov R, Manstein DJ. et al. Total Synthesis of Pentabromo-
and Pentachloropseudilin, and Synthetic Analogues-Allosteric Inhibitors of Myosin ATPase. Angew
Chem Int Ed. 2009. 48:8042—6. doi.10.1002/anie.200903743

Wegner J, Ley SV, Kirschning A, Hansen AL, Montenegro GJ, Baxendale IR. A total synthesis of
millingtonine. Org Lett. 2012. 14:696-9. doi.10.1021/01203158p

Zhang H, Curran DP. A short total synthesis of (+)-epimeloscine and (+)-meloscine enabled by a cas-
cade radical annulation of a divinylcyclopropane. J Am Chem Soc. 2011. 133:10376-8. doi.10.1021/
ja2042854

Ritthiwigrom T, Willis AC, Pyne SG. Total Synthesis of Uniflorine A, Casuarine, Australine, 3-epi-
Australine, and 3,7-Di-epi-australine from a Common Precursor. J Org Chem. 2010. 75:815-24.
doi.10.1021/j0902355p

Kaden S, Reissig HU. Efficient Approach to the Azaspirane Core of FR 901483. Org Lett. 2006.
8:4763-6. doi.10.1021/01061538y.

Dhand V, Draper JA, Moore J, Britton R. A short, organocatalytic formal synthesis of (-)-swainsonine
and related alkaloids. Org Lett. 2013. 15:1914-17. d0i.10.1021/01400566j

Garcia LL, Carpes MJS, de Oca ACBM, dos Santos MAG, Santana CC, Correia CRD. Synthesis of
4-Aryl-2-pyrrolidones and B-Aryl-y-amino-butyric Acid (GABA) Analogues by Heck Arylation of 3-
Pyrrolines with Arenediazonium Tetrafluoroborates. Synthesis of (+)-Rolipram on a Multigram Scale
and Chromatographic Resolution by Semipreparative Chiral Simulated Moving Bed Chromatography.
J Org Chem. 2005. 70:1050-3. doi.10.1021/j00484880

Davies SG, Fletcher AM, Houlsby ITT, Roberts PM, Thomson JE. Asymmetric Synthesis of the
Tetraponerine Alkaloids. J Org Chem. 2017. 82:6689-702. doi.10.1021/acs.joc.7b00837

Miyauchi R, Ono C, Ohnuki T, Shibad Y. Nectrisine Biosynthesis Genes in Thelonectria discophora
SANK 18292: Identification and Functional Analysis. Appl Environ Microbiol. 2016. 82:6414-22.
doi.10.1128/AEM.01709-16

Behr JB, Pearson MSM, Bello C, Vogel P, Plantier-Royon R. Synthesis and 1-fucosidase inhibitory
potency of a cyclic sugar imine and its pyrrolidine analogue. Tetrahedron: Asymmetry. 2008. 19:1829—
32. doi.10.1016/j.tetasy.2008.06.019

Tsujii E, Muroi M, Shiragami N, Takatsuki A. Nectrisine is a potent inhibitor of a-glucosidases, dem-
onstrating activities similarly at enzyme and cellular levels. Biochem Biophys Res Commun. 1996.
220:459-66.

Schann S, Bruban V, Pompermayer K, Feldman J, Pfeiffer B, Renard P. et al. Synthesis and biological
evaluation of pyrrolinic isosteres of rilmenidine. Discovery of cis-/transdicyclopropylmethyl-(4,5-
dimethyl-4,5-dihydro-3H-pyrrol-2-yl)-amine (LNP 509), an I1 imidazoline receptor selective ligand
with hypotensive activity. J Med Chem. 2001. 44:1588-93. d0i.10.1021/jm001111b

Zhao MX, Zhu HK. Dai TL, Shi M. Cinchona alkaloid squaramide-catalyzed asymmetric Michael add-
ition of a-aryl isocyanoacetates to B-trifluoromethylated enones and its application in the synthesis of
chiral B-trifluoromethylated pyrrolines. J Org Chem. 2015. 80:11330-8. doi.10.1021/acs.joc.5b01829
Hagen TJ, Bergmanis AA, Kramer SW, Fok KF, Schmelzer AE, Pitzele BS. et al. 2-Iminopyrrolidines
as Potent and Selective Inhibitors of Human Inducible Nitric Oxide Synthase. J Med Chem. 1998.
41:3675-83. doi.10.1021/jm970840x



70

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Nanocatalysis

Vaillancourt V, Sheehan SMK. Azetidine derivatives as antiparasitic agents. PCT Int. Appl.
WO02013169622A1, 2013.

Aicher D, Wiehe A, Stark CBW, Albrechr V. Application of beta-functionalized dihydroxy-chlorins for
pdt. United States patent application. US20130041307A1, 2013.

Aicher D, Albrecht V, Gitter B, Stark CBW, Wiehe A. Glyco-substituted dihydroxy-chlorins
and b-functionalized chlorins for anti-microbial photodynamic therapy. PCT Int. Appl. WO201
3015774A1, 2013.

Aicher D, Grafe S, Stark, CBW, Wiehe A. Synthesis of B-functionalized Temoporfin derivatives for
an application in photodynamic therapy. Bioorg Med Chem Lett. 2011. 21:5808-11. doi.10.1016/
j.bmcl.2011.07.113

Aicher D, Wiehe A, Stark CBW, Albrecht V, Grafe S. Preparation of p-functionalized dihydroxy-
chlorins for PDT. PCT Int. Appl. WO2012012809A2, 2012, 53.

Noelia S, Medran A, La-Venia SAT. Metal-mediated synthesis of pyrrolines. RSC Adv. 2019. 9:6804—
44. doi.10.1039/C8RA10247C

Sanjaya S, Chua SH, Chiba S. Cu(ll)-Mediated Aminooxygenation of Alkenylimines and
Alkenylamidines with TEMPO. Synlett. 2012. 1657-61. doi.10.1055/s-0031-1291157

Debrouwer W, Heugebaert TSA, Van Hecke K, Stevens CV. Synthetic Entry into 1-Phosphono-3-
azabicyclo[3.1.0Thexanes. J Org Chem. 2013. 78:8232—41. doi.10.1021/jo401185u

Ouyang XH, Song RJ, Liu Y, Hu M, Li JH. Copper-Catalyzed Radical [2 + 2 + 1] Annulation of
Benzene-Linked 1,n-Enynes with Azide: Fused Pyrroline Compounds. Org Lett. 2015. 17:6038—41.
doi.10.1021/acs.orglett.5b03040

Shanping C, Yunfeng L, Feng Z, Hongrui Q, Saiwen L, Guo-Jun, D. Palladium-Catalyzed Direct
Arylation of Indoles with Cyclohexanones. Org Lett. 2014. 16(6):1618-21. doi.10.1021/01500231c
Goutham K, Mangina N, Suresh S, Raghavaiah P, Karunakar GV. Gold-catalyzed Cyclization of N-
Propargylic B-Enaminones to form 3-Methylene-1-pyrroline Derivatives. Org Biomol Chem. 2014.
12:2869-73. doi.10.1039/c30b42513d.

Yang HB, Selander N. Divergent Iron-Catalyzed Coupling of O-Acyloximes with Silyl Enol Ethers.
Chem Eur J. 2017. 23:1779-83. doi.10.1002/CHEM.201605636

Jackman MM, Cai Y, Castle SL. Recent advances in iminyl radical cyclizations. Synthesis. 2017.
49:1785-95. doi.10.1055/5-0036-1588707

Shimbayashi T, Okamoto K, Ohe K.Iron-Catalyzed Aminative Cyclization/Intermolecular Homolytic
Aromatic Substitution Using Oxime Esters and Simple Arenes. Chem Asian J. 2018. 13:395-9.
doi.10.1002/asia.201701634

Huang W, Zuo T, Jin H, Liu Z, Yang Z, Yu X. Design, synthesis and biological evaluation of indolizine
derivatives as HIV-1 VIF-ElonginC interaction inhibitors. Mol Diversity. 2013. 17:221-43. doi.10.1007/
s11030-013-9424-3

Dinica RM, Furdui B, Ghinea 10, Bahrim G, Bonte S, Demeunynck M. Novel One-Pot Green
Synthesis of Indolizines Biocatalysed by Candida antarctica Lipases. Marine Drugs. 2013. 11:431-9.
doi.10.3390/md11020431

Wan J, Zheng CJ, Fung MK, Liu ZK, Lee CS, Zhang XH. Multifunctional electron-transporting
indolizine derivatives for highly efficient blue fluorescence, orange phosphorescence host and two-color
based white OLEDs. J Mater Chem. 2012. 22:4502-10. doi.10.1039/C2JM14904D

Dumitrascu F, Vasilescu M, Draghici C, Caproiu M, Teodor B, Loredana DDG. New fluorescent
indolizines and bisindolizinylethylenes. Arkivoc. 2011 (x): 338-350. www.researchgate.net/publica-
tion/267943963_New_fluorescent_indolizines_and_bisindolizinylethylenes

Becuwe M, Landy, D Delattre F, Cazier F, Foumentin S. Fluorescent Indolizine-b-Cyclodextrin
Derivatives for the Detection of Volatile Organic Compounds. Sensors. 2008. 8:3689-705. doi.10.3390/
$8063689

Sharma V, Kumar V. Indolizine: a biologically active moiety. Med Chem Res. 2014. 23:3593-606.
doi.10.1007/s00044-014-0940-1

Singh GS, Mmatli EE. Recent progress in synthesis and bioactivity studies of indolizines. Eur J Med
Chem. 2011. 46 5237-57. doi.10.1016/j.ejmech.2011.08.042.

Lazzaroni R, Settambolo R, Rocchiccioli S, Guazzelli G. From chiral and prochiral N-allylpyrroles
to stereodefined pyrrole fused architectures: A particular application of the rhodium-catalyzed
hydroformylation. J Organometal Chem. 2007. 692:1812-16. doi.10.1016/j.jorganchem.2006.11.020



Synthesis of Pyrroline, Indolizine, and Quinolizinium Derivatives 71

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Nishiwaki N, Furuta K, Komatsu M, Ohshiro YJ. Functionalized indolizines from 2-ethynylpyridines.
Chem Soc Chem Commun. 1990. 1151-2.

Singh GS, Mmatli EE. Recent progress in synthesis and bioactivity studies of indolizines. Eur J Med
Chem. 2011. 46:5237-57.

Xue YJ, Tang X, Ma Q, Li B, Xie Y, Hao H. et al. Synthesis and biological activities of indolizine
derivatives as alpha-7 nAChR agonists. Eur J Med Chem. 2016. 115:94-108. doi.10.1016/j.ejmech.
2016.03.016.

Elattar KM, Youssef I, Fadda AA. Reactivity of indolizines in organic synthesis. Synth Commun. 2016.
46:719-44. doi.10.1080/00397911.2016.1166252

Park S, Kim 1. Electron-withdrawing group effect in aryl group of allyl bromides for the successful
synthesis of indolizines via a novel [3+3] annulation approach. Tetrahedron. 2015. 71:1982-91.
doi.10.1016/j.tet.2015.02.013

Jung Y, Kim I. Deformylative Intramolecular Hydroarylation: Synthesis of Benzo[e]pyrido[1,2-a]
indoles. Org Lett. 2015. 17:4600-3. doi.10.1021/acs.orglett.5b02331.

Kim M, Jung Y, Kim I. Domino Knoevenagel condensation/intramolecular aldol cyclization route
to diverse indolizines with densely functionalized pyridine units. J Org Chem. 2013. 78:10395-404.
doi.10.1021/j0401801;j

Liu R, Cai Z, Lu C, Ye S, Bin X, Jianrong G. et al. Indolizine synthesis via Cu-catalyzed cycliza-
tion of 2-(2-enynyl)pyridines with nucleophiles. Org Chem Front. 2015. 2:226-230. doi.10.1039/
C4QO00336E

Robarge KD, Brunton SA, Castanedo GM. GDC-0449—A potent inhibitor of the hedgehog pathway.
Bioorg Med Chem Lett. 2009. 19:5579-81. doi.10.1016/j.bmcl.2009.08.049

Kim ND, Park ES, Kim YH. Structure-based virtual screening of novel tubulin inhibitors and their char-
acterization as anti-mitotic agents. Bioorg Med Chem. 2010. 18:7092—100. doi.101021/j0960438a
Shen YM, Cheng LP, Chen W. Synthesis and antiproliferative activity of indolizine derivatives incorp-
orating a cyclopropylcarbonyl group against Hep-G2 cancer cell line. Eur J Med Chem. 2010. 45:3184—
90. doi.10.1016/j.ejmech.2010.02.056

Dumea C, Belei D, Ghinet A. Novel indolizine derivatives with unprecedented inhibitory
activity on human farnesyl transferase. Bioorg Med Chem Lett. 2014. 24:5777-81. do0i.10.1016/
j-bmcl.2014.10.044

Abuhaie CM, Bicu E, Rigo B. Synthesis and anticancer activity of analogues of phenstatin, with a
phenothiazine A-ring, as a new class of microtubule-targeting agents. Bioorg Med Chem Lett. 2013.
23:147-52. d0i.10.1016/j.bmcl.2012.10.135.

Boot A, Brito A, Wezell TV. Anticancer Activity of Novel pyrido[2,3-b]indolizineDerivatives: The
Relevance of Phenolic Substituents. Anticancer Res. 2014. 34:1673-8.

Huang W, Zuo T, Luo X. Indolizine Derivatives as HIV-1 VIF-Elongin C Interaction Inhibitors. Chem
Biol Drug Des. 2013. 81:730-41. doi.10.1111/cbdd.12119.

Sinha C, Nischal A, Bandaru S. An in silico approach for identification of novel inhibitors as a potential
therapeutics targeting HIV-1 viral infectivity factor. Curr Top Med Chem. 2015. 15:65-72. doi.10.2174/
1568026615666150112114337.

Huang W, Zuo T, Jin H. Design, synthesis and biological evaluation of indolizine derivatives as HIV-1
VIF-Elongin C interaction inhibitors. Mol Divers. 2013. 17: 21-243. doi.10.1007/s11030-013-9424-3.
Zuo T, Liu D, Lv W. Small-molecule inhibition of human immunodeficiency virus type 1 replication
by targeting the interaction between Vif and Elongin C. J Virol. 2012. 86: 5497-507. doi.10.1128/
JVI.06957-11.

Lee WG, Frey KM, Gallardo-Macias R. Discovery and crystallography of bicyclic arylaminoazines as
potent inhibitors of HIV-1 reverse transcriptase. Bioorg Med Chem Lett. 2015. 25:4824-7. doi.10.1016/
j-bmcl.2015.06.074

Zhang L, Yu X, Huang W. Preparation of indolizine derivatives as antiviral agents. Faming Zh Shenqing.
(2013) CN103087061A 20130508.

Bosanac T, De LS, Lo HY. Preparation of indolizine inhibitors of leukotriene production. PCT Int.
Appl. (2010) WO2010027762A1 20100311.

Cao CQ, Wei Y, Zou K. Synthesis and interleukin-6 inhibitory activities of 3-alkyloxylindolizine
derivatives. Adv Mat Res. 2013. 781: 1089-92. doi.10.4028/www.scientific.net/ AMR.781-784



72

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.
101.
102.

103.
104.
105.
106.
107.
108.
109.
110.
111.

112.
113.

114.

115.

Nanocatalysis

Weil Y, Cao CQ, Lu XF. Facile Synthesis, Characterization and Anti-inflammatory Effect of 3-
Aminoindolizine Derivatives. Adv Mat Res. 2014. 881:446-9. doi.10.4028/www.scientific.net/
AMR.881-883

Hazra A, Mondal, S, Maity A.Amberlite-IRA-402 (OH) ion exchange resin mediated synthesis of
indolizines, pyrrolo [1,2-a] quinolines and isoquinolines: Antibacterial and antifungal evaluation of
the products. Eur J Med Chem. 2011. 46:2132-40. doi.10.1016/j.ejmech.2011.02.066

Gomha SM, Dawood, KM. Synthesis of novel indolizine, pyrrolo[1,2-a] quinoline, and 4,5-
dihydrothiophene derivatives via nitrogen ylides and their antimicrobial evaluation. J Chem Res.
2014. 38:515-19. doi.10.3184/174751914x14067338307126

Faghih-Mirzaei E, Seifi M, Abaszadeh M. Design, Synthesis, Biological Evaluation and Molecular
Modeling Study of Novel Indolizine-1-Carbonitrile Derivatives as Potential Anti-Microbial Agents.
Iran J Pharm Res. 2018. 17(3):883-95.

Olejnikova P, Birosova L, Svorc L. Newly synthesized indolizine derivative antimicrobial and
antimutagenic properties. Chem Pap. 2015. 69:983-2. doi.10.1515/chempap-2015-0093
Muthusaravanan S, Perumal S, Yogeeswari P, Sriram D. Facile three-component domino reactions in
the regioselective synthesis and antimycobacterial evaluation of novel indolizines and pyrrolo[2,1-a]
isoquinolines. Tetrahedron Lett. 2010. 51:6439-43. doi.10.1016/j.tetlet.2010.09.128

Danac R. Mangalagiu II. Antimycobacterial activity of nitrogen heterocycles derivatives: Bipyridine
derivatives. Part III. Eur J Med Chem. 2014. 74:664—70. doi.10.1016/j.ejmech.2013.09.061

Matviiuk T, Mori DG, Lherbet L. Synthesis of 3-heteryl substituted pyrrolidine-2,5-diones via cata-
lytic Michael reaction and evaluation of their inhibitory activity against InhA and Mycobacterium
tuberculosis. Eur J Med Chem. 2014. 71:46-52. doi.10.1016/j.ejmech.2013.10.069

Albaladejo MJ, Alonso F, Gonzalez-Soria MJ. Synthetic and Mechanistic Studies on the Solvent-
Dependent Copper-Catalyzed Formation of Indolizines and Chalcones. ACS Catal. 2015. 5(6):3446—
56. doi.10.1021/acscatal.5b00417

Boekelheide V, Gall WG. Syntheses in the Thioctic Acid Series. J Am Chem Soc. 1954. 76:1832-6.
Perkin Jr. WH, Ray JH. CIII.—A synthesis of oxyberberine. J Am Chem Soc. 1925. 127:740-4.
doi.10.1039/CT9252700740

Haworth RD, Perkin Jr. WH, Raukin J. CCXIX.—y-Berberine. J Chem Soc. 1924. 125:1686-701
doi.10.1039/CT9242500032

Perkin Jr. WH, Ray JH. XLII.-epiBerberine. J Chem Soc Trans. 1918. 113:492-522.

Buck JS, Perkin Jr. WH. CCXIX.—y-Berberine. J Chem Soc. 1924. 125:1675-86.

Haworth RD, Koepfli WH, Perkin Jr. WH. LXXXII.—A new synthesis of oxyberberine and a syn-
thesis of palmatine. J Chem Soc. 1927. 548-54.

Spath E, Mosettig E. (1927) Ber. 60: 383.

Spath E, Mosettig E (1925) Ber, 58: 2133.

Spath E, Mosettig E. Posega K. (1929) Ber, 62: 1029.

Henry TA. The Plant Alkaloid. 4th ed. Philadelphia: Blakiston Co.; 1949. 344 p.

Kopfl J, Perkin Jr. WH. J Chem Soc. 1928. 2989.

Manske RF. J Research. 1943. 21B: 111.

Thyagrajan BS. Adv Heterocycl Chem. 1965. 5: 291.

Jones G. Adv Heterocycl Chem. 1982. 31: 1.

Bradshe CK in Comprehensive Heterocyclic Chemistry,Vol. 2, edited by A R Katritzsky & C W Rees
(PergamonPress, Oxford), 1984. 525.

Arai S, Hida M. Polycyclic Aromatic Nitrogen Cations. Adv Heterocycl Chem. 1992. 55:261-358.
Becq F, Robert R, Pignoux L, Rogier C, Mettey Y, Vierfond JM. et al. Marivingt-Mounir C. US Patent
7897 610, 2011.

Marivingt-Mounir C, Rand R, Bulteu-Pignoux L, Nguyen-Huy D, Viosat B, Margant G. et al.
Synthesis, SAR, Crystal Structure, and Biological Evaluation of Benzoquinoliziniums as Activators
of Wild-Type and Mutant Cystic Fibrosis Transmembrane Conductance Regulator Channels. J Med
Chem. 2004. 47:962—72. doi.10.1021/jm0308848

Philips SD, Castle RN. A review of the chemistry of the antitumor benzo[c]phenanthridine alkaloids
nitidine and fagaronine and of the related antitumor alkaloid coralyne. J Heterocycl Chem. 1988.
18:223-32.



Review Copy — Not for Redistribution

File Use Subject to Terms & Conditions of PDF License Agreement (PLA)

Synthesis of Pyrroline, Indolizine, and Quinolizinium Derivatives 73

116.

117.

118.

119.

120.

Gupta RS, Murray W, Gupta R. Cross resistance pattern towards anticancer drugs of a human car-
cinoma multidrug-resistant cell line. Br J Cancer. 1988. 58:441-7.

Gatto B, Sanders MM, Yu C, Yu HY, Makhey D, Lavoie EJ, Liu LE. Identification of topoisomerase
I as the cytotoxic target of the protoberberine alkaloid coralyne. Cancer Res. 1996. 56:2795-800.
Thmels H, Faulhaber K, Vedaldi D, Dall’Acqua F, Viola G. Intercalation of organic dye molecules
into double-stranded DNA. Part 2: the annelated quinolizinium ion as a structural motif in DNA
intercalators. Photochem Photobiol. 2005. 81:1107-15. doi./10.1562/2005-01-25-1R-427
Ching-Zong L, Parthasarathy G, Chien—-Hong C. A convenient synthesis of quinolizinium salts
through Rh(iii) or Ru(ii)-catalyzed C—H bond activation of 2-alkenylpyridines. Chem Commun. 2013.
49:8528-30. doi.10.1039/C3CC45004]

Feng L, Jihee C, Shenpeng T, Kim S.Synthesis of Quinolizinium-Type Heteroaromatics via a Carbene
Intermediate. Org Lett. 2018. 20(3):824-7. doi.10.1021/acs.orglett.7603964.



Review Copy — Not for Redistribution
File Use Subject to Terms & Conditions of PDF License Agreement (PLA)



4 Nanocatalyzed Synthesis
of Bioactive Pyrrole, Indole,
Furan, and Benzofuran
Derived Heterocycles

S. U. Deshmukh," Ajit K. Dhas," Vidya D. Dofe,’
Satish A. Dake,? Jaiprakash N. Sangshetti,?

Keshav Lalit Ameta,* and R. P Pawar®

" Department of Chemistry, Deogiri College, Aurangabad, India

2 Department of Chemistry, Sunderrao Solanke Mahavidyalaya,
Majalgaon, Maharashtra, India

* Department of Chemistry, Y. B. Chavan College of Pharmacy,
Aurangabad, Maharashtra, India

4 Department of Chemistry, School of Liberal Arts and Sciences, Mody
University of Science and Technology, Lakshmangarh, Rajasthan, India
*> Department of Chemistry, Shiv Chattrapati College, Aurangabad,
Maharashtra, India

4.1 INTRODUCTION

This chapter describes nanocatalyst and their application in the organic transformation of biological
activated heterocyclic compounds, such as pyrrole, indole, furan, and benzofuran derivatives.
Recently, nanotechnology is a branch of science and engineering that is growing into one of the most
attractive research areas. The catalytic action of nanoparticles (NPs) is due to very high surface-to-
volume ratios.

Today, nanocatalysts have a vital role in green chemistry. The advantages of nanocatalysts are
the required small quantity, decreased size of the nanocatalyst, more surface area, exposure to the
reactant, and non-toxic. Using a nanocatalyst, a minimum time is required for the formation of
the desired product. Researchers in the pharmaceutical industry are continually searching for highly
efficient, active, and stable catalysts.

This chapter will compile a literature survey on nanocatalyst and their applications in the organic
synthesis of bioactive heterocyclics, such as pyrrole, indole, furan, and benzofuran. A recently
updated literature survey is very significant for researchers, chemists, and scientists that work in this
field to reveal important information about the synthesis of bioactive heterocyclic compounds that
use various nanocatalysts.

4.1.1 INTRODUCTION OF PYRROLES

Pyrroles 1 moiety is present in several natural and synthetic pharmaceutically active compounds.'>
The chemistry of pyrroles heterocyclic compounds are more reactive at the second carbon (C) atom.
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FIGURE 4.1 Some bioactive pyrrole systems

The pyrrole derivatives have new structures and exhibit a broad range of biological activities. Pyrroles
show potential antimalarial 2,> antibacterial 3,* antiviral 4,> (Figure 4.1) and HIV fusion inhibitors.°
Among many others, pyrroles that contain an important class of heterocyclic are drugs. Some of the
top-selling drugs worldwide are valuable building blocks for the non-steroidal anti-inflammatory
moiety tolmetin S, the cholesterol-lowering compound atorvastatin 6, and the anticancer drug can-
didate tallimustine 7 (Figure 4.2).

4.1.2 SYNTHESIS OF PYRROLE DERIVATIVES USING NANOCATALYST

Saeidian et al. reported an efficient synthetic method for substituted pyrrole derivatives that used
B-ketoester, an aryl aldehyde, amine, and nitromethane in the presence of copper oxide (CuO) NPs
under reflux conditions (Scheme 4.1).”

Moghaddam et al. investigated the use of NiFe,O, NPs for the synthesis of tetrasubstituted
pyrroles from aryl aldehyde, 1,3-dicarbonyl compound, amine, and nitromethane by stirring at
100°C (Scheme 4.2).%

Mukherjee et al. studied the reaction of an environmentally benign one-pot synthesis for biologic-
ally significant chromeno([4,3-b] pyrrol-4(1H)-one derivative. A three-component domino conden-
sation of arylglyoxal monohydrates, arylamines, and 4-amino-coumrins, produced functionalized
chromeno[4,3-b] pyrrol-4(1H)-ones in the presence of Fe,0,@SiO,-SO,H NPs as a solid acid cata-
lyst under room temperature (Scheme 4.3).°

Veisi et al. prepared sulfonic acid group-loaded amino-functionalized iron (III) oxide (Fe,O,) NPs as
an active and stable magnetically separable acidic nanocatalyst and used them for the synthesis of one-
pot two-component condensation of y-diketones and 1° amines under water:ethanol (H,O:EtOH) (1:1) at
room temperature (RT) to yield the product N-substituted pyrroles (Scheme 4.4).1°

Hemmati et al. prepared an active and stable magnetically separable acidic nanocatalyst that
contained carboxylic acid group-loaded amino-functionalized Fe, O, nanoparticles diethylenetriamine
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SCHEME 4.4  Synthesis of y-diketones and 1° amines using Fe,O,/DAG-SO,H
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SCHEME 4.5 Synthesis of N-substituted pyrroles was carried out at RT catalyzed by Fe,O,@DTPA11
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SCHEME 4.6  Polysubstituted pyrroles synthesis using Cu@imine/ Fe,O, MNPs as a catalyst
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SCHEME 4.7 Synthesized pyrrole a heterogeneous and magnetically recyclable core/shell nanostructure
Fe 0, @PEG40-SO,H nanocatalyst

penta acetic acid (MNPs/DTPA) catalyst. The synthesis of N-substituted pyrroles was carried out by
a one-pot two-component condensation of y-diketones and 1° amines under an aqueous phase at RT
and catalyzed using Fe,O, @DTPA (Scheme 4.5)."

Thwin et al. developed an effective, rapid, and green process for polysubstituted pyrroles syn-
thesis using Cu@imine/Fe,O, MNPs as a catalyst. The one-pot four-component condensations
of ethyl or methyl acetoacetate, nitromethane, substituted benzaldehyde, and primary amine was
catalyzed by Cu@imine/Fe,O, MNPs under solvent-free conditions at 100°C (Scheme 4.6)."

Bonyasi et al. synthesized a heterogeneous and magnetically recyclable core/shell nanostructure
Fe,0,@PEG400-SO,H nanocatalyst. A Paal-Knorr condensation reaction between y-diketones with
amines was catalyzed by Fe,O,@PEG400-SO,H at RT under solvent-free conditions to yield N-
substituted pyrroles (Scheme 4.7).13
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SCHEME 4.8  Synthesized pyrrole using Fe,O,@SiO,@CuSB nanocatalyst
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SCHEME 4.9  Catalyzed using Fe,O, @nano-cellulose-OPO,H as a novel biobased magnetic nanocatalyst
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SCHEME 4.10  Synthesis of pyrrole using acidic nanocatalyst Fe,O,@SiO,-PTMS-Guanidine-SA
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SCHEME 4.11  Synthesis of substituted pyrrole derivatives using catalyst SBCu@silica-Fe O,

Rakhtshah et al. synthesized a Fe,0,@SiO,@CuSB nanocatalyst by immobilizing Cu Schiff
base complex on silica-coated Fe,O, NPs, which was an efficient catalyst for polysubstituted pyr-
role derivative synthesis using ethyl acetoacetate, nitromethane, aldehyde, and amine at RT under
solvent-free conditions (Scheme 4.8).'*

Salehin et al. developed a green and environmentally benign approach for dihydro-2-
oxopyrrole derivatives synthesis via a one-pot four-component condensation reaction of amines,
dialkylacetylenedicarboxylate, other amines, and aldehyde catalyzed using Fe,O, @nano-cellulose-
OPO3H as a novel biobased magnetic nanocatalyst in ethanol at RT (Scheme 4.9)."

Rostami et al. developed a new method for the synthesis of N-substituted pyrroles using an
amine derivative and y-diketone under neat conditions, which was stirred for 3 h at RT in an acidic
nanocatalyst Fe,0,@SiO,-PTMS-Guanidine-SA to give the final product (Scheme 4.10).'

Hamrahian et al. studied the synthesis of substituted pyrrole derivatives using the catalyst copper
Schiff base complex immobilized on silica-coated Fe,O, nanoparticles (SBCu@silica-Fe,O,) by
treating amine, aryl aldehyde, a 1,3-dicarbonyl compound, and nitromethane at RT under solvent-
free conditions (Scheme 4.11)."7
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SCHEME 4.12  Synthesis of pyrole by reusable magnetic nanocatalyst Fe,O,H SiO-CPTMS-guanidine-SO,H
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SCHEME 4.13  Synthesis of pyrrole using nano-organo catalysts
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SCHEME 4.14 ZnO nanorods catalyzed for the synthesis of pyrrole derivatives

Rostami et al. described a synthetic method of polysubstituted pyrrole derivatives that used
anilines, pf-diketones or B-ketoesters, and B-nitrostyrene derivatives under solvent-free conditions
in the presence of a reusable magnetic nanocatalyst Fe,0, @SiO,-CPTMS-guanidine-SO,H at 50°C
(Scheme 4.12). 18

Polshettiwar et al. developed a unique and high selectivity of nano-organocatalysts for a
microwave-assisted Paal-Knorr reaction, aza-Michael addition, and pyrazole synthesis that used
aromatic amines and 2,5-dimethoxyfuran (Scheme 4.13)."

Sabbaghan et al. described zinc oxide (ZnO) nanorods that were catalyzed for the synthesis of
pyrrole derivatives that used primary alkylamines, dialkylacetylenedicarboxylates, and 2-chloro-
1,3-dicarbonyl compounds at 70°C under solvent-free conditions (Scheme 4.14).%°

4.2 INTRODUCTIONTO INDOLE

Indole is non-basic nitrogen (N) containing compound in which a benzene ring and a pyrrole
nucleus are fused in 2, 3 positions. The indole 8 moiety is present in many natural products.
The chemistry of indole heterocyclic compounds was more reactive at the third position C atom.
Bisindolylmethanes (BIMs) have new structures and exhibit a wide range of biological activ-
ities. BIMs show potential growth inhibitory activity on lung cancer cells 9.2 BIM derivatives
possess different biological activities, for instance, streptindole 10 has gene toxic and DNA
damaging activities.”> A patent****disclosed the methodology for chromomeric 3,3'-bisindolyl-4-
azaphthalides 11 and their purpose as color formers in a pressure and heat interested recording
resource.” Newer patents explain the synthesis of BIM forming complexes 12 with radioactive
metal ions gadolinium (Gd*), to assist different agents for radioimaging and visualization of
various tissues and organs.?
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SCHEME 4.15 Synthesis of substituted indoles using nano CuO as a catalyst

4.2.1 SyYNTHESIS OF INDOLE DERIVATIVES USING NANOCATALYSTS

81

Reddy et al. reported the synthesis of substituted indoles using nano CuO as a catalyst and cesium
carbonate (Cs,CO,) as a base in dimethyl sulfoxide (DMSO) at 80°C. Using nano CuO as a recyc-
lable catalyst followed by a C—N cross-coupling reaction aromatization of indoline and indoline

carboxylic acid, and different aryl halides (Scheme 4.15).”

Dastmard et al. described a protocol for the synthesis of polyfunctional indole pyrido[2,3-d]
pyrimidine hybrids that used a nickel-incorporated fluorapatite encapsulated iron oxide (Fe,0,@
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SCHEME 4.16  Synthesis of polyfunctional indole pyrido[2,3-d] pyrimidine using Fe,O, @FAp@Ni catalyst
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SCHEME 4.17  Synthesis of C-alkylated indole compounds by magnetic nano Fe,O, catalyst
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SCHEME 4.18 Synthesis of active 3-alkylated indoles using recyclable bifunctional Fe,O,@SiO -PEG/NH,

FAp@Ni) magnetic nanocatalyst in the presence of EtOH from 6-amino-N, N-dimethyl uracil,
3-cyanoacetylindole and aryl aldehydes at 60°C to manufacture product (Scheme 4.16).%

Parella et al. derived a series of C-alkylated indole compounds from indole styrene oxide in the
presence of a magnetic nano Fe,O, catalyst by stirring at RT under neat conditions for 24 h (Scheme
4.17).%

Kardooni et al. described a one-pot synthesis for active 3-alkylated indoles that used indole,
aldehydes, and dimedone in EtOH and the presence of green and recyclable bifunctional PEG/
NH2 silica-coated magnetic nanocomposite (Fe,0,@Si0,-PEG/NH,) and the reaction mixture was
stirred at 80°C (Scheme 4.18).%°

Bahuguna et al. reported the synthesis of 3-C functionalized indole derivatives. Initially, the
reaction with indole and nitroalkenes was catalyzed by a nanocomposite of MoS2-graphitic carbon
nitride (MoS_-GCN) catalyst in an aqueous medium at 55°C, gives product. Further reactions with
indole and isatin in the presence of a nanocomposite gave the final product of 3-C functionalized
indole derivatives and synthesized the precursor of substituted tryptamine using 5-hydroxyindole
and of B-nitrostyrene (Scheme 4.19).3!

Shaikh et al. developed indole based heterocyclic motifs that were catalyzed by polymer grafted
ZnO (PLA/ZnO) nanoparticles. The synthesis of 3-substituted indoles under ultrasonication in
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SCHEME 4.19  Synthesis of 3-C-functionalized indole derivatives catalyzed by nano MoS -GCN catalyst
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SCHEME 4.20 Synthesis of 3-substituted indole catalyzed by PLA/ZnO NPs
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SCHEME 4.21 Synthesis of motifs 2,3-diary1- 3,4-dihydroimidazo[4,5-b] indole derivatives TiO, SiO, NPs

aqueous media from indole substituted aldehydes and different substituted amines were reported
(Scheme 4.20).%

Geedkar et al. synthesized a series of biological potent motifs 2,3-diaryl- 3,4-dihydroimidazo[4,5-
b] indole derivatives from a mixture of isatin, substituted aniline derivative aryl aldehyde, ammo-
nium acetate, and TiOz.SiO2 NPs followed by the addition of methanol as solvent at RT (Scheme
4.21).%

Garkoti et al. prepared a series of a biologically important class of 3-amino alkylated indoles
using a Mannich reaction. The synthesis of 3-amino alkylated indoles motifs from indole, benzal-
dehyde, pyrrolidine, and added an amine-terminated ionic liquid modified magnetic graphene oxide
(MGO-IL-NH,) as a catalyst was reported (Scheme 4.22).*

Pradhan et al. extended the NPs scope for the general synthesis of 3-substituted indoles using het-
erogeneous phosphate grafted SnO,-ZrO, nanocomposite oxides. The synthesis of pharmaceutically
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SCHEME 4.22 Synthesis of 3-amino alkylated indoles using ionic liquid modified magnetic graphene oxide
(MGO-IL-NH,)
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SCHEME 4.23 Synthesis of 3- substituted indoles using heterogeneous phosphate grafted SnO,-ZrO,
nanocomposite oxides
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SCHEME 4.25 Synthesis of spirooxinole derivatives using nano-coc-OSO,H

potent 3-substituted indoles occurred via the multicomponent one-pot condensation of indole, aryl
aldehydes, and malononitrile (Scheme 4.23).%

Hajighasemi et al. established the application of magnetic Fe,O, NPs (Fe,O, MNPs) as an easily
available, highly proficient, and ecofriendly catalyst. The reaction between aryl amine and alkyl pro-
pionate in EtOH obtained the desired products. A mixture of motifs isatin, indolein, and EtOH was
heated at reflux in the presence of a Fe,O, MNPs catalyst to give the final product (Scheme 4.24).

Sadeghi et al. employed spirooxinoles using isatin derivatives, malononitrile, and dimedone in
EtOH at reflux condition and chlorosulfonic acid supported on coconut shell (nano-coc-OSO,H)
was used as a catalyst to give spirooxinole derivatives (Scheme 4.25).%
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4.3 INTRODUCTIONTO FURAN

Nanotechnology is an attractive field for research. NPs have very high surface-to-volume ratios due
to their catalytic activity. The high catalytic potential of nanocatalysts is recovery, and the recycling
of expensive nanocatalysts is an important process in modern nanocatalysts. Reusability could pro-
vide significant subsidies for the economic viability and sustainable development of nanocatalysis.*
Furan is a significant heterocyclic compound that exhibits outstanding biological activities
during the synthesis of natural products.* Derivatives of these compounds possess important
pharmaceutical,*antifunga,l*! and antitumor*properties. Recently, nanocatalysts have been used
as heterogeneous catalysts in several organic transformations.** Nanocatalysts have gained signifi-
cant attention due to their high reactivity, low cost, and they are non-toxic and can be applied in
coupling reactions.* The one-pot synthesis of benzo[b] furans via the three-component coupling of
aldehydes, amines, and alkyne by a copper iodide nanoparticle (Cul-NP) catalyst. Some examples of
furan 13 containing biological active drug molecules, such as furazolidone 14, nitrofural 15, raniti-
dine 16, and nitrofurantoin 17 follow.

