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ABSTRACT

The present thesis entitted “CARBONACEOUS NANOMATERIALS AND
COMPOSITES: GREEN TECHNIQUES FOR ORGANIC SYNTHESIS” mainly
focuses on the design and catalytic applications of graphene-based nanomaterials in organic
synthesis. The development of graphene-based materials like graphene oxide (GO), reduced
graphene oxide (rGO), CNTs, etc., has been an emerging area of research. Graphene and
functionalized graphenes possesses unique structural properties which led to their wide
application in frontier areas of chemistry and material science. In this thesis | have focused on
the preparation and catalytic applications of functionalized graphenes and metal supported
graphene-based nanocomposites. The thesis is divided into two chapters and those chapters
are further subdivided into different sections as outlined below.

Chapter | has been divided into four parts. Section A presents a brief review on
carbonaceous nanomaterials. The origin and advancement in the field of carbonaceous
nanomaterials like graphene, fullerenes, CNTSs, etc., have been highlighted. The two main
routes for the functionalization of graphene have been briefly discussed. Different approaches
for the synthesis of graphene oxide via oxidative chemical exfoliation have been elucidated.
Special emphasis has been given on the use of graphene oxide as a carbocatalyst in organic

synthesis.

COOH COOH

Graphene Graphene oxide (GO) Reduced graphene oxide (rGO)

Graphene oxide catalyzed cross dehydrogenative coupling (CDC) between aromatic
compounds and thiols have been presented in Section B. GO in combination with Nal has
been used as the catalytic system for the regiospecific C—H sulfenylation of 1H-indole, 2-
naphthol, resorcinol and 2-naphthylamines. A green strategy devoid of any transition metal
and strong oxidants has been developed. Moreover, the use of thiols in place of other
sulfenylation reagent makes the overall protocol atom-economic and environmentally benign.
The heterogeneous nature of GO facilitates its easy reusability without any significant loss in

its catalytic activity.
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In Section C amine functionalized graphene oxide nanosheets (AFGONS) has been prepared
by using a facile amine coupling reaction between GO and (3-aminopropyl)triethoxysilane.
The nanocomposite has been used as a bifunctional catalyst for the selective formation of
functionalized 1,4-dihydropyridines (1,4-DHPs), acridinediones and polyhydroquinolines. It
has been presumed that a cooperative effect between the acidic and basic functionalities
present in AFGONs might have exerted high catalytic efficiency as well as prevented over
oxidation of the pyridine derivatives. A plausible mechanism has been proposed on the basis
of control experiments. The reactions can be scaled up conveniently and the catalyst could be

recycled for five consecutive runs without loss in its activity.
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In Section D graphene oxide has been used as a carbocatalyst in Stadler-Ziegler reaction
under continuous flow mode. The flow reactor is a relatively newer technology and
constitutes a new paradigm for molecular assembly. In this section a sustainable continuous-
flow protocol for the conversion of aryl amines to unsymmetrical thioethers has been
described. This reaction undergoes through a two-step process involving graphene oxide
catalyzed diazotization followed by sulfenylation with aryl/alkyl thiols. The GO catalytic bed
has been found to be recyclable for ten consecutive runs without significant loss in its
performance.
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Chapter 11 has been divided into three sections. Section A presents a brief overview about
the design and development of transition metal decorated graphene-based nanocomposites.
The most common supports for anchorage of metal/metal oxide NPs include polymer blended
graphene, graphene-zeolite and graphene-silica. Further applications of these nanocomposites
as catalyst in synthetic organic chemistry has also been illustrated.

The synthesis and characterization of a new ternary nanocomposite (Ni-rGO-zeolite) based
on reduced graphene oxide, zeolite Y and nickel NPs has been presented in Section B. The
nanocomposite has been found to be an excellent catalyst for the regioselective synthesis of
1,2,3-triazoles in aqueous media. This is the first example of a heterogeneous nickel
catalyzed alkyne azide cycloaddition (NiAAC). Moreover, the nanocomposite catalyst could

be reused for four runs without loss in its activity.

=
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 On water three-component reaction | “Up to 94% Yield
Regioselective triazole formation : , :

Section C represents the synthesis of another ternary nanocomposite material (Cu@GO-
Si0;) from graphene oxide, silica and copper NPs. The spectroscopic and microscopic
characterization of the nanocomposite revealed the presence of copper species in different
oxidation states. This resulted in the exceptional catalytic activity of this nanocomposite

towards different cross-coupling reactions like C-S, C-C, C-O and C-N.






PREFACE

In order to meet the ever increasing demand for new catalytic systems, researchers around the
globe have focussed on the development of graphene-based materials as catalysts. It is widely
accepted that the modern chemical industry requires alternative and environment friendly
catalytic processes. This trend towards ‘green chemistry’ necessitates an entire shift from
traditional concepts of process efficiency that largely focuses on chemical yield, to the one
that assigns economic value to eliminating waste at the source and avoids use of toxic and /
or hazardous substances. Fortunately, the rapid growth and improved understanding of
nanoscience and nanotechnology has paved the way for better atom efficiency. Novel
approaches based on nanomaterials can revolutionize the technology used in modern
heterogeneous catalysis. This research work has been primarily focused on the synthesis of
graphene-based nanomaterials and their catalytic application towards different organic
transformations.

Chapter I, Section A provides a brief review on carbonaceous nanomaterials, their origin
and classification. In Section B graphene oxide has been used as a carbocatalyst for the
regiospecific C—H sulfenylation of 1H-indole, 2-naphthol, resorcinol and 2-naphthylamines.
In Section C amine functionalized graphene oxide nanosheets (AFGONS) has been prepared
and used as a bifunctional catalyst for the selective formation of functionalized 1,4-
dihydropyridines (DHPs), acridinediones and polyhydroquinolines. In Section D graphene
oxide has been used as a carbocatalyst in the Stadler-Ziegler reaction for the synthesis of
thioethers under continuous flow mode. Chapter Il has been divided into three sections.
Section A presents a brief overview about the design and development of transition metal
decorated graphene-based nanocomposites. In Section B a new ternary nanocomposite (Ni—
rGO-zeolite) has been prepared and used for the regioselective synthesis of 1,2,3-triazoles in
aqueous media. The last section i.e., Section C represents the synthesis of another ternary
nanocomposite (Cu@GO-SiO») and its application towards C-S, C-C, C-O and C-N cross-

coupling reactions.
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Chapter I
Section A

Carbonaceous Nanomaterials






I.A.1 Carbonaceous nanomaterials

Carbonaceous nanomaterials are a group of amorphous solids consisting of micro crystallites
with a graphite lattice. They differ from pristine graphite on the part that they have a random
imperfect structures, varied pore sizes and possesses various surface functional groups over a
broad range.! Commonly known carbonaceous nanomaterials include activated carbons,
graphenes, carbon molecular sieves and carbon fibers. Recently, graphene fiber has been
incorporated into this group.? These materials are classified into four different categories:
fullerenes, graphene-based materials, carbon nanotubes (CNTSs) and nanoporous activated
carbon (NAC). Graphene-based nanomaterials are further subdivided into pure graphene,
graphene oxide (GO), reduced graphene oxide (rGO) and chemically modified graphenes
(CMGs) or graphene nanocomposites.

Fullerene is an allotrope of carbon with an enclosed cage like structure bearing fused rings of
five to seven atoms. The carbon atoms are connected by single and double bonds and the
molecule may be spherical, ellipsoid, tube or other shapes.®> The most common being Cso
named after buckminsterfullerene, also called buckyballs for its resemblance with standard
soccer balls (Figure 1.A.1). The Ceo packs 12 pentagons and 20 hexagons, and all carbon
atoms are arranged at the 60 vertices of a truncated icosahedron.® The structure is highly
symmetrical having 32 faces. The presence of fullerenes has been predicted for long time, but

it has been accidentally synthesized by Harold Kroto and co-workers in 1985.%

Figure 1.A.1 Model of a Ceo buckyball.

Graphene is an infinite two-dimensional (2D) carbon monolayer made entirely of sp? carbon
atoms arrayed in a honeycomb fashion (Figure 1.A.2).>® This single-atom-thick sheet can be
considered as the elementary building block for other allotropes of carbon like fullerenes and
carbon nanotubes. The material has been theorized since decades but has been isolated and
characterized only after 2004 by Andre Geim and Konstantin Novoselov.” It has remarkable



physical and chemical properties with immense potential for diverse applications. For
example, it is the thinnest, lightest and strongest material known to man. Furthermore, it is
the best conductor of heat and electricity at room temperature and also absorbs light
uniformly across the visible and near infrared region of the spectrum. The surface area of
graphene could reach up to 2630 m?g™, which is much higher than many known materials.®
Owing to the high surface area of this nanomaterial it exhibits exorbitantly high catalytic
activity.’

The oxidised form of graphene is known as graphene oxide (GO). It is a two-dimensional
graphene sheet with bountiful oxygenated functional groups on their basal plane and
peripheral edges (Figure 1.A.2).2% During the fabrication process of GO, the m-conjugated
arrangement is broken thereby making the material highly water dispersible. Moreover, it is
the primary precursor for the synthesis of various graphene-based nanomaterials.

The reduced graphene oxide (rGO) can be considered in between graphene and graphene
oxide, as it contains fewer functional groups as compared to GO (Figure 1.A.2).1 It is
prepared from GO by chemical, thermal or electrochemical techniques. The graphene like
properties of rGO makes it a suitable candidate for the fabrication of sensors, optoelectronic

devices and in the preparation of composite materials.!

HOOC COOH COOH OH

COOH

Graphene Graphene oxide (GO) Reduced graphene oxide (rGO)

Figure 1.A.2 Structure of monolayer graphene, graphene oxide and reduced graphene oxide.

Graphene nanocomposites refers to the intertwining of graphenes with other materials like
polymers, metal oxide or metal nanoparticles, metal organic frameworks (MOFs) and other
porous materials like silica, zeolites, etc.'>'®* Graphene nanocomposites show superior
chemical and physical properties as compared to conventional composite materials. These
nanocomposites also exhibit multifarious properties by combining the characteristics of
individual components.

Carbon nanotubes (CNTSs), also called buckytubes, are cylindrical molecules that consist of
rolled-up sheets of single layer carbon atoms (graphene).** They can be divided into single-



walled CNTs (SWCNTSs) with diameter of less than 1 nm, or multi-walled CNTs (MWCNTS)
with diameter more than 100 nm (Figure 1.A.3). The SWCNTSs are made up of single layer
carbon atoms, while MWCNTSs consists of several multilateral graphene sheets that are rolled
upon itself in concentric tubes.'® Just like graphene, the carbon atoms in CNTs are sp? bonded
with each other. There are various methods for the synthesis of CNTs, which include
chemical vapor deposition (CVD), the arc-discharge method, flame synthesis method and
other modified methods.!® Owing to their unique structures; CNTs exhibit exceptional
properties such as high electrical conductivity. Moreover, their large specific area, rich

hollow and layered structure renders remarkable applications in diverse fields.

(b)

<1 nm ' >100 nm

Figure 1.A.3 Molecular representations of (a) SWCNT and (b) MWCNT.

Among the various carbonaceous nanomaterials, our studies has been primarily focussed on

the synthesis and catalytic applications of graphene-based nanomaterials (GO and CMGS).

I.A.2 The wonder material graphene: A breakthrough invention in nanoscience

Ever since the isolation of graphene by Andre Geim and Konstantin Novoselov, the
perception of how we see the nano world has changed entirely. In 2004, they isolated
graphene by repetitive peeling of graphite layers using a scotch tape.” Although, this ‘scotch
tape’ method undeniably gives a single layer of carbons, the method has been less useful for
practical purposes due to very low yield. The synthesis of graphene has been based on two
different methods, the ‘top-down’ approach and the ‘bottom-up’ approach. While the ‘top-
down’ approach involves the separation of stacked layers of graphite to yield single layer
graphene sheets, the ‘bottom-up’ approach comprises of the synthesis of graphene form

alternative carbon sources (Figure I.A.4). In spite of the different routes to synthesize



graphene, its large scale production in an affordable manner still continues to be a

considerable challenge.
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Figure 1.A.4 Schematic illustration for the synthesis of graphene by ‘top-down’ and ‘bottom-up’
approaches.

1.A.2.1 Functionalization of graphenes

The two main ways for functionalization graphenes have been based on covalent and non-
covalent methods (Figure 1.A.5). Covalent functionalization of graphenes has been achieved
by direct attachment of organic functionalities either to pristine graphene or to graphene
oxide (GO). Graphene oxide itself can be considered as functionalized graphene along with
its reduced form, the reduced graphene oxide (rGO). On the other hand, non-covalent
functionalization of graphenes takes place through m-m interaction between the graphene
surface and other moieties (Figure 1.A.5). Another route for the functionalization of graphene
involves the deposition of metal and metal oxide nanoparticles (NPs) on the surface of
graphene sheets. The type of interaction between graphene and the nanoparticles can either be
covalent or non-covalent, depending on the method of preparation of the composite material
and the nature of the nanoparticles involved. For instance, palladium has a higher affinity
towards graphene due to the partial covalent nature of binding between them.}” The
immobilization of metal and metal oxide NPs on graphene and functionalized graphenes have

been dealt in detail in Chapter 2, Section A.



Functionalization of graphene

Covalent Non-covalent

/" Graphene-ligand non-
covalent interactions

Attachment of organic Attachment of (i) Nonpolar gas—n
functionalities to hydrogen and halogens interaction
pristine graphene to graphene derivatives (ii) H-m interaction
(iii) m—m interaction
l Attachment of organic l (iv) Cation—x interaction
functionalities to \ (v) Anion—r interaction
graphene oxide (GO)

Figure 1.A.5 Different routes for the functionalization of graphene.

I.A.2.2 Covalent functionalization of graphene

The covalent functionalization of graphenes has been done by three different routes, one
involving the formation of covalent bonds between free radicals or dienophiles and C=C
bonds of pristine graphene. The second route and by far the most explored one involve
graphene oxide (GO) as the starting material (Scheme 1.A.1). In this case, the formation of
covalent bond occurs between different functional groups and oxygenated functional groups
of GO. Moreover, GO can be transformed into reduced graphene oxide (rGO) which can then
be further functionalized. The third one involves direct attachment of hydrogen and halogens
to graphene derivatives leading to the formation of ‘graphane’ and fluorographene (graphene
fluoride).

Tour and co-workers,*® have decorated graphene with nitrophenyls via heating diazonium salt
to produce highly reactive free radical, which subsequently reacts with sp? carbon atoms of
graphene (Scheme 1.A.2). This covalent functionalization of graphene results in decrease in
the conductivity of graphene in a controlled manner, due to disruption of the m network.
Moreover, it has been found that this covalent attachment of nitrophenyls leads to the
introduction of a band gap.*® Thus functionalization of graphene in this way could make them

potentially useful for fabrication of semiconducting nanomaterials.
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Scheme 1.A.1 Schematic representation for the functionalization of graphene.
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Scheme 1.A.2 Covalent attachment of nitrophenyls with graphene.

The reaction of graphenes with dienophiles is another common route for the covalent
functionalization. Azomethine ylide has been utilized as the prevalent dienophile for this
purpose. For instance, graphene sheets have been decorated with dihydroxyphenyl groups
through attachment with pyrrolidine rings (Scheme 1.A.3). The attachment takes place via a
1,3-dipolar cycloaddition of azomethine ylide. The introduction of hydroxyl groups into
graphene increases its dispersibility in polar solvents.?

Owing to the rich chemistry of hydroxyl, carbonyl, epoxy and carboxyl functional groups,
GO has been selected as the primary precursor for the synthesis of various functionalized
graphenes through covalent attachment. For instance, GO functionalized with —CH>OH
terminated regioregular poly(3-hexylthiophene) (PsHT) has been accomplished through the



formation of ester linkage with the carboxyl groups of GO (Scheme 1.A.4). The presence of
abundant —OH groups in the material facilitated its solubility in common organic solvents.
The investigators designed a photovoltaic device by further combining this composite
material (PsHT/GO) with Ceo. This combination resulted in a 200% increase in the power
conversion efficiency in comparison to PsHT/Ceo System. This exceptional increase has been
due to the extended electron delocalization that took place after the covalent attachment of
PsHT with GO.2

H
.N__COOH
H3C ~

DMF, reflux, 96 h

HO OH

Scheme 1.A.3 Functionalization of graphene via 1,3-dipolar cycloaddition of azomethine ylide.

CeHi3
Gt ( < (S\HZOH
]\ S CeHis
HOH,C S CH, O/CHz / \
COOH OH I H,C T \g~” [~CH,OH
0.__O N / n
0] (0]
CeH1s
/ \ > CeH
HOH,C S CH,OH 6H1s
n - HO o N
; o
(i) SOCl,, 65 °C, 24 h N S CH,OH
(i) EtsN, THF, 36 h Ha n
CeH1a
o (0]
| [/
HoC CH,OH

Scheme 1.A.4 Synthesis of PsHT grafted graphene.

In another approach a hybrid material has been prepared by covalent attachment between
graphene oxide and pyrrolidine ring anchored Ceo fullerene.?? The pyrrolidine ring of Ceo
formed an amide linkage with the carboxyl groups present of the surface of GO (Scheme
I.LA5). Such GO-Ceo hybrid materials could find application in the fabrication of

optoelectronic devices due to their excellent optical and electronic properties.
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Scheme 1.A.5 Formation of GO—Cgo hybrid material form graphene oxide.

I.A.2.3 Graphene oxide (GO)
Graphene oxide (GO), the oxidised form of graphene has been primarily used as precursor for

bulk scale production of graphene based materials. Although the name suggests similarity
with graphene, GO exhibits widely different properties form pristine graphene. This is due to
the disruption of the conjugated m network of graphene during its chemical treatment.
Whereas pristine graphene is composed of sp? carbons spread endlessly, GO is highly
functionalized with diverse oxygenated functional groups like hydroxyl, epoxy, carboxyl,
etc.® The hydroxyl and epoxide groups lie on the basal plane and the carboxyl groups are
located at the peripheral edges of GO sheets (Scheme 1.A.6). Thus graphene oxide can be
considered as a single layer of graphite sheet with a variety of different hydrophilic

oxygenated functional groups.
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Scheme 1.A.6 Schematic representation for the synthesis of graphene oxide (GO).

Owing to the presence of carboxyl and hydroxyl groups, graphene oxide has been found to be
slightly acidic in nature (pH 4.5 at 0.1 mg mL™).2® Furthermore, in solution graphene oxide

shows three different pKa values of 4.3, 6.6 and 9.0 corresponding to carboxyl, phenolic and

[EEN
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hydroxyl groups respectively.?#? The presence of ionisable groups has been reflected in their
high dispersibility in aqueous medium. However, the solubility of GO in aqueous medium
decreases with the decrease in the pH value of the dispersion because the repulsive force
between GO sheets gets weakened due to the protonation of carboxyl and phenolic groups.
Moreover, exfoliated graphene oxide also forms stable colloidal dispersions in water due to
the electrostatic repulsion between the GO sheets resulted after ionisation of the carboxyl and

phenolic groups.

I.A.2.4 Milestones in the synthesis of graphene oxide

The synthesis of multilayer graphene oxide can be classified into three different categories
based on the type of chemical oxidising agents used. They are the chlorate method, the
permanganate method and the third method comprising of novel oxidants like chromate,?

ferrate,?” benzoyl peroxide,?® etc.

I.A.2.4a Chlorate methods

The first synthesis of multilayered graphene oxide dates back to 1859, when Benjamin Brodie
heated lamellar graphite in presence of strong oxidising agents.?® The main objective was to
unravel the chemical structure of this material. In his experiment, Brodie treated graphite
with a mixture of potassium chlorate (KCIO3) and fuming nitric acid (HNO3) at 60 °C for 3-4
days. At that time KCIOs was commonly used as a source of molecular oxygen and nitric
acid was known to react strongly with aromatic carbons. The product obtained after repeated
oxidative treatments was found to be acidic in nature, which led Brodie to coin the term
‘graphic acid’ for this new material.

In 1898 L. Staudenmaier,®® modified the Brodie’s method by adding potassium chlorate in
small portion during the course of the reaction. Moreover, sulfuric acid (H2S04) was also
added in small amounts in order to increase the acidity of the mixture and shortening the
overall reaction time. The main objective behind the use of H.SO4 was to reduce the amount
of fuming nitric acid, thereby evading large emission of toxic gases (NO2, N2O4) and making
the process comparatively safer. The material thus obtained in this was found to posses
similar properties to that of Brodie’s graphic acid.

Forty years later, Hofmann,3! attempted to develop an even safer alternative method by using
KCIOs and non-fuming nitric acid. Although the material formed in this way possessed

similar properties, the level of oxidation was found to be lower.

11



I.A.2.4b Permanganate methods

Almost one hundred years after the initial discovery of Brodie, Hummers and Offeman,®
developed the fastest, safest and most convenient method for the synthesis of graphene oxide.
Their method of oxidative chemical exfoliation consisted of potassium permanganate along
with sulfuric acid and a small amount of sodium nitrate. The level of oxidation was similar to
that of Brodie’s method; however, the absence of KClO3 prevented the release of explosive
ClO; gas. Although the release of CIO2 gas could be eliminated, the formation of other toxic
gases (NO2, N204) could not be avoided. Moreover, the GO synthesized by Hummers’
method contains traces of sulfur and nitrogen presumably as covalently bonded sulphates and
nitrates. Nevertheless, Hummers’ method remains as a fundamental process for producing
large quantities of graphite oxide even today.

Recently, an improved method for the preparation of graphene oxide has been developed.
Tour and co-workers,® ameliorated Hummers’ method by replacing sodium nitrate with
phosphoric acid for the oxidative chemical exfoliation of graphite. The GO produced through
this method has a higher yield, more uniform structure and a higher level of oxidation. Hence,
this method has been regarded as the fourth principal method for the preparation of GO.

I.A.2.4c Other methods

Apart from the chlorate and permanganate method, several modern ways to oxidise graphite
have evolved. For instance, potassium chromate has been used as oxidant either using Jones
conditions,?” or in combination with HNO3 or HCIO4.3* Moreover, potassium ferrate has also
been used to oxidise graphite in presence of sulfuric acid at room temperature,?’ or with
hydrogen peroxide in aqueous media at 50 °C.3® Other routes for the preparation of graphene
oxide include benzoyl peroxide,® and acid-free oxidation in presence of oxone.®® The key
routes for the oxidative exfoliation of graphite towards the synthesis of GO are listed in Table
lLA.L.

Table 1.A.1 Prevalent strategies for the synthesis of GO

Classification Method Conditions Year
Chlorate Brodie KCIQOs3, fuming HNOs, 60 °C, 3-4 d 1859
Staudenmaier KCIOs, HNO3 + H2SO4, 60 °C, 1-2 d 1898
Hofmann KCIOs, HNO3z (non-fuming) 1937
Permanganate Hummers KMnO4 + NaNQOgz, H2S04, 35 °C, 2 h 1958
Tour KMnQas, H2SO04 + H3PO4, 50 °C, 12 h 2010
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Mechanochemical KMnOg4, ball mill, 500 rpm, 3 h 2013

Microwave assisted KMnOy4, H2SO4, 250 W, 150 s 2014
Room temperature KMnOy4, H2SO4, 10-25 °C, 4-8 h 2019
Chromate Jones H2CrOy4, H2SO04 1978
Cr(VI) K2CrO4, HCIO3, HNO3, 50 °C, 24 h 2012
Ferrate Room temperature K2FeO4, H2SO4, 1.1, 1 h 2015
Fe(VI) K2FeO4 + H202, H20, 50 °C, ~ 4 h 2016
Peroxide Organic process C14H1004, 110 °C, 10 min 2009
Oxone Acid-free KHSOs, DMF, heat 2015

Besides these methods there are several other procedures which employ combination of
different reagents, co-oxidants and physical promoters. Furthermore, the electrochemical
approaches are also used for large scale production of high quality graphene oxide. These
methods are considered more environmentally benign than chemical methods in terms of low
waste generation.3’3 A careful optimization of the amount of water and the temperature of
the reaction leads to the formation of either hydroxyl- and epoxide-rich GO sheets or more

carbonyl-rich domains.*

I.A.2.5 Structure of graphene oxide

Among the various known models for the structure of graphene oxide, the model that
accounts for most of the experimental observations has been proposed by Lerf-Klinowski in
the late 1990s.4-4® After a series of analytical studies using *H, *3C solid state NMR and FT-
IR, Lerf-Klinowski concluded that GO contains two different regions. Those are aliphatic
regions with six-membered rings and aromatic regions with non-oxidized benzene rings. The
actual distribution of oxygenated functional groups on GO is not fully understood due to its
non-stoichiometric composition. Nevertheless, several different models for the structure of
GO have been suggested by different groups which are presented in Figure 1.A.6.

Owing to the presence of different oxygenated functionalities in GO, it has been frequently
used as catalyst in diverse organic reactions. Few examples of graphene oxide as a
carbocatalyst in organic transformations are presented below.

In 2010 C. W. Bielawaski,* was the first to demonstrate the oxidative property of GO in

synthetic organic transformation. They employed GO (200 wt%) for the oxidation of alcohols
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to carbonyl compounds and hydration of alkynes to corresponding ketones, thus establishing

the propensity of GO towards oxidation reaction (Scheme I.A.7).

COOH (5 COOHOH

COOH COOH

Lerf-Klinowski

OH o o OH o

o © © o Ruess
Nakajima-Matsuo “‘
o (0]
Scholz-Boehm
Figure 1.A.6 Different structural models of GO.
iy 5 :
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) : 100 °C, 24h ) N 100 °C, 24h R R
26-98%
18-98%

Scheme 1.A.7 Graphene oxide mediated oxidation and hydration reactions.

The same group reported graphene oxide as an effective oxidant for the C-H oxidation of
various olefins, methyl benzenes and diarylmethanes.* Moreover, the catalyst was also used
successfully for dehydrogenation of aromatic hydrocarbons. The advantage of the protocol
was that no additional co-oxidants or transition metal catalysts were required (Scheme 1.A.8).
Bielawaski and co-workers,* accomplished the oxidation of thiols and sulfides to disulfides
and sulfoxides using graphene oxide. The heterogeneous nature of the catalyst led to easy
isolation and purification of the final products (Scheme I.A.9).
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Scheme 1.A.8 GO mediated oxidation and dehydrogenation reactions.
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Scheme 1.A.9 Oxidation of thiols and sulfides in presence of GO.

Apart from oxidation reactions, GO nanosheets have been successfully employed as catalyst

in the synthesis of diversely functionalized heterocyclic compounds like 2-pyrrolidinones,
furanones and 2-oxo dihydropyrroles (Scheme 1.A.10).%

o TN CO,Et Eo,c. L
O, — GO nanosheets _, 2 GO nanosheets = o
o R'-NH,+ R2-CHO + | -~
2”0 Solvent-free H,0, r.t. r2” N
R r.t., 45-80 min CO,Et 50-80 min R!

3,4,5-substituted furanones 2-pyrrolidinones

HN-R'
CO,Et Et0,C
-
R'-NH,+ R2-CHO + || + R3-NH, GO nanosheets . o
Solvent-free r2° N
CO,Et r.t., 40-60 min R3

2-oxo dihydropyrrole

Scheme 1.A.10 GO nanosheets catalyzed synthesis of heterocyclic compounds.
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The acidic nature of GO has been utilized in the thioacetalization of aldehyde under solvent-
free conditions.*® A range of symmetrical as well as unsymmetrical thioacetals have been

synthesized using catalytic amount of GO (Scheme 1.A.11).

1
Sﬂ%S HS% SR
n

s SH @/CHO R-SH S SR
|  Graphene oxide, _— Graphene oxide, _
R rt,5h R rt,3-14h R
95-98% 68-95%

Graphene oxide, R'-SH
rt,5-10h R?-SH

SR

13-88%

Scheme 1.A.11 GO catalyzed thioacetalization of aldehydes.

I.A.2.6 Reduced graphene oxide (rGO)

The reduced form of graphene oxide generated by reductive exfoliation treatment of GO has
been regarded as reduced graphene oxide (rGO). This material has mechanical and
optoelectronic properties very close to that of pristine graphene.!* Reduced graphene oxide
possesses graphene-like basal plane with specific zones containing oxidized chemical
entities. The graphene-like properties makes this material a suitable candidate for myriads of
application and fabrication of optoelectronic and energy storage devices.*® Reduced graphene
oxide can be easily prepared in large quantities form GO by thermal, electrochemical, 12
microwave- and photo-assisted methods.>*>* During the reduction process of GO, the
removal of epoxy and hydroxyl groups are more facile than that of carboxyl groups. The
carbon-oxygen ratio determines the level of reduction that has been achieved. Henceforth, it
is noteworthy to mention that the quality and property of rGO depends on the method by
which it has been prepared. Chemical reduction of GO has been generally performed by
using hydrazine hydrate and other hydrazine derivatives.>® Other commonly used reducing
agents include sodium borohydride,* sodium borohydride in combination with sulfuric
acid,>” hydroiodic acid,>® etc. Apart from these reagents, some organic reducing agents like
ascorbic acid,* amino acids and various leaf extracts have been employed for the synthesis of
rGO.5° Since, most of the oxidising and acidic functionalities are lost during the reduction

process, rGO have been seldom used as catalyst. However, rGO is used for immobilization of
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metal NPs or in the preparation of diverse nanocomposite materials, which subsequently

exhibits exceptional catalytic property.®*

I.A.2.7 Other graphene derivatives

Apart from graphene oxide (GO), reduced graphene oxide (rGO) and chemically modified
graphenes (CMGs), there are few other graphene derivatives that have emerging in the recent
years. These include graphane (fully hydrogenated graphene), graphol (hydroxyl form),
thiographene, graphene acid, halogenated graphene, graphene fibers, etc. Sofo and co-
workers,% theoretically predicted the existence of graphane and fluorinated graphane. The
material could be synthesized by exposing graphene to cold hydrogen plasma.5*%* The
characterization of graphane indicated conversion of sp? domains into sp® without the loss of
hexagonal symmetry. Owing to the complete loss of conjugation in graphane, it behaves as an
insulator.

Fluorographene or graphene fluoride has been synthesized by the treatment of XeF; on
graphene at room temperature.®® During fluorination the sp? carbon atoms reorganize to sp®
carbon in fluorographene, which changes its structure and optical properties. Fluorographene
behaves as an insulator and shows anisotropic negative magnetoresistance.

Graphene fiber is a new generation of macroscopically assembled carbonaceous fiber
comprising of individual units graphene and its derivatives.®” Graphene fibers have been
prepared by wet spinning of graphene oxide liquid crystals followed by reduction.®® The
material is expected to possess extreme mechanical and transport properties which could find

application in textiles, electronic devices, photodetectors, supercapacitors and batteries.

I.A.2.8 Non-covalent functionalization of graphene

Graphene sheets are hydrophobic in nature and forms multilayer due to m-n stacking. To
avoid this ©-7 stacking, non-covalent functionalization of graphene is essential. Non-covalent
functionalization is an attractive method since it allows attachment of different functional
groups to graphene without disturbing the n-electronic network.%® The type of contact through
which graphenes could be non-covalently functionalized includes nonpolar gas-n interaction,

H-7m interaction, ©t-w interaction, cation-w interaction and anion-w interaction.

I.A.3 References
References are given in BIBLIOGRAPHY under Chapter I, Section A.
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I.B.1 Introduction

Cross-dehydrogenative coupling (CDC) has emerged as a breakthrough synthetic strategy for
the formation of C—C bonds.? It involves direct coupling of two different C—H bonds under
oxidative conditions, hence the name cross-dehydrogenative coupling. The C—H bonds could
be part of sp3-C, sp?-C and sp-C, for either of the partners (Scheme 1.B.1). For example,
Glaser coupling which is a coupling between two C(sp)-H bonds has been documented long
before the concept of CDC has emerged.? Apart from C—C bond formation, C—X bonds are
also generated via cross-dehydrogenative coupling between C—H and X-H (X =N, O, S, P,
etc) bonds. This technique has been pioneered by Chao-Jun Li and co-workers in 2004 while
working with the synthesis of propargylamines.® They successfully constructed C—C bond via
C(sp®)-H and C(sp)—H bond activation.

Cross-dehydrogenative coupling (CDC)

AN / Catalyst AN /
—C-H + -C— > —C-C—
/ H C\ Oxidant / AN
sp sp
sp® sp®
Glaser coupling
CuCl
R——H + H—R u » R————R
O,, NH,OH
EtOH

Scheme 1.B.1 Cross-dehydrogenative coupling (CDC).

The classical method for the formation of C-C bond has been based on the nucleophile-
electrophile approach. However, such transformation requires pre-functionalization of either
of the reacting species. The methodology took a huge leap after the development of
transition-metal catalyzed cross-coupling reactions* and metathesis reactions.®> Although
transition-metal catalyzed cross-coupling reactions sufficed the gaps to a great extent, the
problem of pre-functionalization of the starting materials remained as a challenge. For
instance, the presence of a leaving group is essential for one of the coupling partners.
Besides, the use of expensive metal catalysts, harsh reaction conditions and lack of atom-
economy are others limitations of transition-metal catalyzed coupling reactions. Hence, CDC
has become an elegant strategy for direct access to C—C or C—X bonds.®’ Since the formation
of C—C bond via CDC occurs at the expense of two C—H bonds, it is also known as dual C—H

activation. In such transformation there is a loss of hydrogen, which is thermodynamically
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unfavourable, hence an oxidant is used which acts as sink for excess electrons and make the
overall process feasible.® Commonly used oxidants are hydrogen peroxide, tert-
butylhydroperoxide (TBHP),*** di-tert-butyl peroxide (DTBP),*2 molecular oxygen (O2),**
molecular iodine (I2),® hypervalent iodine,*!" 2 3-dichloro-2,6-dicyanobenzoquinone
(DDQ), 8 potassium perdisulfate (K2S>0s).2?

Ever since the origin of CDC, several different research groups have focussed their attention
towards the development of this novel synthetic methodology.?® Although transition-metal
catalyzed CDC is well known; metal-free protocols are also gaining popularity due to
environmental considerations. In this context, molecular iodine (I2) has been recognized as an
inexpensive and benign catalyst for CDC.* Numerous catalytic systems have been developed
for the formation of C-C, 13172122 C_N,2 C-0,22* C-S,'*% and C-Se,?*?’ bonds via CDC.
Furthermore, enantioselective CDC is also possible and has been reported for the
alkynylation of tetrahydroisoquinolines.?®?® Moreover, tetrahydroisoquinolines have also
been alkynylated under mechanochemical conditions using ball milling technique in presence
of DDQ as oxidant (Scheme 1.B.2).%

CDC under mechanochemical condition Enantioselective CDC
H
N.g1_ [Cu], DDQ CuOTf, L* 1\
- _— N + | ‘ - R
Ball milling “R! 50°C, 2d
I R? ll
H
R2 | AN R2
67-87% O N/ (@) 11-72%
L=< | \J
N N—/
Ph Ph

Scheme 1.B.2 Cross-dehydrogenative coupling between C(sp®)-H and C(sp)-H bond.

Organosulfur compounds are endowed with a wide range of potential biological activities.®
The synthesis of heterocyclic scaffolds bearing sulfur unit has been the topic of immense
research. For instance, functionalized indoles are prevalent in myriads of natural products
possessing medicinal properties.®* Among the various indole derivatives, 3-sulfenylindoles
have received enormous attention because of their potential uses in the treatment of cancer,®
heart diseases,® allergies,®® HIV,*" obesity, Alzheimer’s disease,® and bacterial infections.®
Moreover, indolylarylsulfones acts as HIV-1 non-nucleoside reverse transcriptase
inhibitors.>® The 3-sylfenylindoles are also found to be effective against tubulin
polymerization,*® and COX-2 inhibition.** Furthermore, aryl sulphides are essential building
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blocks for several active pharmaceutical ingredients (APIs).3® Few representative bioactive

molecules with sulfur functionalized indole skeleton are shown in Figure 1.B.1.

OCH
co 3 . )J\NH s/@
H
N

7N

s
o
H,CO O N
N—C0,CHs; y KWOH
N 0

H

Anti-cancer Anti-cancer Anti-allergic

Figure 1.B.1 Bioactive sulfur functionalized indoles.

Owing to their prevalence in numerous bioactive molecules, natural products and APIs the
synthesis of 3-sulfenylindoles has attracted widespread attention. The two most common
ways for the synthesis of 3-sulfenylindoles are: (a) the direct sulfenylation of indole ring and
(b) the cyclization reactions of 2-alkynylanilines,***® or N,N-dialkyl-2-iodoanilines (Scheme
1.B.3).%4% The direct sulfenylation of indole ring has been carried out using diverse
sulfenylating reagents like thiols,*®-5! disulfides,>?> sulfenyl halides,> sulfinates,®”® sulfonyl
hydrazides,*® sulfonyl chlorides®”*® and N-thioimides.>®*® In addition, the sulfenylation of
indoles has been accomplished by using elemental sulfur as the sulfenylating reagent,
avoiding the use of any organic sulfenylating reagents.®

Carbonaceous nanomaterials like graphenes and chemically modified graphenes (CMGs)
have been used as catalyst for synthetic organic transformations since the first seminal paper
by Bielawaski in 2010.* Ever since the concepts of green chemistry became customary in
organic synthesis, the use of carbon based heterogeneous nanomaterials has become more
popular.®? Apart from its versatile catalytic activity, such catalysts can be re-used for several

catalytic cycles without its activity getting diminished.
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Scheme 1.B.3 Common strategies for the synthesis of 3-sulfenylindoles.

|.B.2 Background and objectives

The fascinating biological profile of sulfenylated indoles intrigued researchers to develop
numerous synthetic methods for its synthesis. Among the various known protocols, transition
metal catalyzed regioselective sulfenylation of indole has been reported with various metals
like Cu, Fe, Mg, Ce, V, Ru, etc.%8%983%7 The direct C-H sulfenylation of aromatic compounds
have been reported either using peroxides or transition metal catalysts in combination with
DMSO as oxidant.%8"* Considering the toxicity as well as expensive nature of various
transition metal based catalysts, metal-free methods have been developed. The most common
approach has been the use molecular iodine in the presence of various sulfenylating reagents
like thiols, disulfides, etc. However, most of these conditions using thiols as the sulfenylating
reagent, required the presence of tert-butyl hydroperoxide (TBHP),*® hydrogen peroxide
(H202),*” or DMSO as oxidant.*3%* Moreover, the use of sulfenylating reagents other than
thiols generated by-products thereby lowering atom economy of the reaction 52°35657
Although, the use of thiols in the regioselective sulfenylation, appears to be atom-economic,
the presence of strong oxidants could lead to unwanted side reactions.*¢5! In another report,
bovine serum albumin has been used as catalyst in combination with iodine for the
regioselective sulfenylation of aromatic C(sp?)—H using thiol.”> Furthermore, the reaction has
also been successful in the absence of any metal catalysts or iodine but required a strong base
like NaOH.”®™ A few examples citing recent developments in catalytic systems towards
sulfenylation are presented below.

lodine catalyzed regioselective sulfenylation of have been reported by using sulfonyl
hydrazides as the sulfenylation reagent (Scheme 1.B.4). The investigators presumed that the —

NHNH: group of sulfonyl hydrazide removes the two oxygen atoms of the sulfonyl group
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and serves as an effective sulfenylating agent. The sulfenyl group has been introduced
selectively at the 3 position 1H-indole. However, when the 3 position of 1H-indole has been

occupied the sulfenylation took place at the 2 position.®

s-R®
X l,, EtOH, 70 °C N
| Y+ R’SO,NHNH, 2 - | b
{Z~N 5-8 h 1/ Z~N
R H R H
56-90%

Scheme 1.B.4 lodine catalyzed regioselective sulfenylation of 1H-indoles.

Microwave (MW) assisted synthesis of 3-sulfenyl and 3-selenylindoles have been achieved
by using molecular iodine as catalyst.>® The reaction took place in presence of DMSO as
oxidant under MW irradiation (Scheme 1.B.5). The authors suggested that iodine reacted with
disulfide/diselenide and resulted in the formation of an electrophilic species RY1 (Y = S/Se).
The electrophilic species then reacted with indole leading to the formation of the desired

product along with the concomitant release of HI.

y-R*
I T 2, DMSO, MW 80°C (NN
(R™Y), . -
F 5 min P~ N
R2 \ R? \
R! Y =S, Se R
21-98%

Scheme 1.B.5 MW assisted and iodine catalyzed synthesis of 3-sulfenyl and 3-selenylindoles.

A facile method for the synthesis of 3-sulfenylindoles under mild conditions has been
reported by using iodine as catalyst and TBHP as oxidant (Scheme 1.B.6). A series of
thiophenols and mercaptobenzoic acids have been used as the sulfenylation reagent
furnishing the desired products in good to excellent yields. However, in the case of 3-
substituted indoles, sulfenylation took place regioselectively at the 2 position. In addition
2,3-bis-sulfenylindoles has also been synthesized by following the same protocol. Moreover,
the authors also carried out gram scale synthesis which afforded the desired product in 86%
yield.*

An expedient synthesis of 3-sulfenylindoles has been reported by using cuprous chloride in
presence of PPhs as reductant (Scheme 1.B.7). The reaction conditions involve sulfonyl
chloride as the sulfenylation reagent and the desired products have been obtained in 71-98%.

Moreover, the investigators proposed a plausible mechanism.>®
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Scheme 1.B.6 Molecular iodine catalyzed sulfenylation of indoles using thiophenols.
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Scheme 1.B.7 Copper catalyzed 3-sulfenylation of indoles.

Palladium catalyzed and ionic liquid mediated regioselective sulfenylation of indoles has
been accomplished by using elemental sulfur as the sylfenylating reagent. The reaction
conditions involve three-component strategy involving indoles, arylboronic acids and sulfur
in the presence of copper iodide (Scheme 1.B.8). Both 1H-indoles as well as N-substituted
indoles reacted efficiently during the course of the reaction. Moreover, the protocol has been
further extended towards the sulfenylation of 1H,1'H-2,2'-bisindole, pyrrole, furan,
benzofuran and imidazo[1,2-a]pyridines. The investigators also suggested a plausible

mechanism on the basis of some control experiments.®°

g-Ar
X Pd(OAc),, Cul, Phen N
mm + Sg + AB(OH), 2 - ®R3
2/ = 032003, Agch3, 2/ = N
R R [Bmim]CI, 80°C, 6 h, N, R R
53-92%

Scheme 1.B.8 Palladium catalyzed regioslective sulfenylation of heteroarenes.

The regioselective sulfenylation of N-methylindoles has been developed under photoredox
catalysis (Scheme 1.B.9). The investigators have used Ru(bpy)sCl. as photoredox catalyst and
arylsulfonyl chlorides as the sulfenylation reagent. The mechanism of the reaction involved a
single electron transfer (SET) process generating radical intermediates.®® A 23 W compact

fluorescent lamp (CFL) has been used as the source of visible light.
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Scheme 1.B.9 Visible light induced photocatalytic synthesis of 3-sulfenylindoles.

An efficient synthesis of 3-sulfenylindoles has been developed by using anhydrous CeCls as
catalyst.>® N-(alkylthio) and N-(arylthio)phthalimides have been used as the sulfenylation
reagent (Scheme 1.B.10). The reaction conditions are facile and the desired products have
been obtained in 80-95%.

0 s-R?
X CeCl3 XX
| b N-SR? — | N
(F~N DMF, 70 °C, N
R H % 1.5-4 h, Ar R H
80-95%

Scheme 1.B.10 CeCl; catalyzed synthesis of 3-sulfenylindoles.

Potassium iodate (K1Os) has been used as an oxidant for the metal-free chalcogenation of
indoles and imidazopyridines (Scheme 1.B.11). The authors carried out the synthesis using
disulfides/diselenides and glycerol as a benign additive.?’ Moreover several control

experiments have been performed to get insights into the mechanistic pathway for the

reaction.
y-R*
X KIO,, glycerol X
mRs + (RYY), 2 ] MR
( 100 °C, 6 h SN
R R Y=S5,Se R R
59-92%
y-R°®
= KIO3, glycerol
NN Rz o+ (RIYY, poyoordl |y NN

\
A
|
¢
/
Z
2

110°C, 3 h
Y =S, Se

Scheme 1.B.11 KIOs catalyzed chalcogenation of indoles and imidazopyridines.

A tetrabutylammonium iodide (TBAI) mediated and on-water sulfenylation of aromatic

compounds has been developed.? Diverse aryl sulfides have been synthesized by using ethyl
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arylsulfinates as the sulfenylation reagent (Scheme 1.B.12). Moreover, bisthioethers of
pyrroles through double sulfenylation has been carried out by employing the same protocol.

The investigators also performed end product functionalization via Suzuki and Sonogashira

e
DA TBAI - TN
[ = 3X___ 2 o} |
SN R H,0,100°C,24h U L

R 2 N
R’ R R! 82-98%

coupling reaction.

Scheme 1.B.12 TBAI mediated and on-water sulfenylation of indoles.

In another report, Liu and co-workers,” have developed TBAI mediated synthesis of diverse
3-sulfenylindoles by using sulfinic acids as the sulfenylation reagent (Scheme 1.B.13). The
mechanism of the reaction involved the formation of disulfide intermediate along with in situ
liberation of iodine from TBAI, in the presence of TsSOH. A library of 3-sulfenylindoles has

been synthesized in 70-99% vyield.

s-R?
| oy, R2-SO.H TBALTSOH _ | A\
(A ~N 2 DCE, 80 °C, 12 h (A ~N
R H R H
70-99%

Scheme 1.B.13 TBAI mediated synthesis of diverse 3-sulfenylindoles.

