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Experimental remarks

X4

All the chemicals were purchased from Sigma Aldrich, Merck, SRL and Spectrochem,

L)

and used without further purification. Distilled water was used throughout the
experiments.

% Progress of the reactions carried out was followed by thin-layer chromatography
(TLC) with the help of aluminium-backed silica gel F,s4 plates. Purification of the
compounds was carried out using column chromatography technique with the help of

silica gel 60-120.

o
°

All the solvents like petroleum ether (60—80 °C), ethyl acetate, acetone, chloroform,
acetonitrile, dichloromethane, dimethylformamide, methanol, ethanol, toluene etc.

were distilled off under nitrogen atmosphere prior to use.

*
X4

% Silica gel (60-120 mesh) and TLC Silica gel F,s4 for chromatographic separation of
the compounds were purchased from MERCK, Germany.
e Visualization of spots on TLC plates were achieved either via treatment with
KMnOy or under UV illumination.
e Reaction products were purified by either gravity column chromatography
over silica gel and radial chromatography using plates coated with silica gel.
% The powder XRD measurements were carried out by using a 2-80° 26 on a Rigaku

Ultima IV X-ray diffractometer with CuKa source (A = 1.54056 A). In built program



X3

%

X3

%

X3

*%

‘XG operation RINT 2200 associated with the XRD was used to process the data and
‘Rigaku PDXL 1.2.0.1° library database was used for identification of the peaks.

IR spectra (4000-400 cm'l) were recorded in a Perkin Elmer Spectrum 100 machine
using KBr pellete.

Transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HR-TEM) images were recorded on a JEOL JEM-2011 electron
microscope functioned at an accelerating voltage of 200 kV. Samples for the
experiments were prepared by dispersing the solids in 2-propanol followed by placing
them on a carbon coated copper grid and finally allowing them to dry. In built “Image
J” program was used to develop TEM and HR-TEM micrographs and calculate the
size of the nanoparticles.

X-ray photoelectron spectroscopy (XPS) was carried out by Twin anode Non-
Monocromated ESCALAB Xi' instrument using a monochromatized Al Ka excitation
at a pressure 3x10™° mbar, pass energy is 20 eV, electron take off angle is 55°, the full
width at the half maximum of Au4{7/2 is 0.8 eV. The raw XPS data were fitted with
Gauss-Lorentz curve after subtraction of Shirley background using XPS 4.1 software.
Thermogravimetric analysis (TGA) was carried out on a SDT Q600 V20.9 Build 20
instrument at a heating rate of 10 °C/min under N, atmosphere.

The specific surface area was recorded by using an Autosorb-iQ Station 1

(Quantachrome, USA) followed by the application of Brunauer—Emmett—Teller (BET)
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R/
°e
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°e

calculations and the samples were degassed at 200 °C for 3 h before the experiments
were carried out.

The magnetic property was characterised by Vibrating sample magnetometer (Sigma,
Model No.: 7410 series).

High Pressure Liquid Chromatography (Waters: XEVO G2-XS QTof) was carried out
in a column (waters) with mobile phase, water (0.1 % HCOOH): acetonitrile (0.1 %
HCOOH). The operating condition was maintained by fixing temperature at 20°C,
injection volume 10 pL, flow rate 300 pL/ min and UV absorbance 280 nm. The
gradient flow of the mobile phase, water (0.1 % HCOOH): acetonitrile (0.1 %
HCOOH) was 0-0.5 min 90%; 10%; at 2-3 min 10%; 90%; 4-5 min 90%; 10%.

All Atomic Absorption Spectra were recorded by using Perkin Elmer (Model No.:
AANALYST 700).

All NMR spectra of the products were recorded by using Bruker AV500 Avance-III
500 MHz FTNMR spectrometer.

HRMS data were recorded in a Waters XEVO G2-Xs QTof apparatus.

Melting points were determined in open capillary tubes with a Buchi-540 micro
melting point apparatus and are uncorrected.

Chemical shifts were reported on the 6 scale (ppm) downfield from TMS (& = 0.0
ppm) using the residual solvent signal at 8 = 7.26 ppm (‘H) or & = 77 ppm ("*C) as an

internal standard.
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| Chapter 1

1.1 Overview

Catalytic technologies have played a vital role in the economic development
of the chemical industries in the 20™ century. About 90% of the chemical processes
worldwide are carried out with the help of catalysts.' Catalysis occupies key
positions in various chemical processes such as preparation of ammonia in Haber
process, conversion of ammonia to nitric acid, production of sulfuric acid,
hydrogenation and different polymerization. Different organic intermediates,
necessary for the synthesis of dyes, plastics, pigments, crop-protection agents and
drugs, rely only upon the use of catalysts. In 1835, J. J. Berzelius first introduced the
term ‘catalysis’ to describe foreign substances which, when added in a small amount
to a reaction, causes a large chemical change, without itself getting consumed during
the process.” Later, in the year around 1900, W. Ostwald gave a generally accepted
definition of catalysis and defined catalyst as a species which increases the rate of a
chemical reaction through the formation of intermediate compounds and which is
restored at the end of the reaction. In the year 1909, Ostwald was awarded the Nobel
Prize in chemistry for his contribution in the field of catalysis, reaction velocities and
chemical equilibrium.’ Table 1 summarizes a few extremely important industrial

processes that occur in the presence of catalysts.




| Chapter 1
Table 1. Various industrial processes that are carried out in the presence of catalysts

Chemical process Catalysts used

Hydrogenation of coal to hydrocarbons Sn, Mo, Fe
Sulfuric acid by lead-chamber process NOy
Sulfuric acid by contact process Pt, V,0s
Fat hardening Ni
Chlorine production by HCI oxidation CuSO4
Oxidation of ethylene to ethylene oxide Ag
Cracking of hydrocarbons Al,O5/Si0;
Hydroformylation of ethylene to propanal Co
Polymerization of olefins TiCls/Al(C,Hs)3
Ethylene polymerization at low pressure Pd/Cu chlorides
Methanol conversion to hydrocarbons Ni/chelate phosphine
Hydrogenation RhCI(PPhs);
Methanol conversion to acetic acid [Rh(CO),1,]
C-C cross-coupling Pd

The increasing pressure on the chemical industries due to their negative
impacts on the environment has paved the way for the introduction of efficient

catalytic systems. Today catalysis is based on the development of environment




| Chapter 1
friendly and sustainable catalysts which satisfies all the goals of green chemistry.

These environment friendly catalysts have become the pivotal point in modern
chemical industry and applied to almost every process, including the synthesis of fine
chemicals to bulk materials, pharmaceuticals and exhaust gas. Such catalysts have
proved to be highly useful and selective, leading to the formation of the desired
product, thereby, minimizing the side reactions. This drive towards a greener
technology has further led to the replacement of conventional homogeneous catalysts

with its heterogeneous counterpart.

Depending upon their physical nature, catalysis can be broadly classified into
two categories, namely, homogeneous and heterogeneous. In homogeneous catalysis,
the reactant as well as the catalyst exists in the same phase, namely, either in the
liquid phase or in the gas phase. The homogeneous catalysts have a high degree of
dispersion and selectivity. Homogeneous catalysis provides a kinetically controlled
reaction and displays better activity. The major drawback associated with such
catalytic systems is that they are thermally less stable and cannot be separated from

the reaction medium and hence has a reusability problem.

On the other hand, in heterogeneous catalysis, solids catalyze the reactions of
solution or gas phase by adsorption of the reactant molecules on its surface.
Chemisorbed reactant molecules form an activated complex with the catalyst.
Heterogeneous catalysts are often associated with high thermal stability, fewer

disposal problems and can be readily separated from the reaction medium and can be
3
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reused efficiently. These catalysts can also be modified in order to enhance their

selectivity, activity and catalyst life. About 80% of industrial catalytic processes
require the use of heterogeneous catalysts, 15% require homogeneous catalysts and

the remaining 5% require biocatalysts.*
1.2 Solid Acid Catalyst

The homogeneous and heterogeneous catalysis can further be classified into
acid and base catalysis. During acid catalysis, a proton is donated to the reactant
while during base catalysis; a proton is abstracted from the reactant. Acids and base
catalyzed processes are used in refineries, petrochemical and chemical industries for
the manufacture of a wide range of specialty chemicals like agrochemicals, dyes,
fragrances and pharmaceuticals. Some of the industrial applications of acid/base
catalysis include isomerization, alkylation, dehydration, condensation, amination,
catalytic cracking, etherification, aromatization, hydration, hydrocracking,
oligomerization, polymerization as well as esterification.’”” Traditional Bronsted and
Lewis acid catalysts such as H,SOq4, HI, H;PO4, HCI, p-toluene sulfonic acid, HF,
AICls, BF;5 and ZnCl, are employed in a majority of these processes. However, due
to factors associated with their corrosive nature, difficulty in regeneration and
reutilization, environmental hazards, storage and handling, energy consumption and
waste treatment, the search for environmentally benign and recyclable catalysts
which can replace the conventional Brensted and Lewis acid catalysts has gained

tremendous attention in recent years.m’17 Supported catalysts as one of the classes of
4
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heterogeneous catalysts have emerged as a key tool in modern day synthesis. They

are endowed with the combined benefits of selectivity of homogeneous catalysts as
well as the added benefits of solid materials, which include high thermal stability,
easy separation of the catalyst from the reaction medium, reusability of the recovered
catalyst up to several consecutive cycles without any significant loss in the catalytic
activity, and their application in a variety of organic reactions.'® The term supported
material describes a wide variety of materials containing either an organic or
inorganic support onto which a chemical species can be physically or chemically
adsorbed. The role of these supports is to allow uniform dispersion of the active
promoter, thereby, providing a larger surface area for the reaction to occur.' Studies
revealed that solids such as silica, zeolites, phosphates, metal oxides, mixed oxides,
heteropolyacids, biopolymers, alumina, zirconia, activated carbon, biomass
derivative, clay and other aluminosilicates can be used as efficient support.zo'25 These
supported materials exhibit promising catalytic properties. Table 2 shows the various

industrial processes which are catalyzed by solid acid/base.

Table 2. Industrial processes employing solid acid/base catalysts

Sr. No. Industrial process Catalyst

employed

Cracking process

1. Heavy oil MgO-AlLO;-
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zeolite
2. Cracking of straight chain paraffins and olefins H-ZSM-5
Hydrocracking process
3. Lube dewaxing: wax oils + H, to produce lower | ZSM-5
molecular weight carbon
4. Hydrocracking of gas oils: wax oils + H; to produce | ZSM-5
gasoline

Etherification

Olefin + MeOH to produce TAME/MTBE

Ion exchange resin

i-C’4 + EtOH to produce ETBE

Hydration

Ion exchange resin

7. OH Highly  siliceous
e —
H-ZSM-5
8. Acid-base catalyst

/\fo

H

HO (0)
f om0 —= 7
H

Aromatization

LPG to aromatics

on TIOQ/H3PO4

Metallosilicate

10.

LPG (mainly Cs;, C4) to BTX

Esterification

Zeolite + promoter

O\ ‘
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13.

(0]

Disproportionation

© + Gy aromatics—>/©/

11. 0o Ion exchange resin
Yo + mom —= §HCOOE
CHCOOEt
(@)
12. 0 Mercapto
o Ceti
o + CgH,OH —— o functionalized
“CgHyy

sulfonated siloxane

Zeolite

14.

(J—LJ - O

Oligomerization and Polymerization

ZSM-5

Amination

15. Cs to polypropylene Ti10,-MgO
16. C4 to linear octanes H;P0O4/Si10,
Hydrogenation
17. COOH CHO Z1r05-Cr03
X N .
@ + Hy —— @ zeolite
S F N
R1 R'I
18. CO + H; to gasoline zeolite

\] ‘
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19. OH NH» MgO, ALO; or
@ - ONH, — © Ti0/SiO,
20. < Pentasil zeolite
>: + NH; — CI;
NH,

Isomerization

21.

H,C=C=CH, — H3C-C=CH

K,O/ALO;

22.

O
/ \ —> allyl alcohol

© + H,C=CH, — ©/\

Li3POy4

Alkylation

23.

H-ZSM-5

24.

©/\ +  C,HsOH _>\/©/\

ZSM-5

Solid acids may be defined as a substance which is capable of donating a

proton or accepting an electron pair, or on which a base is chemically adsorbed. The

solid acids are characterized either by the presence of protons or by the presence of

coordinately unsaturated cationic centers on their surfaces. This leads to the

development of Brensted or Lewis acidity which is determined by the number of

these sites and their acid strength is determined by their structure. Some of the solid
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acids may possess both Breonsted and Lewis acid sites. Studies showed that more

than three hundred solid acids have been developed during the recent decades.
1.3 Nano-materials in solid acid catalysis

Nanomaterials are extremely small particles having size less than or equal to
100 nm. The term ‘nano’ means ‘dwarf’ and it refers to a numerical value of 107
Though ‘nano’ is a recent concept, it was used by the people unknowingly during the
ancient time. There are some examples which show the use of nanomaterials dates
back to the mid-17" century, when Purple of cassius was discovered by the reaction
of stannic acid and tetrachloroauric acid, and was used as a pigment in chinaware and
glass enamel. This pigment was a mixture of gold nanoparticles and tin oxide.
Another classic example is the Lycurgus cup, which changes color in light. This is
because of the impregnation of glass with metal nanoparticles. The increased interest
in the field of nanoscience aroused after the famous Physicist Richard P. Feynman
delivered a lecture in 1959 describing the possibility of nanotechnology. Later in the
year 1986, Binning, Rohrer and Ruska were awarded the Nobel Prize in Physics for
the invention of atomic force microscope (AFM) and scanning tunneling microscope
(STM) which paved the way for the development of modern nanoworld. The
properties of bulk materials changes to a great extent when converted into nano-
dimension. Nanomaterials have found widespread applications in recent years due to
their enhanced mechanical, magnetic and electrical properties and are also used

extensively in consumer products. However, in order to stabilize nanoparticles,
9
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various stabilizing/supporting agents are used. The major role of these supports is to

control the particle size and prevent agglomeration of the particles. Nanomaterials
have found extensive applications in various fields due to their specific properties
which include, large surface area, high thermal stability, ability of surface

2629 The use of such materials minimizes the

modification and easy isolation.
occurrence of side reactions and hence the generation of waste, also reduces the
energy requirements and use of toxic reagents. Nanosized solid acid catalysts

combine the advantageous properties of solid acids and nanoparticles and thus

gaining immense importance in recent decades.

1.4 Supported solid acid catalysts

The nature of the support affects the properties of the supported catalysts
which, in turn, affect the catalytic behavior. Additionally, supported nanomaterials
exhibit higher chemoselectivity and reactivity as compared to their bulk counterparts.
Some of the most commonly employed supports used for the purpose have been

described below.

1.4.1 Silica supported solid acid catalysts

Silica is one of the most abundant materials on earth. Use of silica as support
has gained tremendous interest in recent years due to their wide availability, low
cost, large surface area, low toxicity, highly porous structure and the lenience of

tuning the morphological and compositional properties. Among the nanostructured

10
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materials, mesoporous silica offers certain advantages such as high surface area and

thermal stability to serve the purpose.”’® The surface of mesoporous silica contains
hydroxyl groups which facilitate the surface of the material to be functionalized.’'
Some of the recently reported methods utilizing silica as a support for the preparation

of solid acid catalyst have been discussed below.

In a report by Zeng et al., silica coated policresulen (a polymer made up of
formaldehyde and 2-hydroxy-4-methylbenzenesulfonic acid) was prepared and
efficiently utilized as a solid acid for carrying out various organic transformations
such as oxa-Pictet-Spengler reaction, B-alkylation of styrene and C3-alkenylation of
2- and 3-methylindoles.®> Niknam and coworkers prepared silica-bonded
propylpiperazine-N-sulfamic acid as a solid acid catalyst for the synthesis of 1,2,4,5-
tetrasubstituted imidazoles.>” Bi,03@mSi0O, has also been reported as an

environmentally friendly solid acid catalyst for Friedel-Crafts benzoylation.**

Silica phosphoric acid has been reported as an efficient solid acid catalyst for
the coupling of thiols to disulfides.”> The catalyst was prepared by reacting silica
chloride with phosphoric acid. In another report, silica-supported sulfonic acid was
prepared and used in the dihydroxylation of 1-methylcyclohexene in the presence of

aqueous hydrogen peroxide.*

11
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Silica-supported copper oxide (CuO@SiO,) has been reported as an efficient

solid acid catalyst for the ring opening of epoxides 1 to form f-alkoxyalcohols 2

without the formation of any side product (Scheme 1).*’

N,, 2-propanol

0 Cu0@sio,
1 “uo@s1iY; 1
R'—] R ‘<~OH

1 2

Scheme 1. Alcoholysis of epoxide producing S-alkoxyalcohol

Nano-silica supported tin chloride (SnCls-nano-Si0;) has been used in the
efficient synthesis of 1,4-dihydropyridine derivatives 6 by reacting aldehydes 4 with
1,3-dicarbonyls 3 and ammonium acetate (5) under ultrasound irradiation (Scheme
2).38 In this reaction SnCls-nano-Si0O; catalyst exhibited mild Lewis acid character

and because of the nano-structure, the surface of contact of the material increased

many fold.
0 CHO
N SnCl,-nano-SiO,
L + +  NH,0Ac
~ o) { = Ethanol
R ultrasound
3 4 5

Scheme 2. Synthesis of 1,4-dihydropyridine via SnCls-nano-SiO;

12
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Nano silica sulfuric acid (Nano-SSA) catalyst has been explored as an

efficient solid acid catalyst for the synthesis of pyrazole derivatives 9 by treating 1,3-
diketones 7 with hydrazine 8 (Scheme 3).*’

Q i Namo-ssa PB( NP
gy 4 HN-Rogn NanossA T

60 oC N-N
7 8 9

Scheme 3. Preparation of pyrazole derivatives in the presence of nano-SSA

In a recent report by Morales, tungstophosphoric acid was incorporated onto
mesoporous silica and the prepared catalyst was used for the one-pot synthesis of
1,5-benzodiazepine (12) by reacting 1,2-phenylenediamine (10) with 1,3-diphenyl-

1,3-propanedione (11) under solvent-free condition (Scheme 4).*

boN
NH2 Catalyst + 2H,0
Solvent-free O
12

Scheme 4. One-pot synthesis of 1,5-benzodiazepine catalyzed by tungstophosphoric

acid incorporated silica

13
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1.4.2 Alumina/silica-alumina supported solid acid catalyst

Although alumina is not a naturally occurring compound, the y and #-forms
are widely employed as inert support for active metals in catalysis due to their high
surface area, high stability and porous structure.*’ Silica and alumina are employed
as solid catalysts for various industrial processes such as alkylation, polymerization,
catalytic cracking, and production of fine chemical. Their activity is based upon the
presence of Brensted acidic sites which is characterized by the hydroxyl groups
present on their surface. Some of the recent works displaying alumina supported

solid acid catalyst have been described below.

Phosphoric acid supported on alumina (H3;PO4/Al,03) has been found to be
an effective catalyst for the synthesis of a-amidoalkyl-f-naphthols 16 by three

component reactions between aromatic aldehyde 13, B-naphthol (14), and amide 15

(Scheme 5).*
Rl\fo
HN Ar
0 OH o
Pis L H,PO,/ALO, OH
+ + R! NH —_
Ar H 2 Solvent-free
100 °C
13 14 15 16

Scheme 5. Synthesis of a-amidoalkyl-p-naphthols in the presence of H;PO4/Al,O3

Very recently, Yang et al. prepared chlorinated and fluorinated alumina

support by replacing some of the hydroxyl groups of alumina with chlorine and

14
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fluorine, respectively.” This affected the acidity of the other hydroxyl groups which

significantly increased the acidic behavior at the surface. After incorporation of Pt
nanoparticles onto the modified support, the resulting solid acid catalyst was used for

the reforming reaction of n-hexane.

In a report by Marakatti, molybdenum oxide supported on y-alumina
(MoOy/y-Al,03) was used to carry out Prins condensation of S-pinene (17) with

paraformaldehyde (18). The product of the reaction was nopol (19) (Scheme 6).**

MoO,/g-ALO
+ (HCHO), ——E=23, HO

17 18 19

Scheme 6. MoO,/y-Al,Os catalyzed Prins condensation

Alumina supported acidic ionic liquid was utilized as catalyst for the
synthesis of 1,8-dioxo-octahydroxanthenes 22 by reacting dimedone (20) with

aldehyde 21 (Scheme 7).

O O Ar O
(0]
I (EGNCSOSHIIHSO,)/ALO, )
o oA H  solvent-free
120 °C o
20 21 22

Scheme 7. Preparation of 1,8-dioxo-octahydroxanthenes over alumina supported

ionic liquid

15



| Chapter 1
The ionic liquid used was N-(4-sulfonic acid) butyl triethylammonium hydrogen

sulfate ([ENC4SO;H][HSO4)).

Bhatt et al. prepared 12-tungstophosphoric acid supported on alumina and
carried out Friedel-Crafts alkylation reaction in the presence of that catalytic

46
system.

1.4.3 Zeolite supported solid acid catalyst

Zeolites are highly porous three-dimensional network of aluminosilicates
formed by sharing of SiO4 and AlOy tetrahedra. Zeolites have occupied a pivotal
position in petroleum refineries and petrochemical industries since 1960 due to their
remarkable properties such as high thermal and chemical stability, enhanced acidity
and high crystallinity. The Bronsted acidity of zeolites can be attributed to the
presence of surface hydroxyl groups. The acidic strength and hydrophobic nature of
zeolites depend upon the Si/Al ratio. Namba et al. were the first to carry out zeolite
catalyzed solid acid reaction in water medium.*’ Zeolite supported solid acid
catalysts are mainly used for the isomerization of n-hexane and xylene,
hydrocracking, Friedel-Crafts acylation reaction, esterification, nitration of benzene,
and benzoylation of o-xylene.*®? Some of the recent reports involving zeolite

supported acid catalysts have been described below.

Li et al. developed a La-doped Zr-Beta zeolite heterogeneous acid catalyst

and utilized in cyclohexanone reduction via Meerwein-Ponndorf-Verley reaction.™

16
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Hierarchical H (Hier-Hp) zeolite was used for the alkenylation of p-xylene

(23) with phenylacetylene (24) (Scheme 8).* It needs to be mentioned here that
hierarchical zeolite combines the mesopore effect along with the properties of

microporous zeolite and is considered as an excellent solid acid catalyst.

Hier-Hb O O
—+ e

23 24 25

Scheme 8. Alkenylation of p-xylene over zeolites

Park et al. prepared zeolite from coal fly ash and designed Pd-Sn bimetallic
catalyst on this support.”> The prepared solid acid catalyst was then used for the

successful reduction of NO3™ to N».

In a work by Ramos and co-workers, palladium nanoparticles were prepared
using Beta-zeolite support and the resulting catalyst was employed in the conversion
of 5-hydroxymethylfurfural (HMF) (26) into diketone derivatives such as 1-
hydroxyhexane-2,5-dione (HHD) (28) and 2,5-hexanedione (HXD) (29) (Scheme
9).°° The diketone derivatives were obtained from HMF via furan-2,5-diyldimethanol

(FDM) (27).

17
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(0]
(0] (6]
N — e
26 27 — )J\/\!( »
(0]

Scheme 9. Conversion of HMF into diketones over zeolites

1.4.4 Carbon supported solid acid catalyst

Recently, carbon-based materials have gained immense attention in solid acid
chemistry due to their renewable nature, large surface area, chemical inertness,
surface-containing functional groups, high abundance and low cost.”’”® They can be
prepared from a variety of carbon-rich waste materials of agricultural, animal and
mineral origin. Activated carbon-based solid acid catalysts are widely used for the
dehydration of isopropanol, esterification of fatty acids, alkylation, benzylation,
condensation, and hydrolysis.”” ' Below are discussed some of the recently reported

methods employing the carbon-based acid catalyst.

Carbon-based sulfonic (C-SO;H) solid acid was used by Yang et al. to carry

out one-pot three component reaction for the synthesis of pyrano derivatives.*

Fauziyah et al. prepared carbon aerogel from coir fiber and then sulfonated
the carbon support. This solid catalyst was then used for esterification reaction.”* In a

recent report sulfated carbon heterogeneous catalyst was used for the efficient

18
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isomerization of a-pinene oxide (30) to trans-carveol (31) (Scheme 10).°* Here

chitosan was used as the source of carbon.

OH
E ]% Catalyst
(0] —>y \H/CQ

30 31

Scheme 10. [somerization reaction catalyzed by sulfated carbon acid catalyst

In a report by Wang, activated carbon supported silicotungstic acid
(STA/AC) was prepared and used as catalyst to synthesize isoprene from methyl terz-
butyl ether and formaldehyde.> Zhang et al. prepared immobilized zinc on carbon
nitride and then supported it with carbon fibre to form Zn-CN/C.%® The catalyst was
used for the cycloaddition reaction of CO, with epoxide such as styrene oxide to
produce cyclic carbonates. Beckmann rearrangement of ethyl 2-(2-aminothiazole-4-
yl)-2-hydroxyiminoacetate (32) was carried out using selenium-doped carbon (Se-C)
as a solid acid catalyst (Scheme 11).%7 Classical Beckmann rearrangement produces
oxidative deoximation product but in this modified Beckmann rearrangement, an
amide is formed. Ethyl (2-aminothiazole-4-carbonyl)carbamate (33), the final
product of the reaction, is an important intermediate during Cefixime synthesis and

finds wide application in medicinal chemistry.
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OEt
0 0=<NH
OEt Se-C SN\
S
)\\w DMC, 80 °C, 48 h );}_<\0

N H,N
H,N NOH H,0, 2
32 33

Scheme 11. Beckmann rearrangement in the presence of selenium-doped carbon

Ahmadi et al. prepared 12-tungstophosphoric acid functionalized aminated
multiwalled carbon nanotubes (MWCNTs@NHBu/PTA) and employed the solid
acid catalyst for the synthesis of benzochromenopyrimidine 37 under solvent-free

condition (Scheme 12).%®

O (0]
OH A ® MWCNTs@NHBu/PTA
R{/ [0) r X 100 °C, solvent-free
34 35 36

Scheme 12. Synthesis of benzochromenopyrimidine over carbon solid acid catalyst
1.4.5 Biopolymer supported solid acid catalyst

Cellulose is the most abundant natural biopolymer and possesses admirable
properties such as chirality, high porosity, good mechanical property,
biodegradability, thermostability, hydrophilicity, and broad chemical modifying

capacity. Cellulose has an excellent capacity of metal adsorption and drug loading.®
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These striking properties of cellulose make it an interesting support material in

catalytic applications.

Shelke and co-workers prepared cellulose sulfuric acid and used it as a highly
efficient recyclable catalyst for the one-pot three component reaction of benzoin (38),
aldehydes 39 and ammonium acetate (40) to produce 2,4,5-triarylimidazoles 41
under solvent-free condition (Scheme 13).”

DY
Cellulose-SO;H

N
+ Ar-CHO + NH,0Ac | D—ar

MW, Solvent-free N
Sh o

38 39 40 41

Scheme 13. Synthesis of 2,4,5-triarylimidazoles over cellulose sulfuric acid
A three component reaction of amines 43 with aldehydes 42 and
trimethylsilylcyanide (44) catalyzed by cellulose sulfuric acid to yield a-amino

nitriles 45 (Scheme 14) was reported by Shaabani et al..”’