4.3.1 SYNTHESIS OF FURAN DERIVATIVES USING NANOCATALYSTS

Baharfar et al. reported magnesium oxide (MgO) NPs supported ionic liquid-based periodic
mesoporous organosilica (MgO@PMO-IL) as a reusable nanocatalyst for the synthesis of a novel
spirooxindole—furan derivative in EtOH at 50°C (Scheme 4.26).4

Vatanchian et al. synthesized a series of dihydroindeno[l,2-b] furan derivatives using 1,3-
indanedione, aryl glyoxal, and pyridinium ylide that used a nano y-Fe O,-quinuclidine-based cata-
lyst in water (Scheme 4.27).4

Khodaei et al. manufactured 4-carboxybenzyl sulfamic acid functionalized Fe,O, NPs as a novel
catalyst and used t to synthesize furan-2(5H)-one derivative from aryl aldehydes, anilines, and
dimethyl acetylenedicarboxylate in EtOH at 70°C (Scheme 4.28).¥

Payra et al. reported CuO NPs catalyzed synthesis of furan derivatives using a, -unsaturated car-
bonyl compounds, and 1,3-dicarbonyl compounds in an EtOH: water (1:1) solvent system (Scheme
4.29).8

Shirzaei et al. reported furan derivatives by reacting aromatic aldehydes and aromatic amines
and dialkylacetylenedicarboxylate in the presence of Fe,O,.SiO, NPs as a catalyst (Scheme 4.30).%
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SCHEME 4.26 Synthesis of novel spiro oxindole furan derivatives using organosilica (MgO @PMO-IL)
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SCHEME 4.28 Synthesize furan-2(5H)-one derivative using 4-carboxybenzyl sulfamic acid functionalized
Fe,O, NPs
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SCHEME 4.29 Synthesis of furan derivatives catalyzed CuO NPs
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SCHEME 4.30 Synthesis of furan derivatives by Fe,O, SiO, NPs
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SCHEME 4.31 Synthesis furans catalyzed by Au NPs
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SCHEME 4.32 Synthesis furans catalyzed by ZnO NPs
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SCHEME 4.33  Synthesis of furan by nano CoAl ,0, catalyst

Zorba et al. reported the cycloisomerization of conjugated allenones into furans catalyzed by Au
NPs supported on TiO, (1 mol %) under mild conditions (Scheme 4.31).%

Banerjee reported ZnO NP catalyzed synthesis of 3,4,5-trisubstituted furan-2(5H)-ones using a
multicomponent approach (Scheme 4.32).5!

Seyyed et al. reported the synthesis of 5-oxo-2,5-dihydro-3 furancarboxylates by treating
phenylglyoxal, dimethyl acetylenedicarboxylate, and primary amines in the presence of a nano
CoAl O, catalyst. The best results were obtained in the presence of 4 mg of nano CoAl,O, in CH,CI,
at RT (Scheme 4.33).%

4.4 INTRODUCTION TO BENZOFURAN

Benzofuran 18 is six-membered ring benzene and five-member ring fused aromatic compound. The

structure ()f benZ( )furan iS ShOW n hel‘e:
: :j\\

Benzofuran
18

Benzofuran is a significant heterocyclic scaffold found in diverse pharmaceuticals and natural
products with promising biological activities,”%® such as anti-estrogen breast cancer agent 19,
antifungal 20, antimicrobial 21, antimycobacterial 2, 2and antitumor agent 23.
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4.4.1 SYNTHESIS OF BENZOFURAN USING NANOCATALYSTS

Purohit et al. reported an efficient process for the synthesis of benzofuranamine A and dihydro-
benzofuranamine B that was catalyzed by an arranged porous sphere-like copper oxide (HS-CuO)
NPs. Compounds A and B are synthesized from the annulated coupling of salicylaldehyde, sec-
ondary amines, and phenylacetylenes in the presence of HS-CuO NPs catalyst at 110°C under neat
conditions (Scheme 4.34).%!

Safaei-Ghomi et al. developed a method for the synthesis of 2,3-disubstituted benzo[b]furan
derivatives by reacting aldehydes, secondary amines, and alkynes in equimolar concentrations of
EtOH: water system in the presence of ZnO NPs catalyst (Scheme 4.35).%

Bruneau et al. reported the synthesis of benzofuran using o-iodophenols with acetylenes to give
2-substituted benzofurans in the presence of heterogeneous catalysts, consisting of Pd nanoparticles
supported on a siliceous mesocellular foam (PdO-AmP-MCF) at 70°C (Scheme 4.36).%°

Sajjadi-Ghotbabadi et al. synthesized a series of 2-oxochromene and benzofuran derivatives
from the addition or intramolecular cyclization reactions of 1-(6-hydroxy- 2-isopropenyl-1-
benzofuran-5-yl)-1-ethanone, activated acetylenic compounds and triphenylphosphine in the
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SCHEME 4.34 Synthesis of benzofuran amine dihydro-benzofuran amine catalyzed by HS-CuO NPs

B
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SCHEME 4.36 Synthesis of benzofuran by heterogeneous catalyst PdO-AmP-MCF
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SCHEME 4.37 Synthesized benzofuran derivatives using KF impregnated clinoptilolite NPs
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SCHEME 4.38 Synthesis of dibenzofuran using Cu(I) as a catalyst

presence of potassium fluoride (KF) impregnated clinoptilolite nanocatalyst in aqueous medium
at RT (Scheme 4.37).%4

Pal et al. reported the synthesis of new green one-step carbonyl dibenzofurans derivatives. This
protocol has regio-selective decarboxylative C—H arylation and carbonylative aryl halide with
isocyanides or alcohol in the presence of Cul as a catalyst in an aqueous solution and gives carbonyl
dibenzofurans (Scheme 4.38).%

Woo et al. developed the synthesis of 2-phenyl benzofuran from 2-iodophenol with phenyl
propionic acids in the presence of a Cu-doped Pd-Fe,O, catalyst at 130°C for 1 h. The use of
more catalysts influenced the base conversion achleved with sodium acetate (NaOAc) (90%)
(Scheme 4.39).6¢
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SCHEME 4.41 Synthesis of benzochromene derivatives by using heterogeneous nanocatalyst KF/CP NPs

Sajjadi-Ghotbabadi et al. described the synthesis of newer 3-hydroxy flavones by a three-
component, one-pot aldol condensation and intramolecular cyclization reaction of 1-[6-hydroxy-2-
(prop-1-en-2-yl)-1-benzofuran-5-yl] ethanone, substituted benzaldehyde, and hydrogen peroxide in
the presence of a potassium fluoride/clinoptilolite nanocatalyst (KF/CP) in an aqueous medium at
RT (Scheme 4.40).°7

Ezzatzadeh et al. developed the synthesis of benzochromene derivatives by treating
1-(6-hydroxy-2-isopropenyl- 1-benzofuranyl)-1-ethanone, aldehydes, alkyl bromides,
dialkylacetylenedicarboxylate, and triphenylphosphine using heterogeneous nanocatalyst nano-
potassium fluoride/clinoptilolite (KF/CP) NPs as basic catalyst in an aqueous medium at 80°C
(Scheme 4.41).%

4.5 CONCLUSION

This chapter focused on the study of nanocatalysts and their applications in the synthesis of bio-
active pyrrole, indole, furan, and benzofuran heterocyclic derivatives. Today, nanotechnology is a
growing area of research. Therefore, this chapter could be helpful for researchers in chemistry and
nanotechnology. The following are the advantages of nanocatalyst in the synthesis of biologically
active heterocyclic compounds:

1. Environment-friendly approach.
2. Short reaction time.
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3. Easy workup procedure.
4. High yield of product.

5. Non-toxic.

6. Maximize atom economy.
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5.1 INTRODUCTION

Advances in the concept of the term “catalysis” have been conferred by the Swedish chemist Jons
Jacob Berzelius in 1836, who defined it as the “catalytic power” of the substance that enhanced the
reactivity of the reacting substrate (which were not affected at a particular temperature) simply by
its presence and not by its kinships.' Catalysis can be subdivided into two classes: (1) homogenous
catalysis; and (2) heterogeneous catalysis. Unlike homogeneous catalysts, a heterogeneous cata-
lyst is more important and advantageous because of its easy removal from the reaction mixture and
for its recyclable properties. During the last two decades, nanoparticle (NP)-catalyzed synthesis
has been recognized as a promising catalyst in organic transformations along with widespread
applications in catalysis, sensing, medicine, electronics and photonics. Mainly, all NPs are hetero-
geneous and can accelerate the synthetic endeavors in co-alignment with the basic fundamentals
of green chemistry.”

Currently, synthetic organic chemistry is focused on new modern techniques that are focused on
environmentally benign features.** The elements and parameters of the reactions are judged on the
basic concept of its being eco-friendly, the use of an inexpensive catalytic system(s), and the involve-
ment of solvent-free synthesis. These are the important sectors in current organic transformations
and synthesis, which are required for the synthesis of heterocyclic and aromatic core skeletons and
pharmaceutically important bioactive scaffolds, therapeutics, and drugs or molecules.’® Several effi-
cient methodologies, such as conventional ultrasonic (US) and microwave (MW) irradiation have
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been reported in the literature for the synthesis of bioactive heterocycles.”'® These methodologies
have benefits; however, many of them have serious drawbacks, such as inaccessible materials, use
of expensive instruments, non-recyclability, and non-selectivity.''"'> Nanocatalyzed based organic
transformations and the synthesis of bioactive heterocycles are novel and advanced methodologies.
Nanotechnology driven organic synthesis and research have been based on carbon (C) dot (C))
molecules. Due to their importance in forming complexes in the organic ring core; transition metal-
based nanomaterials can enhance reactivity; therefore, playing an important role in nanoscience
and nanotechnology. NPs < 0 nm have great importance in nanoscale electronics, catalysis, and
optics. However, NPs catalytic activity is altered with the variation in the size of the NPs. Therefore,
the ratio of atoms present on the surface changes dramatically with the change in the size of the
particle(s).

In green chemistry, NP catalyzed organic transformations are the safest and eco-friendly reactions
pathways. Vital applications of NPs and metal oxide NPs have been established for some different
reactions such as carbon-hydrogen (C-H) activation,'*"'* C—C bond formation,'® and various other
rare organic transformations.'® A number of applications for NPs in a large number of organic trans-
formations and functionalization have been mentioned in the literature; however, this chapter will
focus on some of the important historical developments and sustainable applications of cheaper
transition metal nanoparticles (MNPs), especially iron (Fe), cobalt (Co), nickel (Ni), and copper
(Cu), in the synthesis and functionalization of various organic and heterocyclic scaffolds that have
reported during the last 7 years (2014-2020). This chapter will cover developments in the most effi-
cient methodologies used for the synthesis of bioactive heterocycles.

5.2 CHEAPER TRANSITION METAL NANOPARTICLE ASSISTED ORGANIC
TRANSFORMATIONS

Based on synthetic procedures that have been reported in the literature to date, all the cheaper transi-
tion metal (e.g., Fe, Co, Ni, and Cu) NP assisted organic transformations and synthesis of bioactive
heterocycles have been divided into four sections as follows.

5.2.1 CoBALT OR COBALT—FERRITE BASED NANOPARTICLE ASSISTED ORGANIC TRANSFORMATIONS
AND SYNTHESIS OF BioAcTIVE HETEROCYCLES

Some of the most important organic transformations that are applied in the synthesis of several
nitrogen-containing (N) heterocycles of biological interest will be discussed. In addition, the appli-
cation of Co or Co—ferrite based nanocatalyst (NCs) that have been used in the synthesis of bioactive
heterocycles will be discussed. Therefore, some of the promising literature reports are included in
this section.

5.2.1.1 N-doped carbon-supported cobalt nanoparticle catalyzed synthesis of
N-heterocyclic compounds

Zhang et al. reported the oxidative dehydrogenation (ODH) of various cyclic heterocycles via
N-doped C-supported cobalt NPs (Co/MC). This methodology involved the treatment of
N-heterocyclic compounds, such as 1,2,3.4-tetrahydroquinoline 1 with Co/MC at 150°C under 2.5
bar oxygen (O,) using acetonitrile (CH,CN (ACS)) as a solvent, which was converted into a quinoline
2 skeleton with an 88.4% to 98.8% yield. However, the over-oxidized side-product of quinoline, for
instance, quinoline N-oxide 3 was formed with comparable selectivity. The selectivity in the forma-
tion of quinoline 2 was based on the solvent system. In different solvents, such as water, methanol
(MeOH), acetonitrile (ACN), tetrahydrofuran (THF), toluene, and hexane the selectivity for quinoline
N-oxide 3 varied from 39.9% to 77.8 % yield (Scheme 5.1)."” This methodology provided a green,
sustainable, and cost-effective method for the synthesis of heteroarenes via ODH using the high
catalytic activity of N-doped Co/MC NPS in excellent yields.”
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SCHEME 5.2 Co-Phen@C Co NP catalyzed dehydrogenation of various heterocycles

5.2.1.2 Co-Phen@C catalyzed reversible acceptorless dehydrogenation and
hydrogenation of various N-heterocycles

Balaraman et al. reported the novel highly competent, vigorous, and recyclable catalytic pro-
cedure for the reversible acceptorless dehydrogenation (ADH) and hydrogenation of various N-
heterocycles, for example, 1,2,3,4-tetrahydroquinoline 1, various other substituted heteroaromatics
1a, and substituted or unsubstituted indolines 4 that used the Co-based NC Co-Phen@C at 150°C in
an argon atmosphere for 36 h, which used n-decane as the solvent and produced the corresponding
substituted or unsubstituted quinolines 2, cyclized heteroaromatic 3a, and substituted or unsubstituted
indoles 5, respectively, with very good to excellent yields. The Co-Phen@C catalyst in the presence
of potassium tertiary butoxide (+-BuOK) removed H, from 1,2,3,4-tetrahydroquinoline 1, which
resulted in the formation of the corresponding dihydroquinoline that on treatment with another mol-
ecule of Co-Phen@C and #-BuOK resulted in the formation of the desired product with the simul-
taneous removal of H, (Scheme 5.2, Figure 5.1)."®
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FIGURE 5.1 Mechanistic pathway for the reversible ADH of 2-methyl-1,2,3,4-tetrahydroquinoline
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SCHEME 5.3 Co-NCNT-800 Co NP catalyzed ODH of various N-containing heterocyclic systems

5.2.1.3 Co@NCNTs catalyzed oxidative dehydrogenation of various N-containing
heterocycles

Xu et al developed another Co NP-based catalyst for the ODH of various N-containing heterocycles,
such as 1,2,3,4-tetrahydroquinoline 1, 1,2,3,4-tetrahydroisoquinoline 6, and indoline derivatives 4,
which when treated with Co NPs encapsulated by nitrogen-doped carbon nanotubes (Co@NCNTs)
in the presence of O, at 80°C for 13-25 h produced the corresponding cyclized products quinoline
2, isoquinoline 7, and indole 5, respectively, with <99.9% excellent level of selectivity. The Co@
NCNTs were prepared through the pyrolysis of cobalt(Il) acetylacetonate (Co(acac),) and low-cost
dicyandiamide (Scheme 5.3).%

Xu et al reported high reactivity and reusability of an NC Co-NCNTs-800 for the catalytic transfer
hydrogenation (CTH) reactions on various saturated and unsaturated N-containing heterocyclic
systems. In this study, 1,2,3,4-tetrahydroquinoline 1, 1,2,3,4-tetrahydroisoquinoline 6, phthalazine
8, indoline 4, substituted and unsubstituted quinolines 2, and isoquinolines 7 were reacted with Co
NPs encapsulated by NCNTs using formic acid (HCOOH) at 130°C for 0.5-30 h using toluene
as the solvent, which produced the corresponding aldehydic products 9, 10, 11, 12, 10a, and 13,
respectively, in low to excellent selectivity (Scheme 5.4).1°

5.2.1.4 Co/N-Si-C catalyzed synthesis of (E)-2-alkenyl-azaarenes

Zhang et al reported Co-based NC (Co NCs) supported on N-silica (Si) doped carbon (Co/N-Si—
C), which was utilized in the dehydrogenative coupling of aldehydes (14) with substituted and
unsubstituted (hetero)aryl-fused 2-alkylcyclic amines 15, which produced the corresponding (E)-
2-alkenyl-azaarenes 16 that included substituted quinolines and quinoxalines in good to excellent
yields. In this methodology, p-nitro benzoic acid was used as an additive and the reaction was
performed in p-xylene at 160°C for 16 h, which produced the corresponding (E)-2-alkenylazaarenes
16 with 25%-95% yield (Scheme 5.5).%°
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CPICRH 3O /03O,
CERICO T oy GO

R= H, Me 12 0a
R'=H, Me, Br 15 examples; Yield: 15 to 99.9% selectivity
R"= OMe, OH, NO,, B(OH),

SCHEME 5.4 Co-NCNTs-800 Co NP catalyzed CTH of various heterocycles

H H

N N-Si-C, p-NBA N
R-CHO + R _ j\ Co/N-Si-C, p- . _ j\/ﬁ
Y7ON p-xylene RTSYTON R

H 120 °C, 16 h H

14 15 16

29 examples; Yield: 25-95%

R = n-hexanyl, cinnamyl, CgHs, 4-Me-CgH,4, 2-OMe-CgHy, 3-OMe-CgHy, 4-OMe-CgHy,
4-ACO-C6H4, 4-ACNH-C6H4, 4-C|-C6H4, 4-Br-C6H4, 4-CF3-C6H4, 4-CN-CGH44-NO2-
CeHy, 2-NO,-4-Br-CgHy4, 1-napthyl, 2-thienyl, 2-furyl, 3-pyridyl

R' = H, 6-Me, 6-OEt, 6-Cl, 6-Br, 7-Cl
Y,Z=CH, N

SCHEME 5.5 Co/N-Si-C Co NP catalyzed dehydrogenative coupling for the synthesis of
(E)-2-alkenyl-azaarenes

5.2.1.5 Co@NGS-800 catalyzed oxidative dehydrogenation and hydrogenation of
quinolones
Li et al discovered a highly efficient bifunctional catalyst with a high degree of stability and
reactivity, for instance, Co@N-doped graphene (G) shells (Co@NGS), which were applied for
organic conversions with saturated and unsaturated N-containing heterocyclic compounds. This NC
was utilized for the ODH and HYD of quinolines. The excellent behavior of NCs is due to the cumu-
lative effect of Co NPs encapsulated with N-doped G shells, which protects them from Co leaching
and aggregation from the C shells. In this report, 1,2,3,4-tetrahydroquinoline 1 in the presence of
Co@NGS-800 catalyst, potassium carbonate (K,CO,) as the base at 80°C for 6 h under aerobic
conditions (ODH) using MeOH as solvent was converted into quinoline 2 with 82%-96% yield
range. However, quinoline 2 was converted into 1,2,3,4-tetrahydroquinoline 1 in the presence of
various Co@NGS (e.g., 700, 800, 800 NL) using H, (HYD) and isopropyl alcohol (IPA) at 140°C to
achieve a 60%—-88% yield range (Scheme 5.6).*! The catalyst was checked and assessed via various
chemical and spectroscopic analyses. The poisoning tests with potassium isothiocynate (KSCN) and
spectroscopic analysis disclosed that there was a difference between the active sites for ODH and
HYD (Scheme 5.6).!
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Co@NGS-800 82% i-PrOH, 140 °C Co@NGS-700 60%
Co@NGS-800-NL 96% Co@NGS-800 88%
Co@NGS-900 74%
Co@NGS-800-NL 87%

SCHEME 5.6 CoNPS-700/800/900 catalyzed dual functionality

f
GHO Co-NHC@MWCNTs

- X
N + RyRNH or Pure Co-NPs O X
K3POy4, PEG, 80 °C, 2h O

R
17 14 18 19
R = H, 4- NO,, 4-OH, 2-OH, 4-Cl, 4-NO, 12 examples; Yield: 85-97% (Co-NHC@MWCNTs)
Amine = 1H-imidazole, N-methylcyclohexanamine, 12 examples; Yield: 68-95% (Pure Co-NP)

dicyclohexylamine, pyrrolidine

SCHEME 5.7 Co-NHC@MWCNTs and pure Co NP catalyzed synthesis of propargylamines 19

Co@NGS acted as active sites for O, activation via electron transfer in ODH, and the underlying
Co NPs supported by N dopants favored H, activation in HYD. The dual functionality of Co@
NGS catalysts has been attributed to the one-pot inclusion of Co sites and N-doped G into 1,2,3,4-
tetrahydroquinoline 1 under pyrolyzed conditions (Scheme 5.6).*!

5.2.1.6  Co-NHC@MWCNTs catalyzed synthesis of various propargylamines and
1,2-diphenylethyne

Mohammadi et al prepared pure Co NPs and a Co N-heterocyclic carbene grafted on CNTs (Co—
NHC@MWCNTs) catalyst, which was utilized in the synthesis of various propargylamines 19 via
multicomponent reactions and substituted 1,2-diphenylethyne 21 via Sonogashira cross-coupling.
In this methodology, phenylacetylene 17, substituted aromatic aldehydes 14, and substituted
amines 18 were reacted together in the presence of Co-NHC@MWCNTs and in pure Co NPs in
the presence of potassium phosphate (K,PO,) as the base at 80°C for 2 h in polyethylene glycol
(PEG), which produced propargylamines 19 with 85%—-97% yield and 68%-95% yield, respect-
ively (Scheme 5.7).%

In addition, the catalyst was examined for Sonogashira cross-coupling reaction for the syn-
thesis of substituted 1,2-diphenylethyne 21. When phenylacetylene 17 reacts with substituted and
unsubstituted halobenzene 20 in the presence of Co-NHC@MWCNTs at 80°C for 8—14 h and pure
Co NPs at 80°C for 12-24 h, respectively, in ethanol:water (EtOH: H,0) (1:1) solvent system, it
produced substituted 1,2-diphenylethyne 21 at 47%—-98% yields using Co-NHC@MWCNTs cata-
lyst and in 66%-91% yields using pure Co NPs (Scheme 5.8).2
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Il X  Co-NHC@MWCNTs (8-14h) R
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@ Pure Co-NPs (12-24h) O
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KOH, EtOH:H,0 (1:1), 80 °C X O
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R
17 20

R=H, 4- NO,, 4-OMe, 4-COCHs, 4-NH, 11 examples; Yield: 47-98% (Co-NHC@MWCNTSs)
X=1, Cl, Br 11 examples; Yield: 66-91% (Pure Co-NP)

SCHEME 5.8 Co-NHC@MWCNTs and pure Co NPs catalyzed synthesis of substituted 1,2-
diphenylethynes 21

CHO
o 0
CoNP@SBA-15
* H,0, 60 °C, 0.75 - 1.5h
R
22 14

R =H, 4-NO,, 3-NO, 2-NOy, 4-Cl, 24-Cl2- B, 14 Examples: Yield: 88.99°
4-Me, 4-OMe, 2-Cl, 4-OH. 4-F, 3Cl, 4-Br xamples; Yield: 88-99%

SCHEME 5.9 CoNP@SBA-15 and pure Co NP catalyzed synthesis of 1,8-dioxo-octahydroxanthenes 23 in
aqueous medium

5.2.1.7 CoNP@SBA-15 catalyzed synthesis of 1,8-dioxo-octahydroxanthenes

Rajabi et al reported a highly efficient aqueous synthetic methodology for the synthesis of 1,8-
dioxo-octahydroxanthenes 23 that used a recyclable Co-based catalyst, for instance, Co NPs
supported on Si (CoONP@SBA-15). In this methodology, dimedone 22 and substituted and
unsubstituted aromatic aldehyde 14 were reacted in presence of CONP@SBA-15 under aqueous
conditions at 60°C for 0.75-1.5 h, which produced 1,8-dioxo-octahydroxanthenes 23 with 88%—
99% yields (Scheme 5.9).%

5.2.1.8 Cobalt-terephthalic acid metal-organic framework catalyzed hydrogenation of
bioactive N-heterocycles

Jagadeesh et al reported the carbon-supported Co-terephthalic acid metal-organic framework
(MOF), for instance, Co-terephthalic acid MOF@C-800, which was used in the synthesis and
HYD of aliphatic and aromatic nitriles, the chemoselective HYD of nitroarenes, and HYD of nitro
heterocycles and nitroalkanes. In this methodology, substituted cyanide molecule 24 was subjected
to HYD using a Co-terephthalic acid MOF@C-800 catalyst and H, was maintained at 25 bar using
toluene as solvent at 120°C for 16 h, which produced the desired primary amine 25 in excellent
yields (Scheme 5.10).%*

In addition, a Co-terephthalic acid MOF@C-800 catalyst was utilized in the reduction of
substituted nitroarenes 26 to substituted aniline 27 in the presence of H, at 20 bars at 120°C
for 20 h in THF: H,O solvent, which produced substituted anilines 27 with 86%-98% yields
(Scheme 5.11).%
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R-CN e R™ NH,
H, (25 bar), Toluene
24 120 °C, 16h 25

29 examples; Yield: 80-96%

R = napthalene, biphenyl, 4-Me-CgH,, 3-Me-CgHy, 4-F-CgHy, 4-Cl-CgHy, 4-Br-CgHy,
3-Br-4-Me-CgHj3, 3-F-4-CH,OH-CgH3, 2-F-3-NH,-CgH3, 3,4,5-F-CgH,, 4-CF3-CgHy,
3-,56-CF3-CgH3, 4-OMe-CgHy, 3-OMe-CgHy, CgHy-O-CHy-Ph, 4-CONH,-CgHy,
4-COOCH;3-CgHy, Pyridine, furan, indole, benzo[d][1,3]dioxole

SCHEME 5.10 Co NP Co-terephthalic acid MOF@C-800 catalyzed reduction of aliphatic and aromatic
nitriles 24 to primary amines 25

Cobalt-terephthalic

NH
NOz  4cid MOF@C-800 Q 2
Ha (20 bar), THE-H0

R 120 °C, 20h

26 examples; Yield: 86-98%

R = H, 4-Me, Ph, 2-Ph, 4-F, 3-Cl, 4-Br, 2,4,6-Cl, 3-Cl-4-F, 4-1, 2,6-Cl-4-NH,
4-OMe, 4-SMe, 3-N(CH3),, 4-CI-3-NH-Ph, 2-OH, 2-CHO, 4-COCHs,
4-COOCH;, 4-CONH,, 3-0-Ph-4-NH-SO,Me

SCHEME 5.11 Co NP Co-terephthalic acidMOF@C-800 catalyzed reduction of substituted nitroarenes 26
to substituted aniline 27.

]

0
CoFe,O 0
R OH z L
Hsl0g, H,0 R H
n
28 29

n rt, 50-90 min.

14 30
n=1,2,3 n=1,2,3
R = Ph, 4-CIPh, 4-NO,Ph, 4-OHPh, 11 examples; Yield: 84-98%
4-N(CH3),Ph, 4-CH3Ph, 4-OMePh,

3-NO,Ph

SCHEME 5.12  CoFe,0, catalyzed oxidation of alcohols

5.2.1.9 CoFe,O,-based nanocatalyst for the oxidation of alcohols

Dhar et al prepared magnetically recoverable cobalt-ferrite (CoFe,0,) based NC, which was used
for the oxidation of substituted benzyl and secondary alcohols into their corresponding substituted
aldehydes and ketones with excellent yields. In this synthetic strategy, substituted benzyl alcohols
28 and cyclic alcohols 29 were reacted with a CoFe,O, catalyst, periodic acid at room tempera-
ture for 50-90 min under aqueous condition, which produced substituted aldehydes 14 and cyclic
ketones 30 with 84%-98% excellent yields (Scheme 5.12.)

5.2.1.10 CrCoFeO4@G-GO and Zn.5C00.5Fe204@G-GO as an efficient nanocatalyst
for oxidation reactions

In 2016, Shaabani et al reported a new nanocatalyst with high catalytic activity and selectivity,
which was composed of chromium (Cr) and zinc (Zn) substituted CoFe O, NPs supported on
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SCHEME 5.13 Cr- and Zn-substituted CoFe,O, NPs supported on guanidine-grafted GO nanosheets
catalyzed oxidation of arenes

SN CoFe,0,CNT-Cu .~ N

R + R-CHO + CH3NO, ~ >R
ZSNH, PEG,00, 80 °C, 3-6h  Xx-N 7
41 14 42 43 NO2

20 examples; Yield: 80-96%
R = 4-Me, 5-F
R'=Ph, 3-OMeCgH,, 4-OMeCgH,, 3-PhOCgH,4, 4-CH3(CH;),0C6Hy,
4-CH3(CH2)4OC6H4, 4-MeCSH4, 4-CM9306H4, 4'MeSCGH4,
3-FCgHy, 4-FCgHy, 2-CICgHy, 3-CICgHy, 4-CICgH4, 4-BrCgHy,
3-CF3CgHy4, Thienyl, 1-Napthyl

SCHEME 5.14 CoFe,0,/CNT-Cu catalyzed synthesis of 3-nitro-2-arylimidazo[1,2-a]pyridines via
multicomponent reaction

guanidine-grafted graphene oxide (GO) nanosheets, which were used for the oxidation of substituted
alkyl arenes and cyclic alcohols into their corresponding ketones efficiently. In this methodology,
CrCoFe0O4@G-GO and Zn 5C00.5Fe204@G-GO NCs were used in the presence of air as oxi-
dant under reflux conditions that used o-xylene as a solvent and were used for the conversion of
various substituted alkyl arenes 31-34 and cyclic alcohols 35 into their analogous ketones 37—
40 and alcohols 36 with 76%-99% yields (Scheme 5.13).” The catalysts CrCoFeO,@G-GO and
Zn0.5C00.5F6204@G —GO demonstrated different reactivities, which could directly affect their
reaction time, for example, the first catalyst requires 2—4 h reaction time and the second requires
2.5-6 h (Scheme 5.13).%

5.2.1.11 CoFe,O,/CNT-Cu catalyzed synthesis of 3-nitro-2-arylimidazo

[1,2-a]pyridines
Zhang et al reported the synthesis of a fused bioactive heterocyclic imidazo[1, 2-a]pyridine ring via
a multicomponent reaction that used magnetically separable, eight-times recyclable CoFe, O, NC
supported over CNTs Cu (CNT-Cu). Various substituted and unsubstituted 2-aminopyridines 41,
substituted aldehydes 14, and nitromethane 42 were reacted with CoFe, O, /CNT-Cu catalyst at 80°C
for 3-6 h in PEG,  solvent, which produced 3-nitro-2-arylimidazo[1,2-a]pyridines 43 with good to

400

excellent yield (Scheme 5.14).%
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SCHEME 5.15 CoFe,0, NPs catalyzed multicomponent reaction for the synthesis of substituted
benzimidazoles 45

R N R
H CoFe,04/Pure \>_@
N Co NP N
|

N K,CO3, EtOH
\©\ reflux, air
OH
46 45 OH
X =Cl, Br 8 examples
R =H, OH, NO,, CI, Me, NH, Yield using CoFe,0O4 =22-79%

Yield using Pure Co NP = 53-91%

SCHEME 5.16 CoFe, O, pure Co NPs catalyzed multicomponent synthesis of substituted
benzimidazoles 45

5.2.1.12 Nanoparticle CoFe,O,-catalyzed synthesis of benzimidazoles

In 2018, Borade et al reported the CoFe,O, catalyzed synthesis of benzimidazoles 45 that used
substituted and unsubstituted benzene-1,2-diamines 44 and substituted aldehydes 14 in H,O:EtOH
(1:4) for 7-11 min at room temperature, which produced substituted benzimidazoles 45 with 90%—
97% excellent yield (Scheme 5.15).7

5.2.1.13 CoFe,O, catalyzed synthesis of benzimidazoles and benzoxazoles

Hajipour et al reported the synthesis of two bioactive heterocycles, for example, substituted
benzimidazoles 45 and benzoxazoles 47 from CoFe O, catalytic cyclization of o-haloanilides. In
this methodology, substituted o-haloanilides 46 was reacted with CoFe O, using K ,CO, as a base
in EtOH under refluxing conditions for 8—11 h, which produced the substituted benzimidazoles 45
with 22%-75% yield. Furthermore, this transformation was performed with pure Co NPs, which
produced substituted benzimidazoles 45 with 53%-91% yield in 6-10 h (Scheme 5.16). %

Hajipour et al illustrated the synthesis of substituted benzoxazoles 47 from o-haloanilides 46a
(similar to 46) that used the same reaction conditions in which substituted benzoxazoles 47 was
formed with 23%-79% yield in 10-16 h, which used a CoFe,O, NC and gave 75%-96% yield under
refluxing conditions at 8-16 h, which used pure Co NP (Scheme 5.17).%

5.2.1.14 CoFe204@SiO2/PrNH2 as an efficient nanocatalytic system for
multicomponent reactions

Safaei-Ghomi et al developed an eco-friendly, magnetically separable CoFe,O,@SiO,/PrNH,
nanocatalyst, which efficiently catalyzed the one-pot condensation of aldehydes, aromatic amines,
and thioglycolic acids via a multicomponent reaction to produce 1,3-thiazolidin-4-ones 49 in
excellent yields. In this methodology, substituted anilines 27, substituted aldehydes 14, and 2-
mercaptoacetic acid 48 were reacted together in the presence of CoFe,O,@SiO,/PrNH, in toluene
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H CoFe,04/Pure 0
. Co NP @ />_®
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X=Cl, Br 10 examples
R=H, NO,, Cl, Me, Br, OMe Yield in CoFe,04 = 23-79%

Yield in Pure Co NP= 75-96%

SCHEME 5.17  CoFe, O, and Co NPs catalyzed multicomponent synthesis of substituted benzoxazoles 47

NH, < ;x
@ OH COFe,0,@SI0yPNH, g

+ R-CHO + Hs/r Toluene, reflux Y\):O
S

X
27 14 48 49

R= Phenyl, Pyridine, Thiophene 15 examples; yield: 75-85%

X=H, Me, OMe, NO,, CI

SCHEME 5.18 CoFe204@SiO2/PrNH2 NPs catalyzed multicomponent synthesis of 1,3-thiazolidin-4-
ones 49

under refluxing conditions at 120°C-140°C for 120-135 min, which produced substituted 1,3-
thiazolidin-4-ones 49 in good to excellent yield (Scheme 5.18).%

5.2.1.15 CoFe,0,-GO-SO,H catalyzed synthesis of 3,6-di(pyridin-3-yl)-1H-pyrazolo[3,4-
b]pyridine-5-carbonitriles

Then, for the synthesis of bioactive N-heterocycles, Zhang et al reported the preparation of a mag-
netically separable CoFe,O, and GO anchored sulphonic acid NC (CoFe 0,-GO-SO,H), which
was characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), vibrating
sample magnetometry (VSM), and transmission electron microscope (TEM) techniques. This NC
was utilized for the synthesis of 3,6-di(pyridin-3-yl)-1H-pyrazolo[3,4-b]pyridine-5-carbonitriles
52 via multicomponent reactions. In this methodology, 1-phenyl-3-(pyridin-3-yl)-1H-pyrazol-5-
amine 50, aldehyde 14 and 3-oxo-3-(pyridin-3-yl)propanenitrile 51 were reacted in the presence
of a magnetically separable Fe O,~GO-SO,H NC under MW irradiation conditions using
choline chloride (ChCl)/glycerol (1:3) as a green solvent for 10-15 min, which produced 3,6-
di(pyridin-3-yl)-1H-pyrazolo[3,4-b]pyridine-5-carbonitriles 52 in excellent (84%-95%) yield
(Scheme 5.19).3°

5.2.1.16 CoFe,O, nanoparticles three-component reaction using greener reaction
conditions

Sanasi et al reported a novel methodology for the synthesis of 4H-pyrano[3,2-h]quinolones through
the synthesis of CoFe, O, NPs that used sol-gel citrate-precursor method that was been characterized
by Fourier-transform infrared spectroscopy (FTIR), XRD, TEM, and SEM techniques. The
developed NC was utilized in the synthesis of 4-phenyl-4H-pyrano[3,2-h]quinolin-2-amine 55 and
2-amino-4-phenyl-4H-pyrano[3,2-h]quinoline-3-carbonitrile 56 derivatives. The three-component
reaction involved the treatment of substituted aldehydes 14, substituted ACS and malononitrile
53, and 8-hydoxyquinoline 54 dissolved in EtOH (green solvent) with CoFe O, NPs under MW
irradiations for 2 min, which produced 4-phenyl-4H-pyrano[3,2-h]quinolin-2-amines 55 and
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SCHEME 5.19 Fe,0,-GO-SO,H NPs catalyzed multicomponent synthesis of 3,6-di(pyridin-3-yl)-1H-
pyrazolo[3,4-b]pyridine-5-carbonitriles 52

N
R CoFe204 ~z
EtOH, MW, 2 min X

R= Cl, Br, OMe, Me 3 examples; yield: 86-92% 4 examples; yield: 88-92%
R'=Cl, OH, H

SCHEME 5.20 CoFe O, NPs catalyzed multicomponent synthesis of 4-phenyl-4H-pyrano[3,2-h]quinolin-2-
amine 55 and 2-amino-4-phenyl-4 H-pyranol[3,2-h]quinoline-3-carbonitriles 56 derivatives

) R
R-NH, + HCOOH CoFe;0,@Si0PTA H—N/\
Solvent free, rt, 30-60 min. CHO
27 57 58
R= Alkyl, Phenyl, Benzyl 14 examples; yield: 50-97%

SCHEME 5.21 CoFe204@SiO2-PTA NPs catalyzed N-formylation of substituted and unsubstituted anilines
27 with formic acid 57

2-amino-4-phenyl-4H-pyrano[3,2-h]quinoline-3-carbonitrile 56 derivatives in excellent yields
(Scheme 5.20).%!

