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Abstract

The present thesis entitled “ORGANIC TRANSFORMATIONS
USING NOVEL CATALYTIC SYSTEM” focused on the application of
graphene oxide (GO) and its derivatives in organic synthesis. Graphene oxide
and its derivatives are emerging as a new class of metal-free, inexpensive,
environmentally friendly, heterogeneous carbocatalyst. GO can easily be derived
from the abundant and inexpensive natural source graphite. The current active
research area replaces environmentally hazardous Lewis solid acid catalyst and
liquid Bronsted catalyst with heterogeneous solid catalyst. GO has been featured
as a thin 2D layer with several oxygen-containing functional groups which
attracted much attention in the field of the heterogeneous catalytic system. There
is a huge application of GO in different fields of fuel cells, nanocomposite
material, electronic devices, and catalytic support. In this thesis, we have
focused on the applicability of graphene oxide and graphene-based materials in
an organic reaction. The thesis is mainly divided into three chapters and each

chapter is further divided as given below.

Chapter I is divided into three parts Section A shows a brief
introduction on carbonaceous nanomaterial graphene and the development of its
functionalized form graphene oxide. These carbonaceous nanomaterials are
mainly heterogeneous and show activity like homogeneous one. Many research
works have been published on these carbocatalysts owing to their affordability,
sustainability, and high thermal and chemical stability. The use of graphene
oxide (GO) and it's derivative as an outlook for green sustainable catalysis has

been discussed in this chapter.



Abstract

Section B represents the one-pot multicomponent synthesis of 3,5-
disubstituted 1,2,4-oxadiazoles using robust solid acid catalyst graphene oxide
(GO). GO plays a dual role of an oxidizing agent and solid acid catalyst for
synthesizing 1,2,4-oxadiazole scaffolds with diverse functionality. The use of
this carbocatalyst facilitates the synthesis of oxadiazoles under the benign
condition without any undesired by-product. A plausible mechanism is proposed
based on few controlled experiments and gives a clean strategy to synthesize a

wide variety of oxadiazoles.

Mild reaction condition
Metal-free carbocatalyst
Environmental friendly protocol
High yield \

©/ H,0H.HCI
K0

3, Ethanol-water

///MN/)\® 80 °C,\8h

60\25 mg), ©)\
Ethanol-wat
Oxadiazoles
CHO

14 example
Yield upto 83%

+ + NH,OAc

GO (30 mg)
Solvent-free
100\°C

Triarylpyridine (9 example)
R=-H, -4CHs, -40CHj, -pyridyl Yield upto 94%
R;= H, -4CHj, -40CHj,, -4F, -
3NO,, 1-napthyl, furyl, thienyl, -
methyl, -ethyl

Graphene oxide

R,=-H, -4CHj, -4Br
R,= -H, -CHj, -40CHj,- 4NO,, -4Cl
furyl

In Section C from the same chapter the synthesis of 2,4,6-triarypyridines
from benzaldehydes, acetophenones, and ammonium acetate in presence of
graphene oxide (GO) as a solid acid catalyst has been described. The oxygen-
containing acidic groups in GO have a profound role in catalyzing the synthesis

of 2,4,6-triarypyridine derivatives with good to excellent yield.



Abstract

Chapter II is divided into two sections; Section A provides a
generalized view of heterogeneous palladium (Pd) catalyzed C-C cross-coupling
reaction in water. With growing interest in green chemistry, solid-supported
ligand-free heterogeneous catalysts are in demand. The solid supports mostly
include activated carbon, polymer, zeolites, mesoporous carbon, silica, alumina,
titania. In recent years, graphene oxide (GO) has attracted much consideration as
solid catalyst support for organic reaction owing to its large surface area and
easy recovery after the reaction. The addition of polymer on GO significantly
increases the mechanical and thermal stability of the composite. The necessity of
new solid support automatically comes which allows high thermal stability, easy

recovery and this led the chemists to find out the new one.

Section B from the same chapter deals with a ligand-free protocol for
SuzukiMiyaura and Mizoroki-Heck C-C cross-coupling reaction using low
palladium loaded graphene oxide-polymer (GO-PMMA-Pd) composite catalyst.
Water has been selected as the medium instead of hazardous solvents like DMF,
NMP, DMA etc considering the environmental concern. GO-PMMA composite
enhances the thermal stability of the support and Pd NPs are immobilized in
between the layers of this solid composite. This solid supported Pd catalyst was

characterized by HRTEM, ICP-AES, PXRD, TGA, XPS, and FT-IR .



Abstract

In the end, Chapter III is divided into two sections. Section A describes
sulfonated graphene oxide (SGO) catalyzed one-pot synthesis of 3-methyl-4-
(hetero) arylmethylene isoxazole-5(4H)-ones. This novel methodology involves
a greener, radiation, and metal-free approach for synthesizing isoxazoles with a
broad range of substrate applicability. The prepared catalyst SGO was
characterized by HR-TEM, FEG-SEM, FT-IR, powder XRD analysis, and

recyclable upto 5th run without a remarkable drop in its catalytic activity.

NH,OH.HCI

Rapid, greener
one pot
synthesis

Substituted Isoxazoles Substituted pyranopyrazoles
64-93% yield 77-91%yield
Section B represents the catalytic performance of SGO for the one-pot
four-component synthesis of 1,4-dihydropyrano[2,3-c] pyrazoles with excellent
yield. The use of SGO as a catalyst seems to be more fascinating due to its high
surface area, easy recovery, higher reusability, excellent acidic property and

holds great potential for an acid-catalyzed synthesis of pyranopyrazoles.



Preface

Scientific interest on graphene and its derivatives in heterogeneous
catalysis has grown dramatically over the past several years. The role and the
advantages of graphene and chemically derived graphene (CDG) as
heterogeneous catalyst cannot be overlooked. Among the heterogeneous
catalytic support graphene and its derivatives has been considered as the most
promising area of research. Regarding heterogeneous catalyst, various polymeric
supports like, zeolite, silica, polymers etc are similarly very important for
immobilization of metals as well as other catalytic application. This research
work mainly covers the metal-free heterogeneous catalysis, although reactions

involving metal-composite catalysts are also described here.

Chapter I is divided into three sections; Section A gives a detailed
discussion on graphene oxide (GO) and its application in organic synthesis. In
the Section B graphene oxide (GO) used as efficient catalyst for the one-pot
synthesis of 3,5-disubstituted 1,2,4-oxadiazoles using robust solid acid catalyst
graphene oxide (GO). In Section C from the same chapter shows graphene oxide
(GO) as a solid acid catalyst for the synthesis of 2,4,6-triarypyridines from

benzaldehydes, acetophenones, and ammonium acetate.

Chapter II is divided into two sections; Section A deals with the aqueous
mediated metal-composite catalyzed C-C cross coupling reaction. Section B
depicts SuzukiMiyaura and Mizoroki-Heck C—C cross-coupling reaction using
low palladium loaded graphene oxide-polymer (GO-PMMA-Pd) composite

catalyst under ligand free condition.

Chapter III is divided into two sections. Section A shows the synthesis of

substituted isoxazoles using graphene oxide (GO) as metal-free and
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environmental friendly catalyst. Section B deals with the one-pot four-
component synthesis of substituted pyrazoles in presence of -efficient

carbocatalyst GO.
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Chapter I
Section A

A brief introduction on carbonaceous

nanomaterial graphene and its derivative



Chapter I

I.A.1. Introduction to graphene

Graphene, single-layered 2D carbonaceous material mainly contains a
honeycomb C (carbon) network and is prevalent in several carbon-based
nanomaterials. Novoselov and his co-workers prepared single-layer graphene
and few-layer graphene by peeling of graphite layer repeatedly (Scheme 1.A.1).
In general, single and few-layer graphene nanosheets are obtained by the
mechanical exfoliation (“Scotch-tape” method) [1] and by epitaxial chemical
vapour deposition of bulk graphite [2]. The exfoliation of graphene sheets from
graphite has attracted much attention as it enhances the quality of graphene and
enables large scale synthesis. Many researchers have been focusing on graphene
owing to its unique electrical, optical, mechanical properties and its modified
form CMG (chemically modified graphene) is used in catalysis and catalytic
support [3]. There are two methods for the graphene functionalization covalent
and non-covalent method, although the first one is mainly used by chemists for
reaction purposes [4]. The covalent functionalization is achieved mainly through
a few techniques, such as reaction with residual functional groups present on
graphene during the production, atom doping, etc [4]. The non-covalent
functionalization of graphene involves n-m interaction and van der waals forces
of interaction with polymers and various organic molecules with hydrophobic
properties. Due to non-covalent functionalization, the extended m system of
graphene is not disturbed, which indicates that the mechanical strength and
electrical conductivity of functionalized graphene remain unaffected [5]. In the
covalent modification, graphene loses some of the conjugation systems, and
thereby compromising some of its properties. Covalent functionalization
produces some lattice defects in the nanosheets due to the interruption of m-n

conjugation whereas the conjugation is not disturbed in non-covalent



Section 4

functionalization. The covalent functionalization of graphene increases its
dispersibility in organic solvents. Generally, the organic covalent
functionalization reaction of graphene involves the covalent bond formation
between dienophiles or free radicals and the C=C bonds of pristine graphene [6].
Graphene possesses a large surface area of up to 2600 m? g, which is a
significant factor that affects its use as support in a heterogeneous catalytic
system [3]. The chemical modification and chemical production of graphene is a
great challenge for synthetic chemists. Hydrogenated, fluorinated and
oxygenated derivatives of graphene possesses interesting properties and are so
called graphane, fluorographene and graphene oxide respectively [9]. Among
them, graphene oxide (GO) has been regarded as the outcome of the oxidation
and chemical exfoliation of natural graphite [10-12]. The application of metal-
free carbon materials as heterogeneous catalysts replaces hazardous liquid
BrOnsted and Lewis acid catalysts in organic synthesis [7, 8]. This accounts for
the use of functionalized graphene in catalysis as a rich class of nonpolluting and

reusable solid-state material.

Exfoliation

Graphene

Graphite

Scheme | .A.1. Single-layer of graphene extraction by exfoliating graphite.



Chapter I

1.A.2. Introduction to graphene oxide (GO)

GO is a single layer of graphite oxide and is obtained from the oxidation
of graphite powder. The properties of GO are far from those of graphene,
although both of them are two-dimentional carbon materials. In 1855, graphite
oxide (a bulk form of GO) was first synthesized by Brodie from graphite powder
using a strong oxidizing agent like KMnO4, NaNO3;, KClO3, and H2SO4 [13].
Graphite oxide can be readily exfoliated through ultrasonication in water and
other organic solvents owing to its hydrophilic nature and greater interlayer
distance than graphite. The single and multi-layer GO make a stable dispersion
in these solvents [14]. GO behaves as an acid catalyst due to the presence of
extrinsic oxygenated groups on its basal plane. Thus the structural difference
between graphene (possesses only hexagonal sp? carbon network) and graphene
oxide (GO) have a huge influence on their properties. In 1898, a modification of
Brodie’s method, was described by Staudenmeir [15]. This method eliminates
the demerits of Brodie’s method and concentrated H>SO4 was added to graphite
powder along with KCIO3 and fuming HNO3 and resulted in highly oxidized GO
in a single step. However, the most widely used method for the synthesis of GO
was developed by Hummers in the year 1958. This method involves the
addition of NaNOs, conc. HoSO4 and KMnOy4 for the oxidation of graphite to
GO. However, NaNOs; evolves some toxic gases like NO2/N2Os during GO
synthesis and dissolves Na™ and NO* ions in the water waste. Later, a few
modifications are made to the modified Hummers method. After that, Tour et al.
(2010) refurnished the Hummers method by eliminating NaNQOs3, increasing the
amount of KMnOs, and introducing the reaction mixture of HoSO4/H3PO4 in a

9:1 volume ratio for a prolonged time. The environmental issues of the



Section 4

Hummers method was addressed by Tour and reported a better method to

synthesize heavily oxidized GO (Scheme 1.A.2) [16].

KCIOj3, fuming HNO3
Brodie's Method

Conc. H,S0O,4, KCIO3 &Fuming HNO3
Staudenmaier's Method

KMnO,4, NaNO3; & Conc.H,SO,

Hummer's Method

HOOC
KMnO,, H3POy4, conc. H,SO4 OH COOH

Graphene

Tour's method Graphene oxide

Scheme |.A.2. Different methods for graphene oxide (GO) synthesis.

Dimiev et al. proposed the structural formula of GO which clearly
describes its acidic property in an aqueous solution [17]. Although the exact
structure of GO is uncertain, Klinowski et al. proposed the structural model of
GO which has been widely accepted, shows only the chemical connectivity
(Figure 1.A.3). Some other proposed structural models of GO are shown in the
following figure [.A.1.

OH OH COOCH

Lerf-Klinowski model Hofmann
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) OH O

HO OH
OH
)

o} OH O

Scholz-Boehm

OH O OH
o | oH

OH O OH
Nakajima-Matsuo

Figurel.A.1. Proposed structural models of GO.

Since GO is an oxidized form of natural graphite, it is an inexpensive and
abundant source of carbocatalyst. GO is built on a C grid forming a graphite
plane, and the layers are terminated with -OH and -COOH groups. The acidic
property of GO is due to the presence of extrinsic oxygen functionalities on the
GO basal plane. Due to the presence of a large number of oxygen-containing
functional groups in GO, such as carbonyl (C=0), carboxyl ((COOH), epoxy (—
0-), and hydroxyl (-OH), GO has been considered as an acid catalyst as well as
an oxidant (pH 4.5 at 0.1 mg mL™") [18].
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1.A.2.1. Preparation of graphene oxide derivatives

Since GO has epoxide rings, they can participate in epoxide ring opening
reaction by amine. Therefore, a new acid-base bifunctional solid catalyst is
formed where the amino group is covalently bonded to the acidic GO surface
(Scheme 1.A.3) [19]. The modification in GO through amination enhances the
material stability and is widely used in the chemical industry and in organic
transformations. Similarly, the incorporation of imidazolium [20], dopamine
[21], and p-nitrophenyl [22] on the GO surface by covalent attachment increases
the physicochemical properties. For example, isocyanate functionalized GO
makes a stable dispersion in a polar protic solvent and has been used for organic
field effect transistors [23]. Sing ef al. developed another interesting graphene-
based materials, where amines are grafted with carboxyl group to form amide
functionality onto the surface of GO [24]. Amide functionalized GO (AGO)
achieved enhanced thermal stability as compared to GO and its dispersibility in
polar solvents is stable more than two months. Another GO derivative reduced
graphene oxide (rGO) is obtained by the reduction of the oxygen content of GO
chemically, thermally or electrochemically [25]. GO is highly dispersible in
water and other solvents whereas rGO is less. As the property of rGO is similar
to that of graphene, it is used in the production of batteries, printable graphene
electronics and in biomedical applications. Due to the presence of oxygen
functionality on the surface of graphene oxide, surface modification through
covalent attachment can be achieved for the synthesis of various graphene oxide
derivatives (Scheme I.A.3). Kumar ef al. performed covalent functionalization of
GO wusing esterification reaction by m-Toluic acid. GO modified via
esterification was soluble in polar organic solvents and have various application

in gas sensors [26]. The mineral-acid catalyzed reaction using H>SO4, HNO3,
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HCI used in industry and laboratory has several drawbacks severe reaction
condition, catalyst reusability problem and corrosion problem. Thereby, solid
acid catalysts effectively erase the problems regarding corrosion and reusability
and securing environmental sustainability. Bazarganipour et al. synthesized
sulfonated graphene oxide (SGO) using chlorosulfonic acid and investigated its

catalytic activity for the hydrolysis of cellulosic substrates [27].

Scheme [.A.3. Functionalization of graphene oxide (GO) using different

approaches.
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1.A.2.2. Graphene oxide (GO)- catalyzed organic reactions

GO has been emerging as a solid heterogeneous carbocatalyst that shows
activity and selectivity like a homogeneous one [28]. Some organic
transformations using GO as carbocatalyst are shown below which depicts the
versatility of this carbonaceous nanomaterial. In 2010, Dreyer et al
demonstrated GO as a metal-free inexpensive carbocatalyst to facilitate the
oxidation of various alcohols, alkenes, and alkynes (Scheme 1.A.4). These
organic transformations afforded the desired product (aldehyde or ketone) in

excellent yield and proceeded under mild reaction conditions [29].

(0]

GO (200 wt%
j’\"' GO (200 wt%) ﬁ\ | Rl— g2 (200 wt%) R1JJ\R2
1 2 > 1 2 ' op.
R R 100 OC, 24 h R R E R1 = Ph 'CgH17 100 C‘ 24h Yield Upto >
R' = Ph, thiophenyl, Cy Yield upto > 98% ! r2 = 1y Et ph 98%
R?=H, Me, Ph

Scheme 1.A.4. GO catalyzed oxidation of various alcohols and hydration of
alkynes.

In 2011, the same group described graphene oxide catalyzed selective
oxidation of thiols and sulfides to disulfides and sulfoxides (Scheme 1.A.5) [30].
They observed that this oxidative transformation efficiently produced thiols and
sulfoxides with good to excellent yield (51- 100 %) in a short reaction time
(within 10 min in most cases). However, there was no case of over-oxidation of
the substrate and the heterogeneous nature of GO has a profound effect to

facilitate the above transformation and isolation of the target product.
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GO (300 wit%) Q
~S<po

GO (60 wt%) R
R-SH S-s
CHCls, 100 °C R
10-30 min Yield upto 100 %

R= Et, Bu, CH,CH,OH, 2-NH,CgH,, 2-napthyl
4-R'-CgH, (R" = H, Me, OMe, F, Br),

.

R
CHCl3, 100 °C ) o
o4 h Yield upto 96 %

R' = Me, Et, Bu, 'Pr, Ph, 4-Me-CgH,,
4-OMe-CeH4, 4-C|-CGH4
R?= Me, Et, 'Pr, Ph

Scheme 1.A.5. Selective oxidation of thiols and sulfides to disulfides and

sulfoxides using GO as heterogeneous catalyst.

Huang et al. described GO as a durable and efficient catalyst for the
transformation of various amines to their corresponding imines via a metal-free
route (Scheme 1.A.6) [31]. This method proceeds under neat reaction conditions
with molecular O2. GO was found to be highly efficient to produce symmetrical,
asymmetrical, and cyclic imines through an eco-friendly reaction protocol. Here,
GO was prepared by the Hummers method and characterized by a range of

spectroscopic tools.

R/\NHZ GO (50 wt%), O (5 atm) R/\NAR
+ >
Neat, 100 °C, (2-8h) or
R'—NH, o _NsUR
R= Aryl . .
R'= Aryl, alkyl 25 entries, Yield upto 98%

Scheme | .A.6. Aerobic oxidative coupling of various amines to imines catalyzed

by GO.

Gao et al. observed C-C bond formation reaction via C-H bond
activation using graphene oxide (GO) as a reusable and inexpensive
heterogeneous catalyst (Scheme 1.A.7) [32]. Herein, the target product biaryls
were obtained in presence of fert-BuOK at 120 °C using GO as a metal-free

catalyst. Aryl iodides with electron-donating groups are more reactive in this

10
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reaction than electron-neutral aryl iodides. Aryl chlorides and bromides are also

employed in this reaction but resulted low yield.

GO (10 mg)
KO-t-Bu
Ar—X + @ Ar
120°C, 24 h
15 Examples Yield= upto 92.4%

Ar= CeHs, 4-MeO-C6H4, 4-Me-CGH4, 4'Et-CGH4, 1-napthy|, 4-C|-CGH4 etc
X=1, Br, ClI

Scheme |.A.7. Graphene oxide catalyzed C-C bond formation reaction.

Dhopte et al. investigated the catalytic activity of graphene oxide (GO)
for the synthesis of benzimidazoles/benzothiazoles from the mixture of o-
phenylenediamine/o-aminothiophenol, aromatic and aliphatic aldehydes in
methanol solvent at 60 °C/35 °C under heating as well as microwave irradiation
(Scheme 1.A.8) [33]. The excellent yield of desired product
benzimidazoles/benzothiazoles was observed under microwave irradiation at a
short reaction time (within 1 hour) at room temperature. Here, GO plays a dual
role as an oxidizing agent and solid acid catalyst. The yield of the target product
is higher in the polar solvent than in the non-polar solvent and the reason may be
owing to the better dispersibility of GO in polar solvents. The heterogenous
catalyst GO produced the target product with diverse functionality via an eco-

benign process.

11
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= H
©)L GO

or 60 °C, Methanol

x_CHO NHz  Heating, 3-5h /@EN\>_©
©/\/+ R' XH or R' X

Ultrasound Irradiation, 35 °C
~">cHo Power: 150 W, 33 KHz, 60-120 min

21 examples
Yield upto 89%

R= -H,-OCHj3, -NO,, -F, -Cl, -Br, -OH

R'= -H, -CH,

X=NH, S

Scheme [.A.8. The synthesis of benzimidazoles/benzothiazoles from o-

phenylenediamine/o-aminothiophenol using GO as solid heterogeneous catalyst.

Bhattacharya et al. reported GO catalyzed transamidation of aliphatic
amides (Scheme 1.A.9) [34]. Generally, transamidation involves the
interconversion of the amide with amines which is a common alternative to the
amide formation from amines and carboxylic acids. A wide variety of functional
groups ranging from electron-donating to withdrawing exerted the target product
with good to excellent yield. However, aliphatic amines and aromatic amides did

not produce any kind of target product.

R o)
| Graphene oxide GO (50 mg) )J\
Ar—NH, -+ R\H/ R HN” R NH
o Neat, 150 °C, 24h Ar R"

Ar= CgHs, 2-CH3-CgHy, jmm e
4-rCH EiCSH 2-C|.c6 H4 R=H, CH3, (CH2)1oCH3 160-79% Yield!

3 64 R'R"=H, CHs 115 Examples |
4'OCH3'C6H4,4-BF-CGH4, ’ TR e oo .
4-COOH-CgHy, 2-napthyl

Scheme|.A.9. GO catalyzedtransamidation reaction of aliphatic amides.

In 2019, Ebajo Jr. et al. demonstrated GO catalyzed eco-friendly

pathway for the synthesis of bioactive heterocyclic compound

12
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tetrazoloquinazolinone starting from 3-amino-1,2,4-triazole, benzaldehyde, and
dimidone (Scheme 1.A.10) [35]. This GO catalyzed reaction is not influenced by
the nature of substituents present in the aromatic aldehyde. It was assumed that

this reaction was accelerated by the Br@nsted acid edges and lewis acidic sites

of GO.
1o »
0
N O 0] N
- GO ~N
iy e ' P ‘
N R Ethanol, 85 °C NT>N

35-60 min H
R=-NO,, OCH3, p-CHj, 7 Examples
-Br, m-CHs, m-OCHj, Yield: 78-94%

Scheme [.A.10. The multicomponent reaction of tetrazoloquinazolinone

derivatives using GO.

In 2019, the synthesis of phenols through ipso-Hydroxylation of
arylboronic acids using GO as sustainable carbocatalyst was demonstrated by
Karthik er al. (Scheme 1.A.11) [36]. The outstanding catalytic activity of GO
was observed in water and this may be due to the better dispersibility of GO in a
polar solvent. GO mediated oxidation redaction generally requires high catalyst
loading but in presence of H>O», this reaction is completed with a minimum GO
loading. The oxygen functionalities mainly carboxylic acid groups of GO played

a vital role inipso-Hydroxylation of arylboronic acids.

13
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B(OH), oH
@/ GO (15 wt%) @/

R

H,0,, Water R
RT, 5 min
R= p-Cl, p-Br,p-I, p-NO,, 26 Examples
p-CHs;,p-OCHg, p-OH, m-CN, napthyl, Yield: 78-96%

isopropyl, Ph, O-Ph, cyclohexyl
imidazoyl, 4-pyridyl, 3-pyridyl,
terphenyl, phenyloxy phenyl, 4-
pyrazolyl

Scheme |.A.11. Graphene oxide catalyzedipso-Hydroxylation of boronic acids.

CDC (Cross-dehydrogenative coupling) is a class of reaction that results
in the direct formation of C-C and C-N bonds from two unmodified C-H bonds
or C-H and N-H bonds. Wu et al. demonstrated the metal-free synthesis of 3-
aryloxindoles and 3-sulfenylated oxindoles via CDC (cross dehydrogenative
coupling) reaction of oxindoles with arenes and thiophenols using commercially
available robust catalyst GO (Scheme [.A.12) [37]. In absence of GO catalyst the
reaction did not take place and the best result was obtained with 50 wt % of GO.
This reaction is highly regioselective and produced only one regioisomer. A
wide variety of substituted oxindoles produced the target coupling product with

excellent yield.

14
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Rz n Re_ Ar
GO (50 Wt%)
©f§:o + Ar—H 0
N 120 °C, 3h, air N
\ 1 R1
_ Ar= 4-OMeCgHy,, pmmmm e N
I\R/IZ_CPT-!I BOnM o 34-OMeCGI?|34 ' 19 Examples |
e- e- ’ ' ' 45.92% vi 1
P ¢ Ph, 2,4-OMeCgHa,benzofuran, | 45-92% yield |
R4= H, Me, OMe 2-methylthiophne
R, Ra_s

H GO (100 wt%) SAr
N

chlorobenzene (2 mL)

Me 100 °C, air, 12h Me
Ry= Ph 10 Examples
Ar= 2-CICgHy,, 3-CICgHy, upto 82% yield

4-MeCgHy, 4-FCgH,
2,4-MeCgH3,4-CICgH,, 4-BrCgHy, 4-FCgH,

Scheme | .A.12. GO catalyzed cross dehydrogenative coupling of oxindoles with

arenes and thiophenols to yield 3-aryloxindoles and 3-sulfenylated oxindoles.

The emergence of GO as a heterogeneous catalyst has also found
application in Fridel craft alkylation [38], selective hydrogen transfer [39],
oxidation of glutaraldehyde to glutaric acid [40], Fisher esterification [41],
oxidation of 5-hydroxymethylfurfural into 2, 5-diformylfuran [42] and many
more have also been reported [43-46]. With growing interest in green chemistry,
multicomponent reaction (MCR) has been considered an important tool of green
chemistry. Concerning the environmental factors, the carbocatalyst graphene
oxide has been exclusively utilized in MCR for the expedient synthesis of a
different heterocyclic motif. Apart from the numerous application in diverse
organic transformation GO can be employed as solid support for different NPs
via the simple synthetic procedure. From the sustainable perspective, high
chemical and thermal stability, high surface area, high recyclability, and easy
separation are the most desirable attributes of a heterogeneous solid supported

metal catalyst [47, 48].
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I.A.3. Graphene oxide as catalyst support: Formation of various metal

composites

The activity of the supported catalysts mainly depends on the interaction
between the catalyst and the support. GO has been proved to be more
advantageous as support of catalyst than pristine graphene owing to the presence
of functional groups and inherent structural defects which enables catalysts to
bond easily through surface functionalization [49]. GO is cheap and easily
available, along with this its amphiphilic nature and better dispersibility in
aqueous as well as in organic solvents make the supported catalyst accessible to
different reactants in the reaction. GO has a high range of binding energy with
different metals, which leads to higher stability with a lower reaction barrier [50-
51]. Metal nanoparticles (NPs) can be assumed as the intermediate of
homogeneous and heterogeneous catalysts [52]. The main difficulty in NPs
application is their agglomeration, that deactivates the catalyst after reaction and
causes trouble in the regeneration process. Due to the small size of the NPs, they
are not easily removed from the reaction mixture. Therefore, there is a need for
heterogeneous catalysts via immobilization of metal NPs on solid supports to
achieve high catalytic activity, high mechanical and thermal stability, easy
regeneration, and separation procedure [53-62]. Among the other metals,
palladium (Pd) has attracted special attention [63-64] as it catalyzes a wide
variety of organic reactions. Among the reactions, oxidative cyclization [65],
cross-coupling reactions, especially Suzuki coupling [66], Negishi coupling [67],
Stille coupling [68], Stille-Kelly coupling [69], Kumada coupling [70], Hiyama
coupling [71], and Sonogashira coupling [72] are noteworthy to mention.
Usually, these cross-coupling reactions involve mostly soluble Pd organic

complex under homogeneous conditions [73]. However, the high cost and low

16
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efficiency in the separation of homogeneous catalysts at successive runs always
remains a challenge. To overcome this more attention has been given to the
development of heterogeneous catalysts where palladium ions or palladium
nanoparticles are immobilized on the solid support. The novel graphene-based
materials are promising candidates for catalyst support due to the large
specificsurface area and delocalized m-electron system. Over the recent years,
PdANPs supported on GO has been successfully employed as a catalyst for
different organic transformation reaction [74-76]. Generally, it is a very difficult
process to remove Pd metal (poisoned) from the convenient inorganic supports
such as silicates, alumina, and zeolites, but GO can be burned simply to evolve
CO, pure Pd, and ash. GO covers its surface with a nearly monoatomic layer of
Pd atoms through binding with oxygen functionalities via a coordinate-covalent
bonding mechanism [77]. Another advantage of using GO as catalyst support is

the recycling experiment of the used catalyst.

Gomez-Martinez et al. demonstrated an efficient pathway for the Suzuki-
Miyaura coupling reaction between aryl bromides and potassium
aryltrifluoroborates using PANPs supported on graphene oxide (GO) and reduced
graphene oxide (rGO) (Scheme 1.A.13) [78]. Both catalysts disperse properly in
a mixture of MeOH/H>O (3:1) and proved to be very active at 80 °C under
conventional heating and microwave irradiation technique. The catalyst can be
reused upto 8 cycles under microwave irradiation due to the lower aggregation
of PANPs. However, the higher agglomeration of metal nanoparticles under
heating conditions may be the reason for the deactivation of the catalyst. A
dissolution/re-deposition mechanism has been proposed based on Pd leaching

during the reaction and again re-deposited after the reaction.
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(PdNPs-GO, 0.1 mol % Pd) @?‘f‘
ArBr + Ar'BF;K > Ar-Ar ﬁ&,&‘,‘e -
K2CO3, MeOHH,0:3/1 040 96 % O@ (P2 -,
80 °C, heat (20 h) or MW (2h)
PdNPs-GO
Scheme 1.A.13. PdNPs-GO catalyzed Suzuki—Miyaura reaction of potassium

aryltrifluoroborates.

In 2013, N. Shang et al. reported the synthesis of palladium supported on
polyamine modified graphene oxide (GO-NH>-Pd**) and investigated its
catalytic activity in the Suzuki-Miyaura reaction (Scheme 1.A.14) [79]. The
catalyst was characterized by TEM, X-raydiffraction spectroscopy (XRD), X-ray
photoelectron spectroscopy (XPS), and infrared spectroscopy (IR). It was found
that the prepared catalyst retains the reactivity characteristics of a homogeneous
catalyst, but at the same time, it can be easily recovered and reused up to 10
successive runs without significant loss of its catalytic activity.

GO-NH,-Pd’ (1 mol%)
®\X ' @B(OH)Z EtOH/H,0: 2/1, 60 °C

Ry R, R4 R,

Ry = Ph, 4-OMeCgH,, 4-CO,EtCgH,,
4-NO,CgHy, 4-MeCgH,
R, = Ph, 3-NO,CgHy, 4-FCgH,

GO-NH,-Pd’

Scheme | .A.14. The Suzuki—Miyaura coupling of aryl halides and arylboronic
acids catalyzed by GO-NH>-Pd*".
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Al-Marri et al. described a single pot, environmental friendly, and facile
synthesis of palladium (Pd)@graphene nanocomposites (SP-HRG-Pd) by the in
situ reductions of graphene oxide (GO) and PdCl> using miswak (Salvadora
persica L.) root extract as bioreductant (Scheme I.A.15) [80]. The flavonoids
(polyphenolic) and terpenoids moieties of the miswak root extract facilitated the
reduction of GO and PdCl; as well as confirmed the homogeneous binding of
PdNPs on the graphene layer. Due to the high dispersibility of SP-HRG-Pd
nanocomposite by the stabilization of phytomolecules, the synthesized
nanocomposite catalyst showed excellent catalytic activity towards the selective

oxidation of aromatic alcohols.

OH Pd@graphene 0 H
(SP-HRG-Pd) nanocomposite
(50 wt% graphene)
Oxygen flow (flow rate
R 20 mL min™"), toluene, 100 °C, R
15-60min

R=H, 4-CHj3, 4-CF3, 4-Cl, 4-OH,
4-OCHgs, 4-C(CHs3)3, 3-NO,

up to 100%

Scheme |.A.15. Pd@graphene nanocomposite catalyst mediated selective

oxidation of alcohols.

The application of Cu-based nanoparticles has generated great attention
in recent years because Cu is inexpensive and earth-abundant. The possible
modification of these nanoparticles using different synthetic methods, post-
synthetic chemical treatments and the development of novel supports has also
been largely responsible for the growing interest in this field. Cu-based materials
undergo a wide variety of organic reactions due to Cu’s variable oxidation states

(Cu0, Cul, Cull, and Culll) [81-84]. The most economical way to create
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advance Cu-based nanomaterials is to anchor CuNPs on carbon-based catalytic

support.

Zhang et al. described the synthesis of graphene oxide (GO) supported
by CuO nanoparticles (CuO-GO) by a facile hydrothermal self-assembly
process, (Scheme 1.A.16) [85]. The synergetic coupling effect of copper oxide
nanoparticles with GO in this hybrid nanocomposite presented an excellent
performance in aqueous NaBH4 for the reduction of a variety of nitroaromatics.
Although CuONPs and GO separately displayed negligible catalytic activity for
the above reduction at room temperature. The CuO-GO can be easily recovered

from the reaction mixture and reused up to the 6th consecutive cycle.

NO, CuO-GO nanocomposite NH,
@/ catalyst @/

R NaBH,, H,0, 30 min R

R=H, 4-NHy, 2- NH,, Br, CI, Me, OH Yield: 92-98 %

Scheme 1.A.16. CuO-GO nanocomposite catalyzed heterogeneous reduction of

substituted nitroaromatics in aqueous solution.

The Chan-Lam coupling is the most powerful synthetic route for carbon-
heteroatom bond formation through the oxidative coupling of aryl boronic acids,
organostannanes or siloxanes with N-H or O-H containing compounds in the air
[86]. In 2019, Mittal et al. synthesized graphene oxide (GO) supported Cu (II)
Schiff's base complex (GO@AP/L-Cu) and examined its catalytic activity in the
cases of Chan-Lam coupling and C-H activation reaction (Scheme 1.A.17) [87].
Both the reaction was found to be simple, efficient and a higher yield of the

product was obtained (~90%). (GO@AP/L-Cu) was characterized by Raman,
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FT-IR, UV-Visible, PXRD, FESEM, TEM, EDAX, TGA, XPS, Elemental
mapping, BET, CHNS, and AAS analysis.

HO.__OH

NH, B H

@ @ GO@AP/L-Cu N

KOH, Reflux ©/ \©

R? R? Water: meOH R! R?
12-24 h Yield up to 90 %

R'= H, 4-CH3, 4-F, 4-COOE, 2-NH,

R? = H, 4-NO,, 3-NO,, 4-NO,, 4-CN,

4-CHj, 4-OCHj3, 2-OCH,4

R2

CHO LN
X _ GO@AP/L-Cu
@ + [ j + Q: H
-« N p Water, Reflux
H R 6-24 h <
R'= H, 4-CHg, 4-F, 2-OH, 4-Br, 4-Cl, 2-CI, 4-CF3 Yield up to 92 %

R? = H, 4-CHg,

OH O

oe . L)

O ® = MeO-§ N D - D o<
OMe AcO” H,0

Ligand

Scheme 1.A.17. Graphene oxide supported Cu (II) ligand complex
(GO@AP/L-Cu) catalyst for N-arylation and C-H activation reactions.

Transition metal-catalyzed C-H activation, especially cyanation of
tertiary amines at a-position is a powerful synthetic tool due to the importance of
a-aminonitriles as very useful synthetic intermidiates [88-90]. These compounds
can be easily converted into a wide variety of biologically active compounds
such as a-amino acids and 1,2-diamino compounds, among others (Scheme

LLA.18) [91]. Verma et al. developed a cheap, simple, and highly efficient
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composite of iron (Fe) nanoparticles supported on graphene oxide (GO) for the
oxidative cyanation of tertiary amines to biologically important a-aminonitriles
in high yields. Moreover, they reported a magnetically separable graphene oxide
(GO) supported catalyst for the first time and it was recycled successfully

several times without significant loss of its catalytic activity [91].

R3 R3
Rz J R2
N \NACN
N H,0,, MeOH, RT, 2.5-24h N
| + NaCN/AcOH > |
(£ HO HOOC (=

R

R'= 4-Me, 3-Me, 2-Br, 4-Br, Yield 77-90%
R®?= H, Me, -CHy-(CH2)3-CHy-,

CH,-(CH,)»-CH,- , R3= H

Scheme 1.A.18. Oxidative cyanation of tertiary amines catalyzed by

magnetically separable iron nanoparticles supported on graphene oxide.
I.A.4. Sulphonated graphene oxide synthesis and its application

Solid acid has attracted much attention as an environmentally safe
catalyst due to its great potential to replace homogeneous liquid acid [92-94].
Among solid acids, sulfonated-based materials of carbon are noteworthy for
mention [95-99]. A large series of sulfonated catalysts of carbon were
synthesized by the carbonization of sugar, cellulose [100-101] followed by direct
sulfonation of the resulting carbon. However, these sulfonated based carbon
materials have a low surface area (approx 2 m? g), do not swell up, and
exhibited higher thermal stability [93]. During the last two decades, GO has

been employed as a catalyst as well as catalyst support due to its outstanding
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properties like appropriate chemical and thermal stability, high surface area,
easy synthesis, low cost, and surface functionalization possibility. Due to the
interesting properties of GO as catalyst support for heterogeneous catalytic
systems, many synthetic routes have been discovered for the attachment of
sulfonated groups on the surface of GO nanosheets. Sulfonated graphene oxide
(SGO) can be synthesized by various sulfonating agents such as HoSO4 [102],
chlorosulfonic acid [103], 2-chlorosulfonic acids [104], sulfanilic acids [105]. In
2014, Naeimi and Golestanzadeh prepared sulphonated reduced graphene oxide,
sulfonated graphene oxide, and sulfonated propylsilane graphene oxide
nanosheets and used them for the eco-friendly synthesis of bisphenolic
antioxidants [105]. Some previous work showed that the catalytic efficiency of
sulphonated graphene oxide (SGO) is higher than GO owing to the presence of
sulphonic acid groups on the surface [106-108]. So far, some organic reactions
have been conducted using sulfonic acid functionalized reduced graphene oxide
(rGO-PhSOsH) [109-111]. These procedures however involve the reduction of
graphene oxide (GO) to reduced graphene oxide (rGO) using NaBH4 as a
reducing agent (Scheme [.A.19).

OH Ox H

o OH o oH NaBH,
60 °C temperature
OH OH O Diazonium salt
HO
SO;H
Graphene oxide (GO) Sulfonated reduced graphene oxide (SRGO)

Scheme 1.A.19. Preparation of sulfonated reduced graphene oxide (SRGO) from
GO.
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|

OH
Oleum 20 %
80°C, 24 h, N,
HO 0-SO3H
HO 3‘.‘,‘ OH
HO3S QCQ OH
HO,s~° SO
rGO-SO3H

1. Na,COg3, H,0, reflux, 16 h
2. NaBHy, 80 °C, 3h

NaOH,
NaNO,,HCI, H,0
0 °C, 4h
25°C, 16 h

SO,H

rGO-PhSO3H

Scheme | .A.20. Schematic diagram for the synthesis of rGO-PhSO3H and rGO-

SOsH from graphene oxide.

After that, there are two chemical methods for the immobilization of

sulfonic acid groups on the surface of rGO. Chemical modification of reduced

graphene oxide (rGO) involved the grafting of diazonium salt of sulfanilic acid

on the rGO surface to produce rGO-PhSO3H [112]. Another sulfonation process

24



Section 4

involves simple stirring and heating with oleum containing free SOs; (20 %)
species to produce rGO-SOs;H (Scheme 1.A.20) [102]. A covalent bond is
formed between carbon and sulfur atoms that are further confirmed by FT-IR
and Raman spectroscopic analysis. This covalent functionalization allows
stability to the material against leaching when they are employed in liquid phase

catalytic reaction.

In 2016, Hou et al. reported the one-pot synthesis of sulfonated graphene
oxide (SGO) and used it for the efficient conversion of fructose to 5-
hydroxymethylfurfural (HMF) [113]. Their synthesized SGO catalysts were
named as SGO-1, SGO-2 and SGO-3, however, SGO-1, SGO-2, SGO-3 were
synthesized by Tours method and Modified Tours method respectively (Scheme
LA.21).

Tours

SGO-1
KMnO,(9g), H,S0,(360 mL), H;PO,(40mL)
Graphite powder
3g Tours
L SGO-2
KMnO,(18g), H,S0,(360 mL), H;PO,(40mL)
Modified Tours SGO-3

KMnO,(18g), NaNO; (1.5 g), H,S0,(360 mL), H,PO,(40mL)

Scheme | .A.21. Sulfonated graphene oxide synthesis by Hou et al.

SGO-3 showed the maximum yield (85 %) for the conversion of fructose
to HMF whereas SGO-1 and SGO-2 exerted relatively low yield of HMF. The
catalytic activity of sulfonated graphene oxide (SGO) depends on the density of
the active sites and on its accessibility (Scheme 1.A.22) [114]. They showed
SGO catalyst for fructose degradation can be recycled upto 5th run with slightly

loss of its catalytic activity.