R'-CHO + R2%NH, + TMSCN

H
Cellulose sulfuric acid RH/N\Rz

CH3CN, It CN

42 43 44 45

Scheme 14. Cellulose sulfuric acid catalyzed synthesis of a-amino nitriles
1.4.6 Clay supported solid acid catalyst
Clay is a naturally occurring material widely used in petrochemical
industries. They possess both Brensted and Lewis acidic sites on their surface and

the negative charge of the layers are neutralized by cations occupying the inter
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lamellar spaces. This paves the way for the modification of properties of clay such as

surface area, pore size, acidity etc which are mainly responsible for the catalytic
activity. In recent years, clay supported solid acid catalysts also are being used in
different organic transformations such as Diels-Alder reaction, isomerization,

72,73

Friedel-Crafts alkylation, dehydration, and esterification. In a report, Fe-Mg-

hydrotalcite anionic clay was used for carrying out Friedel-Crafts alkylation.”

An efficient montmorillonite clay entrapped Cu(OH)x was prepared and used
as a catalyst for the ipso-hydroxylation of arylboronic acids 46 at room temperature

(Scheme 15).”

HO. __OH
B OH
| Xy Cu(OH),-Clay | X
—_—
/\/ Hzo, rt /\/
R R
46 47

Scheme 15. Clay entrapped Cu(OH)y catalyzed ipso-hydroxylation of

arylboronic acid

1.4.7 Ion-exchange resin supported solid acid catalyst

An ion-exchange resin is a material consisting of an insoluble matrix and
labile ions. These labile ions are capable of exchanging with ions in the surrounding
medium without undergoing any significant physical change in the resin. The ion

exchange resins can be either based on perfluorosulfonic acid or styrene sulfonic
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acid. The perfluorosulfonic acid based resins such as Nafion-H (tetrafluoroethylene-

perfluoro-3,6-dioxa-4-methyl-7-octansulfonic acid) are strong Brensted acids and are
capable of catalyzing a number of chemical processes such as esterification, Friedel-
Crafts alkylation, acylation of anisole, condensation of ketones, trans-alkylation,
alkylation of phenol, hydrolysis of ester, and synthesis of methyl tert-butyl ether.”*’°
The styrene based sulfonic acid, namely, Amberlyst, is a mild Brensted acid and is
used in a variety of organic transformations such as benzylation of arenes, Friedel-
Crafts alkylation, esterification, cross-aldol condensation, halogenation, synthesis of
coumarins and quinolones.”””®

In a report, Nafion-modified mesocellular silica foam catalyst was prepared

and efficiently used for the conversion of fructose (48) to 5-Hydroxylmethylfurfural

(HMF) (49) (Scheme 16).a

O._CHO
Fructose —>Catalyst HO/\@/

48 49

Scheme 16. Conversion of fructoce to HMF over Nafion-modified

mesocellular silica foam catalyst
1.5 Sulfonic acid derivatives as solid acid catalyst

Amberlyst-15, a solid acid catalyst possessing sulfonic acid functionality

exhibits high selectivity in both aqueous and non-aqueous media and has been
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employed by Jeong et al. in the conversion of marine macro-algae to produce sugar.”

Heydari et al. in a report exhibited the use of sulfamic acid as a recyclable solid acid
catalyst for the three component reaction between aldehydes, amines and
trimethylsilyl cyanide for the preparation of a-amino nitriles.* Another protocol was
also reported by Kamal et al. utilizing sulfamic acid for the synthesis of quinoxaline
derivatives.®' Kalla and co-workers used phospho sulfonic acid (PSA) as a promising
solid acid catalyst for the synthesis of acylal under solvent-free conditions.™
Takabatake carried out alkylation of benzene by using montmorillonite as a solid
acid catalyst.*> Sulfonated carboxymethyl cellulose (SCMC) was prepared by
treating sodium carboxymethyl cellulose with chlorosulfonic acid and used as a solid
acid for the synthesis of pyrano[2,3-c]pyrazole derivatives.* In a report by Agarwal
et al., caffeintum hydrogen sulfate (CHS) was prepared by treating caffeine with
sulfuric acid.® The prepared solid acid was used for a domino Knoevenagel-Michael
reaction resulting in the formation of bis-cyclohexenones at a temperature of 30 °C.
When the temperature was increased to 80 °C, 1,8-dioxooctahydroxanthenes was
obtained as the sole product. A reusable tungstate sulfuric acid was prepared by
Farahi et al. and used for the one-pot three component synthesis of tetrasubstituted
pyrroles.® Heterocyclic nitrones was synthesized by reacting diaminoglyoxime with
aromatic aldehydes in the presence of phosphate tungstate (WO4(OP(OH);),) as an
efficient solid acid catalyst.®” Nitrones are versatile synthons in organic chemistry

and are used as building blocks of amino acids, antibiotics and alkaloids. Nitrones
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are also used as antioxidants for the treatment of age-related diseases and as spin

trapping agent.

In a report by Singh et al., nano-titania supported sulfonic acid (Ti0,-SiOs;H)
was prepared and used for the synthesis of spiro derivatives 53 under solvent-free

condition (Scheme 17).*

)\fo
o S N
R N
NH \
X 2 PY TiO,-SO,H TN o N-©O
Xt o + /4_( + HS” “COOH ————= X _
¥ N

Solvent-free N
H

50 51 52 53

Scheme 17. Ti0,-S10;H catalyzed synthesis of spiro compounds
Sharma and co-workers prepared triflic acid immobilized on carbon@silica
(Cstar@S10,TfOH) and utilized the prepared acidic catalyst for the synthesis of

indeno[1,2-b]indoles 57 (Scheme 18).%

o R' O
0 0 |
1 Cyan@Si0,TFOH
5 + RICHO + NH,OAc/RNH, - |
H,0, 80 °C
N
R2
54 55 56 57

Scheme 18. Synthesis of indeno[ 1,2-b]indoles catalyzed by Cq,(@Si10,TfOH
Copper (I) oxide incorporated on sulfated zirconia (Cu()@ZrO,-SO4>) was

prepared and efficiently used for the synthesis of azo dyes.” In a recent report,
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sulfoacetate modified silica supported indium (III) triflate [SiSAIn(OTY),] was used

as solid acid catalyst and screened its applicability in the synthesis of tetrasubstituted
imidazole derivatives.”'

1.6 Magnetic solid acid catalyst

Magnetic heterogeneous catalysts have gained immense interest in recent
decades owing to their easy recoverability from the reaction medium, simply by
using an external magnet. Magnetic solid acidic catalysts are consisting of a surface

functionalized magnetic core.

In a recent report, Naeimi et al. prepared sulfonated-functionalized magnetite
nanoparticles and used for the efficient one-pot synthesis of xanthenes 60 under
solvent-free condition (Scheme 19).”* Xanthenes are pharmaceutically important

compounds possessing various therapeutic properties such as anti-inflammatory and

antibacterial.
R
A
Os_H |
=
OH N Fe;0,-HDA-SO;H O ‘
2 +
|/ = Solvent free, 100 °C O O
R o)
58 59 60

Scheme 19. Synthesis of xanthenes over sulfonated magnetites

One-pot three component Mannich reaction is an important organic reaction

for the construction of f-amino carbonyls. Sulfonated core-shell magnetic
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nanoparticles (Fe;O4@SiO,@PrSO3;H) was prepared and used for the three

component Mannich reaction to produce S-amino carbonyls 65/66 under solvent-free
condition (Scheme 20).” f-amino carbonyl is a fundamental building block of
lactams and peptides, and is also used for the synthesis of amino acids and other

nitrogen-containing compounds.”*

=
Rz—\ |
NH O
0
IS B R?
3
R (65
o R
NH
R B 2 Fey0,@Si0,@PrSO5H
Rl/ = WKF Solvent free, rt
R
o) / |
61 62 R+
- N-NH 0
64
| A
Y&
Rl
66

Scheme 20. Mannich reaction catalyzed by sulfonated magnetic nanoparticles

Sulfosalicylic acid functionalized iron oxide magnetic nanoparticles
(FesO4@sulfosalicylic acid MNPs) were prepared and employed as the acid catalyst

in the synthesis of bis-coumarin (69) in aqueous medium under microwave
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irradiation (Scheme 21).” Bis-coumarins are widely used as hypnotic agents,

anticoagulant, antifungal, ligands and stabilizing agents.

OH OH Ph OH
©\)1 n ©\/ Fe;0,@sulfosalicylic acid N =
_0
H,O, MW
(6] 6] 2 (6] 0 O O
67 68 69

Scheme 21. Synthesis of bis-coumarin over sulfosalicylic acid functionalized iron

oxide

Moradi and co-workers developed an efficient phosphoric acid supported
CoFe;O4 nanoparticles (CoFe,O4@Si0,/PPA) and utilized this magnetically
recoverable solid acid catalyst in the synthesis of dihydropyrimido[4,5-

b]quinolinetrione 73 under ultrasonic irradiation (Scheme 22).%

0 (0] CHO
X R2NH
}E\)i - 7@ * | C (;@SO/ A
// OFCZ 4 i ZPP
O Iﬁ (@) ¢ Rl
70 71 72 73

Scheme 22. synthesis of dihydropyrimido[4,5-b]quinolinetrione over

COFGQO4@SiOz/PPA
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The product pyrimido[4,5-b]quinoline derivatives are important motifs in

organic chemistry as they possess different therapeutic properties such as antiviral,

antioxidant and antitumor.

In another report, the same author prepared a sulfonated-meglumine coated
Fe;04 (Fe;04@MSA) solid acid catalyst and studied its application in the Biginelli
reaction for the synthesis of 3,4-dihydropyrimidin-2(1H)-ones/thiones 78/79 under

microwave irradiation (Scheme 23).””

74 75

X=0,8
Fe304@MSA

MW

Scheme 23. Sulfonated-meglumine coated Fe;O,4 catalyzed Biginelli reaction

Biginelli reaction is a one-pot multicomponent reaction first studied by Pietro
Biginelli in 1893 for the synthesis of 3,4-dihydropyrimidin-2(1H)-ones by

condensation of an aldehyde, f-ketoester and urea catalyzed by an acid catalyst.98

29



| Chapter 1
Magnetic nanocellulose was synthesized by coating the nanocellulose on

freshly prepared Fe;O, magnetic nanoparticle.” The required nanocellulose was
prepared by hydrolysis of cotton with sulfuric acid. The resulting
Fe;O0s4@nanocellulose (Fe;O4@NCs) was further used as a support for TiCls to
prepare Fe;O4@nanocellulose/TiCl (Fe;O4@NCs/TiCl). The prepared catalyst was
then utilized for the synthesis of 2.3-dihydro-2-substituted-1H-naphtho[l,2-
e][1,3]Joxazine 83 by a multicomponent reaction between 2-naphthol (80),

formaldehyde (81) and an amine 82 under solvent-free condition (Scheme 24).

Rl
|
™
OH (e} . (0]
N JJ\ + RI-NHz Fe;04@NCs/TiCl
H H Solvent-free
rt
80 81 82 83

Scheme 24. Multicomponent reaction catalyzed by Fe;O4@NCs/TiCl

In a report by Han, magnetically recoverable cellulose microsphere supported
heteropoly acid (MCM-HPW) was prepared and used for biodiesel production by
100

transesterification of seed oil of Pistaciachinensis.

1.7 Synthesis of nanostructured solid acid catalyst

Due to the immense importance gained by nanoparticles in recent decades,
numerous approaches have been developed for their synthesis. Different processes

employed for the preparation of solid acid nanoparticles are depicted in figure 1.
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1.7.1 Co-precipitation
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Figure 1. Various processes for the synthesis of nanostructured solid acid catalyst

The co-precipitation method is a convenient way of preparing nanoparticles
and is widely applicable in the field of biomedicine since the materials used are
usually non-toxic in nature.'”" The term ‘co-precipitation’ describes the phenomenon
in which precipitation of usually soluble compounds occur by grain growth and
nucleation, under inert nitrogen atmosphere at either room temperature or elevated
This methodology also offers a way of incorporating metal
nanoparticles into the porous materials.'"”™'® In a recent report, a sulfonated
magnetic solid acid catalyst was prepared via the co-precipitation method where

Fe;0, nanoparticles was incorporated in the sulfonated cassava peel biochar.'®
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Another work on the synthesis of magnetically active ZnO/BiFeO3 solid acid catalyst

by co-precipitation method was reported and used for the production of biodiesel.'”®
In a recent report, a core-shell SO4/Mg-Al-Fe;O4 magnetic solid acid catalyst was
prepared via co-precipitation method and used for the efficient transesterification of

waste cooking oil.'"
1.7.2 Impregnation

This methodology involves the filling up of porous support by metal
nanoparticles. In this method, a metal salt, usually chloride or nitrate is dissolved in a
suitable solvent of adequate volatility and solubility. The metal salt solution is then
added dropwise onto the porous support under vigorous stirring when the metal
nanoparticles fill up the pores of the support, resulting in the formation of a thick
paste. The residual solvent is then removed and the solid left is then calcined or
reduced by using a reducing agent.'””'® Sodium/zinc oxide deposited SBA-15
catalyst was prepared via the one-pot impregnation method.'” A study revealed that
lithium/zinc can be loaded on waste chicken bones (Li/Zn-Cb) by impregnation
method and the resulting solid acid displayed enhanced catalytic activity.''’ Another
study on the synthesis of ZrO,-supported on bamboo leaf ash (ZrO,/BLA) via
impregnation method was reported.''! The prepared catalyst exhibited potent activity

in biodiesel conversion.
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1.7.3 Hydrothermal

The hydrothermal synthesis is a versatile chemical method for the synthesis
of metal nanoparticles. This methodology provides uniform control over the shape,
size and particle distribution of the metal nanoparticles, allowing tuning of the
properties to generate nanoparticles of sizes varying from a few nanometers to
several hundred."'*'" The hydrothermal synthesis can be performed in two types of
systems, namely, the batch hydrothermal, which allows to carry out with the ratio
phases as desired, and the continuous hydrothermal, with the help of which a high
reaction rate can be achieved within a shorter period of time.'"* It is an eco-friendly
technique as post-treatments are not required and is able to synthesize a large amount
of nanoparticles with optimized composition and morphology.'>''® The particle size
depends upon the time of exposure, the concentration of the precursor and the
temperature of the reaction.'’” Silica supported zirconium catalyst was prepared by
the hydrothermal method which was further sulfated to obtain sulfated Zr-KIT-6 (x)
(x = Si/Zr).""® A study was conducted on the synthesis of zirconia tungstophosphoric
heteropolyacid via hydrothermal method and the prepared heterogeneous acid

catalyst demonstrated enhanced activity.'"

In a recent report, sulfonic acid
functionalized mesoporous double-layer carbon microspheres were prepared via

hydrothermal technique.'™ The prepared acidic catalyst was efficiently used in

transesterification.
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1.7.4 Sol-Gel synthesis

The sol-gel process is a method of creating a 3D network by formation of a
colloidal solution i.e. sol, followed by drying or ‘gelling’ of the resulting solution to
form a network.'?' This process consists of two components, ‘sol’ in which a solid is
dispersed in a liquid to form a colloidal suspension and ‘gel” which is a polymer
containing liquid. The sol-gel process involves the use of two steps, the first step is
hydrolysis where water is used to break the bonds in the precursor, and the second
step involves condensation in which nanomaterial is formed after the removal of
excess water. The shape and size of the nanoparticles is controlled by the sol/gel
transition. The precursor used in the process for preparing colloid is usually a metal
or metalloid element surrounded by various reactive ligands. The sol-gel process can
be performed at room temperature and the particle size and shape is controlled by the
sol/gel transition.'* This method has gained immense interest because it can be used
for the preparation of oxide materials and some inorganic materials such as ceramics
and glass. A report exhibits the preparation of tungsten supported TiO,/SiO, solid
acid catalyst via the sol-gel ‘[echnique.123 In another report, solid acid catalyst
containing TiO,-Cu,0 was prepared via the sol-gel technique.'** A study revealed
the preparation of mesoporous MoO3/SiO; solid acid catalyst by using sol-gel
technique with varying amounts of MoO3.'” The catalyst with 20 mol% MoOs

exhibited enhanced activity in the acetalization of glycerol with benzaldehyde.
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Another work on the synthesis of silica-alumina solid acid catalyst by sol-gel method

has been reported and used for cracking of cumene.'*
1.7.5 Electrochemical reduction

In the year 1994, Reetz and group developed electrochemical reduction
method for the synthesis of monometallic and bimetallic nanoparticles.'”” This
method consists of six steps (i) oxidative dissolution of sacrificial metal anode, (ii)
migration of cations to the cathode, (iii) formation of reduced metal species at the
cathode, (iv) nucleation and grain growth leading to the formation of metal particles,
(v) use of stabilising agents such as tetra alkylammonium ions, and (vi) precipitation
of the formed metal nanostructured colloid. A combination of electrochemical
reduction and ‘wet chemical’ methods could also be used for the synthesis of core

shell nanoparticles with high surface area.'?®
1.7.6 Mechanical grinding

Mechanical grinding is a simple and popular method for the synthesis of
nanocrystalline materials. This method involves the use of inexpensive equipment
and is applicable for the synthesis of practically, all types of materials. Amorphous or
nanocrystalline alloy particles, elemental or compound powders can be synthesized
by the application of this technique.'” Li,TiO3 was prepared by a solid state reaction
through mixing of TiO, and Li,COs, followed by grinding.*® After calcination at

1073.15 K, final Li,TiO; acid catalyst was obtained.
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1.8 Industrial applications of solid acid catalysts

Heterogeneous solid acid catalysts have gained tremendous attention in recent
years due to their widespread applications in the field of organic synthesis.
Development of alternative methodologies employing supported catalysts for the
already known organic transformations is of utmost importance at present time and
this poses a challenging task to the organic chemists. Various solid acid catalysts
have been developed in recent decades and their catalytic applications have been
studied in a plethora of industrially important organic reactions. Solid acid catalysts
are also used to catalyze diverse aspects of organic synthesis for the production of

fine chemicals, pharmaceuticals, agrochemicals, and specialty chemicals.

Heterocyclic compounds are inevitable components in biological and
medicinal chemistry. They are present in a wide variety of natural products and
biologically active compounds, and are known to exhibit therapeutic properties
ranging from anticancer, antimalarial, antibacterial, anti-HIV, antidepressant,
antidiabetic, anti-inflammatory, anti-depressant and many others. Also, they have
been frequently found as a key structural unit in synthetic pharmaceuticals and
agrochemicals. Many of the heterocycles finds important applications in material
science such as dyes, brightening agents, plastics and fluorescent sensors.
Heterocycles are also of considerable interest in industrial development because of
their synthetic utility as intermediates, protecting groups, catalysts and metal ligands

of asymmetric catalysts.
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Friedel-Crafts alkylation is an industrially important organic transformation

used for the production of a number of different chemical compounds. Classical
Friedel-Crafts reaction proceeds under strong acidic conditions. Usually,
homogeneous acid catalysts such as HF and AICl; have been widely used for the
purpose. The process is associated with severe drawbacks such as corrosion and non-
recyclability of the acids. To mitigate the problem several heterogeneous solid acid
catalysts have been developed. Zhang et al. prepared sulfonated polystyrene confined
in a benzene-silica hollow nanosphere with yolk-double-shell nanostructure and
successfully applied the solid acid catalyst in Friedel-Crafts alkylation."*' High yield
of the desired product was obtained within a short span of time and the catalyst
exhibited high thermal stability and recyclability. Tin based silicates have been
employed in a number of organic transformations and industrially relevant
processes.13 ? Pachamuthu et al. prepared a nanostructured tin oxide incorporated in
silica matrix (SnTUD-1) and utilized the heterogeneous solid acid catalyst in the

three-component Mannich type reaction (Scheme 25).'*

z NH,
R N |  SnTUD-1
2R + v — {N
R3
84 85 86

Scheme 25. Sn'TUD-1 catalyzed three-component Mannich type reaction
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Currently, the over-exploitation of fossil fuels has generated the urgent need

to search for renewable sources of energy. There are four alternatives such as natural
gas, syngas, hydrogen and biofuel. Among these, biofuel is the most suitable
renewable energy and can be used directly without any modification. Biofuels are
liquid fuels synthesized from plants, agricultural waste products, forestry by-products
and municipal waste."** Biodiesel is the only biofuel that can be used on its own or
mixed with petroleum fuel without any modification in conventional engine.
Biodiesel does not contain any sulfur and aromatics and so offers advantages over
conventional fossil fuels such as low exhaust emission, biodegradability, non-
toxicity, sustainability and renewability. The use of biodiesel leads to reduced
emission of pollutant during combustion. With the advancement of technology,
various routes have been developed for the production of biodiesel from renewable
sources such as microorganisms, animal fat, non-edible seeds and plant 0il.'**
However, the cost of production of biodiesel is quite high which may be attributed to
the production methodologies. Strong mineral acids such as sulfuric acid and
hydrochloric acid, and strong bases such as sodium hydroxide and potassium
hydroxide are generally employed for the process. However, the use of these
homogeneous catalytic systems poses major challenges to industry as the separation
of the catalyst from the reaction mixture is quite difficult. Additionally, the liquid

catalysts cause corrosion and contamination of the equipment and have to be

neutralized after the completion of the reaction. Neutralization produces large
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amount of salt which are difficult to discharge. The catalysts can also be removed by

using hot water but this result in the generation of a large quantity of waste water.' >
This urges the need of the time to develop a greener approach for biodiesel synthesis
and lead to the application of environment friendly solid acid catalysts as alternative.
The use of solid acid catalyst minimizes the generation of waste since neutralization
of the acid catalyst is not required and the catalyst can be easily separated from the
product mixture. The catalyst does not cause contamination and corrosion of the
metal equipment and enhances the rate of the reaction. It promotes simultaneous
esterification and transesterification reactions without the formation of soap.m’138
Zirconium  sulfate tetrahydrate impregnated tubular carbon membrane
((Zr(SO4),.4H,0)/TCM) was prepared by Ma et al. by varying the surface loadings
of zirconium. The high specific surface area of the heterogeneous solid acid catalyst

1.13° Ballotin

enabled it to be used for the esterification of acidified oil with methano
et al. prepared sulfonated carbon nanostructures embedded in amorphous carbon

which was obtained from bio-0il."*" This acidic catalyst was then used for the

esterification of oleic acid 88 with methanol (89) (Scheme 26).

0]
Il Catalyst Il
R-C-0-H + CH;0H ——— R-C-0-CH;
88 89 920

Scheme 26. Esterification of oleic acid with methanol catalyzed by

sulfonated carbon nanostructures embedded in amorphous carbon
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In a very recent report, Fe;04/Si0, solid nanocatalyst was prepared and used

for the esterification of soybean oil with methanol.'"!

5-Hydroxymethylfurfual (HMF) is a promising platform chemical and has
gained tremendous attention in recent decades due to its versatile applications in bio-
refinery.'**'* HMF can be transformed into a number of value-added products such
as 2,5-dimethylfuran, 1,6-hexanediol, 2,5-diformylfuran and 2,5-furandicarboxylic
acid."*®'""" HMF has found extensive applications as a monomer in the synthesis of
liquid biofuels, chemical products and other bio-based materials used in
pharmaceuticals and petrochemical industries.'*® Due to the growing demand,
various methodologies have been developed for the synthesis of this highly important
chemical. However, so far, its large-scale production still remains a challenge. HMF
is generally prepared by the dehydration of hexose sugars such as fructose, glucose,
cellulose, cellobiose, and sucrose in acidic medium.'#%1%° Among these, fructose is
the most facile candidate for HMF production and the conversion is mainly catalyzed
by Brensted acids.'®' In recent years, the conversion of biomass-based carbohydrates
into HMF has been studied using Lewis acids, mineral acids, and bifunctional

2 Due to the drawbacks associated with the homogeneous catalytic

catalysts.
systems, heterogeneous acid catalysts have emerged as robust alternative with
stronger acidity and easy regenerability. Various solid acid catalysts have been

designed for the purpose, such as carbon, tungstated zirconia, heteropoly acids, and

zirconium phosphates.153'156 Ti0,-ZrO, mixed metal oxide catalyst was prepared and
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Guo et al. prepared Ta-

employed for the efficient conversion of glucose to HMF. >’

W oxides with varying ratios of Ta/W and used the catalyst for the dehydration of

glucose (91) and fructose to HMF (92) (Scheme 27)."*®

. O.__CcHO
Glucose Ta-W oxides H O/\@/

91 92

Scheme 27. Conversion of glucose to HMF catalyzed by Ta-W oxides

Zhang and co-workers prepared a carbonaceous solid acid catalyst from

microalgae residue and used it as for the conversion of fructose to HMF."*’

1.9 Objective and scope of the work

In view of the literature discussed above, it is evident that there is ever
increasing demand of replacement of conventional homogeneous catalysts by
heterogeneous counterparts. The use of heterogeneous acid catalysts in organic
transformations can meet the goals of sustainable and green chemistry. The present
work is aimed at preparing solid acids, followed by its application in different

organic reactions.

The objectives of my thesis are-
» Synthesis of a few cellulose and silica supported solid catalysts and their

characterization through different analytical tools.
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» Application of the synthesized catalysts towards different acid catalyzed
reactions leading to improved synthesis of many important heterocyclic
compounds.

» Characterization of the synthesized compounds by different analytical
techniques and evaluation of antibacterial activity of a few selected
compounds.

Taking into consideration the numerous advantages of the supports, the solid
acid catalysts reported in the thesis are prepared by embedding metal oxides and
metal nanoparticles on silica and cellulose supports. The prepared heterogeneous
acids were then characterized by using different analytical tools like HR-TEM,
EDX, FT-IR, XRD, BET, XPS and TGA in order to understand the
physicochemical properties. Application of the prepared solid acids in organic
transformations such as synthesis of dihydroquinazolines, synthesis of platform
chemical 5-hydroxymethylfurfural, domino-Knoevenagel-Hetero-Diels-Alder
reaction and diazo transfer click reaction has been studied. Some of the
advantages offered by these solid catalysts involve easy work-up, enhanced
product yield, environment friendliness and short reaction time. It was also
observed that the catalysts were recyclable upto several consecutive cycles
without any significant loss in activity. This suggested that the prepared catalysts
did not undergo any deactivation during reaction. Due to the easy preparation

methodologies and high thermal stability as well as good recyclability, the
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prepared catalysts can find widespread applications in petrochemical,
pharmaceutical and chemical industries. Additionally, they can be explored in a

variety of greener organic transformations.
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2.1 Introduction

Metal oxide nanoparticles have been widely explored in recent decades due to
their valuable contribution in the field of nanoscience and nanotechnology.' Owing
to their high surface to volume ratio, photocatalytic activity, and low cost these
materials are extensively employed as catalysts, antibacterial agents and energy
storage devices.” Especially, transition metal oxides deserve special mention because
of their wide application in electronics, sensors, and catalysis. Among the various
transition metal oxides, the copper oxide nanoparticles occupies an integral position
due to its novel physiochemical properties.> Copper oxide nanoparticles are used in
lithium ion batteries, solar cell technology, magnetic resonance imaging, and drug
delivery devices.* Copper oxide is also known as p-type semiconductors and have
found extensive use as heterogeneous catalysts in the complete conversion of
hydrocarbon to carbon dioxide and water, photoelectrochemical water splitting,

steam reforming, and oxidation of carbon monoxide.’