1.B.3 Present work: Results and discussions

Organic transformations that are greener and atom-economic have been of great interest
recently. In this context, graphene oxide (GO) has emerged as an efficient cabocatalyst. GO
could be obtained easily from graphite powder by oxidation and subsequent exfoliation.’® Its
mild acidic nature (pH 4.5 at 0.1 mg/ml),”” and oxidising properties have been exploited in
various organic transformations.®> We have developed a new metal-free protocol for the
regioselective sulfenylation of indole using thiols using catalytic graphene oxide (GO) and
Nal as an additive (Scheme 1.B.14).

s-R?
| N + R2-SH Graphene oxide, Nal - N\
(F N DMSO, 80 °C, 12-18 h [ AN
R N 2 N

Scheme 1.B.14 Graphene oxide catalyzed synthesis of 3-sulfenylindoles.
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1.B.3.1 Optimization of reaction conditions

We began our preliminary investigations by using 1H-indole and 4-chlorothiophenol as
model substrates for the reaction using GO and Nal under different conditions (Table 1.B.1).
Initially, we used GO (50 mg) and Nal (10 mol%) in toluene at 80 °C for 24 h. The reaction
proceeded with isolation of the desired product 3a in 68% yield (entry 1). The formation of
the desired product 3-(4-chlorophenylthio)-1H-indole (3a) was confirmed by *H and *3C
NMR spectroscopy and by comparing its melting point with previously reported literature
reports.®? In the 3C NMR spectrum, the peak at 102.4 ppm corresponds to C-3 of indole
moiety which has been sulfenylated. After the confirmation of the desired product we
continued further optimization of the reaction conditions. We then reduced the amount of GO
to 25 mg which resulted in similar conversion (entry 2, 70%). While changing the solvent to
polar aprotic (CH3CN) or protic (MeOH) resulted in lower yield of the sulfenylated products
(entries 4 and 5), the reaction in DMSO gave excellent conversion (entry 6, 97%). This was
due to the oxidative nature of DMSQO. There were reports suggesting the liberation of HI
during the course of the reaction.> We assumed that the presence of DMSO along with GO
oxidizes the HI back to Iz, which then continues the catalytic cycle. The absence of any of the
components like GO, Nal or DMSO did exhibit considerable effect in the course of the
reaction and in terms of yield of the product. For example, a neat mixture of reactants, GO
and Nal afforded the product in lower yield (entry 7, 55%), while there was meagre
conversion without using GO or Nal (entries 8 and 9). However, in the absence of GO and
Nal, we did not observe any conversion (entry 10). Altering Nal with KI, KBr or NaCl
lowered the yield of the product 3a significantly (entries 11-13). Although the use of KI
resulted in good yield of the desired product, its expensive nature prevented its further use in
our catalytic system. The use of I» also afforded the desired product but in lower yield (entry
14, 64%). We presumed that that the freshly generated iodine via in situ oxidation of Nal was
more active than commercially available molecular iodine. To check the viability of the
catalytic system for industrial applications, we carried out gram scale synthesis of 3a by
employing the optimized reaction conditions. The reaction resulted in excellent conversion

and the desired product 3a was isolated in 94% yield (entry 15).
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Table 1.B.1 Optimization of reaction conditions?

Cl
S
N\ SH Graphene Oxide (GO), additive N
N * Solvent, Temp
H Cl N

H

1a 2a 3a
Entry GO (mg) Additive Solvent Temp (°C)/  Yield (%)°
(10 mol%o) time (h)

1 50 Nal Toluene 80/ 24 68
2 25 Nal Toluene 80/ 24 70
3 10 Nal Toluene 100/ 24 43
4 25 Nal CH3CN 80/24 10
5 25 Nal MeOH 80/24 12
6 25 Nal DMSO 80/12 97
7 25 Nal — 80/24 55
8 25 — DMSO 80/ 24 Trace
9 - Nal DMSO 80/ 24 Trace
10 — — DMSO 80/ 24 —
11 25 Kl DMSO 80/12 72
12 25 KBr DMSO 80/12 20
13 25 NaCl DMSO 80/12 24
14 25 I, DMSO 80/12 64
15 60 Nal DMSO 80/12 94°¢

4Reaction conditions: 1H-indole (1 mmol), 4-chlorothiophenol (1.5 mmol), additive (10 mol%),
solvent (2 mL). "Isolated yield. ‘Reaction was performed in 10 mmol scale.

1.B.3.2 Synthesis of 3-sulfenylindoles

After optimization of the reaction conditions, various 1H-indoles and thiols were employed
for the synthesis of 3-sulfenylindoles, as listed in Table 1.B.2. Arylthiols containing chloro,
methyl, amino group or 2-naphthylthiol worked efficiently leading to the exclusive formation
of corresponding 3-sulfenylated products (3a-d). Further attempt with aliphatic thiols like
cyclohexylthiol, n-pentylthiol or n-heptylthiol also worked fairly efficiently affording the
desired products in 81-89% yields (3e-g). On the part of the indole moiety, we tried with an
electron withdrawing group at C-6 position of indole and that too gave excellent conversions,
exhibiting similar reactivity, selectivity and yield of products (3h-j). We then checked the
presence of substituents in the N-containing five-membered ring of the indole moiety.
Whereas 3-substituted indole underwent sulfenylation selectively at C-2 position (3Kk), the 2-
substituted indole gave the corresponding 3-sulfenylated product in 95% vyield (3I).
Furthermore, heterocyclic thiols like 2-thiazoline-2-thiol and pyridine-2-thiol also worked
efficiently furnishing the desired products in 81% and 89% yield respectively (3m and 3n).
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The formation of the desired products was confirmed by *H and **C NMR spectroscopy and
by HRMS. For instance in case of 3b, the *H NMR peak at & 2.24 and 8.37 ppm corresponds
to that of the CH3 group of the thiol moiety and indole NH respectively. Similarly, the 3C
NMR peak at 6 20.9 ppm represents the CHs group of the thiol moiety. In case of 3f the
triplet centred at 8 2.68 ppm was due to the SCH2 moiety of n-pentylthiol. The compound 3f
was subjected to ESI-HRMS analysis and the (m/z) for C13H17NS [M + H]* was calculated at
220.1160 and found at 220.1156, which confirmed the formation of 3f. The formation of 3h
was confirmed by the peak at 3.94 ppm due to the ester CHs group. Moreover, the doublet of
doublet at 6 7.85 ppm (J = 1.5 and 8.4 Hz) was due to the H-5 of indole moiety. In case of
13C NMR the peak at § 137.9 ppm was due to the ester C=0 group of indole.

Table 1.B.2 Sulfenylation of indoles?

s-R?
AN
LN DMSO, 80 °C, L A~
R H 12-18 h R H
1 2 3

s N e
S ST P e

H H H
3a,97%, 12 h 3b, 94, 12 h 3¢, 81%, 12 h
H2N s—n-CsHq4
S
S A\
N N
N\ N H
N H 3f, 89%, 14 h
H 3e, 81%, 18 h

3d, 85%, 12 h

S/n-C7H 15 Cl
S S
A\
N N\ N
H MeO,C N MeO,C ”

39, 86%, 14 h
3h,91%,12h 3i,90%, 12 h




e i i Lo
o P ok

H H

3j, 81%, 18 h H 31,95%, 12 h
3k, 85%. 12 h

| :
S

H H
3m, 81%, 18 h 3n, 89%, 12 h

4Reaction conditions: 1 (1 mmol), 2 (1.5 mmol), Nal (10 mol%), GO (25 mg) and DMSO (2 mL)
were stirred at 80 °C for 12-18 h.

1.B.3.3 Sulfenylation of 2-naphthol, resorcinol and 2-naphthylamine

We then extended the scope of the protocol towards the sulfenylation of other aromatic
systems like 2-naphthol, resorcinol and 2-naphthylamine.”®™ Gratifyingly, in all cases, the
reaction worked successfully as well as selectively affording the desired sulfenylated
products in good to excellent yields. The results are presented in Table 1.B.3, 1.B.4 and 1.B.5.
While 2-naphthol and 2-naphthylamine afforded exclusive formation of C-1 sulfenylated
products, sulfenylation of resorcinol took place regioselectively at the C-4 position. Aromatic
thiols with different substitutions and aliphatic thiols reacted in the same manner without any
significant variations in terms of reactivity. The products were characterized by *H and *C
NMR spectroscopy. In case of the compound 5e the *H NMR peaks at & 1.98 and 2.53 ppm
were due to the two methyl groups of the thiol moiety. The same peaks appeared at & 19.6
and 21.0 ppm in the 33C NMR spectrum. The compound 7¢ showed two triplets at 5 0.83 (J =
7.2 Hz) and 2.58 (J = 7.5 Hz) ppm due to the terminal CH3 and SCH2 moieties respectively of
n-pentylthiol. In the 3C NMR spectrum those peaks appeared at & 13.9 and 37.1 ppm. In the
13C NMR spectrum of 7d, heteronuclear coupling between 3C and °F was observed. The
peak centred at 6 130.35 ppm showed J value of 189 Hz which was due to one-bond coupling
between *3C and '°F. Similarly, the peaks at & 116.46 (J = 87 Hz) and & 128.80 (J = 30 Hz)

ppm were respectively due to two-bond and three-bond coupling between 3C and *°F.
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Table 1.B.3 Sulfenylation of 2-naphthol?

OH | S GO, Nal N
+ o
Y DMSO, 80 °C OH
R

15h
4 2

/© QME /©/Cl
OO OH OH l OH

5a, 85% 5b, 87% 5¢c, 89%
cr "I
S S Me
9@ " "

5d, 90% Se, 84%

o

o

4Reaction conditions: 4 (1 mmol), 2 (1.5 mmol), Nal (10 mol%), GO (25 mg) and DMSO (2 mL)
were stirred at 80 °C for 15 h.

Table 1.B.4 Sulfenylation of resorcinol®

OH OH
GO, Nal S\r
+ R-SH -
HO DMSO, 80 °C
12-18 h HO
6 2 7
OH OH oH
S S S
HO cl HO Me HO
7a, 93%, 12 h 7b, 92%, 12 h 7¢, 89%, 16 h
OH OH
o0 jone
HO F HO
7d, 91%, 12 h 7e, 84%, 18 h

aReaction conditions: 6 (1 mmol), 2 (1.5 mmol), Nal (10 mol%), GO (25 mg) and DMSO (2 mL)
were stirred at 80 °C for 12-18 h.
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Table 1.B.5 Sulfenylation of 2-naphthylamine?

R 12h
8 2

NH SH
2 S GO, Nal S
+ >
S P DMSO, 80 °C NH2

S S S
NH2 NH2 NH2

9a, 85% 9b, 82% 9¢, 79%

"I
S Me

NH,

o
o

Q

NH,

o
o

9d, 85% 9e, 91%

4Reaction conditions: 8 (1 mmol), 2 (1.5 mmol), Nal (10 mol%), GO (25 mg) and DMSO (2 mL)
were stirred at 80 °C for 12 h.

1.B.3.4 Recyclability of graphene oxide

The reusability of the catalyst (GO) was evaluated in the sulfenylation of indole for the
synthesis of 3a. After the first run conducted in 2 mmol scale using GO (50 mg), the reaction
mixture was partitioned between ethyl acetate and water and centrifuged at 5000 rpm. The
supernatant was decanted and the process was repeated twice. The residual solid material was
dried under vacuum to obtain free flowing GO powder. The recovery was however ~10% less
than the used quantity. The recovered catalyst was then used for second run (1 mmol scale)
using GO (25 mg) with almost equal efficiency. From the third run, there was a decreasing
trend in its performance and after the fourth run, the isolated yield was significantly low
(Figure 1.B.2). The FT-IR spectrum of the recovered GO after first, second and fourth run
was recorded (Figure 1.B.3). The IR absorption after fourth run indicated partial loss of
oxygenated functional groups which might be due to the repeated use of the recovered

catalyst under the reaction condition.
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Figure 1.B.2 Recyclability of GO for the sulfenylation of indole.
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Figure 1.B.3 FT-IR spectra of GO before and after first, second and fourth run.

The catalyst was then characterized by powder X-ray diffraction (XRD) for both fresh and
recovered (after the first run) and found to be consistent with literature reports.®>"® The XRD
pattern of fresh GO was observed at 26 = 9.5° and the recovered GO showed an additional
peak at 20 = 24.9° indicating partial reduction of GO (Figure 1.B.4(a)). Thereafter, both the
fresh as well as recovered catalyst were subjected to Raman analysis (Figure 1.B.4(b)). The
Raman spectra of GO clearly showed the D- and G-bands respectively at 1359 cm™ and 1596
cmt. Similarly, the Raman spectra of recovered GO (after the first run) showed both the
bands at 1360 cm™ and 1591 cm™. Since the Raman spectra for both fresh and recovered
catalyst were fairly similar, hence no conclusive information could be drawn. Furthermore,

we quantified the amount of acidic functionalities on GO (both fresh and after the first run)
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using pH titration (Figure 1.B.5). The pH potentiometric acid-base titration of the fresh GO
(50 mg) with 0.1 M NaOH aqueous solution using 50 mL of 0.5 M NaCl aqueous solution as
back electrolyte was performed and calculated an approximate value of 1.68 mmol g for the
presence of carboxylic and hydroxyl groups.”” In the case of using recovered GO (after the
first run), the calculated value was 1.60 mmol g*. The results obtained thus confirmed that

the acidic property of GO remained almost same even after the reaction.

(001) (a) —Go (b)
" — GO (First run)

|
! G-band
D-band j

GO
GO (First run)

Intensity (a.u.)
-
Intensity (a.u.)

T T T T T T T . T T T T T ¥
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26 (degree) Raman shift (cm™)

Figure 1.B.4 (a) XRD patterns and (b) Raman spectra of GO fresh and after the first run.
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Figure 1.B.5 The pH potentiometric titration curve of GO fresh and after the first run.

1.B.3.5 Plausible mechanism for the sulfenylation of indoles

Similar reactions with thiol mediated by molecular iodine (l.) are believed to occur via
disulfide formation, which subsequently produces an electrophilic species 10.5? We set up
one reaction between 1H-indole and bis(4-chlorophenyl) disulfide which did not give the

desired product (3a). This suggests that a strong oxidizing agent is essential for the reaction.
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Moreover, GO catalyzed sulfenylation in the presence of molecular iodine (I2) resulted in
poor conversion (Table 1.B.1, entry 14). Although we do not have clear explanation but we
presumed that the freshly generated 1> from the oxidation of Nal in the presence of GO could
be more reactive towards thiol to form the electrophilic species 10, which subsequently
reacted with 1H-indole to form 11. Finally, the intermediate 11 led to the formation of the
desired product along with the liberation of HI. Thereafter HI underwent oxidation in the
presence of GO in DMSO to form I, for the next catalytic cycle (Scheme 1.B.15).

R—-SH GO R-SI + HI

NaI
GO [ DMSO

Iz /i

-R

S—
@
N

H

Scheme 1.B.15 Proposed mechanism for the sulfenylation of 1H-indoles.

1.B.4 Conclusion

In summary, we have developed a metal-free, facile and atom-economic protocol for the site-
selective C—H sulfenylation of various aromatic compounds using catalytic graphene oxide
(GO). We believed that the freshly generated iodine in presence of GO could be highly
reactive towards the formation of the electrophilic species that adds to indole to afford the
desired thioethers. The reaction shows good tolerance towards several substituted aromatic
systems. The present protocol is likely to attract the interest of synthetic chemists because of
simple and greener aspects, devoid of strong oxidants, reusability of catalyst and broader

applicability.

1.B.5 Experimental Section

1.B.5.1 General Information
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All reagents were purchased from Sigma Aldrich and TCI, and used directly without further
purification. The solvents were purchased from commercial suppliers and used after
distillation. All the products were purified by column chromatography on 60-120 mesh silica
gel (SRL, India). For TLC, Merck plates coated with silica gel 60, Fosa were used. FT-IR
spectra were recorded in FT-IR 8300 SHIMADZU spectrophotometer. The *H and **C NMR
spectra were recorded at 300 MHz and 75 MHz respectively on Bruker AV 300 spectrometer
in CDClz and DMSO-de. Splitting patterns of protons were described as s (singlet), d
(doublet), t (triplet), dd (doublet of doublet), m (multiplet) and br (broad). Chemical shifts (5)
were reported in parts per million (ppm) relative to TMS as internal standard. J values
(coupling constant) were reported in Hz (Hertz). *C NMR spectra were recorded with
complete proton decoupling (CDCls: 6 77.0 ppm and DMSO-ds: 39.5 ppm). Centrifugation
was done in REMI R-8C DX centrifuge at 5250 rpm. The X-ray diffraction studies were done
using the Rigaku SmartLab (9 kW) diffractometer using CuKa radiation. Raman spectra were
performed on ENSpectr R532 Raman microscope using 532 nm laser. The pH potentiometric
titration was done by using Digital pH meter, Systronics, India.

1.B.5.2 Preparation of graphene oxide (GO)

Graphene oxide was prepared by following Tour’s method.”® In this method a 9:1 (V/v)
mixture of H2SO4 / H3PO4 (180:20 mL) was added to a mixture of graphite powder (1.5 g)
and KMnOg4 (9.0 g). The mixture was then stirred at 50 °C for 12 h. After cooling the mixture
to room temperature, it was gradually poured into crushed ice (200 g), which was followed
by the slow addition of H202 (30%, 1.5 mL). The solution was then centrifuged (5000 rpm)
and the supernatant was discarded. The residual solid material was successively washed with
deionised water (100 mL) and then with 30% HCI (100 mL). The solid material was then
repeatedly washed with water and centrifuged. Finally, the solid brown material was
collected and dried at 60 °C under vacuum to obtain solid graphene oxide.

1.B.5.3 General procedure for the sulfenylation of aromatic compounds

In a screw-capped sealed tube equipped with a magnetic stir bar, aromatic compounds (1
mmol), thiols (1.5 mmol), Nal (10 mol%) and GO (25 mg) were added to 2 mL of freshly
distilled DMSO. The resulting reaction mixture was stirred at 80 °C for 12-18 h. After
completion of the reaction (monitored by TLC), the reaction mixture was cooled to room
temperature. The catalyst was then recovered through simple filtration. The reaction mixture
was diluted with water and extracted by ethyl acetate (3 x 5 mL). Finally, the combined
organic layer was dried over anhydrous Na>SOs and concentrated. The residue was then

further purified by column chromatography on silica gel using the light petroleum ether and
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ethyl acetate as eluent to afford the desired products. All products were characterized by *H,
13C NMR spectroscopy and compared with the reported melting points for known solid

compounds.

I.B.5.4 Characterization data of compounds listed in Table 1.B.2-1.B.5
3-(4-Chlorophenylthio)-1H-indole (3a)®?

Cl
S
oy
N
H
White solid; m.p.: 126-127 °C (Lit. m.p.: 127.5-128.3 °C); 'H NMR (CDCls, 300
MHz): § 7.00-6.98 (m, 2H, ArH), 7.02-7.01 (m, 2H, ArH), 7.19-7.08 (m, 1H, ArH), 7.29-
7.23 (m, 1H, ArH), 7.46-7.41 (m, 2H, ArH), 7.56 (d, J = 7.8 Hz, 1H, ArH), 8.41 (s, br, 1H,
NH); 3C NMR (CDCls, 75 MHz): § 102.4, 111.7, 119.5, 121.0, 123.2, 127.1, 128.7, 128.8,
130.5, 130.7, 136.5, 137.8.

3-(p-Tolylthio)-1H-indole (3b)*?
Me

S

o
N
H

White solid: m.p.: 125-126 °C (Lit. m.p.: 125-126 °C): 'H NMR (CDCls, 300 MHz): & 2.24

(s, 3H, CHa), 7.03-6.95 (m, 4H, ArH), 7.28-7.12 (m, 2H, ArH), 7.45-7.40 (m, 2H, ArH),

7.61 (d, J = 7.2 Hz, 1H, ArH), 8.37 (s, br, 1H, NH): 13C NMR (CDCls, 300 MHz2): & 21.0,

103.3, 111.5, 119.7, 120.8, 123.0, 126.2, 129.1, 129.5, 130.5, 134.6, 135.4, 136.4.
3-(Naphthalen-2-ylthio)-1H-indole (3¢)°®

s
O

N
Off white solid; m.p.: 174-175 °C (Lit. m.p.: 141-143 °C); 'H NMR (CDCls, 300 MHz): &
7.16-7.14 (m, 3H, ArH), 7.28-7.24 (m, 2H, ArH), 7.36-7.34 (m, 2H, ArH), 7.48-7.45 (m,
2H, ArH), 7.55-7.54 (m, 2H, ArH), 7.70-7.65 (m, 1H, ArH), 8.45 (s, br, 1H, NH); 3C NMR
(CDCls, 75 MHz): 6 102.9, 111.6, 119.7, 120.9, 123.1, 123.5, 124.8, 125.0, 127.0, 127.6,
128.2, 130.6, 131.3, 133.7, 136.5, 136.7, 137.0, 139.9.
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3-(2-Aminophenylthio)1H-indole (3d)>
H,N

)
Coy
N
Brown solid; m.p.: 89-90 °C (Lit. m.p.: 93-95 °C); *H NMR (CDCls, 300 MHz): & 3.22 (d,
J =27, 2H, NHy), 6.69-6.57 (m, 2H, ArH), 7.02-6.97 (m, 1H, ArH), 7.26-7.11 (m, 3H,
ArH), 7.37-7.34 (m, 2H, ArH), 7.66 (d, J = 8.1 Hz, 1H, ArH), 8.36 (s, br, 1H, NH); 13C
NMR (CDCls, 75 MHz): 6 111.5, 115.3, 119.0, 119.4, 120.6, 120.7, 122.8, 128.0, 128.7,
129.0, 132.0, 136.3, 145.6.
3-(Cyclohexylthio)-1H-indole (3¢e)®’

-
Cr

N
Light brown solid; m.p.: 96-97 °C (Lit. m.p.: 91-93.1 °C); *H NMR (CDCls, 300 MHz): &
1.42-1.16 (m, 5H, CHy), 1.57-1.52 (m, 1H, CH,), 1.65-1.61 (m, 1H, CH), 1.75-1.71 (m,
2H, CHy), 1.96-1.92 (m, 2H, CH>), 2.82-2.74 (m, 1H, CH), 7.26-7.17 (m, 2H, ArH), 7.30 (d,
J = 2.4 Hz, 1H, ArH), 7.41-7.35 (m, 1H, ArH), 7.80-7.76 (m, 1H, ArH), 8.27 (s, br, 1H,
NH); 3C NMR (CDCls, 75 MHz): 6 25.7, 26.2, 33.7, 47.5, 104.7, 111.3, 119.7, 120.4,
122.5, 130.2, 130.3, 136.2.
3-(Pentylthio)-1H-indole (3f)

s—n-CsHq4
Cr

H
Colourless liquid; *H NMR (CDClIs, 300 MHz): § 0.85 (t, J = 7.2 Hz, 3H, CH3), 1.39-1.20
(m, 4H, CH), 1.65-1.49 (m, 2H, CHy), 2.68 (t, J = 7.2 Hz, 2H, CHy), 7.23-7.16 (m, 2H,
ArH), 7.25-7.28 (m, 1H, ArH), 7.36-7.33 (m, 1H, ArH), 7.79-7.74 (m, 1H, ArH), 8.21 (s, br,
1H, NH); 3C NMR (CDClz, 75 MHz): § 14.0, 22.3, 29.6, 30.7, 36.4, 106.2, 111.4, 119.4,
120.3, 122.6, 129.2, 129.5, 136.3; HRMS-ESI (m/z) calcd for C13H17NS [M + H]" 220.1160
found 220.1156.
3-(Heptylthio)-1H-indole (3g)
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Colourless liquid; *H NMR (CDCls, 300 MHz): & 0.87-0.83 (m, 3H, CH3), 1.30-1.23 (m,
7H, CH>), 1.65-1.49 (m, 3H, CH>), 2.68 (t, J = 7.2 Hz, 2H, CH>), 7.23-7.17 (m, 3H, ArH ),
7.36-7.32 (m, 1H, ArH), 7.79-7.77 (m, 1H, ArH), 8.19 (s, br, 1H, NH); 3C NMR (CDCls,
75 MHz): & 14.1, 22.6, 28.5, 28.9, 30.0, 31.8, 36.4, 106.2, 11.5, 119.4, 120.4, 122.6, 129.2,
129.5, 136.3; HRMS-ESI (m/z) calcd for C15H21NS [M + H]* 248.1473 found 248.1492.
Methyl 3-(4-chlorophenylthio)-1H-indole-6-carboxylate (3h)

of
S
jon
MeO,C N

H
White solid; m.p.: 162-163 °C; *H NMR (CDCls, 300 MHz); & 3.94 (s, 3H, OCH3), 7.13-
6.98 (M, 4H, ArH), 7.64-7.57 (m, 2H, ArH), 7.85 (dd, J = 1.5, 8.4 Hz, 1H, ArH), 8.23 (s, 1H,
ArH), 9.06 (s, br, 1H, NH); 23C NMR (CDCls, 75 MHz): § 52.1, 103.1, 114.1, 119.1, 121.9,
124.9,127.2, 128.8, 130.8, 132.5, 133.8, 135.9, 137.2, 167.9.

Methyl 3-(p-tolylthio)-1H-indole-6-carboxylate (3i)

Me
S
JOR
MeO,C N

H
White solid; m.p.: 155-157 °C; 'H NMR (CDCls, 300 MHz): § 2.24 (s, 3H, CHs), 3.93 (s,
3H, OCHj), 7.00-6.98 (m, 4H, ArH), 7.64-7.60 (m, 2H, ArH), 7.83 (dd, J = 1.5, 8.4 Hz, 1H,
ArH), 8.20 (s, 1H, ArH), 8.91 (s, br, 1H, NH); *3C NMR (CDCls, 75 MHz): § 20.8, 52.1,
104.3,114.0, 119.4,121.7, 124.7, 126.4, 129.6, 132.8, 133.5, 134.9, 135.0, 135.9, 168.0.
Methyl 3-(naphthalen-2-ylthio)-1H-indole-6-carboxylate (3j)

LD
oo

H
White solid; m.p.: 185-186 °C; H NMR (DMSO-ds, 300 MHz): & 3.91 (s, 3H, OCHs), 7.27
(dd,J=1.8, 8.7 Hz, 1H, ArH), 7.48-7.44 (m, 2H, ArH), 7.56-7.54 (m, 2H, ArH), 7.74-7.70
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(m, 2H, ArH), 7.87-7.81 (m, 2H, ArH), 8.15 (d, J = 2.7 Hz, 1H, ArH), 8.22 (s, 1H, ArH): 13C
NMR (DMSO-ds, 75 MHz): 6 52.3, 100.7, 114.8, 118.7, 121.2, 123.5, 124.9, 125.8, 127.1,
127.2,128.0, 128.9, 131.4, 132.8, 132.8, 133.7, 136.5, 136.6, 167.4.
2-(4-Chlorophenylthio)-3-methyl-1H-indole (3k)®

White solid; m.p.: 124-126 °C (Lit. m.p.: 126-127 °C); 'H NMR (CDCls, 300 MHz): &
2.27-2.22 (s, 3H, CHs), 6.84-6.81 (m, 2H, ArH), 7.05-7.02 (m, 3H, ArH), 7.15-7.06 (m, 2H,
ArH), 7.50 (d, J = 8.1 Hz, 1H, ArH), 7.79 (s, br, 1H, NH); 3C NMR (CDCls, 75 MHz):
5 9.4, 111.0,119.6, 119.8, 120.2, 120.9, 123.8, 127.7, 128.4, 129.2, 131.6, 135.8, 136.9.
3-(4-Chlorophenylthio)-2-methyl-1H-indole (31)%

Cl

S

N

H
Light pink solid; m.p.: 97-99 °C (Lit. m.p.: 102-104 °C); *H NMR (CDClIs, 300 MHz): &
2.44-2.32 (m, 3H, CHg), 6.95-6.94 (m, 2H, ArH), 7.20-7.06 (m, 4H, ArH), 7.28 (d, J =7.8
Hz, 1H, ArH), 7.50 (d, J = 7.5 Hz, 1H, ArH), 8.15 (s, br, 1H, NH); 13C NMR (CDCls, 75
MHz): 612.1, 98.9, 110.8, 118.8, 120.9, 122.4, 126.8, 128.8, 130.0, 130.3, 135.5, 138.0,
141.3.
3-(4,5-Dihydrothiazol-2-ylthio)-1H-indole (3m)

g
N
N

Off white solid; m.p.: 62 °C; 'H NMR (CDClIs, 300 MHz): 5 2.89 (t, J = 6.6 Hz, 2H, CH>),
3.51 (t, J = 6.6 Hz, 2H, CH>»), 7.29-7.20 (m, 2H, ArH), 7.41-7.36 (m, 2H, ArH), 7.75-7.72
(m, 1H, ArH), 8.35 (s, br, 1H, NH); 3C NMR (CDCls, 75 MHz): § 35.7, 44.5, 103.2, 111.7,
119.0, 120.9, 123.1, 129.1, 130.5, 131.7, 136.3.

3-(Pyridin-2-ylthio)-1H-indole (3n)®
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L)
N
o
N
H
White solid; m.p.: 136 °C (Lit. m.p.: 137.2-138 °C); 'H NMR (CDCls, 300 MHz): 6 6.93-
6.80 (m, 1H, ArH), 6.97-6.95 (m, 1H, ArH), 7.44-7.07 (m, 5H, ArH), 7.62 (d, J = 7.8 Hz,
1H, ArH), 8.40-8.38 (m, 1H, ArH), 9.52 (s, br, 1H, NH); *C NMR (CDClIs, 75 MHz):
5100.6, 112.3, 119.6, 119.7, 120.4, 121.2, 123.3, 129.1, 131.9, 137.1, 149.2, 163.1.
1-(Phenylthio)naphthalen-2-ol (5a)8

SO
OH

Off white solid; m.p.: 65-67 °C (Lit. m.p.: 66-67 °C); *H NMR (CDCls, 300 MHz): § 7.00—
7.10 (m, 2H, ArH), 7.27-7.10 (m, 4H ArH), 7.39-7.31 (m, 2H, ArH), 7.51-7.45 (m, 1H,
ArH), 7.80 (d, J = 8.1 Hz, 1H, ArH), 7.89 (dd, J = 3.6, 9 Hz, 1H, ArH), 8.21 (d, J = 7.8 Hz,
1H, ArH); 3C NMR (CDCls, 75 MHz): § 108.0, 116.9, 123.9, 124.7, 125.9, 126.4, 128.0,
128.6, 129.2, 129.5, 132.8, 135.4, 135.4.

1-(p-Tolylthio)naphthalen-2-ol (5b)®2

S Q/Me
OH

White solid; m.p.: 7677 °C (Lit. m.p.: 78-79 °C); *H NMR (CDClIs, 300 MHz): & 2.22 (s,
3H, CHs), 6.99-6.91(m, 4H, ArH),7.50-7.21 (m, 4H, ArH), 7.87 (d, J = 8.7 Hz, 1H, ArH),
7.79 (d, J = 7.8 Hz, 1H, ArH) 8.22 (d, J = 8.4 Hz, 1H, ArH); 3C NMR (CDCls, 75 MHz): &
20.8, 108.7, 116.8, 123.7, 124.7, 126.6, 127.8, 128.5, 129.4, 129.9, 131.7, 132.6, 135.4,
135.8, 156.8.

1-(4-Chlorophenylthio)naphthalen-2-ol (5c)®

S QCI
OH
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White solid; m.p.: 84-85 °C (Lit. m.p.: 84-85 °C): 'H NMR (CDCls, 300 MHz2):
§6.95-6.90 (M, 2H, ArH), 7.13-7.09 (m, 3H, ArH), 7.39-7.31 (m, 2H, ArH), 7.51-7.46 (m,
1H, ArH), 7.80 (d, J = 7.8 Hz, 1H, ArH), 7.89 (d, J = 9 Hz, 1H, ArH), 8.15 (d, J = 8.4 Hz,
1H, ArH); 3C NMR (CDCls, 75 MHz): § 107.6, 116.9, 124.0, 124.4, 127.6, 128.1, 128.7,
129.3, 129.5, 131.9, 133.1, 133.9, 135.2, 157.0.
1-(4-Fluorophenylthio)naphthalen-2-ol (5d)%

ey
OH

White solid; m.p.: 116-117 °C (Lit. m.p.: 116-119 °C); 'H NMR (CDCIs, 300 MHz):
§6.90-6.84 (m, 2H, ArH), 7.03-6.97 (m, 2H, ArH), 7.18 (s, 1H, ArH), 7.40-7.31 (m, 2H,
ArH), 7.52-7.47 (m, 1H, ArH), 7.81 (d, J = 8.1 Hz, 1H, ArH), 7.90 (d, J = 8.7 Hz, 1H, ArH),
8.20 (d, J = 8.4 Hz, 1H, ArH); 3C NMR (CDCls, 75 MHz): § 108.4, 116.1, 116.4, 116.8,
123.9,124.4, 128.0, 128.2, 128.3, 128.6, 129.5, 130.3, 132.9, 135.2, 156.8, 159.7, 163.0.
1-(2,5-Dimethylphenylthio)naphthalen-2-ol (5e)3

"I
S Me
OH

Yellow solid; m.p.: 57-58 °C (Lit. m.p.: 58-60 °C); H NMR (CDCls, 300 MHz): 5 1.98 (s,
3H, CHa), 2.53 (s, 3H, CHa), 6.20 (s, 1H, ArH), 6.82 (d, J = 7.5 Hz, 1H, ArH), 7.06 (d, J =
7.5 Hz, 2H, ArH), 7.48-7.33 (m, 3H, ArH), 7.82 (d, J = 8.1 Hz, 1H, ArH), 7.92 (d, J = 9.0
Hz, 1H, ArH), 8.14 (d, J = 8.4 Hz, 1H, ArH); 3C NMR (CDCls, 75 MHz): § 19.6, 21.0,
107.5, 116.8, 123.8, 124.7, 125.2, 126.4, 127.8, 128.5, 129.5, 130.2, 132.1, 132.7, 133.9,
135.5, 136.4, 157.1.

4-(4-Chlorophenylthio)benzene-1,3-diol (7a)®

oo,

White solid; m.p.: 102-103 °C (Lit. m.p.: 99-100 °C); H NMR (CDCls, 300
MHz): & 2.24 (s, br, 1H, OH), 6.09 (s, br, 1H, OH), 6.57-6.46 (m, 2H, ArH), 6.95 (d, J = 8.4
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Hz, 2H, ArH), 7.17 (d, J = 8.1 Hz, 2H, ArH), 7.33 (d, J = 9 Hz, 1H, ArH); 2*C NMR (CDCls,
75 MHz): 6 102.6, 106.8, 109.5, 127.5, 129.2, 131.8, 135.2, 138.2, 158.4, 159.6.
4-(p-Tolylthio)benzene-1,3-diol (7b)®

NensH

Pale brown solid; m.p.: 88-89 °C (Lit. m.p.: 77-78 °C); 'H NMR (CDCls, 300 MHz): § 2.27
(s, 3H, CHs), 5.72 (s, br, 1H, OH), 6.46 (dd, J = 3, 8.4 Hz, 1H, ArH), 6.61-6.55 (m, 2H,
ArH), 7.05-6.95 (m, 4H, ArH), 7.38 (d, J = 8.4 Hz, 1H, ArH); 3C NMR (CDCls, 75 MHz):
8 20.9, 102.4, 108.0, 109.1, 126.7, 129.9, 133.0, 135.9, 138.0, 158.4, 159.2.
4-(Pentylthio)benzene-1,3-diol (7c)

OH

S
/©/ \n_C5H11
HO

Pale yellow liquid; *H NMR (CDCls, 300 MHz): § 0.86 (t, J = 7.2 Hz, 3H, CH3), 1.37-1.22
(m, 4H, CH2), 1.67-1.47 (m, 2H, CH>), 1.76-1.67 (m, 2H, CH>), 2.26 (s, br, 1H, OH), 2.58 (t,
J=7.5Hz, 2H, ArH), 6.21 (s, br, 1H, OH), 6.43-6.37 (m, 1H, ArH), 6.50 (d, J = 2.4 Hz, 1H,
ArH), 6.96-6.88 (m, 1H, ArH), 7.32-7.26 (m, 1H, ArH); *C NMR (CDClz, 75 MHz):
8 13.9,22.2,29.2,30.7, 37.8, 101.7, 108.5, 110.2, 137.2, 158.0, 158.4.
4-(4-Fluorophenylthio)benzene-1,3-diol (7d)

Nenel

White solid; m.p.: 104-105 °C; 'H NMR (CDCls, 300 MHz): § 6.47-6.43 (m, 2H, ArH),
6.70-6.55 (m, 5H, ArH), 6.87-6.78 (m, 4H, ArH), 7.78-7.77 (m, 1H, ArH); 3C NMR
(CDCls, 75 MHz): 8 102.4, 109.7, 116.3, 116.6, 128.7, 128.8, 130.9, 144.9, 160.0, 160.6,
163.3.

4-(Phenylthio)benzene-1,3-diol (7€)%

Bens

Brown solid; m.p.: 110-111 °C (Lit. m.p.: 111-112 °C); 'H NMR (CDClIs, 300 MHz):
81.90 (s, br, 1H, OH), 5.61 (s, br, 1H, OH), 6.60-6.45 (m, 3H, ArH), 7.25-7.02 (m, 5H,
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ArH), 7.39 (d, J = 8.4 Hz, 1H); *C NMR (CDCls, 75 MHz): § 102.4, 107.2, 109.2, 125.8,
126.1, 129.1, 136.6, 138.2, 158.5, 159.3.
1-(4-Chlorophenylthio)naphthalen-2-amine (9a)%*

=

Deep brown solid; m.p.: 123-124 °C (Lit. m.p.: 123-125 °C); 'H NMR (CDClIs, 300
MHz): 8 4.66 (s, br, 2H, NH>), 6.95-6.86 (m, 2H, ArH), 7.00 (d, J = 9 Hz, 1H, ArH),
7.11-7.06 (m, 2H, ArH), 7.27-7.21 (m, 1H, ArH), 7.45-7.39 (m, 1H, ArH), 7.71 (t, J = 9 Hz,
2H, ArH), 8.20 (d, J = 8.4 Hz, 1H, ArH); 3C NMR (CDCls, 75 MHz): § 104.1, 117.6,
122.7,124.0, 127.1, 128.0, 128.4, 128.5, 129.1, 130.8, 132.1, 135.4, 136.4, 148.5.
1-(p-Tolylthio)naphthalen-2-amine (9b)3

jon
S

Deep brown solid; m.p.: 111-112 °C (Lit. m.p.: 113-115 °C); 'H NMR (CDClIs, 300
MHz): §2.20 (s, 3H, CHs), 4.43 (s, br, 2H, NHy), 6.98-6.89 (m, 5H, ArH), 7.25-7.16 (m,
1H, ArH), 7.43-7.37 (m, 1H, ArH), 7.71-7.66 (m, 2H, ArH), 8.2 (d, J = 8.4 Hz, 1H, ArH);
13C NMR (CDCls, 75 MHz): § 21.0, 105.2, 117.7, 122.6, 124.3, 126.1, 127.8, 128.4, 129.8,
131.7,133.2, 134.9, 136.7, 148.4.

1-(Phenylthio)naphthalen-2-amine (9c)®

0

Deep brown solid; m.p.: 98-99 °C (Lit. m.p.: 99-101 °C); 'H NMR (CDClz, 300
MHz): § 4.40 (s, br, 2H, NHy), 7.03-6.87 (m, 4H, ArH), 7.05-7.04 (m, 1H, ArH), 7.15-7.09
(m, 1H, ArH), 7.26-7.17 (m, 1H, ArH), 7.46-7.37 (m, 1H, ArH), 7.73-7.67 (m, 2H, ArH),
8.26 (d, J = 8.1 Hz, 1H, ArH); 3C NMR (CDCls, 75 MHz): & 104.5, 117.7, 122.7, 124.3,
125.1, 125.8, 127.9, 128.0, 128.4, 129.0, 132.0, 136.7, 137.0, 148.6.
1-(4-Fluorophenylthio)naphthalen-2-amine (9d)
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ey

Brown solid; m.p.: 65-66 °C; 'H NMR (CDClz, 300 MHz): 8 4.66 (s, br, 2H, NH>),
6.85-6.81 (m, 2H, ArH), 6.97-6.93 (m, 3H, ArH), 7.23 (t, J = 7 Hz, 1H, ArH), 7.41 (t, J =
7.5 Hz, 1H, ArH), 7.70-7.66 (m, 2H, ArH), 8.24 (d, J = 8.4, 1H, ArH); 3C NMR (CDCls, 75
MHz): 6 105.0, 116.0, 116.3, 117.8, 122.7, 124.1, 127.7, 127.8, 128.0, 128.5, 131.8, 131.9,
132.0, 136.6, 148.5, 159.4, 162.6.

1-(2,5-Dimethylphenylthio)naphthalen-2-amine (9e)%*

"I
S Me

Light pink solid; m.p.: 60-61 °C (Lit. m.p.: 60-62 °C); 'H NMR (CDCls, 300 MHz):
5 1.96 (s, 3H, CHg), 2.49 (s, 3H, CHa), 4.26 (s, br, 2H, NH>), 6.25 (s, 1H, ArH), 6.76 (d, J =
7.5 Hz, 1H, ArH), 7.04-6.97 (m, 2H, ArH), 7.25-7.20 (m, 1H, ArH), 7.41-7.36 (m, 1H,
ArH), 7.72-7.67 (m, 2H, ArH), 8.20 (d, J = 8.4 Hz, 1H, ArH); 3C NMR (CDCls, 75 MHz):
519.5, 21.0, 104.0, 117.5, 122.4, 124.2, 124.5, 125.5, 127.6, 128.2, 128.4, 130.0, 131.5,
131.8, 135.0, 136.0, 136.7, 148.4.
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1.B.5.5 Scanned copies of H, ¥C NMR and HRMS spectra of 3-(pentylthio)-1H-indole

(3f)
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Figure 1.B.6 Scanned copy of *H NMR spectrum of 3-(pentylthio)-1H-indole (3f)
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Figure 1.B.7 Scanned copy of *C NMR spectrum of 3-(pentylthio)-1H-indole (3f)
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Figure 1.B.8 Scanned copy of HRMS spectrum 3-(pentylthio)-1H-indole (3f)

1.B.6 References
References are given in BIBLIOGRAPHY under Chapter I, Section B.
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I.C.1 Introduction

Among the various six membered nitrogen heterocycles, 1,4-dihydropyridines (1,4-DHPs)
are well known for their widespread activity in the field of medicinal chemistry.! 1,4-DHPs
are privileged pharmacophore for multifarious marketed drugs.! This structural scaffold has
attracted much attention owing to its diverse pharmaceutical and biological profile. They
have remarkable pharmacological efficiency and are used as bronchodilators, vasodilators,
anti-hypertensive, anti-diabetic, anti-inflammatory, anti-HIV, anti-tuberculosis agents and
acts as chemosensitizer in tumour therapy.>” 1,4-DHPs like nifedipine, amlodipine and
nitrendipine have been used as clinical drugs for calcium channel blockers in the treatment of
cardiovascular diseases.*' Besides, some 1,4-DHPs are also associated with therapeutic
properties like non-competitive inhibition of topoisomerase | and HIV protease inhibition.'?
17°1,4-Dihydropyridines also possess cerebral anti-ischemic properties, which could find
application in the treatment of Alzheimer’s disease.'® Certain 1,4-DHPs due to their close
resemblance with NADH coenzyme are considered as bio mimetic agents in biological redox
processes.'®2! 1,4-Dihydropyridines also acts important intermediates during the preparation
of several alkaloids.?? In the field of transfer hydrogenation 1,4-DHPs are often used as
sacrificial hydrogen source for the reduction of organic compounds containing different
functional groups like C=0, C=N, C=C, etc.”®> Few representative bioactive molecules
possessing functionalized 1,4-dihydropyridine unit that are in clinical use are shown in Figure
I.C.1.

The synthesis of 1,4-dihydropyridines has been first reported by Arthur Hantzsch in 1882.24
This classical method involves one-pot three-component condensation between aldehyde,
ethyl acetoacetate and ammonia, either in acetic acid or under refluxing ethanol (Scheme
I.C.1). Although, this approach based on multicomponent reaction (MCR) has been followed
even today, it has certain limitations like low yield of product, prolong reaction time and

harsh reaction conditions.
O R O

(@) (@)
EtOH EtO OEt
R-CHO + -
B W

H;C® N~ "CH
3 H 3

1,4-DHP

Scheme 1.C.1 Classical three-component Hantzsch synthesis of 1,4-dihydropyridine.
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Clevidipine Amlodipine
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NO, OCMe;
MeO,C CO;Me EtO,C CO,Et
N
H N
Nifedipine Lacidipine

Nicardipine

Figure 1.C.1 Examples of clinical drugs bearing functionalized 1,4-dihydropyridine unit.

In the view of economical and environmental facets, organic synthesis that aims to maximize
efficiency and minimize waste at source has been in demand recently. Although, myriads of
new strategies have been developed, multicomponent reactions (MCRs) have emerged as an
exceptional tool due to its remarkable synthetic efficiency, high atom economy, devoid of
complex purification procedures, minimal waste generation and energy consumption.?
MCRs can efficaciously enhance the reactivity of chemical processes and have been
commonly used for the genesis of carbon-carbon and carbon-heteroatom bonds in a single
step. Thus, MCRs allow direct and elegant access to library of complex structural diversity.

On the other hand, heterogeneous catalysts based on graphene and chemically modified
graphenes (CMGs) have received prodigious attention owing to their potential for catalysis
under benign conditions.?® Moreover, functionalized graphenes possesses high surface area

and diverse functionalities thereby facilitating catalytic performance.?’ Besides, such catalytic
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systems could be easily re-used and provides a convenient and practical way to synthesize

complex organic molecules.

I.C.2 Background and objectives

Owing to the limitations of the classical Hantzsch synthesis, innumerable strategies have
been developed which attempts to improve the Hantzsch.?® A wide range of homogeneous
and heterogeneous catalysts have been employed for the synthesis of diverse 1,4-
dihydropyridine derivatives.?® Strong acids,**3! and silica based composites have been widely
used as catalysts for the synthesis of 1,4-DHPs.323% Apart from silica based composites
various metal salts, metallic nanoparticles (NPs) and supported metal catalysts are also used
as catalyst which often generates hazardous wastes thereby compromising environmental
safety.33® The use of magnetic nanocatalysts in Hantzsch synthesis renders easy removal of
the catalyst after the reaction by using an external magnet.®”*® Other commonly used catalytic
systems for the synthesis of 1,4-DHPs include p-TSA,* montmorillonite clay,*® sulfated
polyborate,** zeolite,*? chitosan NPs,* polyethylene glycol,** PPhs,* ionic liquids (ILs),*
heteropoly acids,*” and organocatalysts.*® Most of these procedures employ harsh reaction
conditions, uses toxic solvents and requires tedious purification steps. The diverse strategies
involved in the synthesis of 1,4-DHPs have been nicely presented in a review article by Wan
and co-workers.?® The following section represents few recent strategies involved in the
synthesis of 1,4-DHPs.

Silica gel supported sodium bisulfate (SiO.-NaHSOs) has been prepared and used for the
one-pot synthesis of 1,4-dihydropyridines at ambient temperature (Scheme 1.C.2). Diverse
1,4-dihydropyridine derivatives were synthesized in good to excellent yields. The catalyst
being heterogeneous in nature could be recycled and reused for further catalytic runs.*®

O R O
O O
Si0,-NaHSO, EtO OEt
R-CHO + M >
H3C OBt CH4CN, rt, 5-3h |
HsC”~ N~ “CHs
NH,OAc H

75-90%

Scheme 1.C.2 SiO»-NaHSO, catalyzed synthesis of 1,4-dihydropyridines.