25



Chapter I

(0] OH
HO 8 GO-SO5H \ 0
HO 0 j \ /
oH DMSO, 120°C,
OH 60 min
HMF
Fructose Yield: upto 94%

Scheme 1.A.22. SGO catalyzed one-pot conversion of fructose to HMF.

Vessally et al. demonstrated an efficient synthesis of 3,4-
dihydropyrimidine-2(1H)-ones/thiones from ethyl acetoacetate, urea or thiourea
and aldehydes in presence of sulfonated graphene oxide/graphene oxide in
aqueous solvent at room temperature (Scheme 1.A.23) [115]. The
dihydropyrimidones (DHPMs) can be easily separated from the reaction mixture
without workup. The reactants with diverse functionalities successfully reacted
and exerted the corresponding DHPMs with high purity. In this reaction SGO

has been found to be more suitable than GO.

GO

o X

>‘H HzN”[< or AT
Ar . NH; GO-SOzH RO,C NH
- ALK

O O Room temperature, H,O H,C™ N° °X
J N Time: 20-35 min H
HsC OR 13 Examples
R= CHj3, CoHs Yield: GO SGO

upto 87% upto 93%

Scheme 1.A.23. SGO catalyzed synthesis of 3,4-dihydropyrimidine.

The SGO catalyst was recycled upto 6th run and characterized by XRD,

Raman, FT-IR. After 6th run no structural change in SGO catalyst was observed
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but slight decrease in the yield of the reaction may be due to the reduction of

oxygen functionalities and covering the SGO surface with some impurity.

Brahmayya et al. described the cyclization of hydrazides to 1,3,4-
oxadiazole synthesis using sulfonated reduced graphene oxide (rGOPhSO;H)
shown in scheme [.A.24 [116]. They observed the direct cyclization of 4-methyl
benzoyl hydrazide with carbon dioxide (CO2) under room temperature as well as
ultrasonic irradiation. Although, the percentage of conversion under ultrasonic
irradiation was 84 % using 5 wt % of rGOPhSO3H in just 50 min and the best
yield was obtained with 200 wt% of this nanocatalyst. The product yield was
found to be same upto 4th run and the yield decreases from 5-7th run and the
reason may be due to the leaching of some SOs3;H group from the catalyst

surface.

rGOPhSO3H (5-200 wt%)

0] CO5 (1.0 Mpa) R 0] o
)J\ ANAVAVEVANAN \< \f +  HO
R NHNH, JJ)J) )] N—NH
_ [0 2 S i Y
25-100 C . R=alkyl oraryl .
10-120 min . 14 Examples E

Ultrasonication Yield: upto 99%

________________

Scheme |.A.24. The synthesis of 5-susbstituted-1,3,4-oxadiazole-2-ones using
sulfonated reduced graphene oxide (rGOPhSO3H).

In 2017 Brahmayya et al. synthesized amides through N-acetylation of
amines with acetonitrile using sulfonated reduced graphene oxide (SRGO) as
catalyst under sonication (Scheme 1.A.25) [117]. SRGO was found to be more
favourable than GO in this catalytic reaction. The highest yield was observed in
presence of 60 mg of SRGO within 40 min at 60 °C temperature. Electron

withdrawing group containing aromatic amines afforded the corresponding
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amide with slightly lower yield than electron donating group containing
aromatic amines (96-99 %). Interestingly, some sensitive substrates like phenol
and thiophenol produced the corresponding N-acetylation product in good to
excellent yield without protecting —OH, -SH groups. The catalytic activity of
sulfonated reduced graphene oxide (SRGO) was nearly constant upto 4th cycle

and reused easily without inactiveness.

a) SRGO QOCH3
R1_NH_R2 + CH3CN R1_N_R2
b) Ultrasound irradiation
c) 60 °C, 40 min Yield upto 98 %
Primary amine : R4= phenyl, R, = H Ultrasound irradiation
Secondary amine : Rq= alkyl, Ry= alkyl 20 KHz with 100 % output power

Scheme | .A.25. Sonochemical N-acetylation with various amine compounds.

In 2020 Ghosh ef al. employed sulfonated graphene oxide (SGO) as
metal-free catalyst for the synthesis of 3-methyl-4-(hetero)arylmethylene
isoxazole-5(4H)-ones and 6-Amino-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-
c]pyrazole-5-carbonitriles (Scheme 1.A.26) [118]. Substituted isoxazoles were
prepared from aldehyde, ethyl acetoacetate and hydroxylamine hydrochloride at
room temperature under solvent free condition using of SGO. The catalytic
potential of SGO was investigated for another important heterocyclic moiety
substituted pyranopyrazole using reactants such as phenyl hydrazine, ethyl
acetoacetate, malononitrile and aromatic aldehyde in H>O medium at refluxed
condition. The catalyst can be reused upto five consecutive cycles without lose

of its catalytic activity.

In the year 2014, Antunes et al. reported the synthesis of biofuels or fuel
additives in the carbohydrate platform from 5-(hydroxymethyl)-2-furfural and

ethanol using sulfonated graphene oxide as effective catalyst (Scheme [.A.27)
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[119]. They synthesized rGO from GO by the treatment of benzyl alcohol at 190
°C for 20 min under microwave irradiation. To collect the solid the solution was
centrifuged and washed with ethanol repeatedly and then dried at 65 °C. After
that rGO was heated in presence of HoSO4 (30 mL, 97 wt%) at 160 °C for 5 h
under N> atmosphere to obtain sulfonated, partially reduced graphene oxide (S-
rGO). The incorporation of the sulfur on H>SO4 treatment was confirmed by

energy dispersive spectroscopy (EDS).

CHO O O Graphene oxide HaG
3
®/ . NhorHe AR (25 mg) —(
R N, (o) R

rt 0)
R4=-Me, Et :IR= aryl, alkyl ‘E
1 Yield= 64-93%
i 19 Examples !
o O CN
_NHNH, + +
R 3C)J\/U\0Et
CN R;
R= -Ph, -H

Scheme 1.A.26. SGO catalyzed benign synthesis of isoxazoles and

pyranopyrazoles.
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S (0]
2 |
Polysaccharides 5 0) o~
£ \_/
Hydrolysis 2
ydroly £ 6-Ethoxymethylfurfural (EMF)
\ o 0
[72]
Monosaccharides (hexoses) %- \H/\)J\O/\
| : 0
Dehydration 0 Ethyl levulinate (EL)
c
Y E >
OI OH Acid catalysis S o)
o EtOH =
\ / > '§ o 0 O/\
S-RGO g \
5-(hydroxymethyl)-2-furfural 6-Ethoxymethylfurfural diethyl acetal (EMFda)

Scheme 1.A.27. Conversion of HMF to the products for biofuel application
using S-rGO.

I.A.5. References

References are given in Bibliography under Chapter I, Section A
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Graphene oxide (GO) catalyzed one-pot
synthesis of 3,5-disubstituted 1,2,4-
oxadiazoles
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I.B.1. Introduction

Nitrogen-containing heterocyclic compounds are valuable due to their
potential application as a key intermediate in the synthesis of numerous drugs
[1]. 3,5-disubstituted 1,2,4-oxadiazoles are remarkably an important class of
nitrogen-containing heterocyclic scaffold as it is widely wused as
pharmacophores, bioactive molecules, and functional materials [1-2]. Among the
oxadiazole derivatives, the 1,2,4-oxadiazole motif has received interest due to its
application as a stable bioisostere in place of an amide, ester, or urea
functionality [3]. The 1,2,4-oxadiazole moiety is generally found in many drugs
including potent S1P1 agonist I [4] and the metabotropic glutamate subtype 5
(mGlu5) receptor antagonist II for the treatment of Alzheimer’s disease [5]. In
previous literature, 1,2,4-oxadiazoles have shown good affinities for serotonin
and norepinephrine transporters [6]. These compounds when selectively
functionalized, have performed as various muscarinic agonists [7],
benzodiazepine receptor partial agonists [8], serotonergic (5-HT3) antagonists
[9], dopamine transporters [10], antischistosomal drug [11], G-quadruplex
ligands for probing DNA superstructure in antitumor research (Figure [.B.1) [12-

13].

LY
HOOC N \
|\
N~g

SIP1 agonist
H
N
=
N N
N | N\ ’/\‘ \ [N \ /,k
N N N
-0 ¢ NH,
N
(mGIu5) receptor potent 5-HT3 antagonist Muscarinic receptor

Figurel.B.1. Some biologically active 1,2,4-oxadiazoles.
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I.B.2. Background and objectives

In the past decade, Multicomponent reactions (MCRs) have been
accounted as very elegant and efficient methods to form complex structures in a
single synthetic pathway from three or more reactants. The great synthetic
efficiency, High atom economy, and procedural convenience in the construction
of new multiple bonds in a one-pot procedure are the advantages of
multicomponent reactions (MCRs) [14, 15]. The development of new MCRs and
the improvement of known MCRs are popular research areas in current synthetic

organic chemistry.

It is noteworthy that, in the last decade many efficient protocols have
been developed to synthesize significant heterocyclic moieties 1,2,4-
oxadiazoles. Among the known synthetic strategies of 1,2,4-oxadiazoles, the
most conventional approach involves the use of amidoximes as starting materials
or intermediates. Other common approaches involve 1) O-Acylation of
amidoximes by an activated carboxylic acid derivative, followed by
cyclodehydration [16], i1) the 1,3-dipolar cycloaddition of nitrile oxide to nitriles
[17], ii1) intermolecular cyclodehydration reaction of amidoximes (as starting
material) with aldehydes to give 4,5-dihydro 1,2,4-oxadiazoles followed by
oxidative dehydrogenation [18], iv) formation of amidoxime intermediate
through the reaction of nitrile with hydroxylamine which further reacts with
aldehyde to provide 4,5-dihydro 1,2,4-oxadiazoles and oxidative
dehydrogenation give 3,5-disubstituted 1,2,4-oxadiazoles [19]. Besides this,
base-mediated one-pot synthesis and microwave-assisted efficient synthesis of
oxadiazoles using PTSA and ZnCl, have also been reported [17, 19-20].
However, all the methods mentioned above are efficient enough but most of the

methods suffer from the use of harsh conditions (microwave irradiation, the
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addition of strong acid/ strong base or strong dehydrate, high reaction

temperature) and unavailable starting materials.
I.B.2.1. Synthesis 3,5-disubstituted 1,2,4-oxadiazoles from amidoxime

Augustine et al. developed p-toluenesulfonic acid (PTSA) mediated zinc
chloride (ZnCly) catalyzed synthesis of 3,5-disubstituted 1,2,4-oxadiazoles
(Scheme 1.B.1) using amidoximes and organic nitriles [17]. They examined the
reaction of various amidoximes with acetonitrile and interestingly all the
reactions were complete within 1-2 h to provide 3-substituted 5-methyl-1,2,4-
oxadiazoles. The strained cycloalkyl amidoximes were successfully reacted with
different aromatic and aliphatic nitriles in DMF solvent and resulted in the
corresponding product with a good yield. The mechanism of the reaction was
explained through the initial activation of amidoxime by PTSA-ZnCl: resulting
in the formation of nitrile oxide and 1,3-Dipolar cycloaddition of nitrile oxide to

nitriles resulted in the formation of 1,2,4-oxadiazoles.

_OH
N| PTSA-ZnCl, (0.3 equiv. each) ® O R,—=N R1YN
R1 NH2 >~ R1_:N_o l \>—R2
DMF/CHCN, 80 °C, 1-8 h ZnCl, N<g
Rq= alkyl, aryl Yield 77-95 %
R,= alkyl aryl

Scheme 1.B.1. (PTSA) mediated zinc chloride (ZnCly) catalyzed synthesis of
3,5-disubstituted 1,2,4-oxadiazoles.

The formation of O-acyl amidoxime from the reaction of an amidoxime
with an acyl chloride is the most difficult and time-consuming step and generally
requires a long reaction time and sealed tube condition. Kaboudin et al. reported
a new efficient method for the synthesis of 1,2,4-oxadiazoles via the reaction of
amidoximes with anhydrides under mild, catalyst-free conditions (Scheme 1.B.2)

in aqueous media [16]. They observed that under the reaction conditions benzoyl
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chloride (PhCOCI) is not much effective as benzoic anhydride and provides a
very low yield of the product. Substituted benzamidoximes and aliphatic
amidoximes afforded 1,2,4-oxadiazoles in presence of benzoic anhydride in
good yields. However, the reaction of aliphatic anhydride, with various
amidoximes gave the corresponding products in lower yields which may be due

to the electronic effect.

R
_OH H,0

N , N
i+ (RCORO N, g
R NH, reflux, 12h (0]

Yield 35-93%
R= CBH5, p-C|-CeH4, p-BI’-CeH4, 2,4-C|206H3
m-CICgH4, p-MeOCgHs, Cyclohexyl
R'= CGH5, p-CHgCGH5, n-C5H11
Scheme 1.B.2. The synthesis of 1,2,4-oxadiazoles via the reaction of

amidoximes with anhydrides under mild and catalyst-free conditions.

Kandre et al. evaluated microwave-assisted one-pot synthesis of 1,2,4-
oxadiazoles from amidoximes and commercially available benzoyl cyanides
(Scheme I.B.3). Generally, microwave heating reduced the reaction time as well
as improved the yield over conventional heating [20]. It was assumed that the
higher temperature in microwave irradiation, aids in the cyclization of O-
carboxyaryl amidoxime intermediate. Among the solvents, DMF was found to
be suitable for conducting the reaction at 95 °C for 1h. However, the yield was
reduced at elevated temperatures due to the formation of side products. Here, the
reactivity of the electron donating group containing phenyl amidoxime is higher

than that of the phenyl amidoxime bearing electron-withdrawing groups.
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| | o M )\Q '
R)\NHz DMF, 95 °C R)\NHz RN R

Microwave irradiation, 1h Yield 53-93%

R= Phenyl, 2-Methoxyphenyl, 3-Methoxyphenyl,
4-Methoxyphenyl, 2-Nitrophenyl, 3-Nitrophenyl,
4-Nitrophenyl, Cyclohexyl, Adamantyl

R'= H,-F,-CH3

Scheme |.B.3. The one-pot synthesis of 1,2,4-oxadiazoles from amidoximes and

commercially available benzoyl cyanides.

Lade et al. reported the synthesis of 1,2,4-oxadiazoles from N-benzyl
amidoximes using oxidizers such as N-bromosuccinimide (NBS)-1,8-
diazabicyclo[5.4.0Jlundec-7-ene (DBU) and D[-K;COs3 at room temperature
(Scheme 1.B.4) [21]. The use of 1 equiv. of NBS oxidant and 1 equiv. of DBU
base was found to be the best-optimized condition of the product conversion at
room temperature in lh. In absence of both oxidant and base, the reaction could
not occur, indicating the vital role of oxidant and base during the reaction.
Oxidative cyclization of amidoxime with electron-donating substituents offered
a moderate yield of the product whereas, amidoximes with electron-withdrawing
substituents underwent this oxidative pathway with high reactivity. The higher

yield may be due to the formation of a more stable imine bond.

_OH NBS, DBU
N
| DCM, RT, 1h N-Q
N Lz .
H N R
R R Iz, KoCO3 R
R=H, Cl, F, Br, OMe, OPh, Me, NO,, CN Toulene, RT, 4h Yield 50-84 %
R'= H, OMe, F

Scheme 1.B.4. The synthesis of 1,2,4-oxadiazoles from N-benzyl amidoximes.
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Wang et al. developed a polymer-assisted solution-phase synthesis of
1,2,4-oxadiazoles using amidoxime and carboxylic acids in presence of a
coupling reagent. They began their investigation to synthesize 1,2,4-oxadiazoles
in presence of HBTU and N, N-diisopropylethylamine (DIEA) [22]. But the
conversion was low under microwave irradiation at a higher temperature. The
use of polymer-supported bases MP-carbonate and PS-BEMP showed much
higher reactivity than DIEA. The use of HBTU/PS-BEMP in this protocol
worked well for a wide range of amidoximes and afforded the corresponding
oxadiazoles in good to excellent yield (Scheme 1.B.5). Among many reported
procedures, the use of PS-PPhs/CCI3CN is attractive, because it converts
carboxylic acids to the corresponding carboxylic acid chloride in situ. After the
generation of carboxylic acid chloride DIEA was added and heated in MW at
150 °C for 15 min.

The most common method for the synthesis of 1,2,4-oxadiazoles through
cyclization of O-acyl amidoximes obtained from the acylation of amidoximes
and carboxylic acids or acid chlorides have some drawbacks. The acid chlorides
are very hard to handle and store, on the other hand, carboxylic acids require a
long reaction time along with a coupling reagent such as TBTU, DCC, EDC,
HOBt to react with amidoxime [23, 24].

1 equiv HBTU
3 equiv PS-BEMP

(0] NOH MW, 160 °C, 15 min
Ji+ CHCN o7
ROOH R NH, R/<\N)\R.

i) PS-PPh,, CCI,CN, MW, 100 °C, 5 min
Yield 77-99%

R= aryl, alkyl, cyclohexyl

" ii) DIEA, THF, MW, 150 °C, 15 min
R'= aryl

Scheme |.B.5. Polymer-assisted solution-phase synthesis of 1,2,4-oxadiazoles.
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1.B.2.2. Synthesis of 3,5-disubstituted 1,2,4-oxadiazoles from nitriles

Kaboudin et al. reported the one-pot synthesis of 1,2,4-oxadiazoles
through the solvent-free reaction of nitriles with hydroxylamine hydrochloride
(NH2OH.HCI) in the presence of magnesia-supported sodium carbonate
(Scheme 1.B.6) followed by reaction with acyl halides under microwave
irradiation [25]. Other bases were also employed in this reaction but they were
not much effective as Na>xCOs. Different substituted benzonitriles reacted with
hydroxylamine hydrochloride under the same reaction condition followed by the

addition of acyl halide and afforded the product with a good yield.

MgO-NH,OH.HCI R
Na,CO3, MW N
R-C=N N\
R'COCI N\o)\ R
MW, 5min
R= CgHs, p-CICgH4CHy,p-CICgH,, Yield 40-70 %

2,4-Cl,CgH3, m-CICgH,4, Cyclohexyl
R'= C6H5, p-CH3OCSH4, p-N02C6H4
Scheme |.B.6. Magnesia-supported sodium carbonate catalyzed synthesis of

oxadiazole.

Adib et al. reported a facile one-pot three-component synthesis of 3,5-
disubstituted 1,2,4-oxadiazoles from nitriles, hydroxylamine, and aldehydes
under solvent-free conditions and microwave irradiation (Scheme 1.B.7) [19].
This reaction was carried out in presence of a catalytic amount of acetic acid.
After a minute of MW irradiation nearly full conversion of the amidoxime
intermediate was observed, then aldehyde was added to the reaction mixture and
irradiated for a further 3 min. The formation of the 1,2,4-oxadiazoles in excellent
yields was indicated by TLC analysis. Different substituted nitriles and
aldehydes were successfully implemented in this protocol to synthesize the

corresponding oxadiazoles in excellent yield.
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Ar
AcOH (Cat.) NH, ArCHO >/—N
Ar—C=N + NH,OH Ar— N, S
MW 1 min NOH MW 3min 0 r

Yield 92-97%
Ar= CGH5, 4-CH3CeH4, 3-C|C6H4
Ar'= CGH5, 4-CH3C6H4, 4-OCH3CGH4Y 3_CIC6H4, 4-C|C6H4
Scheme [.B.7. 3,5-disubstituted 1,2,4-oxadiazoles synthesis from nitriles,

hydroxylamine, and aldehydes under solvent-free conditions and microwave

irradiation.

Wang et al. developed an efficient base-mediated synthesis of 3,5-
disubstituted 1,2,4-oxadiazoles using nitrile, hydroxylamine hydrochloride, and
aldehyde (Scheme 1.B.8) [26]. Aldehydes are weak oxidants as they take part in
self-redox reactions using a concentrated strong alkaline solution. They observed
that the formation of oxadiazole was carried out by three sequential steps a)
nucleophilic addition of hydroxylamine to produce amidoxime intermediate in
the presence of triethylamine (TEA) for 18 h without exclusion of air at 80 °C,
b) base mediated cascade coupling and cyclization reaction, c) oxidative
dehydrogenation to form the target compound. Two different solvents were used
in this reaction, ~-BuOH was used as the solvent in the 1st step at 80 °C and
DMSO was the best solvent in the 2nd step of the reaction at 100 °C. The
electron-donating and electron-withdrawing groups in aromatic nitriles,
heterocyclic nitriles, and aromatic aldehydes were successfully capable to afford
the corresponding oxadiazoles in moderate to excellent yield. However, the
presence of larger steric hindrance in the substituents lowers the yield of the

product.
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1) HONH, HCI A
TEA, t-BuOH, 80 °C, 18 h N

Ar'—CN N- >‘Ar
2) Ar-CHO o

o]
Cs,CO3, DMSO, Na, 100°C, 24 h (10 oo,

Ar'= CgHs, 4-CH3CgHy, 3-CH3CgH4, 2-CH3CgHy,

4‘OCH3C6H4, 4-CF3C6H4, 4-BrC6H4

Ar= CsHs, 4-CH3CGH4, 3-CH3C6H4, 2-CH306H4,

4-OCH3CgHy, 4-CICgH4, napthyl, furyl, thinyl, pyridyl

Scheme |.B.8. An efficient base-mediated synthesis of 3,5-disubstituted 1,2,4-

oxadiazoles.

Kuram et al. reported a Cu-catalyzed one-step protocol for the synthesis
of 1,2,4-oxadiazoles from stable, readily available, and less toxic amides and
organic nitriles by an oxidative rare N-O bond formation using oxygen as the
sole oxidant (Scheme 1.B.9) [27]. The optimized condition was obtained when
Cul (10 mol%), bathophenanthroline ligand (10 mol%), K>CO; base (2.0
equiv.), Znlz (10 mol%), were used in 1,2-dichlorobenzene (1,2-DCB) at 130 °C
temperature for 24 h. The substrates bearing electron-donating and withdrawing
groups at the para position of the benzonitrile afford the corresponding product
in good yields. This method showed good tolerance for diverse functional

groups and broad substrate scope.

catalyst (10 mol%)
ligand (10 mol%)

=z

0]

/tk +

Ph”” “NH,

0-N
Ph/<\N»\R

base, 1,2-DCB.
Znly (10 mol%), O, (1atm)

Pl

Yield 20-93 %
R= (hetero)aryl or alkyl

Scheme 1.B.9. Cu-catalyzed one-step protocol for the synthesis of 1,2,4-

oxadiazole.
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1.B.3. Present work: Result and discussion

Herein we have developed a convenient and efficient process for the
synthesis of 3,5-disubstituted 1,2,4-oxadiazoles (Scheme 1.B.10) using an
inexpensive, environmentally benign, metal-free heterogeneous carbocatalyst,
graphene oxide (GO). GO plays a dual role of an oxidizing agent and solid acid
catalyst for synthesizing 1,2,4-oxadiazoles. This dual catalytic activity of GO is
due to the presence of oxygenated functional groups which are distributed on the
nanosheets of graphene oxide. A broad scope of substrate applicability and good

sustainability is offered in this developed protocol.

_OH CHO
CN N\ R1©/ r>1—o
NH,OH.HCI
e oy Sa'aw
K2COg, Ethanol-water R Ethanol-water, 80 °C, 8h R R4
80 °C, 8h GO catalyst

R=H, 4-CH3, 4-OCHj, 4-pyridinecarbonitrile
R1=H, 4-CHj3, 4-OCHg, 4-F, 3-NO,, 4-N(CH3),
1-Napthaldehyde, Furan-2-carbaldehyde,
Thiophene-2-carbaldehyde, Acetaldehyde

Scheme 1.B.10. Synthesis of 1,2,4-oxadiazole using GO as catalyst.
1.B.3.1. Optimization of the reaction condition

For screening the reaction parameter benzonitrile (1.5 mmol),
hydroxylamine hydrochloride (1.5 mmol), and base (1.5 mmol) were taken as
model substrates to find out suitable conditions for the synthesis of amidoxime
(intermediate). To satisfy our curiosity, the reaction was performed in different
solvents e.g. polar protic, polar aprotic, and nonpolar. However, in absence of a
base, a low yield was obtained (Table 1.B.1, entry 6). Gratifyingly, the reaction
results showed (Table 1.B.1) the formation of amidoxime is highly favored in
mixed solvent ethanol-water (1:3) using K»COs as a base. To control the reaction

conditions, after completion of the reaction,the solvent was removed by a rotary
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evaporator to separate the intermediate. While monitoring the TLC, only one
spot was observed other than the reactant. After workup and purification by
column chromatography, 91% yield of the intermediate (amidoxime) was
obtained (Table I.B.1, entry 7). Although other bases were also employed (Table
1.B.1, entry 2, 5, 9), KoCOs exerted the best result in an ethanol-water solvent.
The synthesized amidoxime was characterized by NMR (300 MHz)

spectroscopy.

Table I.B.1. Optimization of reaction condition for the synthesis of amidoxime

(intermediate)?
N _OH
R@/CN NH,OH.HCI @)l\NHZ
Ko,COg, Ethanol-water R
Benzonitrile 80 °C, 8h Amidoxime
Entry Solvent Temp. (°C) Base Yield(%)°
1 Water 100 K>COs 68
2 Water 100 Cs2COs 72
3 Ethanol 80 K,CO; 66
4 Ethanol 80 TEA 70
5 Ethanol-water 80 TEA 80
6 Ethanol-water 80 - <50°¢
7 Ethanol-water 80 K,CO; 91
8 Ethanol-water 80 K2CO; 944
9 Ethanol-water 80 Cs2COs 93
10 THF 120 K»COs 54
11 Toluene 110 K>COs <50
12 CH;CN 82 K>COs 68
13 DMF 120 K»COs 76

lalReaction condition: Benzonitrile (1.5 mmol), hydroxylamine hydrochloride (1.5 mmol), base
(1.5 mmol) and solvent (5 mL).

(blIsolated yield.

[{INo base was added.

[4The reaction was carried out for 24 hrs.
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In the second step of the reaction, benzaldehyde (1 mmol) and the
catalyst were added to the synthesized amidoxime in ethanol-water solvent to
prioritize the synthesis of 3,5-disubstituted 1,2,4-oxadiazole. In presence of a
small amount of GO, 73% yield of the product was obtained at 80 °C
temperature (Table 1.B.2, entry 2). Further increase in the amount of GO, proved
to be favorable in the formation of 1,2,4-oxadiazole. No product was obtained
when the reaction was carried out in absence of GO (Table 1.B.2, entry 1). High
yield of the product was observed in aqueous ethanolic solution with a ratio
ethanol-water (1:3). The outstanding catalytic activity of GO in ethanol-water
(1:3) is revealed due to its better dispersibility. To establish the catalytic activity
of GO, few controlled experiments were carried out using various catalysts.
Other carbonaceous nanomaterials e.g. powdered graphite, reduced graphene
oxide (rGO) showed less catalytic activity than GO because they do not contain
as many hydroxyl and carboxylic groups, indicating oxygen-containing
functional groups in graphene oxide have a profound effect in catalyzing the
synthesis of 3,5-disubstituted 1,2,4-oxadiazole. The reaction was also carried out
in presence of GO and an oxidant H>O>, the reason for the low yield may be due
to the oxidation of benzaldehyde to benzoic acid in presence of H2O2 (Table
[.LB.2, entry 12). The yield was not improved when only an H>O> oxidant was
used (Table 1.B.2, entry 13). These control experiments infer the significant

catalytic role of GO in the reaction.

43



Chapter I

Table I.B.2. Optimization of reaction condition for the synthesis of 3,5-

disubstituted 1,2,4-oxadiazole from amidoxime?

N-OH CHO
N-O
CN ‘ R I
Vs
R@/ NH,OH.HCI NH, @/QN)@
R R

K,CO3, Ethanol-water R Ethanol-water, 80 °C, 8h
Benzonitrile 80 °C, 8h Amidoxime catalyst (25 mg) 3,5-disubstituted 1,2,4-oxadiazole
Entry Catalyst (mg) Solvent Temp. Time Yield%
U9 (h)
1 - Ethanol 80 12 Trace
2 15 (GO) Ethanol 80 12 73
3 15 (GO) Water 100 12 77
4 15 (GO) DMF 100 12 60
5 15 (GO) Ethanol-water 80 12 79
6 15 (GO) Ethanol-water 80 24 83
7 25 (GO) Ethanol-water 80 12 89
8 25 (GO) Ethanol-water 80 8 88
9 25 (GO) Ethanol-water  rt 12 52
10 25 (Graphite) Ethanol-water 80 8 40°
11 25 (rGO) Ethanol-water 80 8 45°
12 25 (GO)/Oxidant ~ Ethanol-water 80 8 674
13 Oxidant Ethanol-water 80 8 <40°
14 25 (GO) Neat 80 8 69
15 25 (GO) Ethanol-water g 8 ]5f
16 - Ethanol-water g 8 Nilf

[{IReaction condition: Benzaldehyde (1 mmol), amidoxime (1 mmol) and Ethanol-water (5 mL),
pristine GO (25 mg).

[bIGraphite powder was used.

[FIReduced graphene oxide (rGO).

[4IGO and extra oxidant 30 % H,O; (1 mmol) were used.

[cl0nly H,O, was used.

flUnder inert atmospheric condition.

The scope and the substrate applicability of the reaction were also
examined and results were summarized in Table 1.B.3. With the optimized

condition in hand, we have extended the substrate scope in organic

44



Section B

transformations and a series of diversely substituted aldehydes and benzonitriles
are subjected to the synthesis of 3,5-disubstituted 1,2,4-oxadiazole (Table 1.B.3).
Both the electron-donating (Table I.B.3, entries 2-3, 10-11) and electron-
withdrawing groups (entries 4-5) in the substituents afforded the corresponding
product in good to excellent yield which indicates that the electronic nature of
the substituents is not much influential to determine the yield of the reaction. 1-
Napthaldehyde offered the product with low yield and the reason may be due to
steric hindrance (Table I.B.3, entry 7).

Table 1.B.3. Synthesis of diversely functionalised 3,5-disubstituted 1,2,4-

oxadiazole?
_OH CHO
CN N| R1©/ l;l—O
R@/ NH,OH.HCI @)\NHZ 2 @AN/)\®
1 K2COs, Ethanol-water R Ethanol-water, 80 °C, 8h R R
80 °C, 8h GO (25 mg) 3(a-n)
Entry R Ri Product Yield
(%)°
1 4-H 4-H N-O 83
0
N
3a
2 4-H 4-CH, N-O 81
3b
3 4-H 4-OCH; N-O 80
|
N4 OCHj,
3c
4 4-H 4-F -0 78
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5 4-H

6° 4-H

7 4-H

8 4-H

9 4-H

10 4-CH;

11 4-OCHs

12 4-OCHs

13 4-
Pyridinecar
bonitrile

3-NO>

4-N(CHz3)2

1-
Napthaldehyde

Furan-2-
carbaldehyde

Thiophene-2-
carbaldehyde

4-H

4-H

4Cl1

NO
N-C 2
I
N
3e

No 1,2,4-oxadiazole, only imine
formation
N-O

SaRy

46

75

62

72

70

80

78

82
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14 4H CH;CHO N-O. 75
| p—CH,
N
3m
154 4-H Heptaldehyde NR -
16° CH;CN 4-H NR -

[a] In the first step, Benzonitrile (1 mmol), hydroxylamine hydrochloride (1.5 mmol), K»COs (1.5
mmol), and Ethanol-water (5§ mL) were stirred for 8 hr and in the 2nd step benzaldehyde (1
mmol) and GO (25 mg) were added in same reaction vessel and stirred for another 8 hr.

(®] [solated yield after purification through column chromatography.

(1 4-(dimethylamino)benzaldehyde (1 mmol) was used.

[l Heptaldehyde was used.

[l Acetonitrile (1 mmol) was used.

In the case of 4-N,N-(dimethylamino)benzaldehyde, the reaction was
stopped at amidoxime, no desired oxadiazole is obtained (Table 1.B.3, entry 6).
The present catalytic condition showed a wide tolerance to heterocyclic
aldehydes (Table 1.B.3, entries 8, 9) and they were found to be highly effective
to afford the corresponding product. The generality of the reaction was
examined in the case of aliphatic aldehydes also. Interestingly, acetaldehyde was
equally effective to yield the product with excellent quantity (Table 1.B.3, entry
14). However, no product was found with increasing the side chain of aliphatic
aldehydes (Table 1.B.3, entry 15). It was disappointing that acetonitrile did not
exert the corresponding product (Table 1.B.3, entry 16). Due to the
heterogeneous nature of GO, it can be easily isolated from the reaction mixture
and reused. The catalytic activity of GO was examined for five consecutive
cycles for the synthesis of 3,5-disubstituted 1,2,4-oxadiazole from benzaldehyde
and amidoxime under reflux conditions for 8h to ascertain the recyclability
potential of graphene oxide. The catalyst was separated after each recycles and
washed thoroughly with ethanol and reused. A marginal decrease in the yield of
oxadiazole is observed after each cycle which indicates a slight loss of catalytic

activity of GO with recycling (Figure [.B.2).
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Figure 1.B.2. Recyclability study of GO for the synthesis of 3,5-disubstituted

1,2,4-oxadiazole.

The catalytic activity arises some structural changes in GO which were analyzed
by FTIR, XRD, SEM, HR-TEM, and EDX analysis. The XRD spectra of fresh
GO and recycled catalyst (GO after 3rd run and 5th run) are shown in Figure
I.B.3.

Figurel.B.3. XRD spectra of fresh GO, after 3rd run and 5th run.

A comparison of spectra indicates the reduction in the intensity of the first

characteristic peak of GO (206 = 10.01) and the appearance of a new peak at (20
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= 24.62) due to the formation of partially reduced GO/ reduced graphene oxide
upon reuse. These results confirm the reduction of the functional groups of GO

during the reaction.

The comparison of the FTIR spectra revealed that the peak at 1720 cm™! in fresh
GO has completely disappeared after reuse. In addition to this, the peak intensity
of the hydroxyl group at 3400 cm™ decreases after reuse. FTIR data strongly
support the reduction of GO to rGO in this oxidative cyclization reaction (Figure

LB.4).

Figurel.B.4. Comparative FTIR of fresh GO, after 3rd run and 5th run.

Figurel.B.5. HR-TEM images of (a) GO and (b) GO after the 5th run.
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A morphological study of GO and GO after the 5th run was carried out using
SEM and HR-TEM to investigate the disintegration of graphene oxide sheets
after the reaction. In HR-TEM, the graphene oxide sheets are disintegrated into

smaller sheets with slight aggregation after recycle (Figure 1.B.5).

Moreover, the SEM images (Figure 1.B.6) also reveal the formation of multiple
small GO sheets after reuse. As GO catalyzes the reaction,its reduction to

reduced graphene oxide possibly leads to its disintegration into smaller sheets.

Figurel.B.6. SEM images of (a) GO and (b) GO after the 5th run.

Figurel.B.7. EDX spectra of (a) GO and (b) GO after the 5th run.
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The contribution of oxygen-containing functionalities during the reaction
was further confirmed by the EDX analysis (Figure 1.B.7). The carbon content
was increased from 52.65% (fresh GO) to 71.79% (GO after 5th run) and the
oxygen content was decreased from 47.35% (fresh GO) to 28.21% (GO after 5th
run). The decrease in the oxygen content, therefore, indicates the role of GO in
this cyclization reaction as an oxidizing agent. The universality and the dual
catalytic activity of GO were established by a plausible mechanism (Scheme

LB.11).
1.B.3.2. Mechanism

A plausible mechanism of GO catalyzed synthesis of 3,5-disubstituted
1,2,4-oxadiazole has been proposed (Scheme 1.B.11) based on literature reports
[28] and our controlled experiments (Table 1.B.2). Now, we propose the
formation of amidoxime intermediate (I) from benzonitrile and hydroxylamine
hydrochloride. However, in the first step, a base is required to neutralize
hydroxylamine hydrochloride. In the 2nd step, protonation of aldehyde, oxygen
occurs and subsequently, a nucleophilic attack by amidoxime occurs at the
electrophilic center of aldehyde. After that, the intermediate (II) undergoes an
oxidative cyclization in presence of GO to produce 1,2,4-oxadiazoles. This
mechanism is in good agreement with the control experiments as described in
table 1.B.2. However, in presence of only H>O> oxidant the yield of the reaction
was diminished (Table I.B.2, entry 13). The role of GO as an acid catalyst and
an oxidant was confirmed as its absence did not lead to the oxadiazole product
(Table 1.B.2, entry 1). The oxygen containing functional groups of GO are
consumed during the reaction and the activity of GO gradually decreases. The

activity of recycled GO is lower than that of the pristine GO. Good yield of the
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product was obtained even under an inert atmosphere which strongly establish

(Table I.B.2, entry 15), the prime role of GO in absence of atmospheric oxygen.

Arg NH,
Ar—C=N . N
4 Ar— (1
HO-N _OH
. HA/ N
: NH,OH Amidoxim
intermidiate
_OH
P
NH»

Scheme 1.B.11. 4 plausible route to the synthesis of 3,5-disubstituted 1,2,4-

oxadiazole.

52



Section B

1.B.4. Conclusion

In conclusion, carbocatalyst based metal-free catalytic pathway for the
synthesis of 3,5-disubstituted 1,2,4-oxadiazoles has been established. The solid
acid catalyst, GO facilitates the synthesis of oxadiazoles with good yield, easy
recovery, and under mild reaction conditions. The dual catalytic activity of GO
has been demonstrated without any undesired by-product under benign
conditions. The present protocol gives a clean strategy to provide a wide variety

of substituted oxadiazoles .
I.B.5. Experimental section
I.B.5.1. General experimental procedure

All the chemicals and reagents were purchased from Sigma—Aldrich,
Spectrochem, TCI and were used without further purification. The solvents were
purchased from commercial suppliers and were used after proper distillation.
The progress of the reaction was monitored by Merck TLC plates which are
coated with silica gel (60 F2s4) and UV light was used as visualizing agent. NMR
spectra of all the synthesized compounds were carried out in CDCl3/DMSO-ds
solvent and TMS was used as an internal standard. All the NMR spectroscopic
data are recorded in BrukerAvance FT-NMR operating for 1H at 300/400 MHz.
The 'H NMR data are represented by chemical shift § (ppm), multiplicity (s =
singlet, d= doublet, t = triplet, m = multiplet), integration, coupling constants
(Jvalues) in Hertz (Hz). The '3C NMR spectroscopic data are also reported in
ppm as '"H NMR spectra.

1.B.5.2. General procedure for the preparation of (GO) catalyst

There are several methods for the preparation of graphene oxide (GO).

Herein, Graphene oxide (GO) was synthesized by the Tours method using
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graphite powder as starting material [29]. At first, 9:1 volume ratio of (180 mL)
sulfuric acid (H2SO4) and (20 mL) phosphoric acid (H3POs) were taken in a 500
ml conical flask, and then 1.5 g of graphite powder was added to it under stirring
condition. The temperature of the whole mixture was kept below 10 °C using an
ice bath and 9g of potassium permanganate (KMnO4) was added very slowly
into it as the addition of KMnQO4 evolves heat. Then the reaction mixture was
stirred for 12 hrs and after that hydrogen peroxide (H202) was added drops wise
to eliminate excess KMnOs. After that, 30-40 mL hydrochloric acid (HCI)
(strength 30%) was added to this mixture followed by the addition of 200 mL of
deionized water. Then the mixture was centrifuged at 5000 rpm for 20 minutes.
After that, the supernatant liquid was decanted away and the residual was dried
at 90 °C rotary evaporator to get dry graphene oxide (GO) with pH (4.2 at 0.1
mg/mL).

I.B.5.3. General procedure for the synthesis of 3,5-disubstituted 1,2,4

oxadiazoles

50-mL of RB was charged with benzonitrile (1.5 mmol), hydroxylamine
hydrochloride (1.5 mmol), KoCO3 (1.5 mmol), and Ethanol-water (5 mL), and
then the reaction mixture was stirred at 80 °C for 8 hrs. After 8 hrs,
benzaldehyde (1 mmol) and 25 mg of GO were added to it and the reaction was
carried out for another 8 hrs. The progress of the reaction was governed by thin-
layer chromatography (TLC). After completion of the reaction, the solvent was
evaporated by a rotary evaporator. The reaction mixture was extracted by ethyl
acetate and the catalyst was separated by a simple filtration procedure. After
workup, ethyl acetate extract was concentrated in a water bath and further

purified by column chromatography using silica gel 60-120 mesh.
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I.B.5.4. 'H and 3C NMR data of various 3,5-disubstituted 1,2,4 oxadiazoles

N'-Hydroxybenzenecarboximidamide (Table 1.B.1, entry 7) [26]

White solid;
MP: 72-74 °C

'H NMR (300 MHz, CDCls) § (ppm) 5.07 (bs, 2H), 7.32-7.42 (m, 3H), 7.55-
7.59 (m, 2H), 8.79 (bs, 1H);

13C NMR (75 MHz, CDCls) § (ppm) 126.00, 128.67, 130.01, 132.38, 158.88 .