5.2.1.17 CoFe,0,@SiO,-PTA catalyzed N-formylation of amines

Kooti and Nasiri established an efficient methodology for the N-formylation of amines via the devel-
opment of a CoFe,O, based NC. In this work, a novel three-component nanocomposite, for instance,
CoFe,0,@Si0 —PTA was prepared by anchoring phosphotungstic acid supported on the surface of
Si-coated CoFe,O, NPs, which was confirmed by performing characterization by SEM, FTIR, EDX,
VSM, inductively coupled plasma mass spectrometry (ICP—AES), and XRD. The reaction involved
the treatment of substituted and unsubstituted anilines 27 with formic acid 57 under solvent-free
conditions at room temperature for 30-60 min, which produced substituted formylated amines 58
with 50%-97% yield (Scheme 5.21).%

5.2.1.18 Co@NGR nanocatalyst hydrogenation of alkynes

Jaiswal et al reported an efficient and nine-run recyclable synthesis of G supported Co NPs NC,
which was utilized in the HYD of alkynes. In this report, several internal substituted symmetrical
and unsymmetrical alkynes 59 were treated with NH-BH, using Co@NGR NC at 80°C for 24 h
using MeOH as the solvent, which gave 90%—100% yleld of substituted Z-alkenes 60 and 0%—10%



Cheaper Transition Metals-Based Nanocatalyzed Organic Transformations 107
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59 80 °C, 24h
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3-methylpyridine, -(CH,),0OTBS, -COOMe, Yield: 1-99%  Yield: 1-3% Unsymmetrical alkyne

-(CHy)sMe, -CH,OH, -TMS

SCHEME 5.22 Co@NGR NPs catalyzed dehydrogenation of internal substituted symmetrical and
unsymmetrical alkynes 59

R Co@NGR RJ/
NH3-BH3, MeOH
62 80 °C, 18h 63

R=4-OMeCgHy, 4-FCgH,, 4-MeCgHy, 6 examples; yield: 91-99%
4-tBUCGH4, 3-C|C6H4, -(CHZ)ZOTBS

SCHEME 5.23 Co@NGR NPs catalyzed dehydrogenation of terminal alkynes

yield of substituted E-alkenes 61 for symmetrical alkynes; and the NC treatment of unsymmet-
rical alkyne gave 1%—-99% yield of substituted Z-alkenes and 1-3% yield of substituted E-alkene
(Scheme 5.22).%

This methodology was applied on terminal substituted symmetrical and unsymmetrical alkynes
62 under the same reaction conditions for 18-24 h, which gave the corresponding dehydrogenated
product, for instance, substituted alkenes 63 with 91%-99% yield (Scheme 5.23).%*

5.2.1.19 Co Nanoparticles catalyzed hydrogenation of bioactive heterocycles

Jagadeesh et al reported the Co NPs catalyzed HYD of N-heteroarenes, for example, quinoxalines,
indole, naphthyridines, phenanthrolines, acridines, and imidazo[1,2-a]pyridines under mild
conditions. In this methodology, one or two N-containing heteroarenes and substituted anilines
64 were reported to undergo reduction (HYD) into their corresponding hydrogenated substituted
piperidines 65 when subjected to a Co pyromellitic acid@Si02-800 NC in the presence of H, at
50 bars at 120°C-135°C, which used i-PrOH: H,0O (2:1) as solvent for 24 h with 83%—-97% excel-
lent yield range (Scheme 5.24).3* Then, one N-containing bio heterocycles, such as substituted
quinolines 16, substituted isoquinolines 7, substituted indoles 5, and two N-containing heterocycles,
such as imidazo[1,2-a]pyridines 43, quinoxalines 16, when treated with the same catalyst in the
presence of H, at 10 bar at 70°C that used i-PrOH:H,O (2:1) as the solvent for 24 h gave the
corresponding hydrogenated products tetrahydroquinoline 1, indolines 4, tetrahydroisoquinoline
6, 5,6,7,8-tetrahydroimidazol1,2-a]pyridine 67, and 1,2,3,4-tetrahydroquinoxaline 68 with good to
excellent yield (Scheme 5.24).34

5.2.1.20 Co/MA-800 catalyzed hydrogenation of nitroarenes to aminoarenes and some
bioactive heterocycles

Natte et al developed a C-supported Co NP catalyst, which was utilized for the HYD of nitroarenes
into their corresponding hydrogenated product. In this work, various substituted nitrobenzenes 26
on treatment with a Co-based nanocatalyst (Co/MA-800) in the presence of H, at 120°C-130°C for
18-24 h that used THF: H,O (10:1) as a solvent gave the corresponding anilines 27 derivatives with
good to excellent yield (Scheme 5.25).%.
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| N R Co-pyromellitic acid@SiO,-800 @
R
“ 50 bar Hy, i-PrOH, 120-135 °C, 24h N
H

N
64 65
R=3-CONH,, 4-CF3, 4-CONH,, 2-CH,CH3, 11 examples; yield: 83-97%

2-(CH,)4CHs, 3-CH,NHCH3, 3-COOCHS, 2-
C6H4-4-Me, 2-C6H4-4-OM6, 2-C6H4-4-CF3

R R
/X\ ) Co-pyromellitic acid@SiO2-800 /X\Y )
N\ 10 bar Hy, i-PrOH, 70 °C, 24h XN

16,7,5,43 1,4, 6, 67,68
n=0,1 17 examples; yield: 71-97%
X=Y=Z=H,N
R4 = CHg, CI, Br, OH, COOCHj3, Ph, Pyridine
R =H, CHs, Ph /
R, = )\ /(CHz)a'O
- CH>)3 o) o
¢ (CH2)3" NCHo)s

SCHEME 5.24 Co-pyromellitic acid@SiO2-800 nanocatalyzed HYD of N-heteroarenes

N02 NH2
AS Co/MA-800 | AS
| _X THF:H,0 (10:1) _X
R 120-130 °C,18-24h R
26 27
X=H,N 27 examples; yield: 79-97%

R =-CHCH,, -CCH, -CONH,, -CO, -COOMe, -COH, -Cl, O
-F, -1,2,3,4,5-F, -Phenanthrene, -OPh, -OMe, -SMe, R = /\O _ .
N—-—
=N

\
'

-NH,, -OH, -SH, -Me, -Dioxane, Ph, morpholine, -I,
-CN, -pyridine,

SCHEME 5.25 Co/MA-800 catalyzed HYD of nitroarenes 26

5.2.2 NICKEL NANOPARTICLE CATALYZED ORGANIC TRANSFORMATIONS AND SYNTHESIS OF
BIOACTIVE HETEROCYCLES

In this section, some of the most important organic transformations that are being continuously
applied to the synthesis of several N-containing bio heterocycles are discussed. Furthermore, some of
the applications for nickel (Ni) NPs, which have been used in the synthesis of bioactive heterocycles
are included. Therefore, some of the promising literature reports are considered in this section.

5.2.2.1 Diphenylphosphinated poly(vinyl alcohol-co-ethylene)-nickel nanoparticle
catalyzed Mizoroki-Heck reaction

Ebrahimzadeh et al reported the preparation of a Ni-based metallized polymer. The synthesis
involved the base-catalyzed reaction of poly(vinyl alcohol-co-ethylene) (PVA-co-PE) with
chlorodiphenylphosphine (CIPPh,) followed by treatment with Ni(OAc), and NaBH, reduction gave
Ni NPs supported on a diphenylphosphinated poly(vinyl alcohol-co-ethylene) ((DPP-PVA-co-PE)-
Ni NP) catalyst. The confirmation of the formation of the catalyst was carried out on TEM, SEM,
and XRD. This is one of the best examples of Ni NC that shows the C—C bond forming Mizoroki—
Heck reaction. In this methodology, (DPP-PVA-co-PE)-Ni NP catalyzed the reaction of various
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/YO\ . PhZHPO @/\)J\ Bu
Bu
X (o)
DMF, NEt3
70 80 °C, 1-24h
+
X

R g
69 thHPO N
DMF, NEt3 O
R

71 80 °C, 1-24h

X=Cl, Br, |
R=H, 4-NO,, 4-OMe, 4-CN, 4-Me, 4-CF; 20 examples; yield: 45-97%

SCHEME 5.26 (DPP-PVA-co-PE)-NiNP catalyzed Mizoroki-Heck reaction of various substituted aromatic
haloarenes 69 with various substituted aliphatic 70 and aromatic alkene 71

A s
/Y ~  Ni(I)-DABCO@SiO, o
NEt3 DMF R

80°C, 1.5-15h

74 72
15 examples; yield: 31-98%
X=Cl,Br, |
R =H, 4-NO,, 4-OMe, 4-CN, 4-Me, 4-COMe

SCHEME 5.27 Ni(II)~DABCO@SiO2 catalyzed Heck reaction

substituted aromatic haloarenes 69 with various substituted aliphatic 70 and aromatic alkene 71 in
DMF at 80°C for 1-24 h, which gave the corresponding coupled products, for example, substituted
cinnamates 72 and substituted diphenylethene 73 with good to excellent yields (Scheme 5.26).%

5.2.2.2 Ni(ll)- DABCO@SiO, as an efficient heterogeneous nanocatalyst for Heck
reaction

Hajipour et al prepared a Si-supported Ni(Il)- 1,4-Diazabicyclo[2.2.2]octane (DABCO) com-
plex, for example, Ni(Il)- DABCO@SiO, NP, which was utilized in the successful execution of a
Heck coupling reaction. In this reaction methodology, substituted haloarenes 69 on treatment with
methyl acrylate 74 in the presence of a Ni(II)-DABCO@SiO, NC in the presence of triethylamine
in DMF at 100°C for 1.5-5 h gave the substituted cinnamates 72 with good to excellent yields
(Scheme 5.27).%7

5.2.2.3 Fe,0,@SiO,-EDTA-Ni(0) nanoparticle catalyzed Suzuki-Miyuara and Heck
cross-coupling

Inaloo et al reported an Fe,0,@SiO,-EDTA-Ni(0) NP catalyzed Suzuki and Heck reaction. In this
reaction, various haloarenes 69 substltuted aryl carbamates 75, and substituted aryl sulfamates 76
were reacted with coupling partners, for example, substituted boronic acid 77 dissolved in ethylene
glycol solvent in the presence of Fe,O,@Si0 -EDTA-Ni(0) NC that used using potassium hydroxide
(KOH) as the base at 120°C for 6 h Wthh produced the furnished corresponding biaryls coupled
product 78 in low to excellent yields (Scheme 5.28).%

Similarly, substituted aryl carbamates 75 and substituted aryl sulfamates 76 when reacted with
activated substituted aromatic and aliphatic alkenes 79 dissolved in ethylene glycol solvent in the
presence of Fe,0,@SiO,-EDTA-Ni(0) NC that used KOH as the base at 120°C for 6 h produced
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OH Fe30,@Si0,-EDTA-NI(0)
R + R,-B R-R,
“OH KOH, Ethylene glycol
120 °C, 6h
69/75/76 77 78
R = Phenyl carbamate, aryl R1 = CgHs, 4-MeCgH,, 4-OHCgH,, 47 examples; yield: 0-94%
sulfamates, I-CgHs, (Br, CI, OMe, 4h-,FCgH4' 4-CF3CeHy,
OPiv, 0CO,'Bu, OMs, OTs, OT, thiophene
Me, CHO, COCH3, NO,, NC, CFj)
CgHs, pyridine, pyrimidine,
naphthalene, quinoline,
Ro
Ro Fe30,@Si0,-EDTA-NI(0 —
RX . o 304@SiOy (0) /_/
KOH, Ethylene glycol R
75/76 79 120 °C, 6h 78
X = carbamate, Sulfamates R, = CgHs,4 -MeCgH,, 4-OMeCgHy, 20 examples; yield: 0-92%
R = CgHy, 4 -MeCeHy, 4-CNCgHjy, 4-NO,CgHa,

4-OMeCgHy,, 4-CNCgHy,
4-NO,CgHy, pyridine,
primidine, thiophene

4-COCH4CgHj, -COOBU,

SCHEME 5.28 Fe304@SiO2-EDTA-Ni(0) NP catalyzed Suzuki-Miyuara and Heck reaction

Ni-NPs
e [BMMIMINTf, - PN PPN
B H, (20-30 bars) RTNH, * R N° R+ RO R
80 90 °C, 22h 81 82 83
R = 4-BrCgHy, 4-1CgH,, 4-MeCgHy, 11 examples 11 examples 11examples
4-OCH,CH,CH3CgH,, 4-COOHCgH,, yield: 0-73% yield: 0-56% yield: 0-22%

2-NH,CgHy, -(CH3)3Cl, -(CH3)6CH3

SCHEME 5.29 Ni NPs in (BMMIM)NTT, catalyzed nitrile HYD

the corresponding biaryls or substituted aralkyls of prototype 78 in low to excellent yields
(Scheme 5.28).%8

5.2.2.4 Nickel nanoparticles in [BMMIM]NT(, catalyzed nitrile hydrogenation

In 2017, Konnerth et al reported nitrile HYD that used Ni NPs implanted in imidazolium based ionic
liquids (ILs). The Ni NPs in 1-butyl-2,3-dimethylimidazolium bis((trifluoromethyl)sulfonyl)imide
([BMMIM]NTHT,) NC was the universal catalyst for nitrile HYD and showed good selectivity. In this
work, substituted aliphatic and aromatic nitriles 80 were treated with Ni NPs in IL [BMMIM]NTT,
at 90°C for 22 h in the presence of H, at 20-30 bar, which gave the corresponding hydrogenated
product substituted primary amines 81, substituted imines 82, and substituted secondary amines 83
in low to moderate yields (Scheme 5.29).%

5.2.2.5 Nano-NiFe,O, catalyzed synthesis of alkoxyimidazo[1,2-a]pyridines
Payra et al described the efficient synthesis of alkoxyimidazo[1,2-a]pyridines in the presence of
nickel ferrite (NiFe,O,)-based NPs under a MW-assisted condensation reaction.

In this methodology, various substituted and unsubstituted 2-aminopyridine 41, S-nitrostyrene
84 and substituted aliphatic alcohol 85 were treated with a nano NiFe, O, catalyst at 80°C for 4 h or
in MW condition for 5 min, which gave the cyclized product alkoxyimidazo[1,2-a]pyridines 43 in
good to excellent yields (Scheme 5.30).4°

5.2.2.6 Nickel nanoparticle catalyzed multicomponent reaction for the synthesis of
pyrrole

Moghaddam et al reported Ni NP catalyzed pyrrole synthesis via a multicomponent pathway. In

this strategy, substituted cyclic and acyclic amines 27, 1,3-diketone 86, aromatic aldehydes 14, and
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NH NO N
2 NANO _ NiFe0, N2
+ ROH ——————
80 °C for 4h

85 or
MW, 5 min.
R = H Me
R, = H, 4-Cl, 4-Me, 4-OMe Ra
R3 = OEt, OBu, OPr, 43
12 examples
Yield: MW (80-86%),
Heating (65-78%)

SCHEME 5.30 Synthesis of alkoxyimidazo[1,2-a]pyridines using NiFe,O, NC

HzN‘R1 0 Ar
O O i R
N|F6204 3 \
+ + + CH3NO |
RzMRs ArCHO #7772 100 °C for 3-4h R N
2 \
R4
27 86 14 42 87
Ry = H, CH,, -p-OMe, -p-Br 12 examples; yield: 80-95%

R, = Me, R; = Me, OMe, OEt, Ph
Ar = Ph, 4-MeC6H4, 3-N0206H4, 4-C|CGH4, 4-M92NCGH4, 2'fU|'y|

SCHEME 5.31 Ni NP catalyzed multicomponent reaction for pyrrole synthesis

nitromethane 42 were reacted in a one-pot method in the presence of NiFe,O, NPs at 100°C for
3—4 h under neat conditions, which produced substituted pyrrole 87 derivatives in good to excellent
yields (Scheme 5.31).*!

5.2.2.7 Nickel nanoparticle catalyzed stereo- and chemo-selective semihydrogenation of
functionalized alkynes of structurally diverse

Jagadeesh et al. prepared a highly stable, selective, and recyclable monodisperse Ni NP captured
in G shells as sustainable HYD catalysts, which utilized immobilization and pyrolysis of fructose
as low-cost monosaccharides and nickel(II) acetate (Ni(OAc),) on Si for its controlled preparation.
These NPs were applied in the HYD of several structurally diverse substituted aromatic, hetero-
cyclic, and aliphatic alkynes to the corresponding substituted alkenes with a high order of stereo-
selectivity and chemoselectivity. In this methodology, substituted internal alkynes 59 in the presence
of Ni-fructose @SiO,-800 NPs under 10 bars H, at 110°C for 15 h in the presence of ACN gave the
corresponding hydrogenated substituted alkene product 60 (Z-alkene) as a major product (i.e., 98%—
100% Z-alkene formation) along with the formation of the minor product 61 (E-alkene). Similarly,
substituted terminal alkyne 62 in the presence of the previously mentioned reaction conditions gave
the corresponding substituted alkenes as hydrogenated product 63 (Scheme 5.32).42

5.2.2.8 Resin-encapsulated Nickel nanocatalyst for the reduction of nitroarenes

Rani et al reported the utilization of an impregnation method for the synthesis of resin-encapsulated
Ni NC by the treatment of Ni(Il) acetate tetrahydrate (Ni(OAc),.4H,0) in the presence of sodium
borohydride (NaBH,). The synthesized NC was confirmed by various spectroscopic techniques,
such as field emission scanning electron microscope (FESEM), transmission electron microscope
(TEM), and inductively coupled plasma mass spectroscopy (ICP-MS). The resin-encapsulated Ni
NC was applied in the synthesis of aniline via the reduction of nitrobenzene that used Ni NPs. In
this methodology, substituted nitroarenes 26 in the presence of the NC underwent reduction, which
produced the corresponding substituted amines 27 with excellent yield in the presence of NaBH, as
co-catalyst at 50°C for 0.5-2 h under MeOH: H,O (3:7) solvent conditions (Scheme 5.33).8
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. . Ry
Ni-fructose@SiO,-800
R—=R, @SiO, K/R2 . R1/\/R2
0 10 bar H,, ACN
5 110 °C, 15h 60 61

24 examples; yield: 82-95%

R4 = Ph, 4-MePh, 4-NH,Ph, 4-FPh, 4-CIPh, 4-BrPh, 4-OMePh,
4-COHPh, 4-COMePh, 4-CH,CH3Ph, benzo[b]thiophene,
-(CH;)gOH, -(CH;)gOMe
R, = Ph, 4-CH,CH3Ph, 4-NH,Ph, 3-CNpyridine, 4-BoranePh,
pyridine, 4-Si(CH3)3Ph, dihydrofuran-2,5-dione, isobenzofuran-1,3-dione,
4-MePh, -CH,0OH, -C(CH,),0H, -CH,NHCH,CH,CH3, 4-CgH47Ph, -CH,CH3;
Ni-fructose@SiO»-800

R4
10 bar H,, ACN _\\

62 110 °C, 15h 63
12 examples; yield: 83-94%

R4 = Ph, 2-MePh, 2-FPh, 4-CH,0OHPh, 4-(CH3);Ph, 4-CF3Ph,
2-OMeNaphthalene, 4-CNPh, pyridine, -4-(CH,)4CH3Ph, Cyclohexyl

R——=

SCHEME 5.32 Ni-fructose @Si02-800 stereo and chemoselective semi-HYD of functionalized alkynes

resin-encapsulated

R-NO, nickel nanocatalyst R-NH,

NaBH
26 4 27

MeOH:H,0 (3:7) - 0
50 °C, 0.5-2h 15 examples; yield: 79-95%

R = Toluene, Benzene, 4-OMePh, 3-OMePh, 4-benzaldehyde,
4-CIPh, 4-BrPh, 1-naphthalene, quinoline, aminobanzene, pyridine

SCHEME 5.33 Resin-encapsulated Ni NC for the reduction of nitroarenes

5.2.2.9 NiFe204@SiO2-H,PW,,0,, catalyzed synthesis of tetrahydrobenzo[b]pyran and
pyrano[2,3-c]pyrazoles

In 2015, Maleki et al reported a highly efficient and magnetically separable, Keggin (H,PW ,0,))
heteropoly acid (HPA) supported on Si-coated NiFe,O, NPs, for instance, NiFe, O, @SiO,-H,PW O,
NC that was confirmed by various spectroscopic techniques, such as XRD, TEM, SEM, VSM, and
FT-IR. The NC was efficiently recycled up to six times without any substantial loss of catalytic
activity. The catalyst was utilized in the synthesis of tetrahydrobenzo[b]pyrans 91 and pyrano[2,3-c]
pyrazoles 92 derivatives. In this methodology, substituted aldehydes 14, substituted acetate 88, and
cyclic 1, 3-dicarbonyl 89 or 3-methyl-1-phenyl-1H-pyrazol-5(4H)-one 90 were reacted together in a
one-pot multicomponent reaction that used NiFe O, @SiO,~H,PW ,0, NC under reflux conditions
for 5-60 min, which produced substituted tetrahydrobenzo[b]pyrans 91 and pyrano[2,3-c]pyrazoles

92 with 76%-95% yield (Scheme 5.34).*

5.2.2.10 PdRuNi@GO NPs assisted synthesis of Hantzsch 1, 4-dihydropyridines

Demirci et al reported the synthesis of 1, 4-dihydropyridines that used Ni NPs of PdRuNi
furnished on GO (PdRuNi@GO NPs). In this methodology, cyclic 1,2-diketones that included
dimedone 89, substituted cyclic aldehydes 14, and substituted B-keto acetate 88 were used in a
one-pot in the presence of PARuNi@GO NPs and ammonium acetate (NH,OAc) at 70°C for 45
min using DMF as a solvent and produced Hantzsch dihydropyridines 93 with good to excellent
yield (Scheme 5.35).#
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X

Y N
CN

R2R2

89 90

14 88

R = Ph, 4-CIPh, 4-MePh, 3- X=CN, COOEt R,= Me, H
CIPh, 3-OCH3Ph,
2- CH3Ph, 4-CNPh,
4-NO,Ph, 3-NO,Ph, . ,
4-BrPh, 2,4-CIPh, NiFe,0,@Si0,—
3-OHPh, thiophene, furan Q H3PW 4,040 (NFS-PWA)

R3 EtOH, reflux, 5-60 min.
Ro o _X H,N.__O._N
W S (D 1 —
NH, N//

O R R
91 92
20 examples; yield: 80-90% 17 examples; yield: 76-94%

SCHEME 5.34 NiFe204@SiO2-H,PW O, catalyzed synthesis of tetrahydrobenzo[b]pyrans 91 and

127740

pyrano[2,3-c]pyrazoles 92

R
o o o NH4O.Ac
R-CHO + )J\)J\ g . PdRuNI@GO o)

% 45 min, 70 °C, DMF 0~

14 88 89 N

H

R= (H, Br, NO,, CI, CN, -

N(CHs),, Me, 2.4-OMe)Ph, 93

cyclohexyl, -(CH,)4CHag, 18 examples; yield: 86-96%

naphthalene

SCHEME 5.35 PdRuNi@GO NPs assisted synthesis of Hantzsch 1, 4-dihydropyridines

5.2.3 COPPER NANOPARTICLE CATALYZED ORGANIC TRANSFORMATIONS AND SYNTHESIS OF
BIOACTIVE HETEROCYCLES

In this section, some of the most important organic transformations that are being continuously
applied in the synthesis of several N-containing bioheterocycles using that used Cu NPs are
incorporated. Furthermore, the application of Cu NPs, which have been used in the synthesis of
bioactive heterocycles will be discussed. Therefore, literature on structurally diverse examples were
considered for discussion in this section.

5.2.3.1 Heterogenous recyclable Copper(0) nanoparticle deposited on nanoporous
polymer catalytic system for Ullman reaction in water

Mondal et al reported the development of a highly efficient Cu’NP catalytic system that carried out
Ullman cross-coupling of various substituted aryl halides and with substituted amines under aqueous
conditions. The synthesis of Cu NPs involved the reaction of divinylbenzene with acrylic acid under
a hydrothermal environment, which underwent polymerization in an organic environment. The
resultant adduct was subjected to Cu® NP deposition that led to the formation of a Cu—-Boron NC.
Similarly, another Cu—A NC (i.e., Cu’ NP loaded with porous C) was prepared to compare the
reactivity of the NC toward Ullman cross-coupling reactions under aqueous conditions. Several
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_H
X ON
Cu® NPs, Cs,CO4
+ NH,Me
H,0, 3-16h, 110 °C
R R
69 94 27
X=1,Br 6 examples; yield: 51-86%
R = OMe, Me, CI
| R1\N,R2
+ RWH Cu® NPs, Cs,CO4
Ry H,0, 12-24h, 110 °C
OMe OM¢€
69 95 27
Amine: ethylamine, allyl-NH,, 7 examples; yield: 41-74%

morpholine, pyrrolidine

SCHEME 5.36 Cu’ NP deposited on nanoporous polymer catalyzed Ullman reaction in H,0O

characterization techniques, such as TEM, SEM, XRD, and XPS were utilized for the synthesized
NCs. Furthermore, this Ullman coupling methodology used a Cu-B nanocatalyst involved the reac-
tion of substituted aryl halide 69 with substituted methyl amine 94 in the presence of Cu—B NC and
cesium (Ce) carbonates as the base in H,O under continuous heating at 110°C for 3—16 h produced
the corresponding substituted methyl anilines 27 with excellent yields (Scheme 5.36). In addition,
the Ullman reaction performed with other NCs, such as Cu-A, Cu’NPs, Cu’-Carbon black, and
nanoporous polymer DVAC-1 (i.e., developed by the nonaqueous polymerization of acrylic acid)
either gave the Ullman product at a lower yield or the reaction did not occur. The high catalytic effi-
ciency of the Cu—B NC was shown due to its high Brunauer—-Emmett—Teller (BET) surface area and
unique sea-urchin-like nanostructure.*

Similarly, substituted aryl iodide 69 reacted with various secondary amines, such as ethylamine,
allyl-NH,, morpholines, and pyrrolidines 95 in the presence of Cu-B NC and Ce carbonates as
the base in H,O under continuous heating at 110°C for 3-16 h, which produced the corresponding
substituted arylated anilines 27 with a good yield (Scheme 5.36).4

5.2.3.2 Solvent-Dependent CuNPs/C catalyzed multicomponent synthesis of
indolizines and Chalcones

Alonso et al reported the multicomponent synthesis of indolizines that used a Cu NC. In this meth-
odology, Cu-based NPs supported on activated charcoal (i.e., CuNPs/C, 0.5 mol% catalyst loading)
was utilized as an efficient NC in a multicomponent reaction in which various substituted hetero-
aromatic aldehydes i.e., (nicotinimide) 97, substituted secondary amine 95, and substituted terminal
alkynes 62 were subjected to a one-pot multicomponent reaction at 70°C for 3-20 h in DCM, which
produced substituted cyclized indolizines 98 with good to high yields (Scheme 5.37A). In add-
ition, the reaction worked well with Cu NPs compared with commercial copper catalyst, such as
copper(I) chloride (CuCl), copper(Il) chloride (CuCl,), copper(I) bromide (CuBr), copper(I) iodide
(Cul), copper(Il) oxide CuO, cuprous oxide (Cu,0), copper(Il) acetate (Cu(OAc),), copper(I)
acetate (CuOAc), copper(I) bromide dimethyl sulfide complex (CuBr.SMe,), and copper(Il) triflate
(CuOTY)."

Similarly, various substituted hetero and aromatic aldehydes 14 and substituted terminal alkynes
62 were reacted together in the presence of Cu NPs/C (0.5 mol% catalyst loading) using piperidine
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7S Ri- ___ CuNPsiC i R
d A 0 ONH + Rym= T T YTONTNN,
~<7 N7 >cHo R, DCM, 70 °C, 3-20 h _ Ry
Rs
97 95 62 98

27 examples; yield: 20-93%
Amine = piperidine, morpholine,-NBu,, -N(Me)(CH,Ph), -N(Me)(CH,CH,Ph), -NBn,

R3 = H, Ph, -4-MePh, -4-CF3Ph, -4-COOMePh, -4-NMe,Ph, -4-OMePh, -4-BrPh,
-(CH;)gMe, cyclohexyl

SCHEME 5.37A CuNPs/C catalyzed multicomponent synthesis of indolizines in DCM

O
___ CuNPs/C, piperidine
ArCHO + Ar'—= =
neat, 3-12h, 70 °C Af)J\AA”
14 62 99
19 examples; yield: 20-77%

Ar = pyridine, (6-methy, 6-bromo, 6-)pyridine, quinoline, imidazole,
thiazole, (4-cycno, 4-nitro, 4-acetyl)benzaldehyde
Ar' = Ph, -4-COOMePh, -4-BrPh, -4-CF3Ph

SCHEME 5.37B  CuNPs/C catalyzed synthesis of Chalcones under neat conditions

(1 equiv.) as a base in the absence of any solvents, for instance, neat conditions at 70°C for 3—12 h
produced substituted chalcones with good to excellent yields (Scheme 5.37B).¥

5.2.3.3 Cu,(BTC), derived CuNPs immobilized on activated charcoal as an efficient
nanocatalyst for the synthesis of unsymmetrical chalcogenides under ligand-,
base-, and additive-free conditions via Se(Te)-Se(Te) bond activation

Mohan et al reported the synthesis of highly porous [Cu,(BTC),] (BTC=benzene-1,3,5-
tricarboxylate) MOF-based Cu NPs. The structure of the NP was confirmed by various XRD, EDX,
TEM, SEM, and BET techniques. Without further treatment, under US conditions, the synthesized
Cu NPs were immobilized onto activated charcoal (AC). The prepared heterogeneous Cu NPs/AC
NC was utilized for the cross-coupling of substituted diphenyl diselenide/ditelluride 100 with sev-
eral substituted boronic acids 77 in dimethyl sulfoxide (DMSO) at 100°C for 3—-6 h and produced
diphenyl selenides and tellurides 101 in good to very high yields via selenium (tellurium)—selenium
(tellurium) bond activation under ligand-, base-, and additive-free conditions. This methodology
referred to Se—C bond formation in which Cu NPs formed a bis(phenylselenyl)Cu intermediate 102,
which could be converted into the final product. The copper NPs/AC that had high catalytic activity
and low catalyst loading were well-suited with a diverse substituent on diphenyl selenides in DMSO
under atmospheric air as oxidant through selenium—carbon (sp*-, sp?-, and spcarbon) bond formation
(Scheme 5.38).48

5.2.3.4 Cu/CuNPs catalyzed synthesis of aryl nitrile and 1,2,3-triazoles

Nasrollahzadeh et al reported a novel Cu immobilized on Cu NPs methodologies for the preparation
of aryl nitrile and 1,2,3-triazoles. This methodology was composed of the reaction of substituted
aryl iodide 69 with potassium ferrocyanide (K, ,Fe(CN),) 103 as the source of nitrile groups in the
presence of C-supported Cu NPs catalyst, which produced aryl nitrile 104. The Cu NPs catalyzed
methodology occurred in DMF in the presence of K,CO, as the base at 120°C for 12 h. Similarly,
substituted benzyl halides 105, substituted benzoyl halides 106 and/or substituted alkyl halides 107
on treatment with substituted terminal alkynes 62 in the presence of sodium azide 108 and C/Cu
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0.,-OH HO. .0 M
\ Y Cu NPs/AC ©\(\,yY
n
/ DMSO, 100 °C, 3-18h )n

R
101
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R =-COCHj3, -COOC,Hs, -CF3, -CN, -Ph, -CHO, -F, -Br, -OCHj3, -Me, 2,3,4-Me, V.
2,6-OMe, \Cu,SeR1
R4 = -4-OMePh, -4-MePh, -2,4,6-MePh, -2,6-OMePh, naphthalene
X=H,N, S 102
Y =Se, Te .
n=01 Intermediate

SCHEME 5.38 Cu,(BTC), derived Cu NPs immobilized on AC catalyzed synthesis of unsymmetrical
chalcogenides via Se(Te)-Se(Te) bond activation

NPs / K4F N)g 103
Arl C/CuNPs / K4Fe(CN)g ArCN

K,CO3, DMF, 120°C, 12 h

69 104
X
P O
¢]] 0 N
__ , _CICuNPs N )%/
+ NaN3 + H——R
/ Q)K/ /\OJK/CI 3 17 20 70°C /R1 (e}
4-10h
105 106 107 108 62 g
N
R4= Ph, -4-OMePh, OPhCH,Ph, pyridine )%/ »o
n=0,1 d \
X=Cl, Br, |
109

SCHEME 5.39 Cu/CuNPs catalyzed synthesis of aryl nitrile 104 and 1,2,3-triazoles 109

NPs in water at 70°C for 4-10 h gave the corresponding substituted 1,2,4-triazoles 109 as the major
product. In this reaction, the sodium azide 108 acted as a source of azole (Scheme 5.39).* Compared
with the reported synthesis of alkyl nitriles; the salient features of this methodology includes the
exclusion of metal (e.g., Pd and Cu) homogeneous catalysts, toxic reagents, ligand-free approach,
high yielding reaction, operationally simple and cost-effective process, reusable and recyclable cata-
lyst, use of K Fe(CN), as a nonexplosive, non-flammable, cheap and less toxic cyanide source, and
its application to large-scale synthesis, etc. (Scheme 5.39).%

5.2.3.5 Cu-Ferrite NPs catalyzed direct, one-pot redox synthesis of 2-substituted
benzoxazoles

Sarode et al reported a practical, green, and sustainable protocol for the synthesis of 2-substituted

benzoxazoles that used Cu-ferrite CuFe,O, NPs. This reaction methodology incorporated the

reaction of substituted and unsubstituted benzyl amine 110 with substituted and unsubstituted 2-

nitrophenol 111 in the presence of Cu Fe,O, NPs at 130°C for 16 h in N-methyl-2-pyrrolidone

(NMP) and produced 2-substituted benzoxazole 47 in good to excellent yield (Scheme 5.40).%°
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X
- _X + / W
h NMP, 130 °C, 16 h N
NO, N .

110 111 47
14 examples; yield: 78-92%
R =H, OH, OMe, F, Br, 3,5-OMe
R; = H, 6-Me, 4-Cl, 4,5-Me, 4-Br, 4-(CH3)3
X=CN

SCHEME 5.40 CuFe,O, NPs catalyzed direct, one-pot redox synthesis of 2-substituted benzoxazoles

_R
o HN 2
CuFe,0O
Rm)k"' * Ry-NHp + - =
o H,0, 70 °C, 1.5-2.5h
0~ "0
112 27 113 114

24 examples; yield: 68-94%
R =Ph, 4-OMePh, 4-CIPh, Me
Ry = Ph, 4-MePh, 2-MePh, 3-MePh, 2-OMePh, 4-OMePh, 4-CIPh, 3-Cl-4-OMePh,
4-BrPh, 4-NO,Ph, 4-FPh, 2-IPh, 3-NO,Ph, pyridine, pyrrolidine,(CH,);CH3;,
cyclohexyl
R, = H, Ph, cyclohexyl,

SCHEME 5.41 CuFeO, catalyzed multicomponent synthesis of chromeno[4,3-b]pyrrol-4(1H)-one in
aqueous media

5.2.3.6 CuFe,O, catalyzed multicomponent synthesis of chromeno[4,3-b]pyrrol-4(1H)-
one in aqueous media

Saha et al reported an efficient green protocol that involved Cu NPs in multicomponent reactions
toward the synthesis of chromeno[4,3-b]pyrrol-4(1H)-one 114. The methodology was composed
of a one-pot reaction of substituted glyoxals 112, substituted primary amines 27, and various
substituted 4-aminocoumarins 113 in H,O at 70°C for 1.5-2.5 h, which produced the corresponding
chromeno[4,3-b]pyrrol-4(1H)-one 114 with good to excellent yield (Scheme 5.41).°' The magnet-
ically separable NPs of CuFe,O, ferrite were prepared by the citric acid complex method and were
characterized by several spectroscopic techniques, such as FTIR, TEM, XRD, and high-resolution
transmission electron microscopy (HRTEM). Mechanistically, it involved the reaction of primary
amine 27 with phenyl glyoxals monohydrate 112 that were activated by Fe** ions of CuFe, O, NPs
to form intermediate imine. The imine intermediate, activated and held by the Cu?* ion of CuFe 0,
NPs, was then attacked by the Michael reaction donor C-3 center of 4-aminocoumarin 113 to form
the imino—amine unstable intermediate, which after intramolecular cyclization and dehydration
produced the chromeno[4,3-b]pyrrol-4(1H)-one 114 core (Scheme 5.41). 5!

5.2.3.7 CuFe,O, nanoparticle catalyzed synthesis of Naphthoxazinones

Ghaani et al demonstrated the novel MW-assisted coprecipitation protocol for the synthesis of
CuFe,O, NPs. The NPs were characterized by various spectroscopic techniques, such as FTIR,
XRD, and SEM. The ferromagnetic property of the synthesized CuFe,O, NPs were confirmed by
VSM. The synthesized NPs showed excellent properties in the one-pot three-component synthesis
of naphthoxazinones, where 2-naphthols 115, substituted aromatic aldehydes 14, and urea 116 were
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SCHEME 5.42 CuFe,0, NP catalyzed synthesis of naphthoxazinones
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SCHEME 5.43 CuFe,0,@SiO2-SO3H NPs catalyzed synthesis of substituted 2-pyrazole-3-amino-
imidazol[1,2-a]pyridines 120 and pyrazole-benzo[d]imidazo[2,1-b]thiazole 121

reacted together along with CuFe,O, NPs in the presence of K,CO, in PEG, in air for 25-35 min,
which gave substituted naphthoxazinones 117 with 89%-95% yields (Scheme 5.42).5

5.2.3.8 CuFe204@SiO2-SO3H nanoparticles catalyzed synthesis of 2-pyrazole-3-amino-
imidazo[1,2-a]pyridines-based heterocycles

Swami et al reported the synthesis of Si-coated CuFe,O, NPs functionalized with sulphonic acid,
which was utilized in the synthesis of 2-pyrazole-3-amino-imidazo[1,2-a]pyridines and their
congeners. The synthesized NPs were characterized by various spectroscopic techniques, such as
FTIR, TEM, XRD, SEM, VSM, and EDX. In this protocol, various substituted and unsubstituted
2-aminopyridines 41, substituted isocyanides 118, and ethyl 4-formyl-1-phenyl-1H-pyrazole-3-
carboxylate 119 were subjected to a one-pot reaction in the presence of CuFe,0,@SiO,-SO,H NPs
under reflux conditions at 7 °C for 10 min, which gave substituted 2-pyrazole-3-amino-imidazo[1,2-
aJpyridines 120 with 90%—-97% yields and pyrazole-benzo[d]imidazo[2,1-b]thiazole 121 with a
93% yield (Scheme 5.43).%

5.2.3.9 Cu-ACP-Am-Fe304@SiO2 catalyzed Huisgen 1,3-dipolar cycloaddition reaction

Vibhute et al demonstrated the use of a novel Cu-based heterogeneous nanocatalyst, for instance,
Cu-ACP-Am-Fe,0,@Si0, (i.e., acetylpyridine immobilized on amine-functionalized Si-coated
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SCHEME 5.44 Cu-ACP-Am-Fe304@SiO2 catalyzed Huisgen 1,3-dipolar cycloaddition reaction

magnetite NPs) in a Huisgen 1,3-dipolar cycloaddition reaction for the preparation of triazoles.
The characterization of the NC was carried out by various physicochemical methods, such as
FTIR, thermal gravimetric analysis—differential scanning calorimetry (TGA-DSC), XPS, SEM,
EDS, VSM, XRD, and TEM. The recyclable NP driven Huisgen 1,3-dipolar cycloaddition reaction
involved the multicomponent reaction of substituted aromatic and aliphatic halide 105, terminal
alkyne 62, and sodium azide 108 in EtOH that used Cu-ACP-Am-Fe,O,@SiO, catalyst, sodium
ascorbate at 80°C for 15-20 min, which gave 1,4-disubstituted-1,2,3- trlazoles 109 with 82%-95%
yields (Scheme 5.44).

Indoline-2,3-dione 122 had been used as a starting precursor to perform an NP catalyzed Huisgen
1,3-dipolar cycloaddition reaction that used the Cu-ACP-Am-Fe O, @SiO, catalyst, sodium ascor-
bate at 80°C for 20-24 min, which produced indoline-2,3-dione linked substituted 1,2,3-triazoles
123 with 85%-92% yields (Scheme 5.44).>* Considering the environmental aspects, this protocol was
proved to be an environmentally benign and efficient protocol that had milder reaction conditions,
was less hazardous, and proceeded with a high turnover frequency and turnover number (TON),
which made this protocol a competent strategy (Scheme 5.44).