Kilbas and co-workers have prepared monodispersed Pd, Ru and Ni nanoparticles embedded
on graphene oxide nanosheets by using double solvent reduction method under
ultrasonication. The catalyst has been characterized by different spectroscopic techniques.
The as-prepared nanocomposite (PARUNI@GO) has been employed for the synthesis of 1,4-
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dihydropyridines and hexahydroquinolines based on a multicomponent approach (Scheme
I.C.3). The authors also suggested a plausible mechanism and checked recyclability of the

catalyst for five cycles.®®

1
R
EtO,C H™ "0 co,Et EtO,C CO,Et
PdRUNi@GO B
o * o DMF, 70 °C, \
NH.OA 45 minutes H
4DAC 86-92%
0 O R O
O O
_ PJRuNi@GO
+ R-CHO + . OEt
>@O . MOEt DMF, 70 °C, M
NH.OAC 45 minutes H
) 88-96%

Scheme 1.C.3 PARuNi@GO catalyzed synthesis of 1,4-DHPs and hexahydroquinolines.

Zirconia supported sulfonic acid nanocomposite (n-ZrSA) has been prepared from nano
zirconia by using chlorosulfonic acid. The material has been characterized in detail by
spectroscopic techniques and used for four different multicomponent reactions. A wide range
of hexahydroquinoline, 1,8-dioxo-decahydroacridine, polyhydroquinoline and 1,8-dioxo-
octahydroxanthene derivatives were synthesized under solvent free conditions (Scheme
I.C.4). The acidity strength of n-ZrSA has been determined by using Hammett acidity

function and the acid capacities have been calculated by acid-base potentiometric titration.

BN
o -
Q CHO CN n-ZrSA _
R! + < Solvent free, 100 °C
R' o) NH,OAC CN 12-25 minutes

87-95%

Scheme 1.C.4 Zirconia sulfonic acid catalyzed synthesis of hexahydroquinolines.

An expedient synthesis of 1,4-dihydropyridines has been reported by using nano-Fe;Os
catalyst. The reaction conditions are facile and involve stirring of the reactants under solvent
free conditions at 90 °C (Scheme I.C.5). The magnetic nature of the catalyst also facilitates
easy recovery and recyclability. The investigators also proposed a mechanism where

activation of the carbony! group is facilitated by coordination with Fe** moiety.*
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Scheme 1.C.5 Three-component synthesis of 1,4-DHPs using nano-Fe,0s.

The synthesis of 1,4-DHPs has been accomplished by using sulfated polyborate as an
efficient heterogeneous catalyst. The catalyst has been prepared from boric acid by
dehydration followed by sulfonation using chlorosulfonic acid (Scheme 1.C.6). The resulting
material catalyzed the three-component reaction between [-ketoesters, aldehydes and

ammonium carbonate under solvent free conditions.*!

O
I
HO.5;-OH  Dehydration HO ?,/O\?,/O CISO3H HO-8-0{5.0.5.0
I > - > I I
OH 200 °C OH O OH O
n n
Sulfated polyborate
O R?2 O
M ) Sulfated polyborate ~ R'0 | | OR!
or' R*-CHO Solvent free, 90 °C, N
(NH,),CO, 15-40 minutes H
85-95%

Scheme 1.C.6 Synthesis of 1,4-DHPs using sulfated polyborate catalyst.

The synthesis of functionalized 1,8-dioxoacridines has been accomplished by using
Bi(NOz3)3-5H>0 at ambient temperature. A pseudo four-component reaction between 1,3-
diketones, aldehydes and primary amines afforded the desired products in 63-99% vyield
(Scheme 1.C.7). The authors proposed a plausible mechanism which initially involved
Claisen-Schmidt condensation between 1,3-diketone and aldehyde catalyzed by Bi®* ions.**

2
o 0O R O

Bi(NO3);-5H,0O
EtOH, r.t.,, 10-16 h R N R
R? o} )
R3
63-99%

Scheme 1.C.7 Bismuth nitrate catalyzed three-component synthesis of 1,8-dioxoacridines.
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lonic liquid catalyzed multicomponent synthesis of acridinediones has been reported by Zhu
and co-workers.*® A series of betainium based ionic liquid has been tested for their catalytic
activity and betainium lactate [HBet][Lac] showed the highest activity (Scheme 1.C.8).
Moreover, the catalyst could be recycled for five runs without any loss in the yield of

product. The investigators also proposed a plausible mechanism and showed the role of ionic

liquid.
® 0® OH
~ 0] S)
/TW . )\ _ )K/lll/ OOCYOH
0 HsC”~ “COOH HO o> CHs
[HBet][Lac]
2
o @] R (0]
[HBet][Lac]
R + R2-CHO - R! | R’
) EtOH, 80 °C, R1 N R1
R © 1-8 h H
NH,OAc 80-95%

Scheme 1.C.8 Betainium lactate catalyzed synthesis of acridinediones.

Silica functionalized sulfonic acid coated with ionic liquid has been prepared and
characterized. |Initially, activated silica and 3-mercaptopropyl (trimethoxy)silane were
refluxed in toluene followed by oxidation of the resultant 3-mercaptopropylsilica. The silica
functionalized sulfonic acid was then coated with ionic liquid [BMIM][PFs]. The as-prepared
catalyst (Silica-SOsH-[BMIM][PF¢]) has been used for the solvent free synthesis of 1,4-
dihydropyridines (Scheme 1.C.9). The recyclability of the catalyst has been performed for

seven cycles.®
R

/g R
H N0 Et0,C CO,Et
EtOz(l £02Et Silica-SO3H-[BMIM][PF¢] 2 ] ’
. -
o]
° o Sol\éeg(t)fre.e, :30 C, H
- minutes
NH,OAc 80-95%

Scheme 1.C.9 Silica-SOsH-[BMIM][PF¢] catalyzed one-pot synthesis of 1,4-DHPs.

The synthesis of 1,4-dihydropyridines and N-substituted-1,4-dihydropyridines has been
accomplished by using silica supported 12-tungstophosphoric acid catalyst (PW/SiO2). The
reaction conditions involve three-component condensation between aldehydes, [3-ketoesters
and ammonium acetate (or amines). The desired products were obtained in 55-98% at room

temperature under solvent free conditions (Scheme 1.C.10).%°
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PW/ 1 1
M+ R?-CHO + NH,0Ac 5192 - RO T R
OR! Solvent free, r.t., N

4-45 minutes H
55-98%

Scheme 1.C.10 PW/SiO; catalyzed three-component synthesis of 1,4-DHPs.

Organocatalysts have been frequently used in the multicomponent synthesis of diverse
heterocyclic compounds. Ultrasound assisted, p-TSA (p-toluenesulfonic acid) catalyzed
synthesis of 1,4-DHPs has been achieved under aqueous micellar medium. The investigators
have employed aqueous sodium dodecyl sulfate (SDS) in presence of p-TSA for the reaction
and the corresponding products have been obtained in 90-97% yield (Scheme 1.C.11).
Moreover, the protocol has been further extended towards the synthesis of
polyhydroquinolines.®
O R2 O

6 0 i 1 1
L+ R2-CHO + NH,OAc P-TSA ~ RO T R
OR! Aq. SDS, r.t., 1 h N

) N

2
o R O R O

cHo 0O O 3
-TSA OR
R! + M P » R! \
o OR®  Aq.SDS,r.t,15-3h R N

NH,4OAc 2 H
72-93%

Scheme 1.C.11 Ultrasound assisted synthesis of 1,4-DHPs and polyhydroquinolines in aqueous
micelles.

1.C.3 Present work: Results and discussions

Graphene oxide (GO) catalyzed Hantzsch synthesis has been previously studied and
reported.>>>2 However, these protocols resulted in the formation of both 1,4-dihydropyridines
as well as its oxidized form, i.e. pyridine derivatives in different ratios. Moreover, the
processes required elevated temperature (refluxing conditions) and no detailed recycling
experiment has been performed. We supposed that GO being oxidising in nature, when used
in excess, could lead to further oxidation of 1,4-DHPs to the corresponding pyridine
derivatives. We therefore thought further functionalization of GO could prevent it from
getting reduced and selectively form 1,4-DHP as the exclusive product. Amine functionalized

graphene oxide nanosheets (AFGONS) was previously prepared, designated as NH2—GO, or
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AP-GO (GO-supported primary amine),> and used as catalyst in Knoevenagel reaction and
Henry-Michael reaction respectively. We have prepared AFGONSs in our laboratory from GO
and used it as an excellent bifunctional catalyst for the facile one-pot selective synthesis of
dihydropyridines (DHPs), polyhydroacridines (PHAs) and polyhydroquinolines (PHQS)
under ambient conditions (Scheme 1.C.12). Moreover, we did not observe the formation of
any oxidised pyridine derivative during the course of the reaction. We presumed that the high
and selective catalytic activity of AFGONs might be due to the unique cooperative effect
between amines on the basal plane of GO and the adjacent carboxylic acid functionalities on

its edges.
R2
| =
0 0
|
R3 OR EtOH
R3 o o Room temperature
NH,OAc

Scheme 1.C.12 AFGONSs catalyzed synthesis of 1,4-DHPs, PHAs and PHQs.

1.C.3.1 Preparation of the catalyst

The amine functionalized graphene oxide nanosheets (AFGONSs) were prepared by following
a reported procedure.>* At first, graphene oxide was prepared by Tour’s method.> It was then
exfoliated in an ultrasonic bath for 2 h and then the amine groups were grafted onto the basal
surface of GO through a facile amine-coupling reaction using (3-aminopropyl)triethoxysilane
(Scheme 1.C.13).

HZN\/\ K\/NHZ

Si
0”1 0 _Si
o oon |3 %0
EO-Si~NH, Rl \\\—%
EtO Z ﬂl S
~ Ny
Toluene, reflux < < N, < _>—C00
HOOC™— D> > H
COOH
AFGONs

Scheme 1.C.13 Illustration for the preparation of AFGONSs.
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I.C.3.2 Characterization of AFGONSs

After the preparation of the catalyst it was characterized by FT-IR, Raman spectra, powder
X-ray diffraction (XRD) and scanning electron microscopy (SEM). The FT-IR spectra of
both GO and AFGONSs were recorded in the range 4000-500 cm™ (Figure 1.C.2). The
characterized bands in case of pristine GO at 3411, 1734 and 1628 cm™ were due to the
stretching vibrations of O—H, C=0 and C=C bonds respectively.>® The peaks in the range
1400-1000 cm were due to the presence of C—O functionalities in GO.% In case of AFGONSs
the peaks at 2963 and 2924 cm™ were due to the asymmetric and symmetric stretching modes
of C—H bonds of aminopropyl groups.>®*® The additional peak at 1593 cm™ was due to the
NH scissor vibration, confirming the presence of terminal NHz in the material.>® The band at
1123 cm? indicated Si—O-Si stretching, while the less intense band at 1198 cm™ might be
due to the rocking mode of SiO-C.>® Moreover, the disappearance of the typical carbonyl
band at 1734 cm™ further confirmed that the carbonyl groups were converted to Si—-O—C
band, along with removal of oxygenated functional groups to form partially reduced graphene
oxide (rGO).*’

3411

Transmittance
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1593 1123
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Figure 1.C.2 FT-IR spectra of GO and AFGON:Ss.

The Raman spectra of both GO and AFGONSs showed characteristic D- (arising from Axg
vibrations of sp? carbon rings) and G- (arising from first order scattering of Eoqg mode of sp? C
atoms) bands at 1345 and 1592 cm respectively (Figure 1.C.3).°® The intensity ratios of D-
and G-bands (Ip/lc) of GO and AFGONSs were found to be 0.83 and 0.92 respectively. The
higher intensity ratio (Io/lc) of AFGONs might indicate restoration of C=C bonds during the
grafting process resulting in partial formation of rGQ.5%
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Figure 1.C.3 Raman spectra of GO and AFGONSs.

The X-ray diffraction (XRD) patterns of pristine GO showed a sharp peak at 26 = 9.5° arising
from the (001) plane of GO.% In the case of AFGONSs a broad peak at 20 = 22.1° was due to
the effect of silica and the peak of GO has been shifted to 20 = 11.9° (Figure 1.C.4).>"

According to Bragg’s law, 2dsin@ = nA (A = 0.154 nm), the interlayer distance (d) of
AFGONs was found to be 7.4 A (20 = 11.9°) and that of GO was 9.2 A (20 = 9.5°) which

could be attributed to the surface occupancy of aminopropyl-silica groups.®’ The

characteristic peak of silica as well as the decrease in the d-spacing in case of AFGONs

indicated that amino groups were fabricated on the surface of GO.%’
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Figure 1.C.4 X-ray diffraction patterns of GO and AFGON:Ss.

The morphology of GO and AFGONSs were analyzed by scanning electron microscopy

(SEM). The SEM images along with the XRD patterns clearly indicated the amorphous and
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fibrous nature of the catalyst (Figure 1.C.5). Furthermore, the elemental composition of the
AFGONSs as determined by electron-dispersive X-ray spectroscopy (EDS), showed C (71.26
wt %), O (21.07 wt %), Si (3.96 wt %) and N (3.71 wt %), which confirmed the deposition of
silica groups on the surface of GO (Figure 1.C.6).

Weight% Atomic%0 Weight% Atomic%
62.08 68.56 7126 77.50
37.92 3144 21.07 1720

396 184
346

T T T
0 2 < 6
Full Scale 2741 cts Cursor: 0.000 ke'

0 2 4 6 8 10 12
Full Scale 2741 cts Cursor: 0.000

Figure 1.C.6 EDS images of (a) GO and (b) AFGONSs.

1.C.3.3 Catalytic activity of AFGONs: Optimization of reaction conditions

In order to optimize the reaction conditions, we began our investigation using ethyl
acetoacetate (1a), 4-chlorobenzaldehyde (2a) and ammonium acetate as model substrates in
the presence of AFGONSs as catalyst. Initially, the reactants were screened with regard to
different solvents and then the other parameters like temperature, catalyst loading and
duration of reaction were varied (Table 1.C.1). At first, we performed the reaction using
AFGONs (50 mg) in ethanol at 78 °C. The desired product 4a was obtained in 69% yield
(entry 1). The formation of 4a was confirmed by 'H, *C NMR spectroscopy and HRMS
analysis. The *H NMR peaks appearing as singlet at & 2.33, 4.98 and 6.03 ppm were
respectively due to the CHz groups, quaternary H and NH moieties of 1,4-DHP nucleus.
Moreover, the compound 4a was subjected to ESI-HRMS analysis and the (m/z) for
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C19H22CINOs [M + H]* was calculated at 364.1315 and found at 364.1299, which confirmed
the formation of 4a. To check the role of solvent, the reaction was carried out in various
solvents like CH3CN, H20 and DMF (entries 2-5). The best result in terms of product yield
was obtained using ethanol as solvent. Reducing the catalyst loading (25 mg) and carrying
out the reaction at 50 °C increased the product yield to 72% (entry 6). Encouraged by the
outcome, we carried out a reaction at room temperature (r.t.) which further increased the
yield of the product to 88% (entry 7). The yield of the product was relatively lower at higher
temperature as compared to room temperature. This could be due to some side reactions
taking place at higher temperature as was observed on TLC. A neat mixture of the reactants
without any solvent afforded the product in 52% vyield (entry 8). The reaction when
conducted without any catalyst resulted in poor conversion even after prolonged reaction time
which indicated the imperative role of the catalyst (entry 9, 21%).

Table 1.C.1 Optimization of reaction conditions?

CO,Et
Q 0 cHo AFGONSs =
MOEt * CIJ©/ T NHOAC Tgiivent, Temp. HN cl
1a 2a COEt
4a
Entry AFGONSs (mg) Solvent Temp (°C) /time (n)  Yield (%)°
1 50 EtOH 78/8 69
2 50 CHsCN 80/8 58
3 50 H20 90/8 42
4 50 H20 90/8 65°
5 50 DMF 80/8 68
6 25 EtOH 50/4 72
7 25 EtOH rt./2 88
8 25 — rt./2 52
9 — EtOH rt. /20 21

Reaction conditions: 1a (2 mmol), 2a (1 mmol), NH4sOAc (2 mmol) and solvent (4 mL). °Isolated
yield. “TBAB (10 mol%) was used.

I.C.3.4 Synthesis of 1,4-dihydropyridine derivatives
After the optimization of the reaction conditions, diverse 1,4-DHPs were synthesized and the
results are presented in Table I.C.2. A series of different aldehydes reacted under the standard

reaction conditions and in all cases the desired products were obtained in good to excellent

64



yields. Aromatic aldehydes substituted with both electron donating (—CI, —-Br, —-CH3, —OCHgs,
—OH and —NMey) as well as electron withdrawing (—F and —NO-) groups reacted efficiently
to afford the corresponding products (4a-k). The substitution pattern on the aromatic moiety
did not have any significant influence in the course of the reaction. We then checked the
reaction with 2-naphthaldehyde and cinnamaldehyde, which furnished the desired products in
84% and 83% vyield respectively (41 and 4m). Further investigation with aliphatic aldehydes
also worked efficiently affording the desired products (4n and 40). Fascinatingly,
heterocyclic aldehydes like furfural and 5-bromo-2-thiophenecarboxaldehyde were found to
be equally effective affording the anticipated products in 87% and 89% isolated yield
respectively (4p and 4q). In the *H NMR spectrum of 4c the singlet peaks at § 2.32, 3.64 and
4.95 ppm were respectively due to due to the CHs groups of 1,4-DHP nucleus, ester CHs
groups and the quaternary H. The broad singlet peak & 5.87 ppm was due to the NH moiety of
1,4-DHP nucleus. The four aromatic Hs appeared as two doublets at 6 7.14 (J = 8.4 Hz, 2H)
and 7.32 (J = 8.4 Hz, 2H) ppm. In case of 4g, the two terminal ester CH3 groups appeared as
triplets at 6 1.23 (J = 7.2 Hz) ppm. The peaks at 6 2.32 ppm were due to the two CH3s groups
of 1,4-DHP nucleus. The —-NMe> group appeared as singlet at & 2.88 ppm. The ester CH>
groups appeared as quartet at 6 4.08 (J = 6.9 Hz) ppm. The quaternary H and the NH moiety
appeared as singlet at 3 4.88 and 5.56 ppm. The four aromatic Hs appeared as two doublets at
8 6.60 (J = 78 Hz, 2H) and 7.14 (J = 8.4 Hz, 2H) ppm. In the 3C NMR spectrum of 4g the
characteristic peak of -NMe; appeared at 38.3 ppm.

Table 1.C.2 AFGONSs catalyzed synthesis of 1,4-dihydropyridines?

O R?> O
O o
AFGONSs R'0O OR!
2_ >
A M grr * RecHO v MR — o= .
2-4 h N
1 2 H
4
Cl Br
cl
EtO,C CO,Et MeO,C CO,Me MeO,C CO,Me
N N
H N H
4a, 88%, 2h 4b, 84%, 4 h 4c, 87%, 2h
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OMe

ro

OH
EtO,C CO,Et
|
N
H

EtO,C CO,Et EtO,C CO,Et
N
H
4d, 85%, 3h 4e, 86%, 3 h 4f, 89%, 2 h
NMe, F
EtO,C CO,Et EtO,C CO,Et EtO,C CO,Et
|| | |
N N
H H H
49,87%, 3 h 4h, 90%, 2h 4i,91%, 2 h
NO,
NO,
EtO,C ) COEt EtO,C CO,Et
N : :
N
= H H
4j, 90%, 2 h 4k, 93%, 2 h 41, 84%, 4 h
EtO,C CO,Et
Jl\/I MeOZC COzMe
N |
H
N
4n, 90%, 3 h H
40,83%, 4 h

4p, 87%, 3 h

4q,89%,4 h

Reaction conditions: 1 (2 mmol), 2 (1 mmol), NH4sOAc (2 mmol) and AFGONs (25 mg) in EtOH (4
mL) were stirred at r.t. for 2-4 h.
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1.C.3.5 Synthesis of 1,8-dioxodecahydroacridine derivatives

The scope of the protocol was further extended towards the synthesis of 1,8-
dioxodecahydroacridines (Table 1.C.3). Acridinediones possesses potential biological and
pharmacological properties. For instance 1,8-dioxodecahydroacridine derivatives exhibit a
wide range of biological properties such as anti-malarial, anti-tumour, anticancer, anti-
microbial activities and used as B-channel opener in case of cardiovascular diseases.>**8
Moreover, some derivatives of acridinediones has been used in laser dyes and photo initiators
because of their florescent properties.*® The pseudo four-component reaction was
accomplished with benzaldehydes bearing both electron withdrawing (-F, -NO-) as well as
electron donating (-CI, —-Br, —OH, —OMe) groups. The substitution pattern on the aldehyde
partner did not affect the product yield. The formation of the desired products was confirmed
by NMR spectroscopy. The compound 5d showed distinct singlet peaks for the two dimedone
CHs groups at 6 0.95 and 1.07 ppm. The quaternary H and the NH moiety appeared as singlet
at 6 5.06 and 7.47 ppm respectively. The eight dimedone CH2 hydrogen appeared as multiplet
between 2.12-2.35 ppm. In the 3C NMR spectrum heteronuclear coupling between 3C and
F occurred and the peaks appeared at § 32.8 (d, J = 28.5 Hz), 114.7 (d, J = 21.0 Hz) and
129.4 (d, J = 8.2 Hz) ppm.

Table 1.C.3 AFGONSs catalyzed synthesis of 1,8-dioxodecahydroacridine?

AFGONSs

EtOH, r.t.
3h

5a, 90% 5b, 89% 5¢c, 91%
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Iz

59, 88% 5h, 86%

5i, 89%

5j, 86%

4Reaction conditions: 3 (2 mmol), 2 (1 mmol), NH,OAc (2 mmol), AFGONs (25 mg) and EtOH (4
mL) were stirred at r.t. for 3 h.

1.C.3.6 Synthesis of polyhydroquinoline derivatives

Polyhydroquinolines (PHQs) are unsymmetrical derivatives of 1,4-DHPs which displays
prominent biological activities associated with cardiovascular diseases and hypertension.®’
Certain 2,4-disubstituted polyhydroquinoline derivatives are active glycogen phosphorylase
inhibitors and exhibits anti-hyperglycemic activity.5? We explored the synthesis of PHQs
through  four-component  catalytic  reaction  between  [p-ketoester, aldehyde,
dimedone/cyclohexan-1,3-dione and ammonium acetate. Gratifyingly, the reaction worked
efficiently and the desired products were obtained in good to excellent yields (Table 1.C.4).
Benzaldehydes bearing both electron donating groups (—Me, —-CHMe», —Br, —OH) as well as
electron withdrawing groups (—F, -NO2) were well tolerated in the course of the reaction.
Furthermore, the four-component reaction did not result in the formation of any symmetrical

1,4-DHP derivatives. The compound 6¢ was characterized by 'H, *C spectroscopy and
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HRMS analysis. The two terminal CHz moieties of isopropyl groups appeared as doublet at 6
1.17 (J = 6.9 Hz) ppm, and the CH hydrogen appeared as multiplet between & 2.75-2.84 ppm.
Furthermore, compound 6¢ was analyzed by ESI-HRMS and the (m/z) C23sH2oNO3 [M + H]*
was calculated at 368.2225 and found at 368.2231, which confirmed the formation of 6c.

Table 1.C.4 AFGONSs catalyzed four-component synthesis of polyhydroquinolines?

R2
\/\

o}
o o - CHO
P +R3 + NH0Ac —CONs _—_, OR'
OR! ~ EtOH, r.t.
R2 RS 0 2.4 h R3 H
1 2
3 6

6a, 90%, 2 h

6e,89%, 4 h 6f, 90%, 2 h

6g, 84%, 4 h

Reaction conditions: 1 (1 mmol), 2 (1 mmol), 3 (1 mmol), NHsOAc (2 mmol), AFGONSs (25 mg) and
EtOH (4 mL) were stirred at r.t. for 2-4 h.
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I.C.3.7 Gram scale synthesis of 1,4-dihydropyridine (4a)

As an application of the newly developed methodology, we attempted a gram scale synthesis
of 1,4-dihydropyridine (4a). For this purpose, ethyl acetoacetate (2.6 g, 20 mmol), 4-
chlorobenzaldehyde (1.4 g, 10 mmol) and ammonium acetate (1.5 g, 20 mmol) were reacted
under the standard reaction conditions using variable amounts of AFGONSs (Table 1.C.5). The
desired product was formed in 84 % (3.05 g) isolated yield using 100 mg of catalyst (Scheme
1.C.14). The results showed that proportionate increase of catalyst was not required for the
gram scale synthesis.

Table I1.C.5 Catalyst optimization in gram scale synthesis of 1,4-dihydropyridine (4a)

AFGONSs (mg) 250 150 100 75
Isolated yield (%0) 87 84 84 64

Cl

M . /©/CHO+ NH.OAG _AFGONS (100mg) _
OEt o 4 EtOH, r.t., 2 h £10,C CO,E
1a 2a | |
(2.6 g, 20 mmol) (1.4 g, 10 mmol) (1.5 g, 20 mmol) ”
4a

(84%, 3.05 g)

Scheme 1.C.14 Gram scale synthesis of 1,4-dihydropyridine (4a).

1.C.3.8 Recyclability of AFGONs

We evaluated the reusability of AFGONSs in the synthesis of 4a under the optimized reaction
condition. The catalyst was easily recovered from the reaction mixture by simple filtration. It
was washed with ethyl acetate (3 x 5 mL) followed by water (5 mL) and was dried under
vacuum for 6 h before being used for the next run. The catalyst could be used for five
consecutive runs without significant loss in its catalytic activity and product yield (Figure
I.C.7). Moreover, the recovered catalyst was characterized by FT-IR (Figure 1.C.8 (a)),
Raman spectroscopy (Figure 1.C.8 (b)), X-ray powder diffraction (Figure 1.C.9), SEM (Figure
1.C.10) and EDS (Figure 1.C.11) analysis and compared with the fresh catalyst. The results
did not show any significant change in the spectral data and diffraction patterns of the

catalyst before and after catalytic runs.
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Figure 1.C.11 EDS images of AFGONSs (a) fresh and (b) third run.

1.C.3.9 Control experiments

The proposed mechanism for the formation of 1,4-DHP involves two key intermediates 7 and
8, generated respectively by the aldol condensation of one equivalent of ethyl acetoacetate
with aldehyde and the reaction of second equivalent of ethyl acetoacetate with ammonia.®
We set up three control experiments under the optimized reaction conditions (Scheme
I.C.14). The first reaction was performed by using ethyl acetoacetate (1 mmol) and 4-
chlorobenzaldehyde (1 mmol) and the second reaction using 4-chlorobenzaldehyde (1 mmol)
and NHsOAc (2 mmol). The third reaction was carried out with ethyl acetoacetate (1 mmol)
and NH4OAc (2 mmol). The first and the second reaction did not result in the formation of
any new products or intermediates even after 24 h. The HPLC analysis of the third reaction
after 1 h indicated the presence of ethyl acetoacetate (31.1%) along with two new
intermediates 8 and 9 (23.3% and 45.5% respectively). Although we were not able to isolate
these two intermediates (8 and 9), it could be enamine (8) and bis-enamine (9), whose
formation from 1,3-diketo ester and amine is reported in literature.?>%263 Furthermore, the

formation of intermediate 9 was supported by HRMS data.®? We added 4-chlorobenzaldehyde
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in the third reaction after 1 h, which instantly gave the desired product (4a), which confirmed
that the reaction proceeded through the formation of enamine intermediates. Moreover, the
addition of 7 which was prepared by Knoevenagel condensation of ethyl acetoacetate and 4-
chlorobenzaldehyde using piperidine,®* to the third reaction after 1 h did not give 4a, which

further confirmed that the reaction mechanism does not involve intermediate 7.

O O
)]\)J\ /©/ Standard conditions | OEt
24 h
cl 7  (not formed)
CHO
2) /©/ + NH,OAC Standard conditions . No reaction
Cl 24 h
2a
Q Q Standard conditions EtO
3) < = +
M OEt + NH4OAc 1h
1
a (23.3%) (45.5%)
O O
| OEt
O 0 O
OEt , EtO OEt 7
| | ! o7 _
oN N -
H
(23.3%) (45.5%)

Scheme 1.C.15 Control experimental analysis.

1.C.3.10 Plausible mechanism for the synthesis of 1,4-dihydropyridine

On the basis of the results obtained from control experiments, a mechanistic pathway for the
1,4-DHP synthesis was proposed (Scheme 1.C.15). The acidic moiety present in the catalyst
was involved in the activation of carbonyl groups of both ethyl acetoacetate and the aldehyde.
Initially, the bis-enamine intermediate (9) was formed by the reaction of two equivalents of
ethyl acetoacetate with ammonia generated from ammonium acetate. This was followed by
the addition of aldehyde with bis-enamine (9) to form intermediate 10. The basic moiety of

the catalyst then abstracted a proton from 10 aiding in the cyclization to intermediate 11
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along with the elimination of one molecule of H2O. Finally, the abstraction of another proton

from 11 resulted in the formation of the desired 1,4-dihydropyridine.

Scheme 1.C.16 Plausible mechanism for the synthesis of 1,4-DHPs.

1.C.3.11 Comparison of AFGONs with previously reported catalytic systems

The efficiency of AFGONs was compared with previously reported catalytic systems for the
synthesis of 1,4-DHPs (Table 1.C.6). The reaction between benzaldehyde, ethyl acetoacetate
and ammonium acetate was selected as the model reaction for this purpose. The results
confirmed that AFGONSs exhibited superior catalytic performance in terms low catalyst

loading and ease of purification of products. Besides, room temperature reaction condition

was an added advantage of this protocol.
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Table 1.C.6 Comparison of AFGONSs with reported catalyst for the synthesis of 1,4-DHPs

Entry Catalyst Reaction Time Yield Reference
conditions (%)
1 HCIO4-SiO2 (50 mg) Solvent free/80 °C 20 min 95 65
2 Zr0,-SO3H (100 mg) Solvent free/80 °C 12 min 94 66
3 Alginic acid (10 mol%) EtOH/reflux 50 min 97 67
4 Cellulose sulfuric acid (50 mg) Solvent free/80°C  5h 90 317
5 Sulfated polyborate (5 wt%) Solvent free/90 °C 15 min 95 41
6 Chitosan NPs (100 mg) Solvent free/80 °C 20 min 90 68
7 PPhz (20 mol%) EtOH/reflux 5h 72 457
8 CeCl3-7H20 (10 mol%) CH3CN/r .t. 3h 80 697
9 PARUNi@GO (6 mg) DMF/70 °C 45 min 88 36
10  AFGONSs (25 mg) EtOH/r.t. 2h 90  This work

"Catalyst was not recyclable.

I.C.4 Conclusion

In conclusion, we have developed an eco-friendly route for the selective preparation of
Hantzsch pyridines and related heterocyclic biomolecules via a one-pot multicomponent
reaction using amine functionalized graphene oxide nanosheets (AFGONSs). We have
demonstrated that suitable tuning of GO prevented further oxidation of the product (1,4-
DHP). Short reaction time, tolerance to wide range of functional groups, reusability of
catalyst, green reaction profile and simple product purification procedure are the salient

features of this protocol.

I.C.5 Experimental Section

1.C.5.1 General Information

All reagents were purchased from commercial suppliers and used as received. (3-
Aminopropyl)triethoxysilane was purchased from TCI, India. The solvents were purchased
from commercial suppliers and used after distillation. For TLC, Merck plates coated with
silica gel 60, Foss were used. FT-IR spectra were recorded in FT-IR 8300 SHIMADZU
spectrophotometer. The *H & *C NMR spectra were recorded at 300 MHz and 75 MHz
respectively on Bruker AV 300 spectrometer in CDClz and DMSO-de. Splitting patterns of
protons were described as s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet) and br
(broad). Chemical shifts (6) were reported in parts per million (ppm) relative to TMS as
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internal standard. J values (coupling constant) were reported in Hz (Hertz). **C NMR spectra
were recorded with complete proton decoupling (CDClz: & 77.0 ppm and DMSO-ds: 39.5
ppm). Centrifugation was done in REMI R-8C DX centrifuge. The X-ray diffraction studies
(PXRD) were done by the Rigaku SmartLab (9 kW) diffractometer using CuKa radiation.
Raman spectra of the samples were obtained with Renishaw InVia micro Raman
spectroscopy with 514 nm laser source. Scanning Electron Microscopy (SEM) and Electron
Dispersive X-ray Spectroscopy (EDS) were performed using JEOL JSM-IT 100 electron
microscope.

1.C.5.2 Preparation of graphene oxide (GO)

Graphene oxide was prepared by following Tour’s method.® In this method a 9:1 (v/v)
mixture of H2SO4 / H3PO4 (180:20 mL) was added to a mixture of graphite powder (1.5 g)
and KMnOg (9.0 g). The mixture was then stirred at 50 °C for 12 h. After cooling the mixture
to room temperature, it was gradually poured into crushed ice (200 g), which was followed
by the slow addition of H202 (30%, 1.5 mL). The solution was then centrifuged (5000 rpm)
and the supernatant was discarded. The residual solid material was successively washed with
deionised water (100 mL) and then with 30% HCI (100 mL). The solid material was then
repeatedly washed with water and centrifuged. Finally, the solid brown material was
collected and dried at 60 °C under vacuum to obtain solid graphene oxide.

I.C.5.3 Preparation of AFGONSs

AFGONSs were prepared by following literature reported method.®* GO (500 mg) was
dispersed in anhydrous toluene (20 mL) and ultrasonically treated for 2 h. After that, (3-
aminopropyl)triethoxysilane (0.85 mmol) was added to it and stirred under reflux condition
for 12 h. The solvent was evaporated in a vacuum rotary evaporator and the solid powder was
washed with dichloromethane and vacuum dried at 60 °C for 12 h.

I.C.5.4 General procedure for the synthesis of 1,4-dihydropyridines (4a-q) using
AFGONSs
A 25 mL round bottomed flask was charged with B-ketoester (2mmol), aldehyde (1mmol),

ammonium acetate (2 mmol) and ethanol (4 mL). This was followed by the addition of
AFGONSs (25 mg). The reaction mixture was stirred at room temperature until consumption
of the reactants (2-4 h) monitored by TLC. After completion of the reaction the solvent was
removed under vacuum. The reaction mixture was partitioned between ethyl acetate and
water and the catalyst was separated by simple filtration. The combined organic layer was
dried over anhydrous sodium sulfate and concentrated under vacuum. The residue obtained

was recrystallized using either methanol or ethyl acetate to afford the solid products (4a-q).
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1.C.5.5 General procedure for the synthesis of 1,8-dioxodecahydroacridines (5a-j) using
AFGONs
The same methodology for the synthesis of 1,4-DHPs was followed here replacing f-

ketoester with 1,3-diketone (2 mmol).

I.C.5.6 General procedure for the synthesis of polyhydroquinolines (6a-g) using
AFGONs
In a 25 mL round bottomed flask, B-ketoester (1 mmol), 1,3-diketone (1 mmol), aldehyde (1

mmol), ammonium acetate (2 mmol) and ethanol (4 mL) were added. This was followed by
the addition of the AFGONSs (25 mg). The reaction mixture was stirred at room temperature
for 2-4 h. After completion of the reaction, monitored by TLC, the solvent was removed
under vacuum. The reaction mixture was partitioned between ethyl acetate and water and the
catalyst was filtered off. The combined organic layer was dried over anhydrous sodium
sulfate and concentrated under vacuum. The residue obtained was recrystallized using a
mixture of ethyl acetate and petroleum ether to afford the desired solid products (6a-g).

I.C.5.7 Characterization data of compounds listed in Table I.C.2-1.C.4
Diethyl 4-(4-chlorophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (4a)®’

Yellow solid; m.p.: 144-146 °C (Lit. m.p.: 144-145 °C); 'H NMR (300 MHz, CDCls): §
1.22-1.27 (m, 6H), 2.33 (s, 6H), 4.06-4.18 (m, 4H), 4.98 (s, 1H), 6.03 (s, br, 1H), 7.18-7.30
(m, 4H); 13C NMR (75 MHz, CDCl3): § 14.6, 19.8, 39.5, 60.2, 104.0, 128.2, 129.7, 132.0,
144.6, 146.7, 167.9; HRMS-ESI (m/z) calcd for C1gH2CINO4s [M + H]" 364.1315 found
364.1299.

Dimethyl 4-(2-chlorophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (4b)®’

Yellow solid; m.p.: 185-186 °C (Lit. m.p.: 184-185 °C); 'H NMR (300 MHz, CDCls): §
2.13 (s, 3H), 2.50 (s, 3H), 3.62 (s, 3H), 3.70 (s, 3H), 5.75 (s, br, 1H), 5.96 (s, 1H), 7.20-7.26
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(m, 3H), 7.36-7.38 (M, 1H); *C NMR (75 MHz, CDCls): § 19.4, 21.3, 50.7, 51.2, 51.5,
103.6, 107.3, 127.1, 129.3, 129.7, 132.3, 137.6, 149.1, 154.6, 166.6, 168.0.
Dimethyl 4-(4-bromophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (4c)®’

Yellow solid; m.p.: 199-200 °C (Lit. m.p.: 201-202 °C); 'H NMR (300 MHz, CDCls): &
2.32 (s, 6H), 3.64 (s, 6H), 4.95 (s, 1H), 5.87 (s, br, 1H), 7.14 (d, J = 8.4 Hz, 2H), 7.32 (d, J =
8.4 Hz, 2H); C NMR (75 MHz, CDCls): § 19.6, 39.0, 51.1, 103.4, 120.0, 129.5, 131.1,
1445, 146.5, 167.8.

Diethyl 2,6-dimethyl-4-(p-tolyl)-1,4-dihydropyridine-3,5-dicarboxylate (4d)®’

Yellow solid; m.p.: 135-136 °C (Lit. m.p.: 135-137 °C); 'H NMR (300 MHz, CDCls): &

1.22 (t, J = 6.9 Hz, 6H), 2.27-2.34 (m, 9H), 4.04-4.11 (m, 4H), 4.94 (s, 1H), 5.78 (s, br, 1H),

7.01 (d, J = 7.8 Hz, 2H), 7.16 (d, J = 7.8 Hz, 2H); 13C NMR (75 MHz, CDCls): § 14.2, 19.5,

21.0, 39.0, 59.6, 104.1, 127.7, 128.0, 128.5, 135.4, 143.8, 144.8, 167.6.

Diethyl 4-(4-methoxyphenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (4€)®’
OMe

Yellow solid; m.p.: 160-161 °C (Lit. m.p.: 160-161 °C); 'H NMR (300 MHz, CDCls): §
1.20-1.28 (m, 6H), 2.31-2.34 (m, 6H), 3.76 (s, 3H), 4.06-4.17 (m, 4H), 4.96 (s, 1H), 5.85 (s,
br, 1H), 6.78 (d, J = 8.7 Hz, 2H), 7.22 (d, J = 8.7 Hz, 2H); 3C NMR (75 MHz, CDClz3): §
145, 19.8, 39.0, 55.4, 60.0, 104.5, 113.4, 129.2, 140.6, 144.0, 158.1, 168.0.
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Diethyl 4-(4-hydroxyphenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (4f)%’

Pale yellow solid; m.p.: 229-230 °C (Lit. m.p.: 228-231 °C); 'H NMR (300 MHz, DMSO-
ds): 6 1.12 (t, J = 6.6 Hz, 6H), 2.23 (s, 6H), 3.95-3.99 (m, 4H), 4.73 (s, 1H), 6.57 (d, J = 7.8
Hz, 2H), 6.92 (d, J = 7.8 Hz, 2H), 8.71 (s, br, 1H), 9.09 (s, br, 1H); 13C NMR (75 MHz,
DMSO-ds): 6 14.1, 18.1, 37.8, 58.8, 102.2, 114.4, 128.2, 138.8, 144.6, 155.3, 167.0.

Diethyl 4-(4-dimethylaminophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate

(49)"
NM62

Pale yellow solid; m.p.: 158-161 °C (Lit. m.p.:158-162 °C); *H NMR (300 MHz, CDCls): &
1.23 (t, J = 7.2 Hz, 6H), 2.32 (s, 6H), 2.88 (s, 6H), 4.08 (q, J = 6.9 Hz, 4H), 4.88 (s, 1H), 5.56
(s, 1H), 6.60 (d, J = 7.8 Hz, 2H), 7.14 (d, J = 8.4 Hz, 2H): 13C NMR (75 MHz, CDCl3): §
14.3, 19.6, 38.3, 40.7, 59.6, 104.5, 112.3, 128.5, 136.4, 143.3, 149.1, 167.8.

Diethyl 2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-dicarboxylate (4h)®’

Yellow solid; m.p.: 156-158 °C (Lit. m.p.: 156-158 °C); 'H NMR (300 MHz, CDCls): &
1.21 (t, J =7.2 Hz, 6H), 2.31 (s, 6H), 4.04-4.13 (m, 4H), 4.98 (s, 1H), 5.91 (s, br, 1H), 7.11—
7.29 (m, 5H); 13C NMR (75 MHz, CDCls): & 14.6, 19.8, 39.9, 60.1, 104.3, 126.4, 128.1,
128.3, 144.4, 148.1, 168.1.

Diethyl 4-(4-fluorophenyl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (4i)®’
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Yellow solid; m.p.: 152-153 °C (Lit. m.p.: 151-153 °C); 'H NMR (300 MHz, CDCl3): &
1.21 (t, J = 7.2 Hz, 6H), 2.31 (s, 6H), 4.04-4.14 (m, 4H), 4.96 (s, 1H), 5.94 (s, br, 1H), 6.85—
6.91 (m, 2H), 7.21-7.27 (m, 2H); 3C NMR (75 MHz, CDCl3): 5 14.1, 19.4, 38.9, 59.7,
103.9, 114.4 (d, J = 20.8 Hz), 129.3 (d, J = 7.7 Hz), 143.8 (d, J = 28.2 Hz), 159.6, 162.8,
167.5.

Diethyl 2,6-dimethyl-4-(4-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate (4j)®’

Yellow crystalline solid; m.p.: 125-126 °C (Lit. m.p.: 125-127 °C); 'H NMR (300 MHz,
CDCly): 5 1.22 (t, J = 6.9 Hz, 6H), 2.34 (s, 6H), 4.00 (d, J = 7.2 Hz, 4H), 5.01 (s, 1H), 6.16
(s, br, 1H), 7.46 (d, J = 8.1 Hz, 2H), 8.08 (d, J = 8.1 Hz, 2H); 13C NMR (75 MHz, CDClz3): §
14.1,19.4, 40.0, 59.9, 102.9, 123.2, 128.8, 144.8, 146.1, 155.1, 167.1.

Diethyl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate (4k)®’

Yellow crystalline solid; m.p.: 165-166 °C (Lit. m.p.: 166-168 °C); *H NMR (300 MHz,
CDCly): 6 1.22 (t, J = 7.2 Hz, 6H), 2.35 (s, 6H), 4.03-4.14 (m, 4H), 5.09 (s, 1H), 6.15 (s, br,
1H), 7.38 (t, J = 7.8 Hz, 1H), 7.65 (d, J = 7.8 Hz, 1H), 7.98-8.02 (m, 1H), 8.13 (t, J = 2.1 Hz,
1H); 3C NMR (75 MHz, CDCla): § 14.2, 19.5, 39.9, 60.0, 103.1, 121.3, 123.1, 128.6, 134.5,
145.0, 148.1, 150.0, 167.2.

Diethyl 2,6-dimethyl-4-(naphthalen-2-yl)-1,4-dihydropyridine-3,5-dicarboxylate (41)%°
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Yellow crystalline solid; m.p.: 192-193 °C (Lit. m.p.: 196 °C); 'H NMR (300 MHz, CDClz):
§1.21 (t, J = 7.2 Hz, 6H), 2.31 (s, 3H), 4.06 (q, J = 7.2 Hz, 4H), 5.16 (s, 1H), 6.08 (s, br, 1H),
7.36-7.49 (m, 3H), 7.66-7.75 (m, 4H); 13C NMR (75 MHz, CDCls): 5 14.1, 19.4, 39.8, 59.7,
103.7,125.0, 125.4, 126.1, 127.0, 127.3, 127.7, 132.1, 133.2, 144.1, 145.1, 167.7.
Dimethyl 2,6-dimethyl-4-styryl-1,4-dihydropyridine-3,5-dicarboxylate (4m)®’

Yellow crystalline solid; m.p.: 172-174 °C (Lit. m.p.: 174-175 °C); *H NMR (300 MHz,
CDCl3): 8 2.33 (s, 6H), 3.72 (s, 6H), 4.61 (d, J = 4.2 Hz, 1H), 5.86 (s, br, 1H), 6.17 (d, J =
5.4 Hz, 2H), 7.09-7.20 (m, 1H), 7.23-7.33 (m, 4H); *C NMR (75 MHz, CDCls): & 19.5,
36.1,51.2,101.2,126.2, 126.9, 127.9, 128.4, 131.6, 137.6, 145.3, 168.0.

Diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (4n)®’

Yellow crystalline solid; m.p.: 177-179 °C (Lit. m.p.: 177-180 °C); *H NMR (300 MHz,
CDCls): 6 1.28 (t, J = 8.1 Hz, 6H), 2.19 (s, 6H), 3.26 (s, 2H), 4.13-4.20 (m, 4H), 5.30 (s, br,
1H); 3C NMR (75 MHz, CDClz): 6 14.4, 19.1, 24.7, 59.6, 99.4, 144.8, 168.0.

Dimethyl 4-cyclohexyl-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (40)%’
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White solid; m.p.: 182-185 °C (Lit. m.p.: 184-185 °C); *H NMR (300 MHz, CDCls): §
0.86-0.93 (m, 2H), 1.04-1.24 (m, 4H), 1.50-1.63 (m, 5H), 2.31 (s, 6H), 3.71 (s, 6H), 3.88 (d,
J = 5.7 Hz, 1H), 5.93 (s, br, 1H); 13C NMR (75 MHz, CDCls): § 19.2, 26.5, 28.5, 38.2, 45.5,
50.8, 101.3, 144.9, 169.1.

Diethyl 4-(furan-2-yl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate (4p)®’

Brown solid; m.p.: 159-161 °C (Lit. m.p.: 160-161 °C); *H NMR (300 MHz, CDCls): &
1.262 (t, J = 7.2 Hz, 6H), 2.32 (s, 6H), 4.07—4.21 (m, 4H), 5.19 (s, 1H), 5.93-6.02 (m, 2H),
6.20 (s, br, 1H), 7.20 (s, 1H); *C NMR (75 MHz, CDCls): § 14.3, 19.4, 33.3, 59.8, 100.6,
104.4, 110.0, 140.8, 145.2, 158.6, 167.5.