3,5-diphenyl-1,2,4-oxadiazole (Table 1.B.3, entry 1) [28]

White solid;
MP: 103-104 °C;
"H NMR (300 MHz, CDCI3)3 (ppm) 7.42-7.51 (m, 6H), 8.15-8.20 (m, 4H);

13C NMR (75 MHz, CDCls) & (ppm) 126.96, 127.52, 128.16, 128.84, 129.09,
131.17, 132.72, 133.90, 168.04, 173.96.

3-phenyl-5-(p-tolyl)-1,2,4-oxadiazole (Table 1.B.3, entry 2) [28]
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White solid;
MP: 110-112 °C;

'H NMR (300 MHz, CDCls) & (ppm) 3.89 (s, 3H), 7.06-7.20 (m, 2H). 7.49-7.54
(m, 3H), 7.80-7.90 (m, 4H);

13C NMR (75 MHz, CDCl3) & (ppm) 54.76, 126.98, 127.55, 128.19, 128.88,
129.13, 131.22, 132.77, 150.49, 168.76, 174.91.

5-(4-methoxyphenyl)-3-phenyl-1,2,4-oxadiazole (Table 1.B.3, entry 3) [28]

N-O

White solid;
MP: 100-101 °C;

'H NMR (300 MHz, CDCls) 8 ppm: 3.89 (s, 3H), 7.04 (d, 2H, J= 8.7Hz), 7.50-
7.52 (t, 3H), 8.15-8.18 (m, 4H);

3C NMR (75 MHz, CDCls) § (ppm) 55.07, 122.80, 126.71, 127.41, 128.09,
129.63, 130.62, 131.90, 133.93, 168.09, 174.91.

5-(4-fluorophenyl)-3-phenyl-1,2,4-oxadiazole (Table 1.B.3, entry 4) [28]

White solid;

MP: 118-119 °C;
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'H NMR (300 MHz, CDCls) & (ppm) 7.25 (d, 2H, J= 8.1 Hz), 7.52-7.57 (m, 3H),
8.21-8.47 (m, 4H);

13C NMR (75 MHz, CDCl3) & (ppm) 120.80, 126.21, 127.10, 127.98, 128.77,
130.58, 130.74, 133.80, 169.05, 175.57.

5-(3-nitrophenyl)-3-phenyl-1,2,4-oxadiazole (Table 1.B.3, entry 5) [29]

White solid;
MP: 140-142 °C;

'H NMR (300 MHz, CDCl3) & (ppm) 7.75-7.89 (m, 3H), 8.14-8.31 (m, 5H), 8.62
(s, 1H);

3C NMR (75 MHz, CDCls) & (ppm) 123.57, 126.25, 126.71, 127.41, 127.93,
129.34, 130.83, 131.93, 133.90, 149.04, 169.67, 173.91.

5-(naphthalen-1-yl)-3-phenyl-1,2,4-oxadiazole (Table 1.B.3, entry 7) [28]
N-O
A0
O
White solid;
MP: 99-101 °C;

'H NMR (400 MHz, CDCls) § (ppm) 7.63-7.73 (m, 5H), 8.02-8.14 (m, 5H), 8.60
(d, 1H, J= 8.4 Hz), 8.93 (d, 1H, J =8.4 Hz);
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13C NMR (100 MHz, CDCL3) & (ppm) 122.77, 126.77, 127.27, 127.53, 128.89,
129.15, 129.46, 129.53, 129.74, 130.89, 131.31, 131.79, 139.20, 169.06, 174.81.

5-(furan-2-yl)-3-phenyl-1,2,4-oxadiazole (Table 1.B.3, entry 8) [28]

Yellow solid;
MP: 100-101 °C;

'H NMR (300 MHz, CDCl3) & (ppm) 7.25-7.33 (t, 1H), 7.52-8.03 (m, 4H), 8.09
(d, 2H, J= 7.2 Hz), 8.18 (d, 2H, J = 6.9 Hz);

13C NMR (75 MHz, CDCls) & (ppm) 112.85, 116.69, 126.76, 127.91, 129.42,
131.68, 140.43, 147.05, 167.91, 168.99.

3-phenyl-5-(thiophen-2-yl)-1,2,4-oxadiazole (Table 1.B.3, entry 9) [28]

White solid;
MP: 107-108 °C;

'H NMR (400 MHz, CDCls) & (ppm) 7.23-7.29 (m, 1H), 7.54-7.68 (m, 4H), 7.98
(s, 1H), 8.17-8.24 (m, 2H);

13C NMR (100 MHz, CDCl3) & (ppm) 127.58, 128.17, 128.51, 129.11, 131.26,
131.74, 132.88, 168.85, 171.36.

5-phenyl-3-(p-tolyl)-1,2,4-o0xadiazole (Table 1.B.3, entry 10) [28]
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White solid;
MP: 100-102 °C;

'H NMR (300 MHz, CDCls) & (ppm) 2.43 (s, 3H), 7.53-7.61 (m, 3H), 8.00 (d,
2H, J= 6.9 Hz), 8.12 (d, 2H, J = 8.1 Hz), 8.59-8.78 (m, 2H);

13C NMR (75 MHz, CDCls) § (ppm) 21.61, 124.10, 127.95, 128.57, 128.92,
129.07, 129.39, 132.67, 141.50, 168.95, 174.10.

3-(4-methoxyphenyl)-5-phenyl-1,2,4-oxadiazole (Table 1.B.3, entry 11) [28]

White solid;
MP: 101-102 °C;

'H NMR (300 MHz, CDCl3)8 (ppm) 3.88 (s, 3H), 7.02 (d, 2H, J = 8.7 Hz), 7.52-
7.63 (m, 3H), 8.10-8.23 (m, 4H);

13C NMR (75 MHz, CDCls) & (ppm) 54.87, 113.759, 118.99, 123.97, 127.64,
128.54, 128.63, 132.09, 161.46, 168.18, 174.94.

5-(4-chlorophenyl)-3-(p-tolyl)-1,2,4-oxadiazole (Table 1.B.3, entry 12) [28]
N-O

I
H5;C
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White solid;
MP: 132-134 °C;

'H NMR (300 MHz, CDCls) & (ppm) 2.43 (s, 3H), 7.31 (d, 2H, J = 7.8 Hz),
7.51-7.54 (t, 2H), 8.04 (d, 2H, J = 8.1 Hz), 8.15 (d, 2H, J = 8.7 Hz);

13C NMR (75 MHz, CDCls) & (ppm) 21.124, 122.329, 123.418, 126.418,
126.943, 128.945, 129.002, 129.105, 138.612, 141.162, 168.552, 174.135.

5-phenyl-3-(pyridin-4-yl)-1,2,4-oxadiazole (Table I.B.3, entry 13) [28]

White solid;
MP: 145-146 °C;

'H NMR (300 MHz, CDCl3) & (ppm) 7.47-7.64 (m, 3H), 8.07-8.08 (t, 1H), 8.13-
8.20 (m, 2H). 8.21-8.85 (m, 3H);

13C NMR (75 MHz, CDCls) § (ppm) 121.044, 123.294, 127.744, 129.460,
132.399, 134.321, 149.758, 166.834, 176.054.

5-methyl-3-phenyl-1,2,4-o0xadiazole (Table 1.B.3, entry 14) [28,30]

N-O
I />~CH3
(j/ SN

Colourless liquid;

BP>200 °C;
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"H NMR (300 MHz, CDC13)$ (ppm) 2.57 (s, 3H), 7.36-7.38 (m, 3H), 7.95-7.98
(m, 2H);

13C NMR (300 MHz, CDCls) & (ppm) 12.36, 126.82, 127.33, 128.84, 131.11,
168.35, 177.28; LCMS (ESI-APCI) CoHsN,O for: 161[M+H]", Anal. Calcd for
CoHsN,0: C= 67.39, H= 5.09, N= 17.49.
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I.B.5.5. Scanned copies of 'TH and 3C NMR spectra of synthesized

compounds

Figure 1.B.8. Scanned copy of 'H and 3C NMR spectra of N-

Hydroxybenzenecarboximidamide

— 0N

(13 1e .
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Figure 1.B.9. Scanned copy of 'H and >C NMR spectra of 3,5-diphenyl-1,2,4-

oxadiazole
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Figure 1.B.10. Scanned copy of 'H and >C NMR spectra of 3-phenyl-5-(p-
tolyl)-1,2,4-oxadiazole
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Figure |.B.11. Scanned copy of 'H and C NMR spectra of  5-(4-
methoxyphenyl)-3-phenyl-1,2,4-oxadiazole
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Figure|.B.12. Scanned copy of 'H and >*C NMR spectra of 5-(4-fluorophenyl)-
3-phenyl-1,2,4-oxadiazole
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Figure 1.B.13. Scanned copy of 'H and '*C NMR spectra of 5-(3-nitrophenyl)-
3-phenyl-1,2,4-oxadiazole
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Figure |.B.14. Scanned copy of 'H and >C NMR spectra of 5-(naphthalen-1-

vl)-3-phenyl-1,2,4-oxadiazole
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Figure |.B.15. Scanned copy of 'H and 3C NMR spectra of 5-(furan-2-yl)-3-
phenyl-1,2,4-oxadiazole
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Figure 1.B.16. Scanned copy of 'H and C NMR spectra of 3-phenyl-5-
(thiophen-2-yl)-1,2,4-oxadiazole

70



Section B

Figure |.B.17. Scanned copy of 'H and >*C NMR spectra of 5-phenyl-3-(p-
tolyl)-1,2,4-oxadiazole
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Figure 1.B.18. Scanned copy of 'H and '*C NMR spectra of  3-(4-
methoxyphenyl)-5-phenyl-1,2,4-oxadiazole
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Figure 1.B.19. Scanned copy of 'H and 3C NMR spectra of 5-phenyl-3-
(pyridin-4-yl)-1,2,4-oxadiazole
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Figure 1.B.20. Scanned copy of 'H and C NMR spectra of 5-phenyl-3-

(pyridin-4-yl)-1,2,4-oxadiazole
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1.B.6. References

References are given in Bibliography under Chapter I, Section B
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Chapter I
Section C

Graphene oxide (GO): a metal-free catalyst
for one-pot three-component synthesis of
triarylpyridines
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I.C.1. Introduction

Pyridine ring systems are of great interest because of the occurrence of
their derivatives in natural products and biologically active compounds such as
pyridoxal (vitamin Bg), NAD nucleotides, and pyridine alkaloids [1]. These
compounds have a unique position in synthetic organic chemistry because of
their wide range of activities in pharmaceuticals such as antimalarial,
anesthetics, vasodilators, anticonvulsants, antiepileptics, and agrochemicals such
as pesticides and herbicides [2-4]. In addition, pyridines have received a growing
interest as monomeric building blocks in thin films and organometallic polymers
[5]. Among the pyridine derivatives, 2,4,6-triarylpyridines are frequently used as
a synthon in supramolecular chemistry owing to their m-stacking ability along

with directional hydrogen-bonding capacity [6].
I.C.2. Background and objectives

During the last two decades, multicomponent reactions (MCRs) have
been widely used as an attractive strategy in organic synthesis due to their
efficiency to generate heterocyclic compounds in a single synthetic step [7]. In
MCRs, complex organic molecules are formed after a cascade of bond-forming
individual steps without the isolation of intermediates using three or more
reactants. MCRs are an environmentally friendly process that reduces the
number of synthetic steps, waste production, and energy consumption. Thus, the
improvement of known MCRs and the discovery of new MCRs are of significant
interest. In view of the different chemical and biological applications of
substituted pyridines, the evolution of suitable synthetic pathways for their
preparation has been a great topic of interest. The general method for 2,4,6-
triarylpyridine (Krlhnke pyridine) synthesis involves the reaction between a,f3-

unsaturated ketones, and N-phenacylpyridinium salts using ammonium acetate
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[8]. In recent years, many efforts have been given to develop 2.4,6-
triarylpyridines using benzaldehydes, acetophenones, and ammonium acetate in
presence of different acid catalysts such as pentafluorophenylammonium triflate
[9], heteropolyacid [10], HC1O4—SiO> [11], Brensted-acidic ionic liquid [12],
and nano-metal catalyst [13, 14]. Synthesis of 2,4,6-triarylpyridines using

various synthons is given below.

Krhnke et al. synthesized 2,4,6-triphenylpyridines using N-
phenacylpyridinium bromide and benzalacetophenone in a mixture of glacial
acetic acid and ammonium acetate (Scheme 1.C.1) in one step in about 90 %
yield [8]. This mixture promotes Michael's addition and does not cause any acid
cleavage of the adduct formed using phenacylpyridinium bromide and

unsaturated ketone.

Ph
Py® ph Acetic acid/ NH,OAc
4 ®
“CH, LN _ |\ + PyH + 2H,0
—
Ph” O 92 % Ph™ N7 “Ph
o) Ph

Scheme|.C.1. Krlhnke pyridine synthesis.

Adib et al. focused their study to introduce a new facile and efficient
method for pyridine synthesis. Therefore, a certain range of symmetrical 2,4,6-
triarylpyridines was synthesized using 1,3-diaryl-2-propen-1-ones with NH4OAc
[15] in presence of a catalytic amount of AcOH at 100 °C under solvent-free
condition for 4 h with 93-98 % yield (Scheme 1.C.2). Here, the formation of the
pyridine ring system involves the formation of three bonds from [3+2+1] atom
fragments. The structures of the isolated products were analyzed with element

analysis and spectral data (mass, IR, 'H, and '*C NMR).
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Ar'
(0]

NH4OAc, AcOH (cat,) X
o~ |
Ar A 7
N

.
100 °C, solvent-free, 4h Ar

Ar

Ar= CgHs, p-CH3CgHs, p-OCH3CgHs, 2,4-CloCqHs Yield 93-98 %

Ar'= CgHs, p-CH3CgHs, 0-CH3CgHs, p-OCH3CgHs

p-N(CH3),CgHs, p-CICgHs, 0-CH3CgHs, 4-NO,CgHs

pyridyl, furyl, thienyl

Scheme | .C.2. The synthesis of triarylpyridine from 1,3-diaryl-2-propen-1-ones.
Nagarapu et al. reported the synthesis of 2,4,6-triarylpyridines by a one-

pot reaction of substituted acetophenones, aldehydes, and NH4OAc at 120 °C

temperature using HC1O4—Si0O2 as a powerful heterogeneous catalyst (Scheme

I.C.3) [11]. This solid-supported perchloric acid (HClO4Si0,) offers excellent

yield, shorter reaction time (4-8 h), simple reaction procedure and the catalyst

showed remarkable reusability. The effect of the nature of substituents present

on the aromatic ring of the aldehyde and acetophenone showed no obvious effect

on the yield of the reaction.

Ar1

HCIO4.SiO5 (0.05 mmol) X

AryCHO + Arp,COCHjs - P
NH4OAc, heat, solvent-free Ary N Ary

4-6 h

Ary= CgHs, p-CICgH4, p-BrCgHa, Yield 68-88 %

p-CH3C6H4, p-OHCGH4

Ar2= p-C|C6H4, 2,4-C|2C|C6H4, p-BrCBH4, p-OHC6H4

p-OCH3CgHy4, p-N(CH3),CgHy, furyl, napthyl

Scheme | .C.3. Synthesis of 2,4,6-triarylpyridines using HC104-SiO».
Pentafluorophenylammonium triflate (PFPAT) was found to be a novel

organocatalyst in organic transformations such as Mukaiyama aldol and

Mannich reactions [16], esterification of carboxylic acids with alcohols [17],
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synthesis of coumarins via von pechmann condensation [18]. Montazeri et al.
developed a one-pot three-component synthesis of 2,4,6-triarylpyridines using
aryl aldehydes, acetophenone, and ammonium acetate at 120 °C temperature
under neat reaction conditions (Scheme 1.C.4). The presence of electron-
withdrawing groups at aromatic aldehyde favored the product formation;
however, the electron-donating group containing aldehydes lowered the yield of
the reaction. Moreover, reactions with substituted acetophenones proceeded very

well and no undesirable side product was observed.

Ionic liquids (ILs) are generally salt-type compounds that exist as a
liquid at room temperature (rt) and have a very low vapor pressure. Due to the
lack of evaporation, they are considered promising green solvents for replacing
harmful conventional solvents. Davoodnia ef al. described the synthesis of 2,4,6-
triarylpyridines in presence of a Brensted acidic ionic liquid, 3-methyl-1-(4-
sulfonylbutyl)imidazolium hydrogen sulfate [HO3S(CH2)sMIM][HSO4], as an
effective and reusable catalyst (Scheme 1.C.5) [12]. The catalyst was recycled

upto three times with a slight reduction in its catalytic activity.

R'

o O §

©)J\CH3 y PFPAT, 25 mol % | N

" + NH4O0Ac _
o G
R

solvent-free, 120 °C, 2-3 h O
R
R= H, 4-Br, 4-Me, 4-NO,, 4-OMe

R'= H, 4-NO,, 4-Me, 2-Me, 4-OH, Yield 86-94 %
4-OMe, 4-Cl, 2-Cl

Scheme|.C.4. (PFPAT) catalyzed pyridine synthesis.
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Ar'
(0] ) HO3S(CH,)4,MIM][HSO
)J\ . )J\ + NH;OAC [HO3S(CH2)sMIMI[HSO,] | S
Ar Ar” H solvent-free, (1:30-3:40) h, 120 °C 5 %
Ar= CgHs, 4-BrCgH, Yield 82-93 %
Ar'= CGH5, 4-C|C6H4, 4-MeCGH4, 4-N0206H4
4-OHCGH4, 4-MeOCBH4, 4-MeC5H4
Me\N/\N/\/\/SO3H
\@®/ ©
HSO,

[HO3S(CH3)4MIM][HSO4]

Scheme |.C.5. lonic liquid catalyzed synthesis of triarylpyridines.

The nanosized spinel particles have found much application as catalyst
support [19], humidity sensors [20], ceramic pigments [21] because of their good
physical and chemical properties [22]. Magnesium aluminate (MgAl>Os) is one
of the widely used and best-known spinel materials. Safari et al. designed
nanocrystalline MgAl>O4 as a powerful heterogeneous catalyst for the synthesis
of 2,4,6-triarylpyridines under microwave irradiation (Scheme 1.C.6) [14]. The
catalyst can be recycled upto 5 successive runs without a significant decrease in

its catalytic activity.

Nano MgAl,O4 (5 mol%)
+ NH4OAc

MW irradiation, 15 min, solvent-free

R=H, 4-Cl, 3-OMe, 2-F, 5-Me-furan, 4-Me
4-OMe, 4-N(Me),,
R'=H, 4-Cl

Scheme |.C.6. Synthesis of triarylpyridine catalyzed by magnesium aluminate.

Yield 81-95 %

Tabrizian et al. reported a highly efficient, eco-friendly, and recyclable

heterogeneous catalyst nano titania-supported sulfonic acid (n-TSA) for the one-
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pot solvent-free synthesis of 2,4,6-triarylpyridines through the reaction of
acetophenones, aryl aldehydes, and ammonium acetate at 110 °C temperature
(Scheme 1.C.7) [23]. Aromatic aldehydes with electron-donating and electron-
withdrawing substituents reacted successfully and afforded the product in good
yield. The simple work-up process without tedious column chromatographic
purification, operational simplicity, short reaction time, and solvent-free

condition are the main advantages of the reported protocol.

Ry

0 »

CHO
/©)\ CHs @ n-TSA (0.009 g) N
+ + NH40Ac |
R; Solvent-free N/
R3 110 °C, 80-150 min O O
Ri Ri

R4= H, Br, CI, NO,
R,= 4-H, 4-Cl, 4-Br, 4-CHs, 4-OCHs,
4-N(CHs),, 4-NO,

Yield 82-96 %

Scheme 1.C.7. Nano titania-supported sulfonic acid as efficient catalyst for the
synthesis of triarylpyridines.

Maleki et al. synthesized nanomagnetic catalyst
Fe;04\Si02\propyltriethoxysilane\L-proline (LPSF) (Scheme 1.C.8) and applied
for the one-pot synthesis of 2,4,6-triarylpyridines under solvent-free mild
reaction condition (Scheme I[.C.9) [13]. Recently, magnetic nanoparticles
(MNPs) have been considered as a new type of catalytic support for
organocatalysts owing to their price, good stability, high dispersion, easy
synthesis and functionalization method, high surface area, and easy separation
with the help of an external magnetic field [24-27]. The structure of the prepared
nanoparticles was characterized by FT-IR, FE-SEM, TGA, EDX analysis.
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o
pcc H O
N DMF
o N
OH 0o

HO OH/OH .
~, APTES
N M
.
HO oH Toluene
OH
Fe;0,@Si0,

Scheme |.C.8. Preparation of LPSF magnetic nanocatalyst.

R,

0CHa oM
LPSF (0.01 g) X
. + NH,OAc > | P
Solvent-free, 60 °C, 60 min N
Ry R,

R R
Yield 79-94 %

Rq=H, 4-Cl, 4-Me
R,=H, 4-Cl, 4-NO,, 4-Me, 4-OMe, furan-2-carbaldehyde

Scheme 1.C.9. LPSF nanocatalyst used for the synthesis of triarylpyridine.
I.C.3. Present work

Nevertheless, most of the traditional synthetic method requires harsh
reaction condition, prolonged heating, and use of toxic transition metal catalyst
as well as only a few protocols have shown greener context and high atom
economy. Recently, GO has been emerged as an efficient carbocatalyst for
various organic transformations. Our present study (Scheme 1.C.10) explores the
role of GO as an acid catalyst using the surface-bound oxygen-containing
functional groups. The versatility and sustainability of GO as a catalyst leads us

to employ GO as a metal-free catalyst for the synthesis of 2,4,6-triarylpyridines
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to overcome the drawbacks of the reported protocols and reduce environmental

hazards
COCH3 CHO
GO catalyst
+ + NH4OAc
Solvent-free
R4 Ro 100 °C
R4= 4-H, 4-Me,4-Br Yield 78-93 %

R,= 4-H, 4-Me, 4-Cl, 4-NO,, 4-OMe,
Furan-2-carbaldehyde, 4-Cl

Scheme 1.C.10. Graphene oxide (GO) catalyzed one-pot synthesis of
triarylpyridines.

1.C.3.1. Result and disscussion

In connection to our previous work, the catalytic activity of synthesized
GO was investigated in the case of 2,4,6-triarylpyridine synthesis. To find out
the optimized condition of the reaction, acetophenone (2 mmol), benzaldehyde
(1 mmol), and ammonium acetate (2 mmol) were selected as model substrates
and the results were summarized in Table I.C.1. As can be seen from Table I.C.1
that neither polar nor non-polar solvents were found suitable for the reaction.
The best result was obtained under neat or solvent-free conditions (Table 1.C.1,
entryll). The effect of temperature and the amount of catalyst was also
examined to find out the optimized condition. Studies reveal that the yield
increases with increasing temperature. Room-temperature reaction afforded only
20% of the product which strongly indicates the vital role of temperature in
governing the reaction (Table I.C.1, entry 16). However, after 120 °C the yield

decreases with a further increase in temperature (Table I.C.1, entry 10). To

85



Chapter I

ascertain the catalytic function of GO, the reaction was performed in absence of
catalyst and only a trace amount of product was obtained. The amount of the
catalyst was also altered and optimum condition offered a neat reaction with 30
mg of GO at 100 °C temperature (Table I.C.1, entry 11). Ammonia sources other
than ammonium acetate produced the corresponding product with a low yield

(Table I.C.1, entries 14-15).

Table I.C.1. Optimization of reaction condition for the reaction of 2,4,6-

triarylpyridine®

Entry Temp Solvent Catalyst (mg) Ammonia Yield (%)°
°O) source

1 100 H>O 15 NHsOAc 65

2 80 Ethanol 15 NH4+OAc 55

3 100 DMF 15 NH;OAc 53

4 100 DMSO 15 NHsOAc 45

5 100 Toluene 15 NH;OAc 50

6 80 CH;CN 15 NH4OAc 30

7 100 Ethylene glycol 15 NH4OAc 60

8 100 Neat 15 NH;OAc 83

9 120 Neat 30 NHsOAc 90

10 150 Neat 30 NHsOAc 86

11 100 Neat 30 NH4OAc¢ 92

12 80 Neat 30 NHsOAc 80

13 100 Neat - NH4OAc Trace

14 100 Neat 30 (NH4)2COs 48

15 100 Neat 30 (NH4)2SO4 Trace

16 rt Neat 30 NH4OAc <20¢

[{IReaction condition: Acetophenone (2 mmol), benzaldehyde (1 mmol), ammonium acetate (2
mmol), reaction time: 2h.

blfsolated yields.

[FIRoom temperature reaction.

To explore the catalytic activity of GO, a wide variety of aromatic
aldehydes and substituted acetophenones were subjected to synthesize 2,4,6-
triarylpyridines. Based on the above-optimized results, GO catalyzed reaction

was carried out at 100 °C temperature under solvent-free condition and the
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results are summarized in Table I.C.2. First, the compatibility of the substituents
in the phenyl ring of acetophenone and benzaldehyde was examined. All the
electron-donating and electron-withdrawing substituents on the aromatic ring are
equally capable of producing the corresponding product with a good yield.
However, aldehydes with electron-withdrawing groups (Table 1.C.2, entries 3-4,
8-9) exerted excellent yield and reacted faster than the aromatic aldehydes with
electron-donating groups (Table 1.C.2, entries 2, 5, 7). In the case of heterocyclic
aldehydes, the reaction has smoothly proceeded as can be seen from Table I.C.2,
entry 6.

Table I.C.2. Synthesis of 2,4,6-triarylpyridine derivatives in presence of GO?

COCH; CHO

GO (30 mg)
+ + NH,OAc
Solvent-free
Ry Rz 100 °C
Entry Ry R» Product Time  Yield
(h) (%)°
1 4-H 4-H O 2h 92
‘ X
N/
o0
2 4-H 4-Me Me 2h 86
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3

5

4-H

4-H

4-H

4-H

4-Cl

4-NO,

4-OMe

Furan-2-

carbaldehyde

Cl

N/

=z

[=2]
=z
OO

N

L) rge 50

88

1h

lh

2h

2h

2h

1h

93

88

83

78

87
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9 4-Br 4-Cl % 1h 94

X
P
SRA®
Br 6i Br

[2IReaction condition: Acetophenone (2 mmol), benzaldehyde (1 mmol), ammonium acetate (2

mmol) and GO (30 mg).
[®lsolated yields after purification through column chromatography on silica gel.

1.C.3.2. Mechanism

The probable mechanism for the synthesis of 2,4,6-triarypyridines using
GO is described in Scheme I.C.11. At the very first step, aldol condensation
occurs between acetophenone and aromatic aldehyde. Acetophenone is activated
by the acidic group of GO and the nucleophilic attack occurs at the carbonyl
carbon of aromatic aldehyde. After that, an acetophenone molecule is reacted
with an ammonia source to form enamine (II). In the third stage, Michael's
addition between enamine (II) and the aldol condensation product (I) occurs. GO
protonates the condensation product (I), thereby facilitating the Michael addition
by enamine (II). The intermediate (III) is formed by Michael's addition and
undergoes cyclization to form dihydropyridine (V). At the last step, oxidation to
dihydropyridine occurs and gives the ultimate product 2,4,6-triarylpyridine (VI).
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Scheme [.C.11. 4 possible route of GO catalyzed synthesis of 2,4,6-
triarylpyridine.

The main advantage of heterogeneous catalysts is their reusability in
organic transformation. For this purpose, acetophenone, benzaldehyde, and

ammonium acetate were taken in a reaction vial in presence of 120 mg of GO.
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The model reaction was carried out for an adequate time and after completion of
the reaction, ethyl acetate (30 mL) was added into the reaction vial and
centrifuged for four times. The supernatant liquid after centrifugation was
decanted off and the residual catalyst was washed repeatedly with water and
acetone. The dry GO was then collected and reused for the 2nd run. It was
observed that GO could easily retain its acidic property without significant loss
in its catalytic activity even after 5 successive runs (Figure 1.C.1). Although
there may be loss of some oxygenated groups due to subsequent runs, the

recovered catalyst shows almost equal efficiency with the fresh GO.

100 92 90 90
85
78
80
s 60
]
o
> 40
20
O T T T T T 1
1st 2nd 3rd 4th 5th
Number of runs

Figure |.C.1. Recyclability experiment of catalyst GO for the synthesis of 2,4,6-
triarylpyridines.

1.C.4. Conclusion

In conclusion, GO has been proved to be efficient carbocatalyst for the
synthesis of 2,4,6-triarylpyridines. Replacement of metal-free and toxic catalysts

by inexpensive carbocatalyst is the main advantage of this protocol. The solid
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acid catalyst, GO exerts the the desired triarylpyridines with good yield under
neat reaction. Easy recovery and reusability of the catalyst provides a clean

strategy to form a wide variety of trisubstituted pyridines.
I.C.5. Experimental section
I.C.5.1. General experimental procedure

All the chemicals and reagents were purchased from Sigma—Aldrich,
Spectrochem, TCI and were used without further purification. The solvents were
purchased from commercial suppliers and were used after proper distillation.The
progress of the reaction was monitored by Merck TLC plates which are coated
with silica gel (60 F2s4) and UV light was used as visualizing agent. NMR
spectra of all the synthesized compounds were carried out in CDCI;/DMSO-ds
solvent and TMS was used as an internal standard. All the NMR spectroscopic
data are recorded in BrukerAvance FT-NMR operating for 'H at 300/400 MHz.
The '"H NMR data are represented by chemical shift § (ppm), multiplicity (s =
singlet, d= doublet, t = triplet, m = multiplet), integration, coupling constants (J
values) in Hertz (Hz). The '3C NMR spectroscopic data are also reported in ppm
as '"H NMR spectra.

I.C.5.2. General procedure for the preparation of (GO) catalyst

There are several methods for the preparation of graphene oxide (GO).
Herein, Graphene oxide (GO) was synthesized by the Tours method using
graphite powder as starting material. At first, 9:1 volume ratio of (180 mL)
sulfuric acid (H2SO4) and (20 mL) phosphoric acid (H;PO4) were taken in a 500
ml conical flask, and then 1.5 g of graphite powder was added to it under stirring
condition. The temperature of the whole mixture was kept below 10 °C using an

ice bath and 9g of potassium permanganate (KMnO4) was added very slowly
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into it as the addition of KMnQO4 evolves heat. Then the reaction mixture was
stirred for 12 hrs and after that hydrogen peroxide (H20>) was added drops wise
to eliminate excess KMnQs. After that, 30-40 mL hydrochloric acid (HCI)
(strength 30%) was added to this mixture followed by the addition of 200 mL of
deionized water. Then the mixture was centrifuged at 5000 rpm for 20 minutes.
After that, the supernatant liquid was decanted away and the residual was dried
at 90 °C rotary evaporator to get dry graphene oxide (GO) with pH (4.2 at 0.1
mg/mL).

I.C.5.3. General procedure for the synthesis of 2,4,6-triarylpyridines

A mixture of acetophenone (I mmol), aromatic aldehyde (1 mmol),
ammonium acetate (1.5 mmol), and 30 mg of GO was stirred for 2h at 100 °C
temperature. The reaction was monitored by TLC and after completion of the
reaction; the reaction mixture was extracted with ethyl acetate. The catalyst was
recovered by centrifugation and washed with acetone and water and then dried.
The ethyl acetate extractswere further purified by column chromatography using

silica gel of 60-120 mesh and the desired product is obtained.
I.C.5.4. 'H and 3C NMR of various synthesized compounds

2,4,6-triphenylpyridine (Table 1.C.2, entry 1) [26]

=
AR

White solid;

MP 132-133 °C;
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'H NMR (300 MHz, CDCls) & (ppm) 7.42-7.48 (m, 9H), 7.77 (d, 2H, J = 7.2
Hz), 8.14 (s, 2H), 8.28 (d, 4H, J =7.8Hz);

13C NMR (75 MHz, CDCl3) § (ppm) 117.16, 127.20, 127.23, 128.08, 128.76,
129.02, 129.10, 129.16, 139.11, 139.65, 150.23, 157.55.

2,6-diphenyl-4-(p-tolyl)pyridine (Table 1.C.2, entry 2) [27]

Me

—
¢
Light yellow solid;

MP 118-119 °C;

'H NMR (300 MHz, CDCls) & (ppm) 2.49 (s, 3H), 7.45-7.56 (m, 8H), 7.90 (d,
2H, J=7.2Hz), 8.11 (s, 2H), 8.23 (d, 4H, J = 7.8Hz);

13C NMR (75 MHz, CDCl3) § (ppm) 21.01, 116.36, 126.65, 127.98, 128.08,
128.47,129.21, 137.92, 139.22, 140.56, 150.42, 157.37.

4-(4-chlorophenyl)-2,6-diphenylpyridine (Table 1.C.2, entry 3) [26]
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Cl

~
ORA®
White solid;

MP 121-123 °C;

'"H NMR (300 MHz, CDCI®) § (ppm) 7.39-7.48 (m, 8H), 7.80 (d, 2H, J = 7.2
Hz), 8.13 (s, 2H), 8.30 (d, 4H, J = 7.8Hz);

13C NMR (75 MHz, CDCl3) & (ppm) 116.59, 127.15, 128.07, 128.41, 128.67,
129.04, 129.42, 138.91, 139.77, 148.77, 157.45.

4-(4-nitrophenyl)-2,6-diphenylpyridine (Table 1.C.2, entry 4) [26]

NO,

~
SRA®
Off white solid;

MP 192-193 °C;

'H NMR (300 MHz, CDCl3)8 (ppm) 7.46-7.56 (m, 8H), 7.89 (d, 2H, J =8.1Hz),
8.21 (s, 2H), 8.40 (d, 4H, J = 7.8Hz);
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13C NMR (75 MHz, CDCls) & (ppm) 116.42, 123.85, 126.64, 127.67, 128.31,
128.93, 133.11, 133.65, 143.53, 147.37, 157.52.

4-(4-methoxyphenyl)-2,6-diphenylpyridine (Table 1.C.2, entry 5) [26]

OMe

—
T

White solid;

MP 100-102 °C;

'H NMR (300 MHz, CDCls) & (ppm) 3.74 (s, 3H), 7.10 (d, 2H, J = 7.8 Hz),
7.29-7.51 (m, 8H), 7.72 (s,2H), 7.92 (d, 4H, J = 6.9 Hz);

13C NMR (75 MHz, CDCls) & (ppm) 54.90, 119.35, 127.16, 127.92, 128.06,
129.73, 132.04, 138.05, 140.37, 144.18, 151.72, 161.22.

4-(furan-2-yl)-2,6-diphenylpyridine (Table 1.C.2, entry 6) [26]

Light brown solid;

MP 112-13 °C;
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'H NMR (300 MHz, CDCls) & (ppm) 6.56 (d, 1H, J =1.5Hz), 6.96 (d, 1H, J =
3Hz), 7.44-7.58 (m, 7H), 7.92 (s, 2H), 8.19 (d, 4H, J = 8.1 Hz);

3C NMR (75 MHz, CDCls) § (ppm) 107.96, 111.61, 112.51, 126.58, 128.18,
128.59, 138.57, 138.99, 143.12, 151.51, 157.03.

4-phenyl-2,6-di-p-tolylpyridine (Table 1.C.2, entry 7)

~
OAA®
Me Me

White solid;
MP 152-154 °C;

'H NMR (300 MHz, CDCls) & (ppm) 2.37 (s, 6H), 7.21 (d, 4H, J =7.2Hz), 7.38-
7.43 (m, 3H), 7.61-7.72 (m, 2H), 7.74 (s, 2H), 7.9 (d, 4H, J =8.1Hz);

3C NMR (75 MHz, CDCls) § (ppm) 21.40, 116.56, 127.05, 127.23, 128.54,
128.92, 129.12, 136.94, 139.00, 139.30, 150.04, 157.43.

2,6-bis(4-bromophenyl)-4-phenylpyridine (Table 1.C.2, entry 8) [27]

~
YO
Br Br

White solid;
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MP 105-106 °C;

'H NMR (300 MHz, CDC13)§ (ppm) 7.09-7.36 (m, 5H), 7.49 (s, 2H), 7.76 (d,
4H, J= 7.8 Hz), 8.10 (d, 4H, J =8.1 Hz);

3C NMR (75 MHz, CDCl3) § (ppm) 116.46, 123.05, 127.05, 128.40, 128.94,
129.49, 132.94, 135.19, 139.60, 149.07, 154.16.

2,6-bis(4-bromophenyl)-4-(4-chlorophenyl)pyridine (Table I.C.2, entry 9)
[28]

Cl

X

~
SRS
Br Br

White solid;
MP> 250 °C;

'H NMR (300 MHz, CDCl3) § (ppm) 7.02-7.06 (m, 4H), 7.34 (d, 2H. J = 7.2
Hz), 7.73 (d, 2H, J = 7.5 Hz), 7.87 (s, 2H), 8.13 (d, 4H, J = 8.4 Hz);

13C NMR (75 MHz, CDCls) & (ppm) 116.32, 122.89, 128.68, 128.87, 129.10,
130.59, 137.58, 138.07, 149.38, 156.62.
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I.C.5.5. Scanned copies of 'H and '3C NMR spectra of synthesized
compounds

Figure 1.C.2. Scanned copy of 'H and >C NMR spectra of 2,4,6-
triphenylpyridine
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Figure I.C.3. Scanned copy of 'H and >*C NMR spectra of 2,6-diphenyl-4-(p-
tolyl)pyridine
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Section C

Figure |.C.4. Scanned copy of 'H and '>C NMR spectra of 4-(4-chlorophenyl)-
2,6-diphenylpyridine
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Chapter I

Figure |.C.5. Scanned copy of 'H and 3C NMR spectra of 4-(4-nitrophenyl)-
2,6-diphenylpyridine
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Section C

Figure|.C.6. Scanned copy of 'H and '3C NMR spectra of 4-(4-methoxyphenyl)-
2,6-diphenylpyridine
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Figure |.C.7. Scanned copy of 'H and >*C NMR spectra of 4-(furan-2-yl)-2,6-

diphenylpyridine
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Section C

Figure |1.C.8. Scanned copy of 'H and ">*C NMR spectra of 4-phenyl-2,6-di-p-

tolylpyridine
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Figure 1.C.9. Scanned copy of 'H and ’C NMR spectra of 2,6-bis(4-
bromophenyl)-4-phenylpyridine
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Figure 1.C.10. Scanned copy of 'H and
bromophenyl)-4-(4-chlorophenyl)pyridine

BC NMR spectra of 2,6-bis(4-
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I.C.6. References

References are given in Bibliography under Chapter I, Section C
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Chapter 11
Section A

Heterogeneous Pd composite catalyzed
Suzuki and Heck coupling reaction in

water
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Chapter I1

II.A.1. Introduction

Carbon-carbon bond formation reaction is the essence of the synthesis in
organic chemistry. Kolbe’s fundamental laboratory-based C-C bond formation
in 1845 for his well-known acetic acid synthesis played an important role in
shaping chemical synthesis [1]. The enzymatic processes must take place in an
aqueous environment in nature, but water has been avoided as a reaction
medium in common organic synthesis. Since the historic study of Breslow for
Diels-Alder reactions [2], the recognition of water as a solvent in C-C coupling
reactions has been increased and proved to be advantageous over organic
solvents [3]. Generally, protection and deprotection processes under aqueous
solvent in organic synthesis can be simplified and there has already been great
advance to understand the organic reaction in water at high temperatures and its
broad scopes are varying from the source of life to energy and fuels to chemical
synthesis [4]. In the 20th century, carbon-carbon bond formation reactions have
shown a new paradigm that has amplified the effectiveness of organic chemists
appreciably in synthesizing complex molecular frameworks, which has
substituted our thinking completely about organic synthesis. Based on transition
metal catalysis, the C-C bond formation reactions joining functionalized and
sensitive substrates are fundamental for organic molecule synthesis and provide
new opportunities in medicinal as well as nanotechnology. In organic chemistry,
the C-C coupling reaction is a general term for a wide variety of organic
reactions where, in the presence of metal catalysts, two fragments are combined
together. Generally, two types of coupling reactions have been identified. Homo-
coupling reaction occurs when two identical chemical species are joined together
to afford a single product and Hetero-coupling reaction (also known as cross-

coupling) occurs when two dissimilar chemical species are combined to form a
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single product. Among the homo-coupling reactions, the Wurtz reaction [5], the
Pinacol coupling reaction [6], Glaser coupling [7], and the Ullmann reaction [§]
are important. On the other hand, the C-C cross-coupling reaction includes
Cadiot-Chodkiewicz coupling [9], Castro-Stephens coupling [10], Corey-House
synthesis [11], Kumada coupling [12], Heck reaction [13], Sonogashira coupling
[14], Negishi coupling [15], Stille cross-coupling [16], Suzuki reaction [17],
Murahashi coupling [18], Hiyama coupling [19], Fukuyama coupling [20], and
Liebeskind-Srogl coupling [21]. Over the past 30 years, the development of C-C
cross-coupling reactions catalyzed by transition metals has profoundly
revolutionized the protocols for the synthesis of natural products, organic
materials, and polymers, building blocks for supramolecular chemistry, and
medicinal chemistry from simpler moieties. In 2010 E. Negishi, R. Heck, and A.
Suzuki were awarded the Nobel Prize in chemistry for developing direct bond
formation between carbon atoms (palladium-catalyzed C-C cross-coupling
reaction). However, the growth of highly active catalysts has drawn much
consideration for the development of efficient, green, and cost-effective
synthesis in organic chemistry. Metal-nanoparticle (NP)-based catalysts can be
assumed as an intermediate between homogeneous and heterogeneous catalysts,
and they are considered half-heterogeneous catalysts [22]. Due to the small size
of metal-NPs, they are not easily removed from the reaction mixture and this
problem is usually solved by binding the NPs with structural support. Therefore,
there is a need for heterogeneous catalysts via immobilization of metal NPs on
solid supports to achieve high catalytic activity, high mechanical and thermal
stability, easy regeneration, and separation procedures [23-26]. Metal NPs on
structural support or metal-composite catalysts (composite materials are
combinations of two or more materials having different phases) are being

investigated as a new dimension of catalysis [27-29]. Normally, composites are
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composed of two types of different materials, One is called a binder or matrix,
which binds the fragments together and is termed reinforcement. If one of the
combining elements of the composite is in the nanometer dimension, then it is
called a nanocomposite [30]. In addition, as the subject is so broad in this
chapter, we have shown the application of different nanostructured materials as
host elements for the heterogeneous PANPs-catalyzed Suzuki and Heck coupling

reactions.
I1.A.2. General outline of C-C cross-coupling reaction mechanism

The mechanism of the C-C cross-coupling reaction generally comprises three

important steps

1. Oxidative addition
2. Transmetalation
3. Reductive elimination

The oxidative addition and reductive elimination are generally multistep
processes as they involve ligand association and dissociation processes
respectively. On the other hand, the transmetalation process involves ligand

exchange between two metal centers.
I1.A.2.1. Suzuki coupling

The Suzuki coupling is categorized as a C-C cross-coupling reaction, where two
dissimilar fragments boronic acid and organohalide or triflate are combined to
yield substituted biphenyls in presence of palladium (0) complex catalyst [31].
The relative reactivity order of halides and triflate is R-I > R-OTf> R-Br >> R-
Cl. Since its discovery in 1979, this reaction becomes utmost acceptable process

for the carbon framework expansion in organic molecules. Suzuki-Miyaura
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coupling reaction is extremely helpful for the assembly of a conjugated diene,

polyene systems, and biaryl systems with high stereoisomeric purity.