The metal oxide nanoparticles dispersed homogeneously on the surface of a
mesoporous material have gained immense interest because they exhibit the
combined advantages of the nano-sized particles as well as the matrix support.®'°
The nano-sized particles allow the applications at the interface of the material by a
high exposure of active sites while the matrix support ensures processes such as

separation and device fabrication. The nature of interaction between the metal oxide

nanoparticles and support is affected by the methods of preparation, application and
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regeneration of the catalyst. The interaction between nanoparticles and support leads

to proper dispersion of the particles. This results in decrease in particle size and an
increase in surface coverage by nanoparticles.!' The catalytic activity of the
supported nanomaterials depends not only upon the dispersion of active metal on the
support but also on the extent of accessibility of the pore openings present on the
support by the reactant molecules. Additionally, the structure of the pores also
determines the dispersion within and the catalytic activity of the supported catalyst.
Silica is a nontoxic, biocompatible material with tunable pore diameter, high surface
area, high thermal stability and uniform pore channels.'” This mesoporous material
has found widespread applications both as individual catalyst and support of nano
sized metal catalysts as well as adsorbent and drug delivery systems.'*'® Copper
oxide nanoparticles embedded on silica support is a widely studied material as the
use of silica as a support renders significant increase in different surface
characteristics of copper including acidic properties. In recent years, various works
have been reported for the efficient synthesis of this nanomaterial and its application
in different facets of chemical science. Ghorbanpour et al. prepared silica-supported
copper oxide nanoleaf (CuO/SGn) via molten salt method.'” In this report, silica gel
was added to CuSO4 and heated to the melting point temperature of the salt when
CuO/SGn was obtained. The prepared catalyst displayed potent antibacterial activity
against gram-negative Escherichia Coli. Parida and co-worker prepared mesoporous

silica impregnated with copper oxide and utilized it for the oxidation of benzene to
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phenol.”® In a report by Kadam and group, hexagonal mesoporous silica-supported

copper oxide (CuO/HMS) was prepared by sol-gel technique, and used in the
conversion of aldehydes into amines."”” In a report by Li and co-workers, copper
oxide supported on silica matrix (CuO/SiO;) was prepared by three different
methods, namely, impregnation, deposition-precipitation and ammonia
evaporation.”’ Among these, CuO/SiO, prepared by ammonia evaporation exhibited
better activity towards the ethynylation of formaldehyde. Qiu and co-workers
prepared copper oxide supported on mesoporous silica (SBA/CuO) and studied its
antibacterial activity against E. coli and S. aureus.”' Patel and co-workers prepared
copper oxide supported mesoporous silica by wet impregnation method and utilized
it for the efficient reduction of NO with CO.* Samadi and co-workers reported the
preparation of copper oxide nanoparticles encapsulated in mesoporous silica and
described its application in the oxidation of allylic C-H bond of cyclic olefins.”
Barrera-Calva and team prepared silica supported copper oxide thin films by using
sol-gel technique and evaluated its application as a solar selective coating.”* Wang
and co-workers, in a report, displayed the preparation of silica supported copper
oxide quantum dots (SiO,/CuO) by hydrothermal technique and the prepared

material showed enhanced photcatalytic activity.25

Dihydroquinazolines present a pharmaceutically integral class of a range of

functional molecules, alkaloids, therapeutics and algrochemicals.27’28

This privileged
moiety is endowed with significant bioactivity such as antibacterial, antiparasitic,
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antifungal, anti-obesity, anti-alzheimer, antidiuretic, antihypertensive, antiviral and

antitumor. >’ Ispinesib (1), a selective kinesin spindle protein (KSP) inhibitor,
aquamox (2), an antihypertensive agent and antidiuretic, evodiamine (3), a natural
product with anti-obese activity, prevymis (4), a FDA approved drug for the
treatment of HIV, and vasicine (5), a butyrylcholinesterase inhibitor, contains

dihydroquinazoline in their skeleton (Figure 1).%*>

o e o

Ispinesib (1 )i j\ Aguamox (2) Evodiamine (3

F

@( LD

N/ﬁ OH

Prevymis (4) F K/N\©/ Vasicine (5)

Figure 1. Example of a few biologically active compounds containing
dihydroquinazoline and quinazolinone backbone

Because of their importance, a number of different methods have been
developed for the efficient synthesis of dihydroquinazolines. In a report, Sarma and

co-worker described microwave promoted synthesis of 1,2-dihydroquinazolines by
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treating 2-aminobenzophenone with aldehydes under solvent-free condition in the

presence of urea as the nitrogen source at a temperature of 130 °C.* In a recent
report, Gudimella et al. carried out one-pot synthesis of 1,2-dihydroquinazoline
analogues by reacting benzylamine with 2-bromobenzophenone.*' The synthesized
compounds were then evaluated for anticancer activity and among the various
analogues; two compounds were found to exhibit acute anticancer activity.
Rohlmann and co-workers reported the synthesis of dihydroquinazolines via an iron
catalyzed process using TEMPO oxoammonium salt as an oxidant.** In a recent
report, Chen and group described the synthesis of 1,2-dihydroquinazolines by the
treatment of indazolium halides with K,COj; using toluene as the solvent.* Kamal
and group reported the synthesis of 1,2-dihydroquinazolines by a three-component
reaction catalyzed by sulfamic acid.** In a very recent report, Azizi and co-workers
prepared dihydroquinazolines by using sulfuric acid functionalized nano-silica
(KCC-1/Pr-SO;H).* Derabli et al. carried out DMAP catalyzed synthesis of
dihydroquinazolines via a three-component reaction.*® Srivastava employed ionic
liquid immobilized hydrotalcite clay as a catalyst for the synthesis of 1,2-
dihydroquinazoline derivatives.'” Despite these notable advances, most of the
existing methods suffer from the burdens of prolonged reaction time, high catalyst
loading, difficulty in catalyst recyclability, limited functional group tolerance, and
requirement of high reaction temperature. Moreover, most of the reactions suffer

from the problem of poor selectivity and produce a mixture of both
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dihydroquinazoline as well as quinazoline. It is to be noted that there are a few

heterogeneous catalysts containing copper/copper oxide reported for the synthesis of
quinazoline. For example, Baghbanian and Farhang reported magnetically active
CuFe,0, nanoparticles for the synthesis of quinoline and quinazoline.*® Zhang and
co-workers described the synthesis of quinazoline using kaolin supported copper
oxide nanoparticle. Both the reported studies were carried out at 80 °C and 90 °C,
respectively.*’ Another study by Zhang and group members reported the use of
supported CuO nanoparticles for the synthesis of quinazoline from amidine and
alcohol.”® In this case, they have refluxed the reaction in toluene for 24 h. None of
the methods described above are used for the selective synthesis of
dihydroquinazolines alone. Due to the increase in environmental awareness the
development of mild and recyclable catalytic strategies along with simple, rapid and
high atom economic reactions are actually need of the time. The use of a suitable
heterogeneous catalyst over homogeneous catalysts not only reduces dissipation, but
also makes it easier for the separation process and scale-up. Herein, we present
synthesis and detailed characterization of copper oxide supported on silica
(CuO@Si10;) nanoparticles and its further application in the construction of
pharmaceutically significant phenyl-1,2-dihydroquinazolines from 2-aminoketones,
benzaldehydes and ammonium hydroxide at room temperature. To the best of our
knowledge, the catalytic performance of CuO@SiO, in the synthesis of

dihydroquinazolines at ambient temperature has not been examined so far.
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2.2 Results and discussion

2.2.1 Preparation and characterization of copper oxide supported on silica

(CuO@Si0,)

The CuO@SiO, nanoparticles were prepared in two steps using a reduction
precipitation technique starting from copper acetate and silicic acid. Initially, the
prepared material is characterized by powder XRD to determine the crystallinity of
the solid (Figure 2b). The powder XRD pattern shows a broad diffraction peak at 26
= 22.3° corresponding to (002) plane of support SiO, The diffraction peaks at 26 =
35.4°, 38.8°, 48.5°, 57.7° and 62.2° can be assigned to the (002), (111), (-202), (202)
and (-113) planes of the monoclinic structure of CuO nanoparticles (JCPDS Card No.
03-065-2309). No other secondary peaks corresponding to metallic Cu, Cu(OH), or
Cu,0 phases are observed. This confirms the formation of CuO in the nanomaterial.
The XRD pattern of parent silicic acid shows a diffraction peak at 20 = 22.6° (Figure
2a). After the formation of nanoparticles, the intensity of basal reflection of parent
support decreases considerably with the simultaneous appearances of diffraction

peaks for CuO phase.
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Figure 2. Powder XRD pattern of (a) Silicic acid support and (b) CuO@Si0O, catalyst
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The functional groups present and the bonding in the CuO@SiO, catalyst are

determined by FT-IR analysis in the range of 400-4000 cm™ (Figure 3). The
absorption bands observed at 3421 and 1628 cm™ correspond to the stretching
vibration of -OH group and the bending vibration of H-O-H group, respectively. The
peak positioned at 1013 cm™ corresponds to the Si-O-Cu bond due to the adsorption

of CuO on SiOz.51 Also, the peak at 510 cm’™! can be attributed to the stretching

vibration of Cu-O bond.>

60 -
50 -

40 -

30 4
1628

!

510
3421

Transmittance (a.u.)

“ 1013
4000 3500 3000 2500 2000 1500 1000 500

Wavelength [cm'1)

Figure 3. FT-IR spectrum of CuO@SiO; catalyst
The microstructure of the synthesized CuO@Si0O, catalyst is characterized by
TEM and HR-TEM analyses (Figure 4 and 5). The low resolution TEM image
reveals the homogeneous distribution of nearly spherical CuO nanoparticles on the

support with particle size distribution in the range of 2-5 nm (Figure 4a and 4b). The
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number average diameter has been calculated to be 3 nm with standard deviation

(SD) of 0.57 using Imagel software.”®

20 25 30

35 40 45 &0
Particle size (nm)

55 60

Figure 4. (a) TEM image of CuO@SiO, and (b) Particle size distribution histogram

This suggests the narrow crystallite size distribution of CuO nanoparticles
onto catalyst’s support. The surface-weighted diameter (Ds), calculated from the
number average diameter, was found to be 3.5 nm.>* The HR-TEM image indicates
the formation of highly crystalline structure and the inter-planar lattice fringe spacing
of 0.25 nm agrees with the (002) plane of monoclinic structure of CuO nanoparticles
(Figure 5a). The selected area electron diffraction (SAED) pattern confirms the
crystalline nature of the sample as indicated by the (002) and (111) crystalline planes

(Figure 5b).
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Figure 5. (a) HR-TEM image with fringe spacing and (b) SAED pattern of

CuO@SiO; catalyst

Spectrum 2

I 2 4 6 8 10 12 14 16 18 20
Full Scale 12574 cts Cursor: 0.000 keV

Figure 6. EDX analysis of CuO@Si0; catalyst showing the presence of Cu, O and Si
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Energy Dispersive X-ray (EDX) analysis of the prepared nanoparticles

indicates the presence of Cu, Si and O signals (Figure 6).

More information about the chemical composition and the electronic state of
the metal atom at the catalyst surface has been obtained from X-ray Photoelectron
Spectroscopy (XPS) analysis. The Cu 2p3/2 peak at 934.09 eV and the Cu 2pl/2
peak at 953.84 eV are characteristic peaks for the copper(H).3’55Additionally, the
presence of copper(Il) can also be supported by the strong shake-up-peak observed at
around ~943 eV for Cu2p3/2 (Figure 8a).>® The raw data of full Cu 2p XPS profile

is presented in Figure 7.

Cu2p Scan
8 Scans, 2m 40.3s, 900um, CAE 50.0, 0.10 eV
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Figure 7. Full spectrum of XPS Cu2p
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The raw data of Cu2p3/2 corresponds to three peaks; 933.6 eV, 935.4 eV and

fitted shake-up peak at 942.6 eV. The shifting of Cu 2p3/2 peak to higher binding
energy (933.6 eV) in the prepared CuO@SiO, can be assigned to the formation of

3336 It is to be noted here that a similar inference of

Cu-O-Si surface structures.
formation of Cu-O-Si is indicated in the FT-IR spectra (Figure 3). Similarly, the Ols
spectrum exhibits three distinct peaks at 529.75 eV, 532.24 eV and 531.12 eV
(Figure 8b). The peak at 529.75 eV is a characteristic of metal-oxygen bond and the
peak at 532.24 eV can be attributed to the presence of SiO,. The peak at 531.12 eV

may again be attributed to the presence of Cu-O-Si kind of structure.’®>’ The

Cu2p3/2 and Ols were fitted using XPS.4.1 software.

(a) XPS spectra of Cu 2p3/2 (b) XPS spectra of Ols
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Figure 8. High resolution XPS spectra of CuO@SiO;: (a) Cu2p and (b) Ols regions
An analysis through Atomic Absorption Spectroscopy (AAS) shows the
presence of 7.2 wt% of copper metal in the prepared catalyst.
The specific surface area (SSA) of the synthesized CuO@SiO, has been

determined by the nitrogen gas adsorption study in the Brunauer-Emmett-Teller
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(BET) analyser (Figure 9). The adsorption desorption isotherm obtained for the

samples indicates a type IV isotherm (based on Brunauer et al. classification)
pointing towards meso-porous nature of the materials.”®®* Further, hysteresis loop
signifies the meso-porosity which is attributed by the presence of ink-bottle shaped
pores or else by the packing of spheroidal particles in each cases.’**¢9 We
observed a decrease in BET surface area and pore volume of the synthesized
nanoparticle as compared to that of the support (Table 1). Since, the catalyst is
synthesized by calcination at 300 °C, there are possibility of the collapse of
microporous structure of the support. This results in the overall enhancement of pore
size of the CuO@SiO, catalyst, thereby, causing reduction in the pore volume and
surface area. Other possibility of this reduction may be attributed to the filling of the

pores by active metal oxide.>
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Figure 9. (a) BET analysis with pore size distribution (stacked inset plot) of support

and (b) CuO@SiO; catalyst

72



| Chapter 2

Table 1. Comparison of surface area, pore radius and pore volume of support and

freshly prepared catalyst

Sample BET Surface Area | Pore Radius (nm) Pore Volume
(m*/g) (cm’/g)
Support 416.42 3.10 0.74
Fresh CuO@SiO; 217.47 4.43 0.69

2.2.2 Catalytic activity of the prepared CuO@SiO; catalyst towards the

synthesis of 1,2-Dihydroquinazolines

After the preparation and extensive characterization, the activity of the
material was studied in the synthesis of dihydroquinazolines. For this purpose, a
reaction was carried out using 2-aminobenzophenone (6a) and benzaldehyde (7a) in
the presence of ammonium hydroxide as nitrogen source at room temperature (Table
2). It was observed that the CuO@SiO, could efficiently catalyze the three-
component reaction leading to the synthesis of dihydroquinazoline 8a as the only
product. The reaction was selective and no formation of quinazoline by-product was
observed. To find out the optimized reaction condition different parameters like,
solvent, catalyst loading, and reaction time was studied (Table 2). Acetonitrile was
found to be the most suitable solvent and the reaction was complete within 1 hour
(Table 2, entry 11). A blank reaction, with only silicic acid, was performed which did

not produce any product (Table 2, entry 13). SiO,, prepared separately following the
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identical procedure without addition of copper salt, also failed to produce any

product (Table 2, entry 14). These two reactions confirmed the role of the metal in
the reaction. The reaction was also carried out with individual copper salts which
produced the dihydroquinazoline in much less yield (Table 2, entries 15-16). The
finding confirms that the Cu-O-Si interface formation is responsible for the enhanced
catalytic activity. Rate of reaction in terms of turn over frequency (TOF) has been

calculated and found to be ~ 0.1 s~ based on 40% conversion in 10 min.

Turn over frequency (TOF) has been calculated following the formula-

moles of reactant consumed
TOF =

moles of catalytic active sites X time
Moles of catalytic active site = total mole of copper in the catalystx Dispersion
The % dispersion (Ds) has been calculated as 31% using surface-weighted average

diameter calculated from TEM.>**%

Table 2. Synthesis of 1,2-Dihydroquinazolines and optimization of the reaction

condition®
CHO
N
(6] Catalyst N
O - © + NH,OH Slytt O J\Ej
olvent, r

NH, ’ N

H

6a Ta 8a
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Entry Catalyst Solvent Time Catalyst | Yield
(h) loading (%)®
(Wt%)
1 CuO@SiO, CH;0H 10 20 42
2 CuO@SiO, C,HsOH 10 20 22
3 CuO@SiO, DMSO 10 20 20
4 CuO@SiO, H,O 10 20 55
5 CuO@SiO, 1,4-Dioxane 10 20 51
6 CuO@SiO, Toluene 10 20 33
7 CuO@SiO, THF 10 20 52
8 CuO@SiO, CH;CN 10 20 82
9 CuO@SiO, CH;CN 1 20 82
10 CuO@SiO, CH;CN 0.5 20 80
11 CuO@SiO, CH;CN 1 15 82
12 CuO@SioO, CH;CN 1 10 82
13 CuO@SiO, CH;CN 1 5 78
14 CuO@SiO, CH;CN 1 2 74
15 No catalyst (only CH;CN 1 10 0
silicic acid)
16 Si0, without Cu CH;CN 1 10 0
(prepared using
identical condition)
17 Cu(OAc), CH;CN 10 10 35
18 CuBr CH;CN 10 10 28
19 Cul CH;CN 10 10 23
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Bold values indicate the best experimental result. “All the reactions were carried out

using 2-aminobenzophenone 6a (0.5 mmol), benzaldehyde 7a (0.5 mmol),
ammonium hydroxide (0.5 mL), solvent (3 mL) at room temperature. °Yield refers

to the isolated product after column chromatographic purification.

With the optimal reaction conditions in hand, we next investigated the scope
of the process where different substituted aromatic aldehydes were tested with the 2-
aminobenzophenone 6a (Table 3). All the reactions worked well to produce the
corresponding dihydroquinazolines in good to excellent yields 8(a-g). The
halogenated substrates were well-tolerated in this reaction, producing the
corresponding dihydroquinazoline 8b. Both the electron donating and electron
withdrawing functional groups such as nitro and methoxy also produced the desired
dihydroquinazolines 8(c-e) and 8g with 71-79% yield. To our delight, the optimized
conditions were mild enough for the reaction of heteroaryl aldehydes such as furan-
2-carbaldehyde which produced the corresponding product 8f. A variety of
substituted 2-aminoketones were also investigated 8(h-q). 2-aminoketones bearing
both electron-withdrawing and electron-donating groups at different positions of the
phenyl ring coupled smoothly with the benzaldehyde 7a to produce the desired

dihydroquinazolines with very good yield.
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Table 3. Synthesis of 1,2-dihydroquinazolines from 2-aminocarbonyls, aldehydes

and ammonium hydroxide

CHO
| X NH.OH CuO@Sio,
—_—
AT 4
R3
7
L
N
H
Br
8a, 82% 8b, 72% OCH;
N
Cry, OO
0) N
H | / H
NO,
8f, 77% 8g, 75%
Br
cl
N N
| | N \
. Br O/ﬁ | / H
8j. 71% 8k, 76% | Br
81, 79% 8m, 70%
E F ‘ F ‘ F
O)N O Sy Cl O SN Cl SN cl O Sy
O 0
N N N N
H H 0 H || »
o Br
8n, 74% 80, 72% 8p, 68% 8q, 70%
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The reaction has also been carried out with phenylacetaldehyde and other

aliphatic aldehydes like, butyraldehyde and octanal. Unfortunately, there was no
reaction in all the cases. This may be due to the problem in imine formation with
aliphatic aldehydes in the very first step of the reaction. All the prepared compounds
were duly characterized with the help of NMR and Mass spectral data.

Based on the reports available in the literature, a tentative mechanism of the

reaction has been proposed (scheme 1).%

Scheme 1. A plausible mechanism for the synthesis of dihydroquinazoline catalyzed
by CuO@SiO,
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The imine, formed by the reaction between aldehyde 7a and ammonia, gets

activated by the surface stabilized Cu(Il) and forms the intermediate 9. Reaction
between 9 and 2-aminobezophenone (6a) produces the amidine intermediate 10.
Finally, Cu(Il) catalyzed removal of water produces the dihydroquinazoline 8a.

An alternative pathway is also possible where intramolecular condensation of
ketimine, formed by the reaction between benzophenone and ammonium hydroxide,
and aldoxime, formed by the condensation of amine with aldehyde, leads to the
product. Based on the earlier literature report, the former one looks more feasible.*
As described earlier, the improved catalytic performance may be attributed to the
enhanced electronegativity of Cu(Il) due to the formation of Cu-O-Si which
facilitates facile attack of aromatic amine into imine centre leading to formation of
amidine 10. The same phenomena also explain facile dehydration of 10 leading to

the product 8a.
2.2.3 Study of catalyst recyclability

To study the recyclability of the catalyst, we investigated its recovery and
reusability under the optimized reaction condition. After the completion of the
reaction, the solid catalyst was recovered by simple filtration followed by washing
with distilled water. After drying, the recovered CuO@SiO; catalyst was reused
directly in the next reaction. It was observed that the recovered catalyst could be
reused up to five consecutive catalytic cycles without any significant loss in the

activity (Figure 10). However, loss in catalytic activity was observed after 5™ run.
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The physical characteristics of the catalyst recovered after 5" run were also

investigated through TEM, BET and XPS analysis. In the TEM image of the
recovered catalyst, any significant morphological change was not observed (Figure
11a). In the BET analysis the specific surface area (214.46 m?/g), pore radius (4.47
nm), and pore volume (0.68 cm’/g) of the recovered catalyst after a single run was
found to be almost similar to that of the freshly prepared catalyst (Figure 11Db).
Furthermore, the recovered catalyst was also subjected to the XPS analysis and the
fitted values of XPS binding energies for Cu 2p 3/2 and Ols of recovered catalyst
appeared almost similar to that of the original catalyst (Figure 12a and 12b). This
signifies that oxidation state and structure of the catalyst was intact even after the

reaction.

Yield (%)
B 8 B 8 8 3 B 8
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o
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Figure 10. Study of recyclability of the catalyst
80



| Chapter 2

o0
4%
400
»o
oo
30
200
150
100
o
°
L] 02 04 os os 1
Relative Presare

Figure 11. (a) TEM image of the recovered CuO@SiO; catalyst after 5" run and (b)

BET analysis with the pore size distribution of the CuO@Si0; catalyst recovered

th
after 5° run.
(a) XPS spectra of Cu 2p3/2 ( Recovered Catalyst) (b) xps spectra of O1s ( Recovered catalyst)
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Figure 12. High resolution XPS spectra of recovered CuO@SiO;: (a) Cu2p and (b)

Ols

After the catalyst recovery, the metal content of the filtrate was estimated

using AAS and negligible trace of copper was found. The recovered catalyst was also
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subjected to AAS experiment after the 5™ run and the metal content was found to be

similar to that of the original.

2.2.4 Study of antibacterial activity of the synthesized dihydroquinazolines

Inspired by the reports on the biological activities of 1,2-dihydroquinazolines,
we investigated the antibacterial properties of the synthesized compounds against
two different gram-positive bacterial strains namely, Mycobacterium abscessus and
Staphylococcus aureus and a gram-negative strain Escheria fergusonil (Table 4).
Unfortunately, most of the compounds did not show any activity against the selected
strains. Only, eight analogues 8a, 8g-k, 8m and 8q showed some inhibitory activity
although in very low level. The experiments were performed using ampicillin and
tetracycline as positive control. Cell cytotoxicity test of these eight compounds were
also carried out and except compound 8g, all others were almost non-toxic. Further
extension of this work suggested that a few of these compounds act as efflux pump
modulator against multidrug resistant = Staphylococcus aureus 1199B, a
fluoroquinolone resistant strain, when administered along with norfloxacin or
ethidium bromide. More detailed and in-depth study in this line is going on.

Table 4. Minimum inhibitory concentration (MIC, pg/mL) of the synthesized 1,2-

dihydroquinazoline derivatives against selected bacterial strains

Compounds M. abscessus E. fergusonii S. aureus

8a >1000 >1000 125
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8¢g >1000 >1000 250
8h 250 500 125
8i 500 500 125
8j 500 1000 125
8k 250 500 62
8m >1000 >1000 250
8q >1000 >1000 250
Ampicilin - 32 60
Tetracycline 64 - -

2.2.5 Catalytic activity of the prepared CuO@SiO; towards the conversion of

carbohydrates into 5-hydroxymethylfurfural (HMF)

5-Hydroxymethylfurfural (HMF) is a versatile platform chemical and act as
precursor of different fine chemicals, liquid fuels, and building blocks for the
synthesis of a number of different polymeric materials including 2,5-
furandicarboxylic, 2,5-diformylfuran, and 1,6-hexanediol.®'@© 2,5-
Furandicarboxylic acid finds wide application in the petrochemical and nylon
industries.”'“® HMF is generally produced by acid-catalyzed dehydration of
carbohydrates such as fructose, glucose, sucrose, and cellulose.®? Several acid
catalysts have been employed for the production of HMF such as H,SO4, HCI, CrCls,
AICls, SnCly, GeCls, maleic acid, and LiCL® The use of these catalytic systems
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usually suffers from drawbacks such as corrosiveness, high toxicity, non-

recyclability of catalyst, and problem of product purification. For this reason, the use
of acidic heterogeneous catalysts is getting popularity in recent years. Various solid
acid catalysts such as metal oxides, immobilized ionic liquids, zeolites, acid resins,
lignosulfonic acid, mesocellular silica foam, and niobic acid have been developed for
the synthesis of HMF.*"®** Wang et al. performed the conversion of cellulose to
HMF using N-doped mesoporous carbon materials (MCNs) as catalyst.®® The yield
of HMF from cellulose was ~52% while a considerable amount (~30%) of reducing
sugar and levulinic acid was formed as side product. In a report by Liu and co-
workers, functionalized halloysite nanotubes were prepared which worked as a solid

acid for the dehydration of carbohydrates to HMF.%"

In this case, a very high
conversion (up to 92%) of fructose to HMF was observed. Zhang and co-workers
reported bimetallic aluminium-molybdenum mixed oxide solid acid catalyzed
conversion of fructose to HMF where a moderate yield (~49%) of the product was
observed.®>* Herbst and group utilized metal-organic frameworks (MOFs) based
solid acid catalysts for the efficient conversion of biomass to HMF.% In this
example high fructose conversion up to 79% could be observed although toxic
chromium metal was used in the MOF framework.

However, there are only a very few reports on the conversion of

carbohydrates to HMF using copper catalyst is available in the literature.®® Due to the

acidic nature of our CuO@SiO; catalyst, we decided to investigate the possibility of
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its application in the conversion of carbohydrates such as fructose, glucose and

sucrose to HMF. For initial study fructose 11 was chosen as the model substrate and
it was observed that the catalyst could produce HMF from fructose in a moderate
yield. For optimization of the reaction condition, different reaction parameters such
as solvent, temperature and catalyst loading were studied (Table 5). DMSO was
found to be the best solvent for the conversion (Table 5, entry 4). The highest yield
of HMF (35%) was observed at a temperature of 120 °C with a catalyst loading of 15
wt% (Table 5, entry 7). A blank reaction was also performed in the absence of
copper by using silicic acid and silica. Expectedly, under such condition, product
formation was not observed (Table 5, entries 9-10). The reaction with simple copper
salts such as copper acetate and copper sulphate failed to produce any product (Table
5, entries 11-12). The experiments confirmed the role of the metal oxide and silica
support in the production of HMF.

Table 5. Synthesis of HMF from fructose and optimization of the reaction condition®

1 12
Entry Catalyst Solvent | Temperature | Catalyst | Yield
(°C) loading | (%)"
(wt%)
1 CuO@Si0, H,O 100 20 12
2 CuO@SiO, DMF 100 20 19

85



| Chapter 2

3 CuO@Si0O, MIPK 100 20 7

4 CuO@SiO, DMSO 100 20 25

5 CuO@SiO, DMSO 130 20 31

6 CuO@SiO, DMSO 120 20 35

7 CuO@SiO, DMSO 120 15 35

8 CuO@SiO, DMSO 120 10 29

9 No catalyst (only DMSO 120 15 0

silicic acid)
10 Si0, without Cu DMSO 120 15 0
prepared using
identical condition

11 Cu(OAc), DMSO 120 15 0

12 CuSOq4 DMSO 120 15 0
Bold values indicate the best experimental result. *All the reactions were carried out
using fructose 11 (0.27 mmol), solvent (1 mL). "Yield refers to isolated yields.