Dimethyl 4-(5-bromothiophen-2-yl)-2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate
(40)®

White solid; m.p.: 149-152 °C (Lit. m.p.: 150-154 °C); *H NMR (300 MHz, DMSO—de): &
2.27 (s, 6H), 3.62 (s, 6H), 5.08 (s, 1H), 6.47 (d, J = 3.3 Hz, 1H), 6.93 (d, J = 3.6 Hz, 1H),
9.16 (s, br, 1H); 3C NMR (75 MHz, DMSO-de): & 18.5, 34.6, 51.3, 100.7, 108.9, 123.6,
130.2, 147.2, 153.8, 167.3.
3,3,6,6-Tetramethyl-9-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione (5a)*°

Yellow solid; m.p.: >220 °C (Lit. m.p.: 272 °C); 'H NMR (300 MHz, CDClIs): & 0.95 (s,
6H), 1.07 (s, 6H), 2.08-2.35 (m, 8H), 5.08 (s, 1H), 7.068 (t, J = 6.9 Hz, 1H), 7.19 (t, J = 7.2
Hz, 2H), 7.33 (d, J = 6.9 Hz, 3H); 1*C NMR (75 MHz, CDCls): § 27.1, 29.5, 32.6, 33.5,
40.8,50.7,113.4, 125.9, 127.9, 146.4, 148.4, 195.7.
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9-(4-Chlorophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (5b)*
Cl

Yellow solid; m.p.: >220 °C (Lit. m.p.: 302-303 °C); 'H NMR (300 MHz, CDClz): § 0.93
(s, 6H), 1.05 (s, 6H), 2.03-2.28 (m, 8H), 5.05 (s, 1H), 7.15 (d, J = 8.4 Hz, 2H), 7.27 (d, J =
8.7 Hz, 2H), 8.58 (s, br, 1H); 1*3C NMR (75 MHz, CDClz): § 27.0, 29.5, 32.5, 33.3, 40.5,
50.8, 112.6, 128.0, 129.4, 131.5, 145.3, 149.8, 196.2.

9-(4-Bromophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (5¢)*

Yellow crystalline solid; m.p.: >220 °C (Lit. m.p.: >300 °C); *H NMR (300 MHz, CDClz): §
0.95 (s, 6H), 1.07 (s, 6H), 2.12-2.35 (m, 8H), 5.03 (s, 1H), 7.22 (d, J = 8.4 Hz, 2H), 7.31 (d, J
= 8.1 Hz, 2H), 7.43 (s, br, 1H); *C NMR (75 MHz, CDClz): § 27.1, 29.5, 32.6, 33.4, 40.8,
50.7, 113.0, 119.7, 129.8, 131.0, 145.5, 148.7, 195.7.

9-(4-Fluorophenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (5d)*

Yellow solid; m.p.: > 220 °C (Lit. m.p.: 246-248 °C); 'H NMR (300 MHz, CDCls): § 0.95
(s, 6H), 1.07 (s, 6H), 2.12-2.35 (m, 8H), 5.06 (s, 1H), 6.87 (t, J = 8.7 Hz, 2H), 7.26-7.32 (m,
2H), 7.47 (s, br, 1H); C NMR (75 MHz, CDClz3): § 27.0, 29.5, 32.8 (d, J = 28.5 Hz), 40.8,
50.7, 113.3, 114.7 (d, J = 21.0 Hz), 129.4 (d, J = 8.2 Hz), 142.4, 148.6, 195.3.
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3,3,6,6-Tetramethyl-9-(4-nitrophenyl)-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione
(56)46

Yellow crystalline solid; m.p.: >220 °C (Lit. m.p.: 268-270 °C); 'H NMR (300 MHz,
CDCls): & 1.12 (s, 6H), 1.24 (s, 6H), 2.30-2.52 (m, 8H), 5.54 (s, 1H), 7.25 (d, J = 8.4 Hz,
2H), 8.13 (d, J = 8.7 Hz, 2H), 11.81 (s, br, 1H); 13C NMR (75 MHz, CDCls): § 27.4, 29.4,
31.2,31.4,33.2,46.3,47.0,114.8, 123.4, 127.5, 146.1, 146.5, 189.5, 190.8.

3,3,6,6-Tetramethyl-9-(3-nitrophenyl)-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione
(5f)46

Yellow solid; m.p.: >220 °C (Lit. m.p.: 298-300 °C); 'H NMR (300 MHz, CDCls): § 0.97
(s, 6H), 1.10 (s, 6H), 2.13-2.45 (m, 8H), 5.17 (s, 1H), 6.41 (s, br, 1H), 7.39 (t, J = 7.8 Hz,
1H), 7.86-8.05 (m, 3H); *C NMR (75 MHz, CDCls): § 27.1, 29.4, 32.7, 34.0, 41.2, 50.6,
112.9, 121.2, 122.2, 128.6, 135.5, 147.9, 148.1, 148.4, 195.1, 195.3; HRMS-ESI (m/z) calcd
for C23H26N204 [M + H]* 395.1971 found 395.1978.
9-(3-Nitrophenyl)-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione (5g)"*

Yellow solid; m.p.: >220 °C (Lit. m.p.: 280-282 °C); *H NMR (300 MHz, DMSO-ds): &
1.04-1.90 (m, 5H), 1.95-2.19 (m, 5H), 2.23-2.43 (m, 2H), 3.86-3.95 (m, 1H), 6.95 (d, J =
9.6 Hz, 1H), 7.32-7.44 (m, 1H), 7.56-7.63 (m, 1H), 7.82-7.90 (m, 2H); 1*C NMR (75 MHz,
DMSO-ds): 6 20.1, 20.7, 29.1, 33.3, 37.0, 59.8, 58.9, 100.5, 101.6, 115.2, 123.5, 129.1,
147.9, 169.0, 196.1, 205.5.
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9-(2-Hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (5h)"

Yellow solid; m.p.: 218-219 °C (Lit. m.p.: 219-222 °C); 'H NMR (300 MHz, CDClas): §
0.98-1.02 (m, 8H), 1.12 (s, 3H), 1.26 (t, J = 7.2 Hz, 1H), (s, 3H), 2.32 (s, 3H), 2.44-2.62 (m,
2H), 4.08-4.15 (m, 1H), 4.68 (s, 1H), 7.00-7.02 (m, 3H), 7.12-7.27 (m, 1H); *C NMR (75
MHz, CDCls): & 14.1, 27.1, 27.7, 29.1, 30.0, 32.2, 41.5, 49.9, 60.3, 111.0, 115.7, 118.3,
124.5,127.4, 128.0, 151.0, 169.0, 200.7.

9-(4-Methoxyphenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (5i)*
OMe

Yellow solid; m.p.: >220 °C (Lit. m.p.: >300 °C); *H NMR (300 MHz, CDCls): 5 1.09 (s,
5H), 1.22 (s, 7H), 2.40 (s, 8H), 3.76 (s, 3H), 5.48 (s, 1H), 6.80 (d, J = 7.5 Hz, 2H), 7.00 (d, J
=7.5Hz), 11.91 (s, br, 1H); 1*C NMR (75 MHz, CDCl3): § 14.1, 21.0, 22.5, 27.1, 29.5, 32.5,
40.7,50.8, 55.0, 60.3, 113.3, 128.9, 139.1, 148.7, 157.6, 171.1, 195.9.

9-(4-Hydroxyphenyl)-3,3,6,6-tetramethyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (5j)*

White solid; m.p.: >220 °C (Lit. m.p.: >300 °C); 'H NMR (300 MHz, CDCls): § 0.91 (s,
6H), 1.21 (s, 6H), 5.47 (s, 1H), 6.65 (d, J = 6.9 Hz, 2H), 6.90 (d, J = 7.2 Hz, 2H), 11.88 (s, br,
1H); 13C NMR (75 MHz, CDClz): § 27.3,29.4,31.4,31.9,115.2, 115.8, 127.8, 129.2, 153.9,
189.6, 190.6.
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Ethyl 2,7,7-trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate
(6& 43

White solid; m.p.: 186-187 °C (Lit. m.p.: 186-188 °C); 'H NMR (300 MHz, CDCls): 6 0.92
(s, 3H), 1.05 (s, 3H), 1.20 (t, J = 7.2 Hz, 3H), 2.15-2.25 (m, 4H), 2.31 (s, 3H), 4.06 (g, J =
7.2 Hz, 2H), 5.04 (s, 1H), 7.06-7.11 (m, 2H), 7.19 (t, J = 7.5 Hz, 2H), 7.30 (d, J = 7.2 Hz,
2H); 3C NMR (75 MHz, CDCls): 6 14.2, 19.2, 27.1, 29.5, 32.6, 36.6, 40.7, 50.7, 59.8,
105.8, 111.7, 126.0, 127.8, 128.0, 144.0, 147.2, 149.3, 167.6, 195.9.

Methyl  2,7,7-trimethyl-5-ox0-4-(p-tolyl)-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate
(6b)43

Yellow solid; m.p.: >220 °C (Lit. m.p.: 272-273 °C); 'H NMR (300 MHz, CDClIs): § 0.94
(s, 3H), 1.07 (s, 3H), 2.18-2.23 (m, 3H), 2.25-2.31 (m, 4H), 2.37 (s, 3H), 3.61 (s, 3H), 5.02
(s, 1H), 5.84 (s, br, 1H), 7.01 (d, J = 7.5 Hz, 2H), 7.1 (d, J = 8.1 Hz, 2H); 3C NMR (75
MHz, CDCls): 6 19.5, 21.0, 27.2, 29.4, 32.7, 35.7, 41.2, 50.7, 51.0, 105.9, 112.5, 127.6,
128.7,135.4, 143.4, 143.8, 147.6, 167.9, 195.4.

Methyl  4-(4-isopropylphenyl)-2,7,7-trimethyl-5-0xo0-1,4,5,6,7,8-hexahydroquinoline-3-
carboxylate (6¢)

Yellow crystalline solid; m.p.: 209-213 °C; *H NMR (300 MHz, CDCls): § 0.95 (s, 3H),
1.06 (s, 3H), 1.17 (d, J = 6.9 Hz, 6H), 2.13-2.21 (m, 2H), 2.28-2.36 (m, 5H), 2.75-2.84 (m,
1H), 3.61 (s, 3H), 5.03 (s, 1H), 7.03 (d, J = 8.1 Hz, 3H), 7.19 (d, J = 8.1 Hz, 2H); *C NMR
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(75 MHz, CDCls): 8 19.2, 23.9, 27.3, 29.4, 32.7, 33.5, 35.7, 40.8, 50.8, 51.0, 105.7, 111.8,
126.0, 1275, 144.1, 144.3, 146.3, 149.3, 168.1, 196.0; HRMS-ESI (m/z) calcd for
CasH2sNOs [M + H]* 368.2225 found 368.2231.

Methyl 4-(4-bromophenyl)-2,7,7-trimethyl-5-0xo0-1,4,5,6,7,8-hexahydroquinoline-3-
carboxylate (6d)*

Yellow crystalline solid; m.p.: >220 °C (Lit. m.p.: 263-265 °C); 'H NMR (300 MHz,
CDCl3): 6 0.93 (s, 3H), 1.08 (s, 3H), 2.13-2.39 (m, 7H), 3.62 (s, 3H), 5.03 (s, 1H), 6.21 (s,
br, 1H), 7.19 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H); 13C NMR (75 MHz, CDCls): &
19.4, 27.1, 29.4, 32.7, 36.0, 41.1, 50.6, 51.0, 105.3, 111.8, 119.8, 129.6, 131.0, 143.9, 145.8,
148.1, 167.6, 195.4.

Methyl 4-(4-fluorophenyl)-2,7,7-trimethyl-5-oxo0-1,4,5,6,7,8-hexahydroquinoline-3-
carboxylate (6e)"

Yellow solid; m.p.: >220 °C (Lit. m.p.: 235-238 °C); *H NMR (300 MHz, DMSO-ds): &
0.81 (s, 3H), 0.99 (s, 3H), 2.00-2.49 (m, 7H), 3.51 (s, 3H), 4.85 (s, 1H), 7.00 (t, J = 8.7 Hz,
2H), 7.12-7.17 (m, 2H), 9.14 (s, br, 1H); 3C NMR (75 MHz, DMSO-ds): 5 18.2, 26.3, 29.0,
32.1, 35.0, 50.1, 50.6, 103.0, 109.8, 114.4 (d, J = 20.7 Hz), 117.6, 128.9 (d, J = 7.7 Hz),
143.6, 1455, 1495, 167.1, 194.3; HRMS-ESI (m/z) calcd for CaoHzFNOs [M + H]*
344.1662 found 344.1672.

Methyl 2,7,7-trimethyl-4-(3-nitrophenyl)-5-oxo-1,4,5,6,7,8-hexahydroquinoline-3-
carboxylate (6f)*
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Yellow solid; m.p.: 174-176 °C (Lit. m.p.: 175-176 °C); 'H NMR (300 MHz, CDCls): §
0.93 (s, 3H), 1.08 (s, 3H), 1.20 (t, J = 7.2 Hz, 3H), 2.06-2.42 (m, 7H), 4.07 (q, J = 7.2 Hz,
2H), 5.16 (s, 1H), 6.91 (s, br, 1H), 7.38 (t, J = 7.8 Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 7.98 (d,
J = 8.1 Hz, 1H), 8.13 (s, 1H); 3C NMR (75 MHz, CDCls):  14.1, 19.3, 27.0, 29.3, 32.7,
37.0, 40.7, 50.5, 60.0, 104.9, 111.0, 121.2, 122.8, 134.7, 144.7, 148.1, 149.2, 149.4, 167.0,
195.7.

Methyl 4-(3-hydroxyphenyl)-2-methyl-5-oxo0-1,4,5,6,7,8-hexahydroquinoline-3-
carboxylate (69)
OH

Yellow solid; m.p.: 218-220 °C; 'H NMR (300 MHz, DMSO-ds): § 1.78-1.98 (m, 3H),
2.20 (s, 3H), 2.24-2.27 (m, 3H), 3.61 (s, 3H), 4.85 (s, 1H), 6.42-6.47 (m, 1H), 6.55-6.58 (m,
2H), 6.89-7.08 (m, 1H), 9.08-9.16 (m, 1H), 9.43 (s, br, 1H); *C NMR (75 MHz, DMSO-
de): 0 21.2, 26.8, 35.5, 37.2, 51.1, 103.6, 111.5, 112.9, 114.7, 118.3, 129.0, 129.1, 1454,
149.3, 151.6, 157.4, 167.9, 195.1.
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1.C.5.8 Scanned copies of 'H, 3C NMR and HRMS spectra of a representative
compound (6c)

Figure 1.C.12 Scanned copy of *H NMR spectrum of methyl 4-(4-isopropylphenyl)-2,7,7-trimethyl-
5-ox0-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (6c¢)
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Figure 1.C.13 Scanned copy of *C NMR spectrum of methyl 4-(4-isopropylphenyl)-2,7,7-trimethyl-
5-o0x0-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (6c¢)
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Figure 1.C.14 Scanned copy of HRMS spectrum of methyl 4-(4-isopropylphenyl)-2,7,7-trimethyl-5-
0x0-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (6c)

1.C.6 References
References are given in BIBLIOGRAPHY under Chapter I, Section C.
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Chapter I

Section D

Graphene Oxide (GO) Catalyzed Synthesis of

Thioethers under Continuous Flow Mode
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1.D.1 Introduction
Flow chemistry also referred to as continuous flow chemistry is a term commonly utilized to
describe the performance of a reaction in a narrow tube or pipe.} Continuous flow reactors
have dimensions in the range 10?-10% um and can contain a few pL to several mL of chemical
entities. The starting materials, reagents and homogeneous catalysts are injected into the
reactor through the inlets by pumping. The heterogeneous or solid catalysts are supported
inside the reactor in predefined columns or tubes, which are designed as a part of the
instrumentation. These columns are filled with optimized amount of heterogeneous catalysts
(packed beds) which can be manipulated as per the requirement of the reaction. The synthetic
transformation in a flow reactor takes place in a continuously flowing stream of chemicals.
An important parameter associated with flow chemistry is the residence time.* It is the
amount of time during which a reaction is either heated or cooled inside the reactor. It is
calculated from the volume of the reactor and the flow rate through it (residence time =
reactor volume/flow rate). Thus the residence time can be reduced by shortening the length of
the reactor channel or tube. In flow reaction, short residence time could be extremely useful
in controlling reactions involving transient species. The flow reactor is a relatively newer
technology that affects fluid dynamics, heat and mass transfers for streams of chemicals. The
advantages of flow chemistry are elucidated below:

(i)  Faster assemblies of molecules: The flow reaction is generally carried out under
pressure in well defined reactors. This enables reactions to be heated above the normal
boiling range of the reactants, thereby making the reaction proceed faster.

(i) Safer reactions: Since the reaction takes place in certain tubes, there are less chances
of exposure of certain chemicals or fumes to the outer environment. Moreover, flow
chemistry allows formation of small amount of hazardous intermediates at any instant.
This is achieved due to increased temperature control and short residence times.

(iii) Rapid optimization of reactions: The evolution of sophisticated instruments enables
variation of reaction conditions swiftly on micro molar scales. Different parameters
like ratio of reagents, concentration, temperature and reaction time can be rapidly
varied and monitored. The course of addition of substrates and reagents can also be
automated.

(iv) Integrated synthesis and analysis: After completion of the reaction the products can be
flowed directly into a workup system. Thereafter, the products can be analyzed by
means of an in-line analyzer (UV, FT-IR, LCMS, etc).
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(v)  Cleaner products: The rapid diffusion mixing ensures excellent reaction selectivity,
eliminating issues found in batch reactors. The high surface to volume ratio enables
instantaneous heating or cooling preventing side reactions and giving almost cleaner
products.

(vi) Easy scale-up: The kilogram scale synthesis can be achieved easily due to excellent
mixing and heat transfer. Industrial scale syntheses are performed in large reactors

having higher flow rates.

Several reactions that are not possible in traditional batch procedure can be achieved by using
flow reactors. These include reactions that occur instantaneously (second scale) at relatively
higher temperature. The multistep procedures such as rapid deprotonation followed by
instantaneous addition of an electrophile at high temperature are made easy in flow reactors.®
Another important advantage of flow chemistry is the simultaneous work of several smaller
reactors in parallel towards a common product.®” This reduces time and effort and a large
amount of product can be synthesized in shorter time.

Continuous flow chemistry does not mean simple transposition of batch procedures through
narrow channels. It involves comprehensive redesign and improvisation of conventional
batch processes. This is generally implemented through knowledge of chemical engineering
and practical aspects of chemistry.® A general diagram for continuous flow set-up is
presented in Figure I.D.1. Initially, the reagents are separately pumped through a micromixer
into the reaction zone also called reactor. The reaction zone can be customized as per the
needs of the reaction. This is the region where the temperature can be controlled. The
different types of reactors that are commonly used are agitating microsphere reactors, fixed-
bed reactors, tube-in-tube reactors, coils, etc. The reaction zone is succeeded by a back
pressure regulator, which is installed to maintain the reaction pressure at a desired value.
Thereafter, an in-line analyzer is attached, which leads to the purification bed via a phase
separator. Thus, purified products can be obtained from crude reaction mixtures.

Modern instruments even allow microwave irradiation for flow synthesis.® Besides,
traditional piston pumps have been replaced with magnetohydrodynamic actuators.®
Moreover, in some instruments electroosmotic flow has been employed to ascend the
reagents into the reactor.!* Several spectroscopic techniques have been used under flow
conditions. For instance, stopped-flow kinetic measurements have been used with circular
dichroism (CD), FT-IR and NMR for the detection of intermediates.'>* Although several
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commercially available flow set-ups are widely in use, simpler flow set-ups can be

conveniently organized by using PFA capillaries and HPLC connectors.*®
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Figure 1.D.1 Schematic diagram of a continuous flow set-up.

Although flow chemistry when applied appropriately helps in reducing time and effort, it is
associated with certain limitations. Not all reactions can be performed with same efficacy in
flow reactors and a careful analysis must be undertaken before carrying out any chemical
transformation. Besides, handling of highly viscous materials or suspensions often becomes a
challenging task.'®

Ever since the discovery of flow chemistry, enormous steps have been taken to implement
this technology in pharmaceutical industries for preparative organic synthesis. Moreover,
multistep continuous flow systems have improved the syntheses of active pharmaceutical
ingredients (API),}” natural products, commodity chemicals and value added chemical
entities (VACE).> Figure 1.D.2 lists some active pharmaceutical ingredients that are in the
WHO list of essential medicines and are synthesized by using flow chemistry. Thus flow
chemistry has evolved from single step reactions to complex multistep processes in areas of
preparative organic chemistry.'&20

Continuous flow chemistry has been utilised as a technology for implementing green and
sustainable processes.?!?® Since flow chemistry increases the overall safety of chemical
processes, many organic chemists are developing new strategies aiming at transition towards
a bio based chemical industries.?* In this context, glycerol which is a waste product of
biodiesel industry has been used as starting material for the preparation of several chemical
building blocks using flow chemistry.?> Myriads of heterogeneous catalysts in the form of

packed beds are used for the flow synthesis of lower alcohols like methanol, propanol, allyl
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alcohol, etc. The heterogeneous catalysts include CeO,, Pt/TiPO4, Ag/Al,03, Ag/ZSM-5, Fe-

silicalite, modified SBA and others.®

F i COOH o
D\)j/ Ph O N, HN)K/NV
N N £
S I,

Ciprofloxacin (E/Z)-tamoxifen Lidocaine

\' o
N
o o
_OH cl =N l O\)\/N\(
m i (S)-propranolol

Atropine Diazepam

Figure 1.D.2 Examples of active pharmaceutical ingredients synthesized via flow chemistry.

Flow chemistry has also been used in chemical processing methods for water and waste water
treatment. The methodology mainly involves UV irradiation either in the presence or absence
of catalysts.?® Moreover, photocatalytic degradation of bio-resistant dyes under flow mode
has been demonstrated by using TiO- catalyst supported on cement matrix.2” Other methods
like electrochemical oxidation, sonolysis and bombardment with high energy accelerated
electrons have been used for the decomposition of organic pollutants in waste water.?82° Thus
continuous flow chemistry is a revolution of the present and future so as to perform chemical
synthesis through a machine assisted process.

On the other hand, the construction of C—S bond represents a fundamental step in chemical
synthesis owing to their prevalence in a variety of organic compounds possessing potential
pharmacological activity.332 They have remarkable pharmacological efficiency and find
application against the treatment of a wide range of diseases like Alzheimer’s, Parkinson’s,
malaria, cancer and diabetes.®*% Apart from multifaceted biological and therapeutic
applications, functionalized thioethers are also used as important intermediates in
contemporary organic synthesis.3” Few representative bioactive molecules possessing

functionalized C-S bond are shown in Figure 1.D.3.
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Figure 1.D.3 Functionalized thioethers possessing bioactive properties.

There are numerous methods available for the synthesis of thioethers, the traditional approach
involves reduction of diaryl sulfones or sulfoxides in presence of strong reducing agents,®
which requires stringent reaction conditions. The most prominent and synthetically reliable
method is based on transition metal (Pd, Cu, Ni) catalyzed cross coupling reaction of aryl
halides and thiols or disulfides.***° However, transition metal catalyzed C—S coupling often
requires high temperature, strong bases, expensive ligands, oxidants and hazardous
solvents.*® An alternative metal free protocol for the synthesis of thioethers involves the cross
coupling of arene diazonium salts and thiols or disulfides, also known as Stadler-Ziegler
reaction.*>*2 Diazonium compounds serves as an important intermediate in diverse organic
transformations owing to their multifarious reactivity.**-*> Traditional Stadler-Ziegler reaction
involves the reaction between aryl diazonium salt (derived in situ from aniline using an acid)
and thiolate anion (derived from thiol/disulfide using a base).**? Recently, a variety of
different protocols have been developed for the transition metal free catalyzed Stadler-Ziegler
reaction.*®*” However, the continuous flow synthesis of thioethers via Stadler-Ziegler
reaction has been limited.*® For instance, a visible light mediated arylation of cysteine via
diazotization has been accomplished by using eosin Y as photocatalyst under continuous flow
conditions.*® Although, the Stadler-Ziegler reaction offers easy access to unsymmetrical
thioethers, the use of strong acids, bases for making the thiolate anion and the use of metal

catalysts restrict its wide applicability.5°-5
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In recent times, nanocarbon materials like graphene oxide (GO) as carbocatalysts in diverse
organic reactions have been well studied since the first seminal paper by Bielawaski in
2010.%* The sustainable 2D honeycomb structure of carbonaceous graphene on oxidation and
subsequent exfoliation provides an easy access to graphene oxide, which bears several
oxygenated functional groups, particularly —-COOH on its peripheral sides and —OH, epoxy
groups on its basal plane.>® Both oxidative and acidic properties of GO have been exploited in
several catalytic organic transformations.®>® However, this carbocatalyst (GO) has not been

used in a flow reaction so far.

I.D.2 Background and objectives

The use of the term ‘flow synthesis’ was reported for the first time in organic chemistry paper
in 1970, where the investigators carried out the synthesis of polypeptides in a column.®®
However, the first comprehensive use of flow chemistry in chemical synthesis or analytical
analysis came in the late 1990s.%° In the 2000s, continuous flow microreactors with fluid
propulsion technology was used in for the amplification of DNA through polymerase chain
reaction (PCR).1% Although the use of the term ‘flow chemistry’ has been in use since the last
two decades, the first use of flow reactor in chemistry dates back to 1932, where phosphoric
acid catalyst on silica gel was employed for the dehydration of diethylcarbinol.®* Moreover,
the synthesis of natural products via flow chemistry was reported by G. K. Tranmer and co-
workers.%? They carried out the multistep synthesis of natural product oxomaritidine using
flow reactor assembly. Few examples of Stadler-Ziegler reaction and also the use of flow
chemistry in organic synthesis are illustrated below.

A one-pot Stadler-Ziegler synthesis of thioethers has been developed by following
continuous flow technique as well as through batch procedure (Scheme 1.D.1). The
investigators have used [Ru(bpy)sCl2]-6H20 as photocatalyst in presence of blue LEDs as
light source.*® In the case of flow synthesis the reaction has been carried out in capillary
microreactor. Moreover, a plausible mechanism has been proposed which suggested that the
reaction proceeds through single electron transfer (SET).

t-BUONO, [Ru(bpy);Cl,]-6H,0 .S
> R ~

TsOH-H,O, MeCN, r.t.,
hv, 5-16 h

R'-SH + R2-NH, R2

Batch: 21-91%
Continuous flow: 79-84%

Scheme 1.D.1 Photocatalytic Stadler-Ziegler reaction using [Ru(bpy)sCl2]-6H.0O catalyst.
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A light emitting diode irradiated Stadler-Ziegler reaction has been reported under metal-free,
catalyst-free and solvent-free condition (Scheme 1.D.2). Diverse diaryl sulfides have been
synthesized in 33-96%. The authors also carried out a gram scale synthesis of diaryl sulphide
and extended the protocol towards the synthesis of diaryl selenides. Moreover, a late stage

selenylation of sulfa drugs have been achieved using the standard reaction condition.*

NH
| A 2 | SN t-BuONO | NS | X
+
(F S 10 W blue LEDs, N /\/Rz
R R rt, 2 h, Ny R
33-96%

Scheme 1.D.2 Synthesis of thioethers in presence of blue LEDs.

An organo-photocatalytic protocol for the synthesis of diaryl sulfides has been developed.*’
Eosin Y has been used as organo-photocatalyst in presence of green LEDs and the reaction
has been carried out under ambient condition. Moreover, one of the sulfide has been further
functionalized to the corresponding sulfone derivative (Scheme 1.D.3). The protocol could be

scaled up for and a plausible mechanism has been presented.

®O
N,BF SH S
| X2 ‘:_ | X Eosin Y - N | ~
(P S Green LEDs, " /\/RZ
R R DMSO,23°C,5h R
68-92%
s O\\S//O
O (i) Oxone, MeOH/H,0 /©/ O
MeO O (i) BBrs, DCM  HO ‘
91%

Scheme 1.D.3 Organo-photocatalytic method for the synthesis of diaryl sulfides.

The synthesis of diaryl sulfides has been accomplished under mechanochemical condition in
alumina surface. Diazonium tetrafluoroborates and diaryl disulfides have been reacted in
presence of KOH over neutral alumina under ball milling condition (Scheme 1.D.4). The
protocol has been further extended towards the synthesis of diaryl selenides, diaryl tellurides
and S-aryl dithiocarbamates.>!

A modified form of the Stadler-Ziegler reaction has been reported from arenediazonium o-
benzenedisulfonimides and sodium thiolates under catalyst-free condition.>® A library of sixty

three different thioethers has been synthesized and a plausible mechanism has been proposed
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(Scheme 1.D.5). After the completion of the reaction o-benzenedisulfonimides could be

regenerated by passing through ion exchange resin and can be re-used after diazotization.

® 0
N N2BF4 s R2 KOH, neutral alumina XX S\R2
» tRETS 5 balls, 600rpm U, _
R’ 15-20 minutes R
72-90%

Scheme 1.D.4 Synthesis of diaryl sulfides under ball milling conditions.

O,

S O ® S.
J N e "
R—= S Anh. MeOH L

0, R

21-91%

Scheme 1.D.5 Stadler-Ziegler reaction from arenediazonium o-benzenedisulfonimides.

An expedient synthesis of aryl sulfides under metal-free condition and promoted by ascorbic
acid has been achieved. The reaction conditions involve stirring of anilines and disulfides in
presence of ascorbic acid under ambient temperature (Scheme 1.D.6). The investigators also
conducted few control experiments to establish the reaction pathway. The use of TEMPO (a
radical quencher) inhibited the reaction suggesting the formation of radical during the course

of the reaction. Furthermore, the protocol has been extended for the synthesis of aryl

| AN NH, ,.S R2 t-BuONO, ascorbic acid X S\R2
+ ~ ' >
> RS MeCN, 20 °C L _

R1 4h R'l
68-93%

selenides.®®

Scheme 1.D.6 Ascorbic acid promoted Stadler-Ziegler synthesis of aryl sulfides.

Sodium acetate mediated metal-free synthesis of thioethers has been reported by Wangelin
and co-workers.® Different sulfur sources like disulfide, elemental sulfur and thiols have
been used for the reaction; however, disulfide gave the best yield. A detailed mechanistic
study and further extension of the protocol towards the synthesis of selenides and tellurides
has been performed. The same methodology has also been used for radical cyclization-
thiolation (Scheme 1.D.7).

100



N,BF
YT, s R NaOAc ™ Sr?
/- RS DMSO. r.t., 8 h >

R1 R1
51-89%
RS SR
N,BF,4
S. R NaOAc

RS DMSO, rt,8h )

O/\\\ , r.t., o
radical cyclization-thiolation R = Me, 59%
R = Et, 56%

Scheme 1.D.7 NaOAc mediated of aryldiazonium tetrafluoroborates.

An efficient copper catalyzed sulfur transfer reaction for the synthesis of thioethers has been
developed.®* The methodology results in the simultaneous formation of two C—S bonds using
sodium thiosulfate as the sulfenylation reagent. Diverse thioethers have been synthesized
from aryl amines and alkyl halides in 40-99% vyields (Scheme 1.D.8). Moreover, the
investigators also carried out late-stage sulfenylation of aryl amines and carried out to get
detail insights into the mechanism.

(i) CuS0,-5H,0, bipy,

AN NH2 N828203'5H20, MeOH/Hzo AN S\Rz
| +  R2-X 80°C,2h |
[ = > [ =
R1 X =ClI, Br (i) t-BUONO, 80 °C, 4.5 h R’
40-99%

Scheme 1.D.8 Copper catalyzed synthesis of thioethers.

1.D.3 Present work: Results and discussions

Graphene oxide (GO) exhibits dual properties i.e. both acidic and oxidative properties, we
therefore have employed GO as a heterogeneous acid catalyst in the Stadler-Ziegler reaction
under flow conditions. The particle size of GO was measured previously by DLS studies and
found to be 544 + 37 nm for 82% of the GO particles.®® Organyl nitrites,*® and supported
nitrites,% have been shown to be efficient and better diazotizing agents than inorganic nitrites
in terms of safer handling, cost effectiveness and by-product formation. We in our studies
have found tert—butylnitrite (t-BuONQ) as the cheaper and best nitrosation agent. Thus we
have developed GO catalyzed flow reaction as a sustainable protocol for making
unsymmetrical thioethers (Scheme 1.D.9). Although several commercially available flow
systems mediate continuous flow transformations, we have fabricated our own flow

equipment from affordable and readily available laboratory apparatus.
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NH,
| A t-BUONO, CH3CN
S

R 0-5 °C, 30 min 7 R
1 _ Y

R'—SH
2 0.016 mL/min, rt

Scheme 1.D.9 GO catalyzed continuous flow synthesis of thioethers.

The flow reaction bed of graphene oxide was prepared in a chromatographic column, the base
of which was plugged with a thick cotton bed followed by packing with GO. The glass
column had provisions for wrapping with ice jacket that could maintain low temperature (0-5
°C). Firstly, a solution of aromatic amine in CH3CN was placed on GO bed followed by the
addition of the nitrosation reagent in CH3CN. The reaction bed was then kept at 0-5 °C for 30
minutes using the ice jacket. Then the ice jacket was removed and a solution of thiol in
CH3CN was added at room temperature (r.t.) to the reactor column drop wise at different
flow rates (mL/min) and the reaction mixture was allowed to pass through the flow reaction

column to afford the desired thioether (Figure 1.D.4).

A solution of aryl amine
(1.0 mmol) and t-BuONO
(1.2 equiv) in CH3CN (2 mL)

R'—SH
in CH3CN (6 mL)

@ 0.016 mL/min Ice jacket

GO bed
Kept at 0-5 °C for

30 min. Step A
Graphene

oxide

(@)

Figure 1.D.4 Experimental setup for continuous flow two-step synthesis of thioether: (a) schematic,
(b) digital image.

1.D.3.1 Optimization of reaction conditions

In the optimization process, we used 4-methoxyaniline 1a (1 mmol) and thiophenol 2a (1
mmol) as model substrates, tert-butylnitrite (t-BuONO) (1.2 mmol) as the nitrosation
reagent, and the catalyst bed of 2 mm height was prepared with GO (300 mg). The reaction
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protocol involves primarily two steps: (i) a solution of aryl amine and tert—butylnitrite in
solvent was soaked on to the GO bed and kept at 0-5 °C for 30 minutes (step A), (ii) the thiol
in the same solvent was added at different flow rates to the resulting diazonium species on
GO (step B). After the addition was complete, the desired product was eluted with the
solvent. The results are presented in Table 1.D.1. Use of CH3OH at a flow rate of 0.050
mL/min (6 mL solution during 2 h) gave the desired thioether 3a in 60% yield along with
diphenyl disulfane (23%) (entry 1). The formation of 3a was confirmed by 'H and *C NMR
spectroscopy. In the *H NMR spectrum the singlet peak at & 3.82 ppm was due to the OCHs
group. The five aromatic Hs of the thiol moiety appeared as multiplet in between 7.11-7.26
ppm. The four aromatic Hs of the aniline moiety appeared as two doublet of doublet at 6 6.90
(dd, J=6.6 and 2.1 Hz) and 7.42 (dd, J = 6.9 and 2.1 Hz) ppm. The 3C NMR spectrum of 3a
showed a peak at 6 55.3 ppm due to the presence of OCHs group. Changing the solvent from
CH30H to CH3CN resulted in increase of the product yield to 77% (entry 2). The reaction
carried out in H20 afforded the desired diaryl sulfide in 21% yield only (entry 3). This might
be due to the poor solubility of aryl amine in H20. Next, the effect of other nitrosation agents
on the course of the reaction was studied. The use of butylnitrite (BUONO) instead of t-
BuONO did not show any pronounced effect in the course of the reaction (entry 4, 76%).
Since the CH3CN solvent was found to be better, we examined addition of solution of thiol in
CH3CN (step B) at different flow rates. These experiments resulted in further developments
in terms of higher yield of the desired diaryl sulfide as well as suppression of conversion to
disulfides via oxidative dimerization. Thus, addition of the thiol solution at a flow rate of
0.025 mL/min formed the desired diaryl sulfide 3a in 82% yield (entry 5) and further
decreasing the flow rate to 0.016 mL/min increased the product yield to 86% along with the
diaryl disulfide in 8% (entry 6). However, the flow rate at 0.012 mL/min resulted in a lower
yield of the desired product (entry 7, 75%), presumably due to the fact that the diazonium
intermediate is decomposed under longer exposure on to the surface of GO catalyst. We
conducted an experiment under the optimized reaction condition by conventional method
under stirring. A one-pot two-step strategy was employed, where 1a (1 mmol), GO (25 mg),
t-BUONO (1.2 equiv) and CH3CN (2 mL) were stirred at 0 °C for 30 minutes and then the
thiol (1 mmol) was added to this diazotization mixture and the reaction was continued for 6 h
at room temperature. The desired thioether 3a in this conventional method was formed in
72% isolated yield along with 17% of the disulfane (entry 8). Furthermore, the reaction did
not occur when carried out in the absence of nitrosation reagent (entry 9). In order to examine

the scalability of the flow reaction, we performed the reaction in 5 mmol scale taking 4-
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methoxyaniline, GO (1.0 g) and keeping the flow over a period of 10 h that gave the
unsymmetrical thioether 3a in 81% vyield (entry 10). This indicates that large scale flow
reactions can be performed within standard time limit.

Table 1.D.1 Optimization of the continuous flow reaction conditions?

NH; (i) Nitrosation agent,
solvent, 0-5 °C, 30 min
Hs;CO /©/S\©
SH I
©/ CH4CN H3CO

@ Different flow rate, r.t. 3a
2a
Entry Solvent Nitrosation reagent ~ Flow rate (mL/min)® Yield (%0)°
1 CH3OH t-BUuONO 0.050 60
2 CHsCN t-BuONO 0.050 77
3 H20 t-BuONO 0.050 21
4 CH3CN BuONO 0.050 76
5 CH3CN t-BuONO 0.025 82
6 CH3CN t-BUONO 0.016 86¢
7 CHsCN t-BuONO 0.012 75
8 CH3CN t-BuONO - 72°
9 CH3CN — 0.016 No reaction
10 CH3CN t-BuONO 0.016 81f

4Reaction conditions: (i) 1a (1 mmol), nitrosation reagent (1.2 equiv), solvent (2 mL); (ii) 2a (1
mmol), solvent (6 mL). "The rate at which thiol solution was added to the flow reactor column.
‘Isolated yield. “Diphenyl disulfane was formed in 8% yield. ®Reaction conducted by conventional
method under stirring. Diphenyl disulfane was formed in 17% yield. 'Reaction performed with 1a (5
mmol), GO (1.0 g), 2a (5 mmol) in solvent (10 mL) and flow time 10 h.

1.D.3.2 Synthesis of thioethers through flow reaction

After optimization of the continuous flow reaction conditions, the protocol was extended
towards the synthesis of diverse unsymmetrical thiothers from different aromatic amines and
aryl/alkyl thiols. The results have been presented in Table 1.D.2. Aromatic amines containing
both electron donating groups (—-OCHs, —CHs, —Br and —CI) as well as electron withdrawing
groups (—-NO2 and —COCHB3) were tolerated under the reaction conditions. In the case of
aromatic thiols, substitution pattern comprising of electron donating and electron
withdrawing groups also did not affect the course of the reaction resulting significant

conversion to the desired product (entries 1-8). The reaction was also successful with
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aliphatic thiols. For example, long chain aliphatic thiols like heptanethiol and pentanethiol
gave the corresponding thioethers (3g-3i) in 82-87% vyield (entries 9-11). Moreover, the
reactions involving heterocyclic substrates (both heterocyclic amines and heterocyclic thiols)
were also explored. The reaction between 4-aminopyridine and 4-methylbenzenethiol or
between 4-methoxyaniline and pyridine-2-thiol went smoothly to afford the corresponding
unsymmetrical diayl sulfides in 79-84% vyield (entries 12 and 13). Thus, GO appears to be
innocuous to heterocyclic moiety in comparison to other acids normally used in the
diazotization process. Again, the reaction between 2-naphthylamine with 4-tolylthiol or
between 4-toluidine and naphthalene-2-thiol worked efficiently affording the same product 3l
in nearly similar yields (79-82%) (entries 14 and 15). The study manifested that the reaction
conditions i.e. the diazotization of aryl amine followed by continuous flow of thiols over the
catalyst bed (GO) did not affect much or had any significant effect in the course of the
reaction. The products were characterized by *H and 3C NMR spectroscopy. For instance
compound 3c showed a singlet peak at 6 3.81 ppm corresponding to the OCH3z group. All the
aromatic protons appeared as doublet of doublet at 6.89 (dd, J = 6.6 and 2.1 Hz, 2H), 7.06
(dd, J =6.6 and 2.1 Hz, 2H), 7.18 (dd, J = 6.6 and 2.1 Hz, 2H) and 7.40 (dd, J = 6.7 and 2.4
Hz, 2H) due to coupling between adjacent Hs. In the *H NMR spectrum of 3e the peak at §
3.55 ppm was due to the COCHs group. In the *C NMR spectrum the same peak appeared at
26.5 ppm. The heteronuclear coupling occurred between *C and °F and the peaks appeared
at 6 116.6 (d, J = 87 Hz), 134.82 (d, J = 33 Hz) and 138.0 (d, J = 129 Hz) ppm. The
compound 3h showed two triplets at 6 0.89 (J = 6.6 Hz) and 2.83 (J = 7.2 Hz) ppm due to the
terminal CHs and SCH2 groups of thiol moiety respectively. The same peaks appeared at &
13.9 and 32.6 ppm in 13C NMR spectrum.

Table 1.D.2 GO catalyzed synthesis of thioethers under continuous flow reaction?

(i) GO bed, t-BUONO,

o NH: CH4CN, 0-5 °C, 30 min - S\gi
|/ ¥ (i) R'SH (2),r.t., 6 h R/ %
R 1 @ Flow rate to 0.016 mL/min 3
Entry  Aromatic amine Thiol Product Yield (%)°
ot O SRS
1 H3CO HsCO 86
3a
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Reaction conditions: (i) 1 (1 mmol), t-BuONO (1.2 equiv), CH3CN (2 mL); (ii) 2 (1 mmol), CH3CN
(6 mL). "Isolated yield after purification through column chromatography.

1.D.3.3 Recyclability of the GO flow reaction bed

We carried out the recyclability test of the catalyst bed after the completion of the reaction.
The flow reactor catalyst bed (GO) was reused for ten consecutive runs without any
appreciable loss in the yield of the products (Figure 1.D.5). After completion of the reaction,
the reaction mixture was eluted with ethyl acetate from the flow reactor column. For use in
recycling experiments, the GO bed in the column was washed with ethyl acetate (3 x 5 mL)
followed by acetone (1 x 5 mL) and dried with an external hot air blower. We even compared
the FT-IR spectra of the fresh GO with the recovered GO (after fifth run) and did not observe

any significant change in the spectral pattern (Figure 1.D.6).
100

1 86 86 82 83

82

% Isolated yield

| 2 3 4 5 6 7 8 9 10
Number of runs

Figure 1.D.5 Recyclability of GO flow reactor bed in Stadler-Ziegler reaction.
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Figure 1.D.6 FT-IR spectra of GO catalyst: fresh and after the fifth run.

1.D.3.4 Control experiments
To get some insights into the mechanistic pathway for the reaction, we conducted some

control experiments (Scheme 1.D.10). The Stadler-Ziegler reaction is believed to proceed via
radical intermediates.®® Firstly, we set up one reaction under the optimized conditions using
4-methoxyaniline (1a) and thiophenol (2a) in presence of a radical scavenger, TEMPO. In
this case, the desired product (3a) was isolated in 17% yield only, suggesting clear evidence
that the reaction might proceed through aryl radical intermediate. Since we observed partial
formation of diaryl disulfide, which could originate via oxidative dimerization of aryl thiol,
we performed one reaction between 1la (1 mmol) and 1,2-diphenyldisulfane 4 (0.5 mmol)
under the standard continuous flow conditions. This reaction afforded 3a in 85% yield
suggesting that the disulfide could be other intermediate in the reaction.

(i) GO bed, t-BuONO,

@ /@/NHZ CH4CN, 0-5 °C, 30 min /@/S\ph
a -
(i) Ph—SH HsCO

HsCO o
1a TEMPO (1 equiv) 3a, 17%
NH, (i) GO bed, t-BUONO, s
(b) /©/ CH3CN, 0-5 °C, 30 min R /©/ Ph
1a 4 3a, 85%

Scheme 1.D.10 Control experimental analysis.
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1.D.3.5 Plausible mechanism for the flow synthesis of thioethers

Based on the results obtained from control experiments and keeping analogy with literature
reports,%%” we proposed a plausible mechanism (Scheme 1.D.11). The diazotization of
aromatic amine la using t-BuONO in presence of GO gives rise to the formation of the
diazonium salt 6, which underwent homolytic dediazotization to provide the aryl radical 7

is believed that the formation of the aryl radical 7 is facilitated by graphene oxide.%®%° On the
other hand, the oxidative dimerization of thiol 2a to the disulfide intermediate 4 has been
facilitated in the presence of GO,”® which subsequently formed the thiyl radical 5. Finally, the

reaction between aryl radical 7 and thiyl radical 5 resulted in the formation of the product 3a.

t-Buo@@
H,0
t-BUOH, N,
{-BUONO
CH,CN )
NH,
/©/ 3a (17%)
H,CO
1a TEMPO
* 7ocH3
Ph— SH
Phs'
\ / o,
112(p 3a (86%)

Scheme 1.D.11 Plausible mechanism for Stadler-Ziegler reaction.

1.D.4 Conclusion

We have developed GO catalyzed Stadler-Ziegler synthesis of thioethers under continuous
flow technique. The technique offers the advantages of affording the final thioether under
metal-free condition, suppresses the formation of common by-product (disulfides), and is
applicable to variety of aryl amines and thiols providing a facile access to various
unsymmetrical diaryl/aryl-alkyl sulfanes in very good yields. Moreover, the catalytic bed
(GO) can be reused for ten consecutive runs without any loss in its catalytic performance.
Graphene oxide has been used as a sustainable carbocatalyst in various organic reactions;

however, to the best of our knowledge, this example of continuous flow reaction technique of
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GO catalyst is reported for the first time. The results are expected to encourage further

applications of GO catalyzed reactions in flow reactor designed in common laboratory.

I.D.5 Experimental Section

1.D.5.1 General Information

For the construction of flow reactor, chromatographic glass column of 2 cm diameter was
used. All reagents were purchased from commercial suppliers and used directly without
further purification. The solvents were of AR grade and used after distillation. All the
products were purified by column chromatography on 60-120 mesh silica gel (Merck, India).
For TLC, Merck plates coated with silica gel 60, F2s4 were used. FT-IR spectra were recorded
in FT-IR 8300 SHIMADZU spectrophotometer. The H & 3C NMR spectra were recorded at
300 MHz and 75 MHz respectively on Bruker AV 300 spectrometer in CDCls. Splitting
patterns of protons were described as s (singlet), d (doublet), t (triplet), g (quartet), m
(multiplet) and dd (doublet of doublet). Chemical shifts (8) were reported in parts per million
(ppm) relative to TMS as internal standard. J values (coupling constant) were reported in Hz
(Hertz). 3C NMR spectra were recorded with complete proton decoupling (CDCls: & 77.0
ppm). Centrifugation was performed in REMI R-8C DX centrifuge.