Biaryl product R4—Rj

8
Reductive R,—X
elimination Pdo ;
Oxidative addition
® R,~Pd'-R, Ry=Pd'-X
Na 2
Y 7 t
B tO@é_otB NaO'Bu
u \I( u
6
_pAll.At
Transmetalation R,-Pd"-O'Bu
@ 3
R Na Y NaX
| 1 oI ¢
B, > R1—I|3—O Bu
Y Y V.
4 5

Scheme I1.A.1. Suzuki coupling reaction mechanism.

Suzuki Miyaura coupling using inactivated alkyl halides to form C (sp?)-C (sp’)
and even C (sp*)-C (sp’) bonds, has made incredible progress in the field of
coupling reaction [32, 33]. The first step of the Suzuki coupling mechanism
(Scheme II.A.1) is the oxidative addition of Pd (0) to the aryl halide (1) to form
the organopalladium species (2). Afterthat, intermediate (3) is formed by the
reaction with a base, which again forms the organopalladium species via
transmetalation (4) with the complex (boronate complex) formed by the reaction
of the boronic acid (5) with base. The last step is reductive elimination which

yields the biaryl product (8) and brings back the original Pd (0) catalyst. The
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Suzuki coupling reaction occurs in presence of the base and the base has three
roles in this coupling reaction: formation of the palladium complex, formation of
trialkyl borate and accelerates the reductive elimination by the reaction of

alkoxide with Pd complex.
I1.A.2.2. Heck reaction

The Heck reaction is the cross-coupling reaction (also known as Mizoroki-Heck
reaction) where halides or triflates with unsaturation are joined with an alkene to
form substituted alkene in the presence of a base and a palladium Pd(0) catalyst
(or palladium nanomaterial-based catalyst) [34]. Tsutomu Mizoroki (1971)
describes the synthesis of stilbene from iodobenzene and styrene in presence of
potassium acetate base and PdCl, catalyst at 120 °C temperature (Scheme

ILA.2.).

@_I +//_® 0.1 eq PdCl, _ O y. O

1.2 eq CH3COOK
CH30H, 120 °C, 2hrs 90 % yield

Schemel | .A.2. Mizoroki-Heck C-C cross-coupling reaction

In 1972, Heck appreciated the Mizoroki publication and independently discover
the same reaction with different conditions (palladium acetate catalyst, catalyst
loading 0.01 equivalent, a hindered amine base, and in absence of solvent) [34].
The mechanism of the Heck reaction involves several steps. At first, palladium
(IT) acetate [Pd(OAc):] is reduced by triphenylphosphine (PPh3) to
bis(triphenylphosphine)palladium (0). Step 1 of the coupling reaction involves
the insertion of Pd (0) into the aryl bromide bond (Scheme II.A.3). In step 2
alkene and Pd forms a C-Pd bond in a syn-addition step. In the third step, a Pd-
alkene m complex is generated through p-hydride elimination. The Pd (0)
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compound is then regenerated by the reductive elimination of the Pd (II)

complex with the help of a base in the final step of the coupling reaction.

0 HBr
©/\)J\OCH3 Reductive elimination
2 O
HEPATBr S
(0]

t L

oCH;8
H-PdZBr Oxidative addition
L

beta-hydride/elimination

Scheme I1.A.3. Pd catalyzed Heck coupling reaction mechanism.
II.B.3. Background of heterogeneous metal-composite catalyst for cross-
coupling

Heck and Suzuki cross-coupling reactions are typically catalyzed by Pd-based
homogenous systems that require the use of ligands (phosphine or N-
heterocyclic) to design active catalytic systems. As a consequence, the

separation of the homogeneous catalyst after reaction has been appeared as
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biggest problem in the field of catalyst. Accordingly, the catalyst may
incorporate in the final product, thus results the loss of catalyst in the reaction,
and a devalued product is formed from a pharmaceutical point of view. The
main challenge is to develop heterogeneous catalytic systems for C-C cross-
coupling reactions and establish the nature of the active catalyst species. The
literature of coupling reaction with homogeneous catalytic systems is well
developed, but the contrary is observed for heterogeneous systems [37]. Some
researchers claim to develop solid pre-catalyst of soluble catalytically active Pd
species [38-40], while others recognize absolutely heterogeneous systems, where
catalysis takes place on the surface of Pd-based solid heterogeneous catalyst [41,
42]. The effectiveness of a good catalytic system is generally decided by the
activity, selectivity, and lifetime of the prepared catalyst [43]. The activity of the
catalyst is measured by the percentage of the reactants converted into a product,
however, the selectivity is measured by the percentage of the reactants that are
transformed into desired final products and the lifetime of the catalyst is that

time when the catalyst attain its activity and selectivity to the expected level.

Pd NPs have become attractive forms of heterogeneous catalyst due to their size
and shape dependence and efficient catalytic activity in C-C cross-coupling
reaction [37, 44]. Nevertheless, their use as a catalyst has been restricted because
of scantiness of efficient separation procedures and techniques like
centrifugation and filtration are not much effective to recover the NPs
completely. Moreover, the agglomeration and sintering property of NPs upon
heating, they are leached to form the insoluble non-catalytic Pd black [37].
Supported Pd catalyst has drawn profound interest due to their easy reusability
in the C-C cross-coupling reaction. Most often, PANPs immobilized on solid

support become less catalytically active and better understanding of the activity
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of PANPs leads to design more effective heterogeneous catalysts in the cross-
coupling reaction. Supported metal catalyst or metal-composite catalyst can be

categorized as: inorganic, organic, and inorganic-organic materials.
I1.B.3.1. Inorganic support
I1.B.3.1.1. PANPs in carbonaceous supports

In C-C cross coupling reaction, the use of carbonaceous nanomaterial supported
PdANPs opened up a new paradigm in the field of heterogeneous catalysis [45-
47]. Amongst them, due to the commercial availability of activated charcoal,
often (Pd/C) where Pd is immobilized on charcoal is used as heterogeneous
catalyst. In addition, different solid supports like alumina and silica possess
lower surface area than charcoal support [47]. From literature, it is reported that
Pd/C is stable in air, water, acid, and bases and it does not require any inert
atmospheric condition to be performed [47, 48]. Xu et al. developed a pathway
for the reaction between water-soluble bromo arenes with sodium
tetraphenylborate to synthesize substituted biphenyl (Scheme II.A.4) in presence
of 0.0025 mol% of Pd/C under a refluxed condition in water (reaction time was
varied from 1-7 h) [49]. The Comparison between inorganic bases showed that
sodium bases are more effective than potassium bases in this reaction. The

catalyst was recycled upto five cycles with a gradual loss of reactivity.

5% Pd/C
Br Na,COj3; (2 equiv.)
R + g R O
H,0, 100 °C, 1h
NaB 4

Yield (74-99)%

R= 4-COOH, 3-COOH, 4-OH, 4-OMe,
4-COCH,CH,COOH etc.

Scheme I1.A.4. Suzuki-Miyaura reaction by Xu et al.
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Previous reports showed that surfactants are used as additive to increase the
solubility of the reactants aryl halides. Kohler et al. performed the coupling
reaction of aryl chlorides with aryl boronic acids (Scheme II.A.5) in presence of
ligand less Pd/C catalyst in water [50]. All reactions were carried out under an
ambient condition to minimize the chance of homocoupling. Although a lower
Pd concentration (0.2-0.5 mol%) is required for activated aryl chlorides and
higher Pd concentration (2 mol%) is needed for deactivated chloroarenes. The
addition of surfactant TBAB as an additive and application of NaOH amongst
the inorganic bases have profound role in this reaction. Not only the aryl boronic
acids but the boronated esters and potassium trifluoroborates are equally
effective under this optimized reaction condition. The reactivation of the catalyst
[Pd (0) to Pd (II)] using iodine as an oxidizing agent was carried out to recycle

the catalyst in successive runs.

O e 00
+
R

or

O

TBAB(0.5 equiv.)

NaOH or KF for R= CN, CO;Me (56-99)%
T (100-140 °C), H,0, 2-6h

or

©/BF3K
X=1, Br, Cl

R= 4-COMe, 4-CN, 2-CN, 4-COOMe, 2-COOMe
4-F, H, 4-Me, 2-Me, 4-OMe, 4-OH, 4-NH,

Scheme I1.A.5. Suzuki coupling reaction by Kohler et al.

Among the nanomaterials, graphene is solely able to stand out far ahead

of all other nanomaterials because of its unique structure and exclusive
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characteristics [51]. Graphene and its derivative have widely been used as
catalytic support due to their high flexibility and strength like solid substrates.
They exhibit a high surface area and are homogeneously embedded into metal
matrices which make graphene and its derivative a viable candidate to be used as
catalyst support. Due to the immobilization of metal NPs on the surface of
graphene and its derivatives, the surface area of the composite material
increases, thereby increasing the distance between the sheets. The catalytic
activity of these metal composite materials successfully enhance the productivity
of the most studied C-C cross-coupling reactions [52-57]. Zhang et al. reported
graphene-modified PdNPs by reducing Pd(OAc) (Scheme II.A.6) using a
surfactant sodium dodecyl sulfate (SDS) [58].

Pd-graphene (1.1 mol%) KzPO4(399 mg)
* @—B(OH)z -

SDS (0.5 mmol), H,0, 100 °C, 5min
100 %

Br

Pd-graphene (1.1 mol%) KzPO4(399 mg)
+ B(OH),
SDS (0.5 mmol), H,0, 100 °C, 5min

2

29.5%
X
@_ Pd-graphene (1.1 mol%) K3PO4(399 mg)
A PO SDS (0.5 mmol), H,0, 100 °C, 5min
6.5 %

Scheme I1.A.6. Pd-graphene composite catalyzed synthetic approach by Zhang

etal.

The use of SDS can be showed as surfactant as well as a reducing agent. The
prepared catalyst was highly efficient under aqueous as well as in aerobic
conditions and exerted the product within 5 min. The recovery of the catalyst

was done by filtration process and reused upto ten consecutive cycles. Allyl
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iodides and bromobenzene were also employed in this coupling reaction but

resulted in a lower yield of allylbenzene and biphenyl.

Shendage et al. electrochemically deposited PANPs on nafion-graphene
support (Pd/Nf-G) which showed eminent catalytic activity for the Suzuki
coupling reaction to produce substituted biphenyls from substituted aryl boronic
acids (Scheme II.A.7) under ethanol/water mixture at 80 °C [59]. Under the
reaction temperature, Nafion is chemically and thermally stable. It is used to
disperse and stabilize graphene on the electrode surface. The electrochemical
process is generally heterogeneous in nature and allows easy recovery of the
desired product. Besides this, no side product formation, short time of reaction,
simple operation, and percentage of purity of side product make this process

advantageous than conventional processes.

X B(OH),
/©/ + Pd/Nf-G (0.3 mol% Pd), K,CO4
; . L))
1 2 Ethanol/H,0, 80 °C, 1-4 h
R4= CHs, OCH3, NO,, COCH3, OH, H Yield (88-94%)

R,= CHg, OCHg, CI, H
X= 1, Br

Schemel | .A.7. The Suzuki coupling reaction using Pd/Nf-G catalyst.

The formation of PANPs on Nf-G support was confirmed by SEM-EDAX, XRD,
TEM, thermogravimetric analysis (TGA). The reaction between different aryl
iodides and arylboronic acid was studied using a Pd/Nf-G catalyst. The
electron-donating and electron-withdrawing aryl iodides afforded the product

with excellent yield; however, aryl bromides require longer reaction time.

Gomez-Martinez et al. used boron-derived nucleophiles like potassium
aryltrifluoroborates or boronic acid esters and aryl halide as reactants to afford

biaryls for Suzuki coupling reaction using PANPs (6 % Pd w/w) supported on
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graphene (PANPs—G) and reduced graphene oxide (PANPs—rGO). They prepared
three types of catalysts (Figure II.A.1), catalyst 1 is PANPs immobilized on rGO
sheets functionalized with octadecylamine (PdANPs—rGO/ODA), where 13 nm
average size Pd (0) NPs have been immobilized. Catalyst 1 disperses better in

organic solvents due to the presence of amino-functional groups.

H"ll/\ﬁ/e

rGO G rGO

1: Pd-rGO/ODA 2: Pd-G 3: Pd-rGO

Figurell.A.1. Pd(0) NPs supported catalyst employed in Suzuki coupling.

Catalyst 2 1s (PANPs—G) where 5 nm average size Pd (0) NPs are
distributed on the sheets of graphene oxide, while, catalyst 3, (PdANPs—GO)
contains Pd (0) NPs with an average size of 6.9 nm. Catalyst 2 and catalyst 3 are
well dispersed in an aqueous medium. Due to the better dispersibility in water,
both the catalysts, 2 (PANPs—G) and 3 (PdNPs—rGO) are highly active in this
process with a solvent ratio (MeOH/H20:3/1) (Scheme II.A.8). Under the
microwave irradiation, the catalyst 2 was reused upto eight consecutive cycles
without the loss of its catalytic activity. Moreover, the catalytic activity dropped
significantly under the conventional heating reaction conditions after five

consecutive cycles.
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PdNPs-G (0.1 mol% Pd)
PhBF3K (1.2 equiv.)
Ar—X Ar—Ph
K2CO3, MeOH/H,0: 3:1

80°C,20h Yield (5-94%)

Ar-X= 4-MeOCgH,Br, 2-MeCgH,Br,
1,3-(Me),CgH3-2-Br, 4-4-MeCOCgH,Br

1-Br-napthalene, 2-Br-pyridine, 2-Br-thiophene,

4-MeOCgH,l, PhOTY, 4-MeCOCgH,CI

Scheme 11.A.8. Suzuki coupling catalyzed by Pd (0) NPs supported GO and

rGO.
I1.A.3.1.2. Zeolite support (Inorganic support)

Among the catalyst support, zeolites having an anionic framework provides high
surface area and it is conducive to the high dispersion and adsorption of metal
species [60, 61]. As crystalline nanoporous materials, zeolite can trap or recover
heavy metals including Pd from industrial water waste due to its well-distributed
microporous space [62]. Wang et al. prepared the zeolite-supported Pd (II)
catalysts by placing Pd (II) species on the solid surface of zeolite with an anion
framework based on the charge balance principle (Figure I1.A.2). They
developed a highly efficient zeolite-supported Pd catalyst (0.84% Pd@zeolite
USY) for in water C-C cross-coupling reaction using tetrapropylammonium
hydroxide (TPAOH) base (Scheme 11.A.9) [63]. This catalyst was successfully
employed to produce substituted alkynes and biaryl from terminal alkynes and
aryl boronic acids. The interaction between metal and support may be varied due

to the interaction between metal-reactant and the form of the metal [64].
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trap

o . . o X o S - 9 o 8 e
o) o ©o Q ) Q 3

© o © o o o ®o ©

o © © @ 9 o %00 00

Q o o
o o}
Pd@USY Activated PA@USY

Activated in situ
in a catalytic reaction

Figurell.A.2. The migration of Pd during the activation in catalysis.

In an aqueous system, the Pd species migrate in the catalytic process and the Pd
(II) intermediate undergoes ion exchange with cations (Na*, K* etc.) present in
an aqueous medium and easily escapes from the zeolite support. Therefore, it is
quite necessary for the metal species to get stabilized on the catalytic support
during the reaction. They observed that in some alkaline aqueous systems, Pd
(IT) intermediate species uses zeolites (with an anionic framework) as a sink for
coupling reaction, therefore, the position of Pd on the surface of zeolites can be

controlled by release/capture capability of metal ions [65].

0.84%Pd@USY (0.158 mol%Pd)

H50, TritonX-100

Ar—X + Ar'—B(OH), Ar—Ar'

\

TPAOH (2equiv), 100 °C
Ar= 4-OCH3CgHy Yield (97-100%)

Ar'= C6H5, 4-OCH3C6H4, napthyl
Scheme I1.A.9. Pd@zeolite USY catalyzed Suzuki coupling reaction.

I1.B.3.2. PANPs on organic-inorganic support

Corma et al. reported the use of oxime palladacycle anchored to amorphous

silica-based inorganic supports [66]. They synthesized oxime palladacycle
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anchored with silica (Pd/SiO2) or with MCM-41 (Pd/MCM-41). The schematic

diagram for the preparation of this catalyst is shown in (Scheme II.A.11).

Cl BOH)2  Kk,c0; (2 equiv.) O
H,0, 100 °C, 2 h

R=4-Ac R=2-NO,
5 mol % Pd/SiOy: >99% 5 mol % Pd/SiO,: 89%
5 mol % Pd/MCM-41: 94% 5 mol % Pd/MCM-41: 40%

Scheme 11.A.10. Suzuki coupling reaction described by Corma et al.
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CHs CH,4
/@Ao 1) NH,OH, NaOAc /@A'ﬂ
HO f(lgg§=CH(CH2)gBr /\M’go OH
Complex preparation Li,PdCl,, NaOAc MeOH, r.t., 72 h
CHj

N
Pd

A4 ° |
9 2
- -
e o~ e
S — (MeQ);Si SH e
- or ~ O;S\i/\/\SH
~~}F—OH Toluene ~~F——0 OMe
~ ~
e e
AIBN, CHCI
Complex anchoring 3 H;C OH
=
Ao )
~
e o Cl 2
Py
- O;s\i/\/\s—/\Mg
~F——0 OMe
e
e

Scheme 11.B.11. The procedure of anchoring of oxime carbapalladacycle with
marcaptipropyl modified high silica surface

However, Pd/SiO, showed the best result using bromoarens and activated
chloroarens with 5 mol% Pd in presence of K>,COs; base. The same oxime
palladacycle anchored to polystyrene and polyethylene glycol afforded lower
yield of the coupling product (Scheme I1.A.10). The Pd/SiO: catalyst can also be
recycled without significant drop in its catalytic activity upto eight consecutive

runs. They also carried out the leaching study of the catalyst through three-phase
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test and observed no detectable Pd species was observed in the medium which

confirms the true heterogeneous nature of the process.
I1.B.3.3. Organic support

Among various polymeric supports, the natural polysaccharide of chitosan (CS)
is cheap, non-toxic, and has excellent complexation capability with transition
metal due to the presence of polar functional groups. Moreover, chitosan is very
easy to process into different forms, such as microspheres, films, fibers, and so
on. Cotugno et al. developed an efficient protocol for Suzuki cross-coupling
reaction using Pd (0) Chitosan composite catalyst [68]. The excellent yield and
selectivity were achieved using this catalyst at a relatively short reaction time (5
h). They carried out the reaction between different aryl halides and aryl boronic
acids using K>COs3; as a base, PANPs@Chitosan (0.1 mol%) catalyst, molten
TBAB at 70-90 °C under aqueous solvent (Scheme II.LA.12). To obtain the
catalyst, in presence of TBAB, Pd(OAc), was reduced electrochemically on the
surface of chitosan. Subsequently, the PANPs metallic core is stabilized by
tetrabutylammonium cations mixed with Br- and [PdBrs]" and the core-shell
nanostructured catalyst is further chemically absorbed on chitosan surface

(Figure 11.A.3).

Brr R4N”
R4N+ R4N+
Br Br
R,N* R4N*
Br \ Br

HO 0

o HO o
CH,O NHR )
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Figure I1.A.3. The core-shell structure of Pd nanoparticles is chemisorbed on

chitosan in tetraalkylammonium-based ionic liquids (ILs).

PdNPs@chitosan (0.1 mol% Pd)
X o+ B(OH), -
R1 R2 R1 R2

TBAB, 70-90 °C, H,0, 5h
R4=H, CH3, NO,, OCH3, COCHj Yield 77-98%

R2= H, OCH3,CH3
X=1, Br

Scheme I1.A.12. Suzuki cross-coupling reaction catalyzed by PANPs@Chitosan.
Mondal et al. synthesized PANPs grafted mesoporous organic polymer catalyst
by reacting (Scheme II.A.13) Pd(OAc), and poly-triallylamine (MPTA-1) in
presence of methanol [69]. The mesoporous materials generally exhibits high
surface area and the active metal centrers are distributed on this large surface,
thereby capable to run organic transformation effectively [70]. These materials
act as an ideal tethering agent to bind the active metals strongly at their surface.
Cross-linking polymers minimize the chance of metal leaching from its surface
and extensively stabilizes the metal in long-term. are extensively used as long-
term stabilization of the metals, which minimizes the possibility of leaching of
metals under reaction conditions [71]. They observed the Heck coupling reaction
between different aryl and heteroaryl halides and substituted alkenes using this
heterogeneous Pd-MPTA-1 catalyst in a water medium. However, substituted
chlorobenzenes underwent this C-C coupling reaction and took a longer reaction
time along with a lower yield of the product compared to the corresponding

bromobenzene and iodobenzene.
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Ar—x R Pd-MPTA-1 catalyst (10 mg) R
r—X + )\ o —/
N K,CO3/Cs,CO3, Hy0, Reflux Ar
4-14 h Yield 55-95%

AF=CBH5, 4-OCH306H4, 4-CH3CGH4, 4-N0206H4,
3-FCgHg4,4-CHOCgH,, 3-pyridyl, Thienyl
R=Ph, COOH, COOnBu,

Scheme 11.A.13. Heck reaction catalyzed by Pd-MPTA-1 catalyst in water

media.

PNIPAM hydrogel Pd(ll) precursor Pd(0)NPs

Pd(ll) precursor Pd(ll) reduction

Figure 1l1.A4. Pd0) gtrafted on Poly(N-isopropylacrylamide-co-4-
vinylpyridine) [poly(NIPAM-co-4-VP)] copolymer hydrogel.

Lee et al. synthesized PANPs immobilized on Poly(N-isopropylacrylamide-co-4-
vinylpyridine) [poly(NIPAM-co-4-VP)] copolymer hydrogel for Suzuki and
Heck cross-coupling reaction in water (Scheme I1.A.14) [72]. Poly(N-
isopropylacrylamide) (PNIPAM) is an example of temperature-responsive
polymer which shows a phase transition from coil-to-globule in an aqueous
solution at 32 °C which is the lower critical solution temperature (LCST) [73].
The swelling of PNIPAM polymer hydrogels is due to changes in the H-bonding
of the PNIPAM polymer with water molecules [74]. Above LCST of PNIPAM,
some H-bonds are dissociated and hydrophobic interactions are dominant among

the PNIPAM network. Therefore, it is possible to carry out Suzuki coupling
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reaction with hydrophobic substrates in absence of surfactants and organic
solvents. Moreover, PNIPAM can be easily recovered from an aqueous medium
by simple filtration above its LCST. Due to the versatile properties of PNIPAM,
PANPs immobilized on it have been utilized as recyclable heterogeneous
catalysts [75, 76]. They observed that the PNIPAM matrix could not be restored

after recycle and the leaching of Pd occurred.

Pd(0) on poly(NIPAM-co-VP)
catalyst (1 equimolar%)
R e+ R )mom, v )~ )=
K,CO3, H,0, 60 °C, (0.5-5 h)

Yield upto 98%

R4=H, NH,, OH, CH3, OCHj3;, NO,, CN, CO,CH3,
COOH, COCH3,CHO, CF3
R,=H, CH3, OCHj3, NO,, Cl, CO,CHj;

_________________________________________________________________________________

Se- """""I """" ' o Pd(0) on poly(NIPAM-co-VP) X
. . catalyst (1 equimolar%) OBu
R4 OBu Rq

Bu3N, H,0, 90 °C, (2-20 h)
Yield upto 98%

R4= H, p-CHj, 0-CH3, OCH3, p-Cl,
m-Cl, 0-Cl, COCHj, CO,CH3, NO,

Scheme |1.A.14. Suzuki, Heck coupling reaction catalyzed by Pd(0)
[poly(NIPAM-co-4-VP)] catalyst.

To resolve this difficulty they have utilized temperature-responsive poly(N-
isopropylacrylamide-co-4-vinylpyridine) [poly(NIPAM-co-4-VP)] co-polymers
[77] as the PdNPs support (Figure II.A.4). The poly(NIPAM-co-4-VP)
copolymer stabilized PANPs were prepared by reducing the Pd(II) precursor on

the copolymer surface using NaBH4 as reducing agent in MeOH solvent.
I1.B.4. Conclusion

The Suzuki and Heck, cross-coupling reactions have been widely exploited for

decades for the expeditious C-C, C=C, C=C bond formation which is used for
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the development of organic compounds, polymers and natural products in drug
discovery. From the industrial point of view, Pd catalyzed coupling reactions in
greener way using alternative reaction media are the current area of interest.
Among green solvents, the utmost choice is water due to its environmental
benefits, safeties, and cost. The use of homogeneous Pd catalyst is not
appropriate in industrial purposes due to their lower stability, higher cost of
synthesis, problem in their separation procedure and difficulty in reusability. To
overcome the drawbacks of a homogeneous catalyst, the concept of PANPs
immobilized on a solid support has attracted much interest to merge all the
advantages of homogeneous and heterogeneous catalysts. PANPs immobilized
nanostructured catalysts having high surface to volume ratio, low cost of
processibility, good mechanical and thermal stability, and high reusability, that’s

why they have been used in long-lasting, cost-effective cross-coupling reaction.
[L.A.5. References

References are given in Bibliography under Chapter II, Section A
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Poly (methyl methacrylate)}-graphene oxide
supported palladium catalyst: A ligand free
protocol for Suzuki and Heck coupling

reaction in water medium
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II.B.1. Introduction

Heterogeneous palladium catalyzed C-C cross coupling reactions have
attracted much attention over past two decades. As a representative of this class
of reaction, Suzuki and Heck coupling are most significant because biaryl
moieties and substituted olefins are present in pharmaceuticals [1-4], wide range
of natural products such as alkaloids and many agrochemicals and biologically
active compounds [5,6]. Although homogeneous catalyst offers excellent result
but they have some drawbacks because of difficult separation procedure often
contaminates the products. However, most of them employ different types of
ligands such as sterically hindered trialkyl phosphines, triarylphosphines [7], N-
heterocyclic carbenes [8], based Pd (II) complexes. Use of these ligands is
unenviable because they are toxic and moisture sensitive. However, with
growing interest towards greener reactions, ligand free solid supported
heterogeneous catalysts are in demand. They have the advantage of enhanced
synthetic efficiency and operational simplicity [9-12]. Previous reports include
the immobilization of Pd on activated carbon [13], polymers [14,15], zeolites

[16], mesoporous carbon [17], silica, alumina or titania [18,19].
I1.B.2. Background and objectives

In the recent years, graphene oxide (GO) has attracted much attention
owing to its wide range of application in different fields such as fuel cells [20],
nanocomposite materials [21-24], and electronic devices [25]. GO has two
dimensional layered sheets with several oxygen containing functional groups
like epoxy, hydroxy, carbonyl, carboxyl, etc. Palladium nanoparticles supported
on graphene and graphene derivatives enlarge the surface area of the composite

[26], increasing the distance between the sheets.
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Scheuermann et al. employed PANPs supported on chemically derived graphene
(CDG) for Suzuki coupling reaction (Scheme I1.B.1) [27]. The CDG-Pd catalyst
was prepared by the immobilization of Pd** ions through cation exchange on
graphite oxide followed by chemical reduction. In comparison to the Pd/C
catalyst, garphene-based and graphite oxide based Pd catalyst showed higher
catalytic activity due to low Pd leaching. The prepared catalyst was
characterized by different spectroscopic techniques such as FTIR, AAS, XPS,
solid state '*C NMR.

0.25 mol % Pd%*-GO

N32003
(HORB— )—R? + @—Br R2

R1 HZO/EtOH R1

80 °C
Yield 83-100 %

R'= 4-OH, 3-OH, 4-OMe, 3-OMe, 4-CN,
4-CO,H,4-CO,Et, 4-NO,, 3-CHO, heterocycle
R2= OMe, H
Scheme [1.B.1. Chemically derived graphene (CDG)-Pd catalyzed Suzuki

coupling reaction.

Nagarkar et al.  synthesized electrochemically deposited reduced
graphene oxide and Pd catalyst (ERGO-Pd) for the efficient Suzuki and Heck C-
C cross coupling reaction (Scheme I1.B.2) [25]. The use of homogeneous
palladium complexes has been restricted due to the problem of separation and
their instability at elevated temperature. To overcome these major drawbacks,
they developed a new GO-based heterogeneous catalyst and employed it in
Suzuki and Heck reaction. They optimized the Suzuki coupling between aryl
iodides/bromides and aryl boronic acids using K>COj; base in ethanol solvent
under refluxed condition. Whereas the optimized condition for the Heck reaction

was achieved in DMF solvent in presence of Et;N base at 120 °C temperature.
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The high catalytic activity of ERGO-Pd in Suzuki and Heck reaction, attributed
to the high dispersion of palladium NPs (PdNPs) on the ERGO support.

ERGO-Pd, K,CO;
X + (HO)B O
R! R? R R?

Ethanol, Reflux
1-2.5h Yield 86-95%

R'= CH;, OCH3, NO,, COCHg, OH, H
R?= CHg, OCHj3,Cl, H

R2
@x —, ERGO-Pd, Et;N @f
R'] R R1

DMF, 120 °C, 0.75-4 h
X=1, Br Yield 82-96 %
R'= CHs, OCHs3, CN, NH,, NO,, COCHa, OH, H
R2= CO,Bu, CO,Et, Ph

Scheme I1.B.2. Suzuki and Heck cross coupling reaction catalyzed by ERGO-Pd
catalyst.

In 2013, Kim et al. described the synthesis of the noble metal-graphene
nanocomposites by reducing both noble metal and GO in hot water using
ascorbic acid as reductant under hydrazine-free and surfactant free condition
(Scheme I1.B.3) [28]. During the synthesis of noble metal-graphene composite
containing Pd, Pt, Ag and Au metal nanoparticles, complete reduction of metal
salts and graphene oxide has been carried out by this procedure. Amongst them,
Pd-graphene nanocomposite was utilized to catalyze the Suzuki-Miyaura
coupling reaction with excellent product yield using K>COs as base at 90 °C
temperature in presence of DMF solvent. This catalyst was recycled for many

times without significant loss of the catalytic activity.
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©/Br ©/B(OH)2 Pd/graphene O O
K,COs, DMF, 96 %

110 °C, 48 h

I B(OH),
/©/ Pd/graphene N O
MeO MeO

K,CO3, DMF,
110 °C, 48 h

Scheme | 1.B.3. Surfactant free Suzuki coupling reaction using Pd/graphene.

In 2013, Nagarkar et al. synthesized Pd/nafion-graphene (Pd/Nf-G)
catalyst from aqueous solution of Pd*" ions by the electrochemical reduction
followed by deposition on Nf-G support (Scheme I1.B.4) [29]. The prepared
catalyst was characterized by different spectroscopic techniques SEM, TEM,
EDAX, XRD, TGA. The average size of the nanoparticle was maintained in the
range of 4-12 nm. The high catalytic activity of this catalyst was observed for
Suzuki coupling reaction using K>COs base, ethanol-water solvent at 80 °C
temperature. This prepared catalyst was reused upto 5th cycle without loss of

catalytic activity.
X B(OH), Pd/Nf-G, K,CO4
R’ R2 Ethanol/H,0, 80 °C
R'= CH3, OCHj;, NO,, COCHj, OH, H Yield 88-95 %

R2= CHs, OCHg, CI, H
X=Cl, Br

Scheme I1.B.4. Synthesis of substituted biaryls using Pd/Nf-G catalyst.

In 2014, Ghosh et al. described an efficient method for the synthesis of
PdNPs supported on noncovalently functionalized graphene using 1-pyrene
carboxylic acid (PCA-GNS-Pd). The catalytic activity of this novel PCA-GNS-

Pd catalyst was observed in case of Suzuki and Heck cross coupling reaction in
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water medium (Scheme I1.B.5) [30]. The catalyst is highly stable in water due to
its amphiphilic nature and it can be easily recovered and recycled up to five
consecutive cycles. The electron rich and electron poor bromoarenes and
chloroarenes are more challenging substrates but they exerted good yield of the

desire alkenes and biphenyls using this catalyst.

X
@ ©/B(OH)2 PCA-GNS-Pd’ Na2003
R + -
H,0, 90 °C, 2-18 h R
X=Br, CI Yield 65-97 %
R= H, 4-Me, 4-OMe, 2.4-OMe, 4-CHO, 4-OH,

3-NO,, 1-napthyl, 2-pyridyl, 3-pyridyl,5-pyrimidine

X PCA-GNS-Pd, Na,CO3 y
R
/©/ + R R14©_/\ i
R H,0, PTC, 90 °C, 5-30 h

Yield 41-92 %

X=Br,Cl
R1=H, 4-Me, 4-OMe, 4-CHO, 4-Cl, 4-CF3, 4-NO,
R,= Ph, COOH, COOMe, COOC4Hq

PCA-GNS-Pd catalyst
Scheme 11.B.5. Use of PCA-GNS-Pd catalyst in Suzuki and Heck coupling
reaction.

In 2016, Jain et al. designed a nanocomposite catalyst where PANPs are
dispersed on GO which is chemically modified with bidentate ligand containing
N and S atoms (Scheme I1.B.6) [31]. This synthesized graphene-ligand Pd
complex (GL-Pd) with low weight % of Pd displayed excellent catalytic activity
in Heck reaction between acrylates and arylhalides in presence of DMF/water
solvent at 120 °C temperature. The structural analysis of GL-Pd hybrid was

carried out using different spectroscopic techniques such as PXRD, FTIR,
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Raman, XPS, SEM, TEM. The important feature of this prepared catalyst is its
dispersibility in organic solvents which enables it to work effectively with a

wide substrate scope.

X G
GL-Pd, KOH X

DMF:H,0, 120 °C, 24 h

X=1, Br Yield 73-97 %
R= H, 4-OMe, 2-OMe, 2-Me, 3-Me, 4-OAc, 4-CN

G= CgHs, 4-FCgHy, 4-tBuCgHy, 1-napthyl, 2-napthyl,
CN, CO,Me, CO,Bu
Scheme 11.B.6. Suzuki coupling reaction catalyzed by GL-Pd hybrid catalyst.

In 2018, Chen et al. discovered a biogenic method for the synthesis of
PANP modified reduced graphene oxide by using Ficus carica fruit juice as the
efficient reducing agent. The catalyst PANP/rGO has been applied as effective
catalyst for Suzuki coupling reaction under both aerobic and aqueous condition
(Scheme 11.B.7) [32]. The catalyst was characterized by UV-Vis spectroscopy,
Raman spectroscopy, XRD, TEM and FT-IR spectroscopy. The experimental
results supported the spherical shape of PANP/rGO and the dimension was

estimated nearly 0.16 nm.

Ry

X + X >

R R K,COs, 180 °C, 15 min, R R'
H,0:EtOH

X- 1, Br 2 Yield 90-97 %

R= H, 4-NO,4-CN, 4-OCHj
R'= 2-CN, 3-Cl, 2,6-OCHj, 3,4,5-OCHyg, 2,4-Cl

Scheme I1.B.7. PANP/rGO for the synthesis of substituted biaryls.

In 2020, Elhamifar et al. designed chemically modified graphene oxide
supported Pd catalyst, through the coordination between PdCl, and 1,2-bis(4-
aminophenylthio) ethane ligand (N2S2) which was grafted on the surface of GO
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covalently (Scheme II.B.8). The catalytic activity of this prepared catalyst was
observed in Suzuki coupling reaction between aryl halides and phenylboronic
acids in presence of base K»COj; in ethanol solvent [33]. This heterogeneous
catalyst was characterized using different techniques XRD, FTIR, Raman, TEM,
TGA. The catalyst was highly stable under reaction condition, recovered easily

and reused upto several cycle without leaching of the active metal species.

X B(OH),

/Si\ /Si\
1% o'l
GO-stzlpd | o | [e}
EtOH, K,CO3, 75 °C, 3h [ GO-N,S,/Pd ]
R
X=1, Br, Cl Yield 43-94 %

® : s--s
R=H, Me, OMe, NO, [ 7\ S
Cl ¢l

Scheme11.B.8. GO-N»S>/Pd catalyzed Suzuki cross coupling reaction.
I1.B.3. Present Work: Result and Discussion

Preliminary studies on polymer supported GO has revealed significant
increase in mechanical and thermal properties of the composite [34-37]. Driven
by this fact, the idea of a new solid support automatically comes which allows
better stability, easy recovery of products and simple separation procedure. Poly
(methyl methacrylate) [PMMA] is a nonconductive polymer and its composite
with GO enhances the thermal stability of the material. Based on the above
perspective, our present explorative work involves the deposition of Pd NPs on
GO-PMMA composite via in situ polymerization of MMA. Wielded by the
environmental concern, water is selected as solvent instead of hazardous

solvents such as DMF, DMA, NMP, etc. Utility of GO enhances the thermal
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stability of poly (methyl methacrylate) [38, 39] and Pd NPs are strongly
immobilized in between the layers of graphene oxide-PMMA composite [25,
29]. To the best of our knowledge, GO-PMMA supported Pd catalyst has not
been employed in Suzuki and Heck coupling reactions (Scheme I1.B.9). Simpler
reaction conditions, ligand free protocol, low Pd content and tolerance to wide
range of functional groups are the salient features of our work.
@»x . (HO)ZB@ GO-PMMA-Pd (0.3 mol% Pd) RR

R,  water, K,CO3, TBAB, 1.5-6 h, 90 °C "1 2

R1

Yield (58-93 %)
R4= 4-OMe, 3-OMe, 3-NO,, 4-Me, 3-Me, 4-COMe,

4-OMe, Thienyl
R,=H, 4-Me, 4-OMe, 3-NO,
X=1, Br
GO-PMMA-Pd (0.2 mol% Pd)
R ey
water, K,CO3, TBAB, 4-6 h, 100 °C Y
R R
R= 4-OMe, 3-NO,, 4-COMe Yield (79-90%)

X=1, Br, Y= COOMe, COOEt, COOBu, Ph

Scheme [1.B.9. GO-PMMA-Pd(0) composite catalyzed Suzuki and Heck

reaction.

I1.B.3.1. General procedure for preparation of GO-PMMA-supported Pd
catalyst

Initially for the preparation of catalyst 20 mg of GO was suspended in 20
mL of toluene. The slurry was then dispersed through ultrasonication for 60 min.
After ultrasonication methyl methacrylate was injected to well dispersed solution
of GO. Benzoyl peroxide (BZP, 0.1 mol%) was added to initiate the
polymerization of methyl methacrylate (MMA). The resulting mixture was then

139



Chapter I1

stirred well at 90 °C for 4 h. The temp of the solution was maintained at 90 °C.
Stirring was continued for another 3 h followed by the addition of 40 mg
Pd(OAc); and 100 mg of HCOOH as shown in Scheme I1.B.10. The dark brown
precipitate instantly turned into black after the addition of HCOOH. The
obtained residue was washed several times with water and residual solvent was

shuffled off by rotary evaporator, and dried at 60 °C.

0]

. 1. BZP, 90 °C
Graphene oxide CH
+ o 7 GO-PMMA-Pd
2. Pd(OAc),

3. HCOOH

Y

Scheme.l1.B.10. GO-PMM Preparation of GO-PMMA-Pd catalyst.

I1.B.3.2. Characterisation of GO-PMMA-Pd catalyst

Figurell.B.1. TEM image of GO-PMMA-Pd composite catalyst (a) at 50 nm (b)
at 20 nm (c) at 2 nm (d) Particle size distribution curve of GO-PMMA-Pd

catalyst.
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The morphology of the catalyst (GO-PMMA-Pd) was analyzed by
Transmission Electron Microscope. The micrograph and particle size
distribution curve of in situ prepared GO-PMMA-Pd catalyst is represented in
Figure IL.B.1. The TEM images show the mono dispersed palladium without
agglomeration on the GO-PMMA-sheet during in situ polymerisation of MMA.
The average size of the Pd NPs has been determined from the TEM images and

was found to be around 4.8 nm.