With optimized reaction condition in hand, scope of the catalytic reaction was
further extended to other sugars like, glucose, sucrose, cellulose, cellobiose, sorbitol
and mannitol (Figure 13). The study revealed that the catalytic system could convert

carbohydrates into HMF with moderate yield.
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Figure 13. Substrate study for the conversion of carbohydrate into HMF

Based on the experimental findings and literature report, a plausible
mechanism has been proposed (Scheme 2). Initially, CuO@SiO; catalyst activates
the hydroxyl group at C-4 of D-fructose (11) forming an intermediate 13 which on
dehydration produces the second intermediate 14. Tautomerization of 14 produces
intermediate 15 which further undergo dehydration to give the final product HMF

(12) via the formation of the intermediates 16 and 17.
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Scheme 2. Proposed mechanism for the dehydration of fructose to HMF

2.2.6 Study of catalyst recyclability
The recoverability and reusability of the CuO@SiO, catalyst after the
conversion of carbohydrates into HMF was also studied. The catalyst was recovered

by simple filtration, followed by washing with distilled water and drying in an oven.
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It was observed that the recovered catalyst could be reused upto five consecutive

cycles without any significant loss in the activity (Figure 14). However, after the 5"

run, the catalytic activity of CuO@SiO; started decreasing gradually.
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Figure 14. Study of the recyclability of CuO@SiO, catalyst

2.3 Conclusion

In summary, we have synthesized a copper oxide supported on silica catalyst
and thoroughly characterized its physical and catalytic properties. The efficiency of
the prepared catalyst has been studied for a three-component reaction between 2-
aminobenzophenone, aldehyde, and ammonia leading to a convenient synthesis of
1,2-dihydroquinazoline. The synthesis was carried out at room temperature with high

atom efficiency. Seventeen different 1,2-dihydroquinazoline derivatives with various
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substituents were prepared using the simple reaction condition thereby making the

process useful for multipurpose application. The synthesized 1,2-
dihydroquinazolines were examined for antibacterial activity and four derivatives
were found to display antibacterial property against the multidrug resistant
Staphylococcus aureus bacterial strain. The activity of the catalyst was further
screened towards the conversion of carbohydrates into HMF. The study was
conducted using fructose, glucose, sucrose, cellulose, cellobiose, sorbitol and
mannitol as substrates and a moderate yield of the product was obtained. The
recovery and reusability of the catalyst was also studied. Based on the earlier
literature report tentative mechanisms of both the reaction has been proposed.

2.4 Experimental

2.4.1 Preparation of copper oxide supported on silica (CuO@SiO;)

nanoparticles

In the first step of the catalyst preparation, 0.6 g (3.0 mmol) of copper(Il)
acetate monohydrate {Cu(CH3COO), H,0} was dissolved in 40 mL of distilled water
in a round-bottomed flask to form a homogeneous solution. Similarly, 2 g of silicic
acid was homogeneously dispersed in 60 mL of distilled water in another round-
bottomed flask. The copper acetate solution was then added dropwise into the silicic
acid solution with stirring. This was followed by the dropwise addition of 5 mL of 10
N NaOH solutions into the mixture and stirring was continued for 2 h. The

precipitate thus obtained was washed with distilled water until neutral and then dried
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at 100 °C for 10 h in an oven. After calcination at 300°C for 3 h, CuO@SiO, catalyst

was obtained as black powder.
2.4.2 General procedure for the synthesis of 1,2-dihydroquinazolines

To a solution of 2-aminobenzophenone (0.5 mmol, 100 mg), benzaldehyde
(0.5 mmol, 54 mg) and ammonium hydroxide (0.5 mL) in acetonitrile (3 mL),
CuO@SiO; catalyst (10 wt%, 10 mg) was added. The mixture was allowed to stir at
room temperature and the progress of the reaction was followed using thin layer
chromatography (TLC). After the completion of the reaction, the catalyst was filtered
off and washed with acetonitrile. Combined acetonitrile was removed under reduced
pressure. Organics were extracted with ethyl acetate (2 x 20 mL) and the combined
organic fraction was washed with water (2 x 10 mL) and brine (10 mL). Drying over
Na,SO4 and removal of the solvent under reduced pressure, produced the crude
mixture which was purified by column chromatography using ethyl acetate /hexane
(10%-30% ethyl acetate in hexane) as eluent. For further recyclability experiments,
the catalyst was oven-dried (at 100 °C for 10 h) before the next run.
2.4.3 General procedure for the determination of MIC of the synthesized 1,2-
dihydroquinazolines

MIC determination assay was performed for test compounds as well as
standard compounds using a reported method.’” Briefly the compounds were
dissolved in DMSO to prepare stock solutions of 5 mg/ml. Further to determine the

MIC, the compounds were diluted in MHB (Muller Hinton broth) to give the starting
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concentration of 1000 pg/mL. Further dilutions were carried out throughout the plate

to a range of 0.95 pg/mL. Bacteria inocula was grown to 1 OD at 600 nm, equivalent
to McFarland standards, and added to all the wells of the 96 well microtiter plate (10
uL) from a final density of 0.5x10° cfu/ml. The plate was incubated at 37 °C for 72
hours. The MIC was recorded as the lowest concentration at which no bacterial
growth was observed which was further confirmed by the addition of 20 ul of MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) dissolved in MeOH
to each well and incubation at 37 °C for 20 min. Purple coloration indicated bacterial
growth. The experiment was performed in triplicates with appropriate DMSO. Safety
standards were strictly maintained and the experiments were performed in a BSL-2
facility.

2.4.4 General procedure for the synthesis of HMF

To a solution of fructose (0.27 mmol, 50 mg) in DMSO solvent (3 mL),
CuO@Si0; catalyst (15 wt%, 15 mg) was added and the mixture was allowed to stir
at 120 °C for 5 h. The progress of the reaction was monitored by using thin layer
chromatography (TLC). After the conversion, 10 mL ethyl acetate was added to the
reaction mixture followed by filtration to recover the catalyst. Organics were
extracted with ethyl acetate (2 x 30 mL) and the combined organic fraction was
washed with water (2 x 20 mL) and brine (20 mL). Drying over Na,SO, and removal
of the solvent under reduced pressure, produced the final product which was then
analysed in a High-Pressure Liquid Chromatography (HPLC) for purity. The HPLC
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experiment was carried out in a Waters UHPLC system having C;g column (2.1 mm

x 100 mm, particle size < 2 micron) with mobile phase, water (0.1 % HCOOH):
acetonitrile (0.1 % HCOOH). The operating condition was maintained by fixing
temperature at 20 °C, injection volume 10 pL, flow rate 300 pL/min and UV
absorbance 280 nm. The gradient flow of the mobile phase, water (0.1 % HCOOH):
acetonitrile (0.1 % HCOOH) was 0-0.5 min 90%; 10%; at 2-3 min 10%; 90%; 4-5
min 90%; 10%. Finally, the structure of the compound was confirmed using NMR

and HRMS.

2.5 Characterization data of the synthesized compounds

D
N
H

8a

2,4-Diphenyl-1,2-dihydroquinazoline (8a)

Yellow solid; Mp: 49-50 °C (lit.> 51-53 °C); Yield: 82%; 'H NMR (500 MHz,
CDCl): 0 7.62 — 7.56 (m, 4H), 7.44 — 7.34 (m, 6H), 7.29 — 7.24 (m, 1H), 7.17 (d,
1H, J= 8.0 Hz), 6.73 (t, 1H, J = 7.5 Hz), 6.67 (d, 1H, J= 8.0 Hz), 5.94 (s, 1H), 4.29
(s, IH); *C NMR (125 MHz, CDCls): 6 165.7 (C), 146.7 (C), 142.4 (C), 138.0 (C),
132.7 (CH), 129.3 (CH), 129.1 (CH), 128.8 (CH), 128.6 (CH), 128.3 (CH), 128.0
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(CH). 127.2 (CH), 118.2 (CH), 117.8 (C), 114.1 (CH), 72.5 (CH). HRMS (ESI) m/=

285.1389 ([M+H]" C20H;7N,, requires 285.1392).

2-(4-Bromophenyl)-4-phenyl-1,2-dihydroquinazoline (8b)

Yellow solid; Mp: 118-120 °C; Yield: 72%; '"H NMR (500 MHz, CDCls): 6 7.50 —
7.33 (m, 9H), 7.22 — 7.17 (m, 1H), 7.10 (d, 1H, J = 8.0 Hz), 6.67 (t, 1H, J = 7.5 Hz),
6.61 (d, 1H, J = 8.0 Hz), 5.83 (s, 1H), 4.19 (s, 1H); *C NMR (125 MHz, CDCl;): ¢
166.2 (C), 146.7 (C), 141.7 (C), 138.1 (C), 133.1 (CH), 132.0 (CH), 129.7 (CH),
129.4 (CH), 129.3 (CH), 129.1 (CH), 128.3 (CH), 122.5 (C), 118.7 (CH), 118.1 (C),

114.5 (CH), 72.2 (CH); HRMS (ESI) m/z 363.0501 ([M+H]" Ca0H¢N,Br, requires

363.0497).
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2-(4-Nitrophenyl)-4-phenyl-1,2-dihydroquinazoline (8c¢)

Yellow solid; Mp: 126-128 °C; Yield: 71%; 'H NMR (500 MHz, CDCl3): & 8.22 (d,
2H, J = 8.5 Hz), 7.78 (d, 2H, J = 8.5 Hz), 7.57 — 7.54 (m, 2H), 7.47 — 7.42 (m, 3H),
7.30 (dt, 1H, J= 8.0, 1.0 Hz), 7.18 (dd, 1H, J = 8.0, 1.0 Hz), 6.77 (t, 1H, J = 7.5 Hz),
6.74 (d, 1H, J = 7.5 Hz), 6.07 (s, 1H), 4.41 (s, 1H); *C NMR (125 MHz, CDCl;): ¢
166.4 (C), 149.3 (C), 147.7 (C), 146.0 (C), 137.5 (C), 133.1 (CH), 129.6 (CH), 129.0
(CH), 129.0 (CH), 128.2 (CH), 128.1 (CH), 123.7 (CH), 118.8 (CH), 117.8 (C),
114.5 (CH), 71.4 (CH); HRMS (ESI) m/z 330.1239 ([M+H]" CaoH¢N30,, requires

330.1243).
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2-(4-(Allyloxy)phenyl)-4-phenyl-1,2-dihydroquinazoline (8d)

Yellow semi-solid; Yield: 79%; 'H NMR (500 MHz, CDCls): 0 7.59 (d, 2H, J = 6.5
Hz), 7.52 (d, 2H, J = 8.5 Hz), 7.49 — 7.42 (m, 3H), 7.29 — 7.25 (m, 1H), 7.19 (d, 1H,
J = 8.0 Hz), 6.95 (d, 2H, J = 8.5 Hz), 6.74 (t, 1H, J = 7.5 Hz), 6.67 (d, 1H, J= 8.0
Hz), 6.11 — 6.04 (m, 1H), 5.88 (s, 1H), 5.46 — 5.41 (m, 1H), 5.31 (d, 1H, J = 10.5
Hz), 4.56 (d, 2H, J = 5.0 Hz), 4.31 (s, 1H); °C NMR (125 MHz, CDCls): 6 165.6
(C), 158.5 (C), 146.8 (C), 138.0 (C), 134.9 (C), 133.1 (CH), 132.7 (CH), 129.3 (CH),
129.1 (CH), 128.8 (CH), 128.4 (CH), 128.0 (CH), 118.1 (CH), 117.7 (C), 117.6
(CHy), 114.7 (CH), 114.1 (CH), 72.1 (CH), 68.7 (CH;); HRMS (ESI) m/z 341.1635

([M+H]" C3H,N,0, requires 341.1654).

O B
N
H
OCH,

8e

2-(4-Methoxyphenyl)-4-phenyl-1,2-dihydroquinazoline (8e)

Yellow solid; Mp: 101-103 °C, Yield: 80%, 'H NMR (500 MHz, CDCL): & 7.55 (dd,
2H, J = 7.5, 2.0 Hz), 7.49 (d, 2H, J = 8.5 Hz), 7.45 — 7.37 (m, 3H), 7.25 — 7.19 (m,
1H), 7.14 (d, 1H, J = 8.0 Hz), 6.89 (d, 2H, J = 8.0 Hz), 6.69 (t, 1H, J = 8.0 Hz), 6.63
(d, 1H, J = 8.0 Hz), 5.86 (s, 1H), 4.24 (s, 1H), 3.78 (s, 3H); °C NMR (125 MHz,
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CDCL): 9 166.0 (C). 160.0 (C), 147.1 (C). 1383 (C), 135.1 (C), 133.0 (CH), 129.5

(CH), 129.4 (CH), 129.1 (CH), 129.0 (CH), 128.3 (CH), 118.3 (CH), 118.0 (C),
114.4 (CH), 114.2 (CH), 72.4(CH), 55.5 (CHz); HRMS (ESI) m/z 315.1515 ((M+H]"

C,1H 19N, O, requires 315.1497).

2-(Furan-2-yl)-4-phenyl-1,2-dihydroquinazoline (8f)

Yellowish-orange low melting solid; Yield: 77%; 'H NMR (500 MHz, CDCls): &
7.59 (dd, 2H, J=17.5, 1.5 Hz), 7.48 — 7.41 (m, 4H), 7.28 — 7.25 (m, 1H), 7.18 (d, 1H,
J=28.0 Hz), 6.74 (t, 1H, J = 7.5 Hz), 6.69 (d, 1H, J = 8.0 Hz), 6.40 (d, 1H, J=3.0
Hz), 6.36 — 6.33 (m, 1H), 6.11 (s, 1H), 4.56 (s, 1H); *C NMR (125 MHz, CDCl3): 6
167.0 (C), 154.4 (C), 146.4 (C), 142.6 (CH), 138.1 (C), 133.0 (CH), 129.7 (CH),
129.4 (CH), 129.1 (CH), 128.3 (CH), 118.7 (CH), 118.1 (C), 114.8 (CH), 110.5
(CH), 107.7 (CH), 66.3 (CH); HRMS (ESI) m/z 275.1186 ([IM+H]" C;sH;5sN,0,

requires 275.1184).
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2-(3,4-Dimethoxyphenyl)-4-phenyl-1,2-dihydroquinazoline (8g)

Yellowish-orange low melting solid; Yield: 75%; 'H NMR (500 MHz, CDCls): &
7.59 (d, 2H, J = 7.0 Hz), 7.46 — 7.42 (m, 3H), 7.29 — 7.27 (m, 1H), 7.22 — 7.17 (m,
1H), 7.11 (d, 1H, J=7.5 Hz), 6.89 (d, 1H, J = 8.5 Hz), 6.76 (t, 1H, J= 7.5 Hz), 6.71
(d, 1H, J = 8.0 Hz), 5.86 (s, 1H), 4.28 (s, 1H), 3.90 (s, 6H); °C NMR (125 MHz,
CDCl): 0 165.7 (C), 149.0 (C), 149.0 (C), 146.9 (C), 138.0 (C), 135.1 (C), 132.6
(CH), 129.3 (CH), 129.1 (CH), 128.8 (CH), 128.0 (CH), 119.5 (CH), 118.2 (CH),
117.8 (C), 114.1 (CH), 110.8 (CH), 110.2 (CH), 72.6 (CH), 55.9 (CH3), 55.8 (CH3);

HRMS (ESI) m/z 345.1587 ([M+H]+ C22H21N202, requires 3451603)
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6-Chloro-1-methyl-2,4-diphenyl-1,2-dihydroquinazoline (8h)

Yellow solid; Mp: 131-132 °C; Yield: 70%; '"H NMR (500 MHz, CDCls): 6 7.50 —
7.39 (m, 5H), 7.32 — 7.23 (m, 6H), 7.08 (d, 1H, J= 2.5 Hz), 6.53 (d, 1H, J= 8.5 Hz),
6.20 (s, 1H), 2.85 (s, 3H); °C NMR (125 MHz, CDCls): 6 163.6 (C), 145.7 (C),
139.7 (C), 137.7 (C), 133.3 (CH), 129.7 (CH), 129.0 (CH), 128.8 (CH), 128.6 (CH),
128.5 (CH), 128.5 (CH), 126.6 (CH), 121.2 (C), 118.3 (C), 112.7 (CH), 79.6 (CH),

35.2 (CHs); HRMS (ESI) m/z 333.1161 ([M+H]" C51H;sN,Cl, requires 333.1159).

6-Chloro-1-methyl-2-(4-nitrophenyl)-4-phenyl-1,2-dihydroquinazoline (8i)

Yellow solid; Mp: 50-52 °C; Yield: 73%; 'H NMR (500 MHz, CDCls): 6 8.16 (dd,
2H,J=17.0, 2.0 Hz), 7.49 (d, 2H, J = 8.5 Hz), 7.45 — 7.42 (m, 5H), 7.30 (dd, 1H, J =
9.0, 2.5 Hz), 7.08 (d, 1H, J=2.5 Hz), 6.62 (d, 1H, J = 9.0 Hz), 6.30 (s, 1H), 2.92 (s,
3H); *C NMR (125 MHz, CDCl;): ¢ 164.7 (C), 148.0 (C), 146.8 (C), 145.2 (C),
137.2 (C), 133.9 (CH), 130.1 (CH), 129.0 (CH), 128.8 (CH), 128.6 (CH), 127.9
(CH), 124.2 (CH), 122.1 (C), 118.3 (C), 113.1 (CH), 78.6 (CH), 35.7 (CH3); HRMS

(ESI) m/z 378.1001 ([M+H]+ C21H17N302C1, requires 3781009)
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2-(4-Bromophenyl)-6-chloro-1-methyl-4-phenyl-1,2-dihydroquinazoline (8j)

Brown low melting solid; Yield: 71%; 'H NMR (500 MHz, CDCl3): & 7.48 — 7.39
(m, 7H), 7.27 (dd, 1H, J = 8.5, 2.5 Hz), 7.18 (dd, 2H, J = 8.5, 2.5 Hz), 7.07 (d, 1H, J
=2.5 Hz), 6.55 (d, 1H, J = 8.5 Hz), 6.15 (s, 1H), 2.85 (s, 3H); °C NMR (125 MHz,
CDCls): 0 164.0 (C), 145.5 (C), 138.7 (C), 138.0 (C), 133.6 (CH), 132.0 (CH), 130.0
(CH), 129.0 (CH), 128.6 (CH), 128.6 (CH), 128.4 (CH), 122.6 (C), 121.6 (C), 118.3
(C), 112.9 (CH), 79.0 (CH), 35.3 (CH3); HRMS (ESI) m/z 411.0271 ([M+H]"

C,1H 7N, CIBr, requires 411.0264).
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2-(4-(Allyloxy)phenyl)-6-chloro-1-methyl-4-phenyl-1,2-dihydroquinazoline (8k)

Yellow solid; Mp: 115-118 °C; Yield: 76%; '"H NMR (500 MHz, CDCls): 6 7.45 —
7.41 (m, 2H), 7.39 — 7.34 (m, 3H), 7.16 (d, 2H, J=9.0 Hz), 7.02 (d, 1H, J= 2.5 Hz),
6.77 (d, 2H, J = 8.5 Hz), 6.46 (d, 1H, J=9.0 Hz), 6.08 (s, 1H), 6.00 — 5.92 (m, 1H),
5.32 (dd, 1H, J=17.0, 1.5 Hz), 5.20 (dd, 1H, J=10.5, 1.5 Hz), 4.43 (d, 2H, J=5.0
Hz), 2.77 (s, 3H); °C NMR (125 MHz, CDCl3): § 163.1 (C), 158.6 (C),145.4
(C),137.4 (C), 133.0 (CH), 133.0 (CH), 131.7 (C), 129.4 (CH), 128.7 (CH), 128.2
(CH), 128.1 (CH), 127.6 (CH2), 120.9 (C), 118.0 (C), 117.7 (CH), 114.6 (CH), 112.5
(CH), 78.8 (CH), 68.7 (CH), 34.7 (CH), 29.6 (CH3); HRMS (ESI) m/z 389.1410

([M+H]" C24H22N,0Cl, requires 389.1421).

Cl
)
N O

Ly
81

6-Chloro-2-(furan-2-yl)-1-methyl-4-phenyl-1,2-dihydroquinazoline (81)

Yellow low melting solid; Yield: 79%; 'H NMR (500 MHz, CDCls): 6 7.56 (dd, 2H,
J=1.5,1.0 Hz), 7.49 — 7.44 (m, 3H), 7.34 — 7.32 (m, 1H), 7.28 — 7.26 (m, 1H), 7.14
(d, 1H, J = 2.0 Hz), 6.57 (d, IH, J=9.0 Hz), 6.25 (t, 1H, J = 2.0 Hz), 6.21 (s, 1H),
6.14 (d, 1H, J = 2.0 Hz), 2.98 (s, 3H); °C NMR (125 MHz, CDCL): J 165.4 (C),
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T51.7 (C). 145.1 (C), 142.5 (CH), 1373 (C). 132.8 (CH), 129.7 (CHl), 128.9 (CH),

128.2 (CH), 128.2 (CH), 121.6 (C), 118.6 (C), 113.1 (CH), 109.9 (CH), 108.1 (CH),
72.4 (CH), 34.9 (CH;); HRMS (ESI) m/z 323.0943 ([M+H]" C1oH;¢N,OCl, requires

323.0951).

Br

\N
N
H
B

8Sm r

4-(4-Bromophenyl)-2-(4-nitrophenyl)-1,2-dihydroquinazoline (8m)

Yellow low melting solid; Yield: 70%; 'H NMR (500 MHz, CDCl3): 0 8.26 (d, 2H, J
=9.0 Hz), 7.80 (d, 2H, J = 9.0 Hz), 7.59 (d, 2H, J = 8.5 Hz), 7.47 (d, 2H, J = 8.5 Hz),
7.34 (t, 1H, J = 8.0 Hz), 7.17 (d, 1H, J = 8.0 Hz), 6.81 (t, 1H, J = 8.0 Hz), 6.77 (d,
1H, J = 8.0 Hz), 6.05 (s, 1H), 4.37 (s, 1H); °C NMR (125 MHz, CDCl3): J 165.4
(C), 149.0 (C), 147.8 (C), 146.1 (C), 136.4 (C), 133.3 (CH), 131.3 (CH), 130.7 (CH),
128.6 (CH), 128.2 (CH), 124.1 (C), 123.8 (CH), 119.0 (CH), 117.5 (C), 114.6 (CH),

71.5 (CH); HRMS (ESI) m/z 408.0333 ([M+H]" CaoH,;sN30,Br, requires 408.0348).
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6-Nitro-2,4-diphenyl-1,2-dihydroquinazoline (8n)

Brown solid; Mp: 196-197 °C; Yield: 74%; 'H NMR (500 MHz, CDCl;): 0 8.14 —
8.08 (m, 2H), 7.57 — 7.35 (m, 10H), 6.60 (d, 1H, J = 9.0 Hz), 6.30 (s, 1H), 5.08 (s,
1H); *C NMR (125 MHz, CDCL): § 164.1 (C), 151.1 (C), 141.7 (C), 138.6 (C),
136.8 (C), 130.3 (CH), 129.3 (CH), 129.2 (CH), 129.2 (CH), 129.0 (CH), 128.8
(CH), 127.1 (CH), 125.6 (CH), 115.0 (C), 113.6 (CH), 72.9 (CH); HRMS (ESI) m/z

330.1239 ([M+H]" CaoH;6N305, requires 330.1243).

6-Chloro-4-(2-fluorophenyl)-2-phenyl-1,2-dihydroquinazoline (80)
Yellow solid; Mp: 223-225 °C; Yield: 72%; 'H NMR (500 MHz, CDCl3): J 7.54 (d,
2H, J=17.0 Hz), 7.42 — 7.32 (m, 5H), 7.20 (t, 1H, J= 7.0 Hz), 7.16 — 7.10 (m, 2H),
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6.89 (t, 1H, J = 2.0 Hz), 6.52 (d, 1H, J = 8.5 Hz), 6.06 (s, 1H), 4.29 (s, 1H); °C

NMR (125 MHz, CDCl;): 0 161.4 (C), 160.1 (C, d, J = 247.5 Hz), 144.2 (C), 142.2
(O), 133.2 (CH), 131.3 (CH), 131.1 (CH, d, J = 3.75 Hz), 128.9 (CH), 128.8 (CH),
127.8 (CH, d, J = 1.25 Hz), 127.3 (CH), 125.7 (C, d, J = 16.25 Hz), 124.6 (CH, d, J
=3.7 Hz), 123.1 (C), 118.6 (C), 116.2 (d, CH, J = 22.5 Hz), 115.5 (CH), 73.0 (CH);

HRMS (ESI) m/z 337.0902 ([M+H]" C20H,sN,FCl, requires 337.0908).

2-(4-Bromophenyl)-6-chloro-4-(2-fluorophenyl)-1,2-dihydroquinazoline (8p)

Yellow solid; Mp: 192-193 °C; Yield: 68%; 'H NMR (500 MHz, CDCl3): d 7.50 (d,
2H,J=17.5Hz), 743 (d, 2H, J=7.5Hz ), 7.42 — 7.38 (m, 2H), 7.23 — 7.15 (m, 2H),
7.13 (t, 1H, J= 9.0 Hz), 6.89 (s, 1H), 6.56 (d, 1H, J = 9.0 Hz), 6.05 (s, 1H), 4.23 (s,
1H); °C NMR (125 MHz, CDCls): 6 161.7 (C), 160.1 (d, C, J = 247.75 Hz), 144.0
(C), 141.2 (C), 133.4 (CH), 132.1 (CH), 131.5 (d, C, J = 8.0 Hz), 131.0 (C), 129.1

(CH), 128.0 (CH), 125.5 (d, C, J=15.4 Hz), 124.7 (d, CH, J = 3.5 Hz), 123.5 (CH),
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122.8 (CH), 118.7 (C), 116.3 (d, CH, J = 21.25 Hz), 115.7 (CH), 72.4 (CH). HRMS

(ESI) m/z 415.0025 ([M+H]" CaoH,4N,FCIBr, requires 415.0013).

I F
Cl
D
N O

H |\l »

8q

6-Chloro-4-(2-fluorophenyl)-2-(furan-2-yl)-1,2-dihydroquinazoline (8q)

Yellow low melting solid; Yield: 70%; 'H NMR (500 MHz, CDCls): 6 7.44 — 7.37
(3H, m), 7.21 (dd, 1H, J= 7.5, 1.0 Hz), 7.17 — 7.11 (2H, m), 6.89 (1H, m), 6.57 (d,
1H, J = 9.0 Hz), 6.39 (1H, d, J = 3.0 Hz), 6.34 — 6.31 (1H, m), 6.23 (1H, s), 4.50
(1H, s); >C NMR (125 MHz, CDCls): 6 162.6 (C), 160.2 (d, C, J = 247.5 Hz), 153.6
(C), 143.6 (C), 142.9 (CH), 133.3 (CH), 131.5 (d, CH, J = 8.75 Hz), 131.0 (d, CH, J
= 2.5 Hz), 127.9 (CH), 125.6 (d, C, J = 15.0 Hz), 124.6 (d, CH, J = 3.75 Hz), 123.5
(C), 118.9 (C), 116.3 (d, CH, J = 21.25 Hz), 116.0 (CH), 110.6 (CH), 108.0 (CH),

66.5 (CH); HRMS (ESI) m/z 327.0713 ([M+H]" C1sH3N,OFCl, requires 327.0700).
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5-(Hydroxymethyl)furan-2-carbaldehyde (12)

Yellow low melting solid; Yield: 70%; 'H NMR (500 MHz, CDCls): 6 9.53 (s, 1H),
7.19 (d, 1H, J = 4.5 Hz), 6.49 (d, 1H, J = 4.5 Hz), 4.68 (s, 2H), 2.82 (s, 1H); °C
NMR (125 MHz, CDCl3): 0 177.9 (CH), 160.9 (C), 152.3 (CH), 123.4 (C), 110.1

(CH), 57.6 (CH,); HRMS (ESI) m/z 127.0392 ([M+H]" C¢H,0s, requires 127.0395).
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2.7 NMR spectra of selected compounds
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Magnetically active silica catalysed solvent-
free domino Knoevenagel-hetero-Diels-Alder
reaction: An easy access to divergent
chromenones / dihydrochromenones /

spirochromenones
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3.1 Introduction

Domino reactions can be defined as a process in which two or more bond
formation takes place under similar conditions and the subsequent transformation
occurs at the functionalities generated in the former transformation.' These reactions
are important tools of particular interest as they meet the criteria of green chemistry
with their ability to construct molecular complexity from simple substrates, while
simultaneously minimizing the generation of waste. Domino reactions can involve
one-, two- or multi-components and can be classified into homo domino and hetero
domino reactions depending upon the mechanism of the first step. The sequence of
reactions involving same mechanism is called homo-domino reactions while those
with different mechanisms are called hetero-domino reactions. The commonly
studied domino reactions are homo-domino reactions involving two or more anionic,
cationic or radical transformations, while hetero-domino reactions involve anionic-
pericyclic processes such as the domino-Knoevenagel-ene reaction, the domino-
Knoevenagel-hetero-Diels-Alder reaction and the domino-Sakurai-ene reaction.