1.D.5.2 Preparation of graphene oxide (GO)

Graphene oxide was prepared by following Tour’s method.”* In this method a 9:1 (v/v)
mixture of H2SO4 / H3PO4 (180:20 mL) was added to a mixture of graphite powder (1.5 g)
and KMnOg4 (9.0 g). The mixture was then stirred at 50 °C for 12 h. After cooling the mixture
to room temperature, it was gradually poured into crushed ice (200 g), which was followed
by the slow addition of H20, (30%, 1.5 mL). The solution was then centrifuged (5000 rpm)
and the supernatant was discarded. The residual solid material was successively washed with
deionised water (100 mL) and then with 30% HCI (100 mL). The solid material was then
repeatedly washed with water and centrifuged. Finally, the solid brown material was
collected and dried at 60 °C under vacuum to obtain solid graphene oxide.

1.D.5.3 Typical procedure for the synthesis of thioethers using flow reaction technique
The flow reactor was prepared in a chromatographic column, the base of which was plugged
with a thick layer of cotton. It was then supported with graphene oxide catalyst (300 mg) and
the height of the catalyst bed was 2 mm. A solution of the aromatic amine (1 mmol) and t-
BuONO (1.2 equiv, 0.14 mL) in CH3CN (2 mL) was added to the reactor column. The
temperature of the reactor column was maintained at 0-5 °C for 30 minutes. After that a

solution of thiol (1 mmol) in CH3CN (6 mL) was added to the reaction bed drop wise at a
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flow rate of 0.016 mL/min. Once the addition had been completed, the reactor bed was eluted
with ethyl acetate (3 x 5 mL) and all organic parts were collected in a flask. Evaporation of
the solvents under vacuum afforded the residue, which was again passed through a short
column of silica gel using light petroleum ether and ethyl acetate as eluent to afford the
desired unsymmetrical thioethers. All products were characterized by *H and *C NMR

spectroscopy and compared with the reported melting points for known solid compounds.

1.D.5.4 Characterization data for various thioethers (3a-3l)

(4-Methoxyphenyl)(phenyl)sulfane (3a)*’

e

Orange liquid; *H NMR (300 MHz, CDCls): 6 3.82 (s, 3H), 6.90 (dd, J = 6.6 and 2.1 Hz,
2H), 7.11-7.26 (m, 5H), 7.42 (dd, J = 6.9 and 2.1 Hz, 2H); 3C NMR (75 MHz, CDCls): §
55.3,114.9,124.1, 125.6, 128.0, 128.8, 135.3, 138.5, 159.7.
(3-Methoxyphenyl)(phenyl)sulfane (3b)*
A

OCHg
Yellow liquid; *H NMR (300 MHz, CDCls): 6 3.71 (s, 3H), 6.74 (dd, J = 8.1 and 2.7 Hz,
1H), 6.85-6.90 (m, 2H), 7.14-7.29 (m, 4H), 7.34-7.37 (m, 2H); 3C NMR (75 MHz,

CDCls): 6 55.1, 112.6, 115.8, 122.8, 127.1, 129.1, 129.8, 131.2, 135.1, 137.1, 159.9.
(4-Chlorophenyl)(4-methoxyphenyl)sulfane (3¢c)*

Jjono!
Cl OCH,

White solid; m.p.: 62-63 °C; H NMR (300 MHz, CDCls): 5 3.81 (s, 3H), 6.89 (dd, J = 6.6
and 2.1 Hz, 2H), 7.06 (dd, J = 6.6 and 2.1 Hz, 2H), 7.18 (dd, J = 6.6 and 2.1 Hz, 2H), 7.40
(dd, J = 6.7 and 2.4 Hz, 2H); *3C NMR (75 MHz, CDCls): & 55.3, 115.1, 123.7, 128.9,
129.2,131.5, 135.4, 137.3, 160.0.

(3-Chlorophenyl)(2-methoxyphenyl)sulfane (3d)

G

Cl
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Orange liquid; *H NMR (300 MHz, CDCls): & 3.83 (s, 3H), 6.89-6.94 (m, 2H), 7.11-7.18
(m, 3H), 7.20-7.34 (m, 3H); 13C NMR (75 MHz, CDCls): § 55.8, 111.2, 121.3, 121.5, 126.4,
127.6, 129.2, 129.7, 129.9, 133.6, 134.6, 137.9, 158.2.
1-(3-((4-Fluorophenyl)thio)phenyl)ethanone (3e)
S

SR

COCHj,
Colourless liquid; *H NMR (300 MHz, CDCls): § 2.55 (s, 3H), 7.03-7.08 (m, 2H), 7.35-
7.44 (m, 4H), 7.75-7.82 (m, 2H); 3C NMR (75 MHz, CDCls): § 26.5, 116.5, 116.7, 118.0,

126.3,128.7, 129.2, 133.4, 134.7, 134.8, 137.7, 38.2, 132.2, 134.3, 197.3.
(4-Nitropheny!)(p-tolyl)sulfane (3f)"?

oL
O,N CH

Yellow solid; m.p.: 81-83 °C; *H NMR (300 MHz, CDClzs): 6 1.79 (s, 3H), 6.50 (d, J = 7.5
Hz, 2H), 6.65 (d, J = 7.8 Hz, 2H), 6.81 (d, J = 7.8 Hz, 2H), 7.41 (d, J = 7.5 Hz, 2H); 3C
NMR (75 MHz, CDCls): 6 20.7, 123.3, 125.6, 130.2, 134.4, 139.6, 144.6, 148.6.
Heptyl(3-methoxyphenyl)sulfane (3g)"

3

S\/\/\/\

OCHj,
Yellow liquid; H NMR (300 MHz, CDCls): & 0.85-0.90 (m, 3H), 1.25-1.32 (m, 8H), 1.39—
1.41 (m, 2H), 1.60-1.68 (m, 1H), 2.91 (t, J = 7.2 Hz, 2H), 6.86-6.71 (m, 1H), 6.85-6.91 (m,
2H), 7.15-7.25 (m, 1H): 3C NMR (75 MHz, CDCls): & 14.0, 22.6, 28.8, 29.1, 31.3, 31.7,
33.3,55.2,111.2, 114.0, 120.8, 129.6, 138.5, 159.8.
Pentyl(o-tolyl)sulfane (3h)"

©is\/\/\
CH4

Colourless liquid; *H NMR (300 MHz, CDCls): 6 0.89 (t, J = 6.6 Hz, 3H), 1.31-1.41 (m,
4H), 1.64-1.68 (m, 2H), 2.35 (s, 3H), 2.87 (t, J = 6.9 Hz, 2H), 7.03-7.07 (m, 1H), 7.13 (s,
2H), 7.23 (d, J = 7.5 Hz, 1H); ¥*C NMR (75 MHz, CDCls): § 13.9, 20.2, 22.2, 28.6, 31.1,
32.7,125.1, 126.2, 127.2, 129.9, 136.3, 137.1.

(4-Bromo-2-methylphenyl)(pentyl)sulfane (3i)

112



/@[SM
Br CH,

Orange liquid; *H NMR (300 MHz, CDCIs): 6 0.89 (t, J = 6.9 Hz, 3H), 1.31-1.42 (m, 4H),
1.58-1.66 (m, 2H), 2.30 (s, 3H), 2.83 (t, J = 7.2 Hz, 2H), 7.06 (d, J = 8.4 Hz, 1H), 7.23-7.27
(m, 2H); ¥C NMR (75 MHz, CDCls): § 13.9, 20.0, 22.2, 28.4, 31.0, 32.6, 118.6, 128.4,
129.1, 132.5, 135.6, 138.9, 162.1.

4-(p-Tolylthio)pyridine (3j)™

®/S
N [ j\
= CH;

Yellow solid; m.p.: 56-57 °C; *H NMR (300 MHz, CDClz3): 6 2.41 (s, 3H), 6.89-6.91 (m,
2H), 7.26 (d, J = 7.2 Hz, 2H), 7.43 (d, J = 7.2 Hz, 2H), 8.30-8.31 (m, 2H); 3C NMR (75
MHz, CDCls): 6 21.3, 120.4, 125.5, 130.7, 135.3, 140.1, 149.2, 151.0.
2-((4-Methoxyphenyl)thio)pyridine (3k)*!

N
H4CO =

Orange solid; m.p.: 50-52 °C; *H NMR (300 MHz, CDClz3): 6 3.84 (s, 3H), 6.76-6.78 (m,
1H), 6.93-6.97 (m, 3H), 7.39-7.54 (m, 3H), 8.39-8.40 (m, 1H); 3C NMR (75 MHz,
CDClz): 6 55.3,115.2,118.0, 119.3, 120.2, 120.9, 136.5, 137.1, 149.3, 160.5, 162.7.
Naphthalen-2-yl(p-tolyl)sulfane (31)"?

White solid; m.p.: 70-71 °C; *H NMR (300 MHz, CDCls): & 2.35 (s, 3H), 7.14 (d, J = 7.8
Hz, 2H), 7.31-7.36 (m, 3H), 7.40-7.47 (m, 2H), 7.68-7.79 (m, 4H); 3C NMR (75 MHz,
CDCls): § 20.5, 122.2, 125.8, 126.6, 127.0, 127.2, 127.7, 128.0, 129.4, 130.7, 131.3, 131.4,
133.1, 133.6, 136.9.
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1.D.5.,5 Scanned copies of 'H and 'C NMR spectra of (4-chlorophenyl)(4-
methoxyphenyl)sulfane (3c)

SN

LA

Figure 1.D.7 Scanned copy of *H NMR spectrum of (4-chlorophenyl)(4-methoxyphenyl)sulfane (3c)

rl/ X /ST/ N
Cl A \,/j I\V/,J\

3c

OCHj,

Figure 1.D.8 Scanned copy of 3C NMR spectrum of (4-chlorophenyl)(4-methoxyphenyl)sulfane (3c)

1.D.6 References
References are given in BIBLIOGRAPHY under Chapter I, Section D.
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Chapter 11
Section A

Graphene-based Composites in Heterogeneous

Catalysis
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I11.A.1 Graphene-based nanocomposites

Owing to the high surface area, excellent conductivity, heterogeneous nature and low
manufacturing cost, graphene-based materials have emerged as a new dimension in
catalysis.! Pristine graphene has two-dimensional structure which easily aggregates due to the
- interaction between individual graphene layers.?® This stacking of individual layers limits
its applications in different fields. Thus it is necessary to surmount graphene’s extreme
hydrophobic nature which leads to its aggregation. This has been done by the
functionalization of graphene nanosheets with other mesoporous/microporous materials.*
Graphene-based composites have received paramount attention as they are promising
candidates for the fabrication of energy conversion devices due to their high energy density.®
The catalytic efficiency of conventional catalysts largely depends on its surface to volume
ratio. In this context, graphene-based catalysts have been found to be extremely useful due to
its high surface to volume ratio. This results in an increase in the number of catalytically
active sites.

The graphene nanosheets can be blended with different other functional components or
materials to form nanocomposites. Most graphene-based composites are composed of two
different materials, although ternary composites consisting of more than two materials are
also known. The incorporation of a second component could result in the formation of new
materials with unique properties due to the synergistic effects of individual components. This
provides with a new opportunity for the design and development of new materials and
catalysts. Other materials that are used with graphene for the design and development of new
functional materials include metal nanoparticles (NPs),®® metal oxides,>° metal-organic
framework (MOF),'12 polymers,3!* bio-materials,*™*® small organic molecules,'’® other
nanomaterials like carbon nanotubes and fullerenes,'®?° mesoporous materials like zeolites,

silica, etc.?1%2

11.A.1.1 Graphene-zeolite composites

Apart from direct functionalization of graphenes with metal and metal oxide NPs,
carbonaceous graphene-based composite materials are also used as suitable supports to
immobilize metal species for further uses in catalysis.?® In this context, zeolites have been
considered to be a well structured material for blending with graphene.?* Zeolites are micro-
mesoporous and crystalline aluminosilicates with an infinite, three-dimensional framework
having large surface area, widely used in catalysis.® The catalytic activity of zeolites has been

widely used in the petroleum refining industry due to its acid-base properties and hierarchical
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structure which can be modulated during its synthesis.?® Moreover, zeolite supported metal
species are used in the production of high-octane gasoline and in hydrocracking process.?®
The immobilization of metal NPs onto graphene-zeolite composites could prevent
agglomeration of the NPs and accelerate charge transfer. Over the last few years, composite
materials from two-dimensional graphene oxide (GO) or reduced GO (rGO) and three-
dimensional zeolite have drawn enormous interests because of noticeable morphological
changes found in the resulting composites, and primarily they have been used as metal

scavengers, membranes or in water purification.?”3!

11.A.1.2 Graphene-silica composites

Graphene silica hybrid materials have attracted significant attention because of their
remarkable properties.3*33 Graphene-silica nanocomposite has become one of the superior
materials because of their outstanding peoperties.®* They have been used as adsorbents,®
catalysts,® fillers,*” and toxic metal ion scavengers.®® For instance, graphene-silica
nanocomposite has been employed for the selective adsorption of Pb?" ions.*® The most
common method for the preparation of graphene-silica nanocomposite has been based on
hydrothermal treatments either in presence or absence of surfactants.?>4® Furthermore, Ag
NPs decorated graphene oxide-silica nanocomposite has been synthesized via sol-gel method
and employed for the detection of H.0 and glucose.*!

Chen and co-workers,*? have synthesized magnetic porous silica-graphene oxide hybrid
composites (FesOs@mSiO./GO) and employed it as a potential adsorbent for removal of p-
nitrophenol from aqueous solutions. R. L. Oliveira described the functionalization of GO
surface with organosilanes bearing amine or thiol functionalities and used them as support to
immobilize Pd nanoparticles. These new Pd-GO/SiO, nanocomposite has been effectively
used as a catalyst for the Mizoroki-Heck and Suzuki-Miyaura cross-coupling reactions.*® The
synthesis of ultra-small gold nanoparticles immobilized on mesoporous silica coated
graphene oxide (GO) nanosheet has been reported by Zhang and his group.** This
Au/SiO,/GO nanocomposite could efficiently catalyze the reduction of p-nitrophenol.

11.A.1.3 Graphene-metal composites

Graphenes or functionalized graphenes decorated with metal NPs is an emerging area in
catalysis and other versatile applications. There are different strategies that are employed for
the immobilization of metal NPs on the surface of graphene. The most common among them

has been based on solution based techniques where the liquid wets the surface. Another
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approach to construct graphene-metal nanocomposites has been based on chemical
functionalization of graphitic surface in order to generate anchoring sites. Graphene oxide
(GO) has been generally used for this purpose because the presence of oxygenated groups
allows easy functionalization. It has been found that GO is better than its reduced form for
the growth of NPs.*® GO and metal salts or metal precursors are chemically reduced to
generate graphene-metal composites.*®4’ An alternate method for the synthesis of metal-
graphene composite involves simultaneous reduction of both GO and metals NPs under
microwave irradiation.*®%° Other approaches for the deposition of metal NPs on graphene are
electro-deposition,®® thermal evaporation,®® photochemical,®> and solvent-less bulk
synthesis.>® The deposition of metal NPs using this technique depends on several factors like
nature of the solvent, type of metal precursor, reducing agents used and the deposition time
and temperature. A wide range of noble metal NPs like Au,> Pt,> Ag,*® etc., have been
immobilized onto graphene surface. Graphene-metal composites based on first row transition
metals like Fe,>" Cu,*® Ni,> and Co,® are widely used in catalysis. In addition other reactive
metals that are commonly used for preparation of graphene-metal nanocomposites include
Pd,% Ru,% Rh,% and Ir.® Few examples of graphene-metal nanocomposites that have been
used as catalysts are illustrated below.

Dandia and co-workers,®* have immobilized Ag NPs on the surface of graphene oxide (Ag
NPs/GO). The nanocomposite material has been used for the synthesis of pyranopyrazolones
in aqueous media. Diverse pyrano[2,3-c:6,5-c’]dipyrazol-2-ones have been synthesized in
84-96% under ambient conditions (Scheme 11.A.1).

Ph Ph Ph
’ \ O I
NN 0 Ag NPs/GO N N,
| o + - N N
R R' Hzo, r.t.
1.5h R R
84-96%

Scheme 11.A.1 Ag NPs/GO catalyzed synthesis of pyranopyrazolones.

Palladium nanoparticles immobilized on reduced graphene oxide has been prepared in ionic
liquid, [BMIM]PFs by phase transfer method (Pd/rGO-I1L).® The microscopic analysis
revealed uniform distribution of Pd NPs on the surface of rGO with average particle size
being 2 nm. The nanocomposite catalyst showed excellent activity in Heck coupling reaction
(Scheme 11.A.2).
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N \)(1 Pd/rGO-IL N R
+ X0 _R? roO- -
R'(Q/ © ELN 70°C, 6N, 2

76-95%

Scheme 11.A.2 Pd/rGO-IL catalyzed Heck coupling reaction.

An expedient synthesis of substituted biphenyls via Hiyama cross-coupling reaction (Scheme
I1.A.3) has been developed by using Pd decorated GO nanosheets under micellar media (Pd-
GO/P123). Among the various surfactants, triblock copolymer P123 showed the best results
in terms of product yield. The enhanced catalytic activity has been due to the well exfoliation

of the graphene oxide layers.®

(siom, + x{p —28oEm__ N, (75
i + >
(OEDs \ 7/ TBAF, NaOH, W/
X =1, Br H,0:dioxane (1:2) 85-97%
80°C, 5-9 h

Scheme 11.A.3 Hiyama cross-coupling reaction using Pd decorated GO nanosheets.

Gold nanoparticles immobilized on thiol functionalized reduced graphene oxide
(AUNPs@rGO-SH) has been prepared and employed for the synthesis of tetrahydro-4H-
chromenes in aqueous media (Scheme 11.A.4). The reaction proceeds through the formation

of Knoevenagel intermediate, where gold nanoparticles facilitates polarisation of carbonyl

moieties.®’
o)
CN AUNPs@rGO-SH CN
+ R-CHO + < - |
CN H,0, reflux,
O 25-160 minutes 0" "NH;,

Scheme 11.A.4 Synthesis of tetrahydro-4H-chromenes using AUNPs@rGO-SH.

The synthesis of propargylamines via A® coupling reaction has been accomplished by using
CuClz immobilized on aminopropyl silane functionalized GO (GO-CuCl,) under microwave
irradiation.®® The heterogeneous nature of the catalyst allowed it to be recycled for five runs

without significant loss in its activity (Scheme I1.A.5).
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N
1 ) GO-CuCl,
R'-CHO + 2 3 + —R >
RanR Neat, 90 °C R ™S
H MW (400 W), 20 min R*
85-98 %

Scheme 11.A.5 GO-CuCl; catalyzed synthesis of propargylamines.

11.A.1.4 Graphene-metal oxide composites

Graphene-metal oxide nanocomposite has been used for energy harvesting, storage devices,
nano-optics and in catalysis. Several metal oxide supported graphene nanocomposites have
been developed over the last few years. This include TiO2,5% MnO;," SnO2,* Fes0s,"
Cu20,” etc. Orth and his group,’* modified the surface of graphene oxide with thiols for the
preparation of sulfur functionalized graphene oxide. The sulfur-functionalized GO has been
converted to sorbent by the treatment of TiO2 or SiO>. The synthesized sorbent has been used
for the removal of Pb?*, Cd?*, Ni?* and Zn?** as heavy metal ions from aqueous solution in
batch method.”™

Reddy and co-workers,”® have synthesized 1,4-disubstituted-1,2,3-triazoles by using copper
oxide supported graphene oxide (CuO-GO) nanocomposite as a heterogeneous catalyst

(Scheme 11.A.6) in agqueous media at ambient temperature.

N
<N
, CuO-GO R~
R-N; + =R - "N
H,0, 25 °C, R
10-20 min 85-96%

Scheme 11.A.6 CuO-GO catalyzed synthesis of 1,4-disubstituted-1,2,3-triazoles.

Magnetic graphene oxide anchored sulfonic acid (CoFe204/GO-SOzH) has been prepared and
used in the synthesis of pyrazolopyridines in deep eutectic solvent under microwave
irradiation.”” A three-component reaction in choline chloride/glycerol as a green solvent
afforded the desired products in 84-95% vyield (Scheme 11.A.7).
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X CoFe;0,-GO-SOH
|// to » ChCliglycerol (1:3),
R N MW 80 °C,

10-15 min

84-95%

Scheme I11.A.7 Microwave assisted synthesis of pyrazolopyridines in deep eutectic solvent.

An efficient synthesis of tetrasubstituted imidazoles using sulfonic acid functionalized
magnetic graphene oxide (Fes0s@GO-Pr-SO3H) nanocomposite has been accomplished.’
The methodology involves a four-component approach using benzil, aromatic aldehydes,
primary amines and ammonium acetate (Scheme I[1.A.8). A wide range of imidazole

derivatives has been formed in 89-94% yields.

1_
RNH,
Ph. -0 N Fes0,@G0-Pr-SOH N |N\>_®
I N » Solvent-free, 110°C o N \_Re
R? 14-21 min R
NH,OAc 89-94%

Scheme 11.B.8 Synthesis of imidazoles using magnetic graphene oxide nanocomposite.

I1.A.2 Conclusion

The trend towards ‘green chemistry’ necessitates an entire shift from traditional concepts of
process efficiency that largely focuses on chemical yield, to the one that assigns economic
value to eliminating waste at the source and avoids use of toxic and/or hazardous substances.
Keeping in mind the principles of green chemistry, catalysis via nanomaterials has emerged
as a revolutionary way to address multifarious challenges. The fundamental aim of
nanocatalysis research is to understand mechanisms at molecular level, and then to design
and synthesize catalysts with desired activity. To effect the transition from conventional
techniques to modern methods, graphene-based nanomaterials have emerged as an important
tool. We believe that novel approaches based on nanomaterials could transform the

technology used in modern heterogeneous catalysis.

I1.A.3 References
References are given in BIBLIOGRAPHY under Chapter |1, Section A.
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11.B.1 Introduction

Triazoles are ubiquitous in a wide range of biologically active compounds.® Unsubstituted
triazoles with the molecular formula C2HsN3 exhibit two isomeric forms, 1,2,3-triazole and
1,2,4-triazole (Figure 11.B.1). The 1,2,3-triazole further exists in three different tautomeric
forms: 1,2,3-1H-triazole, 1,2,3-2H-triazole and 1,2,3-4H-triazole (Figure 11.B.1). There are
numerous examples of triazoles with anti-HIV, anti-inflammatory, anti-cancer, anti-microbial
and anti-bacterial activities (Figure 11.B.2).2° Apart from their widespread biological
properties, functionalized triazoles are also acknowledged for their therapeutic effects and are
extensively used as clinical drugs.2® Some of the commonly marketed drug molecules
possessing triazole unit are fluconazole (anti-fungal), ravuconazole (anti-fungal),
caboxyamidotriazole (anti-cancer), tazobactum (B-lactum antibiotic), cefatrizine (p-lactum
antibiotic) and alprazolam (for treating anxiety disorders) (Figure 11.B.3). Moreover, 3-
amino-1,2,4-triazole has been used as herbicide, cotton defoliant and as inhibitor of

mitochondrial and chloroplast functions.’

2 2
HN N Hrll’N7
h N3 ——————= Isomers of triazoles
\—/ \—\
5 4
1,2,3-triazole 1,2,4-triazole
2 Ho N
Hl1\l/N°N3 1 N’N\NS 1N~ N3 Tautomers of
\ H 1,2,3-triazoles
S\—/, AW/ S

4
H
1,2,3-1H-triazole 1,2,3-2H-triazole 1,2,3-4H-triazole

Figure 11.B.1 Isomeric and tautomeric forms of various triazoles.

In addition to their biological and pharmacological activities, triazole derivatives like 4-
amino-5-mercapto-3-ethyl-1,2,4-triazole (AMET) has been tested as corrosion inhibitors for
muntz alloy in solutions.®2 They are also used as water replacements in proton conductors
used in fuel cells.® Another important application of triazole is in the synthesis of
dendrimers.1® Dendrimers are three dimensional branched macromolecules and are made up
of three components, an exterior surface with functional groups, interior branched chains and
the central core. They are radially symmetric molecules and their size typically ranges in the
nanometer scale. The core of several dendrimers consists of triazole unit (Figure 11.B.4).
Dendrimers are used for medicinal purposes, in material science, in the stabilization of metal

nanoparticles (NPs), etc.*®
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Figure 11.B.2 Biologically active triazoles and their potential activities.
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Figure 11.B.3 Clinical drugs based on triazole unit.
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Figure 11.B.4 Typical example of a triazole based dendrimer.

Owing to their diverse applications ranging from medicinal chemistry to material science, the
synthesis of this scaffold has always been a challenging task for synthetic organic chemists.
The most common way of synthesizing 1,2,3-triazole moiety is by employing Huisgen [3+2]

cycloaddition reaction between azides and alkynes (Scheme 11.B.1).113

1 N, 1 N,
. o, [3+2] cycloaddition RSNTEN R-N"SN
R _N3 + — R » _ + _
high temperature <R2 R2>

1,4-regioisomer 1,5-regioisomer

Scheme 11.B.1 Huisgen cycloaddition.

However, Huisgen cycloaddition have certain limitations like requirement of high

temperature and lack of regioselectivity between 1,4- and 1,5-disubstituted-1,2,3-triazoles. In
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2002, Sharpless-Fokin from Scripps Research Institute,** and Meldal groups from Carlsberg
Laboratory,™® have independently reported the copper(l) catalyzed version of the Huisgen
cycloaddition, which is popularly known as ‘click’ reaction. The advantage of their protocol
lies in the regioselective formation of 1,4-disubstituted-1,2,3-triazole. The reaction employs
alkyl azide and alkyne in presence of copper(l) catalyst, which is either added directly or is
alternatively generated in situ from copper(ll) salt by using a reducing agent. Owing to the
toxicity and explosive nature of organyl azides,'® their direct use is often avoided and an
alternative three-component approach involving alkyl halide, sodium azide and terminal
alkyne has been adopted (Scheme 11.B.2).}” The reaction between alkyl halide and sodium
azide forms alkyl azide, which subsequently reacts with terminal alkyne, furnishing 1,4-
disubstituted-1,2,3-triazole as the ultimate product. Thus, the Cu(l) catalyzed azide alkyne
cycloaddition (CUAAC) has emerged as one of the fundamental route for the regioselective

formation of 1,2 3-triazole scaffolds.81°

2 Cu-catalyst _ RLNfN\\N

R'-X + NaN; + =
3 Solvent, Temp. \:<

1,4-disubstituted-1,2,3-triazole

Scheme 11.B.2 Copper catalyzed three-component synthesis of 1,2,3-triazole.

11.B.2 Background and objectives

Since the discovery of copper-catalyzed click reaction, various catalytic systems
(homogeneous or heterogeneous) have been developed.?®?! Homogeneous catalysts mainly
include copper(l) or copper(ll) salts and copper complexes.?> On the other hand, copper
immobilized on diverse insoluble supports like magnetic nanoparticles,?>?* clay,?>? organic
polymers,?"?8 silica,?®2? and zeolites,**? have been used as heterogeneous catalysts. Polymer
blended with silica has also been used as support for the preparation of catalysts in
CUAAC. 33 There are also reports of bimetallic NPs in CUAAC, where one of the congeners
acts as a support for the other metal.3*3® Carbonaceous nanomaterials like graphene oxide
(GO),*"*° reduced graphene oxide (rG0),***? and charcoal,**** are also employed for
immobilization of copper in CUAAC. Few representative strategies for click reactions are
discussed below.

The synthesis of 1,4-disubstituted-1,2,3-triazoles has been accomplished by using 2-
pyrrolecarbaldiminato-Cu(ll) complex in aqueous media.*® The methodology involves three-

component reaction between alkyl halides, sodium azide and alkynes and the corresponding
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products were obtained in 55-97% yield (Scheme 11.B.3). Low catalyst loading (1 mol%),

ambient reaction conditions and synthesis of bis-/tris- triazoles are the prominent features of

N
g
N_ N-Ph

N\

cu

Ph—N N
L@ N,
, N R N~ N
R : o

H,0, r.t., 10-30 h =(

55-97%

this protocol.

R17>X + NaNg + =

Scheme 11.B.3 2-Pyrrolecarbaldiminato-Cu(ll) complex catalyzed AAC.

An amphiphilic catalyst derived from tris(triazolyl)-poly(ethylene glycol) and CuSOs4-5H20
(PEG-tristz-Cu') has been prepared. The catalyst has been employed for the synthesis of
1,2,3-triazoles (Scheme 11.B.4). The protocol was further extended towards the synthesis of
diverse functionalized triazoles bearing medicinal and biological importance.*® Moreover, the

catalyst could be reused for six cycles without decomposition.

R'] /\N _N
~ PEG-tristz-Cu! ’

N
RN, + =—R? - &( -959
H,0, 35 °C, 20 h, N, k2 87-95%

o
NH

e OH HO | A

i» N"So
NH o
| | PEG-tristz-Cu'
" NAO * H,0, 45 °C, 48 h, N I N,
2Y, ) » IN2 N
(0] /\O o
HO o N

Azidothymidine derived 1,2,3-triazole
89%

Scheme 11.B.4 Synthesis of 1,2,3-triazole derivatives using amphiphilic copper catalyst.

A copper(ll) coordinated phenanthroline complex based on SBA-15 framework
[Cu(1l)phen@SBA-15] has been prepared and characterized by different spectroscopic and
microscopic techniques. The hybrid material was used as heterogeneous catalyst for the
multicomponent synthesis of 1,2,3-triazoles from terminal alkynes, NaNz and alkyl halides
(Scheme 11.B.5). Moreover, the reaction has been successfully accomplished when alkyl

halide was substituted with aryl diazonium salts or epoxides.*’
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Scheme 11.B.5 Multicomponent synthesis of triazoles using Cu(ll)phen@SBA-15.

Graphene oxide (GO) decorated with copper(ll) porphyrin (GO-CuPPh) has been prepared by
cross linking GO and porphyrin in the presence of Cu(OAc)2. The nanocomposite material
has been characterized in detail by different spectroscopic techniques. The catalyst was then
used for the synthesis of 1,2,3-triazoles under ultrasonic irradiation in aqueous ethanol
(Scheme 11.B.6).%® In another report, Reddy and co-workers®’ have prepared graphene oxide
supported copper oxide (CuO-GO) nanocomposite. The catalyst has been employed in the
synthesis of 1,4-disubstituted-1,2,3-triazoles in water at ambient temperature (Scheme
[1.B.6). The investigators suggested that the oxygenated functional groups present on the

surface of GO prevent the aggregation of CuO during the course of the reaction.

N. - ,N:
Riey’ SN L GO-CuPPh N, + = R CuO-GO.H0 g1y °N
\;(Rz EtOH:H,0 (1:1) 25 °C. 10-20 min =N g
88-96% 60 °C, 5-30 min 85-96%

Scheme 11.B.6 Graphene based materials in the synthesis of 1,2,3-triazoles.

Microwave assisted synthesis of 1,4-disubstituted-1,2,3-triazoles using copper(ll) precatalyst
in methanol has been achieved under ligand-free conditions (Scheme 11.B.7). Copper(ll)
catalyzed click reactions are facile and generally requires the presence of a reducing source.
However, the present system represents a reductant free protocol where Cu(ll) species are
efficiently reduced by methanol in presence of alkynes to form polymeric alkynylcopper(l)

precatalyst, which subsequently reacts with azides, leading to the formation of triazoles.*°
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1 Cu(OAc),-H,0 (0.1-1 mol%) RSNTEN

R'-N; + =—R? > \—/(
MeOH (degassed),

MW 100 °C, 10-60 min

R2
46-99%

Scheme 11.B.7 Microwave assisted synthesis of 1,2,3-triazoles.

lonic liquid mediated green synthesis of 1,2,3-triazoles has been demonstrated by using
copper iodide as catalyst (Scheme 11.B.8). The authors have employed 1-methyl-3-
butylimidazolium hydroxide [Bmim]OH, as an alternative to traditional solvents and the
corresponding products were obtained in 30-99% yield.>°

R‘l

o . ~a-N
R'-N, . — R2 Cul (1 mol%), [Bmim]OH (2 mL) . N N
r.t., 0.5-10 h g(
S R2
HCN o 30-99%

[Bmim]OH

Scheme 11.B.8 [Bmim]OH mediated Cul catalyzed synthesis of triazoles.

Copper iodide in combination with eosin Y (photoredox catalyst) has been used in the three-
component synthesis of 1,4-disubstituted-1,2,3-triazoles (Scheme 11.B.9). The reaction
conditions involve photo-irradiation using compact fluorescent lamp (CFL, 23 W) in agueous
ethanol as solvent. Diverse 1,2,3-triazoles were obtained in 69-87% yield and a plausible

mechanism involving single electron transfer (SET) has been proposed.>!

HO fof R2
N, R3 R27>cl N,
R3 N "N = NaN3 + = R‘1 - > N N
\—/( Cul, eosin Y, CFL Cul, eosin Y, CFL \:<
RT  EtOH:H,O (1:1) EtOH:H,0 (1:1) R’
69-82% rt., 1.5-7.5h rt., 1.5-7.5h 75-87%

Scheme 11.B.9 Synthesis of 1,2,3-triazoles using Cul in presence of eosin Y.

A four-component strategy involving sequential Ugi, cycloaddition and Knoevenagel
condensation leading to the formation of diverse 3-triazolyl-quinolin-2-(1H)-ones has been
accomplished by using Cu(OAc)2-H2O (Scheme 11.B.10). The reaction conditions are mild

and the products can be obtained in one-pot without isolation of intermediates.>
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Scheme 11.B.10 One-pot four-component synthesis of 3-triazolyl-quinolin-2-(1H)-ones.

A series of diverse polycyclic triazoles has been synthesized by using Cu/Pd dual metal
catalysis.> The first step of the reaction involves Cul catalyzed azide alkyne cycloaddition,
followed by palladium catalyzed C—H bond functionalization (Scheme 11.B.11). The catalytic
system has been successfully applied for the gram scale synthesis of polycyclic triazoles.

\ N _ 3 /N\\N
| ’ =—R* Ul (56 mol%), Pd cat (5 mol%) N
> + u °), . —

R ' PivOH , E;N, (N R3

32-88%

Scheme 11.B.11 Synthesis of functionalized triazoles by Cu/Pd dual metal catalysis.

The use of copper based catalytic systems has been the primary choice when it comes to
regioselective synthesis of 1,2,3-triazoles. However, copper catalysts are often associated
with certain limitations. The mechanistic studies of CuAAC showed that the reaction
proceeds through the formation of Cu-acetylide intermediate.’® This intermediate tends to
polymerize, which has a detrimental effect on the rate of the reaction and overall yield of the
product.’® Moreover, when CUAAC is carried out using Cu(ll) species, the use of a reducing
agent becomes indispensable. In view of these shortcomings, the development of new
catalysts based on transition metals other than copper has been gaining popularity. There are
few examples where transition metals like Ru, Ag, Au, Ir and Zn are used for azide alkyne
cycloaddition.®*® Ruthenium is the second most widely employed transition metal for click
reaction.>” However, the Ru-catalyzed version, unlike, CUAAC, regioselectively forms 1,5-
disubstituted-1,2,3-triazole as the major product. Jia and co-workers®® while experimenting
with ruthenium complexes discovered that certain complexes could efficiently catalyze the
AAC (RUuAAC). The reaction between alkyl azides and terminal alkynes using
Cp*RuCI(PPh3)2 (1-2 mol%) affords 1,5-disubstituted-1,2,3-triazoles, in almost 100%

regioselectivity (Scheme 11.B.12). Moreover, the catalyst also proved to be effective when
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terminal alkynes have been replaced by diphenyl acetylene leading to the formation of 1,4,5-
trisubstituted triazoles. The authors proposed a plausible mechanism involving the formation
of ruthenacycle intermediate. This intermediate then undergoes reductive elimination to form
the desired triazole product. Another microwave assisted protocol for the synthesis of 1,5-
disubstituted-1,2,3-triazoles has been accomplished by using the same catalyst
[Cp*RuCI(PPhs)2].>°

N

* S~NIT N
RN, ¢ — R? Cp*RuCI(PPhs), r17NTON
Dioxane, 60-80 °C,2-12 h sz
80-94%

Scheme 11.B.12 Cp*RuCI(PPhs). catalyzed synthesis of 1,5-disubstituted-1,2,3-triazoles.

While nickel catalysts have been used in several organic reactions its application towards
triazole synthesis via azide alkyne cyaloaddition has been less explored. Literature reports
reveal that there are two homogeneous catalytic systems, and one heterogeneous catalytic
system have been reported for AAC.5%%3 Raney nickel has been used as catalyst for the [3+2]
cycloaddition reaction between alkyl azide and terminal alkyne.®® However, the lack of
regioselectivity in case of some substrates resulted in a mixture of 1,4- and 1,5-disubstituted-
1,2,3-triazoles, thereby limiting the scope of the reaction (Scheme 11.B.13). Besides, Raney
nickel contains certain amount of Al>O3, which could lead to side reactions thereby lowering
the yield of the products.5* Moreover, its stringent storage condition and pyrophoric nature
renders difficulty in handling this compound. The authors conducted control experiments to
probe into the mechanistic pathway, which ruled out the formation of Ni-acetylide
intermediate. On the basis of isotopic experiments the authors proposed a mechanism which
involved m-complexation of alkyne with nickel followed by the formation of metallacycle

intermediate.

Raney Ni RUy Moy RNy
R™-N; + =—R? ey = > \—/{ + \—/
PhCHj, 45 °C R? R?
10-12 h

Scheme 11.B.13 Raney nickel catalyzed azide alkyne cycloaddition.

Recently, Hong and co-workers developed another Ni-catalyzed azide alkyne cycloaddition
(NiAAC) using a combination of nickelocene (Cp2Ni) and Xantphos, which however leads to
the formation of 1,5-disubstituted-1,2,3-triazoles as the major product.5! The actual catalyst

in this case is Ni(Xantphos)2, generated in situ from Cp2Ni and Xantphos. Although, this
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expensive catalytic system (Cp2Ni-Xantphos) can be used for both terminal and internal
alkynes, its ligand-specific nature and non-recoverability limits its further uses. Besides,
Cp2Ni is moisture sensitive and decomposes on exposure to air. In another report the same
group reported NiAAC using the same catalyst Cp2Ni, however, in this case internal alkyne

has been used in place of terminal alkynes (Schemell.B.14).5

1 N 2_— R3 — 2 1 N
RLyoy o RP—=R RI-N, =R LYY
= Cp,Ni, Xantphos, Cp,Ni, Xantphos, \—=/
R3 R? Cs,CO3, DCM, Cs,CO3, H,0, R?
rt., 24 h rt,1.5h (major)

Scheme 11.B.14 Cp2Ni catalyzed azide alkyne cycloaddition.

The heterogeneous Ni catalyst has been based on triazole linked organic polymer (Ni-
TLOP).%® This catalyst has been employed as a photocatalyst in AAC under visible light
irradiation (Scheme 11.B.15). Although the heterogeneous catalyst (Ni-TLOP) exhibits high
catalytic performance in AAC, the catalyst preparation requires some expensive chemicals;
the catalyst becomes active only under visible light irradiation, and studied in a two-
component AAC process. Moreover, the exact wavelength of light used during the
photochemical reaction has not been indicated.

1 N,

RIN. + — R? Ni-TLOP N RENTN
T = hv, 4M NaCl, r.t., 2-6 h = i
96.5-99.9%

Scheme 11.B.15 Ni-TLOP catalyzed AAC.

11.B.3 Present work: Results and discussions

Graphene-based composites are often used as suitable supports to immobilize metal species
for further uses in catalysis.?>% On the other hand, zeolites are microporous and crystalline
aluminosilicates with an infinite, three-dimensional framework having large surface area,
widely used in catalysis.®” However, such composite nanomaterials with large surface area,
rich w-electron networks and/or diverse functionalities have not been explored to decorate
with metallic species and subsequent uses in catalysis. This work is primarily aimed at
developing new ternary composite nanomaterials for use as sustainable catalyst in organic
transformations. The triazole synthesis via click chemistry has been a continuous field of
development. The previously reported Ni-catalyzed AAC (NiIAAC) employs two-component

strategy for the synthesis of triazoles from azides and alkynes. Now, the synthesis of azide
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requires and additional step, which can be subdued by employing a three-component strategy
involving alkyl halides, NaNs and terminal alkynes. The primary focus of this advancement
has been directed towards easy accessibility and stability of the heterogeneous Ni catalysts
that could eliminate the above limitations, and exhibit versatile applications in the three-
component click triazole synthesis under sustainable reaction conditions. We have prepared
the nanocomposite from graphene oxide (GO) and NaY Zeolite, which has been subsequently
decorated with nickel species in presence of NaBHj resulting in situ reduction of GO to rGO
to obtain finally a ternary composite material, designated as Ni-rGO-zeolite. The new
ternary composite (Ni—rGO-zeolite) has been employed as an efficient and sustainable
heterogeneous catalyst in three-component azide alkyne cycloaddition (NiAAC) in aqueous
conditions (Scheme 11.B.16).

N
RT7X NaN R2_=— Ni-rGO-zeolite RSN N
+ + — _ B
’ H,0, 90 °C VQRZ
1 2 4-6 h 5

Scheme 11.B.16 Ni-rGO-zeolite catalyzed three-component click reaction.

11.B.3.1 Preparation of Ni-rGO-zeolite nanocomposite

The GO-zeolite composite was prepared by adding an aqueous suspension of sodium Y
(NaY) zeolite (pH ~ 11.2) to an aqueous dispersion of GO (pH ~ 3.4), so as to obtain nearly
neutral pH of the overall aqueous suspension. The aqueous suspension containing GO and
NaY zeolite was then heated at 60 °C for 16 h under gentle magnetic stirring followed by
evaporation of water and drying under vacuum to afford the GO-zeolite composite (details
are in the experimental section).

The nickel decorated rGO-zeolite material (Ni-rGO-zeolite) was then prepared by the
addition of nickel acetate to a suspension of finely powdered GO-zeolite material in ethylene
glycol followed by the addition of sodium borohydride. The contents were then stirred at 180

°C for 3 h (details are in the experimental section).

11.B.3.2 Characterization of Ni-rGO-zeolite nanocomposite

The presence of nickel in the ternary nanocomposite was measured by inductively coupled
plasma atomic emission spectroscopy (ICP-AES). For this purpose, the nanocomposite
catalyst (5 mg) was digested with aqua regia (6 mL) and the nickel content was estimated to

be 0.887 mmol g* of the Ni-rGO—zeolite nanocomposite.
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The FT-IR spectra of Ni-rGO-zeolite, GO-zeolite, NaY zeolite and GO were recorded in the
range 4000-400 cm™ (Figure 11.B.5). In the case of GO, the peaks at 1729 and 1627 cm™
were due to the stretching vibrations of C=0 and C=C bonds respectively.®® The broad peak
at around 3432 cm™ was related to the stretching vibration of hydroxyl groups present in
GO0.% On the contrary, GO—zeolite and Ni-rGO-zeolite, showed peaks at 1022, 578 and 454
cm™. These peaks were due to the internal vibrations of TO4 (T = Si, Al) tetrahedral moiety
of NaY zeolite.®’® Furthermore, the typical carbonyl band of GO at 1729 cm? also
disappeared which indicates that the carbonyl groups might have been converted to Al/Si—O-

C band resulting in the formation of the nanocomposite.’*
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Figure 11.B.5 FT-IR spectra of GO, NaY zeolite, GO-zeolite and Ni-rGO-zeolite.

It is worth mentioning that transformation of GO to rGO is expected during the hydrothermal
treatment of GO—zeolite composite. The hydrothermal treatment was performed to ensure
incorporation of nickel into the nanocomposite material. A comparative Raman spectral
analysis has been undertaken to get detail insight into the conversion of GO to rGO (Figure
I1.B.6). The presence of D and G band along with the 2D related bands in Raman spectrum of
the nanocomposite conform to the transformation of GO to rGO. The Raman spectrum of
GO-zeolite composite shows sharp 2D peak along with the obvious D and G bands. As
expected the higher intensity of G band (Ig) than that of D band (Ip) has been observed here.
Whereas, after the hydrothermal treatment not only the intensity of D band has increased
resulting in Io/lc>1 but also the 2D band (appeared at 2705 cm™ in case of GO-zeolite)
slightly shifted towards lower wavenumber at 2690 cm™ (Figure 11.B.6). Such observation
corroborated transformation of GO to rGO via reformation of graphitic regions in the

sheet,”7"3
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Figure 11.B.6 Raman spectra of Ni-rGO-zeolite catalyst and GO-zeolite (as control).

The XRD (X-ray diffraction) pattern of the Ni-rGO-zeolite nanocomposite has been shown
in the Figure 11.B.7. The XRD peaks could be assigned to the reflection of NaY zeolite
crystal planes, and thus confirm the formation of NaY zeolite phase.”*™ The diffraction
pattern of the composite catalyst (Ni—rGO-zeolite) was also compared with that of
GO-zeolite control sample (Figure 11.B.7) where similar pattern revealed retention of NaY
crystal structure after incorporation of Ni moiety in GO-zeolite composite system. Similar
trend of I220 and ls11 in both the cases also indicated that there was probably no encapsulation
of Ni in the zeolite cage.”® However, the chemical characteristics of Ni component could not

be recognized presumably due to the presence of NaY zeolite reflection peaks in the pattern.
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Figure 11.B.7 XRD patterns of GO—zeolite and Ni-rGO—zeolite composites.
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The chemical composition of the Ni-rGO—zeolite composite was further investigated by XPS
(X-ray photoelectron spectroscopy) analysis. The survey scan of the material in Figure
11.B.8.1 showed binding energy peaks of Al2p, Si2p, Nals corresponding to zeolite, C1s from
rGO, and Ni2p from Ni NPs. For detail insight into the composition, deconvolution of high
resolution C1s and Ni2p spectra were undertaken to check the interaction between rGO and
Ni species. Deconvoluted C1s spectrum (Figure 11.B.8.2a) showed binding energy peaks
corresponding to C=C and C-C arising from rGO. In addition to that peaks 285.98, 287,
287.80 and 289.04 eV indicated presence of C—OH, epoxy C-O-C, C=0O and O=C-O
functional groups on rGO, respectively.”>’""® Moreover, the peak at 286.50 eV could be
attributed to the Ni—C bonding. The Ni2p high resolution spectrum with Ni2p12 and Ni2ps.2
core levels has been shown in Figure 11.B.8.2b. In this spectrum the Ni2ps> and Ni2p. core
level peaks at 853.17 and 870.54 eV, respectively correspond to the free metallic Ni(0)."
Furthermore, the pair of binding energy peaks at 856.95 (Ni2ps2) and 874.46 (Ni2pi) eV,
and 862.68 (Ni2pz/2) and 880.80 eV (Ni2p12) could be assigned for Ni-O—C and Ni—C bonds,
respectively.”® Thus detailed XPS analysis confirmed an intrinsic interaction between the
rGO and Ni species.