Fgurell.B.2. TGA results of (B) 2wt% (C) 5wt% (D) 10wt% GO in PMMA.

The catalyst life is a factor that can control the economic viability of
industrial processes and as a consequence high thermal resistance of a catalyst
support is found to be suitable for different kinds of thermal reaction [40]. In
view of the above, thermogravimetric Analysis (TGA) of the solid support has
been analyzed for several samples with different wt % of GO loading as shown
in Figure I11.B.2. It is very interesting to observe that composite with the lowest

wt % of GO exhibited maximum thermal stability (Figure 11.B.2.).
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[RREY)

| I 4
» w " ™ “
2 (e

Figurell.B.3. XRD pattern of GO-PMMA-Pd composite catalyst.

The catalyst was subjected to powder X-ray diffraction (XRD) for composition
analysis (Figure I1.B.3). Three sharp peaks at around 20 40.1°, 46.6° and 68.9°
represents the crystalline planes (111), (200) and (220) respectively in fcc
structure of Pd [38]. However the intensity of (111) plane is higher than (200)
and (220) plane. The absence of strong GO peak at 20= 10.63° [41] and the
appearance of characteristic broad PMMA peak at 26= 14.8° indicated the
formation of GO-polymer composite. The FTIR spectrum of GO has a peak at
1735 cm™ which is assigned to the carbonyl stretching frequency. The FT-IR
peak of PMMA at 1148 cm™! is associated with the stretching vibration of the C-
O bond in the C-O-C moiety whereas the peak at 1731 cm™! is due to the acrylate
carbonyl groups. FT-IR spectrum (Figure I1.B.4) revealed that the resultant GO-
PMMA-Pd composite catalyst contained several functional groups like —OH
(3454 cm ") and C=0 (1731 cm!). Therefore, it has a strong tendency to readily

interact with metal ions by hydroxyl and carboxyl group.
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Figure l1.B.4. Comparison of FT-IR spectra of (a) GO (b) GO-PMMA (c) GO-
PMMA-Pd (d) PMMA-Pd (e) PMMA and (f) recycled catalyst after fifth run.

It is considered that the bond between Pd and GO-PMMA can be formed
through some physical / chemical interactions such as Vander Waals force, H-
bonding and other bonds [42]. The shift of other stretching frequencies also
points towards the association of PMMA with GO (Figure I1.B.4). Furthermore,
a hump obtained at around 26= 23° suggests the presence of reduced graphene
oxide (rGO) (Figure II. B.3) [43]. Hence, it can be concluded that a small
amount of GO has been converted into rGO when HCOOH was employed. GO-
PMMA-Pd catalyst was further characterized by XPS, as shown in Figure 11.B.5.
High-resolution XPS spectrum was corrected with reference to the carbon 1s

peak at 284.8 eV shown in figure 5 (b). The binding energies of Pd 3d at 335.87
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and 341.2 eV for GO-PMMA-Pd corresponded to the Pd’ Pd 3ds; and Pd 3dsp,
respectively. Thus the presence of metallic Pd in the composite is confirmed

[Figure I1.B.5 (¢)].

(b) Cls (C) Pd3d 3dg,
(a) Pd3d 3d -
2 = 312

> O1s Cils 2 8

= @ e

5 £ E

kS

1000 800 600 400 200 292 288 284 280 276 350 345 340 335 330 325

Binding Energy (eV) Binding Energy (eV)

Binding Energy (eV)

Figure I11.B.5. (a) Full-range XPS spectrum of GO-PMMA-Pd catalyst. C Is
peak at 284.8 eV shown in (b). In (c) the binding energies of Pd 3d at 335.87
and 341.2 eV for GO-PMMA-Pd corresponded to the Pd’ Pd 3ds;> and Pd 3ds»,

respectively.

I1.B.3.3. Catalytic activity of GO-PMMA-Pd catalyst in Suzuki and Heck

cross coupling reaction

The development of recoverable catalyst is one of the indispensable
principles of the green synthetic organic chemistry and the key purpose of this
study was to place a recyclable catalyst for Suzuki and Heck reaction in aqueous
medium. Initially, for screening the reaction, phenylboronic acid and 4-iodo
anisole has been chosen as the model substrates in presence of GO-PMMA-Pd
catalyst. The favorable condition of the reaction was achieved by varying the
parameters such as catalyst loading, solvent, time, base and temperature. Finally
the protocol was optimized by using water as solvent, K,COs3; as base and
catalyst loading (0.3 mol % Pd) in 6 mg of GO-PMMA-Pd catalyst at 90 °C
(Table I1.B.1). In order to enhance the yield of 4-methoxy-1,1’ biphenyl in water,
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different surfactants were employed in the study (Table II.B.1). It is established
that the yield of the product can be improved by increasing the reaction time. We
started increasing the reaction time by keeping all parameters similar and found
that the best yield is achieved in 4 hrs of reaction (Table II.B.1, entry 6).

However, ortho-substituted compounds require longer reaction time.

Table II.B.1. Optimization of reaction parameters for Suzuki reaction based on

the result of the following combination in the protocol®

GO-PMMA-Pd catalyst
MeO I + (HO),B > MeO
Solvent, base, surfactant

temperature

Entry  Solvent Base Pd loading Additive Time (h)  Yield (%)°

(mol% )
1 DMF K2COs 0.1 BusNBr 1 42
2 DMSO K>CO; 0.1 BusNBr 2 29
3 Water K>CO; 0.2 BusNBr 3 63
4 Ethanol K>COs3 0.2 BusNBr 3 58
5 Water K>CO; 0.3 SDS 4 72
6 Water K»CO; 0.3 BusNBr 4 920
7 Water Na,COs 0.3 BuwNBr 6 76
8 Water Cs2CO; 0.3 BusNBr 6 75
9 Water Et;N 0.3 BuwNBr 6 78
10 Water KOH 0.3 BusNBr 4 62
11 Water K>COs 0.3 CTAB 6 72
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12 Water K>CO; 0.3 TMAI 4 52
13 Water K,COs3 0.3 BusNBr 24 25¢
14 Water K>COs 0.5 BusNBr 12 864

[{lReaction of 4-Iodo anisole (1 mmol), Phenyl boronic acid (1.5 mmol), Pd loading (0.3 mol%),
K>COs (1 mmol), TBAB (10 mol%), water (2 mL) at 90 °C.

blsolated yields.

[l Room temperature reaction.

[ Temp of the reaction 100 °C.

The synthetic efficacy of this catalyst in water mediated Suzuki coupling
reaction was conducted with a number of different aryl halides and arylboronic
acids under optimized condition. The electron withdrawing aryl iodides and
bromides gave excellent yields of corresponding products. Although relatively
longer reaction time was required for electron donating aryl iodides and
bromides but each of them offered an excellent yield of products (Table I1.B.2).
The aryl chlorides gave only trace amount of the corresponding product even
after 24 h of exertion of reaction (Table I.B.2, entry 14). The arylboronic acids
with methoxy, methyl, nitro groups were rapidly converted to their

corresponding products at high to moderate yield at 90 °C.

Table I1.B.2. GO-PMMA-Pd catalyzed Suzuki reaction of different aryl halides

with phenyl boronic acid?

Entry Aryl halide Boronic acid Product Time Yield
() (%P
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7 OCHg; B(OH)Z
CH,
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Br CHs
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OCH,
10 @\ B(OH),
s I 6 58
S
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13 Br B

—~~

OH),

O No reaction - Nil

14 cl B(OH),

24 35¢

15 Br B(OH),
O .
Me
16 Br B(OH),
71

g

)
O @ O~
0,

[{IReaction of Aryl halide (I mmol), Phenyl boronic acid (1.5 mmol), palladium loading (0.3
mol%), K,COs (1 mmol), TBAB (10 mol%), water (2 mL) at 90 °C.
®lsolated yields.

[[IReaction temperature 120 °C

The above success in Suzuki coupling reaction prompted us to look for
such expectancy in Heck coupling reaction too. The Heck reaction was
optimized by varying the reaction parameters temperature, solvent, base, catalyst
loading (Table I1.B.3). In that instance, 4-iodo anisole was successfully coupled
with methyl acrylate in presence of TBAB and 0.2 mol% Pd in GO-PMMA-Pd
catalyst at 100 °C (Table I1.B.3, entry 4). All types of aryl halides gave good to
excellent yield which indicates the high efficiency of this heterogeneous catalyst

(Table 11.B.4) in Heck coupling too.
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Table II.B.3. Optimization of reaction parameters of Heck reaction?

O

- _ N _
HscoOl . /\H/OCHs GO-PMMA-Pd catalyst /@/\)‘\O
(0] Solvent, base, H,CO

surfactant, temperature

Pd-loading
Entry  Solvent Base  Temp (°C) Time (h)  Yield(%)®
(mol% )
1 DMF K>COs 120 0.1 4 75¢
2 Water K>CO; 100 0.1 5 72
3 Water Et;N¢ 100 0.2 5 80
4 Water K>;CO3 100 0.2 4 85
5 Water K>CO; 80 0.3 5 78
6 Water K>COs rt 0.3 24 25¢

[sIReaction of 4-Iodo anisole(1 mmol), methyl acrylate (2 mmol), Pd loading (0.2 mol%), K,CO;
(1 mmol), TBAB (10 mol%), water 3 mL.

blsolated yields.

[ISolvent was DMF.

[AITriethyl amine was used as base.

[[IRoom temperature.

Table I1.B.4. Reaction of aryl halides with different vinyl compounds®

Entry Aryl Olefins Product Time Yield
halides (h) (%)P
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COCH;

[{Reaction of aryl halide (I mmol), vinyl compound (2 mmol), GO-PMMA-Pd catalyst (0.2
mol%), K»CO3 (1 mmol), TBAB (10 mol%), water 3 mL.
(bl[solated yields.

The reduction of yield after 5th run of Suzuki coupling reaction (Figure
I1.B.6) could be due to the leaching of Pd NPs from GO-PMMA surface. The
palladium content after 5th run was confirmed by ICP-AES and it was found to
be 1.357 wt%. However, when the reaction was performed with only PMMA-
Pd°, a drastic change in yield was observed from 88% to 56% in 2nd run. This
observation clearly indicated that presence of GO in the composite plays a vital

role to improve the catalytic ability of GO-PMMA-Pd system.

100

80 - 68
60 -

40

20 -

0 -

3rd 4th 5th
Number of runs

Yield %

Figure 11.B.6. Recycling efficiencies of GO-PMMA-Pd catalyst for Suzuki

coupling reaction.
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Leaching of metal from the heterogeneous GO-PMMA support was examined
by hot filtration test as described in the literature [44]. After 1 h completion of
reaction, the reaction mixture was filtered to separate out the catalyst and HPLC
was carried out with the obtained filtrate (38 % conversion). The ICP-AES
analysis of the filtrate showed the absence of any palladium. The filtrate was
then heated for another 4 hrs at 90 °C without the addition of catalyst and the
corresponding HPLC pattern did not show any noticeable conversion which
implied that metals are not getting leached from the solid GO-PMMA support
during 1st 1 h of the reaction (Figure 11.B.7).

Figure 11.B.7. Comparison of normal time profile with hot filtration test.
Conversions (£2%) at different time intervals for each plot were measured by

HPLC.

The Pd content was found to be 5.559 wt% in this heterogeneous catalyst. The
recyclability of the catalyst was tested for Suzuki coupling reaction and the
catalyst was recyclable for five consecutive runs without significant drop in
activity. The sudden drop in yield (Figure I1.B.6.) after the fifth run may be
attributed to the leaching of Pd from the catalyst.
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I1.B.4. Conclusion

A greener protocol using ligand free GO-PMMA-Pd catalyst is proposed.
The prepared catalyst was characterized by different spectroscopic and
microscopic techniques. The newly made catalyst effectively generates different
C-C cross coupled product even at a very low Pd content in high yields at
optimal condition. The simple operational procedure, easy removal of catalyst,
reusability of the catalyst and environmentally benign process are the most
significant and outwit factors of our proposed scheme in comparison to the

existing protocols.
I1.B.S. Experimental Section
I1.B.5.1. General Information

Palladium (II) acetate 99.98% was purchased from Sigma Aldrich.
Graphite powder, H>O> (solution 30%), 98.5% pure methyl methacrylate were
purchased from commercial supplier. The morphology of the catalyst (GO-
PMMA-Pd) was analyzed by Transmission Electron Microscope (TEM, Model:
JEM-2100, accelerating voltages 60-200 KV in 50 V steps; resolution: 1.9A to
1.4A). Inductively coupled plasma spectroscopy (ICP) was analysed on ARCOS,
Simultaneous ICP spectrometer (SPECTRO analytical instruments GmbH,
Germany). Powder XRD data and X-ray photoelectron spectroscopy (XPS) was
obtained from Bruker D8 Advanced X-ray Powder Diffractometer (Cu Ka
radiation, A = 1.54 A) and an XPS instrument (Omicron: Serial no. 0571). NMR
spectra were taken in CDCl3 using a Bruker AV-300 spectrometer operating for
'H at 300 MHz and for °C at 75 MHz. Splitting patterns of protons were
described as s (singlet), d (doublet), t (triplet), br (broad) and m (multiplet).
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Chemical shifts were reported in parts per million (ppm) relative to TMS as

internal standard.

I1.B.5.2. Procedure for cross coupling of 4-iodo anisole and phenyl boronic

acid using GO-PMMA-Pd catalyst

A 25 mL RB was charged with 4-iodo anisole (1.0 mmol), phenylboronic acid
(1.5 mmol), GO-PMMA-Pd catalyst (0.3 mol % Pd), KoCO; (1 mmol), TBAB
(10 mol %) and 2 mL water. The mixture was allowed to stir at 90 oC for an
appropriate time (Table I1.B.1) and the extent of the reaction was monitored by
thin layer chromatography (TLC). After the completion of the reaction, the
reaction mixture was extracted by ethyl acetate (2x25 ml) and washed with
water repeatedly. The catalyst was filtered off and washed several times with
ether and water (1:1) until no significant product was obtained in the wash. The
recovered catalyst was reused for the next coupling experiment. The reaction
mixture was dried over anhydrous Na;SOs, concentrated in vacuum and purified
by column chromatography on silica gel 60-120 mesh using petroleum ether as
eluent to obtain pure product. The catalyst recovered after Sth run was subjected
to ICP-AES for Pd content analysis. The isolated products were analysed by 'H
NMR and *C NMR spectroscopy.

I1.B.5.3. General procedures for the Heck coupling reactions

A mixture of 4-iodo anisole (I mmol), methyl acrylate (2 mmol), GO-PMMA-
Pd catalyst (0.2 mol % Pd), K2CO3 (1 mmol), TBAB (10 mol %) and 3ml water
was stirred under 100 °C. The reaction took significant time for completion
(Table II1.B.3) and the progress of the reaction was monitored by TLC. After
completion, the reaction mixture was extracted with ethyl acetate and washed

with water repeatedly. The combined organic mixture was dried over anhydrous
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NaxSO4 and purified by column chromatography using petroleum ether/ethyl
acetate as eluent to afford pure product. The catalyst was separated and washed
for several times with ether and water. The recovered catalyst was used in next
cycles and the isolated products were characterized by 'H and '3C NMR

spectroscopy.

I1.B.5.4. Spectroscopic data of the products

4-methoxy-1,1’ biphenyl (Table I1.B.2, entry 1) [45, 46]

'H NMR (300 MHz, CDCls) & (ppm) 3.85 (s, 3H), 6.98 (d, 2H, J = 6.9 Hz),
7.24-7.32 (1H, m), 7.39 (d, 2H, J = 7.8Hz), 7.51-7.56 (m, 4H, J = 8.7 Hz);

13C NMR (75 MHz, CDCLs) & (ppm) 55.37, 114.22, 126.68, 126.76, 128.18,
128.75, 133.80, 140.85,159.16.

3-methoxy-1,1’-biphenyl (Table I1.B.2, entry 2) [45, 46]

OCHs

'H NMR (300 MHz, CDCl3) & (ppm) 3.84 (s, 3H), 6.89 (d, J = 8.1 Hz, 1H),
7.12-7.18 (m, 2H), 7.31-7.36 (m, 2H), 7.39-7.44 (m, 2H), 7.58 (d, J = 8.1 Hz,
2H);

3C NMR (75 MHz, CDCls) § (ppm) 55.33, 112.72, 112.95, 119.74, 127.25,
127.47, 128.79, 129.81, 141.15, 142.82, 159.89.
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3-nitro-1,1’-biphenyl (Table I1.B.2, entry 3) [45, 46]

NO,

'H NMR (CDCls, 300MHz) & 8.41 (s, 1H), 8.15 (s,1H), 7.87 (s,1H), 7.41-7.59
(m, 7H, J = 8.4Hz);

13C NMR (75 MHz, CDCls) & (ppm) 121.93, 122.04, 127.17, 128.58, 129.20,
129.70, 133.06, 138.65, 142.86, 148.74.

4-methyl-1,1’-biphenyl (Table I1.B.2, entry 4) [45, 46]

'H NMR (300 MHz, CDCLs) & (ppm) 2.174 (s, 3H), 6.95-6.99 (d, 2H, J =
6.9Hz), 7.23-7.31(m, 1H), 7.38-7.51 (m, 2H), 7.52-7.56 (g, 4H);

13C NMR (75 MHz, CDCl3) & (ppm) 21.12, 122.00, 127.01, 128.74, 129.20,
129.50, 133.07.

3-methyl 1,1°-biphenyl (Table I1.B.2, entry 5) [52]

CHj

'H NMR (300 MHz, CDCls) & (ppm) 2.39 (s, 3H), 6.88 (d, J = 8.1Hz, 1H), 7.13-
7.19(m, 2H), 7.31-7.36 (m, 2H), 7.42-7.44 (m, 2H), 7.59 (d, J = 8.1Hz, 2H);
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13C NMR (75 MHz, CDCl3) & (ppm) 26.68, 124.30, 127.20, 127.28, 128.02,
128.69, 128.78, 138.35, 141.26, 141.37.

4-acetyl 1,1’-biphenyl (Table I1.B.2, entry 6) [47]

'"H NMR (300 MHz, CDCl3) & (ppm) 2.68 (s, 3H), 7.39-7.49 ( m, 3H, J =
7.5Hz), 7.61-7.68 (m, 4H, J=7.2Hz), 8.00 ( d, 2H, J = 8.1Hz);

13C NMR (75 MHz, CDCLs) & (ppm) 26.68, 127.24, 127.29, 128.26, 128.94,
128.98, 135.86, 139.87, 145.79, 197.80.

4-methoxy-3-methyl-1,1’-biphenyl (Table I1.B.2, entry 7) [47]

CHs

'H NMR (300 MHz, CDCls) & (ppm) 2.28 (s, 3H), 3.86 (s, 3H), 7.17 (s, 1H),
6.81(s, 1H), 7.39 (t, 4H ), 7.55 (t, 2H);

3BC NMR (75 MHz, CDCl3) § (ppm) 16.43, 55.45, 110.17, 126.40, 126.55,
126.78, 126.91, 128.69, 129.52, 133.36, 141.07, 157.39.

4-methyl-4’-methoxy-1,1’-biphenyl (Table I1.B.2, entry 9) [45, 47]
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'H NMR (300 MHz, CDCl3) & (ppm) 2.39 (s,3H), 3.84 (s, 3H), 6.97 (d, 2H, J
=7.5Hz), 7.23 ( d, 2H, J = 8.4Hz), 7.44-7.55 (m, 4H);

13C NMR (75 MHz, CDCL3) & (ppm) 24.25, 58.52, 117.34, 129.77, 131.14,
132.64, 136.92, 139.55, 141.14, 162.10.

2-phenylthiophene (Table I1.B.2, entry 10) [46, 47]

/\
S

13C NMR (75 MHz, CDCls) & (ppm) 118.98, 126.24, 127.97, 129.06, 130.63,
131.21, 132.06, 137.51.

(E)-methyl 3-(3-nitrophenyl) acrylate (Table I1.B.4, entry 4) [50]

O

AN
O/

NO,

'H NMR (300 MHz, CDCL3) & (ppm) 3.84 (s, 3H), 6.57 (d, J = 15.9 Hz), 7.57-
7.84 (m, 3H), 8.24 (d, 1H, J = 8.1 Hz), 8.38 (s, 1 H);

13C NMR (75 MHz, CDCl3) & (ppm) 55.18, 124.10, 125.58, 127.70, 133.12,
136.78, 139.24, 145.12, 151.81, 169.73.

(E)-methyl 3-(4-methoxyphenyl) acrylate (Table I1.B.4, entry 1) [49]

O

Oy
H;CO
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'H NMR (300 MHz, CDCls) & (ppm) 3.68 ( s, 1H), 3.77 (s, 1H), 6.47 (d, 1H, J =
15.9Hz), 6.95 (d, 2H, J = 8.7Hz), 7.65 (d, 3H, J = 8.8Hz);

BC NMR (75 MHz, CDCl3) § (ppm) 51.27, 55.29, 114.33, 115.03, 126.57,
130.13, 144.31, 161.11, 166.91.

(E)-ethyl 3-(4-methoxyphenyl) acrylate (Table I1.B.4, entry 2) [47, 49]

O

W o
H3CO

'H NMR (CDCls, 300 MHz) & 0.98-1.02 (t, 3H), 3.47 (s, 1H), 4.13-4.17 (q,
2H), 6.43 (d, 1H, J=16.2 Hz), 6.92-6.95 (d, 2H, J = 8.4Hz), 7.58-7.62 (m,3H);

13C NMR (75 MHz, CDClL) & (ppm) 14.06, 55.08, 59.71, 114.21, 115.30,
116.53, 126.58, 129.92, 137.84, 144.00, 161.04, 166.39.

(E)-butyl 3-(4-methoxyphenyl) acrylate (Table I1.B.4, entry 3) [51]

(0]

WOM
HaCO

'H NMR (300 MHz, CDCl3) & (ppm) 1.00 (t, 3H, J = 6.6Hz), 1.44 (m, 2H), 1.69
(m, 2H), 3.80 (s, 3H), 4.16-4.23 (t, 2H, J = 6.6Hz), 6.89 (2H, d, J = 8.7Hz), 7.63
(d, 1H, J= 16.2Hz), 7.47 (t, 3H);

13C NMR (75 MHz, CDCl3) & (ppm) 16.90, 22.35, 33.96, 58.43, 67.37, 117.42,
118.85, 130.30, 132.81, 147.34, 164.46, 170.54.

1-(4-styrylphenyl)ethanone (Table I1.B.4, entry 8) [47]
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S8
HsCOC

'H NMR (300 MHz, CDCl3) & (ppm) 2.55 (s, 3H), 7.08-7.19 (m, 2H), 7.21 (d,
1H, J = 16.8Hz), 7.29-7.58 (m, 5H), 7.97 (d, 2H, J = 8.4Hz);

3C NMR (75 MHz, CDCl3) § (ppm) 29.79, 129.70, 130.02, 130.62, 131.52,
132.00, 132.08, 134.65, 139.12, 139.87, 145.19, 200.71.
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II.B.5.5. Scanned copies of 'H and 3C NMR spectra of synthesised
compounds.

Figure 11.B.8. Scanned copy of 'H and 3C NMR spectra of 4-methoxy-1,1'
biphenyl.l
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Figure I1.B.9. Scanned copy of 'H and 3C NMR spectra of 3-methoxy-1,1'-

biphenyl.
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Figure 11.B.10. Scanned copy of 'H and *C NMR spectra of 3-nitro-1,1 -
biphenyl.
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Figure I1.B.11. Scanned copy of 'H and 3C NMR spectra of 4-methyl-1,1"-
biphenyl.
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Figure |1.B.12. Scanned copy of 'H and 3C NMR spectra of 4-acetyl 1,1 -
biphenyl.
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Figure 11.B.13. Scanned copy of 'H and *C NMR spectra of 4-methoxy-3-
methyl-1,1’-biphenyl.
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Figure 11.B.14. Scanned copy of 'H and *C NMR spectra of 4-methyl-4 -
methoxy-1,1 -biphenyl.
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Figure I1.B.15. Scanned copy of 'H and >C NMR spectra of (E)-methyl 3-(3-

nitrophenyl)acrylate.
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Figure I1.B.16. Scanned copy of 'H and >C NMR spectra of (E)-methyl 3-(4-
methoxyphenyl) acrylate.
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Figure 11.B.17. Scanned copy of 'H and *C NMR spectra of (E)-ethyl 3-(4-
methoxyphenyl) acrylate.
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Figure 11.B.18. Scanned copy of 'H and 3C NMR spectra of (E)-butyl 3-(4-
methoxyphenyl) acrylate.
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Figure 11.B.19. Scanned copy of 'H and 3C NMR spectra of I1-(4-

styrylphenyl)ethanone.
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I1.B.6. References

References are given in Bibliography under Chapter II, Section B
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Section A

Sulfonated graphene oxide (SGO) as metal-

free efficient carbocatalyst for the synthesis of
3-methyl-4-(hetero) arylmethylene isoxazole-

5(4H)-ones
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III.A.1. Introduction

Isoxazoles and isoxasolone derivatives are an important class of
heterocyclic compounds that display beneficial biological properties such as
antitumor [1], antifungal [2], cytotoxic, anti-inflammatory [3], antibacterial, and
anti-HIV activities [4-6]. Isoxazole scaffold is considered as a major compound
in the combinatorial synthesis and protein kinase inhibitors as well as playing a
crucial role in the development of chemotherapeutic agents [7-8]. Moreover,
many compounds belonging to this class have also been employed as versatile
building blocks of synthetic drug molecules [9], a variety of natural products
[10], fungicides, and insecticides [9]. [soxazoles are beneficial starting materials
in various organic synthesis [11] and found application in liquid crystalline
material [12], optical storage and nonlinear optical research [13], filter dyes in
photographic films [14]. A series of androgen antagonists with isoxazole
scaffold are found to have medicinal utility [15] and some of them also exhibit
full antagonistic activity towards human metastatic breast cancer cells and
human prostate tumor cells [16]. Panathur et al. also studied biological activities
(in vitro) of some isoxazolone derivatives showing their 112, 117 compounds
(Figure III.A.1) with cytotoxicity against cancer cells viz. Human metastatic
breast cancer cells (MDA-MB-231), Human breast cancer cells (MCF-7),
Human colon adenocarcinoma cells (HT-29) remarkably without affecting the

noncancerous cells (HEK-239) [16].

In recent times, one-pot multicomponent reactions (MCR) are emerging
as ecologically sustainable processes in pharmaceutical chemistry, drug
designing, and have been considered as a powerful tool for the synthesis of

biologically active heterocyclic compounds. With increasing demand in green
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chemistry, much attention has been paid to MCRs to achieve high yield, high

selectivity, and synthetic simplicity in various research fields.

Nonlinear- optical agent Fungicid N 112 (cytotoxic agent)

HsC p FsC
F
YN OCF,

" D
Ny N

Merocyanine dye \\©\OCF3

117 (cytotoxic agent) Anti-diabetic agent
OCF,
Figure I11.A.1. Some examples of biologically active compounds containing

isoxazole moiety.
IT1.A.2. Background and objectives

There are several methods for synthesis of isoxazole-5(4H)-one
derivative, a) cyclization of O-propionyl oximes [17], b) condensation between
substituted benzaldoximes and 1,3-dicarbonyl compounds [18], ¢) the reaction of
[S-ketoesters with hydroxylamine and sodium hydroxide followed by the
subsequent addition of aqueous HCl under heating condition [19]. The
traditional procedure to synthesize 3-methyl-4-(hetero)arylmethylene isoxazole-
5(4H)-ones involve two consecutive steps viz. a) formation of an oxime from the

condensation of ethyl acetoacetate with hydroxylamine hydrochloride followed
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by b) Knoevenagel type reaction with aromatic aldehydes [20]. The convenient
methodologies demand solid state grinding, solid state heating [21], microwave
heating [22], ultrasonic irradiation [23], application of sodium acetate in
presence of visible light in ethanol solvent [24]. It is worth mentioning that
different moisture-sensitive reagents like sodium sulphide [25], phthalimide-N-
oxyl salts [26], sulphated polyborate [27], boric acid [28], sodium azide [29],
Snll-montmorillonite [30], potassium sorbate [31] etc [32-35]. However, most of
the conditions, suffer from drawbacks such as high temperature, harsh reaction
conditions, prolonged reaction time, strongly acidic/basic condition, low yield,
use of homogeneous catalyst and suffer from rapid loss of catalytic activity.
Although in most of the reported protocols acceptable yield of isoxazolone has
been reported using toxic metal catalysts, costly reagents [27, 29] as well as
people suffered tedious reaction conditions and work up process [24, 29, 30]. To
avoid these drawbacks it is imperative to develop a high-yielding greener,
radiation, and metal-free efficient method for its synthesis with a broad range of

substrate applicability.

In 1928-1929 Minunni et al. investigated the reaction between
acetoacetic ester oxime with various aromatic aldehydes in presence of acid
(Scheme III.A.1) [36]. The striking similarity of the product obtained by this
procedure to those obtained by R. Schiff and M. Betti [37] may lead to an
assumption that the products were isoxazolones. The probable mechanism of this
reaction was discussed and it was found that the reactions are feasible in

presence of strong acids.
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H;PO,
CH;CCH,COOC,H; + RCHO »  H3;CC—C=CHR
. . (-HOH) I
N CO
-C,H;OH \ /
NoOH (-C,HsOH)

Methylisoxazolones

Scheme 111.A.1. The reaction of acetoacetic ester oxime with an aromatic

aldehyde.

Nakamura et al. demonstrated gold-catalyzed cyclizations of O-
propioloyl oximes to 4-arylideneisoxazol-5(4H)-ones in good to excellent yields
via C-N bond formation followed by arylidene group transfer (Scheme I11.A.2)
[17]. As a representative reaction, (E)-benzaldehyde O-3-phenylpropioloyl
oxime was reacted in acetonitrile in the presence of Au(PPh3)NTf (5 mol %) at
25 °C temperature to give 4-benzylidene-3-phenylisoxazol-5(4H)-one with
excellent yield (90%). Crossover experiments showed the arylidene “migration”

proceeded through an intermolecular manner.

5 mol % Au(PPh3)NTf,

N
O/ - O/ \ R1
o%\ MeCN, 25 °C 3 N\ H
N 0.25-8 h &
Yield 69-94 %

R! = Ph, p-tolyl, p-anisyl, p-CF3CgHy, n-Pr, Cy, t-Bu
R? = Ph, p-tolyl, p-anisyl, p-CF3CgH,, p-CICgH,4, p-iPrCgH,

Scheme I11.A.2. Au-catalyzed synthesis of 4-arylideneisoxazol-5(4H)-ones.

Maddila et al. described the one-pot synthesis of 3-methyl-4-
(phenyl)methylene-isoxazole-5(4H)-ones in a water medium using Ag/SiO> as
heterogeneous catalyst (Scheme II1.A.3) [34]. Interestingly, different aromatic

aldehydes with several electron-withdrawing and electron-donating substrates in
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ortho, meta, and para positions have also contributed positively to produce the
desired substituted isoxazoles in good to excellent yield. All the synthesized

products were characterized by FTIR, 'H NMR, '*C NMR, and HRMS spectra.

CHO
o o Ag/SiO, . X 0
HSC)J\/U\OEt + NHOHHOI + ¢ H,0/RT, h 3 =N
1 mmol 1.1 mmol 1 mmol Yield 88-93%

R = H, 4-OH, 4-OMe, 4-N(Me),, 2,5-(OH),, 3,4-(OH)s,
3-OH, 2,3-(OMe),, 2,5-(OMe),, 2,4,6-(OMe)s, 2,4-(Me),, 4-Et

Scheme [I11.A3. Ag/SiO: catalyzed green synthesis of 3-methyl-4-
(phenyl)methylene-isoxazole5(4H)-ones.

Patil et al. developed a mild and rapid synthesis of 3-methyl-4-
(hetero)arylmethylene isoxazole-5(4H)-ones via an eco-benign protocol
involving a new heterogeneous catalyst sulfated polyborate (Scheme III.A.4).
The boric acid was dehydrated at 200 °C and converted into polymeric Lewis
acid form and then sulfonated to induce the Bronsted acid character into the
polymerized form [38]. Several electron-withdrawing and donating groups on
the aromatic nucleus showed no significant change in the yield of the product.
The main advantage of this method was a solvent-free approach, easy work-up,

recyclable catalyst, and short reaction time.
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Q0 sulfated polyborate
R™\X
PO+ NHoHHC ¢ HSCJ\/”\OEt - N

(o]
R solvent free, ?O C, o o
15-25 min

Yield 80-90%
R = CgHs, 2-OH-CgHy, 2-NO,-CgHy, 3-Cl-CgHy 3-Br-CgHy

4-Cl-CgHy, 4-Br-CgH,, 4-CH3-CgHy, 4-OCH3-CgHy, 4-OH-CgHy
4-NO,-CgHy, 2-Thienyl, 5-Methyl furan-2-yl, Indol-3-yl 9
| |
OH 0O
n
Sulfated ployeborate

Scheme 111.A.4. Sulfated polyborate catalyzed synthesis of 3-methyl-4-
(hetero)arylmethylene isoxazole-5(4H)-ones.

Liu et al. described the one-pot three component synthesis of
isoxazolones using ethyl acetoacetate, hydroxylamine hydrochloride, and
aromatic aldehydes in presence of sodium sulfide as catalyst (Scheme III.A.5)
[39]. Probably, sodium sulfide is one of the oldest and widely used industrial
chemicals that has been used as an effective catalyst in some reactions [40]. The
electron-donating group containing aromatic aldehydes afforded the target
products in high yield in a short time while aromatic aldehydes with electron-
withdrawing groups were failed to convert to the target products. Although, the
heterocyclic aldehydes and a.,f- unsaturated aldehydes exerted the corresponding

isoxazolones with moderate to high yield.

o O Na,S « 9H,0
H._O PN % 2 RN
3 Ethanol, r.t. /

o
R 1-6.5 h O

R = C6H5, 2-Fury|, 4-CH30C6H4, 2-OH06H4, Yield 80-91%
Vaniline, CgHsCH=CH, 2-CICgHy, 2,4-Cl,CsHs
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Scheme 111.A5. The one-pot synthesis of 3-methyl-4-(hetero)arylmethylene
isoxazole-5(4H)-ones catalyzed by sodium sulfide.

Photochemical reactions in presence of visible light in eco-friendly
solvents are particularly useful and are considered an extremely green and clean
procedure. The photo activation of the substrates minimizes the chance of the
byproduct formation and requires much less time than the thermal procedure
(Scheme II1.A.6) [41]. Saikh et al. reported an eco-friendly synthesis of 3-
methyl-4-arylmethylene-isoxazole-5(4H)-ones induced by visible light in the
aqueous-cthanol solvent [42]. However, it was observed from the reaction that
the electron-donating group containing aromatic aldehydes smoothly participate
whereas, the electron-withdrawing group containing aromatic aldehydes (nitro or

chloro) failed to produce the target product.

Ar \ CH3
O® COCH. CH3;COONa/ aq. CoHsOH
Ar—CHO + CINH;0H + < 3 \
o N
CO,C,Hs hv, 5-10 min 0

Ar = CgHg, 4-OHCgHy4, 4-OCH3CgHy, 2,4-(OCH3),CeHg Yield 56-89 %
3,4-(OCH3),CgH3, benzodioxole, 2-Thiophenyl, Indole

Scheme 111.A.6. Synthesis of 3-methyl-4-arylmethylene-isoxazole5(4H)-ones

induced by visible light in an aqueous-ethanol solvent.

Kiyani et al. developed an environmentally benign protocol for the
synthesis of 3,4-disubstituted isoxazol-5(4H)-ones at room temperature using
Potassium phthalimide (PPI) as an efficient and effective basic organocatalyst
(Scheme 1II.A.7) [43]. Potassium phthalimide (PPI) is a mild, inexpensive,

commercially available basic recyclable catalyst, and also a stable reagent.
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NK*
79 10 mol% i
H o) mol% O A N
RJ\/U\OEt + NH,OHHCI + Y F/IQN
Ar H,0, r.t. o
o)
1-6.5h
R=CH, Ar = CgHs, 4-CH3CgHy, 4-CH30CgH,,4-OH-3-OCH;CgHs Yield 85-96%

CH,CI, Ph 2-OHCgH4,3--OHCgHy4, 4--OHCgHy, 2-Furyl,2-Thienyl, 3-Thienyl
3-Coumarinyl, 4-NMe2CgH,, 4-OH-3-NO,-CgH3

Scheme [11.A.7. Synthesis of 3,4-disubstituted isoxazol-5(4H)-ones catalyzed by

Potassium phthalimide (PPI) in water at room temperature.

This reagent (PPI) has been widely used in the synthesis of primary amines by
the Gabriel method [44], particularly used for the synthesis of phthalimide
derivatives [45, 46] and the preparation of cyanohydrin trimethylsilyl ethers
[47].

As an alternative to non-metal for organic synthesis, carbonaceous
nanomaterials have been received considerable attention due to their
sustainability and affordability [48]. Graphene oxide (GO), a 2D unique
nanomaterial, contains a variety of oxygen-containing functional groups (e.g.
alcohols, carboxylates, epoxides, sulphate groups), the presence of these
extrinsic functionalities provides moderate acidic properties (pH = 4.2) to GO
and its high surface area males it an efficient catalyst for several organic
transformation reactions. In addition to this, its derivative sulfonated graphene
oxide (SGO) possesses Brdnsted acid properties in organic reactions. The use of
GO and SGO as heterogeneous catalysts has been attracted consideration owing
to their acidic property, thermal stability in reaction, high surface area, and easy

recovery of the catalyst [49-52].
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II1.A.3. Present work: Result and discussion

Over the past decades, as an alternative of nonmetal carbonaceous
nanomaterials have received considerable attention owing to their sustainability
and affordability in organic transformation [53-55]. Herein, we report a simple
and unprecedented transformative protocol to furnish a wide variety of
biologically active substituted 3-methyl-4-(hetero)arylmethylene isoxazole-
5(4H)-ones wusing aldehyde, ethyl acetoacetate, and hydroxylamine
hydrochloride in presence of sulfonated graphene oxide (SGO) at room
temperature (Scheme II.A.8). The catalyst SGO was characterized by different
spectroscopic techniques and reused up to the 5th run without a significant drop

in its catalytic activity.

CHO O O Sulfonated graphene HAC
oxide (SGO) 25 m 3
®/ . NHOHHCI )J\/U\O,R1 (SGO) 25 mg >/_£®R
R
S (0]
1 mmol 2.5 mmol 2 mmol t o

R = H, 4-OMe, 4-NO,, 4-Me, 4-Cl, R41=-Me, Et Yield 64-93 %
3-NO,, 2-Furyl, 2-Thienyl, 2-Napthyl,

4-OH, 4-Br, 4-NMe,, 2-OH, 3-Me,

Indole-3-carbaldehyde, Cinnamaldehyde

Scheme 111.A.8. One-pot three-component synthesis of 3-methyl-4-

(hetero)arylmethylene isoxazole-5(4H)-ones using SGO as a catalyst.
ITI.A.3.1.Synthesis of the catalyst

We have assessed the catalytic activity of SGO as an acid catalyst in the
promotion of isoxazole synthesis. SGO was synthesized by the Tours method
shown in scheme III.A.9 and was extensively purified to remove any metal

impurity.
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Modified Hummers

~ GO

" KMnO,(9g), NaNO,(1.5g), H,S0O,(69 mL)
Graphite powder ‘\’
3z N T Tours 5GO-1
Used in our work

AN KMnO,(9g), H,SO,(360 mL), H;PO,40mL)
AN

AN
N Tours

§ SGO-2
KMnO,(18g), H,SO,(360 mL), H,PO,(40mL)

Scheme I11.A.9. Synthesis of SGO using different method.
I11.A.3.2. Optimization of the reaction conditions

For screening the reaction condition, benzaldehyde, ethyl acetoacetate,
and hydroxylamine hydrochloride were selected for the model reaction. The
effects of the reaction parameters such as solvent, temperature, amount of the
catalyst are discussed briefly in Table III.A.1. It was noticed that except toluene
other solvents produced the desired product in moderate to good yield. Further
investigation revealed that solvent-free stirring yielded the corresponding
products with an excellent yield at room temperature (Table III1.A.1). Inspired by
this expectancy, we altered the amount of the catalyst SGO under solvent-free
conditions to achieve the optimal condition of the reaction. Depending upon the
time, yield and temperature, 25 mg SGO-1 displayed the best result (Table
III.A.1, entry 8) and was opted as the optimum quantity for the promotion of the
reaction (Table III.A.1). To show catalytic efficiency, SGO-1 was also compared
with GO and SGO-2 (Table III.A.1, entry 9 and10) and results revealed that
SGO-1 exerted the desired product with a high yield.
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Table III.A.1. Optimization of reaction parameters for the synthesis of 3-
methyl-4-(hetero)arylmethylene isoxazole-5(4H)-ones based on the result of the

following combination intheprotocol?