In recent years, the domino-Knoevenagel-hetero-Diels-Alder (DKHDA)
reaction has emerged as a powerful tool for the construction of complex molecules
with important therapeutic properties. The DKHDA reaction allows the construction
of highly diverse structures such as natural products, synthetic drugs and poly-
heterocyclic compounds, incorporating a number of pyran-based frameworks with

high atom economy.” Following the pioneering work by Tietze, several methods
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employing the DKHDA strategy have been reported, leading to a diaspora of

4205 These pyrano-fused

significantly diverse pyran and pyrano-fused carbocycles.
carbocycles are important motifs distributed over a broad range of natural products
and bio-active molecules.” The DKHDA reaction involves an initial Knoevenagel
condensation of an aldehyde 1 with either a 1,3-dicarbonyl compound or an active
methylene group 2 to produce 1,3-heterodiene intermediate 3, which further

undergoes hetero-Diels-Alder reaction to give the corresponding heterocyclic

product 4 (Scheme 1).

2
O,H
0O,S

H

X
Y

Scheme 1. Schematic diagram representing domino-Knoevenagel-hetero-Diels-Alder
reaction

The DKHDA reaction can be carried out as a two-, three- or four- component
reaction. The commonly explored aldehyde substrates include coumarin, quinoline,
naphthaldehyde, salicylaldehyde etc. while dienophiles such as enol ethers and
alkenes are commonly used. Unlike aldehyde, ketones are seldom studied as a
substrate in DKHDA reaction. While intramolecular or two component DKHDA
reaction between various aromatic and aliphatic aldehydes with 1,3-dicarbonyl
compounds has been widely reported, examples involving intermolecular three

116



| Chapter 3
component reaction between 1,3-dicarbonyl, aldehyde/ketone, and alkenes/alkynes is

comparatively less (Scheme 2).>>” Moreover, reaction with non-activated terminal

alkynes as dienophile is limited as compared to alkenes due to its poor reactivity.

O/
a) 2\1\ n |
0 R 07 "R
(I)I
b) . |L . |
0 R

Scheme 2. Literature reported two-component DKHDA reaction

(¢} R

The DKHDA reaction is a straightforward approach for the synthesis of
pyran-fused heterocycles. The chromene core (i.e. benzopyran) is exemplified as a
privileged moiety in a variety of synthetic and natural products such as alkaloids,
flavonoids, anthrocyanins and is known to exhibit fascinating pharmacological
properties.8 For example, calanolide B (5) have prominent HIV-1 inhibitory activity,
while ethuliacoumarion A (6) and its derivatives show anticancer, molluscicidal and
anthelmintic properties (Figure 1).”'° Ferprenin (7) is a specific inhibitor of enzyme
VKORCI1 which is responsible for the recycling of vitamin K, a vitamin essential for
blood clotting, and trigolutes (8) displays acuteAChE inhibitory activity (Figure
1).!"!? Synthetic chromene derivatives are also known to exhibit potent anticancer,

antioxidant, molluscicidal and antimicrobial activities.'*1
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Ferprenin (7) Trigolute D (8)

Figure 1. A few biologically active natural products containing chromenone moiety

To date, variety of catalytic systems has been employed for the synthesis of
chromene core via DKHDA strategy. These include copper (I) iodide, EDDA
(ethylenediammonium  diacetate), zirconium oxide NPs-[bmim] [NOs],

1720 The first report on

tetrabutylammonium hydrogen sulfate (TBA-HS) etc.
intramolecular DKHDA reaction involving non-terminal alkyne for the efficient
synthesis of embelin derivatives was carried out by Martin-Acosta and group.”’
Embelin is a promising skeletal framework in a number of drug candidates. In a
report by Khan and group, molecular iodine was used for the synthesis of chromene
by the reaction between 3-aminocoumarin, 1,3-diketone and aromatic aldehyde.22 In
another report, Li and co-workers prepared chromenone via L-proline catalyzed three

component reaction between an aromatic aldehyde, an activated methylene and a

nucleophile.” Suatiya and co-workers reported the use of ionic liquid [DBU][Ac] for
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the synthesis of chromeno-fused pyrano[2,3-c]pyrazoles via an efficient DKHDA

reaction.”* Maddila and group prepared arylsulfonyl-4H-pyrans via ruthenia doped
fluorapatite (RuO,/FAp) catalyzed three component reaction between an aldehyde,
dimedone and phenylsulphonyl acetonitrile.”” Bakthadoss et al. carried out a
DKHDA reaction for the synthesis of chromeno-fused phenazinone by a solid-state
melt reaction between 2-hydroxynaphthalene-1,4-dione, o-phenylenediamine and o-
allylated/vinylated salicyaldehyde.”® Ramesh and co-workers used erbium triflate
[Er(OTf);] as a Lewis acid for the synthesis of 3,4-dihydro-2H-pyrans via three
component hetero-Diels-Alder reaction between a 1,3-diketone, an aldehyde and an
alkene.”” A Fe(Ill)/caffeine-based ionic liquid supported on graphene oxide was
prepared by Zand and co-workers and was efficiently used as a Lewis acid catalyst
for the synthesis of 2-amino-2-cyano-4H-pyrans.”® Kiamehr et al. used DKHDA
strategy to prepare tetrahydropyrazolo[4’,3’:5,6]-pyrano[3,4-c]quinolones by the
reaction of N-acrylatedanthranilic aldehyde with pyrazolone in the presence of ZnBr,
as Lewis acid catalyst.”’ Although the methods mentioned above are highly efficient,
most of them are associated with certain drawbacks such as prolonged reaction time,
use of solvent, use of non-recyclable catalysts, high reaction temperature, and
requirement of a base. To our knowledge, so far, there is no report of DKHDA
reaction  involving  1,3-dicarbonyl, ketone, and alkynes  producing

spirocyclicpyranone derivatives.
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Use of silica as a catalyst for organic reactions is a relatively less explored

area.”’ Because of its non-toxicity, large specific area, porous structure, high
stability, low cost and wide availability, there is a wide scope of utilization of silica
as recyclable heterogeneous catalyst. Utilization of silica as a coating material of iron
oxide nanoparticles leads to the formation of magnetic silica which acts as a mild
solid acid. The silica coating reduces toxicity and enhances stability of iron oxide
nanoparticles.”' One of the important advantages of using magnetic silica is that they
can easily be recovered from the reaction medium through magnetic filtration.”* On
the other hand, transformation of conventional chemical processes into
environmentally viable one is an important requirement of modern organic
chemistry. One of the growing consensuses is carrying out reactions under solvent-
free conditions and thus making the process safer and cleaner. Solvent free reactions
are associated with certain advantages such as decreased energy requirement, shorter
reaction time and less waste generation. R. A. Sheldon stated that “the best solvent is

no solvent and if a solvent (diluent) is needed it should preferably be water”. >

In view of the above, it appears quite interesting to explore the role of solid
acid catalyst in the synthesis of chromenone scaffold vie DKHDA reaction. Herein,
we report the preparation and detailed characterization of a magnetically recoverable
silica catalyst which has been used as a solid acid catalyst in the three component
DKHDA reaction for the efficient synthesis of highly substituted chromenones,

dihydrochromenones, and spirochromenones. The reaction has been performed under
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solvent-free condition which meets the recent green chemistry trends of developing

green and sustainable chemical processes.

3.2 Results and discussion
3.2.1 Synthesis and characterization of Fe;04@SiO; catalyst

A magnetic silica catalyst (Fe;O4@Si10,) was prepared using co-precipitation
technique by modification of a literature reported method.** Initially, the crystalline
structure of the synthesized material was monitored by powder XRD analysis (Figure
2). The diffraction peaks at 20 = 35.7°, 53.2° and 65.8° could be ascribed to the
(311), (422) and (440) planes of cubic spinel phase of Fe;O4 crystal. These values are
in good agreement with the JCPDS card no. 19-629 for magnetite. The broad, low
intensity diffraction peaks observed at 20 from 20° to 27° are due to the presence of

SiO; in the sample.***

The crystallite size of the prepared material was calculated
from XRD pattern at 20 value of 35.7° by means of Scherer equation and found to be

in the range of 3.5 nm.
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Figure 2. Powder XRD pattern of Fe;04@Si10;

The functional groups present and the mode of bonding in the Fe;O4@Si0;
nanoparticles were examined through FT-IR spectroscopy recorded in the 4000-400
cm” range (Figure 3). The bands observed in the regions of 3391 and 1631 cm™
could be assigned to the —OH stretching and H-O—H bond vibrations of the surface
adsorbed water molecules, respectively. The absorption peaks at 583 and 619 cm™ is
due to Fe—O stretching vibration. The absorption peaks at 795 and 1054 cm™ may be
attributed to symmetric and non-symmetric stretching vibration of Si—O-Si,
respectively.’® These IR peaks confirm the presence of silica and Fe;O, in the

sample.
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Figure 3. FT-IR spectrum of Fe;04@Si10,;

The particle size and microstructure of the prepared Fe;O04@SiO, catalyst was
determined by TEM and HR-TEM analysis. The low resolution TEM image revealed
homogeneous distribution of the particles with nearly spherical shape (Figure 4a).
The particle size distribution was found to be in the range 2-3 nm with number-
average diameter of 2.5 nm (standard deviation (SD) = 0.22) (Figure 4b). The close
relation between surface-weighted diameter (Ds = 2.58 nm) and volume-weighted
diameter (Dv = 2.59 nm) revealed narrow-size distribution of the prepared

nanoparticles.
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Figure 4. (a) TEM image of Fe;04@Si0; and (b) Particle size distribution histogram
of Fe;04@Si10; nanoparticles

The HR-TEM image indicated that silica shell was coated on the surface of
Fe;04 nanoparticle and the inter-planar lattice-fringe spacing of the Fe;O4 core was

0.25 nm, corresponding to the (311) spinel phase of Fe;O4 crystal (Figure 5a).

Figure 5. (a) HRTEM image with fringe spacing and (b) SAED pattern of Fe;O4

nanoparticles
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The selected area electron diffraction (SAED) pattern further confirmed the

crystalline nature of the sample as indicated by the (311), (422) and (440) crystalline

planes (Figure 5b).

Energy Dispersive X-ray (EDX) analysis of the prepared nanoparticles indicates
the presence of Fe, Si and O signals, devoid of the presence of any other metal or

impurity (Figure 6).

) 2 4 6 8 10 12 14 16 18 20
Full Scale 12574 cts Cursor: 0.000 keV

Figure 6. EDX spectra of Fe;04@SiO; nanoparticles showing the presence of Fe, O
and Si

The magnetic property of the synthesized Fe;O4@SiO; nanoparticles was studied
by Vibrating Sample Magnetometer (VSM) at room temperature (Figure 7).
Saturation magnetization value of 13.24 emu/g was obtained for the synthesized
nanoparticles, which was quite lower than that reported for bare Fe;O4

nanoparticles.” This reduction in saturation magnetization value can be attributed to
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the coating of Fe;O4 nanoparticles by an amorphous silica shell.”> However, the

decrease in saturation magnetization value did not affect the magnetic property of the
nanoparticles and they could be magnetically separated by the application of an

external magnet.
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Figure 7. Magnetization curve of Fe;04@Si10,

The thermal stability of the catalyst was analyzed by thermogravimetric analysis
(TGA) (Figure 8). The TGA curve didn’t show any major weight loss upto ~800 °C
confirming the high thermal stability of the prepared Fe;O4@SiO, nanoparticles.
There was an initial weight loss of 9.73% below 200 °C which can be attributed to

the release of adsorbed water molecules from the catalyst surface.
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Figure 8. TGA curve of Fe;04@Si0, nanoparticles

3.2.2 Catalytic activity of the prepared Fe;O4@SiO; nanoparticles towards the
synthesis of chromenones

After the preparation and characterization, activity of the prepared Fe;O4@Si10;
nanomaterial as catalyst for the synthesis of chromenone derivatives via DKHDA
reaction was studied. For the purpose, we initiated our study by using 1,3-
cyclohexanedione (1a), benzaldehyde (2a), and phenylacetylene (3a) as model
substrate. Using acetonitrile as solvent the reaction mixture was refluxed for 3 h and
the chromenone product was obtained in 50% yield (Table 1, entry 1). While the
yield could not be improved significantly by variation of solvents (Table 1, entries 2-

5), the reaction provided significantly good yield (82%) of the product under solvent
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free condition (Table 1, entry 6). Optimal temperature was found to be 100 °C and

the reaction was completed in 2 h (Table 1, entries 6-11). The ideal catalyst amount
was 10 wt% with respect to 1a. The role of the catalyst was confirmed by performing
the reaction in the absence of the catalyst when no product formation could be
observed (Table 1, entry 12). The reaction did not produce any product when
performed in the presence of Fe;O4, FeCl, or FeCls (Table 1, entries 14-16). The
observation confirmed the role of the silica as active catalyst. For further
confirmation, a catalyst was prepared from silicic acid without addition of iron salt.
The newly formed silica catalyst showed identical activity compared to the original
Fe;04@SiO; (Table 1, entry 11).

Table 1. Synthesis of chromenone and optimization of the reaction condition®

0] CHO
catalyst -~
+ + temperature, time
@)
Entry Catalyst Solvent | Temperature Catalyst Yield
(°C) amount (%)"
(wt%)

1 Fe;04@Si10; CH;CN 80 20 50

2 Fe;04@Si10; DMSO 110 20 52

3 Fe;04@Si0; H,O 100 20 38

4 Fe;04@Si10; C,HsOH 80 20 45

5 Fe;04@Si10; Toluene 110 20 18
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6 Fe;04@Si0; None 80 20 73
7 Fe;04@Si0; None 100 20 82
8 Fe;04@Si0; None 120 20 79
9 Fe;04@Si0; None 100 15 82
10 Fe;04@Si0; None 100 5 79
11 Fe;0,@SiO; None 100 10 82
12 | No catalyst (only silicic None 100 10 0
acid)
13 Si0, without Fe;Oy4 None 100 10 82
(prepared using
identical condition)
14 Fes;0y4 None 100 10 0
15 FeCl; None 100 10 0
16 FeCl, H,O None 100 10 0

Bold values indicate the best experimental result. “All the reactions were carried out using
1,3-cyclohexanedione 1a (0.9 mmol), benzaldehyde 2a (0.9 mmol), phenylacetylene 3a (0.9

mmol). "Isolated yield.

With the optimized reaction condition in hand, we further examined the
substrate scope by reacting 1,3-cyclohexanedione with different aromatic aldehydes
and terminal alkyne/alkene (Table 2). It was observed that aldehydes and alkynes
containing electron withdrawing as well as electron donating groups provided the
corresponding tetrahydro-5H-chromen-5-one 4(a-s) in a very good yield.
Phenylacetaldehyde also participated in the reaction and yielded the desired product
4i and 41. 4-Allyloxybenzaldehyde reacted well to give the corresponding tetrahydro-

5H-chromen-5-one 4j without any side reaction.
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Table 2. Synthesis of chromenone from 1,3-diketone, aldehyde, and alkyne or alkene

Fe304@8102
100°C,2h

4a, 82%

4p, 84% 4q, 81%
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Unfortunately, aliphatic aldehydes like, butyraldehyde and octanal did not

participate in the reaction. This may be due to the problem in formation of
Knoevenagel adduct between these aliphatic aldehydes and 1,3-diketone. Other 1,3-
diones like, cyclopentane-1,3-dione, dimedone, and chromane-2,4-dione was coupled
with aldehydes and alkynes to give the corresponding chromenones 4(k-p) with very
good yield. Styrene derivatives also participated in the same reaction producing the
corresponding hexahydro-5H-chromen-5-one 4(q-s). All the compounds were
characterized with the help of '"H NMR and ">C NMR. The molecular formula was
confirmed from HRMS data. The melting point data of the reported compounds were
matched with the literature.

After the successful exploration of Fe;O4@SiO; towards the synthesis of
chromenone, we further extended our study towards cyclic ketones. It was observed
that the reaction between 1,3-diketone, alkyne or alkene and cyclic ketones provided
corresponding spirocyclicchromenones in good to excellent yield (Table 3). Both the
cyclobutanone and cyclopentanone provided corresponding spirochromenes 6(a-g) in
good yield. Unfortunately, cyclohexanone and larger cyclic ketones did not
participate in the reaction. The fact may be explained by the difficulty in formation
of Knoevenagel product with cyclohexanone and larger counterparts. For the same
reason, simple acyclic ketones also didn’t take part in the given reaction condition.
All the prepared compounds were duly characterized with the help of NMR and

Mass spectral data.
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Table 3. Synthesis of spirochromenone from 1,3-diketone, ketone, and alkyne or

alkene

Il I
o 0
‘/ )i N * Ll X | Xy Fe;0,@sio,
i< o 5; ;= S 100 °C,2 h
- R R3 R*
5

Based on the earlier report of participation of silica as catalyst in
Knoevenagel reaction, a plausible mechanism is proposed (Scheme 3).>* Firstly, a
Si0, catalyzed Knoevenagel condensation between 1,3-dicarbonyl 1a and aldehyde
2a produces enone intermediate A. In the second step, the 1,3-heterodiene undergoes
subsequent thermal [4+2] cycloaddition with alkyne 3a to produce the chromenone
4a. It is to be noted that this type of thermal hetero-Diels-Alder reaction is also

known in the literature.>®
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Scheme 3. A plausible mechanism for the Fe;04@Si0, catalyzed domino-

Knoevenagel-hetero-Diels—Alder reaction

3.2.3 Study of catalyst recyclability

To study the recyclability of the catalyst, after the completion of the reaction,
the solid catalyst was recovered by magnetic filtration using an external magnet
which was then washed with distilled water and dried at 100 °C. It was observed that
the catalyst could be reused up to five consecutive catalytic cycles without any
significant loss in the activity (Figure 9). However, after the 5™ run, the catalytic

activity of the recovered catalyst decreased gradually.
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Figure 9. Study of recyclability of the catalyst

The physical characteristics of the recovered catalyst were also investigated through
TEM analysis (Figure 10). In the TEM image any significant morphological change

was not observed.

21/nm

Figure 10. HRTEM and SAED images of the recovered catalyst after 5" run
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3.3 Conclusion

In summary, we have developed a simple, one-step three component
DKHDA reaction between 1,3-cycloalkanedione, aldehyde/ketone and terminal
alkyne/alkene to produce chromenone derivatives. A simple magnetically active
silica, prepared from silicic acid, iron(Il) chloride and iron(IIl) chloride, acted as
solid acid catalyst for the reaction. The shape, size, structure, thermal stability, and
magnetic property of the catalyst were determined by XRD, HR-TEM, FT-IR, TGA,
and VSM, respectively. One of the major advantages of the process is the ability to
carry out the reactions under solvent free condition, thereby creating the scope of
waste reduction and energy efficiency. Nineteen different
chromenone/dihydrochromenone and seven different spirochromeone derivatives
have been prepared using the methodology. Unfortunately, the reaction was not
suitable for acyclic ketones, cyclohexanone and larger cyclic ketones. A tentative
mechanism has been discussed where silica acts as acidic catalyst for initial
Knoevenagel reaction. Recyclability of the catalyst has also been studied.

3.4 Experimental

3.4.1 Preparation of silica-supported iron oxide (Fe;O04@Si0O,) catalyst

Iron(Ill) chloride hexahydrate {FeCl;6H,O} (1.2 g) and iron(Il) chloride
tetrahydrate {FeCl,4H,0O} (0.47 g) was dissolved in 100 mL of distilled water to
form a homogeneous solution. Under N, atmosphere 10 mL of 10 N NaOH solutions

was added drop wise into the mixture with vigorous stirring and the resulting
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solution was heated at 80 °C for 1 h when a black precipitate of Fe;O4 appeared.

Silicic acid (2 g) was homogeneously dispersed separately in 40 mL of distilled
water. The silicic acid solution was then added drop wise into the iron oxide solution
with stirring under N, atmosphere. The mixture was further allowed to stir at room
temperature for 16 h. The precipitate obtained was separated by magnetic
decantation and washed with distilled water and ethanol until neutral and then
dehydrated at 200 °C for 4 h in a vacuum oven. A brownish-black powder of

Fe;04@Si10, was obtained.

3.4.2 General procedure for the synthesis of chromenone/spirochromenone

To a mixture of 1,3-cyclohexanedione (0.9 mmol, 100 mg), benzaldehyde
(0.9 mmol, 95 mg) and phenylacetylene (0.9 mmol, 91 mg), Fe;04@Si0, (10 wt%,
10 mg) was added and the mixture was heated at 100 °C for 2 h under solvent-free
condition. The progress of the reaction was followed using thin layer chromatography
(TLC). After the completion of the reaction, 5 mL ethyl acetate was added to the
reaction mixture and the catalyst was removed by magnetic filtration. Organics were
extracted with ethyl acetate (2 x 20 mL) and the combined organic fraction was
washed with water (2 x 10 mL) and brine (10 mL). Drying over Na,SO,4 and removal
of the solvent under reduced pressure, produced the crude mixture which was
purified by column chromatography using ethyl acetate/hexane as eluent. For further
recyclability experiments, the recovered catalyst was oven-dried (at 100 °C for 2 h)

under vacuum before the next run.
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3.5 Characterization data of the synthesized compounds

2,4-Diphenyl-4,6,7,8-tetrahydro-5H-chromen-5-one (4a)

Orange solid; Mp: 169-171 °C (Lit."' 171-173 °C); Yield: 86%; 'H NMR (500 MHz,
CDCls): 6 7.60 — 7.58 (m, 2H), 7.38 — 7.31 (m, 5H), 7.30 — 7.25 (m, 2H), 7.20 — 7.15
(m, 1H), 5.71 (d, 1H, J = 5.0 Hz), 4.52 (d, 1H, J = 5.0 Hz), 2.75 — 2.64 (m, 2H), 2.40
— 2.35 (m, 2H), 2.08 — 2.02 (m, 2H); >C NMR (125 MHz, CDCL): § 197.7 (C),
166.6 (C), 147.0 (C), 145.4 (C), 133.1 (C), 128.9 (CH), 128.6 (CH), 128.6 (CH),
128.4 (CH), 126.8 (CH), 124.7 (CH), 114.0 (C), 104.7 (CH), 37.3 (CH,), 35.5 (CH),
27.9 (CH,), 20.6 (CH,); HRMS (ESI) m/z 303.1394 ([M+H]" CyH;60,, requires

303.1385).
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4-(4-Bromophenyl)-2-phenyl-4,6,7,8-tetrahydro-5H-chromen-5-one (4b)

White solid; Mp: 110-112 °C; Yield: 79%; 'H NMR (500 MHz, CDCls): & 7.60 —
7.56 (m, 2H), 7.41 — 7.35 (m, 5H), 7.21 (d, 2H, J = 8.5 Hz), 5.66 (d, 1H, J = 5.0 Hz),
449 (d, 1H, J = 5.0 Hz), 2.71 — 2.64 (m, 2H), 2.41 — 2.35 (m, 2H), 2.09 — 2.01 (m,
2H); *C NMR (125 MHz, CDCl): 6 197.3 (C), 166.4 (C), 147.0 (C), 144.1 (C),
132.6 (C), 131.3 (CH), 129.9 (CH), 128.8 (CH), 128.4 (CH), 124.4 (CH), 120.3 (C),
113.3 (C), 103.7 (CH), 36.9 (CH,), 34.7 (CH), 27.6 (CH,), 20.3 (CH,); HRMS (ESI)

m/z 381.0497 ([M+H]Jr C,1H;30,Br, requires 381.0490).

4-(2-Nitrophenyl)-2-phenyl-4,6,7,8-tetrahydro-5H-chromen-5-one (4¢)

Yellow solid; Mp: 160-162 °C; Yield: 77%; '"H NMR (500 MHz, CDCls): 0 7.82 (d,
1H, J = 8.0 Hz), 7.62 — 7.58 (dd, 2H, J = 8.0 Hz, 1.5 Hz), 7.49 (t, 1H, J = 7.5 Hz),
7.40 —7.33 (m, 4H), 7.29 (t, 1H, J = 7.5 Hz), 5.88 (d, 1H, J = 4.5 Hz), 5.09 (d, 1H, J
= 4.5 Hz), 2.76 — 2.68 (m, 2H), 2.38 — 2.34 (m, 2H), 2.11 — 2.04 (m, 2H); *C NMR
(125 MHz, CDCls): 6 197.1 (C), 167.5 (C), 149.4 (C), 147.7 (C), 139.9 (C), 133.1

(CH), 132.8 (C), 130.7 (CH), 129.2 (CH), 128.7 (CH), 127.4 (CH), 124.7 (CH),
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124.3 (CH), 112.9 (C). 102.9 (CH), 36.9 (CH,), 31.1 (CH), 27.8 (CIL,), 20.7 (CHL):

HRMS (ESI) m/z 348.1238 ([M+H]" Ca;H,sNO,, requires 348.1236).

4-(2,4-Dichlorophenyl)-2-phenyl-4,6,7,8-tetrahydro-SH-chromen-5-one (4d)

Pale yellow solid; Mp: 85-87 °C; Yield: 80 %; 'H NMR (500 MHz, CDCls): 6 7.57 —
7.54 (m, 2H), 7.38 — 7.33 (m, 4H), 7.15 (dd, 1H, J = 8.5 Hz, 2.5 Hz), 7.09 (d, 1H, J =
8.5 Hz), 5.68 (d, 1H, J=4.5 Hz), 4.93 (d, 1H, J = 4.5 Hz), 2.80 — 2.69 (m, 2H), 2.46
— 2.40 (m, 2H), 2.18 — 2.07 (m, 2H); >C NMR (125 MHz, CDCL): § 197.2 (C),
168.1 (C), 147.3 (C), 140.9 (C), 133.7 (C), 132.8 (CH), 130.4 (C), 129.6 (CH), 129.2
(CH), 128.8 (C), 128.6 (CH), 127.7 (CH), 124.7 (CH), 112.1 (C), 102.4 (CH), 37.2
(CH,), 32.5 (CH), 28.0 (CH,), 20.7 (CHy); HRMS (ESI) m/z 371.0591 ([M+H]"

C,1H70,Cl,, requires 371.0606).
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4-(4-Chlorophenyl)-2-phenyl-4,6,7,8-tetrahydro-SH-chromen-5-one (4¢)

White solid; Mp: 117-119 °C (Lit."" 117-118 °C); Yield: 79%; 'H NMR (500 MHz,
CDCly): 6 7.61 — 7.57 (m, 2H), 7.40 — 7.34 (m, 3H), 7.29 — 7.22 (m, 4H), 5.66 (d,
1H, J = 5.0 Hz), 4.50 (d, 1H, J = 5.0 Hz), 2.74 — 2.64 (m, 2H), 2.42 — 2.36 (m, 2H),
2.09 —2.00 (m, 2H); *C NMR (125 MHz, CDCl3): 6 197.6 (C), 166.7 (C), 147.3 (C),
143.9 (C), 132.9 (C), 132.5 (C), 129.8 (CH), 129.1 (CH), 128.7 (CH), 128.7 (CH),
124.7 (CH), 113.7 (C), 104.1 (CH), 37.2 (CH,), 34.9 (CH), 27.9 (CH,), 20.6 (CH,);

HRMS (ESI) m/z 337.0996 ([M+H]" C2H;50,Cl, requires 337.0995).