5.2.3.10 Cu@TiO2 nanocatalyzed C-2 amination of benzothiazoles, benzoxazoles, and
thiazoles

Dutta et al prepared a titanium oxide (TiO,) encapsulated Cu NC (Cu@TiO,) that demonstrated C-2
amination of benzothiazoles, benzoxazoles, and thiazoles 126 with <95% yield. In this report, the
C-2 amination reaction of benzothiazoles 124 or benzoxazoles 47 occurred either with substituted
secondary amine 95 or with formamides 125 in the presence of Cu@TiO, NC that used silver
acetate (AgOAc) as an oxidant and sodium tert-butoxide (NaO'Bu) as a base at 120°C for 5 h, which
gave the desired C, aminated benzothiazoles and benzoxazoles 126 with 54%-95% yields (Scheme
5.45).%

The recyclable multipurpose robust protocol was feasible under solvent- and ligand-free
conditions with moderate to excellent yields of various secondary amines and their corresponding
formamides. The control and kinetic experiments supported the putative mechanism of the reac-
tion. The synthetic utility of the NC had was exemplified by large-scale synthesis of the bioactive
benzoxazoles 127 (Scheme 5.45).%
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SCHEME 5.45 Cu@TiO2 nanocatalyzed C-2 amination of benzothiazoles, benzoxazoles, and thiazoles

5.3 DISCUSSION AND SUMMARY

NC-driven organic transformations and synthesis of bioactive heterocycles is an advanced novel
strategy in medicinal and pharmaceutical chemistry. Transition metal-based nanomaterials are
reported in the literature to augment reactivity and selectivity in nanoscience and nanotechnology.
However, the variation in the size of the NPs affects the catalytic activity of the NPs. Therefore,
the ratio of atoms present on the surface changes dramatically with the change in the size of the
particle(s). NP catalyzed organic transformations were identified as the safest, most eco-friendly
reaction pathway. In addition, NPs/metal oxide-based NPs play an important role in C—C bond for-
mation via C—H activation and other organic transformations. Many reports had been published in
the literature on the preparation of NP catalyzed organic transformations and bioactive heterocycles.
However, in the last two to three decades, environmentally benign, fast and efficient green synthesis
has been a focus and nanoparticle assisted organic synthesis has been an integral part of the green
and sustainable developments in chemical synthesis. In particular, this chapter included some of
the important recent developments and sustainable applications of NP driven organic synthesis,
especially with the cheaper transition metal(s)-NPs, such as Fe, Co, Ni, and Cu over the last 7 years
(2014-2020). This chapter included the developments of the most efficient methodologies that are
practiced in the synthesis of bioactive heterocycles.

Therefore, Co or Co-Fe NPs, such as N-doped Co/MC (Scheme 5.1); Co-Phen@C (Scheme
5.2); Co@NCNTs and Co-NCNTs-800 (Scheme 5.3); N-Si doped carbon (Co/N-Si—C) (Scheme
5.4); Co@N-doped G shells (Co@NGS) (Scheme 5.5); Co N-heterocyclic carbene grafted on
CNTs (Co-NHC@MWCNTs) (Scheme 5.6); Co NPs supported on Si (CONP@SBA-15) (Scheme
5.7); Co-terephthalic acid MOF@C-800 (Scheme 5.8); CoFe,O, (Scheme 5.9); CrCoFeO4 @G-
GO and Zn.5C00.5Fe204@G-GO (Scheme 5.10); CoFe,O,/CNT-Cu (Scheme 5.11); CoFe,O,
(Scheme 5.11) and CoFe204@SiO2/PrNH2 (Scheme 5.13 and 5.14); GO anchored sulphonic acid
nanocatalyst (CoFe,0,-GO-SO,H) (Scheme 5.15); CoFe204@SiO2-PTA (Scheme 5.17); and Co@
NGR (Scheme 5.18) have been utilized extensively for various types of organic transformations in
an highly efficient manner.

Similarly, several Ni-based NPs, such as Ni NPs supported on diphenylphosphinated poly(vinyl
alcohol-co-ethylene), for instance, (DPP-PVA-co-PE)-NiNP catalyst (Scheme 5.26); Si-supported
Ni(I)-DABCO complex, for instance, Ni(I[)-DABCO@SiO2 NP (Scheme 5.27); Fe304@
SiO2-EDTA-Ni(0) NP (Scheme 5.28); Ni NPs in [BMMIMINTf, NC (Scheme 5.29); NiFe,O,
NC (Scheme 5.30 and 5.31); Ni-fructose@SiO2-800 (Scheme 5.32); resin-encapsulated Ni NC
(Scheme 5.33); NiFe204@SiO2-H,PW O, (Scheme 5.34); PARuNi@GO NPs (Scheme 5.35)
were utilized for Mizoroki—Heck reactions; Suzuki-Miyuara cross-coupling, nitrile HYD, synthesis
of alkoxyimidazo[1,2-a]pyridines, pyrrole synthesis, stereo and chemoselective semihydrogenation
of functionalized alkynes, reduction of nitroarenes, synthesis of tetrahydrobenzo[b]pyran and
pyrano|[2,3-c]pyrazoles, and synthesis of Hantzsch 1, 4-dihydropyridines.
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In addition, Cu NPs have been utilized extensively for various organic transformations and syn-
thesis of bio heterocycles. For example, Cu’NP (Scheme 5.36); CuNPs/C (Scheme 5.37); Cu,(BTC),
derived CuNPs immobilized on AC (Scheme 5.38); Cu/Cu NPs (Scheme 5.39); Cu-Fe,O, NPs
(Schemes 5.40 and 42); CuFe204@Si02-SO3H NPs (Scheme 5.43); Cu-ACP-Am-Fe,O,@SiO,
(Scheme 5.44); Cu@TiO2 (Scheme 5.45) was applied in Ullman reactions; synthesis of indolizines,
chalcones, unsymmetrical chalcogenides, aryl nitrile, 1,2,3-triazoles, 2-substituted benzoxazoles,
chromenol[4,3-b]pyrrol-4(1H)-one, naphthoxazinones, 2-pyrazole-3-amino-imidazo[1,2-a]
pyridines, pyrazole-benzo[d]imidazo[2,1-b]thiazole, Huisgen 1,3-dipolar cycloaddition reaction,
C-2 amination of benzothiazoles, benzoxazoles, and thiazoles with good to excellent yields.

5.4 CONCLUSION

This chapter demonstrated the latest developments in cheaper transition metal-nanocatalyzed syn-
thetic organic reactions and transformation to develop new bioactive scaffolds, heterocycles, drugs,
therapeutics, and increased the reactivity of synthesized ones. Transition metal-catalyzed organic
reactions, in particular, C—C bond forming reactions via C—H bond activations were the first choice
of organic chemist. However, the use of excess metal in stochiometric amounts is not considered
an environmentally friendly procedure; therefore, the scope to develop various reactions in the
presence of NCs, especially with cheaper transition metals (e.g., Fe, Co, Ni, Cu based nanocatalyst)
reached the position to develop C—H activation and C—C bond formation reactions during the last
two decades. Therefore, this chapter illustrated the importance of cheaper transition metal NCs in
organic synthesis. Several specific reactions, such as the Mizoroki—Heck reaction, Suzuki-Miyuara
cross-coupling, Ullman coupling, Hantzsch 1, 4-dihydropyridines synthesis, Huisgen 1,3-dipolar
cycloaddition reaction, ADH and HYD of various N-heterocycles, ODH and HYD, N-formylation
of amines, multicomponent reaction, HYD of alkynes, and HYD of nitroarenes to aminoarenes are
some of the best examples of NP catalyzed synthesis illustrated in this chapter. These NP assisted
methodologies could offer medicinally important cores very efficiently and could be utilized to gen-
erate more bioactive heterocycles for faster medicinal chemistry and drug discovery.
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6.1 TRIAZINES

Polyazines, similar to tetrazine and triazines, are derivatives of nitrogen (N) containing hetero-
cyclic compounds that are extremely electron-deficient aromatic systems because of the availability
of electronegative N atoms. Therefore, they are highly reactive toward a variety of electron-rich
dienophiles and nucleophiles in the Diels—Alder cycloaddition reaction and nucleophilic addition or
substitution reactions. Because of the scope of these reactions, which permit the synthesis of a broad
range of heterocyclic systems and functionalized polyazines and others that produce new materials.
These compounds show diverse properties and applications that take advantage of nanoparticle
(NP) synthesis. In addition, bioactive compounds, such as polyazines, which are aza-analogs of
natural metabolites, might demonstrate several kinds of biological activity. Similarly, their high
reactivity means that they are suitable for use in bioorthogonal chemistry. Apart from their electro-
philic behavior, the presence of N atoms means that they can be exploited as donor aza ligands for
the complexation of transition metals in coordination chemistry. Similar azine-based organomet-
allic derivatives have many applications in design, synthesis, sensing, catalytic, luminescent, and
other kinds of materials. All of these could be applied as a template for the synthesis of nanosize
frameworks.

The chemical compound 1,3,5-triazine here is known as s-triazine. It is an organic compound that
has a chemical structure containing a six-membered aromatic heterocyclic ring, which has three N

atoms and three carbon (C) atoms. \

£

1,3,5-triazine

DOI: 10.1201/9781003141488-6 127



128 Nanocatalysis

6.1.2 SYNTHESIS

The symmetrical 1,3,5-triazines are produced by the trimerization of certain nitrile compounds, such
as cyanimide or cyanogen chloride. The benzoguanamine (with two amino and one phenyl sub-
stituent) was synthesized from dicyandiamide and benzonitrile.! In the Pinner triazine synthesis,’ the
reactants were an aryl or alkyl phosgene and amidine.** The introduction of an N-hydrogen (N-H)
group inside the hydrazide using a copper (Cu) carbenoid, followed by treatment with ammonium
chloride could give the triazine core.’ The amino-substituted triazines are called guanamines, which
can be synthesized by the condensation of a cyanoguanidine with the respective nitrile.®

(H,N), C = NCN + RCN — (CNH,) (CR)N, 6.1)

The reaction of benzohydrazide, 4,4'-dimethoxybenzyl, ammonium acetate, and GO@N-Ligand-
Cu nanocomposites catalyst under solvent-free conditions at specific temperature resulted in the
product. This work explored the performance of graphene oxide (GO) catalysts for the synthesis of
triazines from benzhydrazides, benzyl derivatives, and ammonium acetate (Scheme 6.1).

Comparison with other catalysts, the GO@N-Ligand-Cu required a shorter reaction time
by offering thermal stability and being environmentally friendly. Various methods and different
catalysts have been used for the synthesis of the triazine compounds; however, this method has
received interest for synthesis.’

Based on the versatility and increased efficiency of solid-supported iron (III) chloride (FeCl,),
and the importance of the derivatives of the 1,2,4-triazines, Emami-Noril et al reported a one-pot
synthesis for a series of 1,2,4-triazines that treated thiosemicarbazide with different a,/-dicarbonyl
compounds under reflux conditions in presence of the FeCl, @silicon dioxide (FeCl,@SiO,) catalyst
(Scheme 6.2).

The reaction rate and the yield were improved if the reaction was carried out in the presence of
the catalyst. In addition, supplying support of FeCl, on SiO, and reducing the particle size of SiO,,
the reaction time decreased. Therefore FeCl,@SiO, is the best solid catalyst for the synthesis of
1,2,4-triazine derivatives. These nanocatalysts (NCs) produce quantitative yields with shorter reac-
tion times to obtain the products compared with other reported methods.®

R1 0 GO@N-Ligand-Cu

R4 N
- >N
O%YO + HzN\ )J\ + NH4OAC o :[ P
N Rs Solvent-free,100°C

SCHEME 6.1 Synthesis of triazine derivative with multiple substitutions.

o O o FeCl,@SiO, S—NH

>\‘—/< + HCI + HZN‘NJ\NH Ny N

K R N 2 EtOH-H0(9:)Reflux ™4
R R
s

o O S FeCl,@SiO, >—N\H

H + HCI + H2N‘NJ\NH NN

R R H 2 EtOH-H,0(9:1)Reflux <
R R

SCHEME 6.2 Production of the 1,2,4-triazine derivatives.
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Saad et al. synthesized palladium (Pd) NPs supported on 1,2,3-triazoles from alkyne derivatives
of 1,3,5-triazine complexes, designed using click chemistry. The foundation for the use of the max-
imum support of the surface area was to achieve excellent scattering of the NC and to increase
its catalytic activity. The reduction of 4-nitrophenol into aminophenol using sodium borohydride
(NaBH,) as the reducing agent and Pd as a catalyst was carried out to measure the catalytic perform-
ance of a hybridized silica-immobilized (Si) novel metal NC.

This work represents the dual-functional click-generated triazole-triazine/SBA-15 mesoporous
silica sieve system, which acted as a unique hybrid platform designed for the immobilization of
Pd NCs and for in situ synthesis. High surface area and strong attachment of Pd NPs are due to the
role of the dendron-like structure that is offered by triazole and triazine heterocycles. This SBA-15/
nitrogen heterocycle/Pd NP catalytic system was used for the reduction of p-nitrophenol and could
be used in the catalysis of other reactions.’

In the construction of a high surface area polymer material, Modak et al used 4,4°,4’*-(1,3,5-
triazine-2,4,6-triyl) tris(oxy) tribenzaldehyde as the cross-linker pattern for the extensive aromatic
substitution under acidic hydrothermal conditions on pyrrole (Scheme 6.3). This synthesis was
carried out in a high pressure Teflon lined autoclave under experimental conditions. Because the
highly acidic reaction medium favored initial protonation of the aromatic aldehyde followed by the
electrophilic aromatic substitution at the pyrrole, it produced free aldehyde (—CHO) that contained
the three porphyrin centers for each triazine unit, which was further condensed with pyrrole and
formed a complete porous polymeric network of novel triazine-functionalized porphyrin-based
porous organic polymer, TPOP-1 as shown in (Scheme 6.4).

Triazine functionalized porous organic polymer material can act as a good carbon dioxide (CO,)
storage material and support Pd NC for C—C cross-coupling reactions. The material act as a very
efficient catalyst in the Sonogashira cross-coupling reaction.'”

In this work, Hasanpour et al showed the catalytic efficiency of a new triazine (TA)-based
vitamin BS Cu(Il) complex [Cu(IT)-TA/B5] in the aerobic oxidation of benzyl alcohols. This com-
plex acted as an eco-friendly and efficient catalyst for the selective aerobic oxidation of benzylic
alcohols to aldehydes followed by coupling with the indole molecules through C—C bonds to give
the bis(indolyl)methane with no side reactions (Scheme 6.5).

The reaction of cyanuric chloride (CC) with pantothenic acid (vitamin BS) was carried out in
tetra hydro furan (THF) under ultrasonic agitation to replace the chlorine atoms of CC to give TA/
B5 as a star-shaped ligand that was used for complex formation with Cu(Il) to form Cu(II)-TA/B5
as shown in (Scheme 6.6).

A new star-shaped Cu(II)-TA/B5 NC was synthesized by the incorporation of copper(Il) acetate
(Cu(OAc),) in 2,4,6-tripantothenate-1,3,5-triazine in ultrasonic agitation. This catalytic oxidation
system produced excellent selectivity, along with easy isolation of organic products."

Shafiee et al developed a resourceful, sustainable, and greener method for organic transform-
ation reactions, and reported an easy way for the synthesis of a new dicationic ionic liquid (IL)
with 1,3,5-triazine core anchor for nano-super ferromagnetic particles, which were used in the Betti
reaction to synthesize b-amido alkyl naphthols using a one-pot multicomponent reaction. For the
catalyst, the synthetic pathway is shown in Scheme 6.7. The free-dicationic IL (CI-ACl)) was ini-
tially synthesized using the reaction of 1,3,5-trichlorotriazine (TCT) with two equimolar N-methy]l
imidazole in the presence of dry dioxane. The important factor in the synthesis was a nucleo-
philic substitution reaction between the TCT and N-methyl imidazole to generate the required bis-
imidazolium salt. Finally, the IL was anchored for the superparamagnetic iron oxide nanoparticles
using (SPIONS) using an ipso-substitution reaction by the hydroxyl (OH) group of Si-encapsulated
iron (II) oxide (Fe,O,) NPs."

Sadeghzadeh et al reported the reaction between the primary amines (1) and alkyl methyl
pyruvates (arylmethylidene) (2) with dialkyl acetylene dicarboxylates (3) for the synthesis of 1,4-
dihydropyridines (4) (Scheme 6.8). To develop sustainable and greener methods for the organic
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SCHEME 6.5 One-pot synthesis of bis(indolyl)methanes using an aerobic oxidation of benzylic alcohols
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SCHEME 6.7 Synthesis of 1,3,5-triazine functionalized bisimidazolium dichloride tethered to SPIONs.

transformation reactions, nanocatalysis, and nanomaterials, an easy and efficient production
method for a magnetically recyclable, nano- Fe,O, supported and low cost pyridine catalyst and
study of the performance of fibrous nano-silica (KCC-1) efficiency for a novel magnetic catalyst
was reported. The excellent performance of the Fe,O,/KCC-1/ bis(4-pyridylamino) triazine(BPAT)
catalyst was due to the triazine (BPAT) units, which can catalyze the 1,4-dihydropyridines (4) in
aqueous media."

The development of non-noble metal catalysts that have analogous stability and activity toward
noble metals is of major importance in renovation and the consumption of clean energy. A transi-
tion metal with the most favorable electronic composition that bonds H,O and —~OH in intermediate
strengths would support the hydrolysis of ammonia borane (AB). Using a covalent triazine frame-
work (CTF), a newly synthesized porous material that could donate electrons from the lone pairs
on N. The density of the electron on nanosized Ni and Co that hold the CTF have increased their
catalytic activities.

The kinetic isotope effects (KIE) measurements illustrate that the rate determining step (RDS) for
AB hydrolysis is the cleavage of the O-H bond in H,O. The d-block metals with the most favorable
electron structure that bonds to H,O and —~OH with transitional strengths might assist the hydrolysis
of AB. The newly developed CTF-1, which was rich in N content, had an electron-donating effect
that significantly increased the electron density of the nickel (Ni) or cobalt (Co) support on it.
Because of this, the catalytic activity was significantly enhanced in AB hydrolysis. Therefore, the
homolytic activation of H,O might occur and then react with activated AB to form H, and B-OH.
The catalytic hydrolysis of AB on Co/CTF-1 is shown in Scheme 6.9.'
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SCHEME 6.8 Production of N-substituted 1,4-dihydropyridines using Fe,O /KCC-1/BPAT.
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SCHEME 6.9 Proposed mechanism for catalytic hydrolysis of AB using Co/CTF-1.

Wang et al prepared Pd/triazine-based graphitic carbon nitride (g-C,N,) NTs by the immobil-
ization of Pd NPs within the triazine-based g-C,N, NTs through the metal-support interaction,
which acted as a heterogeneous catalyst in the Knoevenagel condensation—reduction tandem reac-
tion (Scheme 6.10). The huge catalytic activity of the Pd/triazine-based g-C,N, NTs was due to the
confinement effect of the nanotube structure. Therefore, the structure of these nanotubes adjusted
the size of the Pd particle catalysts and offered spatial control the on metal catalyst encapsulated
on their channels, which could load the particles aggregations throughout the reaction; therefore,
retaining the good catalytic activity and stability. Furthermore, the stabilization and anchor effects of
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SCHEME 6.10  One-pot novel condensation—reduction reaction using the Pd/triazine-based g-C,N, NTs.

Br

Anhydrous AICl3 Q
DCE, 70°C
\/©)\ )\©\/ ) O O

CISOzH

>

DCE, RT, 80h

STrzDBTH

SCHEME 6.11 Synthesis of STrzDBTH and TrzDBTH using the Friedel-Craft alkylation followed by
sulfonation.

the pyridine N atoms of the triazine-based g-C,N, NTs inhibited the aggregation and leaking of the
active sites; therefore, achieving superior catalytic recyclability in the tandem reaction.

Therefore, the Pd/triazine-based g-C,N, NTs was used as an efficient catalyst in the Knoevenagel
condensation-reduction tandem reaction of benzaldehyde and its substituted derivatives
benzylmalononitrile.'

Functionalized organic porous polymers are extremely promising materials for heterogeneous
catalysis because of their easy synthesis and flexible framework composition. In addition, they have
reasonable porosity, a more specific surface area, simplicity in functionalization, and chemical sta-
bility. This class of porous polymers have massive potential to be employed in catalysis. Das et al
reported a novel triazinethiophene supported porous organic polymers N-rich triazinethiophene-
based microporous polymer (Scheme 6.11), which could be used as a base catalyst for the one-pot
synthesis of multicomponent reactions (MCR) of 2-amino-4H chromene derivatives under micro-
wave heating conditions (Scheme 6.12).

Das et al reported an N-rich triazinethiophene base microporous polymer TrzDBTH using the
Friedel-Craft alkylation reaction of the dibenzothiophene (DBTH) with a tripodal building block
2,4,6-tris[4-(bromomethyl)phenyl]-1,3,5-triazine. They were used as the heterogeneous base cata-
lyst for the one-pot synthesis of biologically significant chromene derivatives. In addition, the
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SCHEME 6.13  Ni/CTF-1 composite synthesis using microwave-assisted thermal disintegration of Ni(COD),
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SCHEME 6.14 Catalytic reduction of nitroaromatic compounds via Ag@MTC.

sulfonation of TrzZDBTH gave the sulfonated hyper-crosslinked porous polymer STrzDBTH, which
could be used as a solid acid catalyst for the synthesis of a precious chemical intermediate, for
instance, 5-hydroxymethylfurfural (HMF) from different biomass-derived carbohydrates. Therefore,
the setriazine—thiophene supported porous organic polymers provided an extremely cost-effective,
scalable, and green route for the synthesis of HMF and chromene derivatives.'®

Limited research has been carried out on CTFs; however, they could be used in electrocatalysis,
particularly for the oxygen evolution reaction (OER). Therefore, for the synthesis of Ni NPs onto
CTFs, the precursor bis(cycloocta-1,5-diene)nickel(0) (Ni(COD),) and the CTF were spread in 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide by shaking under inert conditions for
12 h. A homogenized suspension was irradiated with microwaves and produced Ni NPs immobilized
on the CTFs using the disintegration of the metal precursor present in the IL (Scheme 6.13).
Therefore, the CTFs are potential candidates for electrochemical OER and could be improved'’

Vahedi-Notash et al. reported an effective technique for the synthesis of a novel mesoporous
triazine-based carbon (MTC) substrate and its application as a recoverable and green catalyst for the
synthesis of organic compounds. The porous C provides a substrate for silver (Ag) active species by
modifying its surface using chloroacetonitrile (Ag@MTC). This Ag@MTC catalyst was useful in
the reduction of nitroaromatic compounds within aqueous media with the help of NaBH, (a reducing
agent) at room temperature. This NC can be readily recovered and regenerated for at least nine runs
without a notable decrease in its effectiveness. The catalytic efficiency study showed that Ag@MTC
NC had excellent activity in reduction reactions.

Vahedi-Notash et al reported a facile and efficient process for the synthesis of Ag@MTC NC. The
synthesized Ag@MTC has good catalytic performance in the reduction of nitroaromatic compounds
and has attractive reusability (Scheme 6.14). The major advantages of this catalyst include short
reaction time, low cost, low reaction temperature, and recyclability without decreasing the catalytic
activity, and is not toxic.



136 Nanocatalysis

(0] (0] H { C
Oﬁ OQN H
H o O-dichlorobenzene @ o
@Yo —om s~ N2 i
TFPTZ nBuOH, 85°C © 5N
(0] N
Q@ O:N,0 Triazine-COP Ty
H (e}
NH, ©7¥ H 51\1
N
> ;
o) S« 4 Nﬂ
@N H, Q% O@\‘p

4-4'-Oxydianiline H

1. HAuCl,
Triazine-COP —— > Au-NCS@ Triazine-COP
2. NaBH4

SCHEME 6.15 Au-nano-clusters intercalated triazine-COP.

A novel porous triazine-based covalent organic polymer (triazine-COP) was synthesized using
the Schiff base condensation of 4,4-oxydianiline and 2,4,6-tris(4-formyl phenoxy)- 1,3,5-triazine
under sonication. The prepared triazine-COP had a high surface area and was stable in organic
solvents and HZO. Then, Au (III) ions were immobilized on the N-rich triazine-COP, which on
reduction with NaBH, generated the heterogeneous catalyst of nanosize gold (Au) clusters (Au-
NCs@Triazine-COPs), which is shown in Scheme 6.15.

This system can be used as an efficient catalyst for the A3 coupling reaction of aldehydes and
alkynes with amines. The electron-releasing and withdrawing groups generate the subsequent
propargylamines with maximum yields. In this reaction, the NCs@Triazine-COPs produced high
activity of the Au, because the nanoporous structure gave support that permitted an unhindered open
environment and high dispersion for the NCs. The catalyst was recycled up to seven times with no
significant loss in activity from the three-component reaction of piperidine, 4-methylbenzaldehyde,
and phenylacetylene under reflux conditions using the Au-NCs@Triazine-COP catalyst selected as
the model reaction (Scheme 6.16).

A novel triazine-based COP was synthesized through Schiff base condensation under sonic-
ation. Furthermore, a facile in situ approach was developed to synthesize the Au NCs encapsulated
inside the triazine-COP via metal ion doped COPs as the precursors during the in situ reductions.
The Au-NCs@Triazine-COP generated nanocomposites showed high catalytic performances in the
A3 coupling reaction of amines, aldehydes, and a terminal alkyne. The high catalytic activity was

observed because of the synergism of the porous spherical structure and homogeneously distributed
Au NCs."”
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6.2 TETRAZINE

Tetrazine is a compound that consists of a six-membered aromatic ring with four N atoms with
the molecular formula C,H N,. The name tetrazine is used in the nomenclature of derivatives of
this compound. Three core-ring isomers exist: 1,2,3,4-tetrazines, 1,2,3,5-tetrazines, and 1,2,4,5-

tetrazines, respectively which are known as v-tetrazines, as-tetrazines and s-tetrazines.”

= PO
i A NN
\\N/ N’/ N §/ N
1,2,3,4-tetrazine 1,2,3,5-tetrazines 1,2,4,5-tetrazines

6.2.1 SYNTHESIS

Jain et al synthesized a novel and extremely capable platform for the modification of polymers,
based on the inverse electron demand Diels—Alder reaction GEDDA).2! In addition, this was useful
for the functionalization of materials, such as Au nanoparticles (AuNPs).>> Miomandre used this
reaction for the functionalization of dispersed functional graphene sheet nanocomposite (FGSx).
Then, the nanocomposite was coated on the electrode surface and the polypyrrole was deposited
using electropolymerization. The material produced had small resistance and large capacitance.
The reaction with tetrazine allowed the modification of graphene’s surface without disturbing its
electrical properties.” This study expanded the application of B-lactam carbenes in the synthesis of
complex heterocycles (Scheme 6.17).

Jain et al examined the nucleophilic addition of 2-azetidinon-4-ylidenes (ambiphilic B-lactam
carbenes) with 3,6-di(2-thienyl) tetrazines. Triazaspiro [3,4 octa-5,7-dien-2-ones 5 and pyrrol-
2(1H)-ones 9 were obtained. This study expanded the application of B-lactam carbenes in organic
synthesis by providing a synthetic approach for heterocyclic compounds.*

Testa et al proposed an exciting method for the ortho-functionalization of 3,6-diphenyl-s-
tetrazine. A Pd-catalyzed ortho-CdH activation reaction provided by the N present in tetrazine. The
halogens or the acetyl substituents could be introduced using reactants, such as N-chloro-, N-bromo-,
N-iodosuccinimide (NCS, NBS, NIS), N-fluorobenzenesulfonimide, or phenyliodine(IIl) diacetate
(PhI(OAc),). The degree of substitution was controlled by the number of halogen sources introduced
(Scheme 6.18).

The Pd-catalyzed cross-coupling reaction for aromatic C—C bond formation (Scheme 6.19) was
recently adapted for the tetrazine series but had very limited scope. Testa et al reported the ortho —
C-H activation of s-tetrazines, a reaction that permits the introduction of a variety of functional
groups in the tetrazine core. A novel and powerful methodology was developed for the electrophilic
ortho fluorination of tetrazines via microwave irradiation and N-fluorobenzenesulfonimide (NFSI),
within 10 min by keeping it open to the air. Therefore, this work gave a resourceful and practical
entrance to access more substituted derivatives of tetrazine. This method assisted the expansion of
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ortho-functionalized aryl tetrazines as a useful precursor for the synthesis of bioactive compounds
and materials that are not easy to obtain using the usual Pinner-like synthesis.?

The 1,2,4,5-tetrazine derivatives can be used in a variety of supramolecular approaches.
Audebert and Cosnier synthesized NPs through a B-cyclodextrin(CD)—polystyrene diblock
copolymer in the presence of a naphthalimide—tetrazine that formed an addition complex with
cyclic polycarbohydrate on the shell of the nanoobject in H20 (Scheme 6.20A). The NPs formed in
the presence of the tetrazine derivative were smaller and extra stable over time compared with those
prepared without the NPs. The tetrazine holds its electroactivity, and tetrazine and naphthalimide
produced fluorescence.?

Similarly, the same group prepared by modifying an electrode with a polypyrrole functionalized
with the B-CD. The surface immobilized the similar tetrazine derivative by the construction of an
enclosure complex (Scheme 6.20B). The 1,8-naphthalimide could form an enclosure complex with
B-CD. A glucose base oxidase modified using B-could therefore be immobilized on the film for the
preparation of a model biosensor during supramolecular interactions.

The derivatives of tetrazine were immobilized onto an electrogenerated polypyrrole-f-CD
film that had advantages of the host—guest connections between tetrazine derivatives and B-CD as
mentioned previously. Once immobilization occurred, the tetrazine derivatives were very stable and
maintained their electrochemical and emission properties. These new unique molecular architectures
allowed the competent immobilization of proteins modified by B-CD, such as glucose oxidizes. It
could be a novel approach for the construction of biosensors. This novel design that was obtained
by supramolecular interactions on the electrode surface illustrated the potential for improvements in
biomolecular architectures with fluorescence and electrochemical properties.?’

The ability to quickly diagnose Gram-positive pathogenic bacteria could have a lot of techno-
logical and biomedical applications. Fritea et al illustrated the bioorthogonal modification of small
molecule antibiotics (e.g., daptomycin and vancomycin), which could bind with the cell wall of
Gram-positive bacteria. The antibiotics conjugates that were bound could react orthogonally with
modified tetrazine NPs, using an almost instant cycloaddition, which could detect the bacteria by
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SCHEME 6.19 Pd-catalyzed tetrazine functionalizations.

magnetic or optical sensing. This approach is selective, specific, biocompatible, and fast. In addition
to this, it could be adapted for the detection of intracellular pathogens.

The labeling mechanism with vancomycin trans-cyclooctene (vanc-TCO) as a targeting ligand
is shown in Scheme 6.21. The binding of the vanc-TCO to Gram-positive bacteria was achieved
using an H bond interaction between the drug and the D-Ala-D-Ala units of the N-acetylmuramic
acid (NAM) and N-acetylglucosamine (NAG) peptides. The tetrazine-modified magneto-fluorescent
nanoparticles (MFNP-Tz) were applied, which resulted in the magnetic and fluorescent labeling of
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the microbes through a bioorthogonal cycloaddition reaction. By applying the proper Tz-modified
nanoprobe, detection could be carried out using magnetic, optical, or any other sensing modality.?®

The NPs were focused on as key materials for biomedical sensing applications because of
their tunable and unique multivalent targeting capability, physical properties, and elevated cargo
capacity. Haun et al proposed a new NP objective platform that could be used as a fast, no cata-
lyst, cycloaddition reaction using a coupling mechanism. Haun et al proved that this technique
was chemoselective, fast, scalable for biomedical use, and adaptable for metal nanomaterials. This
method supported biomarker signals, which make it superior to substitute techniques that contain
avidin or biotin. Scheme 6.22 shows the chemistry, relative molecular species dimensions, and
experimental approaches for the different bioorthogonal nanoparticle detection (BOND) techniques.
They used MFNPs to measure the performance of BOND using well-known fluorescence techniques
and a new miniaturized diagnostic magnetic resonance detector system that was designed for clin-
ical point-of-care use.”

Since the first report by Hilderbrand and Fox separately in 2008, the utilization of 1,2,4,5-tetrazine
in bioorthogonal reactions has undergone remarkable development, due mainly to its high select-
ivity in reactions and most significantly, the very high reaction rate in an aqueous medium. This
tetrazine is utilized in the bioorthogonal reactions from a well-defined iIEDDA reaction. This reac-
tion included in vivo and in vitro fluorescent imaging, nuclear imaging, prodrug releasing system,
and MFNP labeling for clinical diagnostics. Lai et al studied a proline-mediated iEDDA of aldehyde
and tetrazine as a potential bioorthogonal reaction (Scheme 6.23). This biocompatible reaction was
extremely fast and has been used in an aqueous medium for labeling bovine serum albumin.*

The production of 3,6-di(pyridin-2-yl)-1,2,4,5-s-tetrazine (pytz) capped AgNPs was
accomplished by reacting 3,6-di(pyridin-2-yl)-1,4-dihydro-1,2,4,5-tetrazine with an aqueous silver
nitrate (AgNQO,) solution in ethanol (EtOH)without a reducing agent. The pytz capped Ag NPs could
be used for the selective and sensitive detection of Cu*, Ag* and Ni** in an aqueous medium. The
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Gram-positive bacterium Labled bacterium

SCHEME 6.21 Vancomycin-transcyclooctene(vanc-TCO) targeted Gram-positive bacteria by binding with
their membrane subunits.

sensor was fast and the measurements could occur within 3 min of additional time for the test solu-
tion using an AgNPs—pytz hybrid (TzAgNPs). Furthermore, this AgNPs—pytz hybrid sensor could
be used for the detection of Cu?*, Ag* and Ni** with the naked eye.

The synthesis of 3,6-di(pyridin-2-yl)-1,4-dihydro-1,2,4,5-tetrazine (H2pytz) was carried out
using Pinner synthesis. This synthesis occurred by reacting 2-cyano pyridine with hydrazine
(Scheme 6.24). The dihydro tetrazine was produced, which further oxidized using hydrochloric
acid and sodium nitrite mixture inside the aromatic pytz. Audebert et al proposed a potential mech-
anism for the improvement in the synthesis that contained sulfur addition along with hydrazine
(Scheme 6.25).%!
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SCHEME 6.26 HMPBene reaction with tetrazine and surface modification of HMBPene functionalized
Au NPs.
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The iEDDA reaction was evaluated for the functionalization of Au NPs. This reaction was first
modeled with molecules with free coating, for instance, 1- hydroxy-1,1-methylene bisphosphonate
with an alkene functionality (HMBPene). The reaction was then transposed at the NP surface. Au
NPs bearing the alkene functionality was obtained using a one-pot synthesis method with tetrazine
and HMBPene click chemistry, which was evaluated at their surface using pytz. Noril et al estimated
the effectiveness of the iEDDA reaction for the conversion of an alkene functionalized HMBP and
its application at the surface of Au NPs (Scheme 6.26). This click methodology was extended for the
conjugation of a near-infrared (NIR) probe at the surface of the NP. This type of bioorthogonal reac-
tion and click chemistry could be used to determine an innovative path for fast and easily affordable
surface-modified nanosystems.*

6.3 CONCLUSION

The versatility and increased efficiency of solid supported FeCl,, and the importance of the
derivatives of 1,2,4-triazines were reported using a one-pot synthesis of a series of the 1,2,4-triazines
from the reactions between thiosemicarbazide with different a,f-dicarbonyl compounds under reflux
conditions, in presence with the FeCl,-SiO, catalyst. This triazine functionalized porous organic
polymer material could act as an outstanding CO, storage material and support to design Pd NCs
for C—C cross-coupling reactions. The material showed very efficient catalysis in the Sonogashira
cross-coupling reaction.
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7.1 INTRODUCTION

Nanocatalysts (NCs) have various features to work as a catalyst for the synthesis of organic
compounds, such as greater reactivity, better selectivity, and higher stability. Nanoparticles (NPs)
have vast applications in various fields including optronics, sensors, and. The catalytic efficiency
of NPs can be changed by altering their size. Other than size, the surface plays a major role in
the reactivity and selectivity of NPs. Their reactivity can be enhanced by doping and surface
modification.

Heterocyclic compounds are the mainstay of medicinal chemistry research. Of all the hetero-
cyclic moieties, quinoline (C;H,N), isoquinoline, and quinolones possess outstanding therapeutic
effects and play eminent roles in medicinal, synthetic, and bi-organic chemistry. This chapter
includes the synthesis of C;H.N, isoquinoline, and quinolones and their derivatives using various
nanosized catalysts.

7.2 QUINOLINES

C,H N is an N-heterocyclic aromatic compound. It has a strong smell and is a colorless hygro-
scopic liquid. C;H,N and its derivatives are important in medicine due to their unique biological
and pharmacological uses.! Naturally, quinolines can be obtained from plants, such as check
Fumariaceae, Rutaceae, Berberidaceae, and Papaveraceae.”> Synthesis of quinolines is vital since
they are widely used in drugs.’* and biologically active materials, such as antibacterial,’ antimal-
arial,® antiasthmatic,” anti-inflammatory,® and antihypertensive,’ In general, quinolines are prepared
by reactions, such as Friedlander,'® Doebner,!' Doebner-von Miller,'> Combes,"* Skraup,'#and
Pfitzinger,”® Recently, various approaches have been utilized to synthesize quinolines with higher
rates and greater yields. Quinolines and their derivatives help in the formation of polymers and
conjugated molecules.'® Their derivatives have useful applications in luminescence and polymeriza-
tion.”” They have been employed in the preparation of flavoring agents,'® and used in refineries as
antifoaming agents."
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7.3 SYNTHESIS OF QUINOLINE AND ITS DERIVATIVES
7.3.1 USING SALEN CATALYST

Ongoing research focuses on using NCs and provides an environmental-friendly way of synthesis.
C,H_N was synthesized in a versatile and greenway using CoFe204 @Si02@Co(III Salen magnetic
catalyst.”

C,H.N was synthesized in the presence of this catalyst by the treatment of a carbonyl com-
pound with 2-amino benzophenone (Scheme 7.1). The yield was approximately 96% for the C;H,N
derivatives when H,O was utilized. Table 7.1 lists the use of various 1,3-dicarbonyl and 2-amino
benzophenone compounds that were investigated using 10 mg of salen complex, | mmoL of both
reactants in 2 cubic centimeters of H,O at 80°C. In addition, this catalyst has distinctive merits, such
as easy separation after use since it is highly magnetic. Therefore, the catalyst is inexpensive, with
greater reusability and durability. Table 7.1 lists the yield that corresponds to the combination of
various 1,3-dicarbonyl and 2-amino benzophenone compounds.

7.3.2 Ti102-A1203-ZRO2 NANOCATALYST

A novel, convenient, highly versatile, and environmentally benign method for the synthesis of C;H,N
was derived that used a TiO,-Al,0,-ZrO, NC.*' Synthesis involved the reaction between anilines and
ethyl acetoacetate for an outstanding yield (Scheme 7.2). This method has greater merits, such as
shorter reaction time, easy workup, and milder conditions.