CHO Q@ 0 Graphene oxide H5C Y
. NH,OHHCI )J\/”\O/R1 I
R o R

1 2 3 rt Ne)

Rq= -Me, Et 4(a-t)

Entry  Catalyst Solvent Temperature  Time(h) Yield (%)°
(SGO-1) mg °C

1. None Water Rt 8 Trace
2. 50 Water Rt 2 82%
3. 50¢ Water 100 1 84%
4. 50 Ethanol rt 2 74%
5. 50 MeCN rt 2 52%
6. 50 Neat rt 2 91%
7. 50 Toluene rt 2 NR
8. 25 Neat rt 1 90%
9. 25 (GO) Neat rt 1 84%°
10 25 (SGO-2) Neat rt 1 87%!
11. 25 Neat rt 12 86%
12. 15 Neat rt 4 60%
13. 10 Neat rt 12 49%
14. 1008 Neat rt 4 81%

[{Reaction of benzaldehyde (1 mmol), ethyl acetoacetate (2 mmol), hydroxylamine
hydrochloride (2.5 mmol) at room temperature (rt).

PlIsolated yield after purification through column chromatography on silica gel.

[INo sulfonated graphene oxide (SGO) was added.

[dITemperature of the reaction 100 °C.

GO was used as catalyst,

fISGO-2 was used as a catalyst.

[eIThe reactants are used 5 mmol each.

To test the water tolerance of the catalyst, we have also carried out the reaction
in an aqueous medium (Table III.A.1, entry 2). Upto 82% yield of the entry

suggested that there is no chance of poisoning the catalyst by water. To
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reconfirm the anticipation, after the 1st run the recovered catalyst was dried in a
rotary evaporator at 50 °C and reused under the identical condition and in each

case, we observed almost identical yield up to the 3rd run.

After achieving the optimized condition, we used some substituted
aromatic aldehydes to get different substituted 3-methyl-4-(hetero)arylmethylene
isoxazole-5(4H)-ones. The study also indicated that various aromatic aldehydes
afforded the corresponding products with high yields (except 2-nitro and 4-
nitrobenzaldehyde). Aldehydes with electron-donating groups considerably
increase the nucleophilicity on carbonyl oxygen, thereby efficiently yielding the
desired product with excellent yield (Table III.A.2, entries 2, 4, 8, 13, 18, and
22), whereas, the aldehydes with electron-withdrawing groups affording
relatively poor yield of the product. 2-Napthaldehyde (Table III.A.2, entry 9)
gave moderate yield whereas 1-Naphthaldehyde (Table III.A.2, entry 10) did not
respond to reaction and the reason may be due to the hindrance offered by steric
factor. Again, we examined the reaction in the case of aliphatic aldehyde also
(Table III.A.2, entry 20) which gave a trace amount of product. The generality of
the reaction was further extended in the case of heterocyclic and a,f-unsaturated
aldehydes which also afforded the corresponding product with good yield (Table
II.A.2, entries 7, 11, and 17, 19). The versatility of the reaction was further
tested by using methyl acetoacetate instead of ethyl acetoacetate. As expected
we get the same product and with an almost identical yield (Table III.A.2, entry
21,22, 23).
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Table III.A.2. SGO catalyzed synthesis of different substituted 3-methyl-4-

(hetero)arylmethylene isoxazole-5(4H)-ones?

Entry Aldehyde R | Product | Time | Yield Mp (°C)
(%)° | Found | Reporte
d
1. ©/CHO Et 4a 1 90 141-142 | 141-143
2. /©/CHO Et 4b 1.5 89 176-178 | 174-176
MeO
3. ©/CHO Et 4c 1.5 80 141-143 | 142-144
NO,
4, /©/CHO Et 4d 1.5 87 135-136 | 135-136
Me
5. /©/CHO Et 4e 2 84 119-121 | 118-120
Cl
6. CHO | Et 4f 4 Trac - -
o :
O,N
7. @\ Et 4g 1.5 91 237-239 | 238-241
o~ "CHO
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8. @/CHO Et 4h 1.5 84 215-216 | 214-216
HO
9. CHO Et 41 3 64 165-166 -
10. CHO Et 4 8 NR - -
11. @\ Et 4k 1.5 90 144-146 | 146-147
s~ ~CHO
12. /©/CHO Et 4] 2.5 &2 122-125 | 120-122
Br
13. CHO Et 4m 1 93 225-227 | 227-228
e L
\
Me
14. @CHO Et 4n 2 82 200-202 | 198-201
OH
15. CHO Et 40 8 Trac - -
X e
NO,
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16. CHO Et 4p 2.5 90 | 214-216 | 211-214
HO ;

OCH;

17. ©/\VCHO Et 4q 2 | 84 |[172-174 | 171-173
8. ©/CHO Et 4r 25 | 87 | 108-110 -

CH;
19. \//\ CHO Et 4s 2.5 86 239-240 | 240-242
\
N
H
20. A~ UCHO | Et 4t 8 Trac - -

21. ©/CHO Me 4a 2 84 141-142 | 141-143
22. /©/CHO Me 4d 2 86 135-136 | 135-136
Me

23. ©/CHO Me 4c 2 78 141-143 | 142-144

NO,

[{Reaction of aldehyde (1 mmol), ethyl acetoacetate (2 mmol), hydroxylamine hydrochloride
(2.5 mmol), SGO (25mg) at room temperature.
[blIsolated yield after purification through column chromatography on silica gel.

190



Section A4

II1.A.3.3. Mechanism

A probable mechanism for the synthesis of 3-methyl-4-arylmethylene
isoxazole-5(4H)-ones by SGO is depicted below (Scheme II1.A.10). It is
suggested that acid-catalyzed oxime (I) formation initiated the reaction. The
oxime so formed subsequently guided the Knoevenegal condensation between
aromatic aldehyde and intermediate (I). This will be followed by successive

cyclization along with the elimination of ethanol to yield the desired product.

Scheme 111.A.10. Possible route for SGO catalyzed synthesis of 3-methyl-4-
(hetero) arylmethylene isoxazole-5(4H)-ones.
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111.A.3.4. HR-TEM and SEM analysis

A morphological study of graphene oxide (SGO) and SGO after the 5th
run was carried out by HR-TEM microscopy to investigate the disintegration of
SGO sheets due to the reactions (Figure I11.A.2). After reuse SGO sheets appear
to have disintegrated along with slight aggregation. The possible explanation
may be put forward that, after catalysis, its reduction to rGO leads to
disintegration into smaller sheets. Furthermore, the morphological study (SEM
images) confirms the formation of multiple SGO sheets (Figure II11.A.3). Thus,
from the above, it may be included that SGO has taken part in the reaction.

Figurelll.A.2. HR-TEM images of (a) SGO and (b) SGO after 5" run.

Figurell1.A.3. SEM images of (a)SGO and (b) SGO after the 5" run.

The S content in fresh SGO and the residue left after the Sth run was 3.12
and 0.68 wt% respectively (Figure III.A.4). The decreased percentage of S in
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SGO after the 5th run reveals that the functional groups containing sulfur have

had participated in the reaction.

Figurelll.A.4. EDX spectra of (a) SGO and (b) SGO after 5" run.
II1.A.3.5. XRD and Raman spectra analysis

For structural studies, XRD spectra of the synthesized catalyst SGO, and
that of it after the 5th run are shown in Figure III.A.S5.

Figure 111.A5. XRD spectra of synthesized SGO and SGO catalyst after 5"

recycle.
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A comparison indicates a reduction in the intensity of the first peak (26=9.98)
which is a characteristic peak of sulfonated graphene oxide. After the 5th cycle,
a new peak appears at 20=24.64, which indicates the partial formation of rGO.
These results show a proportional reduction of the content of functional groups

on SGO during the reaction.

The Raman spectra of both SGO and used SGO after the 5th run showed
a characteristic D peak at 1346 cm™ and G peak at 1582cm™ (Figure II1.A.6).
The ratio of intensities of D and G band (Ip/Ig) of SGO and used SGO after 5%
run displayed 0.91 and 0.93 respectively. However, the slight increased (Ip/Ig)
ratio suggested that during successive runs partial formation of rGO has

occurred through the restoration of some C=C bonds.

D band 4 )\ G band

- —— SGO after 5" run
5
< 1/1,= 0.93
N—r
>
=
(72}
b ) G band
[¢]
=
£

I/1.= 0.91

1000 1500 2000 2500

Wavenumber (cm™)
Figurell1.A.6. Raman spectra of SGO and SGO after 5" run.
ITI.A.3.6. Recyclability experiment

To check the recyclability of the catalyst SGO, a model reaction between
benzaldehyde, ethylacetoacetate, and hydroxylamine hydrochloride in presence

of 100 mg of SGO was carried out. After the completion of the reaction, ethyl
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acetate (20 ml) was added into the reaction mixture and centrifuged at 4000 rpm
for 5 minutes. The supernatant liquid containing the product was decanted off
and the process was repeated thrice.The recovered catalyst was then washed

with water and acetone repeatedly to obtain dry SGO.

W
0

L L
/ 857 cm*
(a) . 1225cm’” l
1393 cm 1057 e
L L

4000 3000 2000 1000
Wavenumber (cm™)

Transmittance (%)

Figurell11.A.7. FTIR spectra of SGO (a) fresh (b) after 2™ run (c) after 5" run.

100
90 90 87 85
30 - 76
c\=60 -
=
340 -
>_‘40
20 -
O n T T T T T 1
1st 2nd 3rd 4th 5th
Number of runs

Figurelll1.A.8. Recyclability experiment of catalyst SGO.
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The SGO catalyst could easily be separated from the reaction mixture by
simple centrifugation and was found to retain its acidic property, even after 5
runs (Figure II1.A.8). This was further supported by comparing the FTIR data of
fresh SGO and recovered catalyst (Figure III.A.7). This may be attributed that
the involvement of the nucleophilic oxo groups in SGO during the reaction may

reduce the catalytic activity of SGO after the 5th run.
II1.A 4. Conclusion

In conclusion, a green and efficient methodology for the synthesis of a
variety of isoxazoles from commercially available aldehydes has been
established. We have unfolded a new role of sulfonated graphene oxide as an
efficient and heterogeneous carbocatalyst. SGO, itself is capable of furnishing
the desired 3-methyl-4-(hetero)arylmethylene isoxazole-5(4H)-ones with
excellent yield. It can be envisioned that such a cheap and robust solid acid

catalyst SGO holds great potential for a wide range of acid-catalysed reactions.
ITI.A.S. Experimental section
ITII.A.5.1. General information

The reactions were monitored by TLC [carried out on Merck silica gel
(60 F2s4) by using UV light as the visualizing agent]. The HR-TEM
characterization was performed on a JEM 2100F Jeol TEM. The PXRD data and
Raman spectra were obtained from Bruker D8 Advanced X-ray Powder
Diffractometer (Cu Ko radiation, A = 1.54 A) and Enspectr R532 (laser used 532
nm). NMR spectra of all the products were taken in CDCl3/DMSO-ds (TMS as
an internal standard) using a Bruker AV-300 spectrometer operating for 'H at
300 MHz and '3C at 75 MHz. '"H NMR spectroscopic data are represented as
follows: chemical shift (ppm), multiplicity (s = singlet, d= doublet, t = triplet, dd
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= doublet of doublets, m = multiplet, brs = broad), integration, coupling
constants in Hertz (Hz). '*C NMR spectroscopic data are reported in ppm.
Coupling constants were reported as J values in Hertz (Hz). The chemicals and

reagents were purchased from Merck, Spectrochem, and Sigma-Aldrich.
II1.A.5.2. General procedure for the preparation of the catalyst

SGO-1 and SGO-2 were prepared by the Tours method according to the
literature [55]. In brief, a 9:1 mixture of concentrated H>SO4/ H3PO4 (360:40 ml)
was taken in a beaker, after that graphite powder (3.0 g) was added slowly to it
taking the whole system in an ice bath to keep the temperature below 20°C.
KMnO4 (9.0 g) was then added slowly in portions to the solutions. Afterward,
the reaction mixture was heated to 50 °C and stirred for 12 h. After the reaction,
the mixture was centrifuged (5000 rpm for 30 min), and the supernatant was
decanted away. The remaining solid material was then washed with water
successively, 30% HCI and ethanol to remove the remaining salt. The solid
obtained was then dried to obtain the powdered graphene oxide [55] In SGO-2
9.0 g KMnOy is only replace by 18 g.

II1.A.5.3. General procedure for the synthesis of 3-methyl-4 arylmethylene

isoxazole-5(4H)-ones

25-ml RB was charged with benzaldehyde (1.0 mmol), ethyl acetoacetate
(2.0 mmol), hydroxylamine hydrochloride (2.5 mmol), and 25mg of SGO. The
mixture was allowed to stir at room temperature for adequate time (Table
III.LA.1) and the extent of the reaction was governed by thin-layer
chromatography (TLC). The reaction mixture was extracted by ethyl acetate
after completion of the reaction and further purified by Column Chromatography

using silica gel 60-120 mesh to get the desired product.
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II1.A.5.4. Spectral data of compounds mentioned in Table I11.A.2

4a. 4-benzylidene-3-methylisoxazol-5(4H)-one (Table I11.A.2, entry 1) [28]

'H NMR (300 MHz, CDCl3) & (ppm) 2.21 (s, 3H), 7.36 (s, 1H), 7.39-7.52 (m,
3H), 8.25-8.27 (d, 2H, J=7.5Hz);

13C NMR (75 MHz, CDCls) & (ppm) 11.67, 119.54, 128.95, 129.05, 130.55,
132.28, 133.86, 134.08, 150.23, 161.31, 167.96;

IR (KBr, cm™) bands 3431, 1741, 1590, 1347, 1218, 1107, 681.

4b. 4-(4-methoxybenzylidene)-3- methylisoxazol-5(4H)-one (Table IIL.A.2,

entry 2) [28]
H30>’£©
/
N o OCH,

o)

'H NMR (300 MHz, CDCl3) § (ppm) 2.212 (s, 3H), 3.84 (s, 3H), 6.92-6.95 (d,
2H, J=8.1Hz), 7.27 (s, 1H), 8.35-8.38 (d, 2H, J= 8.4Hz);

3C NMR (75 MHz, CDCl3) & (ppm) 11.75, 56.02, 114.11, 116.30, 117.14,
125.50, 132.08, 147.96, 152.33, 154.38, 162.74, 169.48.

4c. 4-(3-nitrobenzylidene)-3-methylisoxazol-5(4H)-one (Table II1.A.2, entry
3) [36]
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'H NMR (300 MHz, DMSO-de) & (ppm) 2.24 (s, 3H), 8.20-8.26 (t, 1H,
J=8.1Hz), 2.57-2.59 (d, 1H, J=7.5Hz), 8.73-8.76 (d, 1H, J=7.8Hz), 8.86 (s, 1H),
8.95 (s, 1H);

13C NMR (75 MHz, DMSO-de) & (ppm) 11.53, 121.79, 124.65, 125.04, 125,65,
130.24, 131.06, 133.31, 135.92, 149.12, 162.21.

4d. 3-methyl-4-(4-methylbenzylidene)isoxazol-5(4H)-one (Table IIL.A.2,
entry 4) [28]

'H NMR (300 MHz, DMSO-de) § (ppm) 2.34 (s, 3H), 2.50 (s, 3H), 7.35-7.37 (d,
2H, J=9.2Hz), 7.80 (s, 1H), 8.27-8.29 (d, 2H, J= 8.4 Hz);

3C NMR (75 MHz, DMSO-de) & (ppm) 11.82, 21.62, 116.12, 119.25, 128.79,
130.05, 135.92, 152.01, 162.78, 168.47;

IR (KBr, cm™) bands 3415, 1730, 1585, 1356, 1203, 1109, 685.

4e. 4-(4-chlorobenzylidene)-3-methylisoxazol-5(4H)-one (Table IIL.A.2,
entry 5) [36]

'H NMR (300 MHz, DMSO-de) & (ppm) 2.50 (s, 3H), 6.93-6.96 (d, 2H,
J=7.5Hz), 7.57 (s, 1H), 8.20-8.23 (d, 2H, J=8.1Hz);

13C NMR (75 MHz, DMSO-de) & (ppm) 11.71, 116.27, 116.91, 119.57, 119.94,
125.19, 132.42, 137.21, 145.52, 160.08, 162.62.
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4g. 3-methyl-4-(furan-3-ylmethylene)isoxazol-5(4H)-one (Table IIL.A.2,
entry 7) [4]

'H NMR (300 MHz, DMSO-d¢) § (ppm) 2.23 (s, 3H), 6.90-6.93 (d, 2H,
J=8.4Hz), 7.07 (s, 1H), 8.39-8.41 (d, 2H, J=8.4Hz);

13C NMR (75 MHz, DMSO-ds) & (ppm) 11.70, 114.31, 116.59, 125.02, 137.99,
151.84, 162.64, 164.28, 169.25;

IR (KBr, cm™) bands 3402, 1730, 1553, 1388, 1295, 1177

4h. 4-(4-hydroxybenzylidene)-3-methylisoxazol-5(4H)-one (Table IIL.A.2,
entry 8) [36]

'H NMR (300 MHz, DMSO-de) & (ppm) 2.20 (s, 3H), 6.90-6.93 (d, 2H,
J=8.4Hz), 7.70 (s, 1H), 8.31-8.41 (d, 2H, J=8.4Hz), 11.07 (s, 1H);

3C NMR (75 MHz, DMSO-ds) & (ppm) 11.75, 114.11, 116.30, 125.50, 132.08,
147.96, 154.38, 162.74, 168.48.

4i. 3-methyl-4-(naphthalen-2-ylmethylene)isoxazol-5(4H)-one (Table I11.A.2,

entry 9) [56]
HsC
N\O 0
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'H NMR (300 MHz, DMSO-ds) & (ppm) 2.31 (s, 3H), 7.65-7.70 (m, 2H), 8.02-
8.07 (t, 3H), 8.55-8.58 (d, 2H, J=8.1Hz), 8.90 (s, 1H);

13C NMR (75 MHz, DMSO-de) & (ppm) 11.80, 119.19, 127.73, 128.24, 128.55,
128.79, 130.09, 130.79, 132.65, 135.49, 137.06, 146.18 151.95, 162.75, 168.45;

IR (KBr, cm™) bands 3431, 1732, 1558, 1388, 1290, 1107; HRMS-ESI (m/z)
calcd for C1sH11NO, [M+H]" 238.0878 found 238.0856.

4Kk. 3-methyl-4-(thiophen-3-ylmethylene)isoxazol-5(4H)-one (Table I11.A.2,
entry 11) [36]

'H NMR (300 MHz, DMSO-de) & 2.26 (s, 3H), 7.38-7.40 (t, 1H, J=4.4 Hz),
8.22-8.23 (d, 1H, J=3.6 Hz), 8.27 (s, 1H), 8.31-8.33 (d, 1H, J=4.8 Hz);

13C NMR (75 MHz, DMSO-ds) & (ppm) 11.59, 113.54, 129.50, 136.66, 141.69,
142.17, 143.57, 162.15, 169.01.

4m. 4-(4-(dimethylamino)benzylidene)-3-methylisoxazol-5(4H)-one (Table
II1.A.2, entry 13) [30]

'H NMR (300 MHz, DMSO-de) 8 (ppm) 2.20 (s, 3H), 3.16 (s, 3H), 3.35 (s, 3H),
6.83-6.86 (d, 2H, J=8.7Hz), 7.60 (s, 1H), 8.43-8.46 (d, 2H, J=8.1Hz);
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13C NMR (75 MHz, DMSO-ds) & (ppm) 11.70, 52.41, 109.46, 112.09, 121.43,
135.04, 150.35, 154.51, 162.59, 170.29;

IR (KBr, cm™) bands 3444, 1715, 1558, 1382, 1203, 994, 668

4n. 4-(2-hydroxybenzylidene)-3-methylisoxazol-5(4H)-one (Table IIL.A.2,
entry 14) [36]

HO

'"H NMR (300 MHz, DMSO-d) & (ppm) 2.21 (s, 3H), 6.91-7.02 (m, 2H), 7.44-
7.57 (m, 1H), 8.09 (s, 1H), 8.72-8.74 (d, 1H, J=8.1Hz), 9.96 (s, 1H);

13C NMR (75 MHz, DMSO-ds) 8 (ppm) 11.68, 116.61, 116.91, 119.57, 119.94,
132.77, 137.22, 145.51, 160.10, 162.53, 168.45;

IR (KBr, cm-1) bands 3431, 1730, 1564, 1284, 1089, 776

4p. 4-(4-hydroxy-3-methoxybenzylidene)-3-methylisoxazol-5(4H)-one (Table
IT11.A.2, entry 16) [24]

OCH;

'H NMR (300 MHz, DMSO-ds) & (ppm) 2.23 (s, 3H), 3.83 (s, 3H), 6.95 (s, 1H),
7.57-7.89 (m, 2H), 8.50 (s, 1H), 10.41 (s, 1H);

13C NMR (75 MHz, DMSO-de) & (ppm) 11.71, 56.02, 114.17, 116.27, 117.19,
125.51, 132.42, 147.95, 152.30, 154.31, 162.73, 169.41;

IR (KBr, cm™) bands 3416, 1730, 1557, 1284, 1023, 685
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4q. 3-methyl-4-((E)-3-phenylallylidene)isoxazol-5(4H)-one (Table III.A.2,
entry 17) [36]

'H NMR (300 MHz, DMSO-ds) & (ppm) 2.248 (s, 3H), 6.924-7.014 (m, 4H),
7.484-7.505 (d, 2H, J=6.3Hz), 8.079 (s, 1H), 8.706-8.733 (d, 1H, J=8.1Hz);

13C NMR (75 MHz, DMSO-ds) & (ppm) 11.66, 116.61, 116.91, 119.57, 119.94,
125.19, 132.76, 137.21, 145.52, 160.04, 162.62, 168.73.

4r. 3-methyl-4-(3-methylbenzylidene)-3-methylisoxazol-5(4H)-one (Table
II1.A.2, entry 18)

'H NMR (400 MHz, DMSO-ds) & (ppm) 2.26 (s, 3H), 2.34-2.36 (s, 3H), 7.45-
7.47 (m, 2H), 7.90 (s, 1H), 8.19 (s, 1H), 8.23-8.25 (m, 1H);

3C NMR (100 MHz, DMSO-de) & (ppm) 11.74, 21.31, 119.10, 128.84, 130.18,
132.94, 135.58, 135.13, 138.60, 152.29, 162.69, 168.30;

HRMS-ESI (m/z) caled for Ci2Hi1NO> [M+H]" 202.0878 found 202.0825.
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4s. 4-((1H-indol-3-yl)methylene)-3-methylisoxazol-5(4H)-one (Table I11.A.2,
entry 19) [36]

'H NMR (400 MHz, DMSO-ds) & (ppm) 2.31 (s, 3H), 7.29-7.32 (m, 2H), 7.56-7-
59 (m, 1H), 8.12-8.16 (m, 2H), 9.48-9.49 (d, 2H, J=3.2Hz), 12.77 (br, 1H);

13C NMR (100 MHz, DMSO-ds) & (ppm) 11.66, 109.32, 113.13, 113.59, 119.30,
123.04, 124.42, 128.43, 136.84, 138.96, 140.93, 162.17, 170.86.
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II1.A.5.5. Scanned copies of '"H, 3C NMR and HRMS spectra of synthesized

compounds

Figure 111.A.9. Scanned copy of 'H and '>*C NMR spectra of 4-benzylidene-3-

methylisoxazol-5(4H)-one.
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Figure 111.A.10. Scanned copy of 'H and C NMR spectra of 4-(4-
methoxybenzylidene)-3- methylisoxazol-5(4H)-one.
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Figure I11.A.11. Scanned copy of 'H and ’C NMR spectra of 4-(3-
nitrobenzylidene)-3-methylisoxazol-5(4H)-one.
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Figure I11.A.12. Scanned copy of 'H and ’C NMR spectra of . 4-(4-
chlorobenzylidene)-3-methylisoxazol-5(4H)-one.
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Figure I11.A.13. Scanned copy of 'H and >C NMR spectra of 3-methyl-4-
(furan-3-ylmethylene)isoxazol-5(4H)-one.
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Figure II11.A.14. Scanned copy of 'H and C NMR spectra of  4-(4-
hydroxybenzylidene)-3-methylisoxazol-5(4H)-one.
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Figure I11.A.15. Scanned copy of 'H and >C NMR spectra of 3-methyl-4-

(naphthalen-2-ylmethylene)isoxazol-5(4H)-one.
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Figure I11.A.16. Scanned copy of 'H and >C NMR spectra of 3-methyl-4-
(naphthalen-2-ylmethylene)isoxazol-5(4H)-one.
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Figure I11.A.17. Scanned copy of 'H and >C NMR spectra of 3-methyl-4-
(thiophen-3-ylmethylene)isoxazol-5(4H)-one.
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Figure I11.A.18. Scanned copy of 'H and C NMR spectra of 4-(4-

(dimethylamino)benzylidene)-3-methylisoxazol-5(4H)-one.
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Figure I11.A.19. Scanned copy of 'H and ’C NMR spectra of 4-(2-
hydroxybenzylidene)-3-methylisoxazol-5(4H)-one.
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Figure IIIA.20. Scanned copy of 'H and 13C NMR spectra of 4-(4-hydroxy-3-
methoxybenzylidene)-3-methylisoxazol-5(4H)-one.
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Figure 111.A.21. Scanned copy of 'H and 3C NMR spectra of 3-methyl-4-((E)-
3-phenylallylidene)isoxazol-5(4H)-one.
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Figure I11.A.22. Scanned copy of '"H and '>*C NMR spectra of 3-methyl-4-(3-
methylbenzylidene)-3-methylisoxazol-5(4H)-one.
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Figure 111.A.23. Scanned copy of 'HRMS spectra of  3-methyl-4-(3-

methylbenzylidene)-3-methylisoxazol-5(4H)-one.
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Figure I11.A.24. Scanned copy of 'H and '*C NMR spectra of 4-((1H-indol-3-
vl)methylene)-3-methylisoxazol-5(4H)-one.
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III.A.6. References

References are given in Bibliography under Chapter III, Section A
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Chapter IT1
Section B

Sulfonated graphene oxide (GO) catalyzed
one-pot synthesis of substituted pyrazole
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II1.B.1. Introduction

The dihydropyranopyrazole compounds are versatile building blocks and
structural units of a wide variety of therapeutic agents. Pyranopyrazoles, are
ubiquitous in many biologically active heterocyclic compounds and has attracted
much consideration because of its wide range of activity like antimicrobial [1],
antitumor [2], anticancer [3], anticoagulant [4], diuretic, anti-inflammatory [5,6],
inhibition of human Chk1 kinase activities [7] antifungal, antidepressant and so
on [8]. Some important Pharmaceutical agents and drug molecules containing
dihydropyranopyrazole ring in their core structure were shown in (Figure

1LB.1).

OMe

7 7
; Anticancer agent Molluscicide Inhibitor of Human chk1 kinase

F
Figure I11.B.1. Some biologically active pyranopyrazoles.
I11.B.2. Background and objectives

In 1973 Junek et al. reported the first synthesis of pyranopyrazole from
the reaction between 3-methyl-1-phenylpyrazolin-5-one and tetracyanoethylene
(TCNE) (Scheme III.B.1) [9]. 5-Pyrazolones (5 mmol) reacted with TCNE in
ethanol solution at refluxed conditions. 5-Pyrazolones were proved to be very
reactive substrates towards TCNE. They observed that 3-phenyl-5-pyrazolone
and 3-ethoxycarbonyl-1-phenyl-5-pyrazolone gave the cyclizing addition
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product pyrano-pyrazoles whereas it was not possible to react 2,3-dimethyl-1-

phenyl-5-pyrazolone (antipyrine) with TCNE.

R H R\ NC_ cN
/ H Tetracyanoethylene (TCNE) % CN
N_ 0 - N | |
l}l Ethanol, reflux, 1h N™ S0 “NH,
R R
R= H, C6H5

R'= 06H5, COzczH5

Scheme 111.B.1. Synthesis of pyranopyrazole from pyrazolone and
tetracyanoethylene (TCNE).

In 1980, Tacconi et al. reported a new route to the synthesis of
pyranopyrazoles (Scheme II1.B.2) [10]. Malononitrile is well-known to react
with a,f-unsaturated carbonyls in the presence of different bases to form

Knoevenagel or Michael adducts.

R
ch / R' ch R R
N CN Triethylamine (TEA) %
N\N o + N | |
CN Benzene, stirr, 1.5-4 h /N 1) NH,
Ar

A name could not be generated for this structure.
Yield 58-98 %

X

X=H, NO,, R= H, CH
R'= CH3, Ph, p-CH3-CGH4, p-NOz-C6H4, p-CI-CeH4,
3,4-CgHsCly

Scheme [11.B.2. The synthesis of pyranopyrazole from pyrazolone and
malononitrile

They added malononitrile to the suspension of 4-arylidene (4-

alkylidene)-5-pyrazolone in benzene solution in presence of triethylamine base
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and then stirred for 1.5-4 hrs. Herein, benzene is proved to be far better than
methanol or ethanol solvent and triethylamine must be used instead of sodium

ethylate or piperidine.

In 1983, Sharanin Yu et al. have developed first one-pot three-
component reaction of pyrazolone, aldehyde, and malononitrile to synthesize
pyranopyrazole in presence of ethanol using triethylamine as the catalyst [11].
Recently, the use of the grinding method has found application in organic
synthesis. This method is more efficient and selective compared with traditional
methods [12-14]. In 2007, Guo et al. synthesized 1,4-dihydropyranopyrazoles by
a grinding method using D,L-Proline under the solvent-free condition at room
temperature (Scheme I11.B.3) [15]. Proline is a bifunctional abundant molecule
that is inexpensive and readily available in both enantiomeric forms. These two
functional groups help it to act as both acid and base and also facilitates the

chemical transformations in concert, similar to the enzymatic catalysis [16].

HsC HiG 0
o] 3 D,L-proline CN
CN /
)J\ + < + / > N | |
Ar H N\ o) L . \
CN N r.t, grinding, 5-20 min /N (o) NH,
Ph Ph
Ar= CgHs, 4-CICgH4, 3-CICgH4, 2-CICgH4, 4-NO,CgH4 Yield 85-99 %
3-NO,CgHy4, 4-BrCgHy, 2,4-CICgH3, 4-CH3CgH4, 4-OHCgH4

4-CH30CgH,
Scheme 11.B.3. Proline catalyzed synthesis of pyranopyrazole using the
grinding method.

In 2008, Vasuki et al. developed an environmentally benign four-
component pathway for the synthesis of pyranopyrazoles using catalytic
amounts of bases such as piperidine, pyrrolidine, morpholine, and triethylamine
at room temperature (Scheme I11.B.4) [17]. The maximum yield (94%) of the

target product was obtained in presence of piperidine and water as the solvent
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provided the best yield compared to common organic solvents. However, the
reaction between benzaldehyde, hydrazine hydrate, ethyl acetoacetate, and

malononitrile resulted in the corresponding pyranopyrazole without the need for

a base.
(6] H,C R
CN
CN R Water, base S
)i + < + >=O + _NH, HN |
g CN H HoN rt, 5-10 min N >0" “NH,

Yield 66-94 %
R= CGH5! 4-Me-C6H4, 4-MeO-C6H4, 4-N02-CGH4, 4-C|-C6H4
4-OH-CGH4, 4-F-C6H4, 2-MeO-C6H4, 3-MeO-C6H4, 3-N02-C6H4,
3-Pyridinyl, 4-Pyridinyl, 2-Furanyl, 2-Thiophenyl, Isopropyl

Scheme l11.B.4. The base-mediated four-component protocol for the synthesis of
pyranopyrazoles in an aqueous medium at room temperature.

In 2011, Babaie et al. reported a four-component route for the generation
of pyranopyrazoles from hydrazine hydrate or phenyl hydrazine, ethyl 3-alkyl3-
oxo propanoate, aldehydes, and malononitrile in the presence of nanosized
magnesium oxide (MgO) as a highly effective heterogeneous base catalyst
(Scheme III.B.5) [18]. The same group in 2010 studied the Knoevenagel
condensations of aldehydes with malononitrile in the presence of magnesium
oxide (MgO) catalyst and found that the rate of the reactions was very fast.
Mechanistically, the synthesis of pyranopyrazole initially involves the formation
of arylidene malononitrile in quantitative yield by the Knoevenagel addition of
malononitrile to the aldehyde and nanosized magnesium oxide (MgO) catalyzes

all the steps as an efficient heterogeneous catalyst.
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R’ Ar
o o
)J\/U\ CN Ar Nanosized MgO / CN
" oet* <C + =0 + RNHNH, N
N H CH4CN, 5-43 min N">07  NH,
R
R=H, Ph Yield 88-97 %

R'= CHg, Propyl, iso-propyl
Ar= C6H5, 2-C|C6H4, 4-C|-CGH4, 3-BFCGH4, 4-N02C6H4
4-CH30CgH,, 2,4-Cl,CgHs

Scheme | 11.B.5. Nanosized MgO catalyzed synthesis of pyranopyrazole.

In 2013, Kangani et al. developed a simple and efficient one-pot four-
component synthesis of 1,4-dihydropyranopyrazoles using maltose as an
inexpensive and non-toxic catalyst (Scheme III.B.6) [19]. The reaction proceeds
smoothly under solvent-free thermal conditions to produce the target product.
Solvent-free reactions not only reduce the pollution but also the reaction
handling cost by simplifying the experimental procedure and work-up [20]. This
procedure has the advantages such as operational simplicity, non-hazardous

catalyst, high yield, short reaction time, and minimum pollution of the

environment.

HeC A

(0] (@] CN
CN  Ar Maltose (20 mol%)
J ot <+ =0 + RNHNH, N
HaC Ot “on 4 (
solvent free, 10-20 min A 0" 'NH;
100 °C

NN Yield 74-98 %

Ar= CgHs, 4-N(CH3),CgHs,2-NO,CgHy, 4-NO,CgHy, 3-NO,CoHy,
2-CICgHy, 4-CICgHy, 4-MeCgHy, 2,5-(CH30),CgHg, 4-OHCgH,, 2,4-Cl,CqHs

Scheme | 11.B.6. Synthesis of 1,4-dihydropyrano[2,3-c]pyrazoles in the presence

of maltose as a biodegradable catalyst.

Among the solid acids, Heteropolyacid (HPA) has unique properties and
its acidity is much higher than that of the mineral acids. Moreover, HPA is

capable of activating substrates by protonation and sometimes is more effective
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than traditional acid catalysts. The high solubility of HPA makes some
difficulties to separate it from the reaction mixture. Thus immobilization of HPA
on the supports having high surface area facilitates their separation and use as
heterogeneous catalyst in organic transformation [21-23]. In 2015, Maleki ef al.
prepared chemical support of Keggin (H3PWi2040) heteropolyacid (HPA) on
silica-coated NiFe>O4 magnetic nanoparticles (NiFe2O4@SiO2— H3PW12040 or
NFS-PWA) and investigated its catalytic activity for the synthesis of
pyranopyrazol (Scheme I11.B.7) [24].

CHO i;%

o Q CN NFS-PWA
)J\/U\OEt + + NHoNHpH0 + <
4 CN EtOH/Reflux, 5-45 min
R=H, 4-CHg, 4-F, 4-NO,, 3-Br, 4-OCHs, 4-Cl, 4-Br Yield 76-94 %

Scheme [11.B.7. NiFe:04@SiO>-H3PW 12049 or NFS-PWA catalyzed synthesis
of pyranopyrazole.

In 2018, Konakanchi et al. employed sodium fluoride (NaF) as an
efficient catalyst for the one-pot three-component synthesis of series of
dihydropyrano [2,3-c]pyrazoles (Scheme III.B.8) [25]. The best yield of the
target product was obtained using ultrasonic irradiation (50 kHz) in presence of
water:methanol (1:1 v/v) at 25 °C bath temperature. The increase in the product
yield under ultrasonication may be due to the cavitation effect [26]. They
obtained a wide variety of substituted 1,4-dihydropyranopyrazoles in good to

excellent yield (88—98%) in 5—10 min utilizing the optimized condition.
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H3C

Ultrasonic irradiation (50 KHz) CN

!
1\?\10 H__O
N
CN NaF, water:methanol (1:1 v/v) 7
+ + < N |
CN RT, 5-10 min N~ 07 "NH,
R
Yield 88-98%

three-component — synthesis  of

R=H, 4-OMe, 4-OH, 4-NO,, 3-NO,, 2-NO,,
4-CN, 4-Cl, 4-Br, 2,4-Cl,, 3,4-Me,

Scheme 111.B.8. NaFcatalyzed one-pot

pyranopyrazole.

I11.B.3. Present work: Result and discussion
Previously, GO and its derivative sulfonated graphene oxide (SGO) has

been used as an efficient carbocatalyst in hydration, oxidation, Aza-Michael

addition, condensation, hydrolysis of cellulose and hydration of alkynes.[27-29]

Among metal free catalysts, sulfonated graphene oxide (SGO) is a highly air-

stable, environmentally friendly acid catalyst for use in various chemical

reactions.
0O O CN CHO
SGO
_NHNH, + + +
R H3C)J\/U\0Et <CN
Ry H,O/Reflux
R= -Ph, -H
R= 4-Me, 4-OMe, 4-Cl, 4-Br, Viold 77-91 %
- 0

4-F, 3-NO,, 4-OH

Scheme 111.B.9. SGO catalyzed one-pot four-component synthesis of

pyranopyrazole.
The versatility and the catalytic performance of the catalyst SGO were observed

in one pot-four component synthesis of 1,4-dihydropyranopyrazoles (Scheme
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II1.B.9) wusing hydrazine hydrate/phenylhydrazine, aromatic aldehyde,

malononitrile, ethyl acetoacetate, and the results are summarised below.
II1.B.3.1. Result and discussion

Table IIL.B.1. Optimization of reaction condition for the synthesis of 1,4-
dihydropyranopyrazoles®

R
[ ]
o o CN o~ CHO o HaC N
r-NANFa HacJ\/ILOEt-'. <CN * I‘ — N[ |
R H,O/Reflux N~ 0" “NH,
R=-Ph, -H R
S(a-j)
Entry Time (min) solvent Catalyst amount(mg) Yield(%a)
1 120 No solvent 20 <50
2 60 EtOH /Reflux 20 55
3 60 DMF/Retlux 20 45
4 60 CH,CN/Retlux 20 40
5 120 DCM/Reflux 20 <40
6 120 THF/Reflux 20 <30
7 60 H,O/Reflux 20 65
8 60 H,O/Reflux 30 91
9 60 H,O/Reflux 50 94
10 60 H,O/Reflux 10 <50
11 120 H,O/rt 40 =<40b

[2IReaction of phenylhydrazine (1.5 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol),
4-bromo benzaldehyde (1 mmol), and SGO-1 with a varying amount at refluxed conditions.

PIRoom temperature reaction

To examine the feasibility of the reaction and to optimize the reaction
parameters, a model reaction was carried out using phenylhydrazine, ethyl
acetoacetate, malononitrile, and 4-bromo benzaldehyde as the starting
components. Different solvents EtOH, DMF, DCM, CH3CN, THF (Table
III.B.1, entry 2-6) were implemented to get the desired product in high yield, but
H>O, the green solvent was proved to be more appropriate for this reaction

(Table III.B.1, entry 8). However, the temperature has a considerable effect on
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the reaction, as can be seen from (Table III.B.1, entry 11) that room-temperature

reaction exerted less than 40 % yield.

Investigating the catalytic efficiency of synthesized SGO-1, it was
compared with GO and SGO-2, but SGO-1 afforded the desired product with a
high yield. Other Lewis acids were also employed to get the desired product.
The results indeed showed that high yield was only achieved in the presence of

SGO-1 (Table I11.B.2, entry 3)

Table IIL.B.2. Comparison of the efficiency of the present catalyst with a

different catalytic system®.

Entry Condition Catalyst Yield(%)
1 No solvent - <30

2 H20/Reflux GO 78b

3 H20/Reflux SGO-1 91c

3 H20/Reflux SGO-2 85

4 H20/Reflux Al203 <40

5 H20/Reflux FeCl3 70

6 H20/Reflux ZnClz <50

[sIReaction of phenylhydrazine (1.5 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol),
4-bromo benzaldehyde (1 mmol), catalyst 30 mg at the refluxed condition in water.

PIGO was prepared by Modified hummers method,

[ISGO-1 by Tours method.

After optimizing the reaction parameters, the versatility of the reaction
was examined by varying different aromatic aldehydes and the results were
summarized in Table II.B.3. Aldehydes with electron-withdrawing groups,
however, exerted the desired product with a high yield and quicken the entire
process (Table I11.B.3, entry 5, 6, 7, 10). As an extension of our present work we
have replaced phenylhydrazine with hydrazine hydrate and the results were

satisfactory as shown in (Table III.B.3, entry 8-10).
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Table II1.B.3. Synthesis of different substituted 1,4-dihydropyranopyrazoles®.

Entry | Product R Aldehyde Time | Yield Mp (°C)
Found Reported

1 5a -Ph ©/CHO 60 80 169-170 | 170-172

2 5b -Ph CHO 60 82 180-182 | 180-182
Me/©/

3 5c -Ph CHO | 60 84 175-176 | 177-179
Meo/©/

4 5d -Ph CHO 60 83 197-198 | 195-197
AT

5 Se -Ph CHO 50 89 180-182 | 180-182
Br/©/

6 5f -Ph CHO 50 91 177-178 | 174-177
o

7 5g -Ph ©/CHO 60 88 188-190 | 190-191

NO,

8 Sh -H ©/CHO 50 77 240-241 | 240-242

9 5i -H CHO 50 80 203-205 | 205-207
Me/©/

10 5j -H CHO 50 88 231-232 | 231-233

3

Cl

[{Reaction of R-NHNHx(1.5 mmol), ethyl acetoacetate (1 mmol), malononitrile (I mmol),
aromatic benzaldehyde (1 mmol), 30 mg of SGO attherefluxed condition in H>O.
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II1.B.3.2. Mechanism

NC~ "CN
Knoevenagal condensation

Scheme I11.B.10. 4 plausible route for the synthesis of 1,4-dihydropyrano/2,3-

c]pyrazoles.