4-Phenyl-2-(p-tolyl)-4,6,7,8-tetrahydro-SH-chromen-5-one (4f)
White solid; Mp: 130-132 °C (lit."* 130-131 °C); Yield: 83%; '"H NMR (500 MHz,
CDCly): 6 7.46 (d, 2H, J = 8.0 Hz), 7.33 — 7.29 (m, 2H), 7.26 (d, 2H, J = 8.0 Hz),

7.17 — 7.13 (m, 3H), 5.64 (d, 1H, J = 5.0 Hz), 4.49 (d, 1H, J = 5.0 Hz), 2.72 — 2.61
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(m, 2H), 2.39 - 2.35 (m, 2H), 2.34 (s, 2H), 2.07 — 1.97 (m, 2H); °C NMR (125 MHz,

CDCLy): 6 197.7 (C), 166.6 (C), 147.1 (C), 145.6 (C), 138.9 (C), 130.2 (C), 129.3
(CH), 128.6 (CH), 128.4 (CH), 126.7 (CH), 124.6 (CH), 114.1 (C), 103.8 (CH), 37.3
(CH.), 35.4 (CH), 28.0 (CH,), 21.4 (CH,), 20.6 (CHz); HRMS (ESI) m/z 317.1554

([M+H]+ CH310,, requires 317.1542).

4-(4-Nitrophenyl)-2-(p-tolyl)-4,6,7,8-tetrahydro-5SH-chromen-5-one (4g)

Pale yellow solid; Mp: 144-145 °C; Yield: 80%; 'H NMR (500 MHz, CDCl3): o
8.11(d, 2H, J = 8.5 Hz), 7.49 — 7.43 (m, 4H), 7.17 (d, 2H, J=8.5 Hz), 5.57 (d, 1H, J
=4.5Hz),4.60 (d, 1H, J=4.5 Hz), 2.74 — 2.65 (m, 2H), 2.39 — 2.35 (m, 2H), 2.35 (s,
3H), 2.11 — 2.00 (m, 2H); *C NMR (125 MHz, CDCL): § 196.9 (C), 167.3 (C),
152.8 (C), 148.0 (C), 146.8 (C), 139.5 (C), 129.8 (C), 129.4 (CH), 129.3 (CH), 124.7
(CH), 123.9 (CH), 113.0 (C), 102.1 (CH), 37.1 (CH), 35.7 (CH), 28.0 (CHy), 21.5
(CH,), 20.6 (CH3); HRMS (ESI) m/z 362.1390 ([M+H]" CxHNOs, requires

362.1392).
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2-(4-Fluorophenyl)-4-(4-nitrophenyl)-4,6,7,8-tetrahydro-5H-chromen-5-one (4h)
Yellow solid; Mp: 55-57 °C; Yield: 74%; '"H NMR (500 MHz, CDCls): 6 8.12 (d,
2H, J=8.5Hz), 7.57 - 7.52 (m, 2H), 7.47 (d, 2H, J = 8.5 Hz), 7.08 — 7.02 (m, 2H),
5.56 (d, 1H, J=4.5 Hz), 4.61 (d, 1H, J=4.5 Hz), 2.72 — 2.64 (m, 2H), 2.40 — 2.36
(m, 2H), 2.12 — 1.90 (m, 2H); °C NMR (125 MHz, CDCL): 6 197.4 (C), 167.1 (C),
163.4 (C, d, J = 247.5 Hz), 152.5 (C), 147.1 (C), 146.9 (C), 129.3 (CH), 128.8 (C),
126.7 (d, CH, J = 8.7 Hz), 124.0 (CH), 115.8 (d, CH, J=21.2 Hz), 113.0 (C), 102.7
(CH), 37.1 (CH,), 35.7 (CH), 27.9 (CH>), 20.5 (CH;); HRMS (ESI) m/z 366.1136

(IM+H]" C,1H;7;NO,F, requires 366.1142).
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4-Benzyl-2-phenyl-4,6,7,8-tetrahydro-5SH-chromen-5-one (4i)

Yellow solid; Mp: 55-57 °C; Yield: 84%; "H NMR (500 MHz, CDCls): 6 7.49 — 7.45
(m, 2H), 7.35 — 7.30 (m, 4H), 7.28 — 7.23 (m, 4H), 5.47 (d, 1H, J = 5.0 Hz), 3.71 —
3.63 (m, 1H), 3.06 — 3.01 (m, 1H), 2.69 — 2.63 (m, 1H), 2.51 — 2.40 (m, 4H), 2.06 —
2.01 (m, 2H); >C NMR (125 MHz, CDCl3): 6 198.4 (C), 167.9 (C), 147.9 (C), 139.1
(C), 133.4 (C), 129.9 (CH), 128.8 (CH), 128.6 (CH), 128.1 (CH), 126.3 (CH), 124.6
(CH), 113.4 (C), 103.9 (CH), 42.9 (CH,), 37.4 (CH), 31.2 (CH), 27.8 (CH>), 20.7

(CH,); HRMS (ESI) m/z 317.1554 ((M+H]" Cy,H,,0,, requires 317.1542).

4-(4-(Allyloxy)phenyl)-2-phenyl-4,6,7,8-tetrahydro-5SH-chromen-5-one (4j)

Yellow solid; Mp: 92-94 °C; Yield: 85%; "H NMR (500 MHz, CDCls): § 7.63 — 7.59
(m, 2H), 7.41 —7.32 (m, 3H), 7.26 (d, 2H, J = 9.0 Hz), 6.85 (d, 2H, J=9.0 Hz), 6.10
—6.0 (m, 1H), 5.72 (d, 1H, J=5.0 Hz), 5.42 (dd, 1H, J=17.0, 1.5 Hz), 5.39 (dd, 1H,
J=11.0, 1.5 Hz), 4.52 — 4.48 (m, 3H), 2.75 — 2.65 (m, 2H), 2.43 — 2.37 (m, 2H), 2.09
—2.02 (m, 2H); *C NMR (125 MHz, CDCl3): ¢ 197.8 (C), 166.3 (C), 157.5 (C),

146.9 (C), 137.9 (C), 133.6 (CH), 133.2 (C), 129.4 (CH), 128.9 (CH), 128.6 (CH),
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124.6 (CH), 117.8 (CIL). 114.8 (CH). 1143 (C). 104.8 (CH). 69.0 (CHL). 373

(CH,), 34.5 (CH), 27.9 (CH,), 20.6 (CH,); HRMS (ESI) m/z 359.1665 ([M+H]"

C,4H3303, requires 359.1647).

4-(4-Methoxyphenyl)-2-phenyl-6,7-dihydrocyclopenta[b]pyran-5(4H)-one (4Kk)

Brown solid; Mp: 60-62 °C; Yield: 84%; "H NMR (500 MHz, CDCls): 6 7.66 (d, 2H,
J=1.0 Hz), 7.44 — 7.38 (m, 3H), 7.29 — 7.27 (m, 2H), 6.87 (d, 2H, J = 8.5 Hz), 5.68
(d, 1H, J=4.5 Hz), 4.44 (d, 1H, J = 3.5 Hz), 3.80 (s, 3H), 2.83 — 2.78 (m, 2H), 2.52
— 248 (m, 2H); C NMR (125 MHz, CDCl;): § 203.4 (C), 178.7 (C), 158.7 (C),
148.5 (C), 135.6 (C), 133.0 (C), 129.4 (CH), 129.2 (CH), 128.7 (CH), 124.9 (CH),
117.5 (C), 114.1 (CH), 104.3 (CH), 55.5 (CH3), 35.0 (CH), 33.6 (CH,), 25.8 (CH,);

HRMS (ESI) m/z 319.1346 ([M+H]" C2;H;40s, requires 319.1334).
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4-Benzyl-2-phenyl-6,7-dihydrocyclopenta[b]pyran-5(4H)-one (41)

Orange solid; Mp: 88-90 °C; Yield: 83%; '"H NMR (500 MHz, CDCls): J 7.52 — 7.48
(m, 2H), 7.41 — 7.33 (m, 3H), 7.30 — 7.16 (m, 5H), 5.42 (d, 1H, J=4.0 Hz), 3.62 —
3.58 (m, 1H), 3.33 — 3.28 (m, 1H), 2.75 — 2.63 (m, 3H), 2.54 — 2.50 (m, 2H); °C
NMR (125 MHz, CDCls): 0 204.3 (C), 180.2 (C), 149.0 (C), 138.6 (C), 133.2 (C),
129.8 (CH), 129.1 (CH), 128.7 (CH), 128.4 (CH), 126.4 (CH), 124.9 (CH), 117.0
(C), 103.6 (CH), 41.2 (CHy), 33.6 (CH), 31.8 (CH>), 25.7 (CH,); HRMS (ESI) m/z

303.1394 ([M+H]" C1H 1905, requires 303.1385).

7,7-Dimethyl-2,4-diphenyl-4,6,7,8-tetrahydro-5H-chromen-5-one (4m)

Yellow solid; Mp: 141-143 °C (lit."* 142-143 °C); Yield: 81%; '"H NMR (500 MHz,
CDCls): & 7.63 — 7.59 (m, 2H), 7.40 — 7.27 (m, 7H), 7.19 (t, 1H, J = 7 Hz), 5.74 (d,
1H, J = 5.0 Hz), 4.52 (d, 1H, J = 5.0 Hz), 2.58 (s, 2H), 2.27 (ABgq, 2H, J = 16.5 Hz),
1.16 (s, 3H), 1.09 (s, 3H); °C NMR (125 MHz, CDCL): ¢ 197.5 (C), 164.8 (C),
146.9 (C), 145.4 (C), 133.2 (C), 128.9 (CH), 128.6 (CH), 128.6 (CH), 128.4 (CH),

126.8 (CH), 124.7 (CH), 112.7 (C), 104.7 (CH), 51.1 (CH,), 41.7 (CH), 35.6 (CH»),
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323 (C). 29.4 (CHa), 27.9 (CH,): HRMS (ESI) m/z 331.1716 ([MTH] CasHas0s.

requires 331.1698).

4-(4-Bromophenyl)-7,7-dimethyl-2-phenyl-4,6,7,8-tetrahydro-SH-chromen-5-

one (4n)

Pale yellow solid; Mp: 93-94 °C; Yield: 72%; 'H NMR (500 MHz, CDCls): 6 7.62 —
7.58 (m, 2H), 7.43 —7.35 (m, 5H), 7.23 (d, 2H, J = 8.5 Hz), 5.68 (d, 1H, J = 5.0 Hz),
4.49 (d, 1H, J = 5.0 Hz), 2.57 (s, 2H), 2.26 (ABq, 2H, J = 16.0 Hz), 1.15 (s, 3H),
1.07 (s, 3H); >C NMR (125 MHz, CDCL): 6 197.4 (C), 164.9 (C), 147.3 (C), 144.5
(C), 132.9 (C), 131.7 (CH), 130.2 (CH), 129.1 (CH), 128.7 (CH), 124.7 (CH), 120.6
(C), 112.4 (C), 103.9 (CH), 51.1 (CH,), 41.6 (CH,), 35.2 (CH), 32.4 (C), 29.4 (CH3),

27.8 (CHs); HRMS (ESI) m/z 425.0768 ([M+H]™ C23H2,01Br, requires 425.0752)
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4-Benzyl-2-(p-tolyl)-6,7-dihydrocyclopenta[b]pyran-5(4H)-one (40)

Yellow solid; Mp: 125-126 °C; Yield: 80%; 'H NMR (500 MHz, CDCl3): 6 7.39 (d,
2H, J= 8.5 Hz), 7.30 — 7.25 (m, 2H), 7.23 — 7.20 (m, 1H), 7.20 — 7.15 (m, 4H), 5.37
(d, 1H, J = 4.0 Hz), 3.62 — 3.55 (m, 1H), 3.30 (dd, 1H, J = 13.0, 3.5 Hz), 2.71 (dd,
1H, J = 13.0, 9.0 Hz), 2.67 -2.63 (m, 2H), 2.54 — 2.50 (m, 2H), 2.36 (s, 3H); "°C
NMR (125 MHz, CDCls): 0 204.3 (C), 180.2(C), 149.0(C), 139.1 (C), 138.6 (C),
130.3 (C), 129.8 (CH), 129.3 (CH), 128.3 (CH), 126.4 (CH), 124.8 (CH),117.0 (C),
102.7 (CH), 41.2 (CH,), 33.6 (CH), 31.8 (CHy), 25.7 (CHy), 21.4 (CH3); HRMS

(EST) m/z 317.1554 (IM+H]" Ca,H2, 05, requires 317.1542)

2,4-Diphenyl-4H,SH-pyrano|2,3-b]chromen-5-one (4p)

Yellow solid; Mp: 158-159 °C; Yield: 84%; '"H NMR (500 MHz, CDCls): J 8.07 —
8.03 (m, 1H), 7.79 — 7.74 (m, 2H), 7.62 — 7.57 (m, 1H), 7.50 — 7.41 (m, 5H), 7.40 -
7.32 (m, 4H), 7.28 — 7.23 (m, 1H), 5.87 (d, 1H, J=4.5 Hz), 4.74 (d, 1H, J = 4.5 Hz);
PC NMR (125 MHz, CDCls): 0 161.7 (C), 156.0 (C), 153.0 (C), 147.1(C), 143.7 (C),
132.8 (C), 132.2 (CH), 129.5 (CH), 128.9 (CH), 128.8 (CH), 128.7 (CH), 127.4

(CH), 124.9 (CH), 124.0 (CH), 123.0 (CH), 117.1 (CH), 114.8 (C), 104.0 (CH),
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T03.9 (C), 368 (CH). HRMS (ESI) m/z 353.1198 ([MH]  Cost105, requires

353.1178)

2,4-Diphenyl-2,3,4,6,7,8-hexahydro-5SH-chromen-5-one (4q)

White solid; Mp: 127-129 °C (lit.” 129-130 °C); Yield: 81%; 'H NMR (500 MHz,
CDCl3): 6 7.37 — 7.36 (m, 4H), 7.34 — 7.31 (m, 1H), 7.26 — 7.23 (m, 2H), 7.19 —
7.13 (m, 3H), 4.97 (dd, 1H, J=11.5, 1.5 Hz), 3.97 — 3.93 (m, 1H), 2.64 — 2.24 (m,
5H), 2.05 — 1.96 (m, 3H); >C NMR (125 MHz, CDCl): 6 196.8 (C), 173.1 (C),
145.0 (C), 139.3 (C), 128.6 (CH), 128.3 (CH), 128.3 (CH), 126.4 (CH), 126.0 (CH),
125.9 (CH), 115.6 (C), 79.0 (CH), 41.7 (CH»), 37.1 (CH»), 36.9 (CH), 29.2 (CH,),

20.2 (CH,); HRMS (ESI) m/z 305.1555 ([M+H]" C21H21 05, requires 305.1542)
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2-(3-Chlorophenyl)-4-phenyl-2,3.4,6,7,8-hexahydro-5H-chromen-5-one (4r)

White solid; Mp: 150-151 °C; Yield: 71%; 'H NMR (500 MHz, CDCly): 6 7.38 (s,
1H), 7.30 — 7.28 (m, 2H), 7.26 — 7.23 (m, 3H), 7.17—7.13 (m, 3H), 4.96 (dd, 1H, J =
11.5, 1.5 Hz), 3.96 — 3.92 (m, 1H), 2.67 — 2.36 (m, 5H), 2.07 — 1.91 (m, 3H); "°C
NMR (125 MHz, CDCL): 6 196.4 (C), 172.8 (C), 144.6 (C), 141.5 (C), 134.4 (C),
130.0 (CH), 128.5 (CH), 128.5 (CH), 126.3 (CH), 126.1 (CH), 126.0 (CH), 124.1
(CH), 115.6 (C), 78.1 (CH), 41.7 (CHa), 37.7 (CH,), 36.8 (CH ), 29.0 (CH,), 20.1

(CH,); HRMS (ESI) m/z 339.1162 ([M+H]" C21H200,Cl, requires 339.1152).

4-Phenyl-2-(p-tolyl)-2,3,4,6,7,8-hexahydro-5H-chromen-5-one (4s)

White solid; Mp: 121-123 °C; Yield: 75%; 'H NMR (500 MHz, CDCls): 5 7.28 —
7.23 (m, SH), 7.21 — 7.14 (m, 4H), 4.94 (d, 1H, J = 10.5 Hz), 3.96 — 3.91 (m, 1H),
2.64 — 2.39 (m, 3H), 2.35 (s, 3H), 2.36 — 2.17 (m, 2H), 2.05 — 1.97 (m, 3H); "*C
NMR (125 MHz, CDCls): 6 196.7 (C), 173.2 (C), 145.0 (C), 138.2 (C), 136.3 (C),
129.2 (CH), 128.3 (CH), 126.3 (CH), 126.1 (CH), 125.8 (CH), 115.5 (C), 79.0 (CH),
41.6 (CH,), 38.0 (CHa), 36.9 (CH), 29.1 (CH,), 21.1 (CH,), 20.0 (CHs); HRMS

(ESI) m/z 319.1708 ([M+H]Jr C1H230,, requires 319.1698)
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2-Phenyl-7,8-dihydrospiro[chromene-4,1'-cyclobutan]-5(6 H)-one (6a)

Yellow solid; Mp: 77-78 °C; Yield: 79%; 'H NMR (500 MHz, CDCls): 0 7.61 (d,
2H, J= 7.0 Hz), 7.40 (t, IH, J= 7.0 Hz), 7.37 (d, 2H, J = 7.0 Hz), 5.87 (s, 1H), 3.16
—3.07 (m, 2H), 2.56 (t, 2H, J = 6.5 Hz), 2.47 (t, 2H, J = 6.5 Hz), 2.14 — 2.0 (m, 4H),
1.88 — 1.82 (m, 2H); "*C NMR (125 MHz, CDCl): 6 199.2 (C), 166.3 (C), 143.8 (C),
133.3 (C), 128.6 (CH), 128.6 (CH), 124.4 (CH), 115.7 (C), 111.3 (CH), 39.0 (CHy,),
36.6 (CH,), 35.9 (CH,), 29.9 (C), 28.4 (CH,), 20.7 (CH,), 14.2 (CH,); HRMS (ESI)

m/z 267.1389 ([M+H]" C15H;50,, requires 267.1385)

2-(p-Tolyl)-7,8-dihydrospiro[chromene-4,1'-cyclobutan]-5(6 H)-one (6b)

White solid; Mp: 128-129 °C; Yield: 77%; 'H NMR (500 MHz, CDCl3): & 7.47 (d,
2H,J=8.0Hz), 7.17 (d, 2H,J = 8.0 Hz), 5.79 (s, 1H), 3.11-3.05 (m, 2H), 2.53 (t, 2H,
J=6.0 Hz), 2.44 (t, 2H, J = 6.0 Hz), 2.36 (s, 3H), 2.10 — 1.95 (m, 4H), 1.85 - 1.78

(m, 2H); *C NMR (125 MHz, CDCly): 6 198.9 (C), 166.1 (C), 143.5 (C), 138.3 (C),
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130.2 (C). 129.0 (CH), 124.0 (CH), 115.4 (C). 110.2 (CH), 38.7 (CH,). 36.3 (CIL).

35.6 (CH,), 29.6 (C), 28.1 (CHa), 21.1 (CH,), 20.4 (CH3), 13.9 (CH,); HRMS (ESI)

m/z 281.1563 ([M+H]" C1oH,,0,, requires 281.1542).

2'-Phenyl-6',7'-dihydro-5'H-spiro[cyclobutane-1,4'-cyclopenta[b]pyran]-5'-one

(60)

White solid; Mp: 100-101 °C; Yield: 82%; 'H NMR (500 MHz, CDCls): 6 7.57 —
7.53 (m, 2H), 7.35 — 7.27 (m, 3H), 5.79 (s, 1H), 2.85 — 2.77 (m, 2H), 2.61 — 2.57 (m,
2H), 2.45 — 2.41 (m, 2H), 2.09 — 1.82 (m, 4H); °C NMR (125 MHz, CDCL): 6
204.4 (C), 178.3 (C), 146.5 (C), 133.1 (C), 129.0 (CH), 128.7 (CH), 124.8 (CH),
119.7 (C), 110.5 (CH), 35.8 (CHy), 35.6 (CHa), 34.0 (CHy), 29.9 (C), 25.2 (CH,),

15.2 (CHa); HRMS (ESI) m/z 253.1218 ([M+H]" C,7H,,0,, requires 253.1229).
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2-(4-Fluorophenyl)-7,7-dimethyl-7,8-dihydrospiro[chromene-4,1'-cyclobutan]-

5(6H)-one (6d)

White solid; Mp: 124-125 °C; Yield: 73%; "H NMR (500 MHz, CDCl;): 6 7.58 —
7.53 (m, 2H), 7.10 — 7.03 (m, 2H), 5.78 (s, 1H), 3.11 — 3.03 (m, 2H), 2.40 (s, 2H),
2.31 (s, 2H), 2.12 = 2.01 (m, 2H), 1.87 — 1.79 (m, 2H), 1.11 (s, 6H); *C NMR (125
MHz, CDCls): 6 199.0 (C), 164.3 (C), 162.9 (d, C, J = 246.5 Hz), 143.1 (C), 129.4
(C), 126.3 (d, CH, J=8.75 Hz), 115.5 (d, CH, J = 21.25 Hz), 114.5 (C), 111.0 (CH),
52.7 (CH), 42.0 (CHy), 36.6 (CH), 35.7 (CH»), 31.8 (C), 29.9 (C), 28.4 (CHs), 28.4
(CH3), 14.2 (CH,); HRMS (ESI) m/z 313.1599 ([M+H]" CH»O,F, requires

313.1604).

7,7-Dimethyl-2-(o-tolyl)-2,3,7,8-tetrahydrospiro[chromene-4,1'-cyclobutan]-

5(6H)-one (6¢)

White solid; Mp: 110-111 °C; Yield: 80%; 'H NMR (500 MHz, CDCls): J 7.31 (d,
1H, J=17.5 Hz), 7.16 — 7.02 (m, 3H), 4.83 (d, 1H, J = 10.5 Hz), 3.10 (q, 1H, J=10.5
Hz), 2.6 (q, 1H, J = 10.5 Hz), 2.24 (s, 3H), 2.19-2.15 (m, 4H), 2.02 - 1.79 (m, 4H),
1.75 - 1.51 (m, 2H), 0.95 (s, 3H), 0.94 (s, 3H); '*C NMR (125 MHz, CDCl5): 5 197.9

(C), 169.4 (C), 137.8 (C), 134.4 (C), 130.4 (CH), 127.8 (CH), 126.2 (CH), 125.4
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(CI), 115.9 (C). 73.7 (CH), 51.9 (CH,), 44.0 (CH,), 42.6 (CH), 36.2 (CiL). 33.4

(C), 31.2 (CH,), 30.3 (C), 29.1 (CHs), 27.1 (CHs), 18.8 (CH3), 14.3 (CH,); HRMS

(ESI) m/z 311.2017 ((M+H]" C,,H,7,0,, requires 311.2011).

2-(4-Methoxyphenyl)-7,8-dihydrospiro[chromene-4,1'-cyclopentan]-5(6 H)-one

(6f)

Yellow low melting solid; Yield: 83%; 'H NMR (500 MHz, CDCls): 6 7.41 (d, 2H, J
= 9.0 Hz), 6.82 (d, 2H, J = 9.0 Hz), 5.24 (s, 1H), 3.76 (s, 3H), 2.49 (t, 2H, J = 6.5
Hz), 2.34 (t, 2H, J = 6.5 Hz), 2.25 — 2.17 (m, 2H), 1.99 — 1.92 (m, 4H), 1.89 — 1.84
(m, 2H), 1.66 — 1.63 (m, 2H); *C NMR (125 MHz, CDCl;): J 198.4 (C), 166.4 (C),
159.6 (C), 141.8 (C), 135.1 (C), 125.5 (CH), 116.2 (C), 113.6 (CH), 109.6 (C), 55.2
(CH3), 42.2 (CH,), 38.8 (CH,), 38.8 (CH,), 32.1 (C), 28.3 (CH,), 26.2 (CH,), 20.5

(CH,), 14.0 (CH); HRMS (ESI) m/z 311.2939 ([M+H]" C»H;0s, requires

311.1647).
0
|
0
6g
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2'-Phenyl-6',7'-dihydro-5'H-spiro[cyclopentane-1,4'-cyclopenta[b]pyran]-5'-one

(62)

Yellow solid; Mp: 191-192 °C; Yield: 85%; '"H NMR (500 MHz, CDCls): 6 7.62 —
7.58 (m, 2H), 7.41 — 7.33 (m, 3H), 5.49 (s, 1H), 2.70 — 2.66 (m, 2H), 2.50 — 2.46 (m,
2H), 2.25 — 2.13 (m, 2H), 1.94 — 1.88 (m, 2H), 1.78 — 1.73 (m, 2H), 1.58-1.51 (m,
2H); *C NMR (125 MHz, CDCl): d 203.7 (C), 178.4 (C), 145.1 (C), 133.0 (C),
128.5 (CH»), 128.3 (CHy), 124.5 (CH,), 120.1 (C), 110.2 (CH), 40.8 (CH,), 39.7
(CHp), 33.6 (CHy), 29.6 (C), 25.3 (CHy), 25.0 (CHy), 14.0 (CH); HRMS (ESI) m/z

267.1630 ([M+H]Jr CisH90,, requires 267.1385).
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3.7 NMR spectra of selected compounds
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Chapter 4

Synthesis of cellulose-supported copper
nanoparticles and its application in synthesis

of 1,2,3-triazole
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4.1 Introduction

The chemistry of 1,2,3-triazoles have attracted tremendous research interest
owing to their application in polymer chemistry, organic synthesis and material
chemistry.! The discovery of alkyne-azide cycloaddition (AAC) by Huisgen,
Sharpless and Meldal paved the way for the synthesis and application of 1,2,3-
triazoles and their complex counterparts.” The first report on the synthesis of 1,2.3-
triazoles via cycloaddition reaction between an azide and alkyne was given by
Dimorth in 1902 but the first in-depth study of the mechanism was conducted by
Huisgen in the year 1965, thus giving rise to Huisgen 1,3-dipolar cycloaddition
reaction.” In this method, a mixture of 1,4- and 1,5-disubstituted triazole
regioisomers were obtained. Later on, Sharpless and Meldal independently, carried
out copper catalyzed AAC reaction which led to the formation of a single
regioisomer. The AAC reaction discovered by Sharpless has several advantages over
1,3-dipolar cycloaddition reaction discovered by Huisgen. These include mild
reaction conditions, functional group tolerance, high reaction efficiency and
enhanced regio- and chemoselectivities." The term ‘Click Chemistry’ was first
coined by Sharpless which defines an efficient approach for the combination of
biocompatible functional groups in order to generate substances rapidly, thereby,
eliminating the formation of by-products and purification steps. 1,2,3-triazoles are
important motif in a number of therapeutics and possess striking pharmacological

properties such as antifungal, antituberculosis, antibacterial, anticancer and HIV
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protease inhibitors.” Rufinamide (1) is an approved drug containing 1,2,3-triazole

core and is used as an antiepileptic, while molidustat (2) is a drug candidate used for
the treatment of renal anaemia (Figure 1).%7 Fluconazole (3) (marketed as Diflucan)
and ravuconazole (4) are used as antifungal agents (Figure 1).% Fluconazole is
capable of curing fungal infections like cryptococcal meningitis, candidiasis,
histoplasmosis and aspergillosis. It is also used in the prevention of yeast infection in

cancer patients.”

o T O S

Rufinamide (1) Molidustat (2)
N N7\
N\/) U N F
F N
OH
N. |:
F ( /N M CHs
NJ \ S
Fluconazole (3) Ravuconazole (4)

Figure 1. Representatives of some biologically active compounds containing 1,2,3-

triazole backbone

The N-substitution of 1,2,3-triazoles is an important but challenging task from
biological point of view. N-substituted 1,2,3-triazoles are important motifs in

medicinal chemistry, carbene precursors, auxiliaries in C-H activation and ligand
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chemistry.”"> Generally, N-substituted 1,2,3-triazoles are prepared by transition

metal-catalyzed click reaction between azides and alkynes.'* Organic azides used as
starting materials suffer from limited availability and complications in their
synthesis.'> On the other hand, the use of commercially available sodium azide or p-
toluenesulfonyl azide produces simply NH- or N-sulfonyl 1,2,3-trizoles.'® The
cycloaddition reaction between organic azides and carbonyl compounds in the
presence of an organocatalyst producing N-substituted 1,2,3-triazoles has only been
recently developed.'” Other such methods include, N-alkylation of NH-1,2,3-triazoles
formed, in situ, by reacting with alkyl halides, multicomponent reactions and

reaction of organic azides with alkenes.'®

Regitz diazo transfer process is the most commonly employed method for the
synthesis of diazo compounds and has gained immense attention in recent decades.
The process involves the transfer of a diazo group from an azide to a compound
containing active methylene group."” Several diazo transfer agents have been used so
far, which includes tosyl azide, polymer-supported sulfonyl azides, p-
acetamidobenzenesulfonyl  azide, ionic  liquid sulfonyl azides, p-
dodecylbenzenesulfonyl azide etc.”” The diazo transfer process is environmentally

benign and produces high yield of the desired product.