The morphology and microstructure of Ni-rGO-zeolite was analyzed by scanning electron
microscopy (SEM). By comparing the SEM images of GO-zeolite and Ni-rGO-zeolite
nanocomposites it could be understood only the existence of crystal aggregates of zeolites
along with the rGO plates (Figure I11.B.9a and 11.B.9b). In the Ni-rGO-zeolite
nanocomposite, nickel NPs were uniformly dispersed on the surface of rGO sheets through
chemical bonding with the functional groups and zeolite crystals (Figure 11.B.9b). The SEM-
energy dispersive X-ray scattering analysis (SEM-EDS) of Ni-rGO-zeolite confirmed the
presence of Ni along with C, O, Si and Al (Figurell.B.9c). The transmission electron
microscopy (TEM) analysis of Ni-rGO-zeolite was also carried out to detect the presence of
distinguishable nanoparticles. The TEM image (Figure 11.B.9d), revealed uniform distribution
of quasi hexagonal plate-like nanostructures of zeolites (a few are shown by yellow arrow in
Figure 11.B.9d),2%8! on the rGO sheets. XPS has confirmed that a major amount of the nickel
is bonded with the functional groups (ionic state/Ni%*) and existence of small amount of
metallic nickel (Ni°). As a result, visibility of metallic nickel in the TEM is insignificant,

however, the SEM-EDS confirmed the existence of Ni (0.31 At%) in the nanocomposite.
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Figurell.B.8.1 XPS survey scan of Ni-rGO-zeolite catalyst.
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Figure 11.B.8.2 XPS spectra of Ni-rGO-zeolite composite: (a) high resolution C1s spectrum (b) high
resolution Ni2p spectrum.
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Figure 11..B.9 (a) SEM image of GO—zeolite, (b) SEM image of Ni-rGO—zeolite, (¢) EDS of Ni—
rGO-zeolite and (d) TEM image of Ni-rGO-zeolite.

11.B.3.3 Catalytic activity of Ni-rGO-zeolite: Optimization of reaction conditions

The catalytic activity of Ni—rGO-zeolite was examined was examined in the three-
component click reaction. For this purpose, benzyl bromide (1a) and phenylacetylene (2a)
were selected as the model substrates (Table 11.B.1). Initially, 1a, 2a and sodium azide were
reacted in presence of Ni-rGO-zeolite (50 mg per mmol of the substrate) in CH3CN at 80 °C
for 8 h. The desired product 1-benzyl-4-phenyl-1H-1,2,3-triazole (3a) was isolated in 67%
yield (entry 1). We assumed poor solubility of sodium azide in CH3CN might be the cause of
lower yield. To overcome the solubility issue, the same reaction was carried out in a mixture
of CH3CN:H-O (1:1 v/v) and the yield of the product increased to 81% (entry 2). The catalyst
loading was then lowered to 30 mg and the reaction was carried out in H2O at 90 °C. This
resulted in an excellent conversion of 94% (entry 3). Further reducing the amount of catalyst
to 15 mg and lowering the temperature to 60 °C, decreased the yield of the product to 82%
and 69% respectively (entries 4 and 5). We even carried out a reaction in presence of an

additive, tetrabutylammonium bromide (TBAB, 10 mol%) but did not observe any significant
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improvement in the yield of product (entry 6, 95%). A solvent-less approach using only the
reactants and catalyst formed the desired product in modest yield (entry 7, 77%). The reaction
when conducted without any catalyst resulted in meagre conversion emphasizing the
imperative role of the catalyst (entry 8, 16%). It is noteworthy to mention that
Ni(OACc)2-4H>0 also catalyzed the reaction and the triazole product was obtained in a
relatively lower yield (entry 9, 53%). Finally, we scaled up the reaction under the optimized
conditions which resulted in good conversion (entry 10, 89%). For comparison of the
catalytic activity, we conducted two experiments using Ni—zeolite and Ni—rGO that resulted
in the formation of the desired 1,4-disubstituted triazole derivative 3a in 52% and 40% vyield
respectively (entries 11 and 12). The formation of 3a was confirmed by *H and *C NMR
spectroscopy. The two singlet peaks at 6 5.48 and 7.58 ppm were respectively due to the two
benzylic Hs and the hydrogen present in the triazole unit. The same peaks appeared at 6 54.1
and 130.5 ppm in the *3C NMR spectrum.

Table 11.B.1 Optimization of the reaction conditions®

N
DR D
1a 2a 3a
Entry Catalyst (mg) Solvent Temp (°C) / time (h)  Yield (%)°
1 50 CH3CN 80/8 67
2 50 CH3CN:H,0 (1:1) 80/8 81
3 30 H20 90/4 94
4 15 H.0 90/4 82
5 30 H20 60/4 69
6 30 H20 90/4 95°¢
7 30 — 90/4 77
8 - H20 90/ 24 16
9 -~ H20 90/ 4 53¢
10 100 H20 90/4 89°¢
11 30 H20 90/4 52
12 30 H20 90/4 409

Reaction conditions: 1a (1 mmol), 2a (1 mmol), NaNs (1.5 mmol) and solvent (2 mL). ®Isolated
yield. “TBAB (10 mol%) was used. “Ni(OAc).-4H,0 (15 mol%) was used. *Reaction was performed
in 5 mmol scale. 'Reaction carried out using Ni—zeolite catalytic system. 9Reaction carried out using
Ni-rGO catalytic system.
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11.B.3.4 Synthesis of 1,4-disubstituted-1,2,3-triazoles

Diverse triazole derivatives were synthesized from alkyl halides and terminal alkynes using
Ni—rGO-zeolite catalyst. The results obtained have been presented in Table 11.B.2. Initially,
we varied the alkyl halides for the reaction, keeping the terminal alkyne fixed. Afterwards,
we tested the effect of substituent on the alkyne partner for the reaction. Both benzyl bromide
and benzyl chloride gave the triazole 3a in 94% and 90% isolated yield respectively (entry 1).
Benzyl bromide bearing isopropyl, bromo and iodo groups in the ring reacted efficiently with
phenylacetylene affording the desired products (3b-3d) in 88-91% vyield (entries 2-4). When
cinnamyl bromide was employed, the yield of the triazole 3e was comparatively low (entry 5,
77%). We presumed that the lower yield might be due to the tendency of cinnamyl azide
undergoing intramolecular rearrangement.®? 1-Chloromethyl naphthalene also reacted under
the standard condition furnishing the product 3f in 85% yield (entry 6). The reaction also
went smoothly when allyl bromide was used and the desired product 3g was obtained in 83%
isolated yield (entry 7). Further attempt with activated functionalized organic halides, such as
4-chlorophenacyl bromide was also accomplished (entry 8, 79%). Next, terminal alkynes
other than phenylacetylene such as 4-ethynyltoluene, 1-bromo-4-ethynylbenzene and 1-
ethynyl-4-nitrobenzene were employed. In the reaction between 4-ethynyltoluene with
different alkyl halides, under the standard reaction conditions, the corresponding triazoles (3i-
3m) were obtained in 78-94% yield (entries 9-13). 1-Bromo-4-ethynylbenzene and 1-ethynyl-
4-nitrobenzene were also transformed into the corresponding triazoles (3n and 30) in 87%
and 80% vyield respectively (entries 14 and 15). The catalyst thus exhibited superior catalytic
activity regardless of the electronic nature and substitution pattern on the alkyl as well as
alkyne moiety. The *H NMR spectrum of 3e showed a doublet of doublet at § 5.12 (J = 0.9,
6.3 Hz) ppm due to the benzylic Hs. The cinnamyl sp?C—H linked with the phenyl group
appeared as a doublet at 6 6.66 (J = 15.9 Hz) ppm. The coupling constant value of 15.9 Hz
indicated the trans- geometry of the cinnamyl double bond. In case of compound 3g the
peaks at 6 4.96 (d, J = 5.7 Hz) and 5.95-6.08 (m, 1H) ppm were respectively due to the due to
the two benzylic Hs and the hydrogen present in the triazole unit. In the 3C NMR spectrum
of the same compound the peak at 6 52.7 ppm was due to the benzylic carbon and the peaks
at 6 119.7 and 131.3 ppm could be assigned to the allylic carbons. In compound 3h the
benzylic Hs appeared as a singlet at § 6.24 ppm in the *H NMR spectrum. The same peak
appeared at & 56.4 ppm in the 13C NMR spectrum.
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Table 11.B.2 Ni-rGO-zeolite catalyzed synthesis of 1,4-disubstituted-1,2,3-triazoles?

Ni-rGO-zeolite RIS N=n

PO 2_— - N
R1 X + NaN; + R‘——H H,0, 90 °C \ARZ
1 2 3
Entry Alkyl halide Alkyne Triazole Time (h) Yield (%)°
N
Ph N
1 Ph” X Ph——= \%\Ph 4 X =Br, 94
3a X =Cl, 90
Br N=n
N
3b
Br N,N:N
3 Ph—— ©/\ \%Ph 4 90
Br
Br 3c
Br NN
! I 3d
AN Ns
Ph™ ™ N
3e

O cl N,N:N
J .

I

\/\N’N:N
7° "B Ph——= %Ph 4 83
39
cl
0] Br @
N<
8 Ph—— =N 4 79
Nl
0 Ph
3h

Cl
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= N
= PN
9 Ph™ X = 4 X = Br, 87
. X =Cl, 84
3i
Br = NN
10 @ = 4 88
Br Br 3
Br // N/NtN
11 @ = 4 90
' | 3k
. N
7 TN /N
12 Ph/\/\BI’ 5 78
31
= N=
4 \/\N’ N
13C \/\Br = 4 94
3m
= N
7 Ph” N N
14 Ph” > Br = 4 87
Br
3n Br
= N<
7 e ™N
15 Ph”” > Br = 4 80
O,N
3o N02

Reaction conditions: 1 (1 mmol), 2 (1 mmol), NaNs (1.5 mmol), Ni-rGO-zeolite (30 mg) and H.O (2
mL) were stirred at 90 °C. "Isolated yield. ‘Reaction was carried out at 70 °C.

11.B.3.5 Recyclability of the catalyst

We checked the recyclability of Ni—rGO-zeolite catalyst in the three-component click
reaction between 1a, 2a and NaNs in aqueous medium under the optimized condition. After
the first run the catalyst was separated from the reaction mixture by simple filtration, washed
with ethyl acetate (5 x 5 mL) and dried under vacuum for 24 h. It was then re-used for the
second run. The catalyst was re-used for four consecutive runs without any significant drop in
the yield of the product (Figure 11.B.10). Moreover, we estimated the nickel content in Ni—

rGO—zeolite before and after the recycle runs. As could be seen from ICP-AES analysis,
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before the reaction the nickel content in Ni-rGO-zeolite (30 mg) was 0.026 mmol, while that
after the first and third run were 0.026 and 0.022 mmol respectively. This indicated that no
significant leaching of nickel occurred from the nanocomposite during the course of the
reaction.
100 93
| 90 89 ”
754
504
254
0
1 2 3 4

Number of runs

% Isolated yield

Figure 11.B.10 Recyclability of Ni-rGO-zeolite in the click synthesis of triazoles.

Furthermore, XPS analysis of the catalyst was also carried out after the first run to determine
any change in the chemical state of nickel. Figure I1.B.11a showed the survey scan where
presence of binding energy peaks corroborated recyclability result. However in Ni2p high
resolution spectrum increase in free nickel NPs related binding energy peaks were observed
without any significant change in binding energy values (Figure 11.B.11b). Whereas, the peak
intensity of Ni-O-C and Ni—C were found to decrease, it is noteworthy that under similar
kind of reaction condition NaNsz has the ability to modify the oxygen containing functional
groups of rGO.82 So this might have resulted in the formation of greater number of free nickel
NPs in the composite. However, the ICP-AES analysis confirmed the retention of total nickel

content, so no significant loss in catalytic activity of the catalyst was observed.
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Figure 11.B.11 XPS analysis of Ni-rGO—zeolite after first run: (a) survey scan (b) high resolution
Ni2p spectrum.
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11.B.3.6 Plausible mechanism for the reaction

The copper catalyzed version of the Huisgen cycloaddition (CUAAC) involves the formation
of copper acetylide as one of the key intermediate, which then undergoes cycloaddition with
azide moiety leading to the formation of triazole.!*® However, as previously reported by
Sommer et al. when the reaction occurred in zeolite surface, it did not involve such Cu-
acetylide intermediate. The reaction proceeded through n-complexation between alkyne and
the metal and finally via the formation of a metallacycle intermediate.®> The formation of
similar metallacycle intermediate was also evident in Raney nickel catalyzed AAC.%° Raney
nickel contains finely divided Ni(0) particles, so the active species in the mechanistic

pathway might be the zero-valent state of nickel.
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Scheme 11.B.17 Plausible mechanism for Ni-rGO-zeolite catalyzed click reaction.

Based on these reports we presumed that the free nickel NPs present in Ni—rGO—zeolite
might be responsible for exerting such catalytic activity in click reaction. Therefore, the first
step of the reaction presumably involved a =—complex (4) formed by the reaction between
alkyne and Ni(0) species. This was followed by coordination of the incoming azide with

nickel leading to the formation of a new coordinated species (5), which subsequently
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underwent cycloaddition to form the metallacycle intermediate (6). Finally, reductive
elimination of the metallacycle intermediate led to the formation of the desired triazole
product (3) and regenerated the Ni(0) active species to effect the next catalytic cycle (Scheme
11.B.17).

11.B.4 Conclusion

In conclusion, we have developed a new heterogeneous ternary nanocomposite catalyst based
on nickel (Ni-rGO-zeolite). As compared to the previously reported very few Ni-catalysts
used in AAC and only one heterogeneous photoactive Ni catalyst, the present heterogeneous
catalytic system offers certain advantages like easy preparation from cheap and sustainable
materials, stable at room temperature, high catalytic efficiency in aqueous medium,
regioselective formation of 1,4-disubstituted-1,2,3-triazoles, recovery by simple filtration and
recyclability, etc. The enhanced catalytic performance of this heterogeneous Ni catalyst in
AAC presumably originates from the concurrent supports and stabilization of the active Ni(0)
species by an unique combination of w-electron rich rGO and microporous zeolitic surface.
Among very few Ni catalysts studied in [3+2] AAC, the present catalytic system not only
eliminates some of the shortcomings but certainly will pave the way for further applications

of Ni-catalyzed ‘click’ reactions.

11.B.5 Experimental Section

11.B.5.1 General Information

All reagents were purchased from Sigma-Aldrich and used directly without further
purification. NaY zeolite was purchased from Sigma-Aldrich. The solvents were purchased
from commercial suppliers and used after distillation. All the products were purified by
column chromatography on 60-120 mesh silica gel (Merck, India). For TLC, Merck plates
coated with silica gel 60, Foss were used. FT-IR spectra were recorded in FT-IR 8300
SHIMADZU spectrophotometer. The *H & *C NMR spectra were recorded at 400 MHz and
100 MHz respectively on Bruker Ascend 400 spectrometer in CDClz and DMSO-ds. Splitting
patterns of protons were described as s (singlet), d (doublet), dd (doublet of doublet) and m
(multiplet). Chemical shifts (8) were reported in parts per million (ppm) relative to TMS as
internal standard. J values (coupling constant) were reported in Hz (Hertz). **C NMR spectra
were recorded with complete proton decoupling (CDCls: & 77.0 ppm and DMSO-ds: 39.5
ppm). Centrifugation was done in REMI R-8C DX centrifuge. Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) was measured by using SPECTRO analytical
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instruments GmbH, Germany. The X-ray diffraction studies (XRD) were done by the Rigaku
SmartLab (9 kW) diffractometer using CuKo radiation. Raman spectra of the samples were
obtained with Renishaw InVia micro Raman spectroscopy with 514 nm laser source.
Scanning Electron Microscopy (SEM) and Electron-Dispersive X-ray Spectroscopy (EDS)
were performed using JEOL JSM-IT 100 electron microscope. Transmission electron
microscopy (TEM) measurements were carried out using a JEOL JEM-2100F high-resolution
electron microscope. X-ray photoelectron spectroscopic (XPS) measurements were done on a
PHI 5000 Versaprobe II XPS system with an Al Ka source and a charge neutralizer at room
temperature.

11.B.5.2 Preparation of graphene oxide (GO)

Graphene oxide was prepared by following Tour’s method.®® In this method a 9:1 (v/v)
mixture of H2SO4 / H3PO4 (180:20 mL) was added to a mixture of graphite powder (1.5 g)
and KMnOg4 (9.0 g). The mixture was then stirred at 50 °C for 12 h. After cooling the mixture
to room temperature, it was gradually poured into crushed ice (200 g), which was followed
by the slow addition of H20. (30%, 1.5 mL). The solution was then centrifuged (5000 rpm)
and the supernatant was discarded. The residual solid material was successively washed with
deionised water (100 mL) and then with 30% HCI (100 mL). The solid material was then
repeatedly washed with water and centrifuged. Finally, the solid brown material was
collected and dried at 60 °C under vacuum to obtain solid graphene oxide.

11.B.5.3 Preparation of GO-zeolite nanocomposite

Graphene oxide (275 mg) was dispersed in distilled water (100 mL) and ultrasonically treated
for 1 h. Subsequently, NaY zeolite (400 mg) was proportionately added to the GO dispersion
ensuring neutral pH of the overall dispersion. The dispersion was then placed in an oil bath at
60 °C and stirred for 16 h. The solvent was then removed under reduced pressure and the
solid mass was dried under vacuum for 24 h.

11.B.5.4 Preparation of Ni-rGO-zeolite nanocomposite

A Teflon-capped sealed tube containing GO—zeolite (500 mg) dispersion in ethylene glycol
(10 mL) was charged with Ni(OAc)2:4H20 (124 mg, 0.5 mmol). The contents were then
gently stirred at 60 °C for 30 minutes. After that, NaBH4 (37 mg, 1 mmol) was added to the
mixture portion wise. The sealed tube was again Teflon capped and placed in a preheated oil
bath at 180 °C. After stirring for 3 h, the mixture was cooled to room temperature, diluted
with water and centrifuged at 5000 rpm. The supernatant was discarded and the solid
composite material was washed alternatively with water and ethanol (3 times each). The solid

composite material was then dried under vacuum for 48 h.

148



11.B.5.5 Preparation of Ni—zeolite catalyst

Ni-zeolite composite catalyst was prepared by a literature reported method with minor
modifications.* A 250 mL RB flask was charged with ethylene glycol (50 mL) and
NiNO3z-6H20 (290 mg). The mixture was ultrasonicated for 30 minutes, sealed, purged with
nitrogen and placed in an oil bath at 200 °C. This was followed by the rapid addition of
NaBHs (200 mg) into the flask. The mixture is then stirred at this temperature for 2 h and
cooled to room temperature. The solid was separated by centrifugation, washed with ethanol
and distilled water (3 times each) and dried under vacuum for 24 h.

11.B.5.6 Preparation of Ni-rGO catalyst

Ni—rGO catalyst was prepared by following a previously reported procedure.®® Graphene
oxide (2.75 g) was ultrasonically dispersed in 800 mL of water. To the GO dispersion, a
solution of NiCl2-6H20 (2.08 g, 8.75 mmol) in 600 mL water and hexamethylenetetramine
(2.453 g, 17.5 mmol) solution in 250 mL water were added. The mixture was stirred at room
temperature at for 10 minutes and finally sealed in 2 L Teflon-lined stainless steel autoclave
for hydrothermal reaction at 120 °C for 4 h. The black powder was washed several times with
water to remove excess Ni salt and hexamethylenetetramine and dried. The powder was then
heated in air 380 °C for 1 h to obtain NiO-rGO nanocomposite. The reduction of this
material in presence of rGO at 350 °C with a continuous flow of H, gas gives Ni—rGO
nanocomposite catalyst.

11.B.5.7 Typical procedure for the synthesis of 1,2,3-triazoles

A round bottomed flask (25 mL) equipped with a magnetic stir bar, was charged with alkyl
halide (1 mmol), terminal alkyne (1 mmol), NaNsz (1.5 mmol) and Ni-rGO-zeolite (30 mg).
Freshly distilled water (2 mL) was added to it and the reaction mixture was gently stirred at
90 °C for 4-6 h. After completion of the reaction (monitored by TLC), the reaction mixture
was cooled to room temperature. The catalyst was recovered through simple filtration and the
reaction mixture was extracted with ethyl acetate (3 x 5 mL). The combined organic layer
was dried over anhydrous Na,SO4 and concentrated under vacuum. The residue obtained was
purified by column chromatography using light petroleum ether / ethyl acetate as eluent to
afford the desired product. All products were characterized by *H, **C NMR data and also

compared with reported melting points for solid compounds.
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11.B.5.8 Characterization data of various 1,2,3-triazole derivatives
1-Benzyl-4—phenyl-1H-1,2,3-triazole (3a)®
N'N:N
%Ph
White crystalline solid; m.p.: 128-130 °C (Lit. m.p.: 128-129 °C); 'H NMR (400 MHz,
CDCls): 8 5.53 (s, 2H), 7.29-7.37 (m, 8H), 7.67 (s, 1H), 7.78-7.79 (m, 2H); *C NMR (100
MHz, CDCls): 6 54.2, 119.7, 125.7, 128.0, 128.2, 128.8, 128.9, 129.2, 130.5, 134.7, 148.2.
1-(4-1sopropylbenzyl) —4—phenyl-1H-1,2,3-triazole (3b)®’
Ph
White solid; m.p.: 177-178 °C (Lit. m.p.: 175 °C)¥"; 'H NMR (400 MHz, CDCls): &
1.20-1.58 (m, 6H), 2.97-2.99 (m, 1H), 5.52 (s, 2H), 7.00-7.15 (m, 1H), 7.23-7.27 (m, 2H),
7.38-7.42 (m, 2H), 7.65 (m, 3H), 7.73-7.82 (m, 2H); 1*C NMR (100 MHz, CDCls): & 23.9,
26.2,33.9,54.1,119.4, 125.7, 126.9, 127.29, 128.1, 128.8, 128.9, 129.4, 131.9, 133.1.
1-(3—Bromo benzyl)-4-phenyl-1H-1,2,3-triazole (3c)%
@ = ph
Br
Light yellow solid; m.p.: 92-94 °C (Lit. m.p.: 91-93 °C)®; 'H NMR (400 MHz, CDCls): §
5.53 (s, 2H), 7.22-7.25 (m, 2H), 7.32 (d, J = 7.2 Hz, 1H), 7.38-7.49 (m, 4H), 7.69 (s, 1H),
7.79-7.81 (m, 2H); 3C NMR (100 MHz, CDCl3): § 53.5, 119.6, 123.1, 125.7, 126.6, 128.3,
128.9, 130.3, 130.7, 131.0, 132.0, 136.9, 148.5.
1-(3-Iodo benzyl)-4—phenyl-1H-1,2,3—triazole (3d)%
o,
|
White solid; m.p.: 120-122 °C (Lit. m.p.: 122-124 °C)%; 'H NMR (400 MHz, CDCls3): §
5.50 (s, 2H), 7.10-7.12 (m, 1H), 7.24 (d, J = 8 Hz, 2H), 7.32 (d, J = 7.2 Hz, 1H), 7.40 (t, J =
7.2 Hz, 2H), 7.66-7.70 (m, 3H), 7.79-7.81 (m, 2H); 13C NMR (100 MHz, CDCls): & 53.3,
94.8, 119.6, 125.8, 127.2, 128.3, 128.9, 130.4, 130.8, 136.8, 136.9, 137.9, 148.4.
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1-Cinnamyl-4—phenyl-1H-1,2,3—triazole (3¢)*

N<
SN
Ph X N_L
Ph

White solid; m.p.: 136-138 °C (Lit. m.p.: 132-134 °C)%; IH NMR (400 MHz, CDCl3): &
5.15 (dd, J = 1.2, 7.6 Hz, 2H), 6.35-6.41 (m, 1H), 6.69 (d, J = 16 Hz, 1H), 7.29-7.43 (m,
8H), 7.80-7.84 (m, 3H); *C NMR (100 MHz, CDCls): § 52.4, 119.5, 121.9, 125.7, 126.8,
128.2, 128.6, 128.8, 128.9, 130.6, 135.4, 135.5, 148.1.
1-(Naphthalen—1-ylmethyl)-4—phenyl-1H-1,2,3—triazole (3f)*
e

O Ph

White solid; m.p.: 133134 °C (Lit. m.p.: 135 °C)°%; 1H NMR (400 MHz, CDClIs): & 5.99 (s,
2H), 7.26-7.34 (m, 3H), 7.46-7.72 (m, 5H), 7.90 (s, 2H), 7.99 (s, 2H), 8.0 (s, 1H); 13C NMR
(100 MHz, CDCls): § 52.4, 119.6, 122.9, 125.4, 125.7, 126.5, 127.4, 127.9, 128.1, 128.8,
129.0, 129.9, 130.1, 130.5, 131.2, 134.0, 148.0.

1-Allyl-4—phenyl-1H-1,2,3—triazole (3g)%°

N=n

L

Ph

\/\N

White crystalline solid; m.p.: 62—64 °C (Lit. m.p.: 57-58 °C)%; 'H NMR (400 MHz, CDCls):
5 4.96 (d, J = 6 Hz, 2H), 5.26-5.34 (m, 2H), 5.99-6.01 (m, 1H), 7.29-7.31 (m, 1H),
7.36-7.40 (m, 2H), 7.44-7.80 (m, 3H); 13C NMR (100 MHz, CDCls): § 52.7, 119.6, 120.1,
125.7,128.1, 128.8, 130.6, 131.3, 147.9.
1-(4—Chlorophenyl)—2—(4—phenyl-1H-1,2,3-triazol-1-yl)ethanone (3h)®?

White solid; m.p.: 104-106 °C (Lit. m.p.: 106-109 °C)%?; 'H NMR (400 MHz,
DMSO-ds): § 6.24 (s, 2H), 7.33 (s, 1H), 7.44 (s, 2H), 7.68-7.69 (m, 2H), 7.85 (s, 2H),
8.08-8.09 (m, 2H), 8.50 (s, 1H); 3C NMR (100 MHz, DMSO-de): & 56.5, 123.5,
125.6, 128.4, 129.5, 129.6, 130.6, 131.2, 133.3, 139.7, 146.8, 191.8.
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1-Benzyl—-4—(p—tolyl)-1H-1,2,3—triazole (3i)%°

White crystalline solid; m.p.: 152154 °C (Lit. m.p.: 154-155 °C)%; 'H NMR (400 MHz,
CDCls): 5 2.35 (s, 3H), 5.52 (s, 2H), 7.19 (d, J = 8 Hz, 2H), 7.27-7.36 (m, 5H), 7.62 (s, 1H),
7.68 (d, J = 8 Hz, 2H); 3C NMR (100 MHz, CDClzs): & 21.3, 54.1, 119.3, 125.6, 127.7,
128.0, 128.7, 129.1, 129.5, 134.8, 13809, 148.3.

1-(3-Bromo benzyl)—4—(p-tolyl)-1H-1,2,3—triazole (3j)°

N=N
©/\N
—
¢ \)\©\

Light yellow solid; m.p.: 132-134 °C (Lit. m.p.: 132-134 °C)*%; 'H NMR (400 MHz,
CDCls): 6 2.37 (s, 3H), 5.53 (s, 2H), 7.23-7.26 (m, 5H), 7.46-7.49 (m, 2H), 7.65-7.70 (m,
3H); C NMR (100 MHz, CDCls): & 21.3, 53.4, 119.1, 123.1, 125.7, 126.5, 127.5, 129.5,
130.7, 131.0, 131.9, 137.0, 138.2, 148.6.

1-(3-Iodo benzyl)—4—(p—tolyl)-1H-1,2,3—triazole (3k)**

Nsn
—
|

White solid; m.p.: 130-132 °C (Lit. m.p.: 130 °C)%; 'H NMR (400 MHz, CDCls): § 2.37 (s,
3H), 5.50 (s, 2H), 7.1 (m, 1H), 7.20-7.26 (m, 3H), 7.64-7.71 (m, 5H); 13C NMR (100 MHz,
CDCls): 6 21.3, 53.3, 94.8, 119.1, 125.7, 127.2, 127.6, 129.5, 130.8, 136.9, 137.0, 137.9,
138.2, 148.5.
1-Cinnamyl-4—(p—tolyl)-1H-1,2,3—triazole (31)°

N

VSN
Ph/\/\NVKO\
B

White solid; m.p.: 145-147 °C (Lit. m.p.: 145-147 °C)%; 'H NMR (400 MHz, CDCla): §
2.33 (s, 3H), 5.13 (dd, J = 1.2, 8 Hz, 2H), 6.34-6.39 (m, 1H), 6.68 (d, J = 16 Hz, 1H), 7.21
(d, J = 8 Hz, 2H), 7.25-7.40 (m, 5H), 7.71 (d, J = 8 Hz, 2H), 7.76 (s, 1H); 13C NMR (100
MHz, CDCls): § 21.3, 52.4, 119.1, 122.0, 125.6, 126.7, 127.8, 128.6, 128.8, 129.5, 135.3,
135.5, 138.0, 148.2.
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1-Allyl-4—(p-tolyl)-1H-1,2,3—triazole (3m)°

Pale yellow solid; m.p.: 88-90 °C (Lit. m.p.: 88-90 °C)%; 'H NMR (400 MHz, CDCls): §
2.34 (s, 3H), 4.95 (d, J = 6 Hz, 2H), 5.27-5.34 (m, 2H), 5.97-6.01 (m, 1H), 7.19 (d, J = 8 Hz,
2H), 7.69 (d, J = 9.2 Hz, 3H); 3C NMR (100 MHz, CDCls): & 21.3, 52.7, 119.2, 120.1,
125.6, 127.8, 129.5, 131.4, 138.0, 148.1.

1-Benzyl-4—(4—-bromophenyl)-1H-1,2,3—triazole (3n)2®

White solid; m.p.: 142-143 °C (Lit. m.p.: 144 °C)®; 'H NMR (400 MHz, CDCls): § 5.54 (s,
2H), 7.29 (s, 2H), 7.36 (s, 3H), 7.49 (d, J = 1.6 Hz, 2H), 7.64 (d, J = 8 Hz, 3H): 3C NMR
(100 MHz, CDCls): 6 54.3, 119.7, 122.0, 127.2, 128.1, 128.9, 129.2, 129.5, 131.9, 134.5,
147.1.

1-Benzyl-4—(4—-nitrophenyl)-1H-1,2,3—triazole (30)*

Yellow solid; m.p.: 166-168 °C (Lit. m.p.: 171-172 °C)%; IH NMR (400 MHz, DMSO-ds):
5 5.66 (s, 2H), 7.34 (d, J = 6.8 Hz, 5H), 8.09-8.10 (m, 2H), 8.26-8.28 (m, 2H), 8.88 (s, 1H);
13C NMR (100 MHz, DMSO-de): & 53.7, 124.1, 124.8, 126.4, 128.5, 128.7, 129.3, 136.1,
137.5, 145.2, 147.0.
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11.B.5.9 Scanned copies of *H and *C
triazole (3a)

NMR spectra of 1-benzyl-4—phenyl-1H-1,2,3-

Ph/\N'N:N

e
TR T e e s 7
a8l

Figure 11.B.12 Scanned copy of *H NMR spectrum of 1-benzyl-4-phenyl-1H-1,2,3-triazole (3a)
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Figure 11.B.13 Scanned copy of *C NMR spectrum of 1-benzyl-4-phenyl-1H-1,2,3-triazole (3a)

11.B.6 References

References are given in BIBLIOGRAPHY under Chapter |1, Section B.
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Chapter 11

Section C

Cu@GO-SiO2 Nanocomposite Catalyzed Diverse

Cross-Coupling Reactions
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11.C.1 Introduction

Transition metal catalyzed C-C and C-X (X = N, S, O) cross-coupling reactions represents a
unique dimension in contemporary organic synthesis.! Remarkable progress has taken place
over the last few decades owing to their widespread application in the synthesis of simple as
well as highly complex molecules.® While carrying out the synthesis of active pharmaceutical
ingredients (API), at least one of the steps involve transition metal catalyzed cross-coupling
reactions. Several transition metals pioneering palladium followed by copper and to some
extent nickel have been employed as catalyst for various organic transformations.?* In this
context, metallic nanoparticles (NPs) have received paramount attention from academia and
industry because of their excellent catalytic activity. Metallic NPs possesses high surface area
to volume ratio which plays a key role in catalyzing organic transformations. There are also
reports of bimetallic nanoparticles as catalyst where the synergism between two different
metals facilitates the overall catalytic process.>®

In addition, the development of catalytic systems which are heterogeneous in nature has been
another interesting area of research.” Heterogeneous catalysts are robust, highly efficient and
if appropriately designed can prevent contamination of final products from toxic metals. They
efficiently catalyze organic reactions and can be repeatedly used without substantial loss in
its catalytic activity. Several polymers loaded with metallic nanoclusters are used as
heterogeneous catalysts in diverse cross-coupling reactions.®® The emergence of diverse
protocols associated with simpler catalytic systems and enhanced catalytic activity has been
gaining much attention these days.

The use of carbon nanomaterials in catalysis is most demanding area in chemical science due
to their stability and high surface area.’® From last two decades graphene oxide (GO) has
attracted immense attention in the field of catalysis due to its high surface area, high thermal,
chemical and mechanical stability.'® Graphene oxide (GO), a two-dimensional (2D)
honeycomb lattice carbon nanomaterial with a flat mono or few layer structure, has attracted
enormous attention in the field of organic synthesis.!*'® Due to the presence of unique
multiple oxygen moieties, GO has been used to prepare many functional materials for
adsorption, catalysis, sensors, electronics and optics.!* Additionally, metal/graphene oxide
nanocomposites play a crucial role in diverse fields like catalysis, fabrication of sensors, toxic
metal ion scavenging, cellular imaging and drug delivery.’® The chemical properties of the
graphene oxide can be manipulated or tuned by chemical modifications. Other carbonaceous
materials are also used as solid supports for immobilization of metal/metal oxide

nanoparticles (NPs). The use of supported metallic NPs as heterogeneous catalysts in organic
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reactions has attracted substantial attention in the recent years. Palladium has been the mostly
used metal because of its excellent catalytic activity in various cross-coupling reactions.?
However, its toxicity and expensive nature limits its use in certain cases. Recently, copper
based catalysts have been widely used in organic synthesis owing to its unique features like
low toxicity and relatively low cost.®> Considering the above challenges we have prepared a

ternary nanocomposite Cu@GO-SiO> and employed it in diverse cross-coupling reactions.

11.C.2 Background and objectives

Transition metal catalyzed cross-coupling reactions have been studied in detail by several
research groups for the last few decades.® Among the multifarious cross-coupling reactions,
the one that has by far received the most attention has been the Suzuki-Miyaura cross-
coupling reaction.’® Traditional Suzuki-Miyaura cross-coupling reaction involves alkenyl
boranes and alkyl/aryl halides as the coupling partners in presence of palladium catalysts.1’8
However, several newer modifications of this reaction have evolved over the course of last
two decades.®?° This reaction has rapidly become one of the most efficient processes for the
formation of C—C bonds owing to its versatile applications and non-toxic nature of the
reactants. After the Suzuki-Miyaura cross-coupling reaction, another important cross-
coupling reaction has been the Buchwald-Hartwig cross-coupling reaction for the formation
of C-N bonds.?! Other transition metal catalyzed cross-coupling reactions that are also
widely studied involves the formation of C-S, C-O and C-Se.?*** Few representative
examples of different cross-coupling reactions have been illustrated below.

An efficient protocol for the Mizoroki-Heck cross-coupling reaction using palladium NPs
supported chemically modified graphene has been accomplished (Scheme I11.C.1). The
investigators have prepared nitrogen and sulfur functionalized graphene oxide and
immobilized palladium NPs on its surface (GL-Pd). The excellent catalytic activity of the

nanocomposite has been attributed to the coordination from N and S to Pd.?>26

]
X
|\ X, |\ GL-Pd _ X R
> [ = KOH, DMF-H,0, |,
R! R? N
120 °C, 24 h R 71-97%

X=Br, |

Scheme 11.C.1 Heck cross-coupling reaction using Pd supported chemically modified graphene.

Palladium chloride supported on graphene oxide (GO-PdCl,) has been prepared and used as a

heterogeneous catalyst for C—C and C—N cross coupling reactions.?’” The reaction conditions
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involve coupling of heteroaryl sulfonates with arylboronic acids, terminal alkynes and

anilines to form the corresponding cross-coupled products (Scheme 11.C.2).

1
R’ R R

- B(OH);
R%T
Ra— =

© GO-PdCl,, CuTC, Et0,C. A GO-PdCl,, PPhs,

X-Phos, K3POy, K3PQOy,, 1,4-dioxane, |
» . 3T L POt Me™ N7 N
Me N \\ 1,4-dioxane, 110 °C, Me N OTs 110°C, 18 h |

R3 48 h

> EtO,C

GO-PdCl,, PPhs,

4 = K3POQOy, 1,4-dioxane,
R | 110 °C, 24 h

R1

EI0C Ay -
| /)\ ©R4
Me” NTON X

49-88%
Scheme 11.C.2 GO-PdCI; catalyzed C—C and C—N cross coupling reactions.

Nickel nanoparticles supported on reduced graphene oxide surface (Ni-rGO-40) has been
used as a heterogeneous catalyst for the synthesis of thioethers from thiols and aryl
iodides/bromides (Scheme 11.C.3). The catalyst has been recycled for six cycles without
apparent loss in the yield of products. The corresponding thioethers have been obtained in 75-
93% yields.?®

X S

[ ) Ni-rGO-40 _ Ny 7R?
, + R2-SH S |
R,] K2CO3, DMF, 100 C, 1/ =
. R
X=1,Br N2, 2-10 h 75-93%

Scheme 11.C.3 Ni-rGO-40 catalyzed C-S cross-coupling reaction.
Copper nanoparticles immobilized on carbon nanofibers (Cu NPs/CNFs) has been prepared

and used for the arylation of phenols via C—O cross-coupling reaction (Scheme 11.C.4). The

protocol has been further extended for the C-N cross-coupling reaction.?®
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Scheme 11.C.4 Cu NPs/CNFs catalyzed C-O cross-coupling reaction.

Nanocrystalline copper oxide (CuO NPs) has been used as catalyst for the C-Se cross-
coupling reaction (Scheme I1.C.5). The reaction conditions involve aryl iodides and diaryl
diselenides as the coupling partners using KOH as base under inert atmosphere. The

corresponding diaryl selenides have been synthesized in 82-94% yields.*

S ' , Ses/© CuO NPs e
> ©/ © KOH, DMSO, 110 °C, |//

R 12-14 h R §2.949%

Scheme 11.C.5 CuO NPs catalyzed synthesis of diaryl diselenides.

11.C.3 Present work: Results and discussions

11.C.3.1 Preparation of Cu@GO-SiO2 nanocomposite

We have prepared the GO-SiO2 composite according to the procedure developed by Choi
and co-workers.3! Graphene oxide was chosen as a support due to its high stability, high
surface area and the presence of oxygenated functional groups which allowed further
functionalization. The functionalization of graphene oxide with silica was effectively carried
out by the hydrolysis of tetraethylorthosilicate (TEOS) in the presence of hydrophilic GO
dispersion. After that copper species were immobilized on to the surface of GO-SiO; via in
situ reduction of copper acetate using NaBHa. This new ternary nanocomposite (Cu@GO-
Si07) was used as a heterogeneous catalyst for C-S, C-C, C-O and C-N cross-coupling

reactions.

11.C.3.2 Characterization of Cu@GO-SiO2 hanocomposite

The synthesized ternary nanocomposite (Cu@GO-SiO,) was characterized by different
spectroscopic methods such as FT-IR, Raman spectroscopy, powder X-ray diffraction
patterns (XRD) and X-ray photoelectron spectroscopy (XPS). Furthermore, the morphology
of Cu@GO-SiO2 nanocomposite was analyzed by transmission electron microscopy (TEM).
To determine the various functional groups, the FT-IR spectra of the synthesized GO, GO-
SiO; and Cu@GO-SiO> were recorded. The comparative FT-IR spectrum of GO, GO-SiO>
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and Cu@GO-SiO, nanocomposite has been shown in Figure 11.C.1. The peaks at 3423 cm™
and 1397 cm™ were attributed due to the stretching and deformation of —OH bond in the
GO.% The band centered at 1046 cm™ was associated with the stretching of the C-O bond.*2
The stretching vibration of the C=0 bond of carboxyl groups was observed at 1721 cm™.3?
When GO-SiO; has been formed after the reaction with TEOS, the characteristic peaks of
silica were observed.®! It indicates the fabrication of silica on GO surface. The sharp peak at
471 cm* was attributed to Si—-O-Si bending vibration.®® The typical carbonyl group band at
1721 cm* disappeared which indicated that the carbonyl groups were converted to Si-O-C
bands.®® In the FT-IR spectrum of Cu@GO-SiO, nanocomposite, the intensity of —OH
stretching was reduced significantly during the reduction process of metal nanoparticles.
When the FT-IR spectra of GO, GO-SiO> and Cu@GO-SiO, were compared the
characteristic peaks between 1300 cm™ and 1600 cm™ were absent in the spectrum of
Cu@GO-SiO2 nanocomposite, which indicated that the oxygen containing functional groups
were unfixed.

The X-ray diffraction (XRD) patterns of GO-SiO> hybrid composite and Cu@GO-SiO>
nanocomposite has been shown in Figure 11.C.2. A sharp peak at 10.65° and 42.49° was
observed in GO-SiO- hybrid and was in accordance with the literature report.> A broad peak
at 23.24° was due to the leading effect of silica particles in graphene oxide.3! In the XRD
pattern of the Cu@GO-SiO. nanocomposite (Figure 11.C.2) showed that the presence of
diffraction peaks at 20 ~ 36.47°, 43.44°, 50.73° due to Cu20 (JCPDS# 01-073-6371) and
73.96° due to metallic Cu (JCPDS# 01-071-4609) nanoparticles.®*
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Figure 11.C.1 FT-IR spectra of GO, GO-SiO; and Cu@GO-SiO..
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Figure 11.C.2 XRD patterns of GO-SiO; and Cu@GO-SiO..

Raman spectroscopy has been another powerful technique in the characterization of
graphene-based materials. As can be seen from the Raman spectra (Fig 11.C.3), the D- and G-
bands of the GO-SiO, and Cu@GO-SiO- gave almost same values. However, the intensity
ratio of the D- and G- bands (Io/lg) has been found to decrease which corroborates the

successful incorporation of copper NPs in the nanocomposite.*
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Figure 11.C.3 Raman spectra of GO-SiO, and Cu@GO-SiO..

The morphology and microstructure of the Cu@GO-SiO2 was analyzed from transmission
electron microscopy (TEM) analysis (Figure 11.C.4). The Figure 11.C.4a shows the nano sized
copper particles were distributed uniformly in the GO-SiO; surface. At higher magnification

the deposition of Cu NPs was clearly observed (Figure 11.C.4b and Figure 11.C.4c). The
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average size of copper NPs was shown in the inset of Figure 11.C.4b which showed that most
of the NPs were distributed in the range of 5-10 nm. The clear image of metal NPs
depositions on GO-SiO2 surface was observed with the help of HRTEM image at 5 nm
magnification (Figure 11.C.4d). Moreover, the selected area electron diffraction patterns
(SAED) of Cu@GO-SiO; depicted the lattice fringes of Cu,O and Cu NPs, which clearly
indicated its crystalline nature. The chemical composition of the as-prepared nanocomposite
was analyzed by energy dispersive X-ray spectroscopy (EDS). The EDS spectrum showed
the presence of Cu, O, C and Si species which further confirms the deposition of copper NPs
on GO-SiO2 surface (Figure 11.C.4e).

100 nm

d

0 2 4
ull Scale 2447 cts Cursor: 0.000 keV|

Figure 11.C.4 (a-d) HR-TEM images and (e) EDS image of Cu@GO-SiO..

The X-ray photoelectron spectroscopy (XPS) analysis of Cu@GO-SiO; was performed to get
more details about the nanocomposite (Figure 11.C.5). The peak at 934.4 eV corresponds to
the Cu 2ps/2 peak of Cu* and Cu?* species. The peaks at 952.3 and 954.3 eV, corresponding
to Cu 2p12 were also due to the presence of Cu* and Cu?* species. Moreover, satellite peaks
of Cu 2ps2 and Cu 2p1/2 were also observed at 943.0 and 962.4 eV.®
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Figure 11.C.5 XPS analysis of Cu@GO-SiO, nanocomposite.

11.C.3.3 Catalytic activity of Cu@GO-SiO2 nanocomposite

11.C.3.3a Cu@GO-SiO2 nanocomposite catalyzed C-S cross-coupling reaction

The as-prepared Cu@GO-SiO2 nanocomposite was then employed for various cross-coupling
reactions. At first, we have used the catalyst for the C-S cross-coupling reaction. For this
purpose, 4-iodoanisole (1a) and thiophenol (2a) were selected as the model substrates. The
results have been presented in Table I1.C.1. Initially, the reaction was carried out in aqueous
media with K2COs and sodium dodecyl sulfate (SDS) at 90 °C which furnished the desired
thioether 3a in 87% vyield (entry 1). In the absence of SDS, the yield of the product decreased
to 63% (entry 2). Next, the reaction was performed in polar aprotic solvents like DMF and
CH3CN which afforded the desired product in 79% and 82% yields respectively (entries 3
and 4). In presence of tetrabutylammonium bromide (TBAB), the yield of the product did
increase to 91% in aqueous media (entry 5). The change of base from K>CO3 to Na,CO3 and
KOH in water gave lower yield (entries 6 and 7, 84% and 87%). The same reaction at room
temperature gave a trace amount of product after 24 h of the reaction (entry 8). While
increasing the quantity of the catalyst to 35 mg gave similar conversion (entry 9, 92%), and
lowering catalyst loading to 15 mg resulted in good conversion (entry 10, 82%). The reaction
did not proceed in the absence of the catalyst, keeping other conditions unchanged (entry 11).
However, carrying out the reaction without solvent and additive, the yield of the product got
significantly lowered (entry 12, 54%). The absence of base also resulted in similar

observation (entry 13, 48%).
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Table 11.C.1 Optimization of the reaction conditions?

| S
"0 o IO
+ o
MeO Solvent, base, additive MeO
3a

T , i
1a 2a emp, time

Entry Catalyst (mg) Solvent Base Additive  Temp (°C)/ time (h)  Yield (%)°

1 25 H.O K2COs3 SDS 90/8 87
2 25 H.O K2COs3 - 90/8 63
3 25 DMF K2CO3 - 90/8 79
4 25 CHsCN K2CO3 - 80/8 82
5 25 H20 K2COs TBAB 90/8 91
6 25 H.O Na2COs3 TBAB 90/8 84
7 25 H-0 KOH TBAB 90/8 87
8 25 H20 K2COs3 TBAB rt. /24 trace
9 35 H20 K2COs3 TBAB 90/8 92
10 15 H.O K2COs3 TBAB 90/8 82
11 — H.0O K2COs3 TBAB 90/8 no reaction
12 25 - K2CO3 - 90/8 54
13 25 H.0 - TBAB 90/8 48

4Reaction conditions: 1a (1 mmol), 2a (1 mmol), base (2 mmol), solvent (2 mL) and additive (10
mol%). °Isolated yield after purification through column chromatography.