Equal quantities of reactants were used and 5 mol% TiO,-Al,0,-ZrO, were mixed and heated
(60°C) with stirring. The effect of solvent, temperature, and concentration of catalyst was studied
and optimized. Maximum yield (98%) was obtained when acetonitrile was used with 5 mol%
catalysts at 60°C for 1 h.
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SCHEME 7.1  Synthesis of C;H,N by salen catalyst using H,O.
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TABLE 7.1
Yield Corresponding to Various Combinations
Number Reactant 1 Reactant 2 Yield (%) Time (min)
1 2-Aminobenzophenone Dimedone 95 15
2 2-Aminobenzophenone 1,3-cyclohexadione 92 35
3 2-Aminobenzophenone Acetophenone 86 40
4 5-chloro-2-aminobenzophenone Methyl acetoacetate 87 20
5 5-chloro-2-aminobenzophenone 1,3-cyclohexadione 94 20
6 5-chloro-2-aminobenzophenone Cyclohexanone 93 15
7 5-chloro-2-aminobenzophenone Dimedone 96 10
CHj
NH»
(o) O )
Ti0,-AL0;-ZrO, (5 mol%) = X
~ M © > |
/\ 60-90 mins \ N OH
R EAA (ethylacetoacetate) 98 %

Substituted Aniline
Substituted Quinoline

SCHEME 7.2 Synthesis of substituted C;H N using TiO,-Al,0,-ZrO, NC.
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SCHEME 7.3 Procedure for production of quinolines.

7.3.3 Fe304@S102-APTES-TFA NANOCATALYST

2-aminoaryl carbonyls and alkynoates are suitable reactants, because their cyclization produced
substituted quinolines. A cost-effective and non-toxic y-aminopropyltriethoxysilanes (APTES)-
trifluoroacetic acid (TFA) (Fe,O,@SiO,-APTES-TFA) NC was prepared to synthesize C,H N.*?
This catalyst gave the solvent-free synthesis of C;H N via the Friedlander annulation reaction. 1,3-
dicarbonyl compound and 2-aminoarylketone were used as precursors, and the catalyst was added
under non-stop stirring for 5 h at 100°C. A typical procedure to produce quinolines is given in
Scheme 7.3. This catalyst has high recyclability and could be reused numerous times because it was
magnetically separable.

The method was further applied to several acyclic and cyclic B-dicarbonyl compounds as
displayed in Table 7.2.



150 Nanocatalysis

TABLE 7.2
Various Acid and Aminoaryl Ketones Used to Produce Quinolones
Number CH acid Aminoaryl ketones Product Yield
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7.3.4 COPPER-BASED NANOCATALYST

In recent studies, great attention has been given to copper-based (Cu) NCs since they are very
selective and highly reactive in several multicomponent synthesis reactions, such as click and cross-
coupling.”** A one-pot production for C;H,N derivatives via a Cu(Il) NC complex, which was
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obtained from 2-oxoquinoline-3-carbaldehyde Schiff base bonded on amino-functionalized silica
(Cu@QCSSi) was reported under mild conditions.” The catalyst was recycled seven times without
loss of activity. Scheme 7.4 represents the synthetic pathway for Cu@QCSSi. Synthesis of C;H,N
derivatives involved refluxing with an NC (Scheme 7.5).
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O Sl —O Sl o)
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Ethanol Cu(OAc),
Reflux

QCSSi = 2-oxoquinoline-3-
carbaldehyde Schiff base bared on

QC = 2-oxoquinoline-3-carbaldehyde OEt
amino-functionalized silica

Cu@QCSSi
SCHEME 7.4 Synthetic pathway for Cu@QCSSi
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SCHEME 7.5  Synthesis of C;H,N derivative using Cu@QCSSi
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7.3.5 COBALT-BASED NANOCATALYST

Cobalt (Co) (Co/N-doped ZrO2@C) NC was made for reductive annulations of 2-nitroaryl
carbonyls with alkynones and alkynoates to generate C;H ,N.*® This transformation synthesized
various functionalized quinolines (Scheme 7.6).

Various functional groups were utilized in the synthetic protocol to determine the compatibility
of Co NCs, such as methyl (-Me), dimethyl amine (-NMe,), methoxy (-Ome), fluoro (=F), chloro
(=Cl), nitro (-NO,), and methoxy carbonyl (-COOMe). The results revealed that the yield was
different for the different functional groups (Table 7.3). Reactants that had electron-withdrawing
groups generated products with a higher yield compared with substrates that had electron-donating
substituents. This might be because the electron-rich 2-nitrobenzaldehydes were less useful in the
reduction of the -NO, group, and electron-withdrawing groups enhanced the reactivity of the car-
bonyl group and gave a better result.

7.3.6 IRON-BASED NANOCATALYST

Friedlander synthesis was applied that used a Fe304@Si02/ZnCI2 catalyst for the generation of
C,H N.*" This NC was prepared by a sol-gel method as illustrated in Scheme 7.7, where Fe,O,
acted as a shell and SiO, as a gel. a-methylene ketones and 2-aminoaryl ketones were mixed under
solvent-free conditions and heated along with stirring (Scheme 7.8).

The catalytic activity of magnetic nanocrystal Fe304 @ SiO2/isoniazid/Cu(Il) was explored in
Friedlander synthesis.” It was utilized in the synthesis of CHN derivatives from 2-aminoaryl
ketones and a-methylene ketones (Scheme 7.9; Table 7.4). This method was advantageous for a
better yield and shorter reaction time. The catalyst could be easily detached using an external magnet
and it could be recycled even after four cycles.

7.3.7 MANGANESE-BASED NANOCATALYST

Multicomponent reactions (MCRs) show their use in every field of organics, whether it is hetero-
cyclic, medicinal, or pharmaceutical, since they have unique features, such as minimum time, a

(0]
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SCHEME 7.6 Synthesis route involving Co NC
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TABLE 7.3
Effect of Various 2-nitobenzaldehyde on Yield of Product
Number Variation in 2-nitrobenzaldehyde Product Yield (%)
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TABLE 7.3 (Cont.)
Effect of Various 2-nitobenzaldehyde on Yield of Product

Number  Variation in 2-nitrobenzaldehyde Product Yield (%)
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green approach, higher atom economy, and affordability. MCRs avoid a multistep reaction and
produce superior yields and generate no by-products. A three-component reaction (condensation)
of 1,3-cyclohexanedione, aromatic aldehydes, and 5-amino-3-methyl-1-phenylpyrazole was utilized
in the presence of manganese (Mn) (2.5%) that was doped with multi-walled carbon nanotubes
(MWCNT) NPs as a competent heterogeneous, recyclable, environmental benign catalyst, which
yielded C,H N derivatives (92%-98%) in 15 min? (Scheme 7.10). This catalyst has various qual-
ities, such as easy synthesis, inexpensive, higher recyclability, even after eight the decrease in yield
was negligible (5 %). The mechanism of the reaction is displayed in Scheme 7.11.
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SCHEME 7.7  Systematic route for synthesis of Fe,04@Si02/ZnCI2 core-shell NPs

(0]

Cl
Z Fe304@Si02/ZnC12

Solvent free, 60 °C

SCHEME 7.8 Synthesis of quinoline by Friedlander using core-shell NPs

7.3.8 KF/CPs NANOCATALYST

Green and proficient synthesis of quinolines was reported through the reaction of activated
acetylenic compounds, alcohols, and isatin with potassium fluoride conductive polymers (KF/
CPs) NCs* (Scheme 7.12). Optimization of the solvent, temperature, and amount was studied. The
results showed that the highest yield was obtained under ambient conditions when H,O was used
as a solvent, and 10 % (w/w) of KF/CPs catalyst was utilized. The mechanism of the reaction is
displayed in Scheme 7.13.

7.3.9  SILVER-BASED NANOCATALYST

A one-pot reaction was utilized for the generation of C;H N derivatives that used a silver (Ag) NC.”!
Scheme 7.14 displays the model reaction for the generation of C_H N derivatives. A potential mech-
anism is shown in Scheme 7.15.
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Ph Ph O
Cl O O cl
o M Fe;0,@Si0,/1SN/Cu(I) AN OMe
—_
+
OMe —
NH, N
. . Temperature
Catalyst (mg) Yield Time (h) °C)
0.05 69 2 60
0.07 95 2 60
0.1 95 2 60
0.07 70 2 Room
Temperature

SCHEME 7.9  Synthesis of C;H N derivatives

7.3.10  NICKEL-BASED NANOCATALYST

Nickel oxide (NiO) NPs were used in the synthesis of polysubstituted quinolines.”? A condensation
reaction took place between ketone and amino ketone without any solvent for 50-90 min. Scheme
7.16 shows a systematic synthesis procedure and a potential mechanism is shown in Scheme 7.17.

7.4 ISOQUINOLINES

Isoquinoline is a structural isomer of C;H.N. It is a benzopyridine constituted of a benzene ring
attached to a pyridine ring. The isoquinoline configuration is present in a large number of alkaloids
in isolated plant families. Isoquinoline derivatives show various biological activities, such as anti-
bacterial, anti-inflammatory, antitumor, antifungal, analgesic, anticonvulsant, and antitubercular. In
addition, isoquinoline derivatives are a novel group of cancer chemotherapeutic agents. Originally,
isoquinoline was separated from coal tar by Hoogewerf and van Dorp in 1885.% Some methods for
the synthesis of the isoquinoline ring could be improved to produce various isoquinoline derivatives.
Potential methods for the formation of isoquinoline, such as Bischer—Napieralski, Pomeranz—Fritsch,
and Pictet—Spengler reactions have the disadvantages of harsh reaction conditions, low yields, and
partial substrate scope. Recently, NCs have received attention to synthesize isoquinoline derivatives.
These compounds show enhanced catalytic activity that is associated with their bulk-sized forms
due to their increased surface area.™

7.5 SYNTHESIS OF ISOQUINOLINE AND ITS DERIVATIVES
7.5.1 IRON-BASED NANOCATALYST

Green synthesis of pyrido[2,1-a]isoquinolines and pyrido[1,2-a]quinolins using Fe,O,~ magnetic
nanoparticles (MNPs) as an efficient NC was described and the antioxidant activity was studied. In this
reaction, H,O was used as a green solvent and Fe,O,-MNPs was as a green catalyst (Scheme 7.18).”
An MCR between isoquinoline, methyl malonyl chloride, alkyl bromides, and triphenylphosphine
in the presence of a catalytic amount of Fe,O,-MNPs in H,O at 80°C was investigated for the syn-
thesis of pyrido[2,1-aJisoquinolines and pyrido[1,2-a]quinolines (Scheme 7.19). The magnetic iron



Synthesis of Quinolines, Isoquinolines, and Quinolones 157

TABLE 7.4
Synthesis of Derivatives of Quinoline That Used Fe,O,@SiO,/isoniazid/Cu(ll) via
Friedlander Synthesis

Number Ketone Aminoaryl ketone Product Yield (%)
Ph
1. Ph 96
(0] (e} cl
)J\/“\ CI \ ’
6]
=
NH, N
2 0 o) Ph Ph 92
)J\/“\ Cl Cl
OEt \E:EKO \@i%o
NH, N/
OFEt o AN o
=
NH, N
4. O Ph Ph O 95
(¢]] Cl
o] X
P
NH, N
5 (o] Ph Ph (0] 95
cl cl
>( jk \Qigo w
=
o NH, N
6 0 0 Ph Ph 0 87

oxide NP (Fe,0,-NPs) was formed by the reduction of ferric chloride solution with Clover Leaf
water extract. These compounds have isoquinoline or C,;H. N in their core; therefore, they have bio-
logical potential >

The Fe,O,-MNPs is an easy, simple catalyst and is used in rapid and clean methods for the prep-
aration of pyrrolo[2,1-a]isoquinoline derivatives (Scheme 7.20; Table 7.5). It is a novel, one-pot,
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SCHEME 7.10 Three-component reaction for the synthesis of quinolone
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SCHEME 7.11  Mechanism of C;H N production via three-component reaction using Mn NC
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SCHEME 7.12 Synthesis of quinolines via KF/CPs NC
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SCHEME 7.13  Mechanism of synthesis of C;H.N via KF/CPs catalyst



160 Nanocatalysis

OMe
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NH, N R
= Alkyl, Heteroaryl, Aryl
SCHEME 7.14  Synthesis of C;H,N derivatives using Ag NC
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SCHEME 7.15  Proposed mechanism for synthesis of C;H,N using Ag NC
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SCHEME 7.16  Synthesis procedure of C;H N using NiO NPs
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SCHEME 7.17 Potential mechanism for synthesis using NiO NPs
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SCHEME 7.18 Synthesis of pyrido[2,1-a]isoquinolines
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Phthalaldehyde
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(0]
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2h, H,0, 80 C,
malonyl chloride

pyrido[2,1-a]isoquinoline derivatives

R= CO,Et, 4-MeO-CgHy, 4-Me-CgH,,

4-Br-CgHy, 4-NO,-CgHy
SCHEME 7.19  Synthesis of pyrido[2,1-a]isoquinolines derivatives
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X .
R R Fe;04-MNPs A
+
O - OO 5

0 4h, room temp., \
solvent free %

Isoquinoline
q a-haloketon alkyl bromides

pyrrolo[2,1-alisoquinoline derivative

SCHEME 7.20 Synthesis of pyrrolo[2,1-a]isoquinoline derivative ethyl 3-(2-ethoxy-2-oxoacetyl)pyrrolo[2,1-
aJisoquinoline-2- carboxylate

TABLE 7.5
Effect of Temperature and Catalyst on Yield of Ethyl
3-(2-ethoxy-2-oxoacetyl) Pyrrolo [2, 1-alisoquinoline-2-carboxylate

Number Catalyst Temperature (°C) Yield (%)
1 CM ZnO RT 36
2 CM ZnO 90 38
3 Pyridine RT 55
4 Pyridine 90 58
5 CuO NPs RT 60
6 CuO NPs 90 62
7 ZnO NPs RT 80
8 TiO, NPs RT 45

efficient process with a high yield for the synthesis of pyrrolo[2,1-aJisoquinoline derivatives. It
employed an MCR of isoquinoline, alkyl bromides, and triphenylphosphine in the presence of Fe,O,-
MNPs as the catalyst under solvent-free conditions at room temperature (RT). The Fe,O,-MNPs
were obtained by the reduction of ferric chloride solution with pomegranate peel water extract.?’

7.5.2  ZINC-BASED NANOCATALYST

Pyrido[2,1-a]isoquinoline and pyrido[1,2-a]quinoline derivatives were formed with good yields
by the reaction of isoquinoline or C;H.N, activated acetylenic compounds, a-halo ketones, and
triphenylphosphine in the presence of zinc oxide (ZnO) NPs as an efficient catalyst under solvent-
free conditions at RT.* The reaction workup was easy, and the products could be readily separated
from the reaction mixture. ZnO NPs markedly improved the yield of the product. The catalyst showed
significant reusable activity. In the solvent-free conditions, primed the pyrido[2,1- a]isoquinoline
derivatives a-e were obtained in excellent yields, as shown in Scheme 7.21 (Table 7.6).

1-hydrazino-3-(4-chlorophenyl)isoquinoline and chalcone were dissolved in dry acetic acid
in the presence of Fe,O, NPs for several hours to produce pyrazolo derivatives of isoquinoline.
(Scheme 7.22). The benefits of this catalyst are the mild reaction state condition, non-toxicity, easy
removal from the reaction mixture, and easy removal by auto-oxidation of the preferred pyrazolines
to consistent pyrazoles.®

The reaction of isoquinoline, formamide, and dimethyl acetylene dicarboxylate in the presence of
ZnO nanorod particles (ZnO NRs) as a catalyst in a solvent-free environment at RT was described
to produce methyl 1-formyl-2-oxo-1,11 b-dihydro-2H-pyrimido[2,1-a] isoquinoline-4-carboxylate
(Scheme 7.23). ZnO NRs displayed a significant improvement in the product yield and had consid-
erable reusability.*’
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CO,R!

A R2
G R N I
O

Sh, roomtemp., solvent-free
isoquinoline alkyl bromide

CO,R!

acetylenic diester o) OR!
Pyrido [2,1-a]isoquinolines derivatives a-e

SCHEME 7.21 Synthesis of pyrido [2,1-a]isoquinolines

TABLE 7.6

Excellent Yield of Pyrido[2,1- a]isoquinoline Derivatives a—e

Product R1 (substituents) R2 (substituents) Yield (%)

a Methyl CO,Et 95

b Methyl 4-Tol 90

c Methyl 4-MeOCH, 87

d Ethyl CO,Et 93

e Ethyl 4-MeOC H, 85
H,NHN Q

ironoxide nanoparticles

L
> /

P +
O 30 minutes- heating N o
m s
N
3-(4-chlorophenyl)-1- O N
hydrazinylisoquinoline chalcone _
Cl

3-(4-Chlorophenyl)-1-{5-(4-methylphenyl)-3-
phenyl-4,5-dihydro-1H-pyrazol-1-yl}
isoquinoline

SCHEME 7.22  Synthesis of 3-(4-Chlorophenyl)-1-{5-(4-methylphenyl)-3-phenyl-4,5-dihydro-1H-pyrazol-
1- yl} isoquinoline

COzMe

X 0 ZnO-NPs N_ _COyMe
N * )k " | | |
/ .
H NH, 2h, r.t., solvent free H N

T

isoquinoline formamide COzMe o o
dimf:thyl Methyl 1-formyl-2-oxo-1,11
acetylenedicarboxylate b-dihydro-2H-pyrimido[2,1-a]

isoquinoline-4-carboxylate

SCHEME 7.23 Synthesis of pyrimido[2,1-a] isoquinoline derivative
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7.5.3 KF/CLINOPTILOLITE NANOCATALYSTS

Punica granatum peel water extract was used as the green media for the synthesis of PG-KF/
clinoptilolite NPs with a high yield. Thus obtained PG-KF/clinoptilolite NPs showed a signifi-
cant basic catalytic activity when preparing the product with a high yield and were used sev-
eral times. The synthesis of pyrrolo isoquinoline derivatives was performed using the MCR of
isoquinoline, alkyl bromides, 2-hydroxyacetophenone, and dimethyl carbonate as a green reagent
and KF/clinoptinolite NPs as a catalyst in an aqueous media at 80°C. The antioxidant capacity
of some of the synthesized compounds was investigated using diphenyl-picrylhydrazine (DPPH)
radical trapping. The short time of the reaction, high yields of the product, easy separation of
the catalyst and products are some of the advantages of this procedure*' (Scheme 7.24). Solvent
effect on pyrazine containing pyrrolo[2,1-a]isoquinoline derivatives shown in Table 7.7 (Mousavi
et al. 2020).

A four-component reaction is used for the synthesis of pyrrolo[2,1-a]isoquinoline derivatives.
Phthalaldehyde or its derivatives, primary amines, alkyl bromides, activated acetylenic compounds
and potassium fluoride/Clinoptilolite nanoparticles (KF/CP NPs) was reacted under solvent-free
conditions at RT. It involved Diels-Alder reaction between synthesized pyrrolo[2,1-a]isoquinoline
derivatives, activated acetylenic compounds and triphenylphosphine in the presence of KF/CP NPs
under solvent-free conditions at RT (Scheme 7.26). In addition, the antioxidation property was
investigated using DPPH radical. This eco-friendly procedure has a few advantages, such as a faster
rate of reaction with high efficiency and easy removal of the catalyst.* The recommended mech-
anism for the reaction is shown in Scheme 7.27.

A novel four-component reaction of isocyanides for the green synthesis of pyrimidoisoquinolines
in H,O was studied using KF/clinoptilolite @ MWCNTs nanocomposites (Scheme 7.28).*

o) CO,Et
HsC H CO,Et
+ Br KF/CP NPs

H /Y + CO,EtCH,-NH, + | + NH,OAC
o . H20, 3H, ROOM TEMP.

. . ammonium acetate

H o alkyl bromide primary amine
phthalaldehyde CO,Me

acetylenic compound

SCHEME 7.24  Synthesis of pyrazine containing pyrrolo[2,1-a]isoquinoline

TABLE 7.7

Best Temperature and Solvent for the Preparation of Pyrrolo[2,1-o]isoquinoline
Number Solvent Time (h) Temperature (°C) Yield%
1 EtOH 8 RT -

2 EtOH 8 90 5

3 H,0 3 RT 95

4 H,0 3 80 97

5 H,0 3 90 97

6 CH,CI, 5 RT 75

7 CH,CI, 5 40 75

8 Solvent-free 3 RT 85
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SCHEME 7.25 Synthesis of [2-3-methoxyphenyl)pyrrolo[2,1-aJisoquinoline 3-yl]phenyl methanone
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Dimethyl 5-cyano-3-(2-ethoxy™ 2-oxoacetyl)-
dimethyl pyrrolo[2,1-a]isoquinoline™ 1,2-dicarboxylate
acetylenedicarboxylate

SCHEME 7.26 Synthesis of Dimethyl 5-cyano-3-(2-ethoxy2-oxoacetyl)-pyrrolo [2, 1-alisoquinoline
1,2-dicarboxylate
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SCHEME 7.27 Mechanism for the generation of Dimethyl 5-cyano-3-(2-ethoxy2-oxoacetyl)-pyrrolo [2,1-a]
isoquinolinel,2-dicarboxylate
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. . cyclohexylisocyanide 6-(cyclohexylamino)-5,13b-dihydro-6H, 14H-chromeno
4-aminocumarin [4',3":4,5]pyrimido[6,1-a]isoquinolin-14-one.

SCHEME 7.28 6-(cyclohexylamino)-5,13b-dihydro-6H,14H-chromeno [47,37:4,5] pyrimido [6,1-a]
isoquinoline-14- one

/© _Cwo@Nio O N
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1 ,3-1ndaned10ne o) Q

6-Phenyl-5H-indeno[ 1,2-c]
isoquinoline-5,11(6H)-dione

2-iodo-Nphenyl-benzamide

SCHEME 7.29 Synthesis of 6-phenyl-5H-indeno[1,2-c]isoquinoline-5,11(6H)-dione

7.5.4 COPPER-BASED NANOCATALYST

Indenoisoquinolines are synthetic compounds that have a wide range of biological activities, and
some of the compounds have shown potent anticancer activity. An environmentally benign syn-
thetic method was developed for the synthesis of indenoisoquinolines that used a novel CuO@NiO
nanocatalyst and ethylene glycol as a green solvent. This method has several advantages, such as
extensive substrate choice, exceptional yield, shorter reaction time, no need for an additive or base,
and the catalyst was recycled up to six times without a major loss in its catalytic activity.* The
method is shown in Schemes 7.29 and 7.30.

7.6 QUINOLONE

A wide range of synthetic approaches can be used for the synthesis of quinolones and their analogs.
These are an important class of organic compounds that have several applications including
suppressing tumor growth, promoting apoptosis DNA repair, and combating malarial infection. In
the treatment of patients with human immunodeficiency virus infection, quinolone-based drugs can
be used alone or in combination with existing antiretroviral drugs. Despite all the advantages, it has
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O

CuO@NiO

6-Phenyl-5H-indeno[1,2-c]
isoquinoline-5,11(6H)-dione

SCHEME 7.30 Mechanism of 6-phenyl-5H-indeno[1,2-c]isoquinoline-5,11(6H)-dione synthesis by CuO@
NiO NPs

been difficult to substitute the quinolone framework with various chemical functionalities with a
short-step reaction under mild reaction conditions. Catalytic transformations could be used, which
is attractive from environmental and industrial perspectives in agreement with the principle of green
chemistry. Some of the recent developments in the preparation of quinolones and their derivatives
that use NCs are discussed in the following sections.

7.7 SYNTHESIS OF QUINOLONE AND ITS DERIVATIVES
7.7.1  POLYSTYRENE-SUPPORTED PALLADIUM NANOCATALYST

Substituted 2-quinolones were synthesized from 2-iodoanilines and alkynes using oxalic acid as the
carbon monoxide (CO) source under microwave exposure. Polystyrene-supported palladium (Pd@
PS) NPs were used as a catalyst. The use of a heterogeneous Pd catalyst was discovered for the first
time for 2-quinolone synthesis that involved a carbonylation reaction employing (CO,H),-2H,O
as a solid and bench stable CO source. The reaction revealed good substrate generalization for
2- iodoanilines and alkynes with wide functional group acceptance and good regioselectivity. The
ligand-free operation, recyclability of the heterogeneous Pd@PS catalyst, and use of a bench stable
carbon (C1) source are t helpful advantages of the procedure.*
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SCHEME 7.31 Synthesis of quinolone derivative using MW by Pd@PS catalyst
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SCHEME 7.32 Synthesis of quinolone derivative catalyzed by supramolecular ensemble 5: HgO

Carbon dioxide (CO,) is a benign source of CO. Currently, abundantly available CO, has been
used as a CO replacement for quinolone synthesis that employs transition metals, such as Pd, Ag,
and Cu. For the last few years (CO,H),-2H,0 has been explored as in situ CO, COZV and hydrogen
(H,) sources and their applications in the diverse and exciting area of organic synthesis under-
supported catalytic conditions. The best compatibility of the support (PS) was shown to hold the
(CO,H),-2H,0 over the surface, which made the blend effective for better interactions with a closely
associated catalyst for productive reactions.

To optimize the reaction conditions, synthesis was performed with various catalysts, solvents,
and bases at different temperatures. The study established (CO,H),-2H,O as the most efficient C1
source in the presence of a heterogeneous PA@PS catalyst for the synthesis of 3-substituted-2-
quinolones. The role of CO and CO, as CO sources in the reaction were recognized through mech-
anistic evaluations. The major highlights of the procedure are the use of recyclable heterogeneous
NC, oxalic acid as a bench stable CO substitute, microwave irradiation, easy handling of the reac-
tion, and regioselectivity of products.

7.7.2  SUPRAMOLECULAR ASSEMBLIES AND MERCURY NANOCATALYSTS

A one-pot approach for the synthesis of C;H,N and quinolone derivatives was studied.* A single
catalytic system based on supramolecular assemblies and metal NPs for the preparation of 2,3-
disubstituted quinoline and 4- quinolone derivatives were used. In this approach, fluorescent
aggregates in aqueous media were formed via aggregation-induced emission enhancement that used
electron-deficient tetraphenylcyclopentadienone. These aggregates served as reactors for the gener-
ation of mercury oxide (HgO) NPs. These in situ generated assemblies and HgO nanomaterials were
used in the synthesis of N-heterocyclic derivatives with high catalytic efficiency through ortho C-H
functionalization of less reactive anilines. Supramolecular ensemble 5: HgO NPs exhibited better
catalytic efficiency than HgO NPs.

7.7.3  TITANIUM-BASED NANOCATALYST

A high-power sonicator for the synthesis of 8-aryl-7,8-dihydro-[1,3]-dioxolo[4,5-g]quinolin-6(5H)-
ones from the MCR of Meldrum’s acid, 3,4-methylenedioxy aniline, and various aromatic aldehydes
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SCHEME 7.33 Potential mechanism for the synthesis of quinolone derivatives catalyzed by supramolecular
ensemble 5: HgO

TABLE 7.8

Optimization of Reaction Conditions under Ultrasound Irradiation

Number Solvent Time (min) Catalyst (mol %) Yield (%)
1 H,0 35 Boric acid (10 mol %) 60

2 H,0 35 Zn0O NPs (10 mol %) 72

3 H,0 15 Commercial TiO, (10 mol %) 79

4 H,0 40 Catalyst-free Traces

5 H,0 15 TiO, NPs (10 mol %) 90

6 Acetonitrile 30 TiO, NPs (10 mol %) 72

7 H,0 15 TiO, NPs (5 mol %) 70

in the presence of a catalytic amount of titanium dioxide (TiO,) NPs was proposed. *” H,O was used
as a medium. First, TiO, NPs were synthesized by the biochemical method that used a leaf extract
of the Origanum majorana plant as a reducing and capping agent under ultrasound. This was based
on the decomposition of the precursor and its reduction and stabilization by appropriate agents pre-
sent in the reaction mixture. TiO, NPs can also be synthesized conventionally; however, ultrasound
offered the advantage of reducing the reaction time to 20 min from 5 h. This was due to the forma-
tion of scattered NPs with high yields. Therefore, it proved to be an excellent catalyst with oper-
ational ease and high yield under benign conditions without any environmental concerns.

Table 7.8 shows that TiO, NPs (10 mol %) in an aqueous medium gave better yields in 15 min
compared with other conditions. This might be due to the largest surface area and presence of
the most reactive acidic sites due to its nanosized TiO, NPs. After the completion of the reaction,
the prepared TiO, NPs were easily recovered and the catalytic activity of the catalyst remained
unchanged after use.
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SCHEME 7.34 Proposed mechanism for synthesis of 8-aryl-7,8-dihydro-[1,3]-dioxolo[4,5-g]quinolin-6
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SCHEME 7.35 One-pot protocols for the synthesis of 3-substituted 2-quinolones

7.7.4 SBA-15/PRN(CH2PO3H)2 AS NANOCATALYST

pyrido[2,3-d]pyrimidines and pyrimido[4,5-b]quinolones were synthesized in the presence
of Santa Barbara Amorphous-15 (SBA-15)/PrN(CH,PO,H), under dry conditions.* SBA-15/
PrN(CH,PO,H), is a novel and heterogeneous catalyst that contains phosphorous acid groups. The
major advantages of this method are high yields, short reaction times, and reusability of the cata-
lyst. The reaction of 4-nitro benzaldehyde (1 mmoL), malononitrile (1 mmoL), and 6-amino-1,3-
dimethylpyrimidine-2,4(1H,3H)-dione (1 mmoL) was performed at 100°C. The reaction mixture
was allowed to cool at RT and the obtained solid mixture was dissolved in ethanol (EtOH). The
progress of the reaction is monitored by thin layer chromatography (TLC). The removed catalyst
from the solution was washed with hot ethyl acetate (10 mL) and dried for use in the next run. The
catalytic activity of the catalyst was restored within the limits of the experimental errors for three
successive recycling runs.

7.7.5 COPPER-BASED NANOCATALYST

The step-economical synthesis of 3-amido-2-quinolones by dendritic Cu powder-mediated one-pot
reaction has been described.* This reaction’s setup is easy, compatible with moisture, and has many
functional groups under mild conditions. This method is very useful for the synthesis of the key
intermediates of biologically relevant 3-amido-2-quinolones.
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SCHEME7.36 Synthetic route for the synthesis of 4-quinolone-3-carboxylic acids by chit-Cu-NP and NO,BF,

Replacing dendritic Cu powder with Cu NPs (e.g., 25 and 60-80 nm) gave 60%—-62%
product yields. Dendritic Cu powder has two roles, promoting the Knoevenagel condensation
and assisting C—N bond formation without the help of a base, although with reduced efficacy.
Many functional groups are resistant to reacting in mild reaction conditions. In addition, this
method is user-friendly because it has a one-pot easy setup with moisture tolerance, and it is
cost-effective and uses low-cost Cu powder. Chitosan-supported Cu NPs have been synthesized
and utilized for the synthesis of 3-nitro-4-quinolones from 3-carboxy-4-quinolones via IPSO
nitration. The synthesized 3-nitro derivatives of 4-quinolones were successfully converted into
their 3-tetrazolyl bioisosteres, which showed increased antibacterial activity compared with the
standard ciprofloxacin.*®

Chitosan has the bifunctionality of hydroxyl and amine groups in its molecular structure; there-
fore, it has outstanding stabilization strength for metal NPs. It works as a potential catalyst for the
synthesis of various heterocyclic compounds. A mild, cost-effective, and environmentally benign
method for the synthesis of 3-nitroquinolones was developed that used chitosan-Cu-NP, and its effi-
ciency was further compared with cellulose-Cu-NP and starch-Cu-NP.

The recyclability of the catalyst was tested before and after five uses in the reaction and showed
no remarkable change in the morphology and catalytic activity after recycling five times. The size of
the NPs was approximately 266 nm. Initially, in the presence of atmospheric O,, the Cu oxidized to
Cu’*. These Cu**formed a chelate with both carbonyl groups of the quinolones through O, with Cu**.
A concerted mechanism takes place via decarboxylative nitration, in which NO?** from nitronium
tetrafluoroborate attacks at the charge developed on the C-3 carbon, and decarboxylation occurred
simultaneously to form the product.

7.7.6  ZIRCONIUM-BASED NANOCATALYST

The direct amination of 7-halo-6-fluoroquinolone-3-carboxylic acids with a variety of pipera-
zine derivatives and (4aR, 7aR)-octahydro-1H-pyrrolo[3,4-b] pyridine that used zirconia sulfuric
acid (ZrSA) NPS was used for the synthesis of various antibacterial fluoroquinolone compounds.
H,O was used as a medium. ZrSA exhibited high catalytic activity, with high yields of the desired
product. In addition, the catalyst was recyclable and could be reused at least three times without
any noticeable loss in its catalytic activity. This catalytic method has a simple workup procedure
and avoids the use of harmful organic solvents and results in the rapid synthesis of fluoroquinolone
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SCHEME 7.38 Solvent-free and RT visible-light-induced C-H activation

derivatives in refluxing water. Therefore, this method represents a considerable enhancement over
the conventional methods.”!

7.7.7 IRON-BASED NANOCATALYST

Propylsilan and arginine were used for the functionalization of Fe, O, magnetic NPs.”> The
synthesized Fe304 @PS-arginine (Arg) magnetic NPs were altered to obtain Fe,O, @PS-Arg[HSO,].
These NPs were used as eco-friendly solid acid magnetic NCs for the synthesis of 2-amino-4-
arylbenzo[h]quinoline-3-carbonitrile and 10,10-dimethyl-7-aryl-9,10,11,12-tetrahydrobenzolc]
acridin-8(7H)-one derivative via a one-pot reaction of a-naphthilamine and aromatic aldehydes with
malononitrile or dimedone. Simple operation, high reaction yields, reusability of catalyst several
times, short reaction time, and easy separation from the reaction mixture are the significant benefits
of using this catalyst.

7.7.8 CADMIUM-BASED NANOCATALYST

The solvent-free, RT, visible-light-induced C-H activation was studied. >* Nanosized cadmium sul-
fide (CdS) were synthesized and applied as a highly efficient reusable photocatalyst. This catalyst
was used for the synthesis of pyrrolo[3,4-c]quinolone and pyrrolo[2,1-a]isoquinoline-8-carboxylate
derivatives via a condensation reaction. It involved the reaction between N, N-dimethylanilines, or
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alkyl 2-(3,4-dihydroisoquinolin-2(1H)-yl)acetates with maleimides. This reaction was proceeded
through a C—H activation approach under benign and eco-friendly conditions at RT without using
any solvent and oxidant under visible light irradiation. Using this method, all favorable products
were obtained with good yields with relatively short reaction times under benign conditions with the
application of visible light irradiation, which is a renewable energy source. The catalyst was easily
recovered and reused several times without any loss of activity.

7.8 CONCLUSION

Quinolines, isoquinolines, and quinolones are important organic compounds because they have
greater potential in medicinal and biological fields. Quinolines and isoquinoline derivatives function
as antibacterial, antimalarial, antifungal, analgesic, and antihypertensive agents. Isoquinoline is
used in the treatment of solid tumors. Quinolone-based drugs are used in many serious diseases.
They are obtained naturally from plants and can be synthesized by various named reactions. A var-
iety of synthetic approaches are used for the synthesis of quinolines, isoquinolines, and quinolones
and their analogs. The Friedlander and Pfitzinger reactions are commonly used for the synthesis of
quinolines. Bischler—Napieralski, Pictet—Spengler, and Pomeranz—Fritsch are employed for the prep-
aration of isoquinolines. However, these reactions have major drawbacks including harsh conditions
and lower yields. The use of NCs in the synthesis of quinolines, isoquinolines, and quinolones has
gained attention since they offer better reaction conditions, such as mild conditions, are environmen-
tally friendly, with fewer steps. These catalytic transformations are useful in the green synthesis of
compounds.
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8.1 INTRODUCTION

Triazole is a five-membered heterocyclic compound that has three nitrogen (N) and two carbon
(C) atoms. It exists in two isomeric forms: -1,2,3-triazole (1), and 1,2,4-triazole(2). The 1,2,3 isomer
contains three N atoms adjacent to one another, and the 1,2,4 isomer has two N atoms adjacent to
each other, and the third N is present between both C atoms.
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1,2,3-triazole and its derivatives are well documented for various biological activities, such as
antimicrobial, analgesic, anti-HIV, anti-inflammatory, anti-allergic, anticancer, antimalarial, and
antitubercular.'? The 1, 2, 4-triazoles play an important role in medicinal chemistry and have various
biological activities, such as antimicrobial, antimalarial, anticancer, antioxidant, and antimycotic.?
The triazole ring has proved to be a medicinally important scaffold for various commercially
marketed drugs, such as alprazolam, rizatriptan, trazodone, and hexaconazole. Therefore, the small
triazole nucleus has several biological activities and is a privileged scaffold for medicinal chemists.
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Tetrazoles are the heterocyclic compounds that have a five-membered ring composed of four N
atoms and one C atom and exists in three different isomeric forms (3), (4), (5):

2
1
H H 4 5
2NN 1N/N\ N/\
| ) [P Ak
3 N\N 5 N N
4 4 2
3) ) ®)

The heterocyclic compounds that have a tetrazole moiety have attracted the attention of medicinal
and organic chemists due to their unique structures in various antihypertensive, anti-allergic, anti-
biotic, and anticonvulsant agents.* These tetrazoles have extensive applications in photography,
recording systems, and the biological sciences.®”

Structural modifications of the triazole and tetrazole rings can lead to improved biological activ-
ities with improved potency and lower toxicity. This chapter provides an overview of recent updates
on the biological potential and various methods for the synthesis of triazole and tetrazole based
heterocycles that use nanomaterials as catalysts.

8.2 BIOLOGICAL SIGNIFICANCE OF TRIAZOLES AND TETRAZOLES:

The Schiff bases of 4-amino-1, 2, 4-triazoles (6) were synthesized by the condensation of 4-amino-
1,2,4-triazol-3-ones with aromatic aldehydes under ultrasound irradiation and documented for
antioxidant activity using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method. The DPPH inhib-
ition values of the compounds were from 71.2% to 96.4% at 1.20 pM. Molecular docking of the
synthesized compounds with the active site of angiotensin I-converting enzyme (ACE) revealed
good inhibitory effects of the triazole Schiff’s bases.®

The glycosyl 1, 2, 3-triazoles (7) were synthesized by reactions of the corresponding azides
with vinyl acetate under microwave irradiation. The unprotected glucosyl and galactosyl triazoles
did not display inhibitory activity at 1 mM. Among the screened samples, the GIcNAc-triazole
was hydrolyzed by Talaromyces flavus CCF 2686 [(-N-acetyl hexosaminidase. Furthermore,
the B-GlcNActriazole acted as a strong ligand for rat and human natural killer cell-activating
receptors.’

The 1, 2, 4-triazoles (8) were evaluated for antimicrobial activity by Stingaci et al. The compounds
were highly active against Xanthomonas campestris. The antifungal activity of these compounds
was better than the reference drugs.!°

1,2,4-triazole-spirodienone (9) was a promising pharmacophore for anticancer activity. It showed
remarkable in vitro cytotoxic activity by arresting the cell cycle and showed induction of apoptosis
in MDA-MB-231 cells."

The 1, 2, 4-triazoles (10) were evaluated for tyrosinase inhibition potential by Akin et al. The
inhibition mechanism of these compounds was reversible and uncompetitive on tyrosinase activity.
The most promising compound was bound weakly with the receptor via interactions with His244,
His263, Phe264, and Val283."