A plausible mechanism for the synthesis of 1,4-dihydropyranopyrazoles
using SGO was shown here (Scheme II1.B.10). At first, S-methyl-2-phenyl-2,4-

dihydro-3H-pyrazole-3-one was formed by the condensation of phenylhydrazine

and ethyl acetoacetate. Subsequently, knoevenagal condensation between
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aromatic aldehyde and malononitrile exerted 2-benzylidenemalonitrile.
Afterthat, pyrazolone and benzylidenemalononitrile participated in Micheal
addition followed by cyclization. Finally, the desired 1,4-dihydropyranopyrazole

was obtained through tautomerization in the last step of the reaction mechanism.
IT1.B.3.3. Conclusion

In conclusion, an efficient carbocatalyst SGO is employed for the
synthesis of substituted pyranopyrazoles from commercially available
aldehydes. Sulfonated graphene oxide (SGO) acts as heterogeneous acid catalyst
and itself is capable to furnish the desired 6-Amino-3-methyl-4-phenyl-1,4-[2,3-
c]pyrazole-5-carbonitriles with excellent yield. It can be envisioned that such a
cheap and robust solid acid catalyst SGO holds great potential for a wide range

of acid-catalysed reactions.
IT1.B.4. Experimental section
II1.B.4.1. General information

The reactions were monitored by TLC [carried out on Merck silica gel
(60 F254) by using UV light as visualizing agent]. NMR spectra of all the
products were taken in CDCI3/DMSO-ds (TMS as an internal standard) using a
Bruker AV-300 spectrometer operating for 'H at 300 MHz and for '*C at 75
MHz. 'H NMR spectroscopic data are represented as follows: chemical shift
(ppm), multiplicity (s = singlet, d= doublet, t = triplet, dd = doublet of doublets,
m = multiplet, brs = broad), integration, coupling constants in Hertz (Hz). '*C
NMR spectroscopic data are reported in ppm. Coupling constants were reported
as J values in Hertz (Hz).The chemicals and reagents were purchased from

Merck, Spectrochem, and Sigma-Aldrich.

I11.B.4.2. General procedure for the preparation of the catalyst
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SGO-1 and SGO-2 were prepared by the Tours method according to the
literature. In brief, 9:1 mixture of concentrated H>SO4/H3PO4 (360:40 ml) was
taken in a beaker, after that graphite powder (3.0 g) was added slowly to it
taking the whole system in an ice bath to keep the temperature below 20 °C.
KMnO4 (9.0 g) was then added slowly in portions to the solutions. Afterward,
the reaction mixture was heated to 50 °C and stirred for 12 h. After the reaction,
the mixture was centrifuged (5000 rpm for 30 min), and the supernatant was
decanted away. The remaining solid material was then washed with water
successively, 30% HCI and ethanol to remove the remaining salt. The solid
obtained was then dried to obtain the powdered graphene oxide [29]. In SGO-2
9.0 g of KMnOy is only replaced by 18 g.

III.B.4.3. General procedure for the synthesis of 6-Amino-3-methyl-4-
phenyl-1,4-[2,3-c]pyrazole-5-carbonitriles

In a 25-mL round-bottomed flask phenyl hydrazine/hydrazine hydrate (1.5
mmol), ethyl acetoacetate (1 mmol), aromatic aldehyde (I mmol), malononitrile
(1 mmol), and SGO (0.03 g) were refluxed at water medium for appropriate
period of time. The progress of the reaction was monitored by TLC and after
completion of the reaction, the ice-cold water was added to the reaction mixture.
Then, the precipitated organic product was decanted, washed with water and
recrystallized from proper solvents to give pure products.After that, the catalyst
was recovered by centrifugation and washed with ethanol and dried. All the
products are known, and their melting point was found to be identical to those

reported in the literature.
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I11.B.4.4. Spectral data of various pyranopyrazole derivatives

5a.6-Amino-3-methyl-1,4-diphenyl-1,4-dihydropyrano|2,3-c|pyrazole-5-
carbonitrile (Table II1.B.3, entry 1) [19]

'H NMR (400 MHz, DMSO-de) 8 (ppm) 1.76 (s, 3H), 4.66 (s, 1H), 7.20-7.49
(m, 10H), 7.76-7.78 (d, 2H, J= 8Hz);

3C NMR (100 MHz, DMSO-d¢) & (ppm) 12.58, 36.74, 58.16, 98.65, 119.98,
126.19, 127.06, 127.79, 128.54, 129.35, 143.62, 143.88, 145.27, 159.43.

IR (KBr, cm™) bands 3469, 3332, 2197, 1654, 1514, 1384, 753.

5b.6-Amino-3-methyl-1-phenyl-4-(p-tolyl)-1,4-dihydropyrano[2,3c]pyrazole-
5-carbonitrile (Table I11.B.3, entry 2) [19]

'H NMR (400 MHz, DMSO-ds) & (ppm) 1.81 (s, 3H), 2.22 (s, 3H), 4.89 (s, 1H),
7.08-7.44 (m, 9H), 7.68-7.70 (d, 2H, J=8Hz);
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3C NMR (100 MHz, DMSO-d¢) & (ppm) 12.17, 21.60, 60.33, 99.48, 121.05,
126.11, 127.66, 129.25, 129.39, 129.48, 135.39, 137.84, 139.68, 146.81, 160.05.
5c.6-amino-4-(4-methoxyphenyl)-3-methyl-1-phenyl-1,4-dihydropyrano|2,3-
c]pyrazole-5-carbonitrile (Table I11.B.3, entry 3)[19]

"H NMR (400 MHz, DMSO-de) & (ppm) 1.92 (s, 3H), 3.95 (s, 3H), 4.38 (s, 1H),
7.15-7.90 (m, 11H);

13C NMR (100 MHz, DMSO-ds) 3 (ppm) 12.52, 58.16, 60.326, 98.65, 119.98,
126.19, 127.06, 127.79, 128.43, 129.35, 137.54, 143.62, 143.98, 145.27, 159.54.

5d.6-amino-4-(4-hydroxyphenyl)-3-methyl-1-phenyl-1,4-dihydropyrano|2,3-
c]pyrazole-5-carbonitrile (Table I11.B.3, entry 4) [19]
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'H NMR (400 MHz, DMSO-de) § (ppm) 2.30 (s, 1H), 4.94 (s, 1H), 6.59-6.64 (t,
2H), 6.78 (s, 1H), 7.16-7.19 (t, 2H), 7.35-7.39 (t, 4H), 7.62-7.64 (d, 2H, J=8Hz);

13C NMR (100 MHz, DMSO-de) & (ppm) 12.19, 33.41, 56.21, 99.48, 112.41,
115.71, 120.18, 121.13, 126.10, 129.48, 133.85, 145.41, 146.73, 147.73, 159.27;

IR (KBr, cm™) bands 3527, 3314, 2178, 1724, 1589, 814, 753.

Se.6-amino-4-(4-bromophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano|2,3-
c|pyrazole-5-carbonitrile (Table I11.B.3, entry 5)[19]

"H NMR (400 MHz, DMSO-ds) & (ppm) 2.17 (s, 3H), 4.92 (s, 1H), 7.17-7.69
(m, 11 H);

13C NMR (100 MHz, DMSO-ds) § (ppm) 12.11, 33.18, 58.16, 99.41, 119.59,
121.11, 126.20, 129.47, 130.10, 131.49, 131.65, 143.62, 143.88, 145.27, 159.43;
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IR (KBr, cm™) bands 3320, 2919, 1598, 1503, 1293, 1157, 752.

5f.6-amino-4-(4-fluorophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-
c]pyrazole-5-carbonitrile (Table I11.B.3, entry 6) [19]

'H NMR (400 MHz, DMSO-ds) 3 (ppm) 2.30 (s, 1H), 4.94 (s, 1H), 7.05-7.44
(m, 9H), 7.67-7.69 (d, 2H, J=8Hz);

13C NMR (400 MHz, DMSO-de) & (ppm) 12.50, 33.02, 58.16, 99.41, 115.17,
115.38, 121.11, 129.47, 129.61, 138.78, 145.19, 146.87, 148.34, 159.43;

IR(KBr, cm™) bands 3330, 2918, 1567, 1498, 1071, 751.

5g.6-amino-4-(3-nitrophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-
c]pyrazole-5-carbonitrile (Table I11.B.3, entry 7) [19]
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'H NMR (400 MHz, DMSO-ds) & (ppm) 2.33 (s, 1H), 5.13 (s, 1H), 7.18-7.73
(m, 10H), 8.07 (s, 1H);

3C NMR (100 MHz, DMSO-de) § (ppm) 12.40, 33.42, 58.167, 98.31, 121.19,
121.75, 122.29, 126.28, 129.51, 130.25, 134.89, 145.19, 146.87, 148.34, 158.43.

Sh. 6-amino-3-methyl-4-phenyl-1,4-dihydropyrano[2,3-c|pyrazole-5-
carbonitrile (Table II1.B.3, entry 8) [19]

'H NMR (400 MHz, DMSO-ds) & (ppm) 2.10 (s, 1H), 5.33 (s, 1H), 7.16-7.80
(m, 7H), 11.45 (brs, 1H);

3C NMR (100 MHz, DMSO-de) & (ppm) 11.81, 33.32, 58.167, 98.71, 121.10,
126.23,129.47, 130.11, 131.49, 131.62, 143.65, 143.88, 159.43.

5i. 6-amino-3-methyl-4-(p-tolyl)-1,4-dihydropyrano|2,3-c]pyrazole-5-
carbonitrile (Table II1.B.3, entry 9) [19]

'H NMR (400 MHz, DMSO-de) 8 (ppm) 1.67 (s, 3H), 2.20 (s, 3H), 5.62 (s, 1H),
7.30-7.49 (m, SH), 7.76-7.78 (d, 2H, J=7.6Hz), 11.45 (brs, 1H);
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13C NMR (100 MHz, DMSO-d¢) & (ppm) 13.392, 21.234, 33.508, 58.301,
98.311, 117.990, 120.226, 124.864, 128.793, 134.764, 138.784, 148.202,
159.411.
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II1.B.4.4. Scanned copies of 'H and 3C NMR spectra of synthesised
compounds

Figure I11.B.2. Scanned copy of 'H and 3C NMR spectra of 6-Amino-
3-methyl-1,4-diphenyl-1,4-dihydropyrano[2,3c]pyrazole-5-carbonitrile
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Figure 111.B.3. Scanned copy of 'H and 3C NMR spectra of 6-Amino-
3-methyl-1-phenyl-4-(p-tolyl)-1,4-dihydropyrano[2,3c]pyrazole-5-carbonitrile
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Figure I11.B.4. Scanned copy of 'H and 3C NMR spectra of 6-amino-4-(4-
methoxyphenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]pyrazole-5-

carbonitrile
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Figure I11.B.5. Scanned copy of 'H and 3C NMR spectra of 6-amino-4-(4-
bromophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]pyrazole-5-

carbonitrile
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Figure I11.B.6. Scanned copy of 'H and 3C NMR spectra of 6-amino-4-(4-
fluorophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c]pyrazole-5-

carbonitrile
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Figure |11.B.7. Scanned copy of 'H and 3C NMR spectra of 6-amino-4-(3-

nitrophenyl)-3-methyl-1-phenyl-1,4-dihydropyrano[2,3-c[pyrazole-5-
carbonitrile
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Figure 111.B.8. Scanned copy of 'H and >C NMR spectra of 6-amino-3-methyl-
4-phenyl-1,4-dihydropyrano/2,3-c]pyrazole-5-carbonitrile
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Figure 111.B.9. Scanned copy of 'H and >C NMR spectra of 6-amino-3-methyl-
4-(p-tolyl)-1,4-dihydropyrano/2,3-c]pyrazole-5-carbonitrile

: SUTIEMTERIWNAIE  §E 383
LR | AN M-
oI

G
S

250



Section B

II1.B.5. References

References are given in Bibliography under Chapter III, Section B
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the present method. The simplicity of the entire sequence has made reaction; ligand free;
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ported heterogeneous catalyst was characterized using HRTEM, ICP-
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Introduction

Heterogeneous palladium catalyzed C-C cross coupling reactions have attracted much
attention over past two decades. As a representative of this class of reaction, Suzuki and
Heck coupling are most significant because biaryl moieties and substituted olefins are
present in pharmaceuticals,!'™* wide range of natural products such as alkaloids and
many agrochemicals and biologically active compounds.'>”! Although homogeneous
catalyst offers excellent result, they have some drawbacks because of difficult separation
procedure that often contaminates the products. However, most of them employ differ-
ent types of ligands such as sterically hindered trialkyl phosphines, triarylphosphines,®
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because they are toxic and moisture sensitive. However, with growing interest towards
greener reactions, ligand free solid supported heterogeneous catalysts are in demand.
They have the advantage of enhanced synthetic efficiency and operational simpli-
city.!® "] Previous reports include the immobilization of Pd on activated carbon,!*?! pol-
ymers,!'>! zeolites,'*) mesoporous carbon,!®! silica, alumina or titania.!'”*®!

In the recent years, graphene oxide (GO) has attracted much attention owing to its
wide range of application in different fields such as fuel cells,!**) nanocomposite materi-
als,2°>*! and electronic devices.”*! GO has two dimensional layered sheets with several
oxygen containing functional groups like epoxy, hydroxy, carbonyl, carboxyl, etc.
Palladium nanoparticles supported on graphene and graphene derivatives enlarge the
surface area of the composite,’” increasing the distance between the sheets. Utilising
this phenomenon, catalytic activity of GO-Pd/SGO-Pd,"*>*®! Pd NPs supported on sin-
gle layer-GO™®”! and polyamine modified GO-Pd*®! have been successfully tested in
Suzuki-Miyaura coupling. Reports regarding GO-supported palladium catalyst using
ethanol at refluxed condition,'” and GO-supported NHC-Palladium catalyst using
aqueous-organic mixed solvents'” are very scanty. In some cases, it is reported that,”-**’
the activity of GO-supported palladium catalyst reduces gradually due to the agglomer-
ation and leaching of metal nanoparticles (NPs). In view of that and to overcome the
drawbacks of the previously reported protocols, we have developed a new GO-based
heterogeneous catalyst and employed it in Suzuki-Miyaura and Mizoroki-Heck reac-
tion. The reaction conditions are mild and the catalyst can be recycled for five runs
without significant loss in its catalytic activity.

Preliminary studies on polymer supported GO has revealed significant increase in
mechanical and thermal properties of the composite.****! Driven by this fact, the idea
of a new solid support, which allows better stability, easy recovery of products and sim-
ple separation procedure is hypothesized. Poly (methyl methacrylate) [PMMA] is a non-
conductive polymer and its composite with GO enhances the thermal stability of the
material. Based on the above perspective, our present explorative work involves the
deposition of Pd NPs on GO-PMMA composite through in situ polymerization of
MMA. Wielded by the environmental concerns, water is selected as solvent instead of
hazardous solvents such as DMF, DMA, NMP, etc. Utility of GO enhances the thermal
stability of poly (methyl methacrylate)®***! and Pd NPs are strongly immobilized in
between the layers of graphene oxide-PMMA composite.>***! To the best of our know-
ledge, GO-PMMA supported Pd catalyst has not been employed in Suzuki and Heck
coupling reactions. Simpler reaction conditions, ligand free protocol, low Pd content
and tolerance to wide range of functional groups are the salient features of our work.

Results and discussion

The morphology of the catalyst (GO-PMMA-Pd) was analyzed by transmission electron
microscope (TEM). The micrograph and particle size distribution curve of in situ pre-
pared GO-PMMA-Pd catalyst is represented in Figure 1. The TEM images show the
mono dispersed palladium without agglomeration on the GO-PMMA-sheet during in
situ polymerization of MMA. The average size of the Pd NPs has been determined from
the TEM images and was found to be around 4.8 nm.
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Figure 1. TEM image of GO-PMMA-Pd composite catalyst (a) at 50nm (b) at 20nm (c) at 2nm (d)
Particle size distribution curve of GO-PMMA-Pd catalyst.

The catalyst life is a factor that can control the economic viability of industrial proc-
esses and as a consequence high thermal resistance of a catalyst support is found to be
suitable for different kinds of thermal reaction.?*®!

Thermogravimetric Analysis (TGA) of the solid support has been analyzed for several
samples with different wt % of GO loading as shown in Figure 2. It is very interesting
to observe that composite with the lowest wt % of GO exhibited maximum thermal sta-
bility (Fig. 2).

The catalyst was subjected to powder X-ray diffraction (XRD) for composition ana-
lysis (Fig. 3). Three sharp peaks at around 20=40.1°, 46.6° and 68.9° represents the
crystalline planes (111), (200) and (220), respectively, in fcc structure of Pd.*! However
the intensity of (111) plane is higher than (200) and (220) plane. The absence of strong
GO peak at 20=10.63°"*") and the appearance of characteristic broad PMMA peak at
20=14.8° indicated the formation of GO-polymer composite. The FTIR spectrum of
GO has a peak at 1735cm ™" which is assigned to the carbonyl stretching frequency.
The FT-IR peak of PMMA at 1148cm ' is associated with the stretching vibration of
the C-O bond in the C-O-C moiety, whereas the peak at 1731cm ™' is due to the
acrylate carbonyl groups. FT-IR spectrum (Fig. 4) revealed that the resultant GO-
PMMA-Pd composite catalyst contained several functional groups like -OH
(3454cm™!) and C=0 (1731cm™'). Therefore, it has a strong tendency to readily
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Figure 2. TGA results of (B) 2wt% (C) 5wt% (D) 10 wt% GO in PMMA.

Figure 3. XRD pattern of GO-PMMA-Pd composite catalyst.

interact with metal ions by hydroxyl and carboxyl group. It is considered that the bond
between Pd and GO-PMMA can be formed through some physical/chemical interac-
tions such as Vander Waals force, H-bonding and other bonds.*®! The shift of other
stretching frequencies also points towards the association of PMMA with GO (Fig. 4).
Furthermore, a hump obtained at around 20 =23°suggests the presence of reduced gra-
phene oxide (RGO).*! Hence, it can be concluded that a small amount of GO has
been converted into RGO when HCOOH was employed. GO-PMMA-Pd catalyst was
further characterized by XPS, as shown in Figure 5. High-resolution XPS spectrum was
corrected with reference to the carbon 1s peak at 284.8eV shown in Figure 5(b).
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Figure 4. Comparison of FT-IR spectra of (a) GO (b) GO-PMMA (c) GO-PMMA-Pd (d) PMMA-Pd (e)
PMMA and (f) recycled catalyst after fifth run.

The binding energies of Pd 3d at 335.87 and 341.2eV for GO-PMMA-Pd corresponded
to the Pd’ Pd 3ds,, and Pd 3ds),, respectively. Thus, the presence of metallic Pd in the
composite is confirmed (Fig. 5(c)).

Leaching of metal from the heterogeneous GO-PMMA support was examined by hot
filtration test as described in the literature.*”’ After 1h completion of reaction, the
reaction mixture was filtered to separate out the catalyst and HPLC was carried out with
the obtained filtrate (38% conversion). The ICP-AES analysis of the filtrate showed the
absence of any palladium. The filtrate was then heated for another 4h at 90 °C without the
addition of catalyst and the corresponding HPLC pattern (Fig. 6) did not show any
noticeable conversion which implied that metals are not getting leached from the solid
GO-PMMA support during first 1h of the reaction.

The Pd content was found to be 5.559 wt% in this heterogeneous catalyst. The recyc-
lability of the catalyst was tested for Suzuki coupling reaction and the catalyst was
recyclable for five consecutive runs without significant drop in activity. The sudden
drop in Pd content ( Fig. 7) after the fifth run may be attributed to the leaching of Pd
from the catalyst. The development of recoverable catalyst is one of the indispensable
principles of the green synthetic organic chemistry and the key purpose of this study
was to place a recyclable catalyst for Suzuki and Heck reaction in aqueous medium.
Initially, for screening the reaction, phenylboronic acid and 4-iodo anisole has been
chosen as the model substrates in presence of GO-PMMA-Pd catalyst. The favorable
condition of the reaction was achieved by varying the parameters such as catalyst load-
ing, solvent, time, base and temperature. Finally the protocol was optimized by using
water as solvent, K,CO; as base and catalyst loading (0.3mol % Pd) in 6mg of
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Figure 5. (a) Full-range XPS spectrum of GO-PMMA-Pd catalyst. C 1s peak at 284.8 eV shown in (b).
In (c) the binding energies of Pd 3d at 335.87 and 341.2eV for GO-PMMA-Pd corresponded to the
Pd® Pd 3ds,, and Pd 3ds,,, respectively.

Figure 6. Comparison of normal time profile with hot filtration test. Conversions (+2%) at different
time intervals for each plot were measured by HPLC.
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Figure 7. Recycling efficiencies of GO-PMMA-Pd catalyst for Suzuki coupling reaction.

Table 1. Optimization of reaction parameters for Suzuki reaction based on the result of the following combination in
the protocol®.

Entry Solvent Base Pd loading (mol% ) Additive Time (h) Yield® (%)
1 DMF K,COs 0.1 BuyNBr 1 42
2 DMSO K,CO3 0.1 Bu,4NBr 2 29
3 Water K,CO3 0.2 BuyNBr 3 63
4 Ethanol K,CO3 0.2 Bu4NBr 3 58
5 Water K,CO5 0.3 SDS 4 72
6 Water K,CO3 03 Bu4NBr 4 20
7 Water Na,COs 0.3 BuyNBr 6 76
8 Water Cs,CO3 03 Bu4NBr 6 75
9 Water EtsN 0.3 BuyNBr 6 78
10 Water KOH 03 Bu4NBr 4 62
1 Water K,CO3 0.3 CTAB 6 72
12 Water K,CO3 0.3 TMAI 4 52
13 Water K,CO3 0.3 Bu4NBr 24 25°¢
14 Water K,CO3 0.5 Bu,NBr 12 86¢

“Reaction of 4-lodo anisole (1 mmol), Phenyl boronic acid (1.5mmol), Pd loading (0.3 mol%), K,COs (1 mmol), TBAB
(10 mol%), water (2mL) at 90°C;

Plsolated yields.

‘Room temperature reaction;

4Temp of the reaction 100°C.

GO-PMMA-Pd catalyst at 90°C (Table 1). In order to enhance the yield of 4-methoxy-
1,1 biphenyl in water, different surfactants were employed in the study (Table 1). It is
established that the yield of the product can be improved by increasing the reaction
time. We started increasing the reaction time by keeping all parameters similar and
found that the best yield is achieved in 4h of reaction (Table 1, entry 6). However,
ortho-substituted compounds require longer reaction time.

The synthetic efficacy of this catalyst in water mediated Suzuki coupling reaction was
conducted with a number of different aryl halides and arylboronic acids under optimized
condition (Table 2, entries 1-16). The electron withdrawing aryl iodides and bromides
gave excellent yields of corresponding products (entries 3, 6 and 8). Although relatively
longer reaction time was required for electron donating aryl iodides and bromides but each
of them offered an excellent yield of products (entries 1-2 and 4-5). The aryl chlorides
gave only trace amount of the corresponding product even after 24h of exertion of
reaction. The arylboronic acids with methoxy, methyl, nitro groups were rapidly converted
to their corresponding products at high to moderate yield at 90°C as shown in Table 2
(entries 9, 15 and 16).
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Table 2. GO-PMMA-Pd catalyzed Suzuki reaction of different aryl halides with phenyl boronic acid®.

@X + (HO)ZB{/;X\R2

GO-PMMA-Pd catalyst

</

< N\ ¥52
Rl water ,K,CO5 TBAB R R
90°C
Time | Yidd®
Entry Aryl halide Boronic acid Products
(h) (%)
CHj
B(OH),
I
OCHj, B(OH),
| OCH,4
crOW
3 @\ 2 92
I O,
s B(OH),
I
CH, B(OH),
5. @\ 6 84
COCH
3 B(OH),
6. © COCH3 15 9
Br
H
Qc . B(OH),
s O~ oo
7. 4 85
CHg
Br
NO, B(OH),
8. @\ 3 89
Br NO,

continued
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Table 2. Continued.

CHg B(OH),
9. © H3COCH3 4 86
I OCHg
B(OH),
10 @ [ 6 58
’ S Br S
OCH,4
- BOH),
11. | N/ No reaction B Nil
I

H
(e B(OH),
r
B(OH),
13 BrBr No reaction _ Nil
cl B(OH),
Br B(OH),
15. 4 88
O~ )
Me
Br B(OH),
O GL o 'l
NO,

0,

“Reaction of aryl halide (1 mmol), Phenyl boronic acid (1.5 mmol), palladium loading (0.3 mol%), K,COsz (1 mmol), TBAB
(10 mol%), water (2mL) at 90 °C.

Plsolated yields.

“Reaction temperature 120°C.

The above success in Suzuki coupling reaction prompted us to look for such expect-
ancy in Heck coupling reaction too. The Heck reaction was optimized by varying the
reaction parameters temperature, solvent, base, catalyst loading (Table 3). In that
instance, 4-iodo anisole was successfully coupled with methyl acrylate in presence of
TBAB and 0.2mol% Pd in GO-PMMA-Pd catalyst at 100°C. All types of aryl halides
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Table 3. Optimization of reaction parameters of Heck reaction®.

Entry Solvent Base Temp e Pd-loading (mol%) Time (h) Yield (%)°
1 DMF K,CO5 120 0.1 4 75¢
2 Water K,CO; 100 0.1 5 72
3 Water EtsN¢ 100 0.2 5 80
4 Water K,COs 100 0.2 4 85
5 Water K,CO5 80 0.3 5 78
6 Water K,CO5 Rt 0.3 24 25¢

“Reaction of 4-lodo anisole(1 mmol), methyl acrylate (2mmol), Pd loading (0.2 mol%), K,CO5 (1 mmol), TBAB (10 mol%),
water 3 mL.

Plsolated yields.

‘solvent was DMF.

dtriethyl amine was used as base.

froom temperature.

gave good to excellent yield, which indicates the high efficiency of this heterogeneous
catalyst (Table 4) in Heck coupling too.

Figure 7 represents the recyclability of the GO-PMMA-Pd catalyst for Suzuki cou-
pling reaction upto the sixth run. The reduction of yield after fifth run could be due to
the leaching of Pd NPs from GO-PMMA surface. The palladium content after fifth run
was confirmed by ICP-AES and it was found to be 1.357 wt%. However, when the reac-
tion was performed with only PMMA-Pd’, a drastic change in yield was observed from
88% to 56% in second run. This observation clearly indicated that presence of GO in
the composite plays a vital role to improve the catalytic ability of GO-PMMA-
Pd system.

Experimental
Materials and physical measurements

Palladium (II) acetate 99.98% was purchased from Sigma Aldrich. Graphite powder,
H,O0, (solution 30%), 98.5% pure methyl methacrylate were purchased from commercial
supplier. The morphology of the catalyst (GO-PMMA-Pd) was analyzed by TEM,
(Model: JEM-2100, accelerating voltages 60-200 KV in 50V steps; resolution: 1.9 A to
1.4 A). Inductively coupled plasma spectroscopy (ICP) was analyzed on ARCOS,
Simultaneous ICP spectrometer (SPECTRO analytical instruments GmbH, Germany).
Powder XRD data and X-ray photoelectron spectroscopy (XPS) was obtained from
Bruker D8 Advanced X-ray Powder Diffractometer (Cu Ko radiation, 4A=1.54 A) and
an XPS instrument (Omicron: Serial no. 0571) respectively. NMR spectra were taken in
CDCl; using a Bruker AV-300 spectrometer operating for 'H at 300 MHz and for '*C
at 75 MHz. Splitting patterns of protons were described as s (singlet), d (doublet), t
(triplet), br (broad) and m (multiplet). Chemical shifts were reported in parts per mil-
lion (ppm) relative to TMS as internal standard.

General procedure for preparation of GO-PMMA-supported Pd catalyst

Initially for the preparation of catalyst 20 mg of GO was suspended in 20 mL of toluene.
The slurry was then dispersed through ultrasonication for 60 min. After ultrasonication
methyl methacrylate was injected to a well dispersed solution of GO. Benzoyl peroxide
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Table 4. Reaction of aryl halides with different vinyl compounds®.

J=
<\ /\>
X

GO-PMMA-Pd catalyst XY
i
R /\Y _ RO/\/
water, K,CO3, TBAB
100°C
Time | Yield®
Entry Aryl halides Olefins Product
(h (%)
| 0
OCH,4 A
1 /©/ g o~ 4 85
HsCO 0
H5CO
| o)
o) XN
z /©/ 2 o o™ 4 83
H5CO o
H5CO
| ¢}
o N
5 /@/ /\n/ ~ O/v\ 5 o
HeCO o
3 H,CO
| 0
N e
OCH; o]
4 ©/ i 4 | s
o}

0
OCH,
@MO/ s | w
O X g 5 79
H,CO

\ 4 80

Y
o

Q

HsCO

QQ_
SRS IS
o

HsCOC

O
HyCOC

“Reaction of aryl halide (1 mmol), vinyl compound (2 mmol), GO-PMMA-Pd catalyst (0.2 mol%), K,COs (1 mmol), TBAB
(10 mol%), water 3 mL.
Blsolated yields.
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O 0,
Graphene oxide CH 1.BZP, 90 °C
o~"® ——————— > GO-PMMA-Pd
2. Pd(OAc),
3. HCOOH

Scheme 1. Preparation of GO-PMMA-Pd catalyst.

(BZP, 0.1mol%) was added to initiate the polymerization of methyl methacrylate
(MMA). The resulting mixture was then stirred well at 90°C for 4h. The temp of the
solution was maintained at 90°C. Stirring was continued for another 3h followed by
the addition of 40 mg Pd(OAc), and 100 mg of HCOOH as shown in Scheme 1. The
dark brown precipitate instantly turned into black after the addition of HCOOH. The
obtained residue was washed several times with water and residual solvent was shuffled
off by rotary evaporator, and dried at 60 °C.

Procedure for cross coupling of 4-iodo anisole and phenyl boronic acid using
GO-PMMA-Pd catalyst

A 25mL RB was charged with 4-iodo anisole (1.0mmol), phenylboronic acid
(1.5 mmol), GO-PMMA-Pd catalyst (0.3 mol % Pd), K,CO; (1 mmol), TBAB (10 mol %)
and 2mL water. The mixture was allowed to stir at 90°C for an appropriate time
(Table 1) and the extent of the reaction was monitored by thin layer chromatography
(TLC). After the completion of the reaction, the reaction mixture was extracted by ethyl
acetate (2 x 25ml) and washed with water repeatedly. The catalyst was filtered off and
washed several times with ether and water (1:1) until no significant product was
obtained in the wash. The recovered catalyst was reused for the next coupling experi-
ment. The reaction mixture was dried over anhydrous Na,SO,, concentrated in vacuum
and purified by column chromatography on silica gel 60-120 mesh using petroleum
ether as eluent to obtain pure product. The catalyst recovered after fifth run was sub-
jected to ICP-AES for Pd content analysis. The isolated products were analyzed by 'H
NMR and "*C NMR spectroscopy.

4-methoxy-1,1’ biphenyl*": "H NMR (CDCl;, 300 MHz) & 3.85 (s, 3H), 6.98 (d, 2 H,
J=69Hz), 7.238-7.319 (1H, m), 7.397 (d, 2H, J=7.8Hz), 7.511-7.564 (m, 4H,
J=87Hz); '>C NMR & 5537, 11422, 12668, 12676, 128.18, 128.75,
133.80, 140.85,159.16.

General procedures for the heck coupling reactions

A mixture of 4-iodo anisole (1 mmol), methyl acrylate (2mmol), GO-PMMA-Pd catalyst
(0.2mol % Pd), K,CO; (1 mmol), TBAB (10 mol %) and 3 ml water was stirred under
100 °C. The reaction took significant time for completion (Table 3) and the progress of
the reaction was monitored by TLC. After completion, the reaction mixture was
extracted with ethyl acetate and washed with water repeatedly. The combined organic
mixture was dried over anhydrous NaSO, and purified by column chromatography
using petroleum ether/ethyl acetate as eluent to afford pure product. The catalyst was
separated and washed for several times with ether and water. The recovered catalyst was
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used in next cycles and the isolated products were characterized by '"H and '*C NMR
spectroscopy.

(E)-methyl 3-(4-methoxyphenyl) acrylate!*?: *C NMR 6 51.27, 55.29, 114.33, 115.03,
126.57, 130.13, 144.31, 161.11, 166.91.

Conclusion

A greener protocol using ligand free GO-PMMA-Pd catalyst is proposed. The prepared
catalyst was characterized by different spectroscopic and microscopic techniques. The
newly made catalyst effectively generates different C-C cross coupled product even at a
very low Pd content in high yields at optimal condition. The simple operational proced-
ure, easy removal of catalyst, reusability of the catalyst and environmentally benign pro-
cess are the most significant and outwit factors of our proposed scheme in comparison
to the existing protocols.
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Sulfonated Graphene-Oxide as Metal-Free Efficient
Carbocatalyst for the Synthesis of 3-Methyl-4-(hetero)
arylmethylene isoxazole-5(4H)-ones and Substituted

Pyrazole

Puja Basak, Sourav Dey, and Pranab Ghosh**

A straightforward, simple and unprecedented transformative
protocol has been accomplished towards furnishing a wide
variety of pharmaceutically promising functionalised 3-methyl-
4-(hetero)arylmethylene isoxazole-5(4H)-ones and 6-Amino-3-
methyl-4-phenyl-1,4-[2,3-c]pyrazole-5-carbonitriles. Sulfonated
graphene oxide (SGO), a new class of heterogeneous carboca-
talyst, was found to be efficient for thisone pot rapid

Introduction

In recent times, multicomponent reactions(MCR) are emerging
as ecologically sustainable processes in pharmaceutical
chemistry, drug designing, and fine chemical synthesis. Due to
the increasing demand in green chemistry, MCRs have been
paid much attention to achieve high yield, high selectivity and
synthetic simplicity in various research fields, such as the
discovery of lead compounds in medicinal chemistry or
combinatorial chemistry.

Substituted isoxazoles display beneficial biological proper-
ties such as antitumor," antifungal” cytotoxic, anti-
inflammatory,”! antibacterial and anti-HIV activities."® Further-
more, compounds belonging to this class have been employed
as versatile building blocks of a variety of natural products,”
synthetic drug molecules,®®®" fungicides and insecticides.”’ In
particular, isoxazoles are privileged scaffolds in various organic
synthesis,”” liquid crystalline material,"” optical storage as well
as nonlinear optical research"” and filter dyes in photographic
films""2e (Figure 1). A series of androgen antagonists with
isoxazole motifs are found to have medicinal utility™* and
some of them also exhibit full antagonistic activity towards
human prostate tumor cells and human metastatic breast
cancer cells (Figure 1)."¥

As a consequence of the above, a number of researchers
have set their goal to synthesize isoxazole derivatives. The
most common approaches to 3-methyl-4-(hetero)arylmethylene
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conversion of isoxazoles and pyranopyrazoles from aldehyde.
The prepared SGO was characterised by FEG-SEM, HR-TEM, FTIR
and was recyclable up to 5" run without a significant drop in
its catalytic activity. Metal free synthesis, good to excellent
yield, high atom economy, usage of readily available starting
material, operational simplicity, easy workup, and recyclable
catalyst are the fundamental features of this protocol.

Figure 1. Some example of compounds containing isoxazole and pyranopyr-
azole moiety.

isoxazole-5(4H)-ones are the multistep condensation of ethyl
acetoacetate with hydroxylamine hydrochloride followed by
Knoevenagel type reaction with aromatic aldehydes."” The
convenient methodologies demand solid state heating, solid-
state grinding,"® ultrasonic irradiation,"” microwave heating,"®
application of visible light in the presence of sodium acetate in
ethanol."® Nevertheless, different moisture sensitive reagents
are also employed for the synthesis of isoxazole derivatives like
phthalimide-N-oxyl salts,”® sodium sulphide,?” boric acid,”?
sulphated polyborate,”® sodium azide,*” potassium sorbate,”
Snll-montmorillonite,”® etc.””** Most of the conditions, how-
ever, suffer from drawbacks such as harsh reaction conditions,
high temperature, strongly acidic/basic condition, prolonged
reaction time, use of homogeneous catalyst, low yield and
suffer from rapid loss of catalytic activity. Although, the
acceptable yield of isoxazole has been reported in most of the

626 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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*
protocols where either toxic metal catalyst and costly reagents
were used,®* or people had to suffer handling tedious
reaction conditions and work up process."*?* %! To avoid these
drawbacks it is imperative to develop a high yielding greener,
radiation and metal-free efficient method for its synthesis with
a broad range of substrate applicability.

Another organic moiety pyranopyrazoles, ubiquitous in
many biologically active heterocyclic compounds, have at-
tracted much consideration because of its wide range of
activity like antimicrobial,®® antitumor,®? anticancer,”®
anticoagulant,®” diuretic, anti-inflammatory and so on.*%*
Some important Pharmaceutical agents and drug molecules
containing dihydropyrano[2,3-c]pyrazole ring in their core
structure were shown in (Figure 1). Due to ‘broad spectrum of
biological activity, several methods have emerged to synthesize
these promising drug molecules. Most of the conventional
method for the preparation of dihydropyrano[2,3-c]pyrazole
involves four-component reaction using various catalytic sys-
tem such as tungstate sulphuric acid,*” Cesium carbonate
supported on hydroxyapatite coated NiysZn,sFe,0, magnetic
nanoparticles*" nano MgO,”* glycerol* silica coated mag-
netic NiFe,0, nanoparticles supported H;PW,,0,, (NFSPWA),*¥
maltose,™ trichloroacetic acid,"® y-Fe,0,@Cu;Al-LDH,””" NaF."*¥
However, considering ecological issues avoidance of the use of
hazardous homogeneous catalyst*® and toxic metal
catalyst®™*! is essential to prevent environmental pollution.
Based on this conception,it was felt to explore a one pot four-
component, environmentally benign, high yielding MCR route
of pyranopyrazoles.

As a part of our ongoing efforts, presently we have
employed a well documented environmentally benign nano-
material to synthesize substituted isoxazoles and pyranopyr-
azoles. As an alternative of nonmetal for important organic
transformation, carbonaceous nanomaterials have received
considerable attention owing to their sustainability and
affordability.*” Graphene oxide (GO), a two dimensional unique
nanomaterial, upon exhaustive oxidation during preparation,
contains a variety of oxygen containing functionalities (e.g.
alcohols, epoxides, carboxylates, sulphate groups), these ex-
trinsic functional groups provides moderate acidic properties
(pH=4.2) and makes GO an excellent heterogeneous acidic
catalyst for various synthetic transformation reactions. Com-
pared with other conventional solid acid catalysts, GO and its
derivatives are interesting due to the presence of high surface
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area and abundant functional group inactive sites. Previously,
GO and its derivative sulfonated graphene oxide (SGO) has
been used as an efficient carbocatalyst in hydration, oxidation,
Aza-Michael addition, condensation, hydrolysis of cellulose and
hydration of alkynes®™>% However, synthesis of SGO requires
complicated post functionalization process with fuming H,SO,
or Chlorosulfonic acid®” and to avoid these harsh processes we
have reportedherein a one pot synthesis of SGO.**** Among
metal free catalysts, sulfonated graphene oxide (SGO) is a
highly air-stable, environmentally friendly acid catalyst for use
in various chemical reactions.

Considering all these aspects, it was felt to explore the
ingenious role of SGOfor the synthesis of 3-methyl-4-(hetero)
arylmethylene isoxazole-5(4H)-ones and 6-Amino-3-methyl-4-
phenyl-1,4-[2,3-c]pyrazole-5-carbonitriles. Our results indeed
show that SGO alone is capable of achieving different types of
isoxazoles and pyranopyrazoles with diverse functional groups
of pharmaceutical interest.

Morphological studies and recyclability experiment of the
catalyst SGO has also been carried out. To reduce the environ-
mental hazards and the shortcomings of the previously
reported methods a metal free cyclisation pathway has been
established in our present work. A possible route of the
reaction is also established which implies the profound effect
of SGO in governing the reaction.

Result and discussion

We have assessed the catalytic activity of SGO as an acid
catalyst in promotion of isoxazole and pyranopyrazole syn-
thesis. SGO was synthesised by the Tours method shown in
scheme 1 and was extensively purified to remove any metal
impurity.

Fourier-transform infrared spectroscopy (FTIR) studies

The presence of various oxygen containing functional groups,
namely hydroxyl, epoxide, carbonyl, sulfonic and carboxylic
acid in the synthesised SGO was confirmed by FTIR spectra.
FTIR spectra of SGO-1 show significant bands at 1393, 1057 and
857 cm™" which are accounted for the O=S =0 stretching, -SO,
symmetrical stretching and S-OH stretching vibration respec-
tively. Another vibration modes in SGO comprises of hydroxyls
(between 3100-3800 cm™), carboxyls (1640-1760 cm™'), C-OH

Awdiliod HwmmeTs
V- )
KMa0(Ip, NaNO{1Ag), H S0 (8¢ mL)
[*] -,
B T . S
YL EMNOSPE B BOCHE s, HyPO(48mL) or

VWO L HSOL8e mL), H MO

Scheme 1. Preparation of GO, SGO-1, and SGO-2 by different approaches.