With the optimized reaction conditions in hand, the substrate scope with various aryl halides
and thiols was thoroughly explored (Table 11.C.2). Aryl iodides bearing electron donating as
well as electron withdrawing groups such gave good to excellent yield of the corresponding
thioethers (entries 1 to 9). The same reaction with aryl bromides with aryl thiols gave
relatively lower yield of the corresponding sulfides (entries 1 and 2). The reaction of aryl
iodides with alkyl thiols gave lower yields than that of aryl thiols (entries 10 and 11).
Moreover, the reaction also worked efficiently with heteroaryl thiol and the desired product
was formed in 87% yield (entry 12).

Table 11.C.2 Cu@GO-SiO; catalyzed synthesis of thioethers?

X
| A . Cu@GO-SiO, | A S\R2
+ -
R( % K,CO3, TBAB, H,0 &
1 2 90 °C, 8 h R 3

165



Entry  Aryl halide Thiol Thioether Yield (%)°

Q HS© MeOO S@ 91 (X =1)

MeO
X = 1, Br) 3a 84 (X=Br)
2 HS S
IO O 0, s
MeO Me MeO 3b Me 82 (X=Br)
=1, Br)

T TG o0,
Cl MeO 3¢ Cl
o ., O "
OMe OMe
3a
5 ©/ ©/S\© 89
OMe 3d
6 /@/ HS\©\ /©/S\©\ 88
Me OoN Me
3e
7 S 90
O 3f
8 @E‘ L CreL "
OMe Me OMe Me
39
9 HS OMe 85
| ;
MeO ©/
cl 3h

i:/ HS _~ i:/s\/\/\ 80
MeO 3i
11 i;/ HS o~~~ /©/S\/\/\/\ 83
MeO 3j

6’

6

O
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Reaction conditions: 1 (1 mmol), 2 (1 mmol), Cu@GO-SiO; (25 mg), K-COs (2 mmol), TBAB (10
mol%) and H,O (2 mL) were stirred at 90 °C for 8 h. PIsolated yield after purification through column
chromatography.

11.C.3.3b Cu@GO-SiO2 nanocomposite catalyzed C-C cross-coupling reaction

The Suzuki-Miyura coupling reaction was also investigated with the as-prepared Cu@GO-
SiO2 nanocomposite. Initially, the reaction was carried out with 4-iodoanisole (1a) and
phenylboronic acid (4a) using Cu@GO-SiO2 nanocomposite (25 mg), K2COz (1 mmol) and
tetrabutylammonium bromide, TBAB (10 mol%) at 100 °C. The desired product 5a was
formed in 34% isolated yield (entry 1). The change of solvent from water to DMF and then to
DMSO significantly increased the yield of the product to 78% and 72% respectively (entries
2 and 3). The change of base from K2COs to Na,CO3z and KOH under the same condition
gave lower yields (entries 4 and 5, 61% and 65% respectively). When the catalyst loading
was increased from 25 to 40 mg the desired product was isolated in 79% yield (entry 6). The
reaction did not occur in the absence of the catalyst (entry 7).

Table 11.C.3 Optimization of the reaction conditions?

[
/©/ (HO)B Cu@GO-SiO,
MeO * Solvent, base, MeO

Temp, time

1a 4a 5a
Entry Catalyst (mg) Solvent Base Temp (°C)/ time (h)  Yield (%)°
1 25 H.0 K2CO3 100/8 34°
2 25 DMF K2COs 110/8 78
3 25 DMSO K2CO3 110/8 72
4 25 DMF Na.COs3 110/8 61
5 25 DMF KOH 110/8 65
6 40 DMF K2CO3 110/8 79
7 - DMF K2COs 110/8 no reaction

aReaction conditions: 1a (0.5 mmol), 4a (0.5 mmol), base (1 mmol) and solvent (2 mL). "Isolated
yield after purification through column chromatography. ‘TBAB (10 mol%) was used.

With the optimized reaction conditions in hand, the substrate scope of aryl iodides and

phenylboronic acids was thoroughly explored (Table 11.C.4). Aryl iodides bearing electron
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donating as well as electron withdrawing groups resulted in the formation of the desired
products in 69-78% vyield (entries 1 to 7). This indicated that imperative role of the catalyst
towards catalyzing Suzuki cross coupling reaction.
Table 11.C.4 Cu@GO-SiO; catalyzed synthesis of substituted biphenyls?

X (HO)B

X Cu@GO-SiO, B\ —

S T - (O

/ A K,COs, DMF, - p
5

O

o
<
®

B(OH),

e
- . 76

M 5
Cl 5d
e
O

5

R W K 110°C, 8 h
Entry Aryl halide Phenylboronic acid Product Yield (%)°
[ B(OH
o O =00
L meo 78
X B(OH),
o N e O S
Me 69 (X =Br)
(X =1,Br)
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Reaction conditions: 1 (1 mmol), 4 (1 mmol), Cu@GO-SiO; (25 mg), K2COs (2 mmol) and DMF (2
mL) were stirred at 110 °C for 8 h. ®Isolated yield after purification through column chromatography.
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11.C.3.3c Cu@GO-SiO2 nanocomposite catalyzed C-O cross-coupling reaction

We next attempted the C-O cross-coupling reaction with Cu@GO-SiO2 nanocomposite. For
this reaction 4-iodoanisole (1a) and 4-hydroxytoluene (6a) were selected as the model
coupling partners. The catalytic activity of the catalyst was studied under various solvents,
bases, ligands and additives at different temperatures (Table I1.C.5). In each reaction 1a (0.5
mmol), 6a (0.5 mmol), ligand (10 mol%) and base (1.0 mmol) were taken. The best condition
was achieved in presence of K3sPOj4 as base and 2,2"-bipyridine as ligand in DMF at 110 °C.
Table 11.C.5 Optimization of the reaction conditions?

| HO ) 0
/@/ \©\ Cu@GO-SiO, /@/ \©\
+ - >
MeO Me Solvent, base, ligand MeO Ve

1a 6a Temp, time 7a

Entry Catalyst (mg) Solvent Base Ligand® Temp (°C)/time (h) Yield (%)°

1 25 DMF K2COs3 L1 110/ 24 71

2 25 DMSO K:COs3 L1 110/ 24 65

3 25 PhMe  KzCOs L1 110/ 24 41

4 25 DMF Cs2C0O3 L1 110/ 24 58

5 25 DMF KF L1 110/ 24 38

6 25 DMF  K3POs L1 110/24 91

7 25 DMF K3POg4 L2 110/ 24 87

8 25 DMF K3POg4 L3 110/24 40

9 25 DMF K3POg4 L1 rt./24 no reaction
10 35 DMF K3POg4 L1 110/24 93

11 15 DMF K3POg4 L1 110/ 24 79

12 — DMF K3PO4 L1 110/ 24 no reaction
13 25 DMF — L1 110/ 24 trace
14 25 DMF K3PO4 - 110/24 43

Reaction conditions: 1a (0.5 mmol), 6a (0.5 mmol), base (1 mmol), ligand (10 mol%) and solvent (2
mL). PLigand: L1 = 2,2"-bipyridine, L2 = 1,10-phenanthroline and L3 = L-proline. ¢Isolated yield after
purification through column chromatography.

With the optimized reaction conditions we have studied the substrate scope with various aryl
halides with substituted phenols (Table I1.C.6). Aryl iodides showed better response than aryl
bromides towards the reaction (entries 2 and 5).
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Table 11.C.6 Cu@GO-SiO; catalyzed synthesis of diarylethers?

X  HO
| N \® Cu@GO-SiO, | X0 | X
+ >
K X2, 2,2"-Bipyridine, K3POy,, R1// >\/R2
7

R R
1 6 DMF, 110 °C, 24 h
Entry Aryl halide Phenol Diarylether Yield (%)°
o Te, JoT
1 MeO Me MeO Me 91
7a
X HO ¢
. T, 0L s
Me Me Me - Me 84 (X =Br)
X=1,Br)
| HO o)
3 ©/ [1Me © QMG 89
N02 NO2 7c
| HO. : o)
4 Me Me ©:Me\©\Me 7
7d
X HO o]
5 Me\[(©/ \©\Me Mem/©/ @Me 92 (X=1)
o} 7e 86 (X =Br)

(0]
(X =1, Br)

: | HO (0]
6 MeO Cl Meo/©/ \©\CI 87

Me 7f  Me

2

aReaction conditions: 1 (1 mmol), 6 (1 mmol), Cu@GO-SiO; (25 mg), KsPOs (2 mmol), 2,2"-
bipyridine (10 mol%) and DMF (2 mL) were stirred at 110 °C for 24 h. "lIsolated yield after
purification through column chromatography.

11.C.3.3d Cu@GO-SiO2 nanocomposite catalyzed C—N cross-coupling reaction

We next employed the nanocomposite for C—N cross-coupling reaction with aryl halides and
imidazoles (Table 11.C.7). The as-synthesized Cu@GO-SiO- catalyst was used by taking 4-
iodotoluene (1b) and imidazole (8a) as coupling partners. The catalytic activity of the catalyst
was examined under various solvents, bases and additives at different temperatures. The best
condition was achieved in presence of KOH in CH3CN at 80 °C (entry 5, 86% yield).

170



Table 11.C.7 Optimization of reaction conditions?

|
A GO-Si0,-Cu /=N
HN"SN 2 < }
+ > Me N
Me/©/ \=/ Solvent, base, additive -

1b 8a Temp, time 9a

/

Entry Cu@GO-SiO2 (mg) Solvent Base Temp (°C)/ time (h)  Yield (%)°

1 25 DMF K2COs3 110/ 24 68
2 25 DMSO K2COs 110/ 24 73
3 25 H.O K2COs3 100/ 24 32
4 25 MeCN K2CO3 80/ 24 79
5 25 MeCN KOH 80/24 86
6 25 MeCN NaOH 80/24 75
7 - MeCN KOH 80/24 no reaction

aReaction conditions: 1b (1 mmol), 8a (1 mmol), base (2 mmol) and solvent (2 mL). "Isolated yield
after purification through column chromatography.

With the optimized reaction conditions we have studied the substrate scope with various aryl
iodides with imidazole or benzimidazole (Table 11.C.8). The corresponding C—N cross
coupled products were synthesized in 80-89% isolated yield (entries 1 to 8).

Table 11.C.8 Cu@GO-SiO; catalyzed C—N cross coupling reaction?

| ~.__N Qi ~
| A . ./ ”: ) GO-Si0,-Cu _ @N/\j
R R -~N KOH, MeCN, 80 °C, R = =\
H 24 h o
1 8 g N\
Entry Aryl halide Amine Product Yield (%)°
1 I HN/%N Me 86
oy = oy
Me \—/
9a
©/ \—/ NN
\—/
9%
3 Me I AN 81
\©/ \—/ NN
Me \—/
9c
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4 I I NN 80
\©/ - N
9d

5 O,N I AN 85
\—/ NN
O,N \—/
9e
6 Me [ HNAN MeO 86
oy = N
MeO Me \—/
of
7 | N Me 88
o -
N N N
Me H
9g
8 O.N ! N 84
15 S D
N N N
H O,N

Ko,

4Reaction conditions: 1 (1 mmol), 8 (1 mmol), Cu@GO-SiO; (25 mg), KOH (2 mmol) and MeCN (2
mL) were stirred at 80 °C for 24 h. PIsolated yield after purification through column chromatography.

11.C.3.4 Recyclability of Cu@GO-SiO2 nanocomposite

We have checked the recyclability of Cu@GO-SiO: catalyst in the C-S cross-coupling
reaction under the optimized condition. After the first run the catalyst was separated from the
reaction mixture by simple filtration, washed with ethyl acetate (3 x 5 mL) and dried under
vacuum for 24 h. It was then re-used for the next catalytic run. The catalyst was re-used for
four consecutive runs without any significant drop in the yield of the product (Figure 11.C.6).
Moreover, we characterized the catalyst after the third run by using XRD patterns and Raman

spectroscopy. The morphology of the catalyst was also studied by using HRTEM analysis.
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Figure 11.C.6 Recyclability of Cu@GO-SiO, hanocomposite in C-S cross-coupling reaction.

11.C.4 Conclusion

In conclusion, we have prepared a robust catalyst based on graphene oxide silica hybrid
surface. The catalyst exhibited excellent catalytic activity towards different cross-coupling
reactions. Moreover, the catalyst was also found recyclable without appreciable loss in its
performance. We presumed that the superior catalytic activity of the catalyst was due to the
presence of copper species in different oxidation states. Furthermore, we believe that this
heterogeneous catalytic system would also be effective towards other copper catalyzed

processes.

11.C.5 Experimental section

11.C.5.1 General Information

All reagents were purchased from Sigma-Aldrich and used directly without further
purification. Tetraethyl orthosilicate (TEOS) was procured from Sigma-Aldrich and used as
received. The solvents were purchased from commercial suppliers and used after distillation.
All the products were purified by column chromatography on 60-120 mesh silica gel (Merck,
India). For TLC, Merck plates coated with silica gel 60, F2s4 were used. FT-IR spectra were
recorded in FT-IR 8300 SHIMADZU spectrophotometer. The *H & 3C NMR spectra were
recorded at 300 MHz and 75 MHz respectively on Bruker AV 300 spectrometer in CDCls.
Splitting patterns of protons were described as s (singlet), d (doublet), dd (doublet of doublet)
and m (multiplet). Chemical shifts (8) were reported in parts per million (ppm) relative to
TMS as internal standard. J values (coupling constant) were reported in Hz (Hertz). 3C NMR

spectra were recorded with complete proton decoupling (CDCls: 6 77.0 ppm). Centrifugation
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was done in REMI R-8C DX centrifuge. The X-ray diffraction studies (XRD) were done by
the Rigaku SmartLab (9 kW) diffractometer using CuKa radiation. Raman spectra of the
samples were obtained with Renishaw InVia micro Raman spectroscopy with 514 nm laser
source. Scanning Electron Microscopy (SEM) and Electron-Dispersive X-ray Spectroscopy
(EDS) were performed using JEOL JSM-IT 100 electron microscope. Transmission electron
microscopy (TEM) measurements were carried out using a JEOL JEM-2100F high-resolution
electron microscope. X-ray photoelectron spectroscopic (XPS) measurements were done on a
PHI 5000 Versaprobe II XPS system with an Al Ka source and a charge neutralizer at room
temperature.

11.C.5.2 Preparation of graphene oxide (GO)

Graphene oxide was prepared by following Tour’s method.®? In this method a 9:1 (v/v)
mixture of H2SO4 / H3PO4 (180:20 mL) was added to a mixture of graphite powder (1.5 g)
and KMnOg4 (9.0 g). The mixture was then stirred at 50 °C for 12 h. After cooling the mixture
to room temperature, it was gradually poured into crushed ice (200 g), which was followed
by the slow addition of H20. (30%, 1.5 mL). The solution was then centrifuged (5000 rpm)
and the supernatant was discarded. The residual solid material was successively washed with
deionised water (100 mL) and then with 30% HCI (100 mL). The solid material was then
repeatedly washed with water and centrifuged. Finally, the solid brown material was
collected and dried at 60 °C under vacuum to obtain solid graphene oxide.

11.C.5.3 Preparation of GO-SiO2 hybrid nanocomposite

GO-Si02 hybrid nanocomposite was prepared by following a reported method.3* For this
purpose, the well-known hydrolysis of tetraethylorthosilicate (TEOS) was then employed.
Briefly, GO (300 mg) prepared via the Tour’s method and TEOS (5 g) were dispersed
separately in ethanol (30 g) to produce stable suspensions. Subsequently, the two suspensions
were mixed together and placed into a water bath at 40 °C for 10 min to ensure a constant
temperature. Hydrous ammonia (NHs-H2O, 0.76 g) was added quickly into the mixture, and
the products were displaced after 15 h, washed 3 times with de-ionized water and ethanol
each, and finally dried in a vacuum oven at 60 °C 48 h.

11.C.5.4 Preparation of Cu@GO-SiO2 composite

GO-Si0O2 (1.0 g) was taken in a Teflon-capped sealed tube. To it Cu(OAc)2-H20 (1 mmol,
200 mg) and NaBH4 (200 mg) was added followed by the addition of 5 mL of water. It was
then placed in a pre-heated oil bath at 100 °C and gently stirred for 3 h. The mixture was then

cooled to room temperature and centrifuged at 5000 rpm. The supernatant was discarded and
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the residue was washed with distilled water (3 times) and finally with acetone (2 times). The
solid mass was then dried under vacuum for 48 h.

11.C.5.5 Typical procedure for the cross-coupling reactions

In a Teflon-capped sealed tube equipped with a magnetic stir bar, aryl halides (1.0 or 0.5
mmol), thiols/phenylboronic acids/phenols/imidazoles (1.0 or 0.5 mmol), Cu@GO-SiO2 (25
mg), base (2 equiv), ligand (10 mol%, only in case of C-O coupling), TBAB (10 mol%, only
in case of C-S coupling) and solvent (2 mL) were added. The resulting reaction mixture was
stirred at 80-110 °C for 8-24 h. After completion of the reaction (monitored by TLC), the
reaction mixture was cooled to room temperature. The catalyst was then recovered through
simple filtration. The reaction mixture was diluted with water and extracted by ethyl acetate
(3 x 5 mL). Finally, the combined organic layer was dried over anhydrous Na>SOs and
concentrated. The residue was then further purified by column chromatography on silica gel
using the light petroleum ether and ethyl acetate as eluent to afford the desired products. All

products were characterized by *H and *C NMR spectroscopy.

11.C.5.6 Characterization data of various products listed in Table 11.C.2, 11.C.4, 11.C.6
and I1.C.8
(4-Methoxyphenyl)(phenyl)sulfane (3a)

O

'H NMR (300 MHz, CDCls): & 3.82 (s, 3H), 6.90 (dd, J = 6.6 and 2.1 Hz, 2H), 7.11-7.26 (m,
5H), 7.42 (dd, J = 6.9 and 2.1 Hz, 2H); 13C NMR (75 MHz, CDCls): & 55.3, 114.9, 124.1,
125.6, 128.0, 128.8, 135.3, 138.5, 159.7.
(4-Methoxyphenyl)(p-tolyl)sulfane (3b)

ISAS!
MeO Me

'H NMR (300 MHz, CDCls): 8 2.29 (s, 3H), 3.79 (s, 3H), 6.85 (d, J =9 Hz, 2H), 7.05 (d, J =
8.1 Hz, 2H), 7.12 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 9 Hz, 2H); 3C NMR (75 MHz, CDCls): &
20.9, 55.3, 114.8, 125.6, 129.3, 129.7, 134.3, 136.1, 159.4.
(4-Chlorophenyl)(4-methoxyphenyl)sulfane (3c)
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IH NMR (300 MHz, CDCls): & 3.81 (s, 3H), 6.89 (d, J = 8.7 Hz, 2H), 7.05-7.08 (m, 2H),
7.16-7.19 (m, 2H), 7.39 (d, J = 9 Hz, 2H); 13C NMR (75 MHz, CDCls): § 55.3, 115.1, 123.6,
128.9, 129.2, 131.5, 135.4, 137.3, 160.0.

(3-Methoxyphenyl)(phenyl)sulfane (3d)

%SO

'H NMR (300 MHz, CDCl3): & 3.69 (s, 3H), 6.72-6.76 (m, 1H), 6.85-6.90 (m, 2H), 7.14-
7.37 (m, 6H); 3C NMR (75 MHz, CDCls): § 55.1, 112.6, 115.8, 122.8, 127.1, 129.1, 129.8,
131.2,135.1, 137.1, 159.9.

(4-Nitrophenyl)(p-tolyl)sulfane (3e)

L
O,N CH

'H NMR (300 MHz, CDCls): 6 1.79 (s, 3H), 6.50 (d, J = 7.5 Hz, 2H), 6.65 (d, J = 7.8 Hz,
2H), 6.81 (d, J = 7.8 Hz, 2H), 7.41 (d, J = 7.5 Hz, 2H); 13C NMR (75 MHz, CDCls): § 20.7,
123.3, 125.6, 130.2, 134.4, 139.6, 144.6, 148.6.

1-(4-(Phenylthio)phenyl)ethanone (3f)

w [ ©

IH NMR (300 MHz, CDCls): & 2.52 (s, 3H), 7.18 (d, J = 8.7 Hz, 2H), 7.36-7.47 (m, 5H),
7.79 (d, J = 8.7 Hz, 2H); 3C NMR (75 MHz, CDCls): § 26.3, 127.3, 128.6, 128.7, 129.5,
131.9, 133.7, 134.3, 144.7, 196.9.

(2-Methoxyphenyl)(p-tolyl)sulfane (3g)

L
OMe Me

'H NMR (300 MHz, CDCls): § 2.35 (s, 3H), 3.88 (s, 3H), 6.79-6.88 (m, 2H), 6.92-6.95 (m,
1H), 7.13-7.20 (m, 3H), 7.30-7.32 (m, 2H); 13C NMR (75 MHz, CDCls): 5 21.1, 55.8, 110.6,
121.2,125.7,127.4,129.7, 129.8, 130.1, 132.9, 137.7, 156.5.
(3-Chlorophenyl)(2-methoxyphenyl)sulfane (3h)

G

Cl

3
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'H NMR (300 MHz, CDCls): & 3.83 (s, 3H), 6.89-6.94 (m, 2H), 7.11-7.18 (m, 3H), 7.20-
7.34 (m, 3H); 3C NMR (75 MHz, CDCls): § 55.8, 111.2, 121.3, 121.5, 126.4, 127.6, 129.2,
129.7, 129.9, 133.6, 134.6, 137.9, 158.2.
(4-Methoxyphenyl)(pentyl)sulfane (3i)

/@/S\/\/\
MeO

'H NMR (300 MHz, CDClz): 6 0.85-0.90 (m, 3H), 1.25-1.40 (m, 6H), 1.58 (t, J = 7.8 Hz,
2H), 6.82-6.85 (m, 2H), 7.31-7.34 (m, 2H); 3C NMR (75 MHz, CDClz3): § 13.9, 22.2, 29.0,
30.8, 35.7,55.2, 114.4, 126.8, 132.8, 158.6.
Heptyl(3-methoxyphenyl)sulfane (3j)

SN

OCH,4
'H NMR (300 MHz, CDCls): § 0.85-0.90 (m, 3H), 1.25-1.32 (m, 8H), 1.39-1.41 (m, 2H),
1.60-1.68 (m, 1H), 2.91 (t, J = 7.2 Hz, 2H), 6.86-6.71 (m, 1H), 6.85-6.91 (m, 2H), 7.15-7.25
(m, 1H); BC NMR (75 MHz, CDClz3): § 14.0, 22.6, 28.8, 29.1, 31.3, 31.7, 33.3, 55.2, 111.2,
114.0, 120.8, 129.6, 138.5, 159.8.
2-((4-Methoxyphenyl)thio)pyridine (3k)

N
H4CO =

!H NMR (300 MHz, CDClz3): 6 3.84 (s, 3H), 6.76-6.78 (m, 1H), 6.93-6.97 (m, 3H), 7.39-
7.54 (m, 3H), 8.39-8.40 (m, 1H); 3C NMR (75 MHz, CDClz3): § 55.3, 115.2, 118.0, 119.3,
120.2, 120.9, 136.5, 137.1, 149.3, 160.5, 162.7.

4-Methoxy-1,1'-biphenyl (5a)

IH NMR (300 MHz, CDCls): & 3.84 (s, 3H), 6.95-6.99 (m, 2H), 7.23-7.31 (m, 1H), 7.38-
7.43 (m, 2H), 7.51-7.56 (m, 4H); 3C NMR (75 MHz, CDCls): & 55.3, 114.2, 126.6, 126.7,
128.1, 128.7, 113.8, 140.8, 159.1.

4-Methyl-1,1'-biphenyl (5b)

O~
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'H NMR (300 MHz, CDCls): & 2.34 (s, 3H), 7.29-7.33 (m, 4H), 7.41-7.52 (m, 5H); *C
NMR (75 MHz, CDClzs): 6 21.3, 127.6, 127.8, 127.9, 129.2, 129.5, 130.6, 137.8, 140.8.
3-Methoxy-1,1'-biphenyl (5c)

MeO

H NMR (300 MHz, CDCls): & 3.84 (s, 3H), 6.87-6.90 (m, 1H), 7.12-7.18 (m, 2H), 7.31-
7.36 (m, 2H), 7.39-7.44 (m, 2H), 7.56-7.59 (m, 2H); 3C NMR (75 MHz, CDCls): § 55.3,
112.7,112.9,119.7,127.2, 127.4, 128.7, 129.8, 141.1, 142.8, 159.9.
3-Chloro-3'-methyl-1,1'-biphenyl (5d)

Cl Me

IH NMR (300 MHz, CDCls): & 2.38 (s, 3H), 7.15-7.19 (m, 1H), 7.27-7.34 (m, 5H), 7.40-
7.44 (m, 1H), 7.54-7.55 (m, 1H); 13C NMR (75 MHz, CDCls): § 21.5, 124.2, 125.3, 127.2,
127.3,127.9, 128.6, 128.8, 129.9, 134.6, 138.5, 139.8, 143.2.
1-([1,1'-Biphenyl]-4-yl)ethanone (5e)

OO
Me

'H NMR (300 MHz, CDCl3): § 2.62 (s, 3H), 6 7.39-7.49 (m, 3H), 7.60-7.7.68 (m, 4H), 8.00-
8.03 (m, 2H); *C NMR (75 MHz, CDCls): § 127.2, 127.2, 128.2, 128.94, 128.98, 135.8,
139.8, 145.7, 197.8.

3-Nitro-1,1'-biphenyl (5f)

O,N

IH NMR (300 MHz, CDCls): & 7.40-7.59 (m, 6H), 7.86-7.89 (m, 1H), 8.14-8.17 (m, 1H),
8.40-8.41 (m, 1H); 13C NMR (75 MHz, CDCls): § 121.9, 122.0, 127.1, 128.5, 129.2, 129.7,
133.0, 138.6, 142.8, 148.7.

2-Methoxy-1,1'-biphenyl (5g)

OMe
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IH NMR (300 MHz, CDCls): & 3.96 (s, 3H), 7.16-7.28 (m, 2H), 7.52-7.56 (m, 3H), 7.59-
7.62 (m, 2H), 7.75-7.79 (m, 2H); 3C NMR (75 MHz, CDCls): § 55.6, 11.4, 121.6, 127.1,
128.2, 128.8, 129.78, 130.9, 131.1, 138.7, 156.6.

1-Methoxy-4-(p-tolyloxy)benzene (7a)

oL
MeO Me

IH NMR (300 MHz, CDCls): & 2.30 (s, 3H), 3.77 (s, 3H), 6.78-6.86 (m, 4H), 6.88-6.97 (m,
2H), 7.02-7.11 (m, 2H); 3C NMR (75 MHz, CDCls): § 20.6, 55.6, 114.8, 117.8, 120.3,
130.1, 132.0, 150.7, 155.6, 156.1.
4,4'-Oxybis(methylbenzene) (7b)

IH NMR (300 MHz, CDCls): 6 2.32 (s, 6H), 6.88 (d, J = 8.1 Hz, 4H), 7.11 (d, J = 7.8 Hz,
4H); 13C NMR (75 MHz, CDCls): 6 20.7, 118.6, 130.1, 132.4, 155.3.
1-Nitro-3-(p-tolyloxy)benzene (7c)

L
Me
NO,

IH NMR (300 MHz, CDCls): & 2.35 (s, 3H), 6.94 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.3 Hz,
2H), 7.26-7.29 (m, 1H), 7.43 (t, J = 8.2 Hz, 1H), 7.73 (s, 1H), 7.85-7.89 (m, 1H); 13C NMR
(75 MHz, CDCls): 6 20.8, 121.2, 117.2, 119.9, 123.7, 130.2, 130.7, 134.6, 149.2, 153.0,
159.0.

1-Methyl-2-(p-tolyloxy)benzene (7d)

L,

IH NMR (300 MHz, CDCls): & 2.24 (s, 3H), 2.30 (s, 3H), 6.79-6.87 (m, 3H), 7.00-7.15 (m,
3H), 7.21-7.24 (m, 2H); 3C NMR (75 MHz, CDCls): § 16.2, 20.6, 117.5, 119.2, 123.6,
127.0,129.7, 130.1, 131.3, 131.9, 155.0, 155.5.

1-(4-(p-Tolyloxy)phenyl)ethanone (7e)

(@)
. L
e\f(©/ Me
(@)
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'H NMR (300 MHz, CDCls): & 2.36 (s, 3H), 2.55 (s, 3H), 6.94-6.99 (m, 4H), 6 7.18 (d, J =
8.1 Hz, 2H), 7.90-7.94 (m, 2H); *C NMR (75 MHz, CDCls): § 20.8, 26.4, 116.8, 120.2,
130.5, 130.6, 131.5, 134.4, 153.0, 162.5, 196.9.
1-Chloro-4-(4-methoxyphenoxy)-2-methylbenzene (7f)

Nea ey

Me
!H NMR (300 MHz, CDClas): § 2.30 (s, 3H), 3.79 (s, 3H), 6.68-6.72 (m, 1H), 6.81 (d, J = 2.1
Hz), 6.85-6.89 (m, 2H), 6.92-6.96 (m, 2H), 7.22 (d, J = 8.6 Hz, 1H), 3C NMR (75 MHz,
CDClz): 6 114.9,116.2,119.9, 120.7, 127.6, 129.8, 137.3, 149.9, 156.0, 157.0.
1-(p-Tolyl)-1H-imidazole (9a)

g
IH NMR (300 MHz, CDCla): & 2.39 (s, 1H), 7.18 (s, 1H), 7.23-7.28 (m, 5H), 7.81 (s, 1H);

13C NMR (75 MHz, CDClz): § 20.9, 118.3, 121.4, 130.1, 130.3, 134.9, 135.6, 137 4.
1-Phenyl-1H-imidazole (9b)

'H NMR (300 MHz, CDCls): § 7.24-7.28 (m, 2H), 7.35-7.39 (m, 3H), 7.46-7.51 (m, 2H),
7.90 (s, 1H); 13C NMR (75 MHz, CDCls): 8 118.7, 121.9, 127.7, 128.0, 130.1, 130.2, 133.9,
135.7.
1-(m-Tolyl)-1H-imidazole (9c)
DY

Me
'H NMR (300 MHz, CDCls): § 2.32 (s, 3H), 6.92-7.38 (m, 5H), 7.85 (s, 1H); *C NMR (75
MHz, CDCls): 6 21.3, 118.2, 118.5, 122.1, 128.2, 129.6, 130.2, 135.6, 137.3, 140.0.
1-(3-lodophenyl)-1H-imidazole (9d)
-

|
'H NMR (300 MHz, CDCls): § 7.07-7.12 (m, 2H), 7.16-7.17 (m, 1H), 7.26-7.28 (m, 1H),
7.57-7.65 (m, 2H), 7.75 (s, 1H); *3C NMR (75 MHz, CDCls): § 94.7, 117.9, 120.5, 130.1,
130.6, 131.2, 135.3, 136.4, 138.2.
1-(3-Nitrophenyl)-1H-imidazole (%)
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-0

NO,
IH NMR (300 MHz, CDCls): & 7.28 (s, 1H), 7.40 (s, 1H), 7.70-7.81 (m, 2H), 7.99 (s, 1H),
8.23-8.26 (m, 1H), 8.30 (t, J = 2.1 Hz, 1 H); 3C NMR (75 MHz, CDCls): § 116.2, 117.9,
122.0, 126.8, 131.1, 131.3, 135.4, 138.1, 149.0.
1-(4-Methoxy-3-methylphenyl)-1H-imidazole (9f)
ENQOMe

Me
'H NMR (300 MHz, CDCls): & 2.26 (s, 3H), 3.87 (s, 3H), 6.85-6.89 (m, 1H), 7.14-7.27 (m,
4H), 7.78 (s, 1H); 13C NMR (75 MHz, CDCls): § 16.3, 55.6, 110.2, 110.4, 120.2, 124.4,
125.6, 128.3, 129.7, 130.2, 157.1.
1-(p-Tolyl)-1H-benzo[d]imidazole (99)

Me
NN

'H NMR (300 MHz, CDCl3): & 2.44 (s, 3H), 7.26-7.40 (m, 6H), 7.48-7.52 (m, 1H), 7.84-
7.88 (m, 1H), 8.09 (s, 1H); 1*C NMR (75 MHz, CDCls): 6 21.1, 110.5, 120.4, 122.7, 123.6,
124.0, 130.5, 133.7, 138.1, 142.3, 143.7.

1-(3-Nitrophenyl)-1H-benzo[d]imidazole (9h)

Q\N“N

IH NMR (300 MHz, CDCls): § 7.37-7.42 (m, 2H), 7.55-7.58 (m, 1H), 7.77-7.83 (m, 1H),
7.88-7.94 (m, 2H), 8.1 (s, 1H), 8.31-8.34 (m, 2H); 13C NMR (75 MHz, CDCls): &: 110.0,
118.7, 121.0, 122.5, 123.5, 124.5, 129.4, 131.2, 133.0, 137.4, 141.7, 144.1, 149.2.
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11.C.5.7 Scanned copies of *H and *C NMR spectra of 1-nitro-3-(p-tolyloxy)benzene (7c)

..... ; QO\@LMQ

<\ V= NOz: e
) r/ | |
Wl ||
f
| |l Lz
| w0 J/Ul\
............. e

‘:)‘ J IH\I
[Bl5(2 rH‘

Figure 11.C.7 Scanned copy of *H NMR spectrum of 1-nitro-3-(p-tolyloxy)benzene (7¢)
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Figure 11.C.8 Scanned copy of *C NMR spectrum of 1-nitro-3-(p-tolyloxy)benzene (7c)

11.C.6 References
References are given in BIBLIOGRAPHY under Chapter Il, Section C.
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Sustainable and Site-Selective C—H Sulfenylation of Aromatic
Compounds with Thiol using Catalytic Graphene Oxide and Nal

Prasun Choudhury, Babli Roy, and Basudeb Basu*®

Abstract: Graphene oxide (GO) in combination with Nal is
used as the catalytic system for site-selective C—H sulfeny-
lation of 1H-indole, 2-naphthol, resorcinol and 2-naphthyl-
amines with thiols. The reaction is usually achieved in the
presence of metal catalysts as well as under metal-free
conditions using iodine and a strong oxidizing agent. The
present protocol avoids the use of any metal catalysts,
strong oxidizing agents and the use of thiols instead of
other sulfur-based reagents making it atom-economic and
environmentally benign. Broader tolerance to functional
groups has been tested and a plausible mechanism is pro-
posed. The recovered GO can be recycled without signifi-
cant loss in catalytic activity up to four runs. )

Introduction

Organosulfur compounds are ubiquitous in nature.! Organo-
sulfanes play an important role in both chemical and biological
processes like total synthesis, medicinal chemistry and material
sciences.””’ Moreover, aryl sulfides are essential building blocks
for various pharmaceutically important compounds.” The in-
corporation of sulfenyl groups into heterocyclic moieties like
indole has garnered much attention because of their wide
uses. Among the various indole derivatives, 3-sulfenylindoles
are significant owing to their potential uses as drugs for the
treatment of cancer,” heart diseases,” allergies” HIV® and
Alzheimer's disease (Figure 1).”' Because of their synthetic im-
portance and diverse pharmacological activities, synthesis of
aryl sulfanes represents an important chemical reaction in or-
ganic chemistry. Although a metal-catalyzed C—S bond forma-
tion between an aryl halide and thiol is well known,® metal-
free C—S bond formation by a C(sp?)—H bond activation is less
common and has attracted much attention primarily because
the metal-free procedures are greener and cost-effective.”!
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Figure 1. Biologically active poly-functionalized 3-sulfenylindoles.

Transition-metal-catalyzed regioselective sulfenylation of in-
doles has been reported with various metals like Cu, Fe, Mg,
Ce, V, Ru, etc., using both thiol and other sulfur-based reagents
like sulfonyl chloride, N-(arylthio)phthalimide and disulfide.”
Direct C—H sulfenylations of aromatic compounds have been
reported either using peroxides or transition-metal catalysts in
combination with DMSO,**¥ and C—H thiocyanation using
GO-H,0,.”? Considering the toxicity as well as a high cost of
various transition-metal-based catalysts, metal-free approaches
have also been developed. The most common is to use iodine
in the presence of thiol,"” or other sulfur-based reagents like
disulfide," sulfinate,®'? sulfonyl chloride,"™® sulfonyl hydra-
zide."™ However, most of these conditions using thiols require
the presence of an oxidant, such as tert-butyl hydroperoxide
(TBHP),"% hydrogen peroxide (H,0,),"® or DMSO." More-
over, the use of different sulfur-based reagents other than thiol
generate by-products resulting in lower atom economy of the
reaction as well as difficulty in separation.'"'¥ Although the
use of aromatic thiols in the regioselective sulfenylation ap-
pears to be atom-economic, the presence of strong oxidants
limits for their versatile applications."” The reaction has been
reported to be successful also without using any metal cata-
lysts or iodine but requires a strong base like NaOH." There is
also a report of using biocatalyst (bovine serum albumin) in
combination with iodine for the regioselective sulfenylation of
aromatic C(sp?)—H using thiol."® A schematic presentation re-
garding recent developments in catalytic systems towards site-
specific C—H activation and sulfenylation of 1H-indole is shown
in Scheme 1. In this context, new catalytic systems with the

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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avoidance of metal and toxic oxidizing agents as well as green-
er and atom-economic conditions are of great interest.

Graphene oxide (GO), obtained easily from graphite powder
by oxidation and subsequent exfoliation, has been used as a
potential “carbocatalyst” for promoting various organic trans-
formations."” Its mild acidic nature (pH 4.5 at 0.1 mgmL™"),1"®
and oxidizing properties have been exploited in various organ-
ic transformations since its first application in 2010."" We
report herein a new metal-free method for the regioselective
sulfenylation of indole using thiols (both aromatic and aliphatic
thiols) in the presence of graphene oxide (GO) and Nal as the
additive. The reaction conditions are facile and versatile to di-
verse functional groups present with the indole moiety as well
as with thiols and the catalyst (GO) is recyclable.

Results and Discussion

We began our preliminary investigations by using 1H-indole
and 4-chlorothiophenol as model substrates for the reaction
using GO and Nal under different conditions (see Table 1). In
our first reaction, we used GO (50 mg per mmol of the sub-
strate indole) and Nal (10 mol%) in toluene at 80°C for 24 h.
The reaction proceeded with isolation of the desired product
3-(4-chlorophenylthio)-1H-indole in 68% vyield (entry 1). Reduc-
ing the amount of GO (25 mg) did result in similar conversion
(entry 2). Whereas changing the solvent to polar aprotic
(CH;CN) or protic (MeOH) resulted in lower yield of the sulfeny-
lated product (entries 4 and 5), the reaction in DMSO gave ex-
cellent conversion (entry 6, 97 %), indicating significant role of
the solvent. Absence of any of the components like GO, Nal or
DMSO did exhibit considerable effect in the course of the reac-
tion and in terms of yield of the product. For example, a neat
mixture of reactants, GO and Nal afforded the product in lower
yield (entry 7, 55%), whereas there was meagre conversion
without using GO or Nal (entries 8 and 9). However, in the ab-
sence of GO and Nal, we did not notice any conversion on TLC
plate (entry 10). Changing Nal with KI, KBr or NaCl did not
result in excellent conversions. We obtained the desired prod-
ucts in 20-72% yields (entries 11-13). Use of |, also afforded
the product but in lower yield (entry 14, 64%). Scaling up the
reaction at the optimized conditions (entry 6) also gave excel-
lent conversion to the desired product (entry 15, 94%).

To explore the scope of the reaction, we employed the opti-
mized reaction conditions with various 1H-indoles and thiols,
as listed in Table 2. Arylthiols containing chloro, methyl, amino
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Table 1. Optimization of reaction conditions.”
Cl
Graphene Oxide (GO)
Additive

SH s
@j\> ¥ /©/ Solvent, T ©j\g
N al olvent, Temp. N

H H

Entry GO [mg] Additive [10 mol%] Solvent T [°Cl/t[h] Yield [%]"

1 50 Nal toluene 80/ 24 68

2 25 Nal toluene 80/ 24 70

3 10 Nal toluene 100/ 24 43

4 25 Nal CH,CN 80/ 24 10

5 25 Nal MeOH 80/ 24 12

6 25 Nal DMSO 80/ 12 97

7 25 Nal - 80/ 24 55

8 25 - DMSO 80/ 24 trace?

9 - Nal DMSO 80/ 24 trace”

10 - - DMSO 80/ 24 no product®
1" 25 Kl DMSO 80/ 12 72

12 25 KBr DMSO 80/ 12 20

13 25 NacCl DMSO 80/ 12 24

14 25 I, DMSO 80/ 12 64

15 60 Nal DMSO 80/ 12 94t

[a] Reaction conditions: 1H-indole (1 mmol), 4-chloro thiophenol

(1.5 mmol), solvent (2 mL). [b] Isolated yield. [c] Not isolable but faint spot
on TLC. [d] No spot on TLC. [e] Reaction was performed on 5 mmol scale.

group or 2-naphthylthiol worked efficiently affording exclusive
formation of corresponding 3-sulfenylated products (Table 2,
entries 1-4). No specific effect of any functional group was no-
ticed in these reactions. Further attempt with aliphatic thiols
like cyclohexylthiol, n-pentylthiol or n-heptylthiol also worked
fairly efficiently affording the desired products in 81-89%
yields (entries 5-7). On the part of the indole moiety, we tried
with an electron withdrawing group at C-6 position of indole
and that too gave excellent conversions, exhibiting similar re-
activity, selectivity and yield of products and establishing no
significant influence of the substituents in either of the reac-
tion partner (entries 8-10). We then checked the presence of
substituents in the N-containing five-membered ring of the
indole moiety. Whereas 3-substituted indole underwent sulfe-
nylation selectively at C-2 position (entry 11), the 2-substituted
indole gave the corresponding 3-sulfenylated product in 95%
yield (entry 12). Substrate scope has been further extended
using heterocyclic thiols like 2-thiazoline-2-thiol and pyridine-
2-thiol. In both cases, the reaction worked efficiently giving the
desired product in 81 and 89% vyield, respectively (entries 13

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Sulfenylation of various indoles.”’

Entry 1H-Indole Thiol Product t[h] Yield [%]®
cl
A SH s
1 N O ©j\g 12 97
cl N
H
2 N /©/ Q 12 94
N
H
A SH S
3 N OO ©\/\g 12 81
H N
H
H,N
N o L)
4 N ©: 12 85
H NH, N
N
H
A SH S’O
5 N O/ ©j\$ 18 81
H N
H
g—n-CsH1q
A\
6 \ n-CgHqyy—SH N 14 89
H N
H
§—n-C7H45
A\
7 g n-C7Hq5—SH N 14 86
H N
H
cl
/@\/\> SH S
8 Jeosc N CI/O/ m 1291
MeO,C ﬂ
/@\/\> SH S/O/
° MeO,C ” /©/ /©\/\g 12 %0
MeO,C N
/@\/\> SH S
10 veosc N m e
MeO,C ,’:‘1
cl
SH
1 D /©/ 12 85
N cl S—s
N
H
cl
A SH s
12 N /O/ w 1295
H cl N
H
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and 14). Thus the reaction conditions are appa-
rently robust, clean, highly site-selective and
performed at 80°C affording high conversions
(81-97 %).

In order to broaden the efficacy of the cata-
lytic system (GO/Nal), we then examined with
other aryl alcohols or amines like 2-naphthol, re-
sorcinol and 2-naphthylamine.”® Gratifyingly, in
all cases, the reaction worked successfully as
well as selectively affording the desired sulfeny-
lated products in good to excellent yields. The
results are presented in Table 3, Table 4 and
Table 5. While 2-naphthol and 2-naphthylamine
afforded exclusive formation of C-1 sulfenylated
products, sulfenylation of resorcinol occurred
selectively at C-4 position. Aromatic thiols with
different substations and aliphatic thiol reacted
in the same manner without any significant var-
iations in terms of reactivity.

The reusability of the catalyst (GO) was also
checked in the sulfenylation reaction of indole
system. The recovery of the graphene oxide
(GO) was as follows: after the first run conduct-
ed in 2 mmol scale using GO (50 mg), the reac-
tion mixture was partitioned between ethyl ace-
tate and water. The aqueous part was separated
out and centrifuged at 5000 rpm. Decantation
of the supernatant aqueous part and repeating
the process two times more, the remaining
solid material was dried under vacuum to
obtain free flowing GO powder. The recovery
was however ~10% less than the used quanti-
ty. The recovered catalyst was then used for
second run (1 mmol scale) using GO (25 mg)
with almost equal efficiency. From the third run,
there was a decreasing trend in its performance
and in the fourth run, the isolated yield was sig-
nificantly low. The reactions were performed
(0.75 and 0.5 mmol scale) using GO (18 and
12 mg, respectively) and the catalyst is found to
be active with some decrease in Yyields
(Figure 2). The FT-IR spectrum of the recovered
GO after first, second and fourth run was re-
corded. The IR absorption after fourth run indi-
cated partial loss of oxygenated functional
groups which might be due to the repeated
use of the recovered catalyst under the reaction
condition (see Supporting Information).

Proposed mechanism for the reaction

Similar reactions with thiol mediated by molec-
ular iodine (I,) are believed to occur via disulfide
formation, which subsequently produces an
electrophilic species 1 (Scheme 2)."? Trying our
reaction conditions using a disulfide instead of
thiol [1H-indole and bis(4-chlorophenyl) disul-
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Table 2. (Continued)

though we do not have a clear explanation but
our observation leads to suppose that the fresh-

Entry 1H-Indole Thiol Product t[h] Yield [%]" ly generated |, from the oxidation of Nal in the
N presence of GO is likely to be more reactive to-
@ N sH S/Qsj wards thiol to form the electrophilic species (1),
13 N 1\3 Oj\g 18 81 which then reacts with 1H-indole to produce (2)
H N and finally HI is liberated to give the desired
N _ product (3). HI is further oxidized in the pres-
S/(j ~ S/Q ence of GO in DMSO to form I, for the next cat-
14 A\ s | N N 12 89 alytic cycle. Recycling of GO results in partial
N N sH N conversion to reduced graphene oxide (RGO),

H

which causes the lower yield of the product as

chromatography on silica gel.

[a] Reaction conditions: 1H-indole (1 mmol), thiol (1.5 mmol), GO (25 mg), Nal (10 mol %)
and DMSO (2 mL) were stirred at 80°C. [b] Isolated yield after purification through column

well as the presence of RGO was clearly indicat-
ed after the fourth run by FT-IR spectral data
(see the Supporting Information). Further com-

parative X-ray powder diffraction patterns of

Table 3. Sulfenylation of 2-naphthol.”!