Different strategies giving access to 1,2,3-triazoles have evolved in the recent
decades, which includes, metal-free AAC, metal-catalyzed AAC and azide-free

synthesis.21 Recently, Wan et al. prepared 1,4-disubstituted 1.2.3-triazoles by
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transamination of enaminone with an amine catalyzed by ferric chloride, followed by

Regitz diazo transfer with tosyl azide in the presence of a base.”” In another report,
Wang et al. exhibited the synthesis of 1,4-disubstituted 1,2,3-triazole disulfides
catalyzed by copper iodide and a base, lithium tertiary butoxide.”> Fazeli and co-
workers reported the microwave-assisted multicomponent click reaction of a-
bromoketone with sodium azide and alkyne catalyzed by Cu/Cu(OTf),.** Recently,
Konwar and co-workers carried out an azide-alkyne cycloaddition catalyzed by an in
situ generated copper ascorbate complex, leading to the formation of 1,2,3-
triazoles.” Chetia et al. reported an efficient synthesis of 1,2,3-triazoles via azide-
alkyne click reaction catalyzed by hydrotalcite-supported copper nanoparticles.*® In a
recent report, Dafin and co-workers developed a sulfonyl azide-free protocol for the
Regitz diazo transfer reaction.”” Resende and co-workers recently prepared 1,2,3-
triazole derivatives via click reaction and screened the products for anticorrosive
activity against carbon steel.”® Tripathi and group prepared triazoles via reaction
between azides and aldehydes/ketones in the presence of a phase transfer catalyst and
a base.”” In another report, Asemanipoor and co-workers prepared benzimidazole-
1,2,3-triazole derivatives by click reaction and evaluated the synthesized compounds
for their a-glucosidase inhibitory property.’® Pokhodylo et al. prepared triazole
derivatives via base-catalyzed click reaction of azides with dihydro-2H-thiopyran-

3(4H)-one 1,1-dioxide.”! 1,3-dipolar cycloaddition reaction between azides and
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enaminones leading to the formation of 1,2,3-triazoles was also reported by Nino et

al.3?

Cellulose is one of the organic polymers distributed abundantly in nature.”® It is a
widely studied renewable and biodegradable material and is blessed with properties
such as thermal stability, high porosity, large specific surface area, excellent
mechanical stability and biocompatibility. This material exhibits extraordinary
properties of enhanced metal adsorption and drug loading.** The surface of cellulose
contains abundant hydroxyl groups which can be modified with functional groups
such as —SO3;H, -COOH, -NH; etc. and this in turn improves the reusability of the
material.”>®> Cellulose sulfuric acid has emerged as an efficient solid support for acid
catalyzed reactions. Kuarm et al. prepared cellulose sulfuric acid and used it for the
synthesis of 1-oxo-hexahydroxanthene.*® In another report, Shaabani and co-workers
presented the efficient synthesis of quinolones via cellulose sulfuric acid.’” Madhav
and co-workers employed cellulose sulfuric acid for the synthesis of aryl-14H-
dibenzo[a.j]xanthenes.*® Sadeghi et al. prepared cellulose sulfuric acid and used it for
the efficient synthesis of pyrano[2,3-d]pyrimidines.* Another report by Nasseri and
co-workers revealed the preparation of cellulose sulfuric acid and its application as
solid acid catalyst for the synthesis of pyrazoles.* Cellulose-supported copper(0)
nanoparticles have been extensively used for the synthesis of 1,2,3-triazoles via click
chemistry. In a report, Bahsis et al. immobilized copper(Il) and copper(I) ions on

cellulose and efficiently used it for the synthesis of 1,4-disubstituted-1,2,3-triazoles
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in aqueous medium.*’ Chavan and co-workers prepared cellulose-supported copper

iodide heterogeneous catalyst and used it for the one-pot multicomponent reaction
leading to the synthesis of spirochromenocarbazole tethered 1,2,3-triazoles.** Sarkar
and co-workers prepared surface modified cellulose-supported copper(Il) complex
and applied it for the synthesis of triazoles via click reaction.*” In another report, Yu
et al. synthesized triazole derivatives via cellulose-supported copper(0) catalyst.**
Although the existing methods are efficient and provide good yield of the product,
but most of these processes are associated with certain disadvantages such as the
requirement of a base, high temperature and prolonged reaction time. Also, none of
these catalytic processes have so far been used for both the click and azide transfer
click reaction together. Herein, we report the preparation of cellulose-sulfuric acid
encapsulated copper(0) nanoparticles and its application in both click and diazo

transfer click reaction for the synthesis of highly substituted 1,2,3-triazoles.
4.2 Results and discussion

4.2.1 Preparation and characterization of cellulose-supported copper (Cell-

Cu(0)) nanoparticles

Cellulose-supported copper (Cell-Cu(0)) nanoparticles were prepared in two
steps following a method already described in the literature.”’ Initially, after the
preparation of Cell-Cu(0) NPs, the crystalline structure of the prepared nanoparticles

was characterized by the powder XRD analysis (Figure 2). The diffraction peaks
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observed at 20 = 15.3°, 22.6° and 34.5° can be assigned to the (101), (002) and (040)

planes of nanocellulose.*® The appearance of diffraction peaks at 26 values of 43.2°,
50.4° and 74.0° corresponding to the planes (111), (200) and (220) reveals the
formation of face centred cubic (FCC) copper nanoparticles on the surface of
cellulose [JCPDS card no. 00-001-1241 and 85-1326]. The formation of any other
secondary or amorphous phase was not observed. The average crystallite size has
been calculated from XRD data based on Scherrer equation and was found to be in

the range of 14.5 nm.
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Figure 2. Powder XRD pattern of Cell-Cu(0)

The mode of bonding and functional groups present in Cell-Cu(0) were analyzed

through FT-IR spectroscopy in the range of 4000-400 cm™ (Figure 3). The
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absorption bands observed in the regions of 3346, 2900 and 1430 cm™ could be

attributed to the —OH stretching, —CH stretching, H-C-H and O-C-H bending
vibrations of cellulose, respectively.*® The peak positioned at 1638 cm™ could be

assigned to H-O—H bending vibration of the adsorbed water molecules.
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Figure 3. FT-IR spectra of Cell-Cu(0)

The absorption bands observed in the regions of 1163, 1059 and 897 cm™ could
be attributed to the C—O stretching, C—C skeletal vibrations and C|—H ring stretching
of glucose unit of cellulose.?” The peaks at 1163 and 1059 cm™ for the O=S=0 group
could be attributed to the asymmetric and symmetric stretching which merged with
the C—-O stretching and C—C skeletal vibrations of cellulose. The peak positioned at

around 669 cm™' could be assigned to the S—O stretching vibrations and the band at
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619 cm” demonstrates the encapsulation of copper nanoparticles by the support

(Figure 3).**

The particle distribution and microstructure of the synthesized Cell-Cu(0)
was characterized by TEM and HRTEM analysis. The low resolution TEM image
showed the homogeneous distribution of the nanoparticles on the surface of the
support and the particle size distribution was found to be in the range of 8-13 nm
with number-average diameter of 11.3 nm (standard deviation (SD) = 1.10) (Figure
4a,4b). The calculation of surface-weighted diameter (Ds = 11.47 nm) and volume-
weighted diameter (Dv = 11.56 nm) revealed narrow-size distribution of the prepared

nanoparticles as shown by the standard deviation value.
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Figure 4. (a) TEM image of Cell-Cu(0) and (b) Particle size distribution histogram
of Cell-Cu(0)
The selected area electron diffraction (SAED) pattern further confirmed the

crystalline nature of the sample as indicated by the (111) crystalline plane (Figure
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5a). The HRTEM image indicates the formation of highly crystalline nanoparticles

with inter-planar lattice-fringe spacing of 0.25 nm which corresponds to the (111)

plane of face centred cubic (FCC) copper nanoparticles (Figure 5b).

Figure 5. (a) SAED pattern of Cell-Cu(0) and (b) HRTEM image with fringe

spacing of Cell-Cu(0)

The specific surface area of the synthesized Cell-Cu(0) NPs has been determined
by the nitrogen gas adsorption study in the Brunauer-Emmett-Teller (BET) analyser
(Table 1). An increase in the BET surface area and pore volume was observed after
impregnation of metal nanoparticles as compared to that of the support and this may
be attributed to the suppression of packing of lamellar structures in Cell-Cu(0) NPs.*
An increase in the pore radius was also observed in Cell-Cu(0) NPs might be due to

rupture of some of the pore walls during the synthesis process.”

170



| Chapter 4
Tablel. Comparison of surface area, pore radius and pore volume of support and

freshly prepared catalyst

Sample BET Surface Area | Pore Radius Pore Volume
(m’/g) (nm) (cm*/g)
Cellulose sulfuric acid 8.599 1.75 0.03
support
Fresh Cell-Cu(0) 20.765 1.76 0.06

4.2.2 Catalytic activity of the prepared Cell-Cu(0) nanoparticles towards the
azide-alkyne click reaction

In our initial effort, the study commenced with a reaction between an azide
and an alkyne catalysed by Cell-Cu(0) NPs leading to the formation of 1,2,3-triazole.
p-Toluenesulfonylazide (5a) and phenylacetylene (6a) were chosen as model
substrates and were subjected to optimisation studies with respect to variation of
solvents, temperature, reaction time and catalyst loading (Table 2). Initially when the
reaction was carried out at room temperature in H,O solvent, the formation of 1,2,3-
triazole product was observed with 80% yield (Table 2, entry 1). Study was carried
out by running the reaction with different solvents and acetonitrile was proved to be
the most effective solvent with 91% yield (Table 2, entry 5). However, the formation

of the product was not observed when DCM, DMF and toluene were used as the
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solvent (Table 2, entries 2-4). Further study was also performed with variation of

reaction time and catalyst loading (Table 2, entries 7-12). When the reaction was
allowed to proceed in the absence of the catalyst, no product formation could be
observed (Table 2, entry 13). The role of the catalyst was further confirmed by
performing the reaction in the presence of only cellulose sulfuric acid, CuSO4 and
Cu(OAc); separately, when any product formation was not observed (Table 2,
entries 14-16).

Table 2. Synthesis of 1,2,3-triazole and optimization of the reaction condition®

Entry Catalyst Solvent Catalyst | Time | Yield (%)"

loading (h)

(wt%)
1 Cell-Cu(0) H,O 20 3 80
2 Cell-Cu(0) DCM 20 6 0
3 Cell-Cu(0) DMF 20 6 0
4 Cell-Cu(0) toluene 20 6 0
5 Cell-Cu(0) CH;CN 20 2 91
6 Cell-Cu(0) CH;CN 20 1 90
7 Cell-Cu(0) CH;CN 15 1 90
8 Cell-Cu(0) CH;CN 10 4 94
9 Cell-Cu(0) CH;CN 10 3 9
10 Cell-Cu(0) CH;CN 10 2 89
11 Cell-Cu(0) CH;CN 5 1 86
12 Cell-Cu(0) CH;CN 10 0.5 82
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13 No catalyst CH;CN 10 3 0
14 Only cellulose | CH;CN 10 3 0
15 CuSOq4 CH;CN 10 3 0
16 Cu(OAc), CH;CN 10 3 0

Bold values indicate the best experimental result. “All the reactions were carried
out using p-toluenesulfonylazide 5a (0.5 mmol) and phenylacetylene 6a (0.5
mmol) in 5 mL of solvent in a round-bottomed flask under N, atmosphere.

*Isolated yields.

Following the optimization studies, we further explored the substrate scope
by reacting p-toluenesulfonylazide with different terminal alkynes (Table 3). It was
observed that terminal alkynes bearing both electron withdrawing and donating
groups gave good yield of the corresponding 1,2,3-triazoles under the given set of
reaction conditions 7(b-f). Other azides such as benzyl azide were also treated with
terminal alkynes to give the corresponding triazoles 7(g-k) with good yield. When
benzyl azide was treated with trimethyl(phenylethynyl)silane under the given
reaction conditions, 1-benzyl-4-phenyl-1H-1,2,3-triazole 7g was produced via
desilylation of alkyne. Any other disubstituted alkyne did not take part in the

reaction.
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Table 3. Synthesis of 1,2,3-triazoles by copper catalyzed azide-alkyne reaction

| ® SN R20 ~
RN @ 4 Cell-Cu (0) AN,
Rz// Hzo, It \ /I\I
5 6 7a-k \Rl
N, N N N
LN | N | N | N
N N\ N a
0=s=p 0=s=p =S= 0=s=0
7a, 94% 7b, 92% 7¢, 93% 7d, 90%
H,CO
I\{\ F I\I\s I\I\\ N\
LN LN | N | N
N\ N\ N N
O:S:O O= =0 ?
7e, 93% 71, 88% 7g, 90% 7h, 89%
H,CO
F N, N, N,
LN | N | N
N N N
7i, 84% 7j, 88% 7k, 91%
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All the compounds were characterized with the help of 'H NMR and ~C

NMR. The molecular formula was confirmed from HRMS data and the melting point
data of the reported compounds were matched with the literature.

After the success in the click reaction, our study was further stretched
towards a variation of the click reaction using diazo transfer process of a primary
amine. It was observed that when p-toluenesulfonylazide was reacted with a terminal
alkyne and a primary amine under the earlier mentioned reaction condition in the
presence of the catalyst, diazo-transfer-click reaction occurred leading to the
formation of 1-substituted triazoles 9(a-l) (Table 4). When 2-(cyclohex-1-en-1-
yl)ethan-1-amine and benzylamine was treated with tosyl azide and terminal alkynes,
the corresponding N-substituted 1,2,3-triazoles 9(a-g) and 9(h-1) were obtained.
Alkynes like 1-ethynylcyclohex-1-ene and 2-ethynylpyridine also produced the
desired products 9(f-h) in good yield. All the prepared compounds were duly

characterized with the help of NMR and Mass spectral data.
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Table 4. Synthesis of N-substituted 1,2,3-triazoles by copper catalyzed diazo transfer

click reaction

® oL S
R .N. © N Cell-Cu (0) R
W )+ e, SO TR N,
e H,0, tt | N
R2 N
5 6 8 9a-1 R3
\/O
N, N, N, N
| N | N | N | °N
N N N/
9a, 90% 9b, 89% 9¢, 92% 9d, 87%
A
N, N N/ N | X
| N | N | N NN
N N N N | N
9e, 90% of 85% 9g, 88% 9h, 90%
Cl
N
\ N \NN\/\/\Q\[NN ©1ENN
N { / ’
Nf N N
9i, 88% 9j,91% 9Kk, 91% 91, 86%
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Based on the earlier literature reports, a plausible mechanism has been

discussed for both the reaction (Scheme 1).*' Initially, the alkyne 6 forms a dinuclear
copper acetylide 10. The acetylide is then attacked by an azide 5 forming an
intermediate 11. The carbon atom in acetylide intermediate then attacks the azide
nitrogen leading to the formation of intermediate 12. Finally, ring contraction of
intermediate 12 followed by protonation releases the desired product 1,2,3-triazole 7.
During the azide transfer click protocol, copper complexes with p-
toluenesulfonylazide 5 and forms an intermediate 13. The primary amine 8 then
attacks the azide nitrogen in intermediate 13, forming a tetrazine intermediate 14.
This intermediate then undergoes bond rearrangement to give the corresponding
azide 15 via a diazo transfer route. The azide formed, then further undergoes reaction

with dinuclear copper acetylide 10 and forms the desired product 9.
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Scheme 1. A plausible mechanism for both the click reaction and diazo

transfer click reaction
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4.2.3 Study of catalyst recyclability

The study of recyclability of a heterogeneous catalyst is an important aspect
to be considered. In this case, initially the catalyst was recovered simply by filtration,
followed by washing with distilled water, and drying under vacuum. The recovered
catalyst was then used for the next reaction. It was observed that the same catalyst
could be reused upto six times with minimum loss of activity (Figure 6). The
physical characteristics of the recovered catalyst after 6" cycle were also studied by
TEM and BET. The TEM image of the recovered catalyst did not show any

significant change in the morphology (Figure 7).
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Figure 6. Study of recyclability of the catalyst
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The BET surface area of the recovered catalyst was found to be 7.906 which

are somehow lower as compared to the fresh one. This may be attributed to the
blocking of the pores by different organic/inorganic by-products/impurities formed
during the reaction. A pore radius of 1.76 nm and pore volume of 0.05 cm’/g was
observed for the recovered catalyst which was quite similar to that of the fresh one.

These observations prove that the catalyst did not undergo any change during the

reaction.

Figure 7. HRTEM and SAED images of the recovered catalyst
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4.3 Conclusion

In summary, we have developed a mild cellulose sulfuric acid supported copper
catalyst and characterized its physical and chemical properties by different analytical
techniques such as HRTEM, FT-IR and BET. The applicability of the prepared
catalyst was then studied through azide-alkyne click reaction leading to the formation
of 1,2,3-triazoles. A similar reaction was also carried out by reacting an azide and an
alkyne with a primary amine via a diazo transfer click pathway. Twelve different
1,2,3-triazoles with varied substituents were obtained through azide-alkyne click
strategy. Twelve different N-substituted 1,2,3-triazoles have also been prepared via
diazo transfer pathway. The recyclability of the catalyst has also been studied upto

six consecutive cycles.

4.4 Experimental

4.4.1 Preparation of cellulose-supported copper (Cell-Cu(0)) nanoparticles
4.4.1.1 Preparation of cellulose sulfuric acid

Cellulose-supported copper (Cell-Cu(0)) catalyst was prepared in two steps.
In the first step, cellulose sulfuric acid was prepared by using a method described in
the literature employing cellulose and chlorosulfonic acid.* To a magnetically stirred
solution of 5.00 g of cellulose dispersed in 30 mL of chloroform at 0 °C, 1.00 g of
chlorosulfonic acid (9 mmol) was added dropwise. After the addition of

chlorosulfonic acid was completed, the mixture was allowed to stir for another 2 h
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when all the HCI gas was removed from the vessel. The mixture was then filtered,

washed with 30 mL CHCI; and dried under vacuum to get a white powder of

cellulose sulfuric acid.

4.4.1.2 Preparation of cellulose-supported copper(0) nanoparticles (Cell-Cu(0)

NPs)

In the second step, 4.00 g (11.6 mmol) of cellulose sulfuric acid was
homogeneously dispersed in 60 mL of distilled water. Copper(Il) acetate
monohydrate (6.2 mmol, 1.25 g) was dissolved in 40 mL of distilled water and added
dropwise to the cellulose sulfuric acid solution under N, atmosphere. The mixture
was allowed to stir for 1h and then NaBH, (50 mg) was added portionwise to the
mixture at 0 °C when a black precipitate of nanoparticles was obtained. The mixture
was further stirred for another 2 h. The solution was then filtered and the precipitate

was washed with distilled water and dried under vacuum.

4.4.2 General procedure for the synthesis of 1,2,3-triazoles via azide-alkyne click

reaction

To a solution of p-toluenesulfonylazide (0.5 mmol, 100 mg) and
phenylacetylene (0.5 mmol, 52 mg) in acetonitrile (5 mL), Cell-Cu(0) (10 wt%, 10
mg) was added and the mixture was allowed to stir at room temperature under N,
atmosphere. The progress of the reaction was monitored by using thin layer

chromatography (TLC). After the completion of the reaction, the catalyst was
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recovered by filtration and washed with acetonitrile. Combined acetonitrile was then

removed under reduced pressure and the organics were extracted with ethyl acetate
(2 x 30 mL). The combined organic extracts were washed with water (2 x 30 mL)
and brine (10 mL). Drying over Na,SO4 and removal of the solvent under reduced
pressure provided the crude mixture which was then purified by column
chromatography by using ethyl acetate/hexane (10%-30% ethyl acetate in hexane) as
eluent. For further recyclability experiments, the recovered catalyst was dried under

vacuum and then reused.

4.4.3 General procedure for the synthesis of 1,2,3-triazoles via diazo transfer

click reaction

To a solution of p-toluenesulfonylazide (0.5 mmol, 100 mg), phenylacetylene
(0.5 mmol, 52 mg) and 2-(1-cyclohexenyl)ethylamine (0.5 mmol, 63 mg) in
acetonitrile (5 mL) under N, atmosphere, Cell-Cu(0) (10 wt%, 10 mg) was added and
the mixture was allowed to stir at room temperature. The progress of the reaction was
monitored by using thin layer chromatography (TLC). After the completion of the
reaction, the catalyst was recovered by filtration and washed with acetonitrile.
Combined acetonitrile was then removed under reduced pressure and the remaining
organics were extracted with ethyl acetate (2 x 30 mL) followed by washing with
water (2 x 30 mL) and brine (10 mL). Drying over Na,SO4 and removal of the
solvent under reduced pressure, produced the crude mixture which was purified by

column chromatography by using ethyl acetate/hexane (10%-30% ethyl acetate in
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hexane) as eluent. For further study of recyclability experiments, the recovered

catalyst was dried under vacuum before the next run.

4.5 Characterization data of the synthesized compounds

4-Phenyl-1-tosyl-1H-1,2,3-triazole (7a)

White solid; Mp: 106-107 °C (Lit.”** 107-108 °C); Yield: 94%; "H NMR (500 MHz,
CDCls): 6 8.31 (s, 1H), 8.03 (d, 2H, J = 8.5 Hz), 7.82 (d, 2H, J = 8.5 Hz), 7.46 — 7.36
(m, 5 H), 2.45 (s, 3H); *C NMR (125 MHz, CDCl3): 6 147.2 (C), 132.9 (C), 130.1
(CH), 129.0 (CH), 128.9 (CH), 128.7 (C), 128.6 (CH), 125.9 (CH), 118.8 (CH), 21.7

(CH;); HRMS (ESI) m/z 300.0806 ([M+H]" CysH14N30,S, requires 300.0807).
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4-(p-Tolyl)-1-tosyl-1H-1,2,3-triazole (7b)

Yellow solid; Mp: 153-154 °C (Lit.>*® 158-159 °C); Yield: 92%; 'H NMR (500
MHz, CDCl3): 6 8.20 (s, 1H), 7.95 (d, 2H, J = 8.5 Hz), 7.64 (d, 2H, J = 8.5 Hz), 7.32
(d, 2H, J = 8.5 Hz), 7.16 (d, 2H, J = 8.5 Hz), 2.38 (s, 3H), 2.31 (s, 3H); *C NMR
(125 MHz, CDCls): 6 147.4 (C), 147.2 (C), 139.0 (C), 133.0 (C), 130.3 (CH), 129.6
(CH), 128.6 (CH), 127.0 (C), 125.9 (CH), 118.4 (CH), 21.7 (CH3), 21.2 (CHs);

HRMS (ESI) m/z 314.0958 ([M+H]" C16H16N;0,S, requires 314.0963).

"

4-(4-Propylphenyl)-1-tosyl-1H-1,2,3-triazole (7c)

White solid; Mp: 135-137 °C; Yield: 93%; "H NMR (500 MHz, CDCls): o0 8.20 (s,
1H), 7.94 (d, 2H, J = 8.5 Hz), 7.65 (d, 2H, J = 8.5 Hz), 7.30 (d, 2H, J = 8.5 Hz), 7.16
(d, 2H, J = 8.5 Hz), 2.53 (t, 2H, J = 7.5 Hz), 2.36 (s, 3H), 1.60 — 1.54 (m, 2H), 0.86
(t, 3H, J= 7.5 Hz); >C NMR (125 MHz, CDCl3): ¢ 147.4 (C), 147.2 (C), 143.8 (C),
133.0 (C), 130.3 (CH), 129.0 (CH), 128.5 (CH), 126.1 (C), 125.9 (CH), 118.4 (CH),
37.7 (CHy), 24.3 (CH3), 21.7 (CH,), 13.6 (CH3); HRMS (ESI) m/z 342.1283

(IM+H]" C,5HaoN3058, requires 342.1276).
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. J

4-(4-Butylphenyl)-1-tosyl-1H-1,2,3-triazole (7d)

White solid; Mp: 121-124 °C; Yield: 90%; 'H NMR (500 MHz, CDCls): o0 8.25 (s,
1H), 8.00 (d, 2H, J= 8.5 Hz), 7.70 (d, 2H, J = 8.5 Hz), 7.36 (d, 2H, J = 8.5 Hz), 7.22
(d, 2H, J = 8.5 Hz), 2.61 (t, 2H, J = 7.5 Hz), 2.42 (s, 3H), 1.60 — 1.57 (m, 4H), 0.90
(t, 3H, J = 7.5 Hz); *C NMR (125 MHz, CDCl;): 6 147.7 (C), 147.5 (C), 144.4 (C),
133.3 (C), 130.6 (CH), 129.2 (CH), 128.9 (CH), 126.4 (C), 126.2 (CH), 118.7 (CH),
35.6 (CHy), 33.7 (CH), 22.5 (CHj3), 22.1 (CHy), 14.1 (CH3); HRMS (ESI) m/z

356.1430 ([M+H]" C1oH2N30,S, requires 356.1433).