The Schiff bases that contained 1, 2, 4-triazole-3(4H)-thione (11) were documented for
antifungal activity. These compounds were more effective against Wheat gibberellic compared with
the fluconazole standard. The more active compounds were evaluated for enzyme inhibition efficacy
against the receptor CYP51 by docking.!

The 1H-1,2,3-triazol-4-ylindoline-2,3-diones (12), (13) were highly active against Staphylococcus
epidermidis, Bacillus subtilis, Escherichia coli, and Pseudomonas aeruginosa. Some of them
exhibited better antifungal potential than the standard fluconazole against Aspergillus niger and
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Candida albicans. The results demonstrated the key role of the triazole unit in these compounds for
high antimicrobial activities.'*

The 3-amino-1, 2, 4-triazole scaffolds that contained compounds (14) and (15) were evaluated
for anticancer activity against cancer cell lines using a (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. In addition, these compounds exhibited good anti-
angiogenic activity that indicated their highly promising dual anticancer activity.'

The 1,2,3-triazoles (16) were synthesized via an azide—alkyne click chemistry approach and
evaluated for anti-leishmanial activity against the promastigote form of Leishmania donovani.
Three of these compounds were identified for a promising anti-leishmanial activity and were non-
cytotoxic towards macrophage cells. The molecular docking study supported good interactions with
the key residues in the catalytic site of trypanothione reductase.'®

The 1,4-disubstituted triazole or a-ketotriazole (17) derivatives synthesized by the copper-
catalyzed (Cu)[3+2] cycloaddition of alkynes with different azides that had a lipophilic chain
mimicking the substrate were able to inhibit InhA. One of the compounds exhibited a minimum
inhibitory concentration <2 mg/mL against Mycobacterium tuberculosis H37Rv."”

The disubstituted-1,2,3-triazole-thiosemicarbazone hybrid molecules (18) exhibited an excellent
potency result for B. subtilis and P. aeruginosa compared with the reference drug ciprofloxacin.
Antibacterial activity results were supported by molecular docking and density-functional theory
(DFT) studies.'®

The triazoles (19) were reported for an inhibitory potential of cyclin-dependent kinase 5 enzyme. '

The fluorine and piperazine moiety that had 1,2,4-triazole thione derivatives (20) synthesized
by the Mannich reaction of triazole intermediates, substituted piperazines, and formaldehyde was
documented for significant fungicidal activity against Cercospora arachidicola, Physalospora
piricola, and Rhizoctonia cerealis at 50 mg/mL.*

The Schiff bases of 1, 2, 4-triazole derivatives (21) synthesized by the condensation of N-[(4-
amino-5-sulfanyl-4H-1, 2, 4-triazol-3-yl)methyl]-4-substituted-benzamides with various aldehydes
exhibited good antibacterial and antifungal activity.”!

The 1, 2, 4-triazole-3(4H)-thiones (22) were screened for antibacterial and antifungal activity by
Spoor et al. Some of the compounds exhibited significant antimicrobial activity.?

Khan et al developed the triazole heterocyclic derivatives (23) for analgesic, ulcerogenic, and
anti-inflammatory activity.”

Penjarla et al. documented tetrazoles (24) that had C-nucleoside analogs for antitumor activity.>

The newly synthesized drug candidate (25) was shown to have in vitro anticancer potential by
Dhiman et al.»

Maheshwari et al. documented a series of 1H-tetrazole derivatives (26) for protein tyrosine
phosphatase 1B (PTP1B) inhibitory activity. Among the series, the 5-Cl substituted benzothiazole
analogs revealed considerable PTP1B inhibition with an IC, of 1.88 uM aligned with the refer-
ence standard suramin (IC,>10 pM). In addition, excellent in vivo antidiabetic activity of these
compounds was observed compared with the standard drugs glimepiride and metformin. Studies
revealed the necessity of the presence of a tetrazole moiety for the enhancement of non-carboxylic
inhibitors of PTP1B through antidiabetic potential >

Inspired by the chemical structure of cilostazol, a selective phosphodiesterase 3A (PDE3A)
inhibitor, which are the new hybrids of nucleobases and tetrazoles (27) were synthesized and studied
for inhibitory activity on PDE3A and their cytotoxicity on HeLLa and MCF-7 cancerous cell lines
by Shekouhy et al. The obtained results showed a linear correlation between the inhibitory effect of
the synthesized compounds and their cytotoxicity. In some cases, the PDE3A inhibitory effects of
synthesized compounds were higher than cilostazol. Some of the synthesized compounds revealed
higher cytotoxicity against the HeLa and MCF-7 cancerous cell lines.”’

Zhang et al. documented 31 ursolic acids that had a tetrazole moiety (28) for potential antitumor
activities as a HIF-la transcriptional inhibitor. The structure—activity relationships of these
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FIGURE 8.1 Structures biologically active compounds containing triazoles and tetrazoles

compounds through HIF-1a highlighted the existence of a tetrazole group at C-28 to enhance their
inhibitory activities.?®

The structures of some biologically active heterocyclic compounds that have triazoles and tetra-
zole moieties are shown in Figure 8.1.

8.3 RECENT DEVELOPMENTS IN THE NANOMATERIAL CATALYZED
SYNTHESIS OF TRIAZOLES AND TETRAZOLES

A literature survey revealed various developments in the synthesis of triazoles and tetrazoles
that used nanomaterials as efficient heterogeneous catalysts. This section will discuss the recent
developments in this field.
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Bahadorikhalili et al. introduced S-cyclodextrin functionalized polyethylene glycol (PEG)ylated
mesoporous silica nanoparticles—graphene oxide hybrid (Si NP-GO) as heterogeneous support for
the immobilization of a copper (Cu) catalyst (Cu@pBCD-PEG-mesoGO). The mesoporous Si NP—
GO hybrid (mesoGO) was synthesized and functionalized using PEG ended f-cyclodextrin. Then,
the Cu was immobilized onto the modified NPs and Cu@ BCD-PEG-mesoGO was evaluated for the
synthesis of 1, 2, 3-triazoles via the three-component click reaction using benzyl bromides, alkynes,
and sodium azide (Scheme 8.1). This catalyst has excellent properties, such as easy workup process,
high efficiency, and turnover frequency (TOF), mild reaction conditions, use of water (H,0) as a
green solvent, and easy catalyst recovery.”

Basu et al. developed silver (Ag) NPs supported on an AI203 @Fe203 core-shell nanostructured
material that used the aqueous phase reduction method. The material exhibited a large scope in
heterogeneous catalysis due to the fine dispersion of the reactive NPs on the increased surface area
of the material. This core-shell mesoporous NC exhibited high catalytic efficiency during the acyl-
ation of benzyl alcohol under solvent-free conditions and the synthesis of 1, 4-disubstituted 1, 2, 3-
triazoles in an aqueous medium (Scheme 8.2). The catalyst was heterogeneous, and therefore, could
be easily recovered and reused without a significant decrease in catalytic activity.*

Sarma et al. synthesized Cu NPS using hydrotalcite as solid support for the azide—alkyne cyclo-
addition reaction for the development of a facile route to the synthesis of 1, 4-disubstituted-1, 2,
3-triazoles (Scheme 8.3). The catalyst was heterogeneous and could be easily reused and recycled.
The reaction was carried out at room temperature (RT) and the use of ethylene glycol as a solvent
made it an environmentally friendly system for the synthesis of 1,4-disubstituted-1,2,3-triazoles.’!

Elayadi et al.developed a method for the synthesis of nanowire copper oxide (CuO) as a cata-
lyst for the 1, 3-dipolar cycloaddition of organic azides to terminal alkynes under mild reaction
conditions to give 1, 4-disubstituted 1, 2, 3-triazole as a single regioisomer with excellent yields
with the reusability of the catalyst (Scheme 8.4).3
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Haghighat et al. developed core-shell phenylene bridged mesoporous periodic magnetic
organosilica NPs immobilized on NaHSO, (y-Fe203 @Ph-PMO-NaHSO4) as a novel magnetically
separable acidic nanocatalyst (Scheme 8.5). This protocol offered several advantages, such as high
yields, easy and quick isolation of the products, short reaction time, and good reusability of the
catalyst.®

Mahdavinasab et al. reported a magnetic chitosan-based biocomposite, MnFe204@GO @
chitosan/Cu, and used it as a competent heterogeneous catalyst for the synthesis of triazoles (Scheme
8.6). The easy separation, reusability, recovery, and high yields of the products made this protocol
cheap and gave an environmentally friendly material for the synthesis of triazoles.**

Naeimi et al. developed functionalized Go—Cu(I) complex as a catalyst for the synthesis of 1, 2,
3-triazoles by the reaction of alkynes, alkyl halides, and sodium azide under microwave irradiation
with excellent yields (Scheme 8.7).%

Oxidized Cu NPs supported on titanium dioxide (TiO,) were shown to catalyze the
multicomponent synthesis of 1,2,3-triazoles via [3+2] Huisgen’s 1, 3-dipolar cyclo-addition in
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an aqueous medium under conventional heating and ultrasonic irradiation conditions (Scheme
8.8). The catalyst was easily synthesized by copper nitrate in deionized water via the ultrasound-
enhanced impregnation (UIM) method. These compounds exhibited good antibacterial activity
against Staphylococcus aureus and E. coli.*

Shadjou et al. synthesized an innovative NC (Cu/SiO,-Pr-NH-Benz) and utilized it for coupling
and click reactions in an aqueous medium. They reported a resourceful and simple approach for syn-
thesizing a variety of 1, 2, 3-triazole, and propargylamine derivatives with excellent yields within
a short reaction time (Scheme 8.9). The most significant advantage of this catalyst was enhanced
catalytic activity with competent recycling in the one-pot synthesis of propargyl amine derivatives
and 1, 4-disubstituted triazoles under green conditions.*’

Commercially available CuO nanoparticles (CNP) were used as a heterogeneous catalyst for the
synthesis of 1, 2, 3-triazoles with good to excellent yields. The synthesis of triazoles was achieved
by the azide—olefin cycloaddition on bromoalkenes and organic azides (Scheme 8.10).%®

The CNPs on activated carbon (AC) were shown to be an efficient catalyst for the multicomponent
synthesis of B-hydroxy-1,2,3-triazoles from variously substituted epoxides and alkynes in an
aqueous medium (Scheme 8.11). Mechanistic aspects of the reaction were studied by researchers to
understand the participation of Cu(I) acetylides during the reactions.*

CNPs on AC were used as a catalytic material for the multicomponent synthesis of 1, 2, 3-
triazoles from different azide precursors in an aqueous medium. The contents were heated at 70°C
and the products were obtained in high purity without the need for further purification (Scheme
8.12).%

Sharghi documented CNPs supported on C (Cu/C) as a heterogeneous catalyst for the one-pot
three-component regioselective [3+2] Huisgen cycloaddition of alkyl or benzyl halides, terminal
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alkynes, and sodium azide in H,O as a green solvent that gave the corresponding 1, 2, 3-triazoles in
excellent yields. The inductively coupled plasma (ICP) analysis study revealed the presence of Cu
in the heterogeneous catalyst as 9.97% (w/w) (Scheme 8.13).4!

Iniyavan et al. studied the 1, 3-dipolar cycloaddition (CuAAC) of aromatic azides and acetylenic
xanthenes that used Cu (II) oxide (CuO) NPs that gave the corresponding xanthene substituted
triazoles with excellent yields. The protocol produced the products under mild reaction conditions
(RT), within a short reaction time (Scheme 8.14).4?

Rajabi-Moghaddam  developed Cu(Il)-coated magnetic core-shell NPs Fe304@
SiO,-2-aminobenzohydrazide as an efficient catalyst for the synthesis of 1,2,3-triazoles by the reac-
tion of benzyl bromides, sodium azide, and terminal alkynes via click chemistry (Scheme 8.15). The
catalyst had high efficiency along with good reusability for up to six consecutive runs.*
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Copper (I) oxide nanoparticles (CNPs) supported on magnetic agar (Cu,0/Agar@ Fe,O,) were
used as a green and cost-effective heterogeneous NC for the synthesis of 1, 4-disubstituted 1, 2, 3-
triazoles in high yields in H,O: ethanol (EtOH) as the reaction medium (Scheme 8.16). Separation
of the catalyst was successfully carried out by an external magnet, which could be reused for at least
five subsequent runs without significant activity loss.*

Halder et al. documented the synthesis of f-nickel hydroxide NPs, which were used as an effi-
cient catalyst for the synthesis of variously substituted tetrazoles by the reaction of oximes with
sodium azide under mild reaction conditions (Scheme 8.17). This method had several advantages,
such as high efficiency, broad substrate scope, easy handling, higher efficiency, low cost, and
reusability of the heterogeneous catalytic system. The catalyst exhibited excellent catalytic
activity due to its nanocrystalline nature, small particle size, large surface area, and good thermal
stability.*

Nanoporous TiO, supported gold (Au) NPs were synthesized by the deposition—precipitation
method and the synthesized NPs were reported for the green synthesis of 1,4-disubstituted-1,2,3-
triazole derivatives via the 1,3-dipolar cycloaddition of organic azides with a variety of terminal
alkynes in an aqueous medium. The method gave good to excellent yields with high selectivity for
the regioselective synthesis of 1, 2, 3-triazoles involving the Huisgen [3+2] cycloaddition reaction
(Schemes 8.18 and 8.19).%

A green and efficient method was developed for the synthesis of 1,2,3-triazoles using CNPs
supported on nanocellulose (CuNPs/NC) as a reusable catalyst for the synthesis of 1,2,3-triazoles
via the azide—alkyne cycloaddition reaction in glycerol as the environmentally benign solvent at an
ambient temperature (Scheme 8.20).%
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Saha et al. synthesized metal-C bond stabilized alloy structured palladium (Pd/Cu) bimetallic

NPs with binaphthyl moiety as a stabilizer (Pd/Cu-BNP). The Pd/Cu-BNP was used as a capable
and recyclable catalyst for the synthesis of polycyclic triazoles through domino alkyne insertion and
C-hydrogen (C-H) bond functionalization reaction sequence (Scheme 8.21).%
Khalil et al. developed a chitosan Cu(II) oxide nanocomposite, which was developed for the syn-
thesis of [1, 2, 3] triazoles. The nanocomposite showed a powerful catalytic activity to catalyze the
multicomponent regioselective cycloaddition of chalones, aryl halides, and sodium azide to give
N-2-aryl[1,2,3]triazoles (80%—-95% yield) (Scheme 8.22).%

Sharma et al. reported the synthesis of novel heterogeneous magnetic NC (IL@CuFe204-L-Tyr-
TiO2/TiTCIL), which provided an eco-friendly procedure with several advantages, such as aqueous
medium as the solvent, operational simplicity, easy workup, short reaction time, and excellent
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yields during the synthesis of 1,4-disubstituted-1,2,3-triazoles (Scheme 8.23) via click reaction.
Furthermore, IL@CuFe O ,-L-Tyr-TiO,/TiTCIL showed good photocatalytic activity in the degrad-
ation of methylene blue dye in visible light.*

Rezaei et al. reported a novel and efficient magnetic NC using covalent grafting of Si-coated
aza crown ether Cu(II) complex on an iron oxide (FeO) support. The newly developed catalyst was
studied for the synthesis of tetrazole and triazole derivatives (Schemes 8.24-26). This method had
several important features, such as short reaction time, high yields, simple synthesis, magnetic sep-
aration, and favorable recoverability of the catalyst.”!

Salimi et al. developed a novel NC Fe304@HT@AEPH2-Coll using Co(II) immobilized
onto aminated ferrite NPs. The resultant NC showed large catalytic activity for the synthesis of
1-substituted-1-H-tetrazole in an aqueous medium (Scheme 8.27). The developed method acted as
a green protocol that offered an excellent yield of the products along with an easy operational pro-
cedure, minimum chemical waste, mild reaction conditions, short reaction time, easy catalyst syn-
thesis, and up to four cycles of recyclability of the catalyst.>?

Tamoradi et al. synthesized three novel and nanoscale green magnetic solid base catalysts
(CoFe204@glycine-M (where M = Pr, Tb, or Yb)) and used them as reusable heterogeneous
NCs for the synthesis of 5-substituted 1H-tetrazoles under green reaction conditions (Scheme
8.28). This method had excellent advantages, such as operational simplicity, easy isolation of the
products, high activity, and reusability for several consecutive runs without major loss of their
catalytic efficiency.”

Zarchi et al. developed a novel method for the one-pot synthesis of 5-substituted 1H tetrazole from
aryl halide including in situ cyanide group (-CN) insertion from an inorganic salt in the presence of
a novel magnetic catalyst, Pd on a surface-modified Schiff Base complex (Scheme 8.29). The NC
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was simply recovered by an outer magnetic field and reused several times without significant loss
of its catalytic activity.>*

Behrouz developed a protocol for an easy and facile one-pot three-component synthesis of 5-
substituted 1H-tetrazole derivatives from aldehydes using doped nanosized Cu,O on a melamine—
formaldehyde resin (nano-Cu,0-MFR) as a catalyst with good to excellent yields (Scheme 8.30).
The major advantages of nano-Cu,0-MFR were its inexpensive nature, high stability, and recycling
ability for several consecutive reactions runs without any appreciable decrease in its activity.>

Hosseini-Sarvari demonstrated an efficient and cheap protocol for the synthesis of 5-substituted-
1H-tetrazoles from different sodium azides and nitriles using nano TiO,/SO,2" as an effective het-
erogeneous catalyst (Scheme 8.31). Broad varieties of aryl nitriles undergo [3+2] cycloaddition to
give tetrazoles with good to excellent yields.>

Kritchenkov et al. synthesized a tetrazole bearing chitosan with moderate and low degrees of
substitution using a novel metal-catalyzed 1,3-dipolar cycloaddition of an azide ion to cyano ethyl
chitosan in an aqueous medium (Scheme 8.32).%

Mani et al. synthesized Ag NPs which were used as efficient and reusable heterogeneous catalysts
for the synthesis of 5-substituted 1H-tetrazoles from different nitriles that had a diverse functional
group and sodium azide in N,N-dimethyl formamide (DMF) at 120°C with excellent yields (Scheme
8.33).%8

Moradi et al. documented the synthesis of biochar NPs from the pyrolysis of chicken manure,
which was used as an environmentally friendly and reusable biocatalyst for the synthesis of tetrazole
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derivatives (Scheme 8.34). The tetrazoles were achieved in high turnover number (TON) and TOF
values in the presence of copper nanoparticles supported on biochar, which showed the high effi-
ciency of this catalyst. The catalyst was reused for several runs without Cu leaching or decreased
catalytic activity.”

Nikoorazm et al. reported Fe,O, magnetic NPs as a core for Cu(Il) Schiff base complex
functionalized mesoporous MCM-41 shell to offer a core-shell nanostructure (Fe,0,@MCM-41@
Cu-P20C). This material was employed as a simple, inexpensive, environmentally friendly catalyst
using PEG as the reaction medium for the synthesis of 5-substituted 1H-tetrazoles (Scheme 8.35).
Fe,0,@MCM-41@Cu-P2C is cost-effective, stable, heterogeneous, easy to handle, and recover-
able NC and can be reused for several consecutive runs without any considerable loss of catalytic
activity.%

Padmaja et al. successfully employed recyclable CNPs to catalyze the microwave-assisted (3+2)
cycloaddition reaction of nitriles with sodium azide (NaN,) to give the corresponding 5-substituted
1H-tetrazoles with excellent yields (Scheme 8.36). The features associated with this protocol
include rapid synthesis, cost-effectiveness, reusability, stability, mild reaction conditions, no need
for additives, high tolerance to various functional groups, and excellent yields under microwave
irradiation and as an alternative to conventional protocols that involved Lewis’s acid catalysts and
operational simplicity.®!
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Nanoparticulate TiCl,.SiO, was employed as an efficient solid Lewis acid catalyst for the syn-
thesis of 5-substituted 1H-tetrazole derivatives (Scheme 8.37). The catalyst could be conveniently
recovered and was reused at least three times without significant loss of activity.®

Nano sized Cu-MCM-41 mesoporous molecular sieves with various Si: Cu molar ratios were
synthesized and used as an efficient heterogeneous catalyst for the synthesis of 5-substituted 1H-
tetrazoles by the [3+2] cycloaddition reaction of nitriles and sodium azide (Scheme 8.38). Among
the ratios, the Cu-MCM-41 with Si: Cu molar ratio was better for catalyzing the [3+2] cycloaddition
reaction.®

Sreedhar et al. developed a competent and cheap protocol for the synthesis of 5-substituted
1H-tetrazoles by the reaction of various nitriles and sodium azide using magnetically reusable
and recoverable CuFe,O, NPs (Scheme 8.39). A large variety of aryl nitriles underwent the [2+
3] cycloaddition under mild reaction conditions to give tetrazoles with good to excellent yields.
The catalyst was magnetically separated and reused five times without significant loss of catalytic
activity.®

Magnetic CoFe,O, centered asparagine functionalized noble metal (where M = Cu or Ni)
anchored nanocomposite (CoFe,O,@Lasparagine anchored Cu, Ni) NC proved an efficient hetero-
geneous catalyst for the synthesis of 5-substituted 1H-tetrazoles by the azide—alkyne cycloaddition
reaction in PEG as the green reaction medium (Scheme 8.40). The developed protocol had an oper-
ationally simple procedure, short reaction time, high yield of the corresponding products that gave
the corresponding products along with good reusability of the catalyst.5
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Nickel-anchored curcumin-functionalized boehmite NPs (BNPs@Cur-Ni) were developed as a
versatile and robust NC for the synthesis of 5-substituted 1H-tetrazoles along with excellent TON
and TOF outcomes (Scheme 8.41). The use of curcumin and boehmite as the natural source and
poly(ethylene glycol) (PEG) as a solvent made the protocol a good tool for green chemistry.®

Baskaya et al. developed a facile and highly efficient protocol for the synthesis of new 5-
substituted 1H-tetrazoles by the reaction of nitriles with sodium azide catalyzed by monodisperse
carbon black decorated NPs as heterogeneous NCs (Scheme 8.42). The catalyst showed good recyc-
ling ability and excellent catalytic performance for the synthesis of tetrazoles.®’

Ghorbani-Choghamarani and Taherinia develop peptide nanofibers decorated with Cu and Ni NPs
as a catalyst for the synthesis of 5-substituted 1H-tetrazoles (Scheme 8.43). The developed Cu and
Ni materials were cost-effective and non-toxic when immobilized on woven peptide nanofibres.®

CuO/aluminosilicate was developed as an efficient heterogeneous NC for the sequential one-
pot synthesis of various 5-substituted-1H-tetrazoles by Movaheditabar et al. The synthetic strategy
involved [3+2] cycloaddition reaction of aliphatic and aromatic nitriles with sodium azide in refluxing
DMF. The tetrazoles were obtained with good to excellent yields along with good reusability and
high catalytic performance (Scheme 8.44).%

The tandem synthesis of 5-substituted 1H tetrazoles can be accomplished by the reactions of
aryl halides with K, [Fe(CN)] and sodium azide catalyzed by cross-linked poly(4-vinyl pyridine)-
stabilized Pd(0) NPs, [P4-VP]-PdNPs in the presence of potassium carbonate as the base (Scheme
8.45). Only a slight decrease in catalytic activity was associated with this protocol.”
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Nano ZnO/Co,0, was used as an effective catalyst for the synthesis of substituted 1H-tetrazoles
via the reaction of nitriles and sodium azide. Under the optimized reaction conditions, all nitriles
reacted efficiently with sodium azide and afforded good to excellent yields of the desired products
(Scheme 8.46). The nature of substituents present on the nitriles did not play a significant role in the
yield of the corresponding products. The nanosized ZnO/Co,O, heterogeneous material exhibited
better catalytic activity than ZnO or Co,0, under the optimized reaction conditions.”

Yapuri et al. synthesized a sequential and expedient one-pot synthesis of 5-substituted tetrazoles
via the [2+3] cycloaddition of aryl nitriles with sodium azide (Scheme 8.47). The essential aryl
nitriles were synthesized by using the nano-CuO supported cyanation of aryl iodides generated in
situ.”

A green and versatile protocol was developed for the synthesis of 1-substituted-1H-1, 2, 3, 4-
tetrazoles by Pd(II)-polysalophen coated magnetite NPs as a robust versatile nanocomposite by Xu
et al. (Scheme 8.48).7
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Attia et al. synthesized 1,5-disubstituted tetrazole (1,5-DST) based chromone derivatives
by the one-pot multicomponent reaction between sodium azide, aldehyde derivatives, and
chromenocyl bromide in the presence of triethylamine using Ag-doped ZnO nanocomposites
and ZnO nanorods (NRs) as a photocatalyst (Scheme 8.49). Optimization of the reaction was
developed under ambient conditions at room temperature in the dark and in the presence of vis-
ible light irradiation, which showed that Ag/ZnO NCs had proficient catalytic activity for the
synthesis of novel 1, 5-DST during photocatalytic [3 +2] cycloaddition reaction. The synthesized
tetrazole derivatives were studied for cytotoxic assessment toward HepG2, MCF-7, A549, and
Wi38 cancer cell lines.™

Pawar et al. developed a facile, one-pot three-component catalytic method for the synthesis of
N-substituted tetrazole using a RuO, nanocomposite (Scheme 8.50). This strategy resulted in good
to excellent yields (84%—97%), moderate reaction time, and excellent reusability for up to five
cycles. The useful catalytic activity of the bifunctional nanocomposite was credited to the uniformly
dispersed RuO, NPs on the surface of the MMT and the RuO, site was responsible for the coord-
ination of isocyanide intermediate and the strong acidic character of MMT induced the cyclization
steps and condensation synergistically.”

Nasrollahzadeh et al. reported a suitable protocol for 1-substituted 1H-1,2,3,4-tetrazoles that
used sodium borosilicate glass-supported Ag NPs as a novel heterogeneous catalyst under solvent-
free reaction conditions (Scheme 8.51). The Ag/sodium borosilicate nanocomposite (ASBN) cata-
lyst was developed using Aleurites moluccana leaf extract as a stabilizing and reducing agent. The
method produced the corresponding 1-substituted tetrazoles with good to high yields under environ-
mentally friendly and solvent-free conditions.”

Naeimi et al. documented an ultrasound-assisted rapid synthesis of 1-substituted tetrazoles by
the cyclization of diversely substituted primary amines, sodium azide, and triethyl orthoformate
catalyzed by ZnS NPs (Scheme 8.52). The ZnS NPs were efficient, recoverable, and reusable
catalysts that highlighted their use as an excellent substitute for Bronsted acids for the preparation
of 1-substituted tetrazoles.”

Khorramabadi et al. developed the synthesis of tetrazoles by the three-component condensa-
tion of amines, triethyl orthoformate, and sodium azide catalyzed by a novel Cu NC coated with
Fe,O, magnetic NPs (Scheme 8.53). Under the optimized reaction conditions, a wide range of
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tetrazoles were synthesized by the reaction of various aromatic amines with sodium azide and tri-
ethyl orthoformate under the solvent-free condition at 100°C."

Cu(II)-salophen complex anchored on magnetic mesoporous cellulose nanofibers ((Fe304@
NFC@NSalophCu)CO2H) was used as an NC for the synthesis of 5-substituted-1H-tetrazole and
1-substituted- I H-tetrazole derivatives via the one-pot multicomponent reactions. The synthesis
was achieved by the (Fe,O, @ NFC@NSalophCu)CO,H catalyzed cyclo condensation of aldehydes,
hydroxylamine hydrochloride, sodium azide or amines, triethyl orthoformate, and sodium azide
(Schemes 8.54 and 55). The NC served as a safe, easily available, cheap, and recyclable catalyst in
an aqueous medium as a green solvent within a short reaction time.”

Magnetic Co NPs were synthesized by coating Fe,O, magnetic NPs on tetraethyl orthosilicate
functionalized with (3-chloropropyl)trimethoxysilane and 2-amino-5-mercapto-1,3,4-thiadiazole
ligands followed by complexation with Co(OAc),[Fe304@SiO2@CPTMS@AMTDA@Co].
This material was used as a catalyst for the synthesis of various tetrazoles (Scheme 8.56). The
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transformation was achieved by the condensation of aromatic amines, sodium azide, and triethyl
orthoformate (TEOF) under solvent-free conditions at 100°C.%

The synthesis of 1-substituted-1H tetrazoles can be carried out by the cyclization reaction of
various primary amines, sodium azide, and triethyl orthoformate under solvent-free conditions in
the presence of ZnS NPs as an efficient and reusable heterogeneous catalyst (Scheme 8.57). This is
an attractive protocol for the synthesis of tetrazoles due to the clean reaction conditions, nonacidic
and solvent-free conditions using a solid recyclable catalyst. The ZnS NPs were synthesized under
microwave irradiation and had a high surface area, and fine monodisperse particles. The catalyst
showed good reusability results.?!

Ariannezhad et al.developed a Cu NC by coating Fe,O, magnetic NPs with tetraethylorthosilicate
(TEOS), followed by functionalization with 3-chloropropyl(trimethoxy)silane and 4H-1,2,4-triazol-
4-amine and complexation with Cu(Il) chloride. This new material was used successfully used for
the synthesis of 1-aryl-1H-tetrazoles by the reaction of aromatic amines with sodium azide and tri-
ethyl orthoformate under solvent-free conditions at 100°C (Scheme 8.58).%2

8.4 CONCLUSION

In summary, triazoles and tetrazoles are biologically significant five-membered heterocyclic
compounds that are the core structures of several commercially marketed drugs and other het-
erocyclic compounds of great biological significance. This chapter summarized various bio-
logical activities of triazole and tetrazole-based heterocyclic compounds along with the recent
developments in heterocyclic compounds that used nanomaterials as efficient and reusable hetero-
geneous catalysts.
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9.1 INTRODUCTION

Imidazole, benzimidazole, hydantoin, oxazole, benzoxazole, thiazole, and benzothiazole derivatives
are recognized as treasured molecules in medicinal, agricultural, and pharmaceutical chemistry.
The heterocycles bearing these moieties are reported to be present in numerous biologically
active molecules and natural products. In the past few years, synthetic organic chemistry has been
linked to green chemical approaches through which environmentally benign routes are supposed
to be designed and used. Some of the eco-friendly and sustainable protocols include the use of
nanomaterial as a catalyst, the use of a green solvent or no solvent, and the use of alternative con-
ventional thermal methods, namely ultrasonic and microwave irradiation.

Organic chemistry can be divided into several classes, of which heterocycles form by far the
leading class and are of enormous prominence industrially, biologically, and certainly for the effi-
ciency of any advanced human civilization. Almost all the biologically active agrochemicals and
pharmaceuticals are heterocyclic scaffolds, as are innumerable modifiers and additives used in manu-
facturing units as diverse as information storage, reprography, plastics, and cosmetics. Nitrogen (N),
sulphur (S), and oxygen (O) containing heterocyclic systems exist in widely held natural products
that contribute to gigantic structural multiplicity, and further, they retain biological activity more
generally (Figure 9.1). Therapeutic chemists have exploited this last characteristic in creating a
number of tiny drug molecules in current use. This chapter considers the fundamentals of hetero-
cyclic chemistry and its manifestation in natural products such as vitamins, antibiotics, DNA, and
amino acids. The scope and variability of the subject is imitated in the composition of heterocycles
and partially in a range of areas on the amalgamation of these heterocyclic compounds, and other
choices are extensively emphasized.

The basic introduction, synthetic protocols and biological applications of the following
heterocycles are described in this chapter:

9.2 Imidazoles
9.3 Hydantoins
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9.4 Oxazoles
9.5 Thiazoles

9.2 IMIDAZOLE

Imidazole (Figure 9.2a) is a five-membered heterocycle containing a nitrogen atom at the 1,3-
position. The imidazole ring is an integral part of various significant natural products such as nucleic
acid, histamine, purine, and histidine. The imidazole ring is the key component of many biologically
significant compounds and shows various pharmaceutical properties such as antibacterial, antifungal,
analgesic, anti-inflammatory, antidepressant, anti-tubercular, anticancer, anti-leishmanial, and anti-
viral properties.'* Imidazole remedies have wide use in resolving several outlooks in medical
prescriptions. Several procedures for the preparation of imidazoles and their numerous structural
transformations offer massive possibilities in the area of pharmaceutical chemistry.

Benzimidazole (Figure 9.2b) is also a heterocyclic aromatic compound that is a combination of a
benzene and an imidazole ring and has the molecular formula C.HN,. Imidazole and its benzofused
derivatives have aromatic moiety and so are highly stable due to resonance (Figure 9.3). In research,
benzimidazole has a huge variety of uses as a material for the preparation of many bioactive scaffolds.
Many anthelmintic remedies, such as triclabendazole, mebendazole, and albendazole, belong to
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FIGURE 9.2 The structure of imidazole (a) and benzimidazole (b)
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FIGURE 9.3 Resonance hybrid of (a) imidazole and (b) benzimidazole

the benzimidazole class of compounds. The proton-pump inhibitors (antacids) lansoprazole,
omeprazole, rabeprazole, and pantoprazole have a benzimidazole ring. Other pharmacological
drugs that feature benzimidazole are galeterone, dovitinib, and mavatrep, as well the benzimidazole
opioids, such as etonitazene.

9.2.1 SYNTHESIS OF IMIDAZOLE AND BENZIMIDAZOLE DERIVATIVES

Maleki et al.* reported the synthesis of a new catalytic system sulfonated Fe,O, @PVA nanostructure.
This Fe,O,@PVA sulfonic acid-based superparamagnetic nanocatalyst was used for the prepar-
ation of 2,4,5-triarylimidazole derivatives in ethanol through a three-component one-pot reaction
between benzil or benzoin, ammonium acetate, and aldehyde derivatives (Scheme 9.1). The cata-
lyst is reusable and inexpensive and can be recycled simply by using an external magnet due to the
high magnetic characteristic of the catalyst without any significant loss of its catalytic activity. The
advantages of this protocol are highly efficient synthesis, high atom economy, use of environmen-
tally benign reaction conditions, and cheap solvent.

Thwin et al.’ synthesized bioactive polysubstituted pyrroles and 1,2,4,5-tetrasubstituted imid-
azole derivatives on the reaction of a wide range of aldehydes, amines, benzil, and ammonium acetate
catalyzed by Cu@imine/Fe,0, magnetic nanoparticles (MNPs) under solvent-free conditions (Scheme
9.2). The catalyst showed extraordinary reactivity for the desired synthesis of a spectrum of imidazoles
under mild reaction conditions in short reaction times and was recycled and reused without any sub-
stantial loss in reactivity and yields. This synthetic protocol displayed a number of advantages, such as
being eco-friendly, facile, and efficient, giving excellent yields, easy workup, easy purification of the
products, short reaction time, low cost, easy separation, and high reusability of the catalyst.

Varzi et al.® prepared hybrid nanocatalyst ZnS-ZnFe O, and then reported the synthesis of 2,4,5-
triaryl-1H-imidazole derivatives from different aromatic aldehydes, benzil, and ammonium acetate
in ethanol under ultrasonication at 70°C using ZnS-ZnFe O, as a catalyst (Scheme 9.3). This pro-
cedure has numerous benefits, such as high yields, the use of an eco-friendly solvent, simple iso-
lation of products, high efficacy of the heterogeneous catalyst, short reaction times, mild reaction
conditions, and chromatography-free purification. ZnS-ZnFe, O, MTMO showed high catalytic
activity and could be recovered by simply using an external magnet and reused several times in
organic transformations.
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SCHEME 9.2 Synthesis of 1,2,4,5-tetrasbstituted imidazoles derivatives using Cu@imine/Fe304 MNPs as
a catalyst
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SCHEME 9.3  Synthesis of 2,4,5-triaryl-1H-imidazoles catalyzed by ZnS-ZnFe,0, MTMO

The synthesis of 2.4,5-trisubstituted imidazoles was reported by Mardani et al.” by a three-
component reaction of aromatic aldehydes, benzil, and ammonium acetate using reusable, low-cost,
eco-friendly Fe O, nanoparticles (NPs) under a low-power microwave in solvent-free conditions
(Scheme 9.4). The use of Fe,O, MNPs was introduced as environmentally benign, heterogeneous,
and reusable, and was easily separable from the reaction mixture catalyst. This procedure has many
advantages, such as moderate-to-excellent yields, environmental acceptability, easy workup, short
reaction time, atom economy, low-cost under solvent-free conditions, low-power microwave irradi-
ation, and simple removal of catalyst.

Nejatianfar et al.® introduced an environmentally benign, effective, and simple method for
the production of 2.4,5-trisubstituted and 1,2,4,5-tetrasubstituted imidazoles catalyzed by Cu(II)
immobilized on a guanidinated epibromohydrin-functionalized y-Fe,O,@TiO, (y-Fe,0,@TiO,-
EG-Cu(Il) nanocatalyst through a condensation reaction under solvent-free conditions. Several
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SCHEME 9.4  Synthesis of trisubstituted imidazoles using Fe,O, MNPs under solvent-free and microwave
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SCHEME 9.6 Synthesis of benzimidazole derivatives

aldehydes, benzil, ammonium acetate, and amines were reacted to synthesized desired imidazole
derivatives using y-Fe O,@TiO,-EG-Cu(Il) as a reusable nanocatalyst (Scheme 9.5). This magnetic
catalyst has many benefits, such as being non-volatile, green, thermally robust, efficient, easy to
handle, non-explosive, recoverable and reusable numerous times without any noticeable loss of its
catalytic activity. The current synthetic procedure has several advantages, such as short reaction
time, excellent yields of products, green reaction media, high atom economy, easy procedure, and a
variety of substrates.

Karami et al.’ prepared a novel nanocatalyst, Co/Mn metal oxide supported on graphene oxide
sheets for the formation of benzimidazole derivatives from 1,2-benzenediamine and corresponding
aldehydes in water under ultrasound irradiation (Scheme 9.6). The reaction showed several benefits,
such as simple operation and easy workup, excellent yield of desired products, mild conditions,
short reaction time, non-toxic and inexpensive catalyst, an eco-friendly procedure, and reusability
of catalyst. The structures of biologically active imidazole and benzimidazole derivatives are shown
in (Figure 9.4).
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9.3 HYDANTOIN

Hydantoin, or glycolylurea (Figure 9.5), is an oxidized compound of imidazolidine and was first
separated by Adolf von Baeyer in 1861 when he was studying uric acid. The hydantoin moiety is a
vital structural moiety that exists in a range of biologically potent compounds'® and is used to treat
many human diseases. Depending on the nature of substitution on the hydantoin ring, a wide range
of pharmacological properties, for example, anti-ulcer, anti-muscarinic, anti-arrhythmic, anticon-
vulsant, antiviral, and anti-diabetic agents,!! have been identified. Some hydantoin derivatives have
also been used as platelet aggregation inhibitors, as well as antidepressants.'?

9.3.1 SyNTHESIS OF HYDANTOIN DERIVATIVES

Safari et al.”® reported the synthesis of 5-substituted hydantoins by reaction of aldehydes, ammonium
carbonate, and zinc cyanide in the presence of magnetic Fe,O,-chitosan NPs in an ethanol-acetic
acid-water system (1:1:1) (Scheme 9.7). The naturally occurring biopolymer on the deacetylation-
formed chitin chitosan is one of the main components of the shells of crustaceans. In many reactions,
chitosan is used as a green catalyst in its native form and even as solid support for the functioning
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SCHEME 9.9  Synthesis of hydantoin derivatives by using Fe O, NPs as catalyst

of many reactions. It displays many benefits, such as reusability, non-toxicity, biocompatibility,
low cost, operational simplicity, biodegradability, and renewability. This reaction showed many
important features, such as low cost, mild reaction conditions, use of green chemistry principles,
and a renewable and reusable catalyst.