= /IR
x
OH e - SH GO, Nal S
/P DMSO, 80 °C OH
R 15h
Entry Thiophenol Product Yield [%]®

2]
P I
T
(%] &—m
<E Ei [®] <E >
T
=]
v

D e
Cl
SH SJ:]
3 /©/ 89
F
SH s
. T L,
SH ;©\
5 84

2

[a] Reaction conditions: 2-Naphthol (1 mmol), thiophenol (1.5 mmol), GO
(25 mg), Nal (10 mol%) and DMSO (2 mL) were stirred at 80°C. [b] Isolat-
ed yield after purification through column chromatography on silica gel.

fide] did not afford any desired product. This means a strong
oxidizing agent is required for the reaction. Moreover, GO-cata-
lyzed reaction in the presence of molecular iodine (I,) did not
give good conversion to the product (Table 1, entry 14). Al-
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Table 4. Sulfenylation of resorcinol.”

OH
S S coNa
Y " bmso,80%C
HO R 12-18 h
Entry  Thiol Product t[ Yield [9%]®
OH
SH s
1 \©\ 12 93
cl HO cl
OH
SH s
2 \©\ 12 92
HO
OH
3 n-CsH11SH SSneCatiy 16 89

HO

OH
S
ga, v
HO F
OH
SH s
5 \© 18 84
HO

[a] Reaction conditions: Resorcinol (1 mmol), thiol (1.5 mmol), GO
(25 mg), Nal (10 mol%) and DMSO (2 mL) were stirred at 80°C for the
time indicated above. [b] Isolated yield after purification through column
chromatography on silica gel.

SH
4 ©/
F

the fresh GO and recovered catalyst (after the first run) indicat-
ed such trends of formation of RGO (see the experimental sec-
tion as well as the Supporting Information).

Conclusions

In summary, we have described a metal-free, facile and atom-
economic protocol for the site-selective C—H sulfenylation of
various aromatic compounds leading to the synthesis of corre-
sponding thioethers in good to excellent yields. The reaction
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Table 5. Sulfenylation of 2-naphthylamine.”’
% |
x
NH, N SH 6o, Nal S
o DMSO, 80 °C NH,
R 12h
Entry Thiophenol Product Yield®
Cl
w
1 85
Cl NHz
2 NH, 82
. L
F
o
F NHz
SH
S
5 oo™ ’
[a] Reaction  conditions: ~ 2-Naphthylamine (1 mmol),  thiophenol
(1.5 mmol), GO (25 mg), Nal (10 mol%) and DMSO (2 mL). [b] Isolated
yield after purification through column chromatography on silica gel.

% Isolated Yield

97 95
l l i |
Ist 2nd 3rd 4th
No. of runs

Figure 2. Reusability of GO for the sulfenylation of 1H-indole with 4-chloro-
thiophenol.

shows good tolerance towards several substituted aromatic
systems. Harnessing the catalytic role of sustainable carbon
materials like graphene oxide (GO) is an emerging area of re-
search and has been demonstrated herein in new reactions
eliminating the need of metal catalysts, strong oxidizing
agents and different sulfur-based reagents. GO-catalyzed incipi-
ent iodine could be highly reactive towards forming the elec-
trophilic species (1) that adds to an indole to afford finally the
desired thioether. The present protocol is likely to attract the
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G

R-SH 7_0?> R-SI + HI
Nal I 1 @
N
GO [ DMSO H
s-R
l®,
y 2
s-R
T
N

H
3

Scheme 2. Proposed reaction mechanism for the 3-sulfenylation of 1H-
indole.

interest of synthetic chemists because of simple and greener
aspects, reusability and broader applicability.

Experimental Section

General procedure for the preparation of graphene oxide
(GO)

Graphene oxide was prepared by following Tour’s method.?" In
this method a 9:1 (vv™") mixture of H,SO,/ H;PO, (180:20 mL) was
added to a mixture of graphite powder (1.5 g) and KMnO, (9.0 g).
The mixture was then stirred at 50°C for 12 h. After cooling the
mixture to room temperature, it was gradually poured into crushed
ice (200 g) followed by the slow addition of H,0, (30%, 1.5 mL).
The solution was then centrifuged (5000 rpm) and the supernatant
was discarded. The residual solid material was successively washed
with deionized water (100 mL) and then with 30% HCl (100 mL).
The solid material was then repeatedly washed with water and
centrifuged. Finally, the solid brown material was collected and
dried at 60°C under vacuum to obtain solid graphene oxide.

Some characterization data of GO (fresh and after the first
run)

The Raman and X-ray powder diffraction patterns (XRD) of the as-
prepared GO and the recovered GO were compared and given in
the Supporting Information. Whereas in the Raman spectra the D-
and G-bands are fairly similar, the XRD peak of the fresh GO was
observed at 260 =9.5° and the recovered GO consisted of additional
peak at 260 =24.9°, indicating partial removal of oxygenated func-
tional groups.'”?"! The pH potentiometric acid-base titration of the
fresh GO (50 mg) with 0.1 M NaOH aqueous solution using 50 mL
of 0.5m NaCl aqueous solution as back electrolyte was performed
and calculated an approximate value of 1.68 mmolg™' for the pres-
ence of carboxylic and hydroxyl groups. In the case of using recov-
ered GO (after the first run), the «calculated value was
1.60 mmolg~"."¥ Further characterization data of GO in aqueous
suspension as regard to particle size and surface area measure-
ments are previously studied and reported."*®#?

General procedure for the sulfenylation of 1H-indole

In a screw-capped sealed tube equipped with a magnetic stir bar,
1H-indole (1 mmol), thiol (1.5 mmol), Nal (10 mol%) and GO
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(25 mg) were added to 2 mL of freshly distilled DMSO. The result-
ing reaction mixture was stirred at 80 °C for 12-18 h. After comple-
tion of the reaction (monitored by TLC), the reaction mixture was
cooled to room temperature. The catalyst GO was then recovered
through simple filtration. The reaction mixture was diluted with
water and extracted by ethyl acetate (3x5 mL). Finally, the com-
bined organic layer was dried over anhydrous Na,SO, and concen-
trated. The residue was then further purified by column chroma-
tography on silica gel using the light petroleum ether/ ethyl ace-
tate as eluent to afford the desired product. All products were
characterized by 'H, *C NMR data and compared with the reported
melting points for known solid compounds.
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Abstract

We report here selective formation of functionalized 1,4-dihydropyridines (DHP), acridinediones and polyhydroquinolines
in high yields using amine-functionalized graphene oxide nanosheets (AFGONS) as the bifunctional catalyst. The method
overcomes the limitations of previous protocols affording a mixture of DHP and pyridine derivatives using graphene oxide
as the catalyst. The mild reaction conditions are found compatible with a wide range of functional groups. It is presumed
that a cooperative effect between the acidic and basic functionalities present in AFGONs may have exerted high catalytic
efficiency as well as prevented further oxidation to pyridine derivatives. A plausible mechanism is proposed on the basis of
some control experiments. The reactions can be scaled up conveniently, and the catalyst can be recycled for five consecutive
runs without loss of its activity.

Graphical abstract

Amine-functionalized graphene oxide nanosheets (AFGONs): an efficient bifunctional catalyst for selective
formation of 1,4—dihydropyridines, acridinediones and polyhydroquinolines
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Amine functionalized
graphene oxide nanosheet is
used as a recyclable
heterogeneous catalyst for
multicomponent reactions at
room temperature.
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[1]. Functionalized 1,4-DHPs exhibit diverse pharmaco-
logical activities such as bronchodilators, vasodilators, anti-
hypertensive, antitumor and antidiabetic agents [2—4]. For
example, nifedipine, amlodipine and nitrendipine bearing
1,4-DHP scaffolds are important class of drugs for calcium-
channel blockers in the treatment of cardiovascular diseases
[5-8]. Certain 1,4-DHPs due to their close resemblance with
NADH coenzyme are considered as biomimetic agents in
biological redox processes [9-11] and are also used in the
preparation of several alkaloids [12]. 1,4-DHPs are often
used as sacrificial H-source for the transfer hydrogenation
of organic functional groups like C=0, C=N and C=C [13].

The preparation of 1,4-DHPs by Arthur Hantzsch dates
back to 1882 [14]. The classical method involves a one-pot
three-component reaction of an aldehyde, ethyl acetoace-
tate and ammonia in either acetic acid or refluxing ethanol.
This multi-component approach has certain limitations, and
as a result, numerous reports are available to improve the
Hantzsch reaction [15]. A vast array of homogeneous and
heterogeneous catalysts have been used for the synthesis of
functionalized 1,4-DHPs [16]. Various metal salts and metal
nanoparticles [17-26], magnetic nanocatalysts [27-30],
strong acids [31-35], silica-based catalysts [36—42], p-TSA
[43, 44], zeolite [45], montmorillonite clay [46—48], chitosan
nanoparticles [49, 50], PPh, [51], sulfated polyborate [52],
polyethylene glycol [53], heteropoly acids [54-56], ionic
liquids [57-59] and organocatalysts [60—65] are notewor-
thy to mention. Nevertheless, many protocols still require
harsh reaction conditions and tedious purification and gener-
ate toxic by-products/wastes. Thus, there is a need for new
methods addressing improved reaction control and green
chemistry.

Presently, carbonaceous nanomaterials like graphene and
other chemically modified or functionalized graphenes have
received remarkable attention as heterogeneous catalysts and
support due to their easy access, high surface area and diverse
functionalities [66, 67]. As a part of our continuing interest
using graphene oxide (GO) as the “carbocatalyst” for diverse
organic transformations [68—71], we were interested to explore

Scheme 1 AFGONs-catalyzed
one-pot synthesis of 1,4-DHPs
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the three-component Hantzsch synthesis of 1,4-dihydropyri-
dine. Literature survey reveals that GO-catalyzed Hantzsch
synthesis has been studied previously [72, 73]. However, these
protocols result in the formation of both 1,4-DHP and further
oxidized pyridine derivatives in various ratios. Moreover, the
processes require high temperature (refluxing conditions) and
no recycling experiment has been reported in details. We rea-
soned that GO possessed high oxidizing properties and, when
used in excess, could undergo further oxidation resulting in pyr-
idine derivatives. We therefore thought further functionalization
of GO could prevent it from being reduced and selectively form
the 1,4-DHP as the sole product. Amine-functionalized gra-
phene oxide nanosheets (AFGONSs) have been previously pre-
pared, designated as NH,-GO [74], and AP-GO (GO-supported
primary amine) [75], and used as the catalyst in Knoevenagel
reaction and Henry—Michael reaction, respectively. We report
herein AFGONSs as an excellent catalyst for a facile one-pot
selective synthesis of dihydropyridines (DHPs), polyhydroacri-
dines (PHAs) and polyhydroquinolines (PHQs) under ambi-
ent conditions (Scheme 1). We synthesised AFGONSs in our
laboratory from GO, characterized it by various spectroscopic
and other techniques and finally used it as an efficient and recy-
clable catalyst. The reaction conditions are mild producing 1,4-
DHPs in good to excellent yield and formation of no trace of
the oxidized pyridine derivative is observed. High and selective
catalytic activity of AFGONSs are presumably due to the unique
cooperative effect between amines on the basal plane of GO
and the adjacent carboxylic acid functionalities on its edges.
Furthermore, the AFGONSs can be easily recovered from the
reaction mixture and reused for at least five consecutive runs
without any loss of catalytic performance.

Results and discussion

AFGONSs were prepared by following a reported procedure
[75]. At first, GO was prepared by the Tour’s method [76].
It was then exfoliated in an ultrasonic bath for 2 h, and then
the amine groups were grafted onto the basal surface of GO

AFGONs

EtOH
Room temperature
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through a facile amine-coupling reaction using (3-aminopro-
pyDtriethoxysilane (Scheme 2).

After the preparation of the catalyst, it was characterized
by FT-IR, Raman spectra, powder X-ray diffraction (PXRD)
and scanning electron microscopy (SEM). In the case of
AFGON:Ss, the peaks at 2963 and 2924 cm™! were due to
the asymmetric and symmetric stretching modes pertaining
to C—H bonds of aminopropyl groups [74, 77]. The addi-
tional peak at 1593 cm™! was due to the terminal NH, scis-
sor vibration, and the less intense band at 1198 cm™! was
due to the rocking mode of SiO-C [77]. The disappearance
of carbonyl band at 1734 cm™! might indicate the removal
of oxygenated functional groups to form partially reduced
graphene oxide (RGO) as well as due to the formation of
Si—O-C bond [78]. The Raman spectra of both GO and
AFGONs showed characteristic D (arising from A, vibra-
tions of sp* carbon rings) and G (arising from first-order
scattering of E,, mode of sp? C atoms) bands at 1345 and
1592 cm™!, respectively [79]. The intensity ratios of D to
G bands (Ip/I5) of GO and AFGONs were found to be 0.83
and 0.92, respectively. The higher intensity ratio (I/I) of
AFGON:s led to suggest restoration of C=C bonds during
the grafting process resulting in partial formation of RGO,
as also observed previously by others [80, 81]. The XRD
patterns of AFGONs showed a broad peak at 20=22.1° in
addition to 11.9° (for pristine GO 260=9.5°). We suggest
that the new broad peak in the XRD patterns of AFGONs
at 20=22.1° is due to the effect of silica with GO, as also
observed by Zhang et al. [78]. However, partial formation
of RGO cannot be ruled out as the peak for RGO appears
closely (20=25°) [72, 73]. The interlayer distance (d) of
AFGONSs was calculated to be 7.4 A (20=11.9°) and that of
pristine GO was 9.2 A (20=9.5°) which could be attributed
to the surface occupancy of aminopropyl-silica groups [78].
In order to get the morphology of AFGONSs, we performed
scanning electron microscopy (SEM) analysis. The SEM
images and XRD patterns clearly indicated the amorphous
and fibrous nature of the catalyst. Furthermore, the elemen-
tal composition of the catalyst as determined by energy-dis-
persive X-ray spectroscopy (EDS) showed C (71.26 wt%),
0 (21.07 wt%), Si (3.96 wt%) and N (3.71 wt%), which con-
firmed the deposition of silica groups on the surface of GO
(see Supplementary Material, Figure 5). A comparison of

Scheme 2 Schematic presenta-
tion of preparation of AFGONs

SEM images and elemental data (by EDS analyses) for GO
and AFGONSs (fresh and after catalytic uses in the third run)
is presented in the Supplementary Material (S4.1V, S4.V and
Figures 9 and 10).

In order to optimize the reaction conditions, we began
our investigation using ethyl acetoacetate (1a), 4-chloroben-
zaldehyde (2a) and ammonium acetate as model substrates
in the presence of AFGONSs as catalyst. Initially, the reac-
tants were screened with regard to different solvents and
then the other parameters like temperature, catalyst loading
and duration of reaction were varied (Table 1). At first, the
reaction was carried out with the catalyst AFGONs (50 mg)
in ethanol under refluxing conditions and continued for
8 h. While monitoring the reaction, the TLC showed one
major spot along with some other spots. After work up of
the reaction mixture and purification by column chroma-
tography afforded the compound 4a in 69% yield (entry 1).
We, however, did not make any attempt to isolate or iden-
tify compounds corresponding to other spots observed on
TLC. Changing the solvent from EtOH to CH;CN, H,O and
DMF and carrying out the reaction at 80-90 °C also gave the
desired product 4a in the range of 42-68% isolated yields
(entries 2-5). Since the TLC in each case showed some other
spots, which might be originated from one or more reasons
like higher catalyst loading, higher temperature or longer
reaction time, we performed another experiment in EtOH at
50 °C with the catalyst loading (25 mg) for 4 h (entry 6). In
this case, we obtained the product 4a in 72% yield indicat-
ing that low temperature and catalyst loading are important.
We then carried out the reaction at room temperature (r.t.)
for 2 h which furnished 4a in 88% isolated yield (entry 7).
In this experiment (entry 7), we observed no other spots on
TLC except the desired one (4a) indicating that the competi-
tive side reactions could be avoided at lower temperature and
lower loading of the catalyst. A neat mixture of the reactants
without any solvent afforded the product in 52% yield sug-
gesting that the use of solvent is also essential for better
conversion to the product (entry 8). The reaction when con-
ducted without any catalyst resulted in poor conversion even
after prolonged reaction time which indicated the imperative
role of the catalyst (entry 9, 21%).

With the optimized reaction conditions in hand, we
have examined the scope and generality of this MCR and

EtO

EtO-Si_~_NH;
EtC

Toluene, reflux

AFGONSs
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Table 1 Optimization of reaction conditions

o o CHO
)J\)L + + NH,OAc
OEt cl

1a 2a

CO,Et
AFGONSs HN - cl
Solvent, Temp. __
CO,Et
4a

Entry AFGONSs (mg) Solvent Temp. (°C)/time (h) Yield (%)*
1 50 EtOH 78/8 69

2 50 CH,CN 80/8 58

3 50 H,0 90/8 42

4 50 H,0 90/8 65°

5 50 DMF 80/8 68

6 25 EtOH 50/4 72

7 25 EtOH r.t./2 88

8 25 - r.t./2 52

9 - EtOH r.t./20 21

Reaction conditions: 1a (2 mmol), 2a (1 mmol), NH,OAc (2 mmol) and solvent (4 mL)

Tsolated yield
"TBAB (10 mol%) was used

the results are summarized in Table 2. It can be seen that a
series of different aldehydes reacted under the standard reac-
tion conditions and in all cases the desired product has been
isolated in good to excellent yields. Aromatic aldehydes
substituted with both electron-donating (—Cl, —-Br, —-CHj,
—OCH;, -OH and —-NMe,) as well as electron-withdrawing
(-F and -NO,) groups reacted efficiently to afford the cor-
responding products (4a—k). The substitution pattern on the
aromatic moiety did not have any significant influence in the
course of the reaction. We then checked the reaction with
2-naphthaldehyde and cinnamaldehyde, which furnished
the desired products in 84% and 83% yield, respectively
(41 and 4m). Further investigation with aliphatic aldehydes
also worked efficiently affording the desired products (4n
and 4o0). Fascinatingly, heterocyclic aldehydes like furfural
and 5-bromo-2-thiophenecarboxaldehyde were found to be
equally effective affording the anticipated products in 87%
and 89% isolated yield, respectively (4p and 4q).
Functionalized acridinediones possess potential bio-
logical properties as well as find applications as laser dyes
and photo initiators [58]. The 1,8-dioxodecahydroacridine
exhibits a wide range of pharmacological properties such as
antimalarial, antitumour, anticancer, antimicrobial activities
and f-channel opener in cardiovascular diseases [17, 61].
The multi-component reaction was done with benzaldehydes
bearing both electron-withdrawing (-F, -NO,) and electron-
donating (-Cl, -Br, —-OH, —OMe) groups. It is evident from
the facile conversion (yields 86-92%) that the substitution

@ Springer

patterns on the benzaldehyde partner do not affect the course
of the reaction. Replacing dimedone with cyclohexan-1,3-di-
one also gave the desired product in 88% yield (5g) estab-
lishing the scope of product diversity (Table 3).

Polyhydroquinolines (PHQs), the unsymmetrical deriva-
tives of 1,4-DHPs, display prominent biological activities
associated with cardiovascular diseases and hypertension
[30]. Certain 2,4-disubstituted PHQs are active glycogen
phosphorylase inhibitors and also exhibit antihyperglycemic
activity [82]. We explored the synthesis of PHQs through the
four-component catalytic reaction of f-ketoester, aldehyde,
dimedone/cyclohexan-1,3-dione and ammonium acetate.
Gratifyingly, the reaction worked efficiently affording the
desired PHQs in good to excellent yields (Table 4). Like in
the synthesis of functionalized acridinediones, the synthesis
of PHQs from benzaldehydes with diverse functional groups,
electron-donating (-Me, -CHMe,, —Br, —OH) or electron-
withdrawing groups (-F, -NO,), was achieved without any
difficulty. It is important to mention that this four-component
reaction did result in the formation of unsymmetrical PHQs
only and no symmetrical derivative of 1,4-DHP was formed.
The selective formation of unsymmetrical PHQs is indeed
encouraging, though we do not suggest any specific reason
at the moment.

While scaling up the reaction, we used different quanti-
ties of the catalyst (AFGONSs). It is observed that in the
reaction of ethyl acetoacetate (2.6 g, 20 mmol), 4-chlo-
robenzaldehyde (1.4 g, 10 mmol) and ammonium acetate
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Table 2 Synthesis of 1,4-DHPs
by one-pot three-component
reaction

CHO

/l(J)\)OL 00 + NH,0Ac —2rCONS o g
OR! (= 4 EtOH, r.t. R
R2 2-4 h
1 2
Cl
Cl
EtO,C CO,Et MeO,C CO,Me MeO,
|| |
N
H N
4a, 88%, 2 h 4b, 84%, 4 h
Me OMe
EtO,C CO,Et EtO,C CO,Et
|| ||
N N
H H
4d, 85%, 3h 4e, 86%, 3 h
NMe,
EtO,C CO,Et EtO,C CO,Et
|| |
N
H N
49,87%,3h 4h, 90%, 2h
EtO,C CO,Et E10,C COLEt
4j,90%, 2 h 4k, 93%, 2 h 41,84%, 4 h
EtO,C CO,Et
II MeO,C CO,Me
N |
H
o N
4n,90%, 3 h B
40,83%, 4h

4p, 87%,3 h

4q, 89%, 4 h
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Table 2 (continued)
were stirred at r.t. for 2—4 h

Reaction conditions: 1 (2 mmol), 2 (1 mmol), NH;OAc (2 mmol) and AFGONSs (25 mg) in EtOH (4 mL)

Table 3 Synthesis of
1,8-dioxodecahydroacridine by
AFGONSs

o
N AFGON
R! + |l + NH0Ac —AFGONs _ R
R o e EtOH, r.t. ]
R 3h R N R
H
3 2

5a, 90%

5b, 89%

59, 88%

5j, 86%

5h, 86%

Reaction conditions: 3a (2 mmol), 2 (1 mmol), NH,OAc (2 mmol), AFGONs (25 mg) and EtOH (4 mL)

were stirred at r.t. for 3 h

(1.5 g, 20 mmol) in ethanol (40 mL), only 100 mg of
the catalyst (AFGONSs) is enough to catalyze the reac-
tion yielding the desired product (4a) in satisfactory yield
(Scheme 3). Table 5 shows the results of using AFGONs in
varying quantities keeping the starting three components

@ Springer

fixed. This suggests that proportionate increase in the cata-
lyst is not required for gram-scale synthesis.
Mechanistically, the multi-component synthesis of the
Hantzsch 1,4-dihyropyridine is believed to proceed via dif-
ferent plausible pathways based on the catalysts and reaction
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Table 4 AFGONSs-catalyzed
synthesis of polyhydroquinoline

o
+ R + NH;0Ac —AFCONs
EtOH, r.t.
R3 o 24 h
3

6a, 90%, 2 h

69, 84%, 4 h

0,
6e, 89%, 4 h 6f, 90%, 2 h

Reaction conditions: 1 (1 mmol), 2 (1 mmol), 3 (1 mmol), NH,OAc (2 mmol), AFGONs (25 mg) and

EtOH (4 mL)
Scheme 3 1,4-Dihydropyridine Cl
synthesis on gram scale
CHO
4
OEt cl BtOH, rt, 2h Et0,C CO,Et
1a 2a | |
(2.6 9,20 mmol) (1.4 g, 10 mmol) (1.5 g, 20 mmol) H
4a

conditions. We set up several control experiments to pro-
pose a plausible mechanism for our protocol as outlined in
Scheme 3: (i) The reaction of 1a and 2a under the optimal
condition did not produce compound 7, (ii) again, there was
no product formed in a reaction of 2a with NH,OAc and (iii)
treatment of 1a with NH,OAc did show two spots on TLC
after 1 h in addition to the spot corresponding to 1a. Ana-
lyzing the reaction mixture by HPLC and drawing analogy

(84%, 3.05 g)

with the previous report [83, 84], we presumed that these
two peaks are due to compounds enamine (8) and dienamine
(9). While trying to isolate the intermediates by passing
through a short column of silica, we ended up isolating the
starting 1a only. Although this could be possible because of
reversibility of the step, it restricted us trying further control
experiments involving 7+ 8 + NH,OAc or 749+ NH,OAc,
and (iv) however, the addition of the reacting partner 2a to

@ Springer
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Table 5 Catalyst optimization in gram-scale synthesis of 1,4-dihydropyridine (4a)

AFGONSs (mg) 250
Isolated yield (%) 87

150 100 75
84 84 64

the partial reaction mixture of 1a and NH,OAc led to the
formation of the desired compound 4a under the optimal
conditions (Scheme 4). On the other hand, similar addition
of 7, prepared in a different method [85], did not produce 4a.
All these experiments led us to propose a plausible mech-
anism involving the intermediates 8 and/or 9, as outlined
in Scheme 5. The acidic moiety present in the catalyst is
involved in the activation of carbonyl groups of both ethyl
acetoacetate and the aldehyde. Initially, the dienamine inter-
mediate (9) is presumably formed by the reaction of two
equivalents of ethyl acetoacetate with ammonia generated
from ammonium acetate. This is followed by the addition of
aldehyde with dienamine (9) to form 10. The basic moiety
of the catalyst then abstracts a proton from 10 aiding in the
cyclization to intermediate 11 with the elimination of one
molecule of H,O. Finally, the abstraction of another proton
from 11 results in the formation of 1,4-dihydropyridine.
One of the most important aspects of a heterogeneous cata-
lyst is its ability to be recycled. We evaluated the reusability of
AFGONESs in the synthesis of 4a under the optimized reaction

Scheme 4 Control experi-
ments. *Conversion percentages
analyzed in HPLC, not isolated
and characterized

2a

o O

@ M Mg+ NHioae

1a

@ Springer

0O o /©/CH0
OEt i 75N
1a 2a
CHO
) /©/ + NH4OAc
Cl

condition (Fig. 1). The catalyst was easily recovered from the
reaction mixture by simple filtration. It was washed with ethyl
acetate (3 x5 mL) followed by water (5 mL) and was dried
under vacuum for 6 h before being used for the next run. The
catalyst could be used for five consecutive runs without sig-
nificant loss in its catalytic activity and decrease in the yield
of products. Moreover, we have characterized the catalyst after
the third run by FT-IR, Raman spectroscopy, X-ray powder
diffraction, and SEM-EDS analysis did not show any signifi-
cant change in the spectral data and diffraction patterns of the
catalyst before and after catalytic uses (see Supplementary
Material).

Conclusion

In conclusion, we presented here an eco-friendly route for
the selective preparation of Hantzsch esters and related het-
erocyclic biomolecules via a one-pot multi-component reac-
tion using amine-functionalized graphene oxide nanosheets
(AFGONSs). We have demonstrated that suitable tuning of GO

O O
Standard conditions | OEt
24 h
cl 7  (not formed)
Standard conditions No reaction

24 h

Standard conditions

iti OEt , EtO OEt
1h

8 (23.3%)? 9 (45 5%)2

¥

4a, Not formed




Molecular Diversity (2020) 24:283-294

291

Scheme 5 Plausible mechanism
for the synthesis of 1,4-DHP
using AFGONs

o
|
1a
+
NH,OACc
EtO,C CO,Et
N
H
1,4-DHP
100 -
88 87 85 85 86
80
K}
°
>
o
ko)
©
2
<

1 2 3 4 5
Number of runs

Fig. 1 Recyclability of AFGONSs in the synthesis of 1,4-dihydropyri-
dine

prevented further oxidation of the product (1,4-DHP). Short
reaction time, ambient reaction temperature, tolerance to a

EtO,C

wide range of functional groups, reusability of the catalyst
and the ease of product isolation without column purifications
are a few important features of the method reported here.

Supplementary material

The Supplementary Material for this article contains the
experimental section including synthetic procedure along
with analytical and spectral data of all the synthesized com-
pounds and scanned copies of HRMS (selected compounds),
"H-NMR and '*C-NMR spectra.
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Abstract

A sustainable continuous-flow protocol for the conversion of aryl amine to unsymmetrical thioether is described. This technique
is a two-step process involving graphene oxide (GO) catalyzed diazotization followed by the reaction with aryl/alkyl thiols. The
continuous-flow conditions afford the desired thioethers in very good yields, effectively suppressing formation of possible
disulfide, a common by-product in conventional process. The flow reaction is carried out under ambient conditions, applied to
a variety of aryl amines and aryl/alkyl thiols and found to be scalable. The catalytic activity of the GO bed under continuous-flow
conditions is found within standard time range and recyclable for ten consecutive runs without any loss of its performance.

Keywords Arylamine - Catalysis - Continuous-flow reaction - Diazotization - Graphene oxide - Green chemistry - Thioether

Introduction

The “flow chemistry’ refers to a continuous-flow reaction pro-
cess performing in a tube or pipe and constitutes a new para-
digm for molecular assembly [1]. The flow reactor is a new
technology using pressure and heating apparatus and mixing
the reactants under controlled manner [2, 3]. Flow chemistry
has become a popular sustainable technique because of rapid
and safer operation in an integrated synthetic process to afford
cleaner products [4-7].

On the other hand, harnessing the nanocarbon materials
like graphene oxide as the carbocatalysts in diverse organic
reactions has been well studied since the first seminal paper by
Bielawaski in 2010 [8]. The sustainable 2D honeycomb

Article Highlights

« Graphene oxide (GO) catalysis in flow reaction.

* A metal-free continuous-flow synthesis of thioethers.
* The catalytic bed of GO is recyclable for ten cycles.
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structure of carbonaceous graphene on oxidation and subse-
quent exfoliation provides an easy access to graphene oxide
(GO), which bears several oxygenated functional groups, par-
ticularly —COOH on its peripheral sides and —OH, epoxy
groups on its basal plane [9]. Both oxidative and acidic prop-
erties of GO have been exploited in several catalytic organic
transformations [10—15]. However, this carbocatalyst (GO)
has not been used in a flow reaction to the best of our knowl-
edge. We report herein the application of GO as the catalyst in
the Stadler—Ziegler reaction using flow chemistry technique.
While metal—catalyzed C—S cross coupling of aryl halides
(or boronic acids) and thiols are known to produce diaryl
sulfides, several impediments like strong base, precious and
toxic metals, and lack of compatibility with diverse functional
group attract for other alternative and benign protocols [16,
17]. Diazonium compounds serves as an important intermedi-
ate in diverse organic transformations owing to their versatile
reactivity [18-20]. Traditional Stadler—Ziegler reaction in-
volves the reaction between in situ aniline derived aryl diazo-
nium salt (using an acid) and thiolate anion (using a base) [21,
22]. Further developments in this direction have been made
with the aid of photoredox catalysts [23], or transition metal
catalysts [24-26]. For instance, a visible light mediated
arylation of cysteine via diazotization has been accomplished
by using eosin Y as photocatalyst under continuous-flow con-
ditions [27]. While, the Stadler—Ziegler reaction offers access
to the preparation of unsymmetrical thioethers, the use of
strong acids, bases for making the thiolate anion and the use
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of' metal catalysts restrict its wide applicability [28-31]. As the
graphene oxide (GO) often exhibits dual properties i.e. both
acidic and oxidative properties, we examined whether the
Stadler—Ziegler reaction can be performed in the presence of
GO as the catalyst under flow conditions. The particle size of
GO was measured previously by DLS studies and found to be
544 +37 nm for 82% of the GO particles [32]. We report
herein our successful efforts to establish the GO—catalyzed
flow reaction as a sustainable protocol for making unsymmet-
rical diaryl sulfides in good yields along with recyclability of
the catalyst (Scheme 1). Organyl nitrites [18], and supported
nitrites [33], have been shown to be efficient and better diaz-
otizing agents than inorganic nitrites in terms of safer han-
dling, cost effectiveness and by-product formation, and we
used in our studies fert—butylnitrite (-BuONO) as the cheaper
and commonly available nitrosation agent.

Results and discussions

The flow reaction bed of graphene oxide was prepared in a
chromatographic column, the base of which was plugged with
a thick cotton bed followed by packing with GO. The glass
column had provisions for wrapping with ice jacket that could
maintain low temperature (0—5 °C). Firstly, a solution of aro-
matic amine in CH5CN was placed on GO bed followed by
the addition of the nitrosation reagent in CH3;CN. The reaction
bed was then kept at 0—5 °C for 30 min using the ice jacket.
Then the ice jacket was removed and a solution of thiol in
CH;CN was added at room temperature (r.t.) to the reactor
column drop wise at different flow rates (mL/min) and the
reaction mixture was allowed to pass through the flow reac-
tion column to afford the desired diaryl sulfide (Fig. 1).

In the optimization process, we used 4—methoxyaniline
(1a) (1 mmol) and thiophenol (2a) (I mmol) as model sub-
strates, tert—butylnitrite (--BuONO) (1.2 mmol) as the
nitrosation reagent, and the catalyst bed of 2 mm height was
prepared with GO (300 mg). The reaction protocol involves
primarily two steps: (i) a solution of aryl amine and fert—
butylnitrite in solvent was soaked on to the GO bed and kept
at 05 °C for 30 min (step A), (ii) the thiol in the same solvent
was added at different flow rates to the resulting diazonium
species on GO (step B). After the addition was complete, the
desired product was eluted with the solvent. Use of CH;0H at

Scheme 1 Continuous-flow GO-
catalyzed two-step synthesis of

a flow rate of 0.050 mL/min (6 mL solution during 2 h) gave
the desired thioether (3a) in 60% yield along with diphenyl
disulfane (23%) (Table 1, Entry 1). Changing the solvent from
CH;0H to CH3CN resulted in increase of the product yield to
77% (Entry 2). The reaction carried out in H,O afforded the
desired diaryl sulfide in 21% yield only (Entry 3). This might
be due to the poor solubility of aryl amine in H,O. Next, the
effect of other nitrosation agents on the course of the reaction
was studied. The use of butylnitrite (BuONO) instead of #-
BuONO did not show any pronounced effect in the course
of the reaction (Entry 4, 76%). Since the CH3CN solvent
was found to be better, we now examined addition of solution
of thiol in CH;CN (step B) at different flow rates. These ex-
periments resulted in further developments in terms of higher
yield of the desired diaryl sulfide as well as suppression of
conversion to disulfides via oxidative dimerization. Thus, ad-
dition of the thiol solution at a flow rate of 0.025 mL/min
yielded the desired diaryl disulfide (3a) in 82% (Entry 5)
and further decreasing the flow rate to 0.016 mL/min in-
creased the product yield to 86% along with the diaryl disul-
fide in 8% (Entry 6). However, the flow rate at 0.012 mL/min
resulted in a lower yield of the desired product (75%) (Entry
7), presumably due to the fact that the diazonium intermediate
is decomposed under longer exposure on to the surface of GO
catalyst. We conducted an experiment under the optimized
reaction condition by conventional method under stirring. A
one—pot two—step strategy was employed, where 1a (1 mmol),
GO (25 mg), +-BuONO (1.2 equiv) and CH3CN (2 mL) were
stirred at 0 °C for 30 min and then the thiol (1 mmol) was
added to this diazotization mixture and the reaction was con-
tinued for 6 h at room temperature. The desired thioether (3a)
in this conventional method was formed in 72% isolated yield
along with the disulfane (17%, Entry 8). Furthermore, the
reaction did not occur when carried out in the absence of
nitrosation reagent (Entry 9). In order to examine the scalabil-
ity of the flow reaction, we performed the reaction in 5 mmol
scale taking 4-methoxyaniline, GO (1.0 g) and keeping the
flow over a period of 10 h that gave the unsymmetrical
thioether 3a in 81% yield. This indicates that large scale flow
reactions can be performed within standard time limit.

After optimization of the continuous-flow reaction condi-
tions, the protocol was extended towards the synthesis of di-
verse unsymmetrical thiothers from different aromatic amines
and aryl/alkyl thiols. The results are presented in Table 2.

tBUONO, CH4CN

thioether from arylamine

X NH,
(
R

1

CH,CN

0-5°C, 30 min

R'—SH
2

0.016 mL/min, rt
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Fig. 1 Experimental setup for
continuous flow two-step
synthesis of thioether; (a):
Schematic, (b): Digital image

A solution of aryl amine
(1.0 mmol) and -BuONO
(1.2 equiv) in CH3CN (2 mL)

Graphene
oxide

(a)

Aromatic amines containing both electron donating groups (—
OCH3;, —CH3, —Br and —Cl) as well as electron withdrawing
groups (-NO, and -COCHj;) were tolerated under the reaction
conditions. In the case of aromatic thiols, substitution pattern
comprising of electron donating and electron withdrawing
groups also did not affect the course of the reaction affording

in CH5CN (6 mL)
@ 0.016 mL/min

Ice jacket

GO bed
Kept at 0-5 °C for
30 min. Step A

significant conversion to the desired product (Entries 1-8).
The reaction was also successful with aliphatic thiols. For
example, long chain aliphatic thiols like heptanethiol and
pentanethiol gave the corresponding thioethers (3g—3i) in
82-87% yield (Entries 9-11). We also explored the reactions
involving heterocyclic substrates (both heterocyclic amines

Table 1 Optimization of the continuous-flow reaction conditions
NH, (i) Nitrosation agent,
/©/ solvent, 0-5 °C, 30 min
HyCO™ 57 /©/S\©
©/ SH CH4CN ‘ HsCO
@ Different flow rate; rt 3a
2a
Entry Solvent Nitrosation reagent Flow rate (mL/min)“ Yield (%)
1 CH;0H -BuONO 0.050 60
2 CH;CN -BuONO 0.050 77
3 H,O -BuONO 0.050 21
4 CH;CN BuONO 0.050 76
5 CH;CN t-BuONO 0.025 82
6 CH;CN t-BuONO 0.016 86°
7 CH;CN t-BuONO 0.012 75
8 CH;CN -BuONO - 724
9 CH;CN - 0.016 No reaction
10 CH;CN -BuONO 0.016 81°

Reaction conditions: (i) 1a (1 mmol), nitrosation reagent (1.2 equiv), solvent (2 mL); (ii) 2a (1 mmol), solvent (6 mL)

“The rate at which thiol solution was added to the flow reactor column
b Isolated yield
¢ Diphenyl disulfane was formed in 8% yield

9Reaction conducted by conventional method under stirring. Diphenyl disulfane was formed in 17% yield
¢ Reaction performed with 1a (5 mmol), GO (1.0 g), 2a (5 mmol) in solvent (10 mL) and flow time 10 h
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Table2 GO catalyzed synthesis of thioethers under continuous-flow reaction
(i) GO bed, t-BuONO,
- NHz CH3CN, 0-5 °C, 30 min O/S\R.
|/ = (i)R'SH (2), r.t.,6 h R/ =
R @ Flow rate to 0.016 mL/min 3
Entry Aromatic amine Thiol Product Yield (%)“
NH> SH S
T o 0
HsCO H5CO
3a
NH»> SH S
2 [ j [ j [ j [ j 83
OCHj3 OCH; 3b
NH» SH S
T o T
Cl H;CO Cl OCHj3 84
3c
NH, SH S
4 Q ©: 81
OCH
3 H,CO
Cl Cl
3d
NH, SH S
; I L
o O,
COCH34 COCHj3; 3¢

and heterocyclic thiols). The reaction between 4-—
aminopyridine and 4-methylbenzenethiol or 4—
methoxyaniline and pyridine—2—thiol went smoothly to afford
the corresponding unsymmetrical diayl sulfides in 79—84%
yield (Entries 12 and 13). Thus, GO appears to be innocuous
to heterocyclic moiety in comparison to other acids normally
used in the diazotization process. Again, the reaction between
2—naphthylamine with 4-tolylthiol or between 4-toluidine and
naphthalene—2—thiol worked efficiently affording the same
product (31) in nearly similar yields (79-82%) (Entries 14
and 15). It is evident from this study that the reaction condi-
tions i.e. the diazotization of aryl amine followed by
continuous-flow of thiols over the catalyst bed (GO) do not
affect much or have any significant effect in the course of the
reaction.

@ Springer

To get some insights into the mechanistic pathway for the
reaction, we conducted some control experiments (Scheme 2).
The Stadler—Ziegler reaction is believed to proceed via radical
intermediates [34]. Firstly, we set up one reaction under the
optimized conditions using 4-methoxyaniline (1a) and
thiophenol (2a) in presence of a radical scavenger, TEMPO.
In this case, the desired product (3a) was isolated in 17% yield
only, suggesting clear evidence that the reaction may proceed
through aryl radical intermediate. Since we observed partial
formation of diaryl disulfide, which could originate via oxida-
tive dimerization of aryl thiol, we performed one reaction
between 1a (1 mmol) and 1,2—diphenyldisulfane 4 (0.5 mmol)
under the standard continuous-flow conditions. This reaction
afforded 3a in 85% yield suggesting that the disulfide could be
other intermediate in the reaction. Based on these observations
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Table2  (continued)

(o))
o
N
Z E
T
w
@)

O,N CH

3

3f
NH, SH S
T o Ot
H4CO OCHj,
3a
NH, SH S
HsCO Cl HsCO Cl
3c
.o
3
OCHs OCHj g
NH, /\/\/SH S\/\/\
: x
CHs CH,
3h
NH; SN -SH S
X X
Br CH, Br CH,
3i
sl s uliis g o
12
N
= H3C N CHs
3j
NH, ~SH S
H,CO 2 HaCO =
3k
NH, SH S
! oy L
H3C CH3
3l
NH, SH S
s I IORO®
HaC HaC
3l

87

83

82

87

87

79

84

79

Reaction conditions: (i) 1 (1 mmol), #BuONO (1.2 equiv), CH3CN (2 mL); (ii) 2 (1 mmol), CH3CN (6 mL)
?Isolated yield after purification through column chromatography
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Scheme 2 Control experiments

(i) GO bed, t-BuONO,
CH4CN, 0-5 °C, 30 min

NH,
ool T
H5CO

o
H,CO

(i) Ph—SH
2a o
1a TEMPO (1 equiv) 3a, 17%
NH (i) GO bed, t-BUONO, S
(b) /@/ 2 CH4CN, 0-5 °C, 30 min /@/ “Ph
H5CO (ii) Ph/S\S’Ph H5CO
1a 4 3a, 85%

and keeping analogy with literature reports [34, 35], we pro-
posed a plausible mechanism (Scheme 3). The diazotization of
aromatic amine 1a using ~-BuONO in presence of GO gives
rise to the formation of the diazonium salt 6, which underwent
homolytic dediazotization to provide the aryl radical 7. It is
believed that the formation of the aryl radical 7 is facilitated by
graphene oxide [36, 37]. On the other hand, the thiol (2a)
undergoes GO—catalyzed oxidative dimerization to generate
the disulfide intermediate 4 [38], which subsequently form the
thiyl radical 5. Finally, the reaction between aryl radical 7 and
thiyl radical 5 result in the formation of the product 3a.

One of the fundamental principles of green chemistry says
about recyclability of the catalyst. We have reused the flow
reactor catalyst bed (GO) for ten consecutive runs without any
appreciable loss in the yield of the products (Fig. 2). After
completion of the reaction, the reaction mixture was eluted
with ethyl acetate from the flow reactor column. For use in
recycling experiments, the GO bed in the column was washed
with ethyl acetate (3 x 5 mL) followed by acetone (1 x 5 mL)
and dried with an external hot air blower. We compared the

Scheme 3 Plausible reaction
mechanism pathway

t-BUONO
CH4CN

HsCO

1a
+

Ph—SH
2a

GO

@ Springer

FT-IR spectra of the fresh GO with the recovered GO (after
fifth run) and given in the Supplementary material (see S3).
Practically, no significant changes in absorptions of different
functionalities associated with GO are observed.

Conclusion

In summary, we have demonstrated GO—catalyzed Stadler—
Ziegler synthesis of thioethers from aryl amine via diazotiza-
tion with a safer nitrosation agent (alkyl nitrite) followed by
metal—free S—transfer under continuous-flow technique. The
technique offers the advantages of affording the final thioether
under an ambient condition (overall 0 °C to r.t.), suppresses
the formation of common by product (disulfides), and is ap-
plicable to variety of aryl amines and thiols providing a facile
access to various unsymmetrical diaryl/aryl-alkyl sulfanes in
very good yields. Moreover, the catalytic bed (GO) can be
reused for ten consecutive runs without any loss in its catalytic
performance. Graphene oxide has been used as a sustainable

t-Bu0© @
uO N,
GO GO t-BUOH, N,
0-5°C
OCHs
6
.9 3a (17%)
TEMPO
7 OCH,
PhS
5
CH3CN H3CO—%<::>F—§
Ph
S.__Ph
12(Ph” > s ) 3a (86%)
4
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(=]
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N
S
1

% Isolated yield

20

1 2 3 4 5 6 7 8 9 10
Number of runs

Fig. 2 Recyclability of GO flow reactor bed in Stadler—Ziegler reaction

carbocatalyst in various organic reactions; however, to the
best of our knowledge, this example of continuous-flow reac-
tion technique of GO catalyst is reported for the first time. The
results are expected to encourage further applications of GO—
catalyzed reactions in flow reactor designed in common
laboratory.

Experimental section
Preparation of graphene oxide (GO)

Graphene oxide (GO) was prepared according to the Tour’s
method [39]. In this method a 9:1 (v/) mixture of H,SO, /
H;PO,4 (180:20 mL) was added to a mixture of graphite pow-
der (1.5 g) and KMnOy, (9.0 g). The mixture was then stirred at
50 °C for 12 h. After cooling the mixture to room temperature,
it was gradually poured into crushed ice (200 g), which was
followed by slow addition H,O, (30%, 1.5 mL). The solution
was then centrifuged (5000 rpm) and the supernatant aqueous
parts were discarded. The residual solid material was succes-
sively washed with de—ionized water (100 mL) and then with
30% HCI (100 mL). The solid material was then repeatedly
washed with water and centrifuged. Finally, the solid brown
material was collected and dried at 60 °C under vacuum to
obtain solid graphene oxide. It was characterized and com-
pared with the characterization data of the same prepared in
this laboratory [13, 14].

General procedure for the synthesis of thioethers
under continuous-flow

The flow reaction set up was made in a chromatographic col-
umn, the base of which was plugged with a layer of cotton. It
was then supported with graphene oxide catalyst (300 mg) and
the height of the catalyst bed was 2 mm. A solution of the

aromatic amine (1 mmol) and -BuONO (1.2 equiv., 0.14 mL)
in CH5CN (2 mL) was added to the reactor column. The
temperature of the reactor column was maintained at 0-5 °C
for 30 min. After that a solution of thiol (1 mmol) in CH;CN
(6 mL) was added to the reaction bed drop wise at a flow rate
of 0.016 mL/min. Once the addition is complete, the reactor
bed was eluted with ethyl acetate (3 x 5 mL) and all organic
parts were collected in a flask. Evaporation of the solvents
under vacuum afforded the residue, which was again passed
through a short column of silica gel using light petroleum
ether and ethyl acetate as eluent to afford the desired unsym-
metrical thioether. All products were characterized by 'H and
3C NMR spectroscopy and compared with the reported melt-
ing points for known solid compounds (See Supplementary
material (S4-S19)).
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