H5CO
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4-(4-Methoxyphenyl)-1-tosyl-1H-1,2,3-triazole (7e)

Pale yellow solid; Mp: 131-132 °C (Lit.>* 100-101 °C); Yield: 93%; 'H NMR (500
MHz, CDCl): 0 8.15 (s, 1H), 7.95 (d, 2H, J = 8.5 Hz), 7.68 (d, 2H, J = 8.5 Hz), 7.32
(d, 2H, J = 8.5 Hz), 6.89 (d, 2H, J = 8.5 Hz), 3.77 (s, 3H), 2.38 (s, 3H); °C NMR
(125 MHz, CDCls): 6 160.1 (C), 147.2 (C), 133.0 (C), 130.3 (CH), 128.6 (CH), 127.6
(C), 127.3 (CH), 121.3 (C), 117.8 (CH), 114.3 (CH), 55.2 (CH3), 21.7 (CH3); HRMS

(ESI) m/z 330.0916 ((M+H]" C15H16N305S, requires 330.0912).

4-(3-Fluorophenyl)-1-tosyl-1H-1,2,3-triazole (7f)

Pale yellow solid; Mp: 137-138 °C (Lit.>*® 140-141 °C); Yield: 88%; 'H NMR (500
MHz, CDCls): d 8.26 (s, 1H), 7.96 (d, 2H, J = 8.5 Hz), 7.54 — 7.46 (m, 2H), 7.36 —
7.30 (m, 3H), 7.02 — 6.97 (m, 1H), 2.38 (s, 3H); *C NMR (125 MHz, CDCl;): &
163.0 (d, C, J = 245.0 Hz), 147.4 (CH), 146.1 (C), 132.7 (C), 130.4 (CH), 129.6 (C),
128.7 (CH), 127.0 (C), 121.6 (CH), 119.3 (CH), 115.9 (d, CH, J = 21.25 Hz), 113.0
(d, CH, J = 225 Hz), 21.8 (CH;); HRMS (ESI) m/z 318.0711 ([M+H]'

C15sH13FN3O;S, requires 318.0713).
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1-Benzyl-4-phenyl-1H-1,2,3-triazole (7g)

Brown solid; Mp: 119-121 °C (Lit.*** 120-122 °C); Yield: 90%; 'H NMR (500 MHz,
CDCls): 6 7.80 — 7.76 (m, 2H), 7.64 (s, 1H), 7.40 — 7.35 (m, 5H), 7.32 — 7.27 (m,
3H), 5.56 (s, 2H); *C NMR (125 MHz, CDCl;): d 148.4 (C), 134.8 (C), 130.7 (C),
129.4 (CH), 129.0 (C), 128. 4 (CH), 128.3 (CH), 125.9 (CH), 119.7 (CH), 54.4

(CHz), HRMS (ESI) m/z 236.1194 ([M+H]+ C15H14N3, requires 2361188)

7h

1-Benzyl-4-(4-propylphenyl)-1H-1,2,3-triazole (7h)

Yellow solid; Mp: 96-97 °C; Yield: 89%; 'H NMR (500 MHz, CDCls): 6 7.68 (d,

2H, J = 8.5 Hz), 7.60 (s, 1H), 7.38 — 7.33 (m, 3H), 7.30 — 7.26 (m, 2H), 7.20 (d, 2H,
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T=18.5 1z2). 5.54 (5. 2), 2.57 (L, 21 J = 7.5 Hz), 1.66 — 1.59 (m, 2H), 0.92 (¢, 31L J

= 7.5 Hz); °C NMR (125 MHz, CDCl;): 6 148.5 (C), 143.0 (C), 134.9 (C), 129.3
(CH), 129.1 (CH), 128.9 (CH), 128.2 (CH), 128.1 (C), 125.8 (CH), 119.4 (CH), 54.4
(CH,), 38.0 (CH,), 24.7 (CH,), 14.0 (CH;); HRMS (ESI) m/z 278.1650 ([M+H]"

Ci1sHyoN3, requires 278.1657).

7i

1-Benzyl-4-(3-fluorophenyl)-1H-1,2,3-triazole (7i)

Brown solid; Mp: 102-103 °C (Lit.*** 109-110 °C); Yield: 84%; "H NMR (500 MHz,
CDCls): J 7.59 (s, 1H), 7.51 — 7.43 (m, 2H), 7.35 — 7.30 (m, 3H), 7.30 — 7.23 (m,
3H), 6.97 — 6.91 (m, 1H), 5.52 (s, 2H); °C NMR (125 MHz, CDCL3): 6 163.0 (d, C, J
= 243.75), 147.1 (C), 134.3 (C), 132.5 (C), 130.3 (CH), 129.1 (CH), 128.8 (CH),
128.0 (CH), 121.2 (CH), 119.7 (CH), 114.9 (d, CH, J = 21.25 Hz), 112.5 (d, CH, J =
23.75 Hz), 54.2 (CHy); HRMS (ESI) m/z 254.1102 ([M+H]" CjsH,sFNj, requires

254.1094).
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7

1-Benzyl-4-(4-butylphenyl)-1H-1,2,3-triazole (7j)

White solid; Mp: 110-111 °C; Yield: 88%; 'H NMR (500 MHz, CDCls): 6 7.70 (d,
2H, J = 8.5 Hz), 7.62 (s, 1H), 7.40 — 7.36 (m, 3H), 7.32 — 7.29 (m, 2H), 7.21 (d, 2H,
J=18.5Hz), 5.57 (s, 2H), 2.62 (t, 2H, J = 7.5 Hz), 1.64 — 1.57 (m, 2H), 1.38 — 1.32
(m, 2H), 0.92 (t, 3H, J = 7.5 Hz); *C NMR (125 MHz, CDCl5): J 148.2 (C), 143.0
(C), 134.6 (C), 129.0 (CH), 128.8 (CH), 128.6 (CH), 127.9 (CH), 127.7 (C), 125.5
(CH), 119.1 (CH); HRMS (ESI) m/z 292.1820 ([M+H]" CoHp,N3, requires

292.1814).

7k
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1-Benzyl-4-(4-methoxyphenyl)-1H-1,2,3-triazole (7k)

White solid; Mp: 126-127 °C; Yield: 91%; 'H NMR (500 MHz, CDCls): § 7.69 —
7.63 (m, 2H), 7.51 (s, 1H), 7.33 — 7.28 (m, 3H), 7.30 — 7.22 (m, 2H), 6.86 (d, 2H, J =
9,0 Hz), 5.49 (2H), 3.76 (s, 3H); °C NMR (125 MHz, CDCl5): 6 159.5 (C), 148.0
(C), 134.6 (C), 129.0 (CH), 128.6 (CH), 127.9 (CH), 126.9 (CH), 123.1 (C), 118.6
(CH), 114.1 (CH), 55.2 (CHs), 54.1 (CH,); HRMS (ESI) m/z 266.1300 ([M+H]"

Ci6H16N30, requires 266.1293).

9a

1-(2-(Cyclohex-1-en-1-yl)ethyl)-4-phenyl-1H-1,2,3-triazole (9a)

White solid; Mp: 83-84 °C; Yield: 90%; 'H NMR (500 MHz, CDCls): 0 7.84 (d, 2H,
J=28.5Hz), 7.74 (s, 1H), 7.46 — 7.41 (m, 2H), 7.37 — 7.33 (m, 1H), 5.45 (s, 1H), 4.51
— 4.46 (m, 2H), 2.56 (t, 2H, J = 7.0 Hz), 2.0 — 1.97 (m, 4H), 1.67 — 1.64 (m, 2H),
1.58 — 1.54 (m, 2H); "*C NMR (125 MHz, CDCls): d 147.7 (C), 133.1 (C), 130.9 (C),

129.0 (CH), 128.2 (CH), 125.8 (CH), 125.0 (CH), 119.7 (CH), 49.1 (CH,), 38.9
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(CIL,). 28.2 (CHLy). 253 (CH,), 22.9 (CIL). 22.3 (CH): HIRMS (ESI) m/z 254.1655

([M+H]+ Ci6H20N3, requires 254.1657).

9b

1-(2-(Cyclohex-1-en-1-yl)ethyl)-4-(p-tolyl)-1H-1,2,3-triazole (9b)

Brown solid; Mp: 101-102 °C; Yield: 89%; 'H NMR (500 MHz, CDCls): 6 7.64 (d,
2H, J = 8.5 Hz), 7.61 (s, 1H), 7.16 (d, 2H, J = 8.5 Hz), 5.36 (s, 1H), 4.39 (t, 2H, J =
7.5 Hz), 2.47 (t, 2H, J = 7.5 Hz), 2.31 (s, 3H), 1.91 — 1.86 (m, 4H), 1.59 — 1.55 (m,
2H), 1.49 — 1.45 (m, 2H); °C NMR (125 MHz, CDCls): 6 147.1 (C), 138.1 (C),
133.1 (C), 129.7 (CH), 128.1 (C), 125.8 (CH), 125.0 (CH), 119.4 (CH), 49.1 (CH,),
38.9 (CHp), 28.3 (CHy), 25.4 (CHy), 22.9 (CH,), 22.3 (CH,), 21.5 (CHj3); HRMS

(ESI) m/z 268.1815 ([MJrH]Jr C17H22N3, requires 268.1814).
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9¢

4-(4-Butylphenyl)-1-(2-(cyclohex-1-en-1-yl)ethyl)-1H-1,2,3-triazole (9c¢)

White solid; Mp: 77-78 °C; Yield: 92%; 'H NMR (500 MHz, CDCls): 0 7.70 (d, 2H,
J=8.0 Hz), 7.65 (s, 1H), 7.21 (d, 2H, J = 8.0 Hz), 5.40 (s, 1H), 4.44 (t, 2H, J=7.5
Hz), 2.61 (t, 2H, J = 7.5 Hz), 2.52 (t, 2H, J = 7.5 Hz), 1.95 — 1.91 (m, 4H), 1.63 —
1.57 (m, 4H), 1.54 — 1.49 (m, 2H), 1.38 — 1.31 (m, 2H), 0.91 (t, 3H, J = 7.5 Hz); *C
NMR (125 MHz, CDCl3): 6 147.8 (C), 143.1 (C), 133.1 (C), 129.1 (CH), 128.3 (C),
125.8 (CH), 125.0 (CH), 119.4 (CH), 49.1 (CH,), 38.9 (CH,), 35.6 (CH,), 33.8
(CH,), 28.2 (CH,), 25.4 (CH,), 22.9 (CH,), 22.5 (CH,), 22.3 (CH,), 14.2 (CH3);

HRMS (ESI) m/z 310.2289 ([M+H]" C50H2N3, requires 310.2283).
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\/O

9d

1-(2-(Cyclohex-1-en-1-yl)ethyl)-4-(4-ethoxyphenyl)-1H-1,2,3-triazole (9d)

Pale yellow solid; Mp: 90-91 °C; Yield: 87%; 'H NMR (500 MHz, CDCls): 0 7.70
(d, 2H, J = 8.5 Hz), 7.60 (s, 1H), 6.92 (d, 2H, J = 8.5 Hz), 5.41 (s,1H), 4.43 (t, 2H, J
= 7.0 Hz), 4.04 (q, 2H, J = 7.0 Hz), 2.52 (t, 2H, J = 7.0 Hz), 1.96 — 1.92 (m, 4H),
1.64 — 1.59 (m, 2H), 1.54 — 1.50 (m, 2H), 1.41 (t, 3H, J = 7.0 Hz); °C NMR (125
MHz, CDCl3): J 159.1 (C), 147.7 (C), 133.1 (C), 127.1 (CH), 125.0 (CH), 123.5 (C),
118.9 (CH), 114.9 (CH), 63.7 (CH,), 49.1 (CH»), 38.9 (CH,), 28.3 (CHy), 25.4
(CH,), 22.9 (CH,), 22.3 (CH,), 15.0 (CH3); HRMS (ESI) m/z 298.1927 (IM+H]"

C18H24N30, requires 298.1919).
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9e

1-(2-(Cyclohex-1-en-1-yl)ethyl)-4-(4-pentylphenyl)-1H-1,2,3-triazole (9¢)

Yellow solid; Mp: 80-82 °C; Yield: 90%; 'H NMR (500 MHz, CDCls): 0 7.70 (d,
2H, J = 8.0 Hz), 7.65 (s, 1H), 7.21 (d, 2H, J = 8.0 Hz), 5.40 (s, 1H), 4.436 (t, 2H, J =
7.5 Hz), 2.59 (t, 2H, J = 7.5 Hz), 2.52 (t, 2H, J = 7.5 Hz), 1.95 — 1.92 (m, 4H), 1.64 —
1.58 (m, 4H), 1.55 — 1.50 (m, 2H), 1.33 — 1.29 (m, 4H), 0.87 (t, 3H, J = 7.5 Hz); *C
NMR (125 MHz, CDCl3): 6 147.9 (C), 143.2 (C), 133.1 (C), 129.1 (CH), 128.3 (C),
125.8 (CH), 125.0 (CH), 119.4 (CH), 49.1 (CH,), 38.9 (CH,), 35.9 (CH,), 31.7
(CH,), 31.3 (CH,), 28.3 (CH,), 25.4 (CH,), 23.0 (CH,), 22.7 (CH,), 22.3 (CH,), 14.2

(CH3); HRMS (ESI) m/z 303.1394 ([M+H]+ Cy1H30N;, requires 324.2443).
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of

4-(Cyclohex-1-en-1-yl)-1-(2-(cyclohex-1-en-1-yl)ethyl)-1H-1,2,3-triazole (9f)

Yellow low melting solid; Yield: 85%; 'H NMR (500 MHz, CDCls): 6 7.31 (s, 1H),
6.48 — 6.45 (m, 1H), 5.38 (s, 1H), 4.37 (t, 2H, J = 7.5 Hz), 2.46 (t, 2H, J = 7.5 Hz),
2.36 —2.33 (m, 2H), 2.2 — 2.14 (m, 2H), 1.94 — 1.90 (m, 4H), 1.76 — 1.71 (m, 2H),
1.67 — 1.62 (m, 2H), 1.62 — 1.58 (m, 2H), 1.53 — 1.49 (m, 2H); °C NMR (125 MHz,
CDCl): 0 149.5 (C), 133.2 (C), 127.5 (C), 125.0 (CH), 124.9 (CH), 118.4 (CH), 49.0
(CHy), 38.9 (CHy), 28.3 (CHy), 26.6 (CH,), 25.5 (CH,), 25.4 (CH>), 23.0 (CH»), 22.7
(CH,), 22.4 (CH,), 22.4 (CH,); HRMS (ESI) m/z 258.1966 ([M+H]" C¢HyNs3,

requires 258.1970).
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9g

2-(1-(2-(Cyclohex-1-en-1-yl)ethyl)-1H-1,2,3-triazol-4-yl)pyridine (9g)

Brown low melting solid; Yield: 88%; "H NMR (500 MHz, CDCl5): 6 8.50 (d, 1H, J
=4.0 Hz), 8.11 (d, 1H, J= 8.0 Hz), 8.05 (s, 1H), 7.73 — 7.69 (m, 1H), 7.18 — 7.13 (m,
1H), 5.37 (s, 1H), 4.42 (t, 2H, J= 7.5 Hz), 2.49 (t, 2H, J = 7.5 Hz), 1.91 — 1.86 (m,
4H), 1.59 — 1.53 (m, 2H), 1.50 — 1.44 (m, 2H); *C NMR (125 MHz, CDCls): § 150.3
(C), 149.2 (CH), 148.0 (C), 136.8 (CH), 132.7 (C), 124.7 (CH), 122.7 (CH), 121.8
(CH), 120.1 (CH), 48.9 (CH,), 38.5 (CH»), 27.9 (CH»), 25.0 (CH»), 22.6 (CH»), 22.0

(CH,); HRMS (ESI) m/z 255.1609 ([M+H]" C;sH;sN, requires 255.1610).
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2-(1-Benzyl-1H-1,2,3-triazol-4-yl)pyridine (9h)

Brown solid; Mp: 110-111 °C (Lit.**" 114-115 °C); Yield: 90%. 'H NMR (500 MHz,
CDCls): 6 8.43 (d, 1H, J = 4.0 Hz), 8.08 (d, 1H, J= 8.0 Hz), 7.99 (s, 1H), 7.70 — 7.64
(m, 1H), 7.30 — 7.25 (m, 3H), 7.25 — 7.22 (m, 2H), 7.14 — 7.09 (m, 1H), 5.49 (s, 2H);
3C NMR (125 MHz, CDCls): 8 150.4 (C), 149.5 (CH), 148.9 (C), 137.3 (CH), 134.5
(C), 129.4 (CH), 129.1 (CH), 128.5 (CH), 123.1 (CH), 122.1 (CH), 120.5 (CH), 54.6

(CH,); HRMS (ESI) m/z 273.1137 ((M+H]" C14H13N., requires 237.1140).

| °N

9i

1-Benzyl-4-(4-(tert-butyl)phenyl)-1H-1,2,3-triazole (9i)

Yellow low melting solid; Yield: 88%; 'H NMR (500 MHz, CDCl3): 6 7.74 (d, 2H, J
=8.5Hz), 7.65 (s, 1H), 7.44 (d, 2H, J= 8.5 Hz), 7.41 — 7.37 (m, 3H), 7.33 — 7.29 (m,
2H), 5.59 (s, 2H), 1.34 (s, 9H); *C NMR (125 MHz, CDCl3): 6 151.5 (C), 148.4 (C),
135.0 (C), 129.3 (CH), 128.9 (CH), 128.2 (CH), 127.9 (C), 125.9 (CH), 125.6 (CH),
119.4 (CH), 54.5 (CH,), 34.9 (C), 31.5 (CH3); HRMS (ESI) m/z 292.1809 ([M+H]"

C19H2,N3, requires 292.1814).
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9]

1-Benzyl-4-(p-tolyl)-1H-1,2,3-triazole (9j)

Yellow solid; Mp: 147-148 °C (Lit.>*® 151-153 °C); Yield: 91%; 'H NMR (500
MHz, CDCls): 6 7.66 (d, 2H, J = 8.5 Hz), 7.60 (s, 1H), 7.38 — 7.32 (m, 3H). 7.31 —
7.27 (m, 2H), 7.18 (d, 2H, J = 8.5 Hz), 5.55 (s, 2H), 2.34 (s, 3H); *C NMR (125
MHz, CDCls): 6 148.5 (C), 138.2 (C), 134.9 (C), 129.7 (CH), 129.4 (CH), 129.0
(CH), 128.3 (CH), 127.8 (C), 125.8 (CH), 119.3 (CH), 54.4 (CH,), 21.5 (CHs);

HRMS (ESI) m/z 250.1343 ([M+H]" C16H N3, requires 250.1344).

9k

1-Benzyl-4-(4-pentylphenyl)-1H-1,2,3-triazole (9k)
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White solid; Mp: 82-83 °C; Yield: 91%; "H NMR (500 MHz, CDCls): ¢ 7.68 (d, 2H,

J=8.0 Hz), 7.60 (s, 1H), 7.38 — 7.34 (m, 3H), 7.30 — 7.26 (m, 2H), 7.19 (d, 2H, J =
8.0 Hz), 5.55 (s, 2H), 2.58 (t, 2H, J = 7.5 Hz), 1.63 — 1.55 (m, 2H), 1.32 — 1.27 (m,
4H), 0.86 (t, 3H, J = 7.5 Hz); >C NMR (125 MHz, CDCl;): J 143.3 (C), 134.9 (C),
131.0 (C), 129.3 (CH), 129.0 (CH), 128.9 (CH), 128.2 (CH), 128.1 (CH), 125.8
(CH), 119.4 (C), 54.4 (CH,), 35.89 (CH,), 31.6 (CH,), 31.2 (CH,), 22.7 (CH,), 14.2

(CHs); HRMS (ESI) m/z 306.1968 ([M+H]" C20HxsNs, requires 306.1970).

Cl

1-Benzyl-4-(2-chlorophenyl)-1H-1,2,3-triazole (91)

White solid; Mp: 71-72 °C (Lit.”® 75-77 °C); Yield: 86%; '"H NMR (500 MHz,
CDCls): 6 8.17 (dd, 1H, J = 2.0, 6.0 Hz), 8.05 (s, 1H), 7.37 — 7.27 (m, 6H), 7.26 —
7.23 (m, 2H), 5.54 (s, 2H); °C NMR (125 MHz, CDClLy): J 143.4 (C), 133.6 (C),
129.9 (d, C, J = 40.0 Hz), 129.1 (CH), 128.8 (CH), 128.1 (CH), 128.0 (CH), 127.7
(CH), 127.6 (d, C, J = 11.25 Hz), 126.9 (CH), 126.1 (CH), 122.2 (CH), 53.2 (CH,);

HRMS (ESI) m/z 270.0800 ([M+H]" C;sH3CINs, requires 270.0798).
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4.7 NMR spectra of selected compounds
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5. Conclusion and future scope

5.1 Conclusion

In summary, the thesis describes the preparation of three different silica and
cellulose supported copper and iron nanoparticles by using simple synthetic
procedure followed by their characterization using sophisticated analytical and
spectroscopic techniques like, XRD, HRTEM, FT-IR, BET, TGA and XPS. The
catalytic activities of the prepared materials were then studied in various important
organic reactions which led to the synthesis of dihydroquinazolines, 5-
hydroxymethylfurfural, chromenones, and 1,2,3-triazoles. Additionally, a few of the
synthesized compounds were evaluated for their potential antibacterial property. All
the catalyst could be reused up to 5-8 consecutive catalytic cycles without any
significant loss in the activity. The reactions were performed under comparatively
mild condition and the prepared compounds were duly characterized with the help of
NMR and Mass spectral data. A brief summary of the work and general conclusion

from the work are presented below.

Chapter 1: This chapter describes an overview of the basic idea behind the
development of heterogeneous nanosized acidic catalysts. Detailed literature reports
on the preparation procedures as well as the application of these solid acidic catalysts

in different fields are discussed. The role of various supports used in the preparation
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and exhibition of catalytic behavior of acid catalysts has also been described. Finally

the objective of the thesis is outlined briefly.

Chapter 2: This chapter describes the preparation of a copper oxide nanoparticle
supported on silica using a simple reduction precipitation method. The prepared
material was extensively characterized using XRD, HRTEM, FT-IR, BET and XPS.
The catalytic activity of the prepared material was studied in a three-component
reaction between 2-aminobenzophenone, aromatic aldehyde and ammonium
hydroxide leading to the formation of 1,2-dihydroquinazoline at room temperature.
The synthesized 1,2-dihydroquinazolines were screened for their possible
antibacterial activity against three different bacterial strains namely, Mycobacterium
abscessus, Escheria fergusonil, and Staphylococcus aureus. In a different
experiment, the activity of the catalyst was studied towards the conversion of
carbohydrates such as fructose, glucose, sucrose, cellulose etc. into 5-
hydroxymethylfurfural (HMF). The recyclability of the catalyst has also been

studied. Mechanism of both the reaction has been discussed.

Chapter 3: In this chapter, magnetically active silica was prepared by encapsulating
magnetic iron oxide on silica. The prepared material was characterized by different
analytical tools such as XRD, FT-IR, HRTEM, XPS, BET and TGA. The magnetic
property of the catalyst was studied using Vibrating Sample Magnetometer. The
material was found to act as a solid acid catalyst for a three component domino-

Knoevenagel-hetero-Diels-Alder (DKHDA) reaction between 1,3-cyclohexanedione,
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benzaldehyde/ketone and alkene/alkyne under solvent-free condition. The reaction

produced a series of chromenone/dihydrochromenone/spirochromenone derivatives.
It was also observed that the catalyst could be reused upto five catalytic cycles

without any significant loss in activity.

Chapter 4: This chapter describes the preparation of a cellulose sulfuric acid
supported copper catalyst and its characterization using analytical techniques such as
XRD, FT-IR, HRTEM and BET. The applicability of the catalyst was studied
towards azide-alkyne click reaction at room temperature leading to the formation of
1,2,3-triazoles. A similar reaction of tosyl azide with an alkyne in the presence of a
primary amine was also studied which resulted in one-pot diazo-transfer-click
reaction leading to N-substituted 1,2,3-triazoles. Substituent scope for both the
reaction was studied. Based on earlier reports, mechanism of both the reactions was
discussed. The catalyst could be recycled upto six times without any loss of activity.

Physical characteristics of the recycled catalyst were also studied.

5.2 Future Scope

There are high scopes for the development and expansion in the field of
nanosized solid acid catalysts, particularly, control over their size, acidity and
selectivity in reactions. The nanosized solid acid catalysts possess the combinatorial
advantages of both solid acids and nanoparticles. Some of the future scopes of the

investigations are highlighted below.
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We have developed simple and efficient methods for the preparation
of three different heterogeneous acidic catalysts. The supports used
are thermally very stable and possess large surface area. However,
alternative natural sources can also be used as supports. Also, the
process for the preparation of the nanoparticles can be used for the
preparation of other more advanced nanoparticles especially, multi-
metallic one with broad spectrum application.

Due to the simple preparation methodologies, environmental
friendliness, high thermal stability and good recyclability, the
prepared catalysts can find widespread applications in chemical and
pharmaceutical industries as well as in greener organic

transformations.
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A three-component domino Knoevenagel-hetero-Diels-Alder
(DKHDA) reaction between 1,3-dicarbonyl, aldehydes/ketones,
and alkenes/alkynes leading to the divergent synthesis of
chromenones, dihydrochromenones, and spirocyclicchromenones
is reported. The reaction was carried out under solvent-free con-
ditions using a magnetically separable silica (Fe,0,@SiO)) catalyst.
While two component DKHDA reactions are known, this is the first
example of a three component DKHDA reaction involving 1,3-
dicarbonyl, ketones, and alkynes producing spirocyclic pyranone
derivatives. Twenty-six different highly substituted chromenones
were synthesized using this methodology. Awide substrate scope
due to the multicomponent nature of the reaction, high atom
economy, the use of inexpensive and non-toxic recyclable silica as
the catalyst, and solvent free reaction conditions make it an advan-
tageous process. The catalyst was characterized using different
analytical techniques such as XRD, IR, HRTEM, VSM, and TGA.
Based on the earlier reports amechanism has also been proposed.

Introduction

The chromene core is exemplified as a privileged moiety in a
variety of natural products such as flavonoids, alkaloids and
anthrocyanins and is known to possess fascinating therapeutic
properties.' For example, calanolide A and B show prominent
HIV-1 inhibitory activity (Fig. 1).? Ethuliacoumarion A and its
derivatives show anticancer, molluscicidal and anthelmintic

3

activities.” Ferprenin is a specific inhibitor of the enzyme

VKORC1 which is responsible for the recycling of vitamin K, a
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reaction to access divergent chromenonest

Mrinaly Suri,? Farhaz Liaquat Hussain,? Chinu Gogoi,? Pankaj Das” and

vitamin essential for blood clotting,* and trigolutes show
AChE inhibitory activity.” Synthetic chromene derivatives also
show antioxidant,® anticancer,’” antimicrobial,® and molluscici-
dal activities.’

In recent years, the domino Knoevenagel-hetero-Diels—
Alder (DKHDA) reaction has gained immense interest due to
its application in the construction of synthetic drugs,'
natural products'' and poly-heterocyclic compounds'? incor-
porating pyran-based frameworks with high atom economy.
Following the pioneering works by Tietze,'*= several
methods have been reported in the literature employing the
DKHDA strategy leading to the construction of a vast array of
Although intra-
molecular or two component DKHDA reactions between
various aromatic and aliphatic aldehydes and 1,3-dicarbonyl
compounds have been widely reported,'’"® examples of

highly diverse pyran-fused carbocycles.'

intermolecular three component reactions involving 1,3-
dicarbonyl, aldehydes/ketones, and alkenes/alkynes are com-
paratively less.'* Moreover, reactions with non-activated term-
inal alkynes are limited compared to alkenes. To our knowl-

edge there are no reports on DKHDA reactions involving 1,3-

o "0

ethuliacoumarion A

[ele]
ferprenin

trigolute D

Fig. 1 Biologically active natural products containing chromenones.
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