Safari et al."* reported the synthesis of 5,5-diphenylhydantoins and 5,5-diphenyl-2-thiohydantoins
catalyzed by magnetic Fe,O,-chitosan NPs efficiently from substituted urea or thiourea, and benzil
derivatives (Scheme 9.8). Fe O -chitosan NPs were set up to be an effortlessly prepared, recoverable
and reusable organocatalyst It was easily recovered under a magnetic field without considerable
loss of its catalytic activity, even after several runs. This protocol has several advantageous features,
such as environmental friendliness, operational simplicity, low catalyst loading, and reusability of
the catalyst.

Safari et al."> reported the one-pot, facile, and rapid production of 5,5-disubstituted hydantoins
catalyzed by magnetic Fe,O, NPs under solvent-free conditions by a multi-component reaction
of potassium cyanide, aldehydes and ketones (carbonyl compounds), and ammonium carbonate
(Scheme 9.9). The use of MNPs as a catalyst makes this approach green and sustainable. This pro-
cedure has numerous advantages, such as excellent yields, very easy execution of approach, short
reaction time, simplicity, use of a reusable magnetic catalyst, and simple separation of the catalyst
from the reaction mixture just by using an external magnet.
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SCHEME 9.11  Synthesis of 2-thiohydantoin catalyzed by HQS-SBA-15

Esametal.'® suggested an efficient and novel synthetic approach to produce 5-arylidenthiazolidine-
2,4-diones and 5-arylidene-2-imidazolidine-2,4-dione derivatives by aldol condensation between
various heteroaromatic aldehydes and hydantoin or thiazolidine-2,4-dione scaffolds in ethanol, and
catalyzed by recoverable nanocatalyst Fe,O, @PABA-Cu(Il) MNPs (Scheme 9.10). This method
presented numerous noteworthy factors, such as easy workup, simple separation of the catalyst from
products, non-toxic nature and environmentally benign catalyst characteristics, catalyst reusability,
lower formation of byproducts, efficiency, excellent yields, and short reaction time. The nanocatalyst
Fe,0,@PABA-Cu(Il) was easily recovered by a magnet and is a good replacement for a homo-
genous mineral catalyst that cannot be recovered. The surface-modified MNPs are green and are
a reusable nanosized catalyst with excellent activity and PABA as a biocompatible and non-toxic
compound that serves as an efficient bridge between Fe,O, and Cu particles to form a stable and
leak-free nanocatalyst.

Vavsari et al.!” reported the one-pot preparation of 2-thiohydantoin derivatives on the reaction of
a-aminoester, and isothiocyanate derivatives catalyzed by new renewable mesoporous silica SBA-
15 functionalized with 8-hydroxyquinoline-5-sulfonic acid (HQS-SBA-15) nanocatalyst under
solvent-free conditions (Scheme 9.11). The novel catalyst displayed many merits, such as easy
handling, excellent recyclability with high catalytic activity, low catalyst amount used, and recovery.
Thus, this approach is found to be mild, green, and economical, with a high yield of products for
this reaction.

Maiti et al.'® reported a green synthetic procedure for the preparation of oxo- and thiohydantoin
counterparts fused with tetrahydro-B-carboline supported by a novel ionic liquid (IL) initiated
by thermal and microwave irradiation. With various carbonyl compounds, IL-bound tryptophan
underwent a Pictet-Spengler reaction to produce the IL-immobilized tetrahydro-B-carbolines in
aqueous isopropanol media. With various isocyanates and isothiocyanate, the successive reaction
of substituted tetrahydrocarboline derivatives provided a three-dimensional combinatorial library in
a traceless manner. This reaction involves the coupling of Boc-protected L-tryptophan to hydroxyl
ethylmethylimidazoliumtetrafluoroborate (Scheme 9.12). The main importance of using an IL sol-
uble support was its straight easy monitoring capacity using standard analytical techniques and its
eco-friendliness. Most hydantoin derivatives are biologically active, and their structures are shown
in (Figure 9.6).
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9.4 OXAZOLES

Oxazole (Figure 9.7a) is a five-membered heterocyclic compound containing an oxygen and a
nitrogen atom at the 1,3-position. These are aromatic in nature but less aromatic than thiazoles. The
derivatives of oxazole are very important because they could be used as intermediates for the con-
struction of other new biologically active molecules. The oxazole ring is the key component of many
pharmacologically important compounds that possess a wide range of biological properties, such
as antimicrobial," anticancer,? anti-tubercular,* anti-inflammatory,? anti-diabetic,” anti-obesity,*
and antioxidant properties,” and oxazole derivatives are also useful in the formation of synthetic
intermediates and could be used as chemical scaffolds in combinatorial chemistry.

Benzoxazole (Figure 9.7b) is also an aromatic heterocycle that has a benzene-fused oxazole ring
and the molecular formula C_H,NO. Benzoxazole itself has very few practical aspects. It has a large
variety of uses in research as a starting material for the synthesis of many bioactive scaffolds and has
many reactive sites that allow for functionalization at the ring due to highly stability (Figure 9.8). It
is found as a chemical structure in many pharmaceutical drugs such as flunoxaprofen and tafamidis.
Benzoxazole belongs to the group of antifungal agents with anti-allergic, antioxidant, anti-parasitic,
and anti-tumoral activity.

9.4.1 SYNTHESIS OF OXAZOLE AND BENZOXAZOLE DERIVATIVES

Ziarati et al.?® reported the synthesis of a series of bioactive benzoxazoles from a mixture of
aldehyde and o-Phenylenediamine with NiFe, Eu O, MNPs as a catalyst in water as solvent
under conventional method and ultrasonication (Scheme 9.13). This synthetic protocol has many
benefits compared with other methods, such as simplicity, mild reaction conditions, efficiency,
ultrasound-mediated, the use of safe and cheap solvents, the use of green reusable NiFe, Eu O,
MNPs as a catalyst, and high yields of products. The catalyst used in this procedure has several
advantages, such as being magnetically separable, easily synthesized in laboratories, recoverable,
and recyclable.

Fekri et al.”” synthesized novel benzoxazole derivatives by the reaction of aryl aldehydes with
2-aminophenol catalyzed by NiFe,O,@SiO,@amino glucose (Scheme 9.14). This approach has
many advantages, such as high-to-excellent yields, cost-efficiency, environmental friendliness,
waste reduction, short reaction times, ease of separation and reusability of the magnetic catalyst,
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FIGURE 9.7 Structure of (a) oxazole and (b) benzoxazole
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FIGURE 9.8 Resonance hybrid of (a) oxazole and (b) benzoxazole
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SCHEME 9.16 Synthesis of 2-phenyl benzoxazole derivatives

and simple workup. The synthesized catalyst NiFe,O,@SiO,@amino glucose is novel and can be
effortlessly recovered and reused for successive reaction cycles.

Sayyahi et al.”® successfully prepared a novel magnetic nanoparticle-based heterogeneous acidic
catalyst [Fe,0,@SiO,@ Am-PPC-SO,H] [HSO,] which was used in the synthesis of benzoxazoles
from the react1on of aldehyde and o- ammophenol in aqueous media (Scheme 9.15). The catalyst
was retrievable, sustainable, and separated magnetically, which shows excellent reusability without
significant loss of its activity. Some of the advantages include products synthesized in high yields,
mild reaction conditions, short reaction time, and environmental friendliness.

Benzoxazoles were synthesized by Gupta et al.*® on the facile reaction of benzoyl chloride,
2-amino phenol, and Al-Cu-Cl hydrotalcite as heterogeneous nanocatalyst under solvent-free
conditions (Scheme 9.16). This protocol was more efficient as compared to other reported synthetic
procedures as it had lower catalyst loading, clean reaction profiles, mild reaction conditions, cost
efficiency, atom economy, easy workup, and a recyclable and reusable catalyst that did not lose its
activity even after five runs. Benzoxazoles are the key components of bioactive heterocycles, and the
structures of these heterocycles are shown in (Figure 9.9).

9.5 THIAZOLES

Thiazole (Figure 9.10a) is a five-membered heterocyclic compound containing a sulphur and
a nitrogen atom at the 1,3-position. They are planar and aromatic in nature, but more aromatic
than oxazoles. The thiazole ring is notable as a component of the vitamin thiamine (B,). Other
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compounds of thiazole take in rhodanine and the rhodanine red dye, and the yellow dye primuline is
prepared from it. Some examples of drugs synthesized from thiazoles are thiazolsulfone (promizole),
sulfasuxidine, and sulfathiazole. Thiazole-based derivative 2-mercaptobenzothiazole (mertax) is
utilized to speed up the vulcanization of rubber. Furthermore, thiazoles have displayed promising
antimicrobial, antifungal,**3! antitumor, and antiviral activities,*>*® as well as many other biological
applications.?%

Benzothiazole (Figure 9.10b) is also an aromatic heterocyclic compound. It contains a
benzene-fused thiazole ring with the molecular formula C_HNS and is stabilized through reson-
ance (Figure 9.11). It is present in naturally synthesized peptides and utilized in the expansion of
peptidomimetics (i.e., molecules that mimic the function and structure of peptides). Benzothiazoles
display a wide spectrum of pharmacological applications such as antioxidant,* anti-inflammatory,
antimicrobial,*! antiviral, and anticancer*? activities. In current years, some benzothiazole derivatives
have found solicitation in medicinal and bioorganic chemistry and in the advancement of proven
drugs such as lubeluzole, pramipexole, ethoxzolamide, probenazole, bentaluron, and zopolrestat.**
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9.5.1 SyYNTHESIS OF THIAZOLE AND BENZOTHIAZOLE DERIVATIVES

Hangirgekar et al.* reported the synthesis of pharmaceutically active hydrazinyl thiazole through
a simple and efficient method with high-to-excellent yields of products from the three-component,
one-pot condensation of thiosemicarbazide phenyl tosylates, and substituted aryl aldehydes in the
catalytic influence of magnetic Fe,O, NPs in water as solvent (Scheme 9.17). This synthetic protocol
has many outstanding features, such as an eco-friendly approach, mild reaction conditions, use of
green solvent, and excellent yields. The catalyst was easily recovered and reused many times in
small amounts without any significant loss of its catalytic effect.

Shaterian et al.* prepared Fe,O,@vitamin B, as an efficient and inexpensive heterogeneous
nanocatalyst for the production of novel trisubstituted 1,3-thiazole derivatives by a one-pot, three-
component reaction of cyclic 1,3-dicarbonyls, thioamides, and arylglyoxal monohydrate in an
aqueous medium (Scheme 9.18). Some advantages of this methodology are short reaction times,
high yields, simple operation, use of green solvent, cost-effectiveness, eco-friendly nature, simple
preparation of the catalyst from commercially available materials, and high catalytic activity that
makes it sustainable, economic, and in convention with some green chemistry protocols. Vitamin
B, stabilized on Fe,O, MNPs is a superparamagnetic, highly efficient, retrievable nanocatalyst that
is magnetically removable and retains its strength after reutilizing without detectable activity loss.

Gundala et al.*® reported that the three-component one-pot amalgamation of different aldehydes/
ketones, thiosemicarbazide, and different phenacyl bromides in the catalytic influence of copper
oxide NPs dispersed on titanium dioxide in water yielded a collection of hydrazinyl-thiazoles
(Scheme 9.19). The significant features of this method are a clean reaction profile, green approach,
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SCHEME 9.17 Magnetic Fe O, NPs catalyzed synthesis of hydrazinylthiazoles

R4
o OH S
R O " SpyNo X 807C. 1.0 eSS
L SRESO

Yield 78-93%

SCHEME 9.18 Synthesis of 1,3-thiazoles catalyzed by Fe304@vitamin B, MNPs
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SCHEME 9.19  Multi-component synthesis of diversified hydrazinyl-thiazoles catalyzed by CuO NPs/TiO,
in water
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broad substrate scope, short reaction time, ease of operation, scalability, no chromatographic puri-
fication required, high yields at low catalyst loading, and potential for comprehensive applications
in pharmacological industries. The catalyst used in this protocol was recoverable and reusable
without any noteworthy loss of its activity. Additionally, the high catalytic performance of CuONPs/
TiO, was due to the high dispersity of the catalyst in water, followed by the interaction of organic
substrates with CuONPs.

Zamegar et al.¥’ reported the preparation of asparagine functionalized aluminium
oxide (Asp-Al,O,) NPs by a two-step procedure that involved the grafting of Al,O, with 3-
chloropropyltrimethoxysilane (CPTMS) and successive organo-functionalization using aspara-
gine amino acid. Then 2-aminothiazoles were synthesized by a one-pot reaction of thiourea,
methylcarbonyls, and iodine as an oxidizing reagent catalyzed by the Asp-Al O, organo-nanocatalyst
at 85°C in dimethylsulfoxide (DMSO) (Scheme 9.20). The benefits of this improved procedure
include a green approach, an environmentally safe route, clean conditions, short reaction time,
simple workup, excellent yield of products with high purity, easy separation of products, reusability
of the nanocatalyst, and suitable handling. In addition, immobilization of organocatalysts on the
ALQ, surface was stable under the catalytic reaction conditions, which suggests that they can be
reused efficiently. Initially, A1,O, NPs were produced by a precipitation method and reformed with
3-chloropropyltrimethoxysilane (CPTMS).

A modified Hantzsch method was used to synthesize novel 4-thiazolylpyrazoles by Beyzaei
et al.*® on the three-step reaction of malononitrile, triethyl orthoacetate, and phenylhydrazine
through acid-catalysis (Scheme 9.21). Thionation of pyrazole was then carried out by phos-
phorus pentasulfide (P,S, ) to give 5-amino-3-methyl-1-phenyl-1H-pyrazole-4-carbothioamide in
the presence of MgO NPs as catalyst under solvent-free conditions. Lastly, cyclocondensation
of thioamide with o-bromoketones made 4-thiazolylpyrazoles. This synthetic procedure is better
than other methods because of greater efficiency, excellent yields in shorter reaction times, and
environmental friendliness. As a final point, the newly synthesized compounds were tested for
in vitro antibacterial activities against a range of pathogenic bacteria. All derivatives displayed
moderate-to-good activities (Figure 9.12). All the synthesized compounds displayed inhibitory
effects against S. agalactiae successfully, although antibiotics such as penicillin and ceftriaxone
were useless on this pathogen.

9.6 CONCLUSION

Imidazoles are highly interesting heterocyclic moieties as they represent a number of biologically
and pharmacologically active molecules. These heterocyclic scaffolds are the building blocks of sev-
eral natural products and drug molecules. As scientists move towards environmentally green chem-
istry, a new branch of chemistry has been introduced to synthetic organic and inorganic chemistry.
In the past few years, green methodologies, such as the use of catalysts that can be further reutilized,
less or no use of hazardous chemicals, use of green solvents, and the use of alternate energy sources
such as microwave and ultrasonic irradiation, have been considered for the production of imidazole,
hydantoin, oxazole, and thiazole-containing heterocycles. Furthermore, in all the reactions, products
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were formed in excellent yields and in short times without the use of volatile organic solvents and in
the presence of reusable catalysts and green reaction media. In this chapter, we have summarized the
synthesis of imidazole, hydantoin, oxazole, and thiazole derivatives using eco-friendly approaches,
and with examples of heterocycles with medicinal potential.
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10.1 INTRODUCTION

Green chemistry and catalysis science are important aspects of sustainability. Recently, nanoparticles
have drawn a huge interest in the sciences because of their diverse applications in catalysis.
Nanocatalysis is a fascinating field in organic synthesis due to its numerous advantages, such as
having a highly porous nature, a large surface area, a lower quantity requirement, mild reaction
conditions, and being recyclable. Scientists are continuously modifying nanocatalysts to improve
their selectivity and effectiveness. These catalytic systems may lead to the large-scale production of
pharmaceutically and industrially significant products with fewer by-products for the next millen-
nium. This chapter will give an extensive overview of the emerging field of nanomaterials in syn-
thetic applications of heterocyclic entities, including pyrazoles, indazoles, and pyrazolines.

Nanocatalysis is a promising front-line in catalysis where catalytic activity depends on particle
size and shape, and the number of surface atoms. Due to a high surface area and reactive morpholo-
gies, they have several key benefits, such as high atom efficiency, simple isolation of products, and
versatile recyclability.!> Nanocatalysts are heterogeneous catalysts with a high surface-to-volume
ratio and bear a large number of catalytic sites that interact with reaction components efficiently.
The reactivity and selectivity of the nanostructures is mainly determined by the energy of surface
atoms.>

Nanoparticles with catalytic activity have drawn ample attention for use in chemical reactions
as they are capable of increasing the rate of chemical reactions and yields. They can be easily
recovered and recycled from a reaction mixture and thus possess the benefits of both heteroge-
neous and homogeneous catalysis simultaneously.®’ Nanocatalysis is significant for societal devel-
opment as it fastens the process of converting raw materials into important chemicals in an effective,
economical, and sustainable way.®'® A new era of chemistry that blends the benefits of multi-
component reactions and nanostructured catalysts has emerged as an important field in science
for the progress of sustainable and green methods of organic synthesis.!'"'* Over the past decades,
a plethora of applications of heterocycles in drug discovery has led to the development of several
novel methods with nanocatalyst support and is of immense interest to synthetic chemists.'>!” This
chapter includes a detailed array of the nanocatalyzed synthesis of heterocyclic moieties, namely
pyrazoles, indazoles, and pyrazolines.
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10.1.1 PyYrRAZOLES

Pyrazole, a five-membered heterocycle with two nitrogen atoms and a core framework in a vast
library of heterocycles, has promising fluorescent, agrochemical, and biological properties.

Dickinson et al.!® published the first report of pyrazole synthesis in 1964, where they used
cyanoethylene and hydrazine to obtain aminocyanopyrazoles. Since then, the synthesis of pyrazole
has been the subject of important research with a wide range of reagents and conditions. Some
recent researchers have reported the synthesis of pyrazole derivatives with ionic liquids,'* iodine,?
metal oxide,?'and photocatalysts??>, among others.

Pyrazoles are found in synthetic products and many natural compounds and show far-reaching
biological activities. Many commercially existing drugs are derived from pyrazole core entities,
including sulfaphenazole (antibacterial drug), celecoxib (anti-inflammatory drug), rimonabant
(anti-obesity drug), mepiprazole (anxiolytic drug), pyrazofurin (anticancerdrug), deracoxib
(anti-inflammatory drug), difenamizole (anti-inflammatory drug), lonazolac (non-steroidal anti-
inflammatory drug(NSAID)) (Figure 10.1). Some pyrazole-bearing heterocyclic compounds were
found to show inhibition of human immunodeficiency virus (HIV)-1 reverse transcriptase and inter-
leukin (IL)-1 synthesis,? as well as antibacterial > antimalarial,* anti-AIDS,?® anti-hyperglycaemic,”’
anticancer,”®? antidepressant,’**! anticonvulsant,* anti-pyretic,*** analgesic,* anti-leukaemia,* and
antioxidant®® properties, among others. Pyrazole derivatives also have applications in pesticidal,
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"0 o $)
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FIGURE 10.1 Marketed drugs containing pyrazole heterocycles as the core structural unit
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herbicidal, and insecticidal® activities. Owing to their characteristic features, the use of pyrazole
scaffolds is very significant for drug discovery.

10.1.2 INDAZOLES

Nitrogen bearing heterocycles, such as indazoles, are of immense significance and bear promising
applications in medicinal chemistry.*! Emil Fischer described indazole as a pyrazole ring fused with
a benzene ring. They are also called isoindazolone or benzpyrazole. They generally contain two
tautomeric forms, 1H- and 2H-indazole (Figure 10.2). 1H-indazole is the predominant tautomer*
and is more thermodynamically stable than 2H-indazole.

Molecules possessing the indazole structural motif are profoundly found in nature and have
gigantic biological activities in antitumour,* antimicrobial,* anti-HIV,* antidepressant,* anti-
platelet,” anti-inflammatory,*® anticancer,* and anti-spermatogenic agents,® and neuroprotective
sodium channel modulators,” among others.

Some indazole derivatives have been found to possess more affinity for the imidazoline I, receptor
and a high affinity for oestrogen receptor B and 5-HT, , receptors. The derivatives of indazole are
also utilized as optoelectronic chromophores in the fabrication of devices such as OLEDs,” dye-
pigments,> and agricultural purposes.** These derivatives are also found in dyes, herbicides, and
sweeteners. Moreover, in addition to these biological activities, indazole scaffolds also exhibit
photophysical properties for potential theranostic applications.>

Several approved drugs, namely lonidamine, bendacort, niraparib, bendazac, granisetron,
pazopanib, benzydamine, axitinib, APINACA, and gamendazole, have the indazole nucleus in
their molecular structural framework (Figure 10.3). Owing to the discovered potent bioactivity of
indazole moieties, several research groups have developed a number of synthetic strategies.

10.1.3 PYRAZOLINE

Pyrazoline, sometimes referred to as dihydropyrazole, is a five-membered heterocycle with two
adjacent nitrogenatoms and only one endocyclic double bond. Depending on the position of
the double bond, three types of pyrazolines exist:1-pyrazoline, 2-pyrazoline, and 3-pyrazoline
(Figure 10.4). 2-pyrazoline is the most attractive and important among all types of pyrazolines for
frequent studies.>

In the nineteenth century, Fischer and Knoevenagel prepared 2-pyrazolines, employing a,-
unsaturated aldehydes/ketones with phenylhydrazine in glacial AcOH under reflux, which became
one of the most popular methods. In 1996, Appendino et al.”” explored the synthesis of a taxol-
pyrazoline conjugate leading to the first appearance of cytotoxic pyrazoline in the literature, followed
by a steady growth of pyrazoline in this field.

Pyrazoline compounds are electron-rich nitrogen-bearing heterocycles and perform a number
of biological activities, such as antimicrobial,*® anti-inflammatory,” anticancer,’ anti-amoebic,*!
anti-nociceptive,” antidepressant,® anti-tubercular,** amine oxidase inhibitory,® cholesterol
acyltransferase inhibitory,®® COX-2 inhibitory,*” and MAO-inhibitory activities,®® among others.
They have been proven to be highly versatile performers in various applications such as in fluor-
escent probes in chemosensors, organic electronics, hole-transport materials, brightening agents
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FIGURE 10.3 Approved drugs with an indazole core and pharmaceutical properties
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FIGURE 10.4 Types of pyrazoline

in synthetic fibres, papers, textiles, recognition of transition metal ions, electrophotography, and
electroluminescence.®7*

Modern drugs that containthe pyrazoline nucleus include aminophenazone (also known
asaminopyrine, amidopyrine, or pyramidon), which has analgesic, anti-inflammatory, and anti-pyretic
properties; metamizole, which is a painkiller, spasm and fever reliever with anti-inflammatory prop-
erties; phenazone (also known as phenazon) as an anti-pyrine or analgesic; phenylbutazone as an
NSAID; sulfinpyrazone as auricosuric medication for the treatment of gout; and oxyphenbutazone
as an NSAID, among others (Figure 10.5).
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FIGURE 10.5 Some pharmacologically active drug molecules containing a pyrazoline nucleus

10.2 SYNTHETIC ASPECTS ASSOCIATED WITH NANOMATERIALS

A diverse range of synthetic methods have been developed for pyrazoles, indazoles, and pyrazolines
in recent years, owing to their wide-ranging bioactivities. However, to date, most of the attention
has been directed towards their synthesis by employing nanocatalysts to overcome the problem of
selectivity and reactivity.

10.2.1 SYNTHESIS OF PYRAZOLE DERIVATIVES BY NANOCATALYSIS

Nanocrystalline ZnZr,(PO,), ceramics™ as arobust catalyst was applied for the preparation of methyl-
6-amino-5-cyano-4-aryl-2,4-dihydropyrano[2,3-c]pyrazole-3-carboxylate derivatives via a one-pot
reaction of aldehydes, hydrazine hydrate, malononitrile, dimethyl acetylenedicarboxylate in an
aqueous medium (Scheme 10.1). The successful results were also attributed to a CeO,nanoparticles
(NPs) catalyst,’ prepared by the co-precipitation method with post-annealing in air.

Chen et al.”” explored nanocatalysts with the magnetic Rulll@ CMC/Fe,O, organic—inorganic
hybrid using a self-assembly strategy. Ru(IIl) integrated with magnetic nan031zed CMC/Fe,O, was
developed and fabricated by a simple process of RuCl, and Na-CMC/Fe,O, orgamc—lnorganic
hybrid. The high catalytic activity can be attributed to the distinctive innate Lewis-acid property of
Ru(III), chelated with both carboxyl groups (COOH) and free OH groups of CMC.

Magnetic Fe,O NPs acted as heterogeneous catalysts for a multi-component one-pot reac-
tion of hydrazine hydrate, malononitrile, benzaldehyde, and ethyl acetoacetate for the design of
dihydropyrano[2,3-c]pyrazoles and was optimized under different reaction conditions.”® The
scope of the nanocatalyst in the model reaction was further extended with ZnO@PEGNPs,”
core—shell structured magnetic silica-supported propylamine/molybdate complex (Fe,0,@SiO,/
Pr-NQMo[Mo.O . ]),** magnetized dextrin nanocomposite,*' poly(ethylene imine)- modlﬁed mag-
netic halloysite nanotubes (Fe30 , @HNTSs- -PEI),*? amino-functionalized silica-coated cobalt oxide
nanostructures(Co,0,@SiO,-NH,),* yttrium iron garnets (Y ,Fe O ,),* magnetic nano-[CoFe,0,],*
CoCuFe,O, magnetic nanocrystals,** H,PW O, immobilized on aminated epibromohydrin-
functlonahzed Fe.0,@SiO,NPs(Fe,O, @SlO -EP-NH-HPA),* among others (Scheme 10.2).

Nanomagnetlc complex lanthanum strontlum magnesium oxide La .Sr ,MnO, (LSMO) was
employed for the synthesis of 1,4-dihydropyrano[2,3-c]pyrazol-5-yl cyanides by a one-pot conden-
sation reaction of malononitrile, aromatic aldehydes, and 3-methyl-1-phenyl-2-pyrazolin-5-one
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SCHEME 10.2 Nanoparticles as catalyst in the synthesis of pyrano[2,3-c]pyrazoles

in ethanol using ultrasound irradiation.®® This protocol was extended with various nanocatalyst
supports, such as novel Fe,O,-supported propane-1-sulfonic acid-grafted graphene oxide quantum
dots (Fe,0,@GOQD-O-(propane-1-sulfonic acid),*” nano-titania sulfuric acid (15-nm TSA),”
sulfonic acid-functionalized titanomagnetite (Fe, Ti O,@SO,H) NPs,”" amino acid ionic liquid
tetrabutylammonium asparaginate (TBAAsp) immobilized on titanomagnetite (Fe, Ti O,) NPs
in an organosilane compound (TMSP) [Fe, Ti O,@ TMSP@TBAAsp],”” Fe,O,-magnetized N-
pyridin-4-amine-functionalized graphene oxide [Fe,O,@GO-N-(pyridin-4-amine)],” tungstic
acid immobilized 3-chloropropyl-grafted TiO,-coated Fe,O,NPs (Fe,0,@TiO,@(CH,), OWO,H)*
and magnetic NPsNiFe,O,@SiO,-H,PW O, , synthesized by the chemical support of Keggin
(H,PW ,0,) heteropolyacid (HPA) on silica-coated NiFe,O, magnetic NPs®, among others
(Scheme 10.3).

Rakhtshah et al.® composed a strategy for 5-aminopyrazole-4-carbonitrile derivatives by the
condensation of phenylhydrazine, malononitrile, and substituted benzaldehydes in an equimolar
ratio. The effect of catalyst and temperature was studied in the presence of dioxomolybdenum
complex supported on silica-coated magnetite NPs (Fe,O,@Si@Mo0O,) in the temperature range
25°C—100°C. The best results were attained in the presence of 0.02 g catalyst at room tempera-
ture. Further examination on the model reaction was done using NPs as catalysts with heteroge-
neous, glucose-coated super paramagnetic NPs (Glu@Fe,0,).”” After accomplishing the reaction,
the superparamagnetic nanocatalyst was separated from the medium with the help of an external
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SCHEME 10.3 Nanoparticles as catalyst in the synthesis of 1,4-dihydropyrano[2,3-c]pyrazol-5-yl cyanides.
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SCHEME 10.4 Nanoparticles as catalyst in the synthesis of 5-aminopyrazole-4-carbonitrile derivatives

magnet, then washed, dried and used for another reaction run. The catalyst showed excellent results
for four repeated cycles with slight deterioration in its catalytic activity. Cyclodextrin-supported
capsaicin NPs were also used by Arora et al.”®

The Fe,0,@Alg@CPTMS@Arg”hybrid inorganic-organic material catalyst was used as
support for the synthesis of pyrazoles. These NPs were developed usinglayer-by-layer techniques
bygrafting L-arginine (L-arg) to Fe,O,@Alg using 3-chloropropyltrimethoxysilane (CPTMS) as a
linker. Fe,O,@Alg was prepared by in situ co-precipitation of iron(Ill) and iron(II) chloride in the
presence of alginate (Alg) (Scheme 10.4).

Spiro[indoline-3.,4’-pyrano[2,3-c]pyrazole] derivatives were explored using B-CD/EP as a
basic heterogeneous catalyst and stationary micro-vessel, and a mixture of phenylhydrazine, ethyl
acetoacetate, isatin, and malononitrile or ethyl cyanoacetate under a solvent-free environment. The
B-cyclodextrin-epichlorohydrin nanosponge polymer (B-CD/EP) was synthesized from the step-
wise polymerization reaction of B-cyclodextrin with epichlorohydrin under basic conditions.!® To
broaden the scope of this protocol, nano-silica supported 1,4-diazabicyclo[2.2.2]octane was used
as a novel catalyst. Nano-SiO /DABCO,'""" a new heterogeneous basic catalyst, was synthesized
using SiO,, DABCO, and SOCI,. Firstly, nano silica gel and thionyl chloride produced nano silica
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SCHEME 10.6 The use of Fe,O,-CNT-In nanoparticles for preparation of isochromeno[4,3-c]pyrazole-
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SCHEME 10.7  Synthesis of indeno[1,2-c]pyrazol-4(1H)-ones by Nano-Fe O, ~L-cysteine

NHNH,

chloride, which was then dried. The silica-chloride produced was treated with DABCO in EtOH at
reflux to obtain nano-SiO,/DABCO. Afterwards, the model reaction was performed using various
amounts of heterogeneous solid Brgnsted basic catalysts. Fe,O, @-L-arginine nanocomposite and 8
mol% was found to be the best experimental condition for the reaction'® (Scheme 10.5).

A novel magnetically retrievable catalytic system involving indium NPs on a magnetic carbon
nanotube (Fe,0,-CNT-In) was prepared by Akbarzadeh et al.,'”” who innovated a highly stable
support for the green synthesis of isochromeno[4,3-c]pyrazole-5(1H)-one derivatives from the reac-
tion of ninhydrin and arylhydrazones under a solvent-free environment. The catalyst was separated
from the reaction mixture with the help of an external magnet and retrieved for five cycles while
maintaining its efficiency (Scheme 10.6).

Ghomi et al.'” demonstrated nano-Fe,O,—L-cysteine catalyst for the synthesis of indeno[1,2-
c]pyrazol-4(1H)-ones using phenylhydrazine, aromatic aldehydes, and indan-1,2,3-trione at room
temperaturein acetonitrile. Magnetic NPs were developed via co-precipitation of Fe(Il) and Fe(III)
ions in the presence of NaOH (Scheme 10.7).

Anefficientheterogeneous hybrid catalyst (HPA-F-HNTs) was prepared by the functionalization of
halloysite clay nanotubes by y-aminopropyltriethoxysilane followed by immobilization of a Keggin-
type heteropolyacid, phosphotungstic acid. The developed catalyst was employed for the prepar-
ation of pyrazolopyranopyrimidine derivatives via a multi-component reaction of benzaldehyde,
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SCHEME 10.10 Synthesis of pyranopyrazoles using MMT-ZSA

hydrazine hydrate,ethyl acetoacetate, and barbituric acid.'"” Further, a catalytic amount of TiO,
nanowires was also investigated by Dastkhoon et al.'” TiO,nanowires were prepared from com-
mercial Degussa P25 powder. The optimum catalyst amount was found to be 10 mol% among the
different employed amounts of TiO nanowires (Scheme 10.8).

A highly preferred greener process for a one-pot pseudo three-component reaction of benzal-
dehyde (1 eq.) and 3-methyl-1-phenyl-2-pyrazolin-5-one (2 eq.) was developed to examine the
effects of superparamagnetic GO/Fe,O /L-proline."”” GO/Fe,O,/L-proline was obtained from the
non-covalent immobilization of L-proline on graphene oxide/Fe,O, nanocomposite, and the opti-
mization studies showed that the best results were achieved by carrying out the reaction with 0.05 g
of GO/Fe 0O /L-proline. The reusability of the catalyst was efficiently maintained during eight con-
secutive cycles (Scheme 10.9).

Zwitterionic sulfamic acid'® functionalized nanoclay (MMT-ZS A) was developed and synthesized
using montmorillonite K10 as a template, 3-aminopropyltriethoxysilane as a linker, and CISO,H as
an SO,H source. The catalytic MMT-ZSA was applied for the synthesis of dihydropyrano[2,3-c]
pyrazoles via a multi-component one-pot reaction ofthydrazine hydrate, -keto ester, malononitrile,
and carbonyl compounds (1,2-diketones and substituted benzaldehydes) under a solvent-free envir-
onment (Scheme 10.10).
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10.2.2 NANOCATALYZED SYNTHESIS OF INDAZOLE DERIVATIVES

Triazolo[1,2-a]indazole-triones (TAITs) was developed using a three-component condensation
reaction of 4-phenylurazole, dimedone, aryl aldehydes, and SiO,-coated ZnO (ZnO@SiO,) NPs'*”
as heterogeneous catalysts in deionized water under ultrasound conditions. The catalyst was effi-
ciently recyclable for six runs without significant loss in activity. Meanwhile, several reaction
protocols were developed for their preparation using silica NPs (nano SiO_-OSO,H) prepared from
rice husk ash!!® as acatalyst, “free”KCC-1 NPs!!! as a catalyst, silica- supported La ,Ca  CrO, NPs
(S-LCCO)!'2 as new perovskite-type oxide, mesoporous aluminosilicate (AIKIT- 5) s’ and s1hca—
supported perchloric acid (HCIO,~SiO,),"* among others (Scheme 10.11).

Quinuclidin-3-thiol supported on propylsﬂane functionalized silica-coated FeNi,NPs (FeNi,/
quinuclidine), a magnetically separable catalyst, was developed by Sadeghzadeh et al.!'s This
protocol was also catalyzed by a nanomagnetic organic—inorganic hybrid catalyst (Fe @ Si-Gu-Prs)!1
and was synthesized by the chemical anchoring of Preyssler heteropolyacid (H ,[NaP,W, O, 1)
onto the surface of modified Fe,O, magnetic NPs with a guanidine—propyl—trimethoxys11ane linker
(Scheme 10.11).

SnO,NPs'"” as a heterogeneous catalyst was used for 2H-indazolo[2,1-b]phthalazine-triones
using a solvent-free one-pot reaction of phthalhydrazide, aryl aldehydes, and dimedone/1,3-
cyclohexanedione. Furthermore, N-propylsulfamic acid supported onto magnetic Fe,O, NPs (MNPs-
PSA)'® combines the advantages of heterogeneous and homogeneous SA-based systems and make
it promising for use in industrial applications. Phenyl sulfonic acid functionalized mesoporous
SBA-15 silica, a hydrophobic solid acid catalyst, was also used by Veisi et al.!’? The catalyst was
synthesized through silanization of activated mesoporous SBA-15 with diphenyldichlorosilane
(DPCS). Then, silylation and sulfonation took place.

MNPs-guanidine(i.e.,guanidine supported on magnetic NPs Fe O,), a novel base nanocatalyst,
was also described by Atashkar et al.'® The supported catalyst could be easily separated from the
reaction mixture using an external magnet and reused 18 times with little loss of activity. With the
promising results in the protocol, nano-alumina sulfuric acid (nano-ASA),'?! a solid acid catalyst,
was also depicted by Kiasat et al. (Scheme 10.12).

y-ALO,/BF /Fe O, NPs'** were used as a robust heterogeneous catalyst for the preparation of 2H-
indazolo[2,1-b]phthalazine-triones using phthalic anhydride, dimedone, hydrazine monohydrate,

H,C. CH, Ph
|
N
Q + Ow\ \/40 + ArCHO
o] o) HN-NH
HC10,-Si0, —— ~————  ZnO@SIo,

FeNiy/quinuclidine =~ ———= <~ 'free' KCC-1 NPs

-~ (AIKIT-5)

Fe@Si-Gu-Prs _
. -~ ilica-
Nano Si0,-0SO,H ~—————> i;‘lﬁ, jﬁfﬁ;’?ed Lay sCa sCrO;
H,C.__CH,

o w
Ar N\[rN\Ph

(0)

SCHEME 10.11 Preparation of triazolo[1,2-a]indazole-triones using nanocatalyst
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SCHEME 10.13 Synthesis of 2H-indazolo[2,1-b]phthalazine-triones using nanocatalyst

and substituted aromatic aldehydes. The best results were obtained at 80°C using 8mg of nano-y-
ALO,/BF /Fe. O, under a solvent-free environment. Considering the above protocol, and in continu-
ation of nanocatalysts and sustainable synthesis, Zhao et al.'® evaluated the catalytic reactivity of
magnetic CoFe O, chitosan sulfonic acid nanoparticle, and Shaterian et al.'**employed ZnO NPs in
arange of organic transformations (Scheme 10.13).

Dendrimer-encapsulated phosphotungstic acid NPs immobilized on nanosilica (Dendrimer-
PWA™) with surface NH, groups were synthesized, and their structural and surface studies were
evaluated by Esmaeilpour et al.'® for this protocol.

The reaction was also carried out using Fe,O, @SiO,-imid-PMA, and the products were produced
in high yields in a short reaction time under both a solvent-free environment at 80°C and ultrasonic
irradiation. The catalyst can be easily separated using an external magnetic field in a few minutes
without the need fortedious filtration or a centrifugation process'* (Scheme 10.13).