ChemistrySelect 2020, 5, 626 -636 N Dl B

627 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



:\\,‘* ChemPubSoc
Drertd Europe

3
vibration (between 3000-3600 cm™'), epoxides (C—O-C at 840
and 1220-1340 cm ), etc (Figure 7).5>*

Evaluation of catalytic activity of SGO through the synthesis
of substituted isoxazoles and pyranopyrazoles

As a first instance, we focused our study on the synthesis of 3-
methyl-4-arylmethyleneisoxazole-5(4H)-ones. For screening the
reaction condition, benzaldehyde, ethyl acetoacetate and
hydroxylamine hydrochloride were selected for the model
reaction. The effects of the reaction parameters such as solvent,
temperature, amount of the catalyst are discussed briefly in
Table 1. It was noticed that except toluene other solvents
produced the desired product in moderate to good yield.
Further investigation revealed that solvent free stirring yielded
the corresponding products with an excellent yield at room
temperature (Table 1). Inspired by this expectancy, we altered
the amount of the catalyst SGO under solvent free condition to
achieve the optimal condition of the reaction. Depending upon
the time, yield and temperature, 25 mg SGO-1 displayed the
best result (entry 8, Table1) and was opted asoptimum
quantity for the promotion of the reaction (Table 1). In order to
show catalytic efficiency, SGO-1 was also compared with GO
and SGO-2 (entry 9, 10 Table 1) and results revealed that SGO-1
exerted the desired product with high yield.

In order to test the water tolerance of the catalyst, we have
also carried out the reaction in an aqueous medium (entry 2,
Table 1). Upto 82% yield of the entry suggested that there is no
chance of poisoning the catalyst by water. To reconfirm the
anticipation, after the 1* run the recovered catalyst was dried
in a rotary evaporator at 50°C and reused under the identical
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condition and in each case, we observed almost identical yield
upto 3rd run.

After achieving the optimised condition, we used some
substituted aromatic aldehydes in order to get different
substituted 3-methyl-4-(hetero)arylmethylene isoxazole-5(4H)-
ones. The study also indicated that various aromatic aldehydes
afforded the corresponding products with high yield (except 2-
nitro and 4-nitrobenzaldehyde). Aldehydes with electron
donating groups considerably increase the nucleophilicity on
carbonyl oxygen, thereby efficiently yielding the desired
product with excellent yield (Table 2, entries 2, 4, 8, 13, 18 and
22), whereas, the aldehydes with electron withdrawing groups
affording relatively poor yield of the product. 2-Napthaldehyde
(Table 2, entry 9) gave moderate yield whereas 1-Naphthalde-
hyde (Table 2, entry 10) did not respond to reaction and the
reason may be due to the hindrance offered by steric factor.
Again, we examined the reaction in the case of aliphatic
aldehyde also (Table 2, entry 20) which gave a trace amount of
product. The generality of the reaction was further extended in
case of heterocyclic and o,funsaturated aldehydes which also
afforded the corresponding product with good yield (Table 2,
entries 7, 11 and 17, 19). The versatility of the reaction was
further tested by using methyl acetoacetate instead of ethyl
acetoacetate. As expected we get the same product and with
almost identical yield (Table 2, entry 21, 22, 23).

Mechanism

A probable mechanism for the synthesis of 3-methyl-4-
arylmethylene isoxazole-5(4H)-ones by SGO is depicted below
(Scheme 2). It is suggested that acid catalysed oxime ()
formation actually initiated the reaction. The oxime so formed

Table 1. Optimization of reaction parameters for the synthesis of 3-methyl-4-(hetero)arylmethylene isoxazole-5(4H)-ones based on the result of the following
combination inthe protocol.”’

Entry Catalyst (SGO-1) mg Solvent Temperature® C Time(h) Yield (%)°
1. None® Water Rt 8 Trace
2. 50 Water Rt 2 82%
3. 50¢ Water 100 1 84%
4. 50 Ethanol Rt 2 74%
5. 50 MeCN Rt 2 52%
6. 50 Neat Rt 2 91%
7. 50 Toluene Rt 2 NR
8. 25 Neat Rt 1 90%
9. 25 (GO) Neat Rt 1 84%°
10 25 (SGO-2) Neat Rt 1 87%
11. 25 Neat Rt 12 86%
12. 15 Neat Rt 4 60%
13.14. 10 Neat rt 12 49%
100°¢ Neat rt 4 81%

[a] Reaction of benzaldehyde (1 mmol), ethyl acetoacetate (2 mmol), hydroxylamine hydrochloride (2.5 mmol) at room temperature (rt). [b] Isolated yield after
purification through column chromatography on silica gel. [c] No sulfonated graphene oxide (SGO) was added. [d] Temperature of the reaction 100°C.’ GO
was used as catalyst, [f] SGO-2 was used as catalyst. [g] The reactants are used 5 mmol each.

ChemistrySelect 2020, 5, 626 -636 N Dl B
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Table 2. SGO catalysed synthesis of different substituted 3-methyl-4-(hetero)arylmethylene isoxazole-5(4H)-ones.”

Entry Aldehyde R Product Time Yield(%)® Mp (°C)
Found Reported

1 Et 4a 1 20 141-142 141-143
2. Et 4b 1.5 89 176-178 174-176
3. Et 4c 1.5 80 141-143 142-144
4, Et 4d 1.5 87 135-136 135-136
5. Et 4e 2 84 119-121 118-120
6. Et 4f 4 Trace - -

7. Et 49 1.5 91 237-239 238-241
8. Et 4h 1.5 84 215-216 214-216
9. Et 4i 3 64 165-166 -

10. Et 4 8 NR - -

11. Et 4k 1.5 90 144-146 146-147
12. Et 4] 25 82 122-125 120-122

HO

13. Et 4m 1 93 225-227 227-228
14. Et 4n 2 82 200-202 198-201
15. Et 40 8 Trace - -

ChemistrySelect 2020, 5, 626-636 N DL LY 629 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. continued

Entry Aldehyde R Product Time Yield(%)® Mp (°C)
Found Reported

16. Et 4p 25 90 214-216 211-214
17. Et 4q 2 84 172-174 171-173
18. Et 4r 25 87 108-110 -

19. Et 4s 25 86 239-240 240-242
20. Et 41 8 Trace - -

21. Me 4a 2 84 141-142 141-143
22. Me 4d 2 86 135-136 135-136
23. Me 4c 2 78 141-143 142-144

[a] Reaction of aldehyde (1 mmol), ethyl acetoacetate (2 mmol), hydroxylamine hydrochloride (2.5 mmol), SGO (25 mg) at room temperature.
[b] Isolated yield after purification through column chromatography on silica gel.

subsequently guided the Knoevenegal condensation between
aromatic aldehyde and intermediate (l). This will be followed by
successive cyclisation along with the elimination of ethanol to
yield the desired product.

The versatility and the catalytic performance of the
prepared catalyst SGO were also observed in one pot-four
component synthesis of 1,4-dihydropyrano(2,3-clpyrazoles us-
ing hydrazine hydrate/phenylhydrazine, aromatic aldehyde,
malononitrile, ethyl acetoacetate, and the results are summar-
ised below.

To examine the feasibility of the reaction and to optimize
the reaction parameters, a model reaction was carried out
using phenylhydrazine, ethyl acetoacetate, malononitrile and 4-
bromo benzaldehyde as the starting components. Different
solvents EtOH, DMF, DCM, CH;CN, THF (Table 3. Entry 2-6) were
implemented to get the desired product in high yield, but H,O,
the green solvent was proved to be more appropriate for this
reaction (Table 3 entry 8). However, temperature has a consid-
erable effect on the reaction, as can be seen from (Table 3.

ChemistrySelect 2020, 5, 626 -636 N Dl B

entry 11) that room temperature reaction exerted less than
40% yield.

Investigating the catalytic efficiency of synthesized SGO-1,
it was compared with GO and SGO-2, but SGO-1 afforded the
desired product with high yield. Other Lewis acids were also
employed to get the desired product. The results indeed
showed that high yield was only achieved in the presence of
SGO-1 (Table 4. Entry 3)

After optimizing the reaction parameters, the versatility of
the reaction was examined by varying different aromatic
aldehydes and the results were summarized in Table 5.
Aldehydes with electron withdrawing groups, however, exerted
the desired product with high yield and quicken the entire
process (Table 5. entry 5, 6, 7, 10). As an extension of our
present work we have replaced phenylhydrazine with
hydrazine hydrate and the results were satisfactory as shown in
(Table 5. entry 8-10).

630 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. A possible route for SGO catalysed synthesis of 3-methyl-4-(hetero) arylmethylene isoxazole-5(4H)-ones.

Table 3. Optimization of reaction condition for the synthesis of 1,4-dihydropyrano[2,3-clpyrazoles.”

Entry Time (min) solvent Catalyst amount(mg) Yield(%)
1 120 No solvent 20 <50
2 60 EtOH /Reflux 20 55

3 60 DMF/Reflux 20 45

4 60 CH,CN/Reflux 20 40

5 120 DCM/Reflux 20 <40
6 120 THF/Reflux 20 <30
7 60 H,O/Reflux 20 65

8 60 H,0/Reflux 30 91

9 60 H,O/Reflux 50 94

10 60 H,O/Reflux 10 <50
1 120 H,0/r.t 40 < 40°

[a] Reaction of phenylhydrazine (1.5 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol), 4-bromo benzaldehyde (1 mmol) and SGO-1 with varying
amount at refluxed condition. [b] Room temperature reaction.
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Table 4. Comparison of the efficiency of the present catalyst with a
different catalytic system.

Entry Condition Catalyst Yield(%)
1 No solvent - <30

2 H,0/Reflux GO 78°

3 H,0/Reflux SGO-1 91¢

3 H,0/Reflux SGO-2 85

4 H,0/Reflux AlLO; <40

5 H,0/Reflux FeCl; 70

6 H,0/Reflux Zndl, <50

[a] Reaction of phenylhydrazine (1.5 mmol), ethyl acetoacetate (1 mmol),
malononitrile (1 mmol), 4-bromo benzaldehyde (1 mmol), catalyst 30 mg at
refluxed condition in water. [b] GO was prepared by Modified hummers
method. [c] SGO-1 by Tours method.
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Mechanism

A plausible mechanism for the synthesis of 1,4-dihydropyrano
[2,3-c]pyrazoles using SGO was shown here (Scheme 3). At first,
5-methyl-2-phenyl-2,4-dihydro-3H-pyrazole-3-one was formed
by the condensation of phenylhydrazine and ethyl acetoace-
tate. Subsequently, knoevenagal condensation between aro-
matic aldehyde and malononitrile exerted 2-benzylidenemalo-
nitrile. Afterthat, pyrazolone and benzylidenemalononitrile
participated in Micheal addition followed by cyclisation. Finally,
the desired 1,4-dihydropyrano[2,3-c]pyrazole was obtained
through tautomerisation in the last step of the reaction
mechanism.

Table 5. Synthesis of different substituted 1,4-dihydropyranol[2,3-clpyrazoles.”’

Entry Product R Aldehyde Time Yield Mp (°Q)
Found Reported

1 5a -Ph 60 80 169-170 170-172
2 5b -Ph 60 82 180-182 180-182
3 5¢c -Ph 60 84 175-176 177-179
4 5d -Ph 60 83 197-198 195-197
5 5e -Ph 50 89 180-182 180-182
6 5f -Ph 50 91 177-178 174-177
7 59 -Ph 60 88 188-190 190-191
8 5h -H 50 77 240-241 240-242
9 5i -H 50 80 203-205 205-207
10 5j -H 50 88 231-232 231-233

[a] Reaction of R-NHNH,(1.5 mmol), ethyl acetoacetate (1 mmol), malononitrile (1 mmol), aromatic benzaldehyde (1 mmol), 30 mg of SGO at refluxed

condition in H,0.

ChemistrySelect 2020, 5, 626 -636 N Dl B
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Scheme 3. A plausible route for the synthesis of 1,4-dihydropyrano[2,3-clpyrazoles.

HR-TEM and SEM analysis

Morphological study of graphene oxide (SGO) and SGO after 5™
run was carried out by HR-TEM microscopy to investigate the
disintegration of SGO sheets due to the reactions (Figure 2).
After reuseSGO sheets appear to have disintegrated along with
slight aggregation. The possible explanation may be put
forward that, after catalysis, its reduction to rGO leads
disintegration into smaller sheets. Furthermore, the morpho-  Figure 2. HR-TEM images of (a) SGO and (b) SGO after 5" run.
logical study (SEM images) confirms the formation of multiple
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SGO sheets (Figure 3). Thus, from the above, it may be included
that SGO has really taken part in the reaction.

The S content in fresh SGO and the residue left after 5™ run
was 3.12 and 0.68 wt% respectively (Figure 4). The decreased
percentage of S in SGO after 5™ run reveals that the functional
groups containing sulfur have had participated in the reaction.

For structural studies, XRD spectra of the synthesized
catalyst SGO, and that of it after 5™ run are shown in Figure 5.
A comparison indicates a reduction in intensity of the first peak
(20=9.98) which is a characteristic peak of sulfonated
graphene oxide. After 5™ cycle, a new peak appears at 20 =

Figure 3. SEM images of (a) SGO and (b) SGO after 5" run.

Figure 4. EDX spectra of (a) SGO and (b) SGO after 5" run.

Figure 5. XRD spectra of synthesized SGO and SGO catalyst after 5th recycle.

ChemistrySelect 2020, 5, 626 -636 N Dl B
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24.64, which indicates the partial formation of rGO. These
results show proportional reduction of the content of func-
tional groups on SGO during the reaction.

The Raman spectra of both SGO and used SGO after 5™ run
showed a characteristic D peak at 1346 cm™' and G peak at
1582 cm™" (Figure 6). The ratio of intensities of D and G band
(Io/le) of SGO and used SGO after 5™ run displayed 0.91 and
0.93 respectively. However, the slight increased (lIp/lg) ratio
suggested that during successive runs partial formation of rGO
has occurred through the restoration of some C=C bonds.

Recyclability experiment

To check the recyclability of the catalyst SGO, a model reaction
between benzaldehyde, ethylacetoacetate and hydroxylamine
hydrochloride in presence of 100 mg of SGO was carried out.
After the completion of the reaction, ethyl acetate (20 ml) was
added into the reaction mixture and centrifuged at 4000 rpm
for 5 minutes. The supernatant liquidcontaining the product
was decanted off and the process was repeated thrice.The
recovered catalyst was then washed with water and acetone
repeatedly to obtain dry SGO. The SGO catalyst could easily be
separated from the reaction mixture by simple centrifugation
and was found to retain its acidic property, even after 5 runs
(Figure 8). This was further supported by comparing the FTIR
data of fresh SGO and recovered catalyst (Figure 7). This may
be attributed that the involvement of the nucleophilic oxo
groups in SGO during the reaction may reduce the catalytic
activity of SGO after 5" run.

Conclusion

In conclusion, a green and efficient methodology for the
synthesis of a variety of isoxazoles and pyranopyrazoles from
commercially available aldehydes has been established. We
have unfolded a new role of sulfonated graphene oxide as an
efficient and heterogeneous carbocatalyst. SGO, itself is capable
of furnishing the desired 3-methyl-4-(hetero)arylmethylene
isoxazole-5(4H)-ones and 6-Amino-3-methyl-4-phenyl-1,4-[2,3-c]

Figure 6. Raman spectra of SGO and SGO after 5" run.
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Figure 7. FTIR spectra of SGO (a) fresh (b) after 2™ run (c) after 5 run.

Figure 8. Recyclability experiment of catalyst SGO.

pyrazole-5-carbonitriles with excellent yield. It can be envi-
sioned that such a cheap and robust solid acid catalyst SGO
holds great potential for a wide range of acid-catalysed
reactions.

Supporting Information Summary

Supplementary  data include experimental details,
'HNMR,®’CNMR spectra and IR data of all the synthesized
compounds (4a-4s, 5a-5j). HRMS of few compounds have also
been presented.
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Convenient one-pot synthesis of 1,2,4-oxadiazoles
and 2,4,6-triarylpyridines using graphene oxide
(GO) as a metal-free catalyst: importance of dual
catalytic activityy

Puja Basak, Sourav Dey and Pranab Ghosh '™
A convenient and efficient process for the synthesis of 3,5-disubstituted 1,2,4-oxadiazoles and 2,4,6-

triarylpyridines has been described using an inexpensive, environmentally benign, metal-free
heterogeneous carbocatalyst, graphene oxide (GO). GO plays a dual role of an oxidizing agent and solid
acid catalyst for synthesizing 1,2,4-oxadiazoles and triarylpyridines. This dual catalytic activity of GO is
due to the presence of oxygenated functional groups which are distributed on the nanosheets of
graphene oxide. A broad scope of substrate applicability and good sustainability is offered in this

developed protocol. The results of a few control experiments reveal a plausible mechanism and the role

rsc.li/rsc-advances

Introduction

Nitrogen-containing heterocyclic compounds are valuable due
to their potential application as a key intermediate in the
synthesis of numerous drugs." 3,5-Disubstituted 1,2,4-oxadia-
zoles are a remarkably important class of nitrogen-containing
heterocyclic scaffold as they are widely used as pharmaco-
phores, bioactive molecules, and functional materials."> Among
the oxadiazole derivatives, the 1,2,4-oxadiazole motif has
received interest due to its application as a stable bioisostere in
place of an amide, ester, or urea functionality.® These
compounds when selectively functionalized, have performed as
various muscarinic agonists,* benzodiazepine receptor partial
agonists,® serotonergic (5-HT3) antagonists,® dopamine trans-
porters,” antischistosomal drugs,® G-quadruplex ligands for
probing DNA superstructure in antitumor research.”'® Another
nitrogen-containing heterocycle, pyridines are ubiquitous and
have attracted much attention due to their unique biological,
medicinal, and pharmaceutical properties.”™* 2,4,6-Triarylpyr-
idines are frequently used as a synthon in supramolecular
chemistry owing to their w-stacking ability." In addition, pyri-
dines have received a growing interest as monomeric building
blocks in thin films and organometallic polymers.*

It is noteworthy that, in the last decade many efficient
protocols have been developed to synthesize these significant
heterocyclic moieties. Among the known synthetic strategies of
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of GO as a catalyst was confirmed by FTIR, XRD, SEM, and HR-TEM analysis.

1,2,4-oxadiazoles, the most conventional approach involves the
use of amidoximes as starting materials or intermediates. Other
common approaches involve O-acylation of amidoximes by an
activated carboxylic acid derivative, followed by cyclo-
dehydration,' the 1,3-dipolar cycloaddition of nitrile oxide to
nitriles, and intermolecular cyclodehydration reaction of ami-
doximes with aldehydes followed by oxidative dehydrogena-
tion."*® Besides this, base-mediated one-pot synthesis, MnO,/
GO based synthesis, microwave-assisted efficient synthesis of
oxadiazoles using PTSA and ZnCl, have also been re-
ported.””**** On the other hand, efficient protocols for the
synthesis of another important heterocycle 2,4,6-triarylpyr-
idines involve condensation reaction between benzaldehydes,
acetophenones, and ammonium acetate in presence of different
acid catalysts®**>* e.g. pentafluorophenylammonium triflate,>
heteropolyacid,” HClO,-Si0,,*® Brensted-acidic ionic liquid,*
and nano-metal catalyst.>®*?*? Nevertheless, most of the tradi-
tional synthetic method requires harsh reaction condition,
prolonged heating, and use of toxic transition metal catalyst.
However, only a few protocols have shown greener context and
high atom economy. Multicomponent reaction (MCR) is
considered to be an effective and straightforward approach for
the synthesis of heterocycles in an atom economical way.
Considering the efficiency of MCRs and the aspects of green
chemistry,**** there is a need for new methods which involve
metal-free, environmentally friendly catalytic protocol to
synthesize 1,2,4-oxadiazoles and 2,4,6-triarylpyridines.
Recently, carbonaceous nanomaterials have gained consid-
erable attention in green chemistry, especially in the develop-
ment of metal-free sustainable heterogeneous catalysts.**°
Among the carbonaceous nanomaterials, graphene oxide (GO)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction condition for the synthesis of ami-
doxime (intermediate)®

Elml-m
Hl"'ﬂ &h

Entry Solvent Temp (°C) Base Yield” (%)
1 Water 100 K,CO3 68

2 Water 100 Cs,CO3 72

3 Ethanol 80 K,CO;3 66

4 Ethanol 80 TEA 70

5 Ethanol-water 80 TEA 80

6 Ethanol-water 80 — <50°

7 Ethanol-water 80 K,CO; 91

8 Ethanol-water 80 K,CO, 944

9 Ethanol-water 80 Cs,CO; 93

10 THF 120 K,CO, 54

11 Toluene 110 K,CO; <50

12 CH;CN 82 K,CO3 68

13 DMF 120 K,CO; 76

% Reaction condition: benzonitrile (1.5 mmol), hydroxylamine

hydrochlorlde (1 5 mmol), base (1.5 mmol) and solvent (5 mL).
b Tsolated yield. ° No base was added. ¢ The reaction was carried out
for 24 h.

View Article Online
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has been reported to accelerate several organic transformation
reactions replacing different hazardous chemical reagents. GO,
a thin two-dimensional unique nanomaterial contains different
oxygen functionalities like carbonyl (-C=0), carboxyl (-COOH),
epoxy (-O-), and hydroxyl (-OH) on its edges and basal
plane.*”** On account of the presence of large surface area, and
diverse oxygen functionalities, GO has been identified as
a heterogeneous solid acid catalyst (pH 4.5 at 0.1 mg mL™ ") as
well as a benign oxidizing agent.**** Its abundance from low-
cost natural carbon sources, low toxicity, reusability, and
metal-free catalytic activity makes this heterogeneous carbon
material (GO) as a promising carbocatalyst. Due to the inherent
acidic and oxidation property of GO, it is explored as a catalyst
in different organic transformations like C-H oxidations,*
oxidative coupling of amines* to the imines, oxidation of thi-
oanisole,” glutaraldehyde to glutaric acid,’ 5-hydrox-
ymethylfurfural,”  benzylpyrazolyl = coumarins,*®  Fisher
esterification,” and transamidation.**** The versatility and
sustainability of GO as a catalyst leads us to employ GO as
a metal-free catalyst for the synthesis of substituted 1,2,4-oxa-
diazoles and 2,4,6-triarylpyridines to overcome the drawbacks
of the reported protocols and reduce environmental hazards.
Our present study explores the role of GO as an acid catalyst as
well as an oxidizing agent using the surface-bound oxygen-
containing functional groups. To unleash the dual catalytic
activity of GO, a plausible oxidative cyclization pathway to the

Table 2 Optimization of reaction condition for the synthesis of 3,5-disubstituted 1,2,4-oxadiazole from amidoxime®

Entry Catalyst (mg) Solvent Temperature Time (h) Yield%
1 — Ethanol 80 12 Trace
2 15 (GO) Ethanol 80 12 73

3 15 (GO) Water 100 12 77

4 15 (GO) DMF 100 12 60

5 15 (GO) Ethanol-water 80 12 79

6 15 (GO) Ethanol-water 80 24 83

7 25 (GO) Ethanol-water 80 12 89

8 25 (GO) Ethanol-water 80 8 88

9 25 (GO) Ethanol-water RT 12 52

10 25 (graphite) Ethanol-water 80 8 40°
11 25 (rGO) Ethanol-water 80 8 45°¢
12 25 (GO)/oxidant Ethanol-water 80 8 67¢
13 Oxidant Ethanol-water 80 8 <40°
14 5 (GO) Neat 80 8 69

15 25 (GO) Ethanol-water 80 8 85/
16 — Ethanol-water 80 8 NiV

¢ Reaction condition: benzaldehyde (1 mmol), amidoxime (1 mmol) and ethanol—water(S mL), pristine GO (25 mg). ?
GO and extra oxidant 30% H,0, (1 mmol) were used. ¢ Only H,0, was used.” Under inert atmospheric condition.

¢ Reduced graphene oxide (rGO). ¢

© 2021 The Author(s). Published by the Royal Society of Chemistry

Graphite powder was used.
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Table 3 Synthesis of diversely functionalised 3,5-disubstituted 1,2,4-oxadiazole®

Entry R R, Product Yield? (%)
1 4-H 4-H 83

2 4-H 4-CH, }O‘Qﬁ 81

*x

3 4-H 4-OCH, 80

4 4-H 4-F 78

5 4H 3-NO, 75

6° 4-H 4-N(CHz), No 1,2,4-oxadiazole, only imine formation —

7 4-H 1-Napthaldehyde 62

8 4-H Furan-2-carbaldehyde 72

9 4-H Thiophene-2-carbaldehyde 70

ah
10 4-CHj3 4-H 80
-]

32108 | RSC Adv, 2021, 1, 32106-32118
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Table 3 (Contd.)

Entry R R, Product Yield” (%)
11 4-OCH3; 4-H 78

12 4-OCH;3 4Cl 82

o

13 4-Pyridinecarbonitrile 4-H 68

14 4-H CH3;CHO 75

154 4-H Heptaldehyde NR —

16° CH;CN 4-H NR —

“ In the first step, benzonitrile (1 mmol), hydroxylamine hydrochloride (1.5 mmol), K,COs (1.5 mmol), and ethanol-water (5 mL) were stirred for 8 h
and in the 2" step benzaldehyde (1 mmol) and GO (x mg) were added and stirred for another 8 h. ? Isolated yield after purification through column
chromatography. ¢ 4-(Dimethylamino)benzaldehyde (1 mmol) was used. ¢ Heptaldehyde was used. ¢ Acetonitrile (1 mmol) was used.

synthesis of oxadiazoles and triarylpyridines under benign
conditions has also been established.

Results and discussion

For screening the reaction parameter benzonitrile (1.5 mmol),
hydroxylamine hydrochloride (1.5 mmol), and base (1.5 mmol)
were taken as model substrates to find out suitable conditions
for the synthesis of amidoxime (intermediate). To satisfy our
curiosity, the reaction was performed in different solvents e.g.
polar protic, polar aprotic, and nonpolar. However, in absence
of a base, a low yield was obtained (Table 1, entry 6). Gratify-
ingly, the reaction results showed (Table 1) the formation of
amidoxime is highly favored in mixed solvent ethanol-water
(1 : 3) using K,COs; as a base. To control the reaction conditions,
after completion of the reaction, the solvent was removed by
a rotary evaporator to separate the intermediate. While moni-
toring the TLC, only one spot was observed other than the

reactant. After workup and purification by column

© 2021 The Author(s). Published by the Royal Society of Chemistry

chromatography, 91% yield of the intermediate (amidoxime)
was obtained (Table 1, entry 7). Although other bases were also
employed (Table 1, entries 2, 5 and 9), K,CO; exerted the best
result in an ethanol-water solvent. The synthesized amidoxime
was characterized by NMR (300 MHz) and the spectral data was
shown in ESL ¥

In the second step of the reaction, benzaldehyde (1 mmol)
and the catalyst were added to the reaction mixture to prioritize
the synthesis of 3,5-disubstituted 1,2,4-oxadiazole. In presence
of a small amount of GO, 73% yield of the product was obtained
at 80 °C temperature (entry 2). Further increase in the amount
of GO, proved to be favorable in the formation of 1,2,4-oxadia-
zole. No product was obtained when the reaction was carried
out in absence of GO (Table 2, entry 1). High yield of the product
was observed in aqueous ethanolic solution with a ratio
ethanol-water (1 : 3). The outstanding catalytic activity of GO in
ethanol-water (1 : 3) is revealed due to its better dispersibility.
To establish the catalytic activity of GO, few controlled experi-
ments were carried out using various catalysts. Other

RSC Adv, 2021, 11, 32106-32118 | 32109
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Fig. 1 Recyclability study of GO for the synthesis of 3,5-disubstituted
1,2,4-oxadiazole.

Fig. 2 XRD spectra of fresh GO, after 3™ run and 5" run.

carbonaceous nanomaterials e.g. powdered graphite, reduced
graphene oxide (rGO) showed less catalytic activity than GO
because they do not contain as many hydroxyl and carboxylic
groups, indicating oxygen-containing functional groups in
graphene oxide have a profound effect in catalyzing the
synthesis of 3,5-disubstituted 1,2,4-oxadiazole. The reaction was
also carried out in presence of GO and an oxidant H,0,, the
reason for the low yield may be due to the oxidation of benz-
aldehyde to benzoic acid in presence of H,O, (Table 2, entry 12).
The yield was not improved when only an H,0, oxidant was
used (entry 13). These control experiments infer the significant
catalytic role of GO in the reaction.

The scope and the substrate applicability of the reaction
were also examined and results were summarized in Table 3.

With the optimized condition in hand, we have extended the
substrate scope in organic transformations and a series of
diversely substituted aldehydes and benzonitriles are subjected
to the synthesis of 3,5-disubstituted 1,2,4-oxadiazole (Table 3).
Both the electron-donating (Table 3, entries 2, 3, 10 and 11) and
electron-withdrawing groups (entries 4 and 5) in the substitu-
ents afforded the corresponding product in good to excellent

32110 | RSC Adv, 2021, 1, 32106-32118
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Fig. 3 Comparative FTIR of fresh GO, after 3 run and 5 run.

Fig. 4 HR-TEM images of (a) GO and (b) GO after the 5" run.

yield which indicates that the electronic nature of the substit-
uents is not much influential to determine the yield of the
reaction. 1-Napthaldehyde offered the product with low yield
and the reason may be due to steric hindrance (Table 3, entry 7).
In the case of 4-N,N-(dimethylamino) benzaldehyde, the reac-
tion was stopped at amidoxime, no desired oxadiazole is ob-
tained (Table 3, entry 6). The present catalytic condition showed
a wide tolerance to heterocyclic aldehydes (Table 3 entries 8, 9)
and they were found to be highly effective to afford the corre-
sponding product. The generality of the reaction was examined
in the case of aliphatic aldehydes also. Interestingly, acetalde-
hyde was equally effective to yield the product with excellent
quantity (entry 14). However, no product was found with
increasing the side chain of aliphatic aldehydes (entry 15). It
was disappointing that acetonitrile did not exert the corre-
sponding product (entry 16). Due to the heterogeneous nature

Fig. 5 SEM images of (a) GO and (b) GO after the 5 run.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EDX spectra of (a) GO and (b) GO after the 5" run.
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of GO, it can be easily isolated from the reaction mixture and
reused. The catalytic activity of GO was examined for five
consecutive cycles for the synthesis of 3,5-disubstituted 1,2,4-
oxadiazole from benzaldehyde and amidoxime under reflux
conditions for 8 h to ascertain the recyclability potential of
graphene oxide. The catalyst was separated after each recycles
and washed thoroughly with ethanol and reused. A marginal
decrease in the yield of oxadiazole is observed after each cycle
which indicates a slight loss of catalytic activity of GO with
recycling (Fig. 1).

intermidisie

~OH

)

L L]

Scheme 1 A plausible route to the synthesis of 3,5-disubstituted 1,2,4-oxadiazole.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The catalytic activity arises some structural changes in GO
which were analyzed by FTIR, XRD, SEM, HR-TEM, and EDX
analysis. The XRD spectra of fresh GO and recycled catalyst (GO
after 3™ run and 5™ run) are shown in Fig. 2. A comparison of
spectra indicates the reduction in the intensity of the first
characteristic peak of GO (260 = 10.01) and the appearance of
a new peak at (20 = 24.62) due to the formation of partially
reduced GO/reduced graphene oxide upon reuse. These results
confirm the reduction of the functional groups of GO during the
reaction.

The comparison of the FTIR spectra revealed that the peak at
1720 cm™ ' in fresh GO has completely disappeared after reuse.
In addition to this, the peak intensity of the hydroxyl group at
3400 cm™ " decreases after reuse. FTIR data strongly support the
reduction of GO to rGO in this oxidative cyclization reaction
(Fig. 3).

A morphological study of GO and GO after the 5™ run was
carried out using SEM and HR-TEM to investigate the disinte-
gration of graphene oxide sheets after the reaction. In HR-TEM,
the graphene oxide sheets are disintegrated into smaller sheets
with slight aggregation after recycle (Fig. 4).

Moreover, the SEM images (Fig. 5) also reveal the formation
of multiple small GO sheets after reuse. As GO catalyzes the
reaction, its reduction to reduced graphene oxide possibly leads
to its disintegration into smaller sheets.

The contribution of oxygen-containing functionalities
during the reaction was further confirmed by the EDX analysis
(Fig. 6). The carbon content was increased from 52.65% (fresh
GO) to 71.79% (GO after 5™ run) and the oxygen content was
decreased from 47.35% (fresh GO) to 28.21% (GO after 5 run).
The decrease in the oxygen content, therefore, indicates the role
of GO in this cyclization reaction as an oxidizing agent. The
universality and the dual catalytic activity of GO were estab-
lished by a plausible mechanism (Scheme 1).

View Article Online

Paper

Mechanism

A plausible mechanism of GO catalyzed synthesis of 3,5-
disubstituted 1,2,4-oxadiazole has been proposed (Scheme 1)
based on literature reports® and our controlled experiments
(Table 2). Now, we propose the formation of amidoxime inter-
mediate (I) from benzonitrile and hydroxylamine hydrochlo-
ride. However, in the first step, a base is required to neutralize
hydroxylamine hydrochloride. In the 2™ step protonation of
aldehyde, oxygen occurs and subsequently, a nucleophilic
attack by amidoxime occurs at the electrophilic center of alde-
hyde. After that, the intermediate (II) undergoes an oxidative
cyclization in presence of GO to produce 1,2,4-oxadiazoles. This
mechanism is in good agreement with the control experiments
as described in Table 2. However, in presence of only H,0,
oxidant the yield of the reaction was diminished (Table 2, entry
11). The role of GO as an acid catalyst and an oxidant was
confirmed as its absence did not lead to the oxadiazole product.
The oxygen containing functional groups of GO are consumed
during the reaction and the activity of GO gradually decreases.
The activity of recycled GO is lower than that of the pristine GO.
Good yield of the product was obtained even under an inert
atmosphere which strongly establish (Table 2, entry 15), the
prime role of GO in absence of atmospheric oxygen.

In connection to our previous work, the catalytic activity of
synthesized GO was investigated in the case of 2,4,6-triarylpyr-
idine synthesis. To find out the optimized condition of the
reaction, acetophenone (2 mmol), benzaldehyde (1 mmol), and
ammonium acetate (2 mmol) were selected as model substrates
and the results were summarized in Table 4. As can be seen
from Table 4 that neither polar nor non-polar solvents were
found suitable for the reaction. The best result was obtained
under neat or solvent-free conditions (Table 4, entry 11). The
effect of temperature and the amount of catalyst was also
examined to find out the optimized condition. Studies reveal

Table 4 Optimization of reaction condition for the reaction of 2,4,6-triarylpyridine®

Catalyst GO

Entry Temp (°C) Solvent (mg) Ammonia source Yield” (%)
1 100 H,0 15 NH,OAc 65

2 80 Ethanol 15 NH,OAc 55

3 100 DMF 15 NH,OAc 53

4 100 DMSO 15 NH,OAc 45

5 100 Toluene 15 NH,OAc 50

6 80 CH,CN 15 NH,OAc 30

7 100 Ethylene glycol 15 NH,OAc 60

8 100 Neat 15 NH,OAc 83

9 120 Neat 30 NH,OAc 90

10 150 Neat 30 NH,OAc 86

11 100 Neat 30 NH,O0Ac 92

12 80 Neat 30 NH,OAc 80

13 100 Neat — NH,OAc Trace
14 100 Neat 30 (NH,),CO; 48
15 100 Neat 30 (NH,4),S04 Trace
16 RT Neat 30 NH,OAc <20

“ Reaction condition: acetophenone (2 mmol), benzaldehyde (1 mmol), ammonium acetate (2 mmol), reaction time: 2 h ? Isolated yields.

32112 | RSC Adv, 2021, 11, 32106-32118
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Synthesis of 2,4,6-triarylpyridine derivatives in presence of GO

GO 320 mg)
+ + NHOAC -
Schent-Tee
100G
]

Entry R, R, Product Yield® (%)
1 4-H 4-H 2 h 92
2 4-H 4-Me 2h 86
3 4-H 4-Cl 1h 93
4 4-H 4-NO, 1h 88

© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online

Paper

GO 30 mg)
+ + NHOAC -
Sctvent-iee
100%C
4 5
Entry R, R, Product Yield® (%)
5 4-H 4-OMe 2h 83
6 4-H Furan-2-carbaldehyde 2h 78
7 4-Me 4-H 2 h 87
8 4-Br 4-H 1h 920

32114 | RSC Adv, 2021, 11, 32106-32118

© 2021 The Author(s). Published by the Royal Society of Chemistry



Open Access Article. Published on 28 September 2021. Downloaded on 2/27/2022 10:03:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
Table 5 (Contd.)
G0 @20 mg)
+ + NHO#C -
Sohwnt-Ime
1004
4 5

Entry R, R, Product Yield® (%)
9 4-Br 4-Cl 1h 94

% Reaction condition: acetophenone (2 mmol), benzaldehyde (1 mmol),
purification through column chromatography on silica gel.

that the yield increases with increasing temperature. Room-
temperature reaction afforded only 20% of the product which
strongly indicates the vital role of temperature in governing the
reaction (entry 16). However, after 120 °C the yield decreases
with a further increase in temperature (Table 4, entry 10). To
ascertain the catalytic function of GO, the reaction was per-
formed in absence of catalyst and only a trace amount of
product was obtained. The amount of the catalyst was also
altered and optimum condition offered a neat reaction with
30 mg of GO at 100 °C temperature. Ammonia sources other
than ammonium acetate produced the corresponding product
with a low yield (Table 4, entries 14 and 15).

To explore the catalytic activity of GO, a wide variety of
aromatic aldehydes and substituted acetophenones were sub-
jected to synthesize 2,4,6-triarylpyridines. Based on the above-
optimized results, GO catalyzed reaction was carried out at
100 °C temperature under solvent-free condition and the results
are summarized in Table 5. First, the compatibility of the
substituents in the phenyl ring of acetophenone and benzal-
dehyde was examined. All the electron-donating and electron-
withdrawing substituents on the aromatic ring are equally
capable of producing the corresponding product with a good
yield. However, aldehydes with electron-withdrawing groups
(Table 5, entries 3, 4 and 9) exerted excellent yield and reacted
faster than the aromatic aldehydes with electron-donating
groups (Table 5, entries 2, 5, 7). In the case of heterocyclic

© 2021 The Author(s). Published by the Royal Society of Chemistry

ammonium acetate (2 mmol) and GO (30 mg). ? Isolated yields after

aldehydes, the reaction has smoothly proceeded as can be seen
from entry 6.

The probable mechanism for the synthesis of 2,4,6-triar-
ypyridines using GO is described in Scheme 2. At the very first
step, aldol condensation occurs between acetophenone and
aromatic aldehyde. Acetophenone is activated by the acidic
group of GO and the nucleophilic attack occurs at the carbonyl
carbon of aromatic aldehyde. After that, an acetophenone
molecule is reacted with an ammonia source to form enamine
(I1). In the third stage, Michael's addition between enamine (II)
and the aldol condensation product (I) occurs. GO protonates
the condensation product (I), thereby facilitating the Michael
addition by enamine (II). The intermediate (III) is formed by
Michael's addition and undergoes cyclization to form dihy-
dropyridine (V). At the last step, oxidation to dihydropyridine
occurs and gives the ultimate product 2,4,6-triarylpyridine (VI).

The main advantage of heterogeneous catalysts is their
reusability in organic transformation. For this purpose, aceto-
phenone, benzaldehyde, and ammonium acetate were taken in
a reaction vial in presence of 120 mg of GO. The model reaction
was carried out for an adequate time and after completion of the
reaction, ethyl acetate (30 mL) was added into the reaction vial
and centrifuged for four times. The supernatant liquid after
centrifugation was decanted off and the residual catalyst was
washed repeatedly with water and acetone. The dry GO was then
collected and reused for the 2™ run. It was observed that GO

RSC Adv, 2021, 11, 32106-32118 | 32115
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Scheme 2 A possible route of GO catalyzed synthesis of 2,4,6-triarylpyridine.

Fig. 7 Recyclability experiment of catalyst GO for the synthesis of
2,4,6-triarylpyridines.

32116 | RSC Adv, 2021, 1, 32106-32118

could easily retain its acidic property without significant loss in
its catalytic activity even after 5 successive runs (Fig. 7).
Although there may be loss of some oxygenated groups due to
subsequent runs, the recovered catalyst shows almost equal
efficiency with the fresh GO.

Conclusion

In conclusion, carbocatalyst based metal-free catalytic pathway
for the synthesis of 3,5-disubstituted 1,2,4-oxadiazoles and
2,4,6-triarylpyridines has been established. The solid acid
catalyst, GO facilitates the synthesis of oxadiazoles and triar-
ylpyridines with good yield, easy recovery, and under mild

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reaction conditions. The dual catalytic activity of GO has been
demonstrated without any undesired by-product under benign
conditions. The present protocol gives a clean strategy to
provide a wide variety of substituted oxadiazoles and pyridines.
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