A CuO nanocatalysed'” synthesis of 2H-indazoles was developed from sodium azide,
2-bromobenzaldehyde, and 1° amines without using any ligand. The CuO nanocatalyst worked
effectively during the formation of the intermolecular C-N bond followed by the intramo-
lecular N-N bond. Concerning the advantages of the nanocatalytic system, the literature studies
also demonstrated several other catalysts, namely novel metal acetylacetonates covalently
anchored onto amine-functionalized silica/starch composite'” ASS-Cu(acac),, decorated pep-
tide nanofibers with Cu NPs (CuNP-PNF)'? through simple technology of self-assembly in
aqueous solution, nanocomposite CuO@CB[6]*° by immobilizing CuO NPs on cucurbit[6]uril
support, heterogeneous copper NPs on charcoal (Cu/C) catalyst'!, and Cu(II) complex obtained



230 Nanocatalysis

H NH,
@O ’ © T NaN;
Br
Cu/C NPs <~— CuONPs
ASS-Cu(acac), —————> <——— CuNP-PNF
CuO@CBI6] Cu@QCSSi

Co-O

SCHEME 10.14 Multi-component synthesis of 2H-indazoles in the presence of nanocatalyst

NH2
Fe,Oz;@[proline]-CuMgAIl-LDH /
0 N
+ SN
N

Choline azide
Br < >

SCHEME 10.15 One-pot synthesis of 2H-indazole using Fe203 @ [proline]-CuMgAl-LDH

H

Ns
S CDSCS
R ° 4 Ry-NH,  + NN R1@N—Rz
I ), DMSO, R.T. N

Br

(TBAA)

SCHEME 10.16 Synthesis of 2H-indazoles using CDSCS

from 2-oxoquinoline-3-carbaldehyde Schiff base supported on amino-functionalized silica (Cu@
QCSSi)!32, among others (Scheme 10.14).

A simple method was used through consecutive condensation in choline azide media that played
the dual role of reagent and solvent in the presence of a novel magnetic core-shell Fe,O,@|pro-
line][-CuMgAl-L(ayered)D(ouble)H(ydroxide) and acted as a highly efficient bifunctional catalytic
system. To this end, Cu(Il) was combined with Mg and Al in the LDH structure and L-proline was
intercalated between the LDH layer to carry out the synthesis of 2H-indazoles'** (Scheme 10.15).

To broaden the scope of this protocol, ultrasonic irradiation and copper-doped silica cuprous sul-
phate nanocatalyst (CDSCS) influenced the progression of the synthesis of 2H-indazoles. However,
tetrabutylammonium azide (TBAA) not only behaved as an azide source but extensively promoted
the reaction due to its phase transfer catalytic nature'** (Scheme 10.16).

In this connection, 2-bromobenzaldehydes, substituted amines, and [bmim]N, as an azide source
using Cu/aminoclay/reduced graphene oxide nanohybrid (Cu/AC/r-GO nanohybrid), was used as a
highly efficient heterogeneous catalyst to afford 2H-indazoles in excellent yields'** (Scheme 10.17).
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SCHEME 10.18 Synthesis of 7-benzylidene-2,3-diphenyl-3,3a,4,5,6,7-hexahydro-2H-indazole in the
presence of Co,0,@Si0O,@NH, nanocomposite
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SCHEME 10.19 Nano-titania mediated green synthesis of indazole from 2-nitrobenzyl azides

Ghasemzadeh et al.”*® developed a facile and environmentally benign synthesis of 7-
benzylidene-2,3-diphenyl-3,3a,4,5,6,7-hexahydro-2H-indazole derivatives using Co,0,@SiO,@
NH, nanocomposites. The Co,0,NPs were coated with amino-functionalized SiO, (SiO,@(3-
aminopropyl)triethoxysilane) as an organic shell via a three-step method (Scheme 10.18).

Selvam et al."”” demonstrated the high efficiency of semiconductor catalysts, nanotitania TiO,-
P25, and Ag/Pt doped TiO, NPs in UV and solar light that made the reaction facile for the synthesis of
indazoles. The catalyst provided a microheterogeneous centre for oxidation and reduction. The oxida-
tion of alcohol to aldehyde and the reduction of azide to amine occurred simultaneously. Initially, the
solvent ethanol was oxidized to aldehyde and 2-nitrophenyl azide was reduced to 2-nitroaniline and
then to diamine,which underwent photocyclization to provide indazole (Scheme 10.19).

The efficiency of N-TiO,NPs as a green heterogeneous photocatalyst was evaluated by Selvam
et al.'*® 2-phenylindazoles were obtained by reductive cleavage of azoxybenzene in methanol at
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SCHEME 10.20 Reductive cleavage of azoxybenzenes to 2-phenyl indazoles in methanol in the presence of
mesoporous nitrogen-doped nano titania

room temperatureunder N, atmosphere using N-TiO NPs. N-doped TiO, photocatalyst was prepared
using nanotitania from titanyl nitrate and the nitrogen precursor hydrazine hydrate by a simple wet
impregnation method. In reductive cleavage, nano N-TiO, was found more effective as compared to
the prepared TiO,, which showed that the nitrogen-doped TiO, improved the photoactivity of TiO,
(Scheme 10.20).

10.2.3  SYNTHESIS OF PYRAZOLINES WITH THE SUPPORT OF A NANOCATALYST

Esfahani et al."® developed nanorod vanadatesulfuric acid (VSA) as a green catalyst for the prep-
aration of 1,3,5-triaryl-2-pyrazolines (TAPs). Initially, chalcones were synthesized via substituted
acetophenones and aromatic aldehydes. Subsequently, the synthesized chalcones were reacted with
phenylhydrazine for the synthesis of TAPs in refluxing ethanol. The catalyst VSA nanorods were
easily prepared by the reaction between sodium metavanadate and chlorosulfonic acid (1:1 mole ratio)
in dry chloroform. Gharib et al.'* further reported the fabrication of 1,3,5-triaryl pyrazoline derivatives
using Preyssler heteropolyacid supported on nano-SiO,, H,,[NaP.W, O, 1/SiO,NPs (Scheme 10.21).
Aliyan et al.'*! reported the magnetically recoverable catalyst y-Fe,O,@SiO,-PW  , which was
synthesized by the immobilization of H,PW ,O, on the surface of silica-encapsulated y-Fe O, NPs
using the wet impregnation method and assessed its catalytic activity for the synthesis of 1,3,5-
triaryl-2-pyrazolines. The heterogeneous catalyst possessed a high separation efficiency and high
surface area. As part of continuing efforts for further improvement towards green chemistry, the
catalytic performance of caesium salt of phosphotungstic acid nanocast CsHPW (Cs, H PW O, )
materials for the model reaction was demonstrated by Fazaeli et al.'*> (Scheme 10.22).
Cobalt-doped ZnS NPs'** were used to synthesize pyrazolones using phenylhydrazine and ethyl
acetoacetate in solvent-free conditions with excellent regioselectivity using infrared irradiation. Co-
doped ZnS NPs were found to be about 40-fold more active under infrared radiation than the con-
ventional method. The activity and selectivity of ZnS NPs were increased by the doping of Co, as
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SCHEME 10.21 Nanoparticles-assisted synthesis of 1,3,5-triaryl-2-pyrazoline (TAP) derivatives
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SCHEME 10.23 Synthesis of cobalt-doped ZnS nanoparticlesassisted pyrazolone derivatives
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SCHEME 10.24 Synthesis of Sa-cholestano[5,7-cd] pyrazoline derivative over ZnO nanoparticles

exemplified by their high TOF value. The developed catalyst played the role of both catalyst and
susceptor and increased the overall capacity of the reaction mixture to absorb infrared radiation
(Scheme 10.23).

Shamsuzzaman'* reported the biological synthesis of ZnO NPs using Candida albicans as an
eco-friendly reducing and capping agent and applied them in the synthesis of steroidal pyrazolines
from a,B-unsaturated steroidal ketones and hydrazine hydrate/phenylhydrazine hydrate in ethanol
under reflux conditions (Scheme 10.24).
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SCHEME 10.26 Synthesis of phenoxy pyrazolyl pyrazoline derivatives using strontium-doped MCM-41
(Sr-MCM-41)

Chitosan templates were employed for the synthesis of iron-oxide NPs by controlled heat treatment
when diversified chalcones were reacted with 1-hydrazino-3-(4-chlororpheny)isoquinoline to con-
vert into 1-(4,5-dihydropyrazol-1-yl)isoquinolines'* (Scheme 10.25).

Siddiqui et al.' reported strontium-doped MCM-41 (Sr-MCM-41) as a heterogeneous catalyst
using a simple impregnation method. Their catalytic activity was explored for phenoxy pyrazolyl
pyrazoline derivatives under MWI (3—5 min) using EtOH as a solvent, and excellent yields (96—
98%) were obtained. The catalyst could be recycled for up to five cycles (Scheme 10.26).

A series of 7-amino-1,3-dioxo-1,2,3,5-tetrahydropyrazolo[1,2-a][1,2,4]triazole derivatives
were developed from a cyclocondensation reaction of arylaldehydes, malononitrile, and
4-phenylurazole using magnetic Fe,O, NPs coated by (3-aminopropyl)-triethoxysilane (APTES—
MNPs)'#" as a catalyst under a thermal solvent-free environment. The results showed that the cata-
lyst APTES-MNPs (7 mol%) afforded products in 6 minutes with 90% yield under solvent-free
conditions. Further, the reaction was performed using nanocrystalline (NC) magnesium oxide cata-
lyst by Naeimi et al.'*® and the reusability of the NC MgO was examined several times with no loss
in the catalytic activity.

Further, Cu-doped ZnO hollow sphere nanostructures were used by Maleki et al.'* The reaction
worked best at 80°C under a solvent-free environment using 0.020 g Cu-ZnO hollow spheres as a
catalyst (Scheme 10.27).

The combination of IL and a heterogeneous catalyst results in an enhanced reaction rate by immo-
bilizing IL on the surface of the support material. [MSPPJHSO,@nSiO, as the heterogeneous acidic
ionic liquid™® was prepared by the impregnation of AIL, 4-methyl-1-(3-sulfopropyl)pyridinium
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SCHEME 10.27 One-pot synthesis of pyrazolo[1,2-a][1,2,4]triazole derivatives catalyzed by nanostructures
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SCHEME 10.29 Synthesis of 1H-pyrazolo[1,2-b]phthalazinedione derivatives catalysed by nanoparticles

hydrogen sulfate [MSPP][HSO,], and immobilized on silica NPs in ethanol at 25°C. Further, the
catalyst was obtained by evaporating solvent and drying under vacuum at 100°C. The catalytic
activity of the developed catalyst was investigated for the synthesis of substituted pyrazolo[1,2-b]
phthalazine-5,10- diones. Finally, 6 mol% of catalyst [MSPPJHSO,@nSiO, worked well at 80°C in
solvent-free media (Scheme 10.28).

ZnO NPs possess an amphoteric structure bearing both Lewis acid and base properties. Azarifar
et al.’! explored a three-component cyclocondensation reaction between malononitrile, aromatic
aldehydes, and phthalhydrazide for the synthesis of 1H-pyrazolo[1,2-b]phthalazine-5,10-diones in
the presence of nanocrystalline ZnO NPs (Scheme 10.29).

Maleki et al.** employed a nanomagnetic basic catalyst of caesium carbonate (Cs,CO,) supported
on hydroxyapatite-coated Ni  Zn Fe O, magnetic NPs (Ni, .Zn Fe O,@HAP-Cs,CO,) (NZF@
HAP-Cs) for the synthesis of 1H- pyrazolo[1,2 b]phthalazine-5,10-diones. The special proper-
ties of Cs,CO, provided adequate basic sites for the excellent catalytic activity of NZF@HAP-Cs.
Furthermore, the magnetically separable catalyst could be reused at least five times without any loss
in its catalytic activity and could be recovered from the reaction mixture easily using an external
magnet (Scheme 10.29).

In continuation, silicotungstic acid (STA, H,[W ,SiO,])'* coated on amino-functionalized
Si—-magnetite NPs was used for the synthesis of 1H-pyrazolo[1,2-b]phthalazinediones. The mag-
netite NPs were prepared using modified co-precipitation aided by the sonication method, and the
silica coating was done using the Stober method (Scheme 10.29).
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CONCLUSIONS

This chapter explored the emerging potential of nanomaterials for the synthetic strategies of het-
erocyclic scaffolds such as pyrazoles, indazoles, and pyrazolines, as well as an overview of their
applications. There has been a huge upsurge in recent trends for recoverable nanomaterials to
develop highly efficient chemical processes. The nanomaterials covered also exhibit high select-
ivity, activity, stability, recoverability, and recyclability. We believe that this work will arouse more
research interest in the nanocatalytic synthesis of biologically active heterocycles.
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stannic oxide nanocatalysts 34, 34
titanium dioxide nanocatalysts 38-9, 38
zeolite-Y nanopowder catalyst 43—4, 44
zinc-based nanocatalysts 31-2, 31, 32
Benzofurans
drugs and bioactive compounds 87, 88
structure 87, 87
synthesis 88-90, 88, 89, 90
Benzothiazoles see Thiazoles and benzothiazoles
Benzoxazoles see Oxazoles and benzoxazoles
Berberine alkaloids 65
Biochar nanocatalysts 188-9, 189
Biogenic copper (II) oxide nanoparticles 10-12, /1
Biomedical applications
sensing and labeling applications 138—40, /41, 142;
see also Drugs and bioactive compounds
Bioorthogonal chemistry 127, 138-40, 141, 142, 143, 144
Bisindolylmethanes (BIMs) 80, 81
B-lactam carbenes 137, 138
Boehmite nanocatalysts 191, 7191

C

Cadmium sulfide nanocatalysts 172-3, 172
Caesium carbonate nanocatalysts 235, 235
Cancer see Anticancer agents
Caprolactam 5-6, 6
Carbon dioxide storage material 129
Carbonitrile synthesis 105-6, 106
Cathepsin K inhibition 26, 26
Cephalotaxine 27, 27
Chalciporone 26, 26
Chalcogenide synthesis 115, 7116
Chalcone synthesis 65, 114-15, 115,232
Chitosan-based nanocatalyst, hydantoin synthesis
206-7, 207
Chitosan-based nanocatalysts
benzodiazepine synthesis 36-7, 36
quinolone synthesis 171, 171
tetrazole synthesis 188, 189
triazole synthesis 182, 182, 186, 186
Cholesterol-lowering agents
lactams 3, 3
pyrazolines 221
pyrroles 76, 77
Chromene synthesis 134-5, 135
Chromeno[4,3-b]pyrrol-4(1H)-one synthesis 117, 117
Click chemistry 129, 143, 144, 179
Clinoptilolite see Potassium fluoride/clinoptilolite (KF/CP)
nanocatalysts
Cobactin T 26, 26
Cobalt-based nanocatalysts 96-107
alcohol oxidation /02, 103
2-alkenyl-azaarene synthesis 98, 99
alkyne hydrogenation 106-7, 107
arene oxidation 102-3, 103



Index

benzodiazepine synthesis 41, 41, 46, 46

benzoxazole synthesis 104, 105

carbonitrile synthesis 105-6, 106

carbon nanotube encapsulated 98, 98, 99

cobalt-terephthalic acid metal-organic frameworks 101, 702

1,8-dioxo-octahydroxanthene synthesis 101, 10/

1,2-diphenylethyne synthesis 100, 101

furan synthesis 87, 87

imidazole and benzimidazole synthesis 104, 104, 205, 205

indazole synthesis 229, 229, 231, 231

lactam synthesis 4-5

N-formylation of amines 106, 106

N-heteroarene hydrogenation 107, 108

nitroarene hydrogenation/reduction 101, 102, 107, 108

propargylamine synthesis 100, 100

pyrazolone synthesis 232-3, 233

pyridine synthesis 103, 103

quinoline synthesis 967, 97, 98, 152, 152, 1534

quinolone synthesis 99—-100, 7100

reversible acceptorless dehydrogenation 97, 97, 98

tetrazole synthesis 187, 187, 188, 190, 191, 192, 192,
194-5, 194

1,3-thiazolidin-4-one synthesis 104-5, 105

triazine synthesis 132, 133

Cobalt ferrite nanocatalysts 102—6

alcohol oxidation /02, 103

arene oxidation 102-3, 103

benzimidazole synthesis 104, 104

benzodiazepine synthesis 41, 41, 46, 46

benzoxazole synthesis 104, 105

carbonitrile synthesis 105-6, 106

indazole synthesis 229, 229

pyridine synthesis 103, /03

tetrazole synthesis 187, 188, 190, 191

1,3-thiazolidin-4-one synthesis 104-5, 105

Copper-based nanocatalysts 8, 8, 113-19

aryl nitrile synthesis 115-16, 116

benzodiazepine synthesis 30-1, 30, 31, 37-8, 38, 43, 44

benzofuran synthesis 88, 88, 89, 89, 90

benzoxazole synthesis 116, 117, 119, 120, 211, 211

chalcogenide synthesis 115, /16

chalcone synthesis 65, 114-15, 115

furan synthesis 85, 86

imidazole and benzimidazole synthesis 203, 2045,
204, 205

indazole synthesis 229-30, 230, 231

indole synthesis 81, 87

indolizine synthesis 65, 65, 114, 115

isoquinoline synthesis 166, 166, 167

lactam synthesis 8-13, 9, 10, 11, 12, 13

naphthoxazinone synthesis 117-18, 718

pyrazolone synthesis 234, 235

pyridine synthesis 118, 718

pyrrole synthesis 76, 77, 78, 78, 79, 79

pyrroline synthesis 55-6, 55, 56

quinoline synthesis 1501, 157

quinolizinium synthesis 65-6, 66

quinolone synthesis 170-1, 170, 171

tetrazole synthesis 187, 187, 188, 188, 189, 189, 190,
190, 191, 191,192, 192, 193-4, 194, 195, 195
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thiazole and benzothiazole synthesis 118, 718, 119, 120,
213-14,213
triazine synthesis 129, 131, 132
triazole synthesis 115-16, 116, 118-19, 119, 179, 181,
181,182-7, 182, 183, 184, 185, 186, 187
Ullman reaction 113-14, 114
Copper ferrite nanocatalysts 11618, 7117, 118
benzodiazepine synthesis 37-8, 38
lactam synthesis 9-10, 9, 10
naphthoxazinone synthesis 117-18, 718
tetrazole synthesis 190, 190
triazole synthesis 1867, 186
Copper oxide nanocatalysts
benzofuran synthesis 88, 88
furan synthesis 85, 86
indazole synthesis 229, 230
indole synthesis 81, 87
isoquinoline synthesis 166, 166, 167
lactam synthesis 10-13, 71, 12, 13
pyrrole synthesis 76, 77
tetrazole synthesis 188, 188, 189, 190, 191, 192, 192
thiazole and benzothiazole synthesis 213-14, 213
triazole synthesis 181, /82, 183, 183, 184, 184, 185, 185,
186, 186
Covalent triazine frameworks (CTFs) 132, 133, 135,
135
Curcumin 191, 191

D

1,8-dioxo-octahydroxanthene synthesis 101, 101
1,2-diphenylethyne synthesis 100, /01
Diphenylphosphinated poly(vinyl alcohol-co-ethylene)-
nickel nanocatalyst 108-9, 109

DNA-targeting drugs 66—7
Drugs and bioactive compounds

azepines 26, 26

benzazepines 27, 27

benzodiazepines 29-30, 29

benzofurans 87, 88

furans 85, 85

hydantoins 202, 206, 209

imidazoles and benzimidazoles 202-3, 202, 206

indazoles 221, 222

indoles 80, 81

indolizines 59-65, 60, 61, 62, 63, 64, 65

isoquinolines 156

lactam containing 3, 3

oxazoles and benzoxazoles 202, 210, 212

pyrazoles 220-1, 220

pyrazolines 221-2, 223

pyrroles 75-6, 76, 77

pyrrolines 54, 54

quinolines 147

quinolizinium salts 65, 66—7

quinolones 166

tetrazoles 178, 179-80, 180

thiazoles and benzothiazoles 202, 212, 212,214, 215

triazoles 177, 178-9, 180, 183
Dyes 212, 221
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E
Ethyl levulinate 6

F

Ferrite—chitosan nanocatalysts
benzodiazepine synthesis 36-7, 36
hydantoin synthesis 2067, 207
Ferrite—silica nanocatalysts
benzodiazepine synthesis 35-6, 36, 37, 37, 3940, 39,
40,41, 45-6,45
benzoxazole synthesis 211, 271
furan synthesis 85, 86
indazole synthesis 229, 229
pyrazolone synthesis 232, 233
pyrrole synthesis 76, 78, 79-80, 79, 80
quinoline synthesis 149, 749, 150, 152, 155, 156, 157
Suzuki-Miyuara and Heck reaction 109-10, 770
tetrazole synthesis 187, 187
triazole synthesis 187, 187
Fungi see Antifungal agents
Furans
drugs and bioactive compounds 85, 85
synthesis 85-7, 86, 87

G

Glycolylurea see Hydantoins
Gold-based nanocatalysts 3—4, 4
benzodiazepine synthesis 43, 44
furan synthesis 87, 87
indole synthesis 7, 8
lactam synthesis 4-8, 5, 6, 7
pyrroline synthesis 56, 56
triazine synthesis 136, 136, 137
triazole synthesis 185, 185, 186
Gold nanoparticles, functionalized /43, 144
Graphene/graphite-based nanocatalysts
arene oxidation 102-3, 7103
benzodiazepine synthesis 38-9, 38, 39, 42-3, 42, 43, 44
imidazole and benzimidazole synthesis 205, 205
indazole synthesis 230, 231/
indole synthesis 83, 84
pyrazole synthesis 227, 227
triazine synthesis 128, 128
triazole synthesis 181, 181, 182, 182
Green chemistry 1, 4, 96, 201
Guanidine-based nanocatalysts
arene oxidation 102-3, 103
benzodiazepine synthesis 43, 44
indazole synthesis 228, 229
pyrrole synthesis 79, 79, 80, 80

H

Hantzsch dihydropyridines 112, 7113

Heck reactions 109-10, 109, 110; see also Mizoroki—Heck
reaction

Heterogeneous catalysis 1, 95

HIV see Anti-HIV agents

Homogeneous catalysis 1, 95

Index

Huisgen 1,3-dipolar cycloaddition reaction 118-19, 779
Hydantoins 201, 206
drugs and bioactive compounds 202, 206, 209
structure 202, 206
synthesis 206-8, 207, 208, 209

IEDDA reaction 137, 140, 142, 143, 144
Imidazoles and benzimidazoles 201
drugs and bioactive compounds 202-3, 202, 206
structure 202, 202, 203
synthesis 104, 104, 203-5, 204, 205, 206
Indazoles
drugs and bioactive compounds 221, 222
structure 221, 221
synthesis 228-32, 228, 229, 230, 231, 232
Indoles 80, 81
Indole synthesis 81-4
copper-based nanocatalysts 81, 87
gold-based nanocatalysts 7, 8
graphene oxide nanocatalysts 83, 84
iron (IIT) oxide nanocatalysts 81-2, 82, 84, 84
nickel-based nanocatalysts 81-2, 82
stannic oxide nanocatalysts 83—4, 84
titanium dioxide nanocatalysts 83, 83
zinc oxide nanocatalysts 82-3, 83
zirconium-based nanocatalysts 83—4, 84
Indolizines
anticancer activity 59-60, 60
anti-inflammatory activity 62, 62
antimicrobial agents 62-3, 63
antitubercular activity 63-5, 64, 65
antiviral activity 60-2, 61
synthesis 57-9, 58, 59, 65, 65, 114, 115
Inflammation see Anti-inflammatory agents
Inverse electron demand Diels-Alder GEDDA) reaction
137, 140, 142, 143, 144
Iron-based nanocatalysts
indazole synthesis 228-9, 228, 229, 230, 230
pyrroline synthesis 567, 57
triazine synthesis 128, 128, 129-32, 132, 133; see also
Iron (III) oxide nanocatalysts
Iron (III) oxide nanocatalysts
benzodiazepine synthesis 324, 32, 33, 35-7, 36, 37,
39-40, 39, 40,41, 45-6, 45
benzoxazole synthesis 211, 271
furan synthesis 85, 86
hydantoin synthesis 206-8, 207, 208
imidazole and benzimidazole synthesis 203, 204-5,
204, 205
indazole synthesis 228-9, 229, 230, 230
indole synthesis 81-2, 82, 84, 84
isoquinoline synthesis 156-62, 161, 162, 163
lactam synthesis 15-18, 17, 18
pyrazole synthesis 223-5, 224, 225, 226, 226, 227, 227
pyrazolone synthesis 232, 233, 234, 234
pyrrole synthesis 76-80, 78, 79, 80
quinoline synthesis 149, 149, 150, 152, 155, 156, 157
quinolone synthesis 172
Suzuki-Miyuara and Heck reaction 109-10, 770



Index

tetrazole synthesis 187, 187, 189, 189, 194, 194
thiazole and benzothiazole synthesis 213, 273
triazine synthesis 129-32, 132, 133
triazole synthesis 182, 182, 187, 187

Isoquinoline synthesis 156-66
copper oxide nanocatalysts 166, 166, 167
iron (IIT) oxide nanocatalysts 156-62, 161, 162, 163
KF/CP nanocatalysts 164, 164, 164, 165, 166
zinc oxide nanocatalysts 162, 162, 163, 163

K

KF/CP nanocatalysts see Potassium fluoride/clinoptilolite
(KF/CP) nanocatalysts

Kinugasa reaction 8

Kryptofix 22, 42-3, 42, 43

L

Lactams 2-3, 2, 3
Lactam synthesis 3—18
copper-based nanocatalysts 8-13, 9, 10, 11, 12, 13
gold-based nanocatalysts 4-8, 5, 6, 7
iron (III) oxide nanocatalysts 15-18, 17, 18
palladium-based nanocatalysts 6, 7
platinum nanocatalysts 13-15, 14, 15, 16, 17
titanium dioxide nanocatalysts 4, 5-6, 6, 1315, 14, 15
Lanthanum-based nanocatalysts 41, 42
Lennoxamine 27, 27
Levulinic acid 6, 13-15, 14, 15
Lewis’s acid 31, 31, 34, 41, 189-90, 223, 235

M

Magnesium oxide nanocatalysts
furan synthesis 85, 86
pyrazole synthesis 223-4, 225
pyrazolone synthesis 234, 235
Manganese-based nanocatalyst
imidazole and benzimidazole synthesis 205, 205
quinoline synthesis 1524, 158
triazole synthesis 182, 182
Mannich reaction 83, 84, 179
Meldrum’s acid 30, 30, 31, 31, 32, 46, 168
Mercury oxide nanocatalysts 168, 168, 169
Mesoporous triazine-based carbon (MTC) 135, 135
Metal-organic frameworks (MOFs) 34-5, 35, 101, 102
Mizoroki—Heck reaction 108-9, 109
Multicomponent domino reactions 3940, 39, 40, 41
Mpycobacterium tuberculosis see Antitubercular agents

N

Nano-alumina sulfuric acid 228, 229
Nano-organocatalysts
benzodiazepine synthesis 34, 35
pyrrole synthesis 80, 80
Naphthoxazinone synthesis 117-18, 118
Nickel-based nanocatalysts 108—12
benzodiazepine synthesis 43, 43, 44, 44
benzoxazole synthesis 210-11, 271
Heck reactions 109-10, 109, 110
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indole synthesis 81-2, 82
Mizoroki—Heck reaction 108-9, 109
nickel-fructose nanocatalysts 111, 712
nitrile hydrogenation 110, 710
nitroarene reduction 111, 712
pyrazole synthesis 112, 113
pyrazolone synthesis 235, 235
pyridine synthesis 110, /11, 112, 113
pyrrole synthesis 76, 77, 110-11, 111
quinoline synthesis 156, 160, 161
resin-encapsulated 111, 772
Suzuki-Miyuara and Heck reaction 109-10, 770
tetrazole synthesis 191, 7191
triazine synthesis 132, 135, 135
triazole synthesis 185, 185

Nickel ferrite nanocatalysts
benzoxazole synthesis 210-11, 271
pyridine synthesis 110, 771, 112, 113
pyrrole synthesis 76, 77, 110-11, 111

Nicotine-based organocatalysts 34, 35

Nitroarene hydrogenation/reduction
cobalt-based nanocatalysts 101, 7102, 107, 108
nickel-based nanocatalysts 111, 772

(0]

Ocimum sanctum leaf extract 10-11, 17
Organic porous polymers, triazine-functionalized 129, /31,
132,134-6, 134, 135, 136, 137
Origanum majorana leaf extract 169
Oxazoles and benzoxazoles 201
drugs and bioactive compounds 202, 210, 212
structure 202, 210, 210
synthesis 104, 7105, 116, 117, 119, 120, 210-11, 211

P

Palladium-based nanocatalysts
benzofuran synthesis 88, 89, 89, 90
lactam synthesis 6, 7
quinolizinium synthesis 66, 67
quinolone synthesis 167-8, 168
tetrazine synthesis 137, 139
tetrazole synthesis 187-8, 188, 191, 192
triazine synthesis 129, 130, 131, 1334, 134
triazole synthesis 186, /186
Phosphodiesterase inhibition 179, 180
Phosphorus—titanium dioxide nanocatalysts 13—15,
14,15
Platinum nanocatalysts 13
lactam synthesis 13-15, 14, 15, 16, 17
quinolizinium synthesis 66, 66
Polyazines 127
Polymer confined carbon black—gold (PICB-Au) 4-5, 5
Polymers, triazine-functionalized organic porous 129, /31,
132,134-6, 134, 135, 136, 137
Poly(N-vinyl-2-pyrrolidone)-stabilized nano gold
6-8,7
Polystyrene-supported nanocatalyst 167-8, 168
Potassium fluoride/clinoptilolite (KF/CP) nanocatalysts
benzazepine synthesis 27-8, 28
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benzofuran synthesis 88-9, 89, 90, 90
isoquinoline synthesis 164, 164, 164, 165, 166
quinoline synthesis 155, 159
Propargylamine synthesis 100, /00
Protein kinase inhibition 26, 26
Protein tyrosine phosphatase inhibition 179, 180
Proton-pump inhibitors 203
Pyrazoles
drugs and bioactive compounds 2201, 220
structure 220
synthesis 112, 113, 220, 223-7, 224, 225, 226,
227
Pyrazolines
drugs and bioactive compounds 221-2, 223
structure 221, 222
synthesis 221, 232-5, 233, 234, 235
Pyridine synthesis
cobalt-based nanocatalysts 103, 103
copper-based nanocatalysts 118, 778
nickel-based nanocatalysts 110, 771, 112, 113
Pyrroles 75-6, 76, 77
Pyrrole synthesis 76—-80
copper-based nanocatalysts 76, 77, 78, 78,79, 79
iron (IIT) oxide nanocatalysts 76-80, 78, 79, 80
nano-organocatalysts 80, 80
nickel-based nanocatalysts 76, 77, 110-11, 111
zinc oxide nanocatalysts 80, 80
Pyrrolidone synthesis
copper-based nanocatalysts 12—13, 12, 13
gold-based nanocatalysts 6, 7
platinum nanocatalysts 13-15, 14, 15, 16, 17
Pyrrolines
drugs and bioactive compounds 54, 54
structure 53-5, 54
synthesis 55-7, 55, 56, 57

Q

Quinoline synthesis 147-56
cobalt-based nanocatalysts 96-7, 97, 98, 152, 152,
153-4
copper-based nanocatalysts 150-1, 15/
iron (IIT) oxide nanocatalysts 149, 149, 150, 152, 155,
156,157
KF/CP nanocatalysts 155, 159
manganese-based nanocatalyst 1524, 158
nickel-based nanocatalysts 156, 160, 161
salen catalyst 148, /48, 149
silver-based nanocatalysts 155, 160
titanium dioxide nanocatalysts 148, /49
Quinolizinium salts 65-7, 66, 67
Quinolone synthesis 166—73
cadmium sulfide nanocatalysts 172-3, 172
cobalt-based nanocatalysts 99—100, 100
copper-based nanocatalysts 170-1, 170, 171
iron (IIT) oxide nanocatalysts 172
palladium-based nanocatalysts 167-8, 168
supramolecular assemblies and mercury oxide
nanocatalysts 168, 168, 169
titanium dioxide nanocatalysts 168-9, 169, 170
zirconium-based nanocatalysts 171-2, 172

Index

R

Relacatib 26, 26
Reusability 1, 47, 85
biochar nanocatalysts 188-9
cobalt-based nanocatalysts 98, 187, 190
copper-based nanocatalysts 30, 181, 184, 185, 189, 190
gold-based nanocatalysts 6
graphene/graphite-based nanocatalysts 39, 227
guanidine-based nanocatalysts 228
iron (IIT) oxide nanocatalysts 32, 36, 80, 80, 182, 189
magnesium oxide nanocatalysts 234
nickel-based nanocatalysts 185
palladium-based nanocatalysts 188
ruthenium oxide nanocatalysts 193
salen catalyst 148
silver-based nanocatalysts 135, 181, 188
stannic oxide nanocatalysts 34
titanium tetrachloride nanocatalysts 190
zinc oxide nanocatalysts 162
zinc sulfide nanocatalysts 193, 195
Ruthenium oxide nanocatalysts 193, 193

S

Salen catalyst 148, /48, 149
Schiff base complexes 79, 79, 187-8, 188, 189, 189
Securinine 26, 26
Seven-member heterocyclic compounds 25-6
azepines 26-7, 26
benzazepines 27-8, 27, 28; see also Benzodiazepines
Silver-based nanocatalysts
benzodiazepine synthesis 43, 44
quinoline synthesis 155, 160
tetrazole synthesis 188, 7189, 193, 193
triazine synthesis 135, 135
triazole synthesis 181, /87
Silver nanoparticles, pytz capped 140-1, /43
Sodium borosilicate 193, 193
Sonogashira cross-coupling 100, 129
Spirooxinole synthesis 84, 84
Stannic oxide nanocatalysts
benzodiazepine synthesis 34, 34
indazole synthesis 228, 229
indole synthesis 83—4, 84
Staudinger reaction 8
Stemoamide 26, 26
Strontium-based nanocatalysts 234, 234
Superparamagnetic iron oxide nanoparticles (SPIONs)
129, 132
Superparamagnetic nanocatalysts 203, 204, 213, 213
Supramolecular assemblies 168, 168, 169
Suzuki-Miyuara cross-coupling 109-10, 710

T

Tetrahydrobenzo[b]pyran synthesis 112, 713

Tetrahydrocarboline 208, 209

Tetrazines 137-44
bacteria detection and labeling 138-40, 141
bioorthogonal chemistry 13840, 141, 142, 143, 144
B-lactam carbene reactions 137, 138
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click chemistry 743, 144
functionalized gold nanoparticles /43, 144
iEDDA reaction 137, 140, 142, 143, 144
palladium-based nanocatalysts 137, 139
pytz and H,pytz synthesis 1401, 142, 143
pytz capped silver nanoparticles 1401, 143
supramolecular approaches 138, 140
Tetrazoles
drugs and bioactive compounds 178, 179-80, 180
structure 178, 178
Tetrazole synthesis 180, 187-95
biochar nanocatalysts 188-9, 189
boehmite nanocatalysts 191, 191
chitosan-based nanocatalysts 188, /89
cobalt-based nanocatalysts 187, 187, 188, 190, 191, 192,
192, 194-5, 194
copper-based nanocatalysts 187, 187, 188, 188, 189, 189,
190, 190, 191, 191, 192, 192, 193-4, 194, 195, 195
iron (IIT) oxide nanocatalysts 187, 187, 189, 189,
194, 194
nickel-based nanocatalysts 191, 7191
palladium-based nanocatalysts 187-8, 188, 191, 192
ruthenium oxide nanocatalysts 193, 193
silver-based nanocatalysts 188, 189, 193, 193
titanium dioxide nanocatalysts 188, /88
titanium tetrachloride nanocatalysts 190, 7190
zinc oxide nanocatalysts 192, 192, 193, 193
zinc sulfide nanocatalysts 193, 194, 195, 195
Thiazoles and benzothiazoles 201
drugs and bioactive compounds 202, 212, 212, 214, 215
structure 202, 211-12, 212
synthesis 118, 118, 119, 120, 213-14, 213, 214, 215
1,3-thiazolidin-4-one synthesis 104-5, 105
Titanium dioxide nanocatalysts
benzodiazepine synthesis 38-9, 38
benzoxazole synthesis 119, 120
imidazole and benzimidazole synthesis 204-5, 205
indazole synthesis 231-2, 231, 232
indole synthesis 83, 83
lactam synthesis 4, 5-6, 6, 13-15, 14, 15
pyrazole synthesis 227, 227
quinoline synthesis 148, 149
quinolone synthesis 168-9, 169, 170
tetrazole synthesis 188, 188
thiazole and benzothiazole synthesis 119, 120, 213-14,
213
triazole synthesis 182-3, 183, 185, 185, 186-7, 186
Titanium tetrachloride nanocatalysts 190, 7190
Triazine synthesis 127-35
cobalt-based nanocatalysts 132, 133
copper-based nanocatalysts 129, 131, 132
covalent triazine frameworks (CTFs) 132, 133, 135, 135
gold-based nanocatalysts 136, 136, 137
graphene/graphite-based nanocatalysts 128, 128
iron (IIT) chloride nanocatalysts 128, 128
iron (III) oxide nanocatalysts 129-32, 132, 133
nickel-based nanocatalysts 132, 135, 135
palladium-based nanocatalysts 129, 130, 131, 1334, 134
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silver-based nanocatalysts 135, 135
triazine-functionalized organic porous polymers 129,
131, 132, 134-6, 134, 135, 136, 137
Triazinethiophene 134-5, 134, 135
Triazoles
drugs and bioactive compounds 177, 178-9, 180, 183
structure 177, 177
Triazole synthesis 178, 180-7
chitosan-based nanocatalysts 182, 182, 186, 186
click chemistry 179
copper-based nanocatalysts 115-16, 7716, 118-19, 119,
179, 181, 181, 182-7, 182, 183, 184, 185, 186, 187
gold-based nanocatalysts 185, 185, 186
graphene/graphite-based nanocatalysts 181, /81,
182, 182
iron (IIT) oxide nanocatalysts 182, 182, 187, 187
manganese-based nanocatalyst 182, /82
nickel-based nanocatalysts 185, 185
palladium-based nanocatalysts 186, /86
silver-based nanocatalysts 181, /87
titanium dioxide nanocatalysts 182-3, 183, 185, 185,
186-7, 186
Tuberculosis (TB) see Antitubercular agents
Tyrosinase inhibition 178, 180

V]
Ullman reaction 113-14, 114

\%

Vanadatesulfuric acid nanorods 232
Vancomycin trans-cyclooctene 139—40, /41
Viruses see Antiviral agents

V4

Zeolite-Y nanopowder catalyst 43—4, 44
Zinc oxide nanocatalysts
benzodiazepine synthesis 31, 31
benzofuran synthesis 88, §9
furan synthesis 87, 87
indazole synthesis 228, 228, 229, 229
indole synthesis 82-3, 83
isoquinoline synthesis 162, 162, 163, /163
pyrazole synthesis 223, 224
pyrazolone synthesis 234, 235, 235
pyrrole synthesis 80, 80
tetrazole synthesis 192, 7192, 193, 193
Zinc sulfide nanocatalysts
benzodiazepine synthesis 31-2, 32
imidazole and benzimidazole synthesis 203, 204
pyrazolone synthesis 232-3, 233
tetrazole synthesis 193, 194, 195, 195
Zirconium-based nanocatalysts
indole synthesis 83—4, 84
quinoline synthesis 148, 7149
quinolone synthesis 171-2, 172
Zwitterionic sulfamic acid 227, 